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Abstract

New dam construction is likely to exacerbate malaria transmission in Africa. The
vectors of malaria - Anopheles mosquitoes - use bodies of water as breeding sites.
Thus, dams and their reservoirs are associated with elevated risks of malaria. In
Africa, more than 150 dams are currently under construction or proposed, and most
of them are designed without satisfactory considerations for the potential of enhanc-
ing malaria transmission. Precise environmental mechanisms of malaria transmis-
sion around reservoirs are yet to be identified. Understanding of these mechanisms
should lead to a better assessment of the impacts of dam construction. Moreover,
incorporation of such understanding into environmental management approaches can
sustainably and cost-effectively prevent malaria transmission.

This thesis first develops a malaria transmission model around a typical reservoir
in Africa based on extensive multi-year field surveys around the Koka Reservoir in
Ethiopia. A mechanistic malaria transmission model, HYDREMATS (Hydrology,
Entomology, and Malaria Transmission Simulator), was extended to simulate the
hydrology influenced by a reservoir system and to represent the associated behaviors
of Anopheles mosquitoes in such environment. The model was calibrated and tested
against various observational data on hydrology around the reservoir, and entomology
of Anopheles mosquitoes.

Three distinct environmental mechanisms of malaria transmission around water
resource reservoirs were identified: faster parasite development during warmer sea-
sons; amplification of reproductive activities at closer shoreline-to-house distances;
enhancement of Anopheles populations under favorable wind conditions.

The effect of temperature and the associated impact of global warming over the
Ethiopian Highlands were analyzed. This region is particularly susceptible to the
future risk of malaria transmission, because of the high sensitivity to warming and
also the ephemeral immunity of the inhabitants. Specific areas expected to have high
malaria risk towards the end of the 21st century were identified, including 12% of the
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land area and a third of the population in Ethiopia.
House-to-reservoir distance and the wind direction were identified as important

factors in the design of malaria-resistant villages. Keeping houses further away than
certain critical distances from the shoreline was demonstrated to decrease malaria
transmission. Beyond these critical distances, malaria transmission can no longer be
sustained. If houses cannot not be built further away than the critical distances for
malaria transmission, then extra control measures should be targeted towards such
houses. The critical distances to prevent malaria are defined based on environmental
and biological conditions. Malaria can also be mitigated if a village location is planned
carefully. In order to effectively mitigate malaria, a village should not be located up-
wind of a reservoir, in general, because such location will have favorable breeding
conditions with small waves and enhanced host-seeking activities through CO 2 at-
traction from human settlements upwind. Given seasonality of wind directions and
other weather conditions, wind direction during periods of high temperature, low wind
speed, and low reservoir water levels are critical in deciding where to locate villages
around new reservoirs. By shedding light on the precise environmental mechanisms
of malaria transmission around reservoirs, the findings in this thesis are presented to
inform environmental policy on how to prevent enhancement of malaria transmission
around dams and reservoirs.

Thesis Supervisor: Elfatih A.B. Eltahir
Title: Breene M. Kerr Professor of Hydrology and Climate
Professor of Civil and Environmental Engineering
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Chapter 1

Introduction

1.1 Introduction

1.1.1 Scope of malaria as public health challenge

Malaria is a major public health challenge affecting more than one hundred countries.

WHO [181] estimated that nearly half of the world population is at risk of contracting

malaria and that 212 million malaria cases and 429,000 deaths occurred worldwide in

2015 alone. In the last two decades, considerable progress has been made in reducing

malaria burden worldwide. The number of global malaria cases fell by 22% from 2000

to 2015; a 41% decline when population growth is taken into account. The number

of global deaths declined even more-by 50% in the same period. This is a 62%

decline when population growth is taken into account. With this global effort, we

have achieved the target of Millennium Development Goal (MDG) 6-to have halted

by 2015 and begun to reverse the incidence of malaria (Target 6C). However, more

ambitious target set by the Roll Back Malaria (RBM) Partnership ---- to reduce global

malaria cases by 75% by end-2015 from 2000 level-was not attained.

The decline in malaria burden has been achieved disproportionately over the world.

Slower decline is evident in high-burden countries, i.e., African countries, partly due

to lack of financial and human resources, and to weakness in health systems. Cur-

rently, 90% of cases and 92% of deaths occur in Africa [181]. Despite the recent
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success in malaria control worldwide, identifying approaches that work effectively

and sustainably against challenges in Africa will be of importance in the new era of

malaria control programs.

1.1.2 Malaria transmission and environment

The vector of malaria is a specific genus of mosquito, Anopheles. Because only fe-

male mosquitoes take blood meals, the vector of malaria is further limited to female

Anopheles. Mosquitoes go through an aquatic stage and an adult stage. In the

aquatic stage, eggs laid by female mosquitoes develop to larvae, and then to pupae.

Pupae emerge into adults. Female adult mosquitoes fly around taking a blood meal,

mating with a male mosquito, and finding a water body to lay eggs. Thus, both

successful blood-feeding activity and aquatic stage development are required for their

reproduction.

Malaria is a complex parasitic disease caused by plasmodium. The main parasites

of malaria are plasmodium falciparum (P.f.) and plasmodium vivax (P.v.) P.f. is

the parasite responsible for most deaths due to malaria, while P.v. is the parasite

commonly found worldwide. In order to transport plasmodium parasite and transmit

malaria, Anopheles mosquitoes have to take at least two blood meals from humans.

The transmission cycle of malaria is illustrated in Fig. 1.1. The first one is a blood

meal from an infectious human, where a mosquito acquires plasmodium parasites cir-

culating in human blood. Plasmodium parasites taken by mosquitoes develop through

several stages from gametocytes to sporozoites, which finally reach the mosquito's sali-

vary gland. The time for plasmodium parasites to fully develop inside the mosquito's

body is called the extrinsic incubation period (EIP). The mosquito becomes infec-

tious to humans after the EIP. Subsequent blood meals by a now-infectious mosquito

can transmit malaria by inoculating sporozoites to humans. The sporozoites have to

invade several human cells and go through another development cycle. Blood stage

parasites, mostly merozoites, are responsible for the clinical manifestation of malaria,

and a human can pass the parasites to mosquitoes when parasites develop to gameto-

cytes. The parasite development time inside a human is called the intrinsic incubation
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period (1IP). Malaria transmission is thus influenced by mosquito life span, parasite

development, and contact between mosquitoes and humans.
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Figure 1.1: Malaria transmission cycle.

Malaria is caused by Plasmodium parasites. The parasites are transmitted by Anophe-
les mosquitoes through their bloodmeals. For transmission to be successful, the
parasites should complete development in Anopheles mosquitoes (extrinsic incuba-
tion period, EIP) and in human (intrinsic incubation period, IIP). Reproduction of
Anopheles mosquitoes requires both taking bloodmeals and laying egge at bodies of
water.

Mosquito life span and parasite development rate are primarily dictated by tem-

perature [109, 4]. According to Martens [109], mosquitoes live the longest at temper-

atures around 20-25 C. Colder and warmer temperatures yield shorter life expectan-

cies. Parasite development time, however, is a declining function of temperature [29].

These two factors alone set the optimum temperature for malaria transmission around

30 C. Temperature also affects aquatic stage development time [28], gonotrophic cy-

cle, and the biting rate of mosquitoes [123]. Malaria transmission is thus intricately

influenced by ambient temperature.

Contacts between mosquitoes and humans are determined by the size of the

mosquito population, mosquitoes' human biting frequency, and the presence of contact-
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blocking bednets. A large population of Anopheles mosquitoes is expected in envi-

ronments where temperature is favorable for mosquitoes' longevity, breeding pools

are abundant, and people live close to breeding pools. Proximity between human

settlements and vector breeding sites makes it easier for mosquitoes to take human

blood meals, which increases both the mosquito biting rate and the mosquito pop-

ulation. Mosquitoes' contact with humans can be blocked by the use of bednets.

Anopheles mosquitoes are predominantly active during the night time, so bednets

can protect humans from mosquito bites. Insecticide-treated bednets (ITNs) can fur-

ther kill mosquitoes, as well as block or repel mosquitoes; ITNs became the most

touted malaria control strategy in the last two decades. As described, multiple envi-

ronmental factors are involved in determining the contacts between mosquitoes and

humans. Manipulation of such environmental factors will provide additional support

to the use of bednets, creating a sustainable strategy.

1.1.3 Dams and diseases

Malaria, once called mal aria (=bad air) or marsh fever before the discovery of the

malaria parasite, is inextricably linked to water. This link was explained in the late

1890s by the discovery of Anopheles mosquitoes as the vector. By now, a significant

effort has been made to curb malaria transmission. While history has witnessed

many human triumphs in malaria control and elimination worldwide, human activities

have also added threats through anthropogenic climate change and creation of water

bodies, e.g., dams and reservoirs, agricultural irrigation fields, and standing pools at

gold mining sites [16, 132].

Dam construction increased after the Second World War due to the relatively fast

economic growth. By 2000, there were over 45,000 large dams in over 140 countries

[176]. Some 160 to 320 new large dams are estimated to be constructed annually

around the world, a high percentage of which are now in African countries [176]. In

Africa, there are more than 2000 existing dams [121] and 150 planned (proposed or

under construction) dams [64].

Dams and reservoirs are associated with elevated risks of malaria [170, 68, 159,
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73, 77, 190, 76], as well as other water-borne diseases [35, 161], because they provide

favorable breeding sites for vectors. A systematic literature review by Keiser et al. [73]

reported that the creation of dams has increased the number of malaria cases and

altered the seasonality of malaria from seasonal to year-round transmission worldwide.

Kibret et al. [76] estimated that at least 15 million people live in proximity (< 5 km)

to reservoirs of large dams in sub-Saharan Africa; and that out of the 2.7 million

annual malaria cases in those areas, 1.1 million cases are attributable to the existence

of the reservoirs. The number of people at risk and of cases associated with large

dams will increase due to increasing construction of dams, population growth, and

climate change [76, 75].

The existence of the reservoir, however, does not solely explain the exacerbated

risk of malaria around dams and reservoirs. For example, around the Koka Reservoir

(N8' 25'; E39' 05') in Ethiopia, researchers found that malaria incidence is correlated

with the proximity to the reservoir (Fig. 1.2) [77]. The malaria case rates among

people living within 1km of the reservoir was 2.9 times greater than those living

between 1 and 2 km from it, and 19.9 times greater than those living 5 to 9 km from

it. Mosquitoes' lifetime flight distance limits malaria transmission far away from their

breeding sites. In addition, the seasonality in mosquito population was observed at

a village adjacent to the reservoir [32, 77], suggesting that environmental factors are

also involved in determining the significance of malaria transmission.

Despite the apparent risk of malaria around dams and reservoirs, little assessment

has been done, and few countermeasures implemented in practice to address the as-

sociated health concerns. The increasing need for dams and reservoirs calls for better

understanding of the mechanisms of malaria transmission and better assessment tools

to address the enhancement of malaria around reservoirs.

1.1.4 Vector control and environmental management

In recent decades, the efforts and successes of malaria control have been largely de-

pendent on a few tools: vector control such as insecticide-treated nets (ITNs) and

indoor residual spraying (IRS); treatments using artemisinin-based combination ther-
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Figure 1.2: Observed association between annual malaria case rates and proximity to

the Koka Reservoir.

Observed annual malaria case rates between 1995 and 2007 were plotted with respect

to the distance from the Koka Reservoir. (Adapted from Kibret et al. [77])

apies (ACTs) or chloroquine; chemoprevention using intermittent preventive treat-

ment (ITP), and rapid diagnosis tests (RDTs) [181, 40]. Large-scale funding has

been allocated by many international aid organizations, and medicines are becoming

available at lower cost. These measures have been effectively implemented in many

countries; however, competency in using ITNs, the resistance to insecticide and to

drugs, the lack of financial resources, and limited health infrastructure have emerged

as a great concern [179, 81]. These concerns call into question the sustainability of

the current intervention strategies.

Until the early twentieth century, malaria control tools were mainly limited to

vector control, especially one that targets aquatic-stage mosquitoes (a.k.a. source

reduction or larval source management). Vector control aims to reduce the vector

population, targeting at either aquatic-stage or adult stage. The approaches of vector

control include: environmental management, chemical control, and biological control.

The types of vector control are summarized in Table. 1.1.

Environmental management can be classified into environmental modification

(permanent or long-lasting transformation of environment), such as drainage and

land filling, and environmental manipulation (temporary transformation), such as
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Table 1.1: Type of vector control.

Targeting aquatic-stage Targeting

mosquitoes (source reduction) adult mosquitoes
- drainage

Environmental management - land filling

(modification and -stream flushing - house screening

manipulation) - vegetation removal - bed nets
- regulation of reservoir

water levels

- insecticide
Chemical control - larvicide - insecticide treated

bed nets
Biological control - predatory fish - genetic modification

stream flushing, vegetation removal, and regulation of reservoir water levels [177].

Environmental management of human habitation, a form of environmental modifica-

tion that aims to reduce man-vector contact, includes mosquito proofing of houses

and bed bets [177]. Through the late nineteenth century, source reduction using

environmental management was proven to be effective in diminishing mosquito pop-

ulation and hence reducing malaria transmission. In successful malaria eradication

programs in the United States, Israel, Italy, and Panama, source reduction was the

core of integrated vector management (IVM), combined with other interventions such

as larvicides and house screening [170, 82, 68].

Environmental management fell out of favor after the advent of DDT (dichloro-

diphenyl-trichloroethane), a powerful insecticide, in 1940s. Successful environmental

management for malaria control requires the understanding of the vector ecology

[112, 40]. During the time environmental management was actively used, local ex-

perts worked at fields to understand mosquitoes' aquatic habitats and biting behaviors

for successful implementation of environmental management. Once DDT was intro-

duced, that knowledge was ignored. DDT was called the one-shot-for-all strategy

because it was good enough at killing mosquitoes that other considerations were not

needed; or at least so people believed. The consequence of the introduction of DDT

was best described by Litsios (1996): With the arrival of DDT, the detailed under-

standing that had built up in the course of thousands of studies was put aside and a
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monolithic strategy took hold. With victory in sight, there was no need for further

study. Today, when victory seems far away, there is a risk that what was learned

before DDT arrived will be forgotten [99]. Once the local commitment and the accu-

mulated knowledge of experts were gone, local administrators and international aid

agencies have had limited ability of applying environmental management due to the

lack of the understanding of vector ecology.

The evaluation of the outcome of environmental management is challenging. The

evaluation of efficacy in environmental management requires a large-scale implemen-

tation, which is not favored by the randomized controlled trial (RCT) [40]. The

problem of scalability makes it difficult to study the effectiveness of environmental

management, resulting in the lack of evidence to support the use of environmental

management.

Vector control in recent decades had focused predominantly on chemical control

that targets adult-stage mosquitoes (i.e., ITNs and IRS). The efficacy of such ap-

proach has been supported by a well-known mathematical model, Ross-Macdonald

model [104]; however, there are recognized biological limitations [40]. The first lim-

itation is that adult mosquitoes can change their behaviors in response to chemical

interventions. For example, the use of IRS is supposed to shorten the lifetime of adult

mosquitoes resting indoors, but mosquitoes may change their endophilic behaviors to

exophilic, lowering the impact of shortening vector longevity [163, 26, 152]. The dis-

semination of ITNs also encounters the shift in mosquitoes' biting time, from night

time when people sleep under bed nets to after dusk or before dawn when people are

outside of bed nets [18, 13]. Another limitation is drug resistance [134, 17]. The use

of ITNs and IRS is inevitably accompanied by the spread of drug resistance, which

calls into question the sustainability of these approaches.

Although environmental management has not been considered as a major malaria

control approach for almost half a century, its merits should be reconsidered. The

recent malaria control strategies relying on the distribution of ITNs, IRS, ACT, and

RDTs may not be most effective and sustainable due to biological limitations, emerg-

ing drug resistance, low compliance, and financial shortfalls. On the other hand,
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environmental management was once described to be effective, to have long-term ef-

fects, and to have relatively low long-range costs [177]. Some studies showed that

the addition of environmental management and source management resulted in large

malaria reduction that was not achieved by the use of IRS or LLINs alone [175, 41].

The limitations of prevailing strategies and the historical successes of vector con-

trol based on environmental management suggest that environmental management

can be an appropriate tool for the remaining malarious countries. Environmental

management, however, functions efficiently only if the local vector ecology and its

environmental determinants are properly understood. It also required the commit-

ment of local experts, which becomes both a challenge and a key for a sustainable

solution. This study aims to analyze further the effectiveness of environmental man-

agement based, in particular, on rigorous understanding of vector ecology and its

environmental determinants.

1.2 Field site

This study focuses on environmental mechanisms of malaria transmission around

water-resource reservoirs. In order to observe environmental conditions and the dy-

namics of Anopheles population and malaria transmission around a reservoir, we set

up two field sites in 2011-2012 around the Koka Reservoir (N8' 25'; E39' 05') that

is located at the center of Ethiopia (Fig. 1.3). Our main site, Ejersa (N8' 27'; E39'

04'), is located adjacent to the reservoir; the other site, Gudedo (N8' 33'; E39' 12'),

is located about 12 km north east of the reservoir and served as a control site. In this

thesis, we primarily focus on analyzing environmental conditions observed in Ejersa.

The details of the study site and the field survey methods can be found in Endo [32].

Ethiopia is considered to be a low to moderate malaria transmission intensity

country but may be significantly affected by climate change and dam construction.

The estimated annual malaria cases and deaths are 2.8 million and 4,900 in 2015,

respectively, for a population of about 103 million [181]. Most people (approximately

90%) live in highlands, where temperature is low and rainfall is generally abundant;
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Figure 1.3: Location of the field sites.
The Koka Reservoir is located at the center of Ethiopia, approximately 80km south-

east of Addis Ababa. The water bodies crossing the country from northeast to south-
west indicates the location of the Ethiopian Rift Valley. Ejersa is adjacent to the
reservoir and located northwest of the reservoir. Gudedo is approximately 12km
northeast of the reservoir. The Koka Dam is marked with an orange triangle at the
northeast of the reservoir and is connected to the Awash River.

projected warming may affect negatively those people. In addition, increasing dam

construction in Ethiopia is likely to exacerbate malaria, at least locally. According

to the Ethiopian Electric Power Corporation (EEPCo), Ethiopia has a hydropower

potential of about 45,000 MW, yet only less than 5% of its capacity has been exploited

from the existing 15 dams by 2016 [37]. In 2012, the EEPCo revised a 25-year

master plan and announced a target power generation capacity of 35,000 MW by 2037.

Accordingly, adverse health impacts due to climate change and dam construction can
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be expected in Ethiopia, yet no practical countermeasures currently exist. The present

thesis offers new knowledge that should inform planning for these impacts.

1.3 Malaria transmission model

A reservoir system interacts with ambient environment and influences malaria trans-

mission, together with synoptic weather systems. A mechanistic simulation model,

Hydrology, Entomology and Malaria Transmission Simulator (HYDREMATS) [12, 9],

can uniquely simulate the geophysical phenomena and the response of malaria trans-

mission to environmental conditions in a spatially and temporally explicit manner.

Hence, it is most suitable for simulating such interactions. HYDREMATS was thus

employed in this study and extended to simulate hydrology influenced by a reservoir

system.

HYDREMATS was originally developed for villages in West Africa [12, 9, 183].

As compared to West Africa, Ethiopia has wetter and colder conditions. In addition,

the original HYDREMATS was developed to simulate P.f. infections only. Unlike

West Africa, however, both P.f. and P.v. coexist in Ethiopia. HYDREMATS was

also updated to suit such environmentally and biologically different conditions in

Ethiopia. Detailed description and the modifications of the model are presented in

Chapter 3.

1.4 Research objectives

Despite known adverse impacts, health risks of dams are rarely considered along the

construction. Malaria transmission is intricately linked to the environment. Dams

and reservoirs are known to alter the environment and intensify malaria transmission

[170, 68, 159, 73, 77, 190, 76]. But the amplification of malaria is not explained merely

by the creation of a large body of water. It is necessary to identify the environmen-

tal mechanisms that govern malaria transmission dynamics around reservoirs when

addressing the associated risks.
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Identifying those mechanisms will lead to effective malaria prediction, control,

and prevention. Environments can be modified or manipulated so that malaria is less

likely to occur. This thesis argues that such environmental management can be a

sustainable approach for malaria and that, if combined with the conventional tools

such as ITNs and IRS, it can effectively control vector population.

This study aims to identify environmental mechanisms of malaria transmission

around a water resource reservoir in Africa. In order to achieve this, multi-year ex-

tensive field surveys were conducted around the Koka Reservoir in Ethiopia, and a

comprehensive malaria transmission model, HYDREMATS, was extended to simu-

late the hydrology and malaria transmission dynamics around the reservoir. The

study further aims (1) to predict the impact of warming on malaria transmission in

the Ethiopian Highlands, (2) to control malaria transmission through environmental

management of reservoirs (environmental manipulation), and (3) to prevent malaria

through the design of malaria resistant villages, providing guidelines for optimal lo-

cations of villages (environmental modification).

1.5 Introduction to thesis

Chapter 2 presents observational data collected around the Koka Reservoir, Ethiopia.

Comprehensive and multi-year data are presented for Ejersa, updating Endo [32].

Data collection methods are described briefly in Section 2.3, and more detailed de-

scription can be found in Endo [32].

Chapter 3 describes the model used in this thesis, HYDREMATS. Modifications

and improvements made in HYDREMATS include hydrology affected by the reservoir

system, representation of mosquito flight, and representation of two malaria parasites.

In Chapter 4, HYDREMATS is applied to Ejersa, a village in Ethiopia near the

Koka Reservoir. The simulation results are compared with multitudinous observa-

tional data of soil moisture, groundwater table, mosquito population, and malaria

cases. Based on the model developed, environmental mechanisms of malaria trans-

mission around the reservoir are analyzed.
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Chapter 5 aims to predict the effect of warming at the Ethiopian Highlands.

The analysis combines dynamically down-scaled regional climate projections and high

resolution satellite observations of temperature with modified HYDREMATS tailored

for the region. We present hotspots within the Highlands where projected warming

towards the end of the 21st century will increase the risk of malaria transmission

significantly.

Chapter 6 examines the impacts of distance and location of a village with respect

to a reservoir, aiming to prevent malaria transmission through designing of malaria

resistant villages. Using the mechanistic malaria transmission model, HYDREMATS,

we relocate houses from within certain distances from the shoreline and simulate

the impact on malaria transmission. The impact of the village location was also

investigated focusing on the effect of wind direction and its role under seasonality of

environmental factors.

Chapter 7 investigates how aquatic-stage mosquitoes respond to change in reser-

voir water levels, with the objective to mitigate malaria through environmental man-

agement. Results of lab experiments on larval mortality and shoreline conditions are

presented.

In Chapter 8, we propose a model to evaluate malaria transmission potentials

at various environmental conditions with a minimal number of parameters. Malaria

transmission is complex, involving a range of hydroclimatological, biological, and en-

vironmental processes. Our model incorporates both theoretical assumptions and

empirical data to predict the conditions that sustain malaria. Environmental con-

ditions that sustain malaria are presented in non-dimensional space, describing the

determinants of malaria transmission.

33



34



Chapter 2

Data Collection

2.1 Introduction to the study site

This study was conducted around the Koka Reservoir (N8' 25'; E39' 05'), Ethiopia.

Ethiopia is bisected by the Ethiopian Rift Valley, and the Koka Reservoir is located

at the tip of the Rift Valley at the center of Ethiopia (Fig. 2.1). The diverse topog-

raphy created by the Rift Valley brings a range of temperature (Fig. 2.2) and rainfall

patterns (Fig. 2.3) to its land. The elevation of the Koka Reservoir is about 1600m,

and the annual temperature is approximately 21 'C. The area around the reservoir

receives about 800m of rainfall with relatively large inter-annual variability (standard

deviation = 130mm).

Ethiopia is keen on constructing dams and reservoirs. Its diverse topography

and sufficient rainfall gift the country with a large hydropower potential. The Koka

Dam was the first dam in Ethiopia, commissioned in 1960 primarily for hydropower

generation. The reservoir is now used for multiple purposes, and it supplies about

6% of the national grid power as of 2014. Ethiopia is planning to accelerate dam

construction, targeting to increase its hydropower generation from the current level

of 1,500 MW to 17,000 MW by 2020 and to 35,000 MW by 2037 [37]. For example,

the Great Ethiopian Renaissance Dam (GERD)-Africa's largest dam-is expected

to be completed by the end of 2017, which will add as much as 6,000 MW to the

country's generation capacity. Many more dams and reservoirs are expected to be
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Figure 2.3: Annual rainfall over Ethiopia.

constructed in the near future in Ethiopia.

Around the Koka Reservoir, two villages were selected for our monitoring sites:

Ejersa (N8' 27'; E39' 04') and Gudedo (N8' 33'; E39' 12') (Fig. 2.4). Both villages

are located approximately 80km southwest of Addis Ababa. Ejersa is our main field

site, located adjacent to the reservoir. Comprehensive multi-year surveys (July 2012-

April 2015) were conducted and the observational data are described in this chapter.

Gudedo is located about 12 km northeast of the reservoir and served as a control site.

Surveys (July 2012-April 2014) were conducted and the results compared briefly with

those from Ejersa below. Both villages were equipped with a meteorological station

(red star), a soil moisture station (orange star), and six mosquito light traps (yellow

circle with cross) (Fig. 2.4). The details of data collection are described in Section

2.3.

Due to geological proximity, the climates in Ejersa and Gudedo are similar. Lo-

cated as close as 15 km apart, temperature and rainfall-two of the most important

climatological variables for malaria transmission-were observed to be comparable
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Figure 2.4: Locations of field sites around the Koka Reservoir and the field settings.
The locations of Ejersa, Gudedo, and the Koka Dam are shown in the top panel.
Ejersa is adjacently located to the west of the Koka Reservoir. Gudedo is approxi-
mately 12 km northeast of the reservoir. The Koka Dam is located in the east of the
reservoir on the Awash River. The field setting at Ejersa and Gudedo are presented in
the left and right panels, respectively. Both sites were equipped with the Meteorolog-
ical Station (MS) (red star), the Soil Moisture Station (SMS) (orange star), and the
mosquito light traps (yellow circle with cross). To measure the groundwater tables
in Ejersa, pressure transducers were installed in small wells created adjacent to the
MS and the SMS. Light traps were placed indoors and outdoors. Light trap houses
(LTHs) with indoor operations and outdoor operations were labeled with odd and
even numbers, respectively. The locations of dipping pools (DPs) are indicated by
blue circles, where larvae samples were taken. The red rectangles show the simulation
domains, 3km-by-3km for Ejersa and 2km-by-2km for Gudedo.
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Figure 2.5: Comparison of climate and Anopheles population between Ejersa and
Gudedo.
Observational data for Ejersa (left panels indicated by E) and for Gudedo (right panels
indicated by G) are presented. 30-min resolution observational data of temperature
(a) and rainfall (b) are converted into daily data. Anopheles populations collected at
six traps at each village are shown in (c). The data collection period was from June
2012 to April 2015.

(Fig. 2.5). Both sites experience three seasons: a main rainy season from July to

September, locally known as Kiremt; a dry season from October to February, Bega;

and a secondary rainy season from March to June, Belg. Temperatures decline at the

beginning of the main rainy season in July and stay low nearly until the beginning

of the next secondary rainy season in March. Observed temperatures were similar;

observed mean annual temperatures from Mar. 2013 to Feb. 2014 were 21.2'C and

18.9'C in Ejersa and Gudedo, respectively (Table. 2.1). Because the area is in the

Ethiopian Rift Valley, about 200 m of elevation difference exists between Ejersa (ele-
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vation: around 1600 m) and Gudedo (elevation: around 1800 m). This elevation dif-

ference makes the temperature in Gudedo slightly colder than that in Ejersa (Fig.2.5

E-a and G-a). Observed rainfall in Ejersa and Gudedo was also similar (Fig.2.5 E-b

and G-b). The amount of rainfall presented a significant intra-annual variability in

Ejersa, possibly due to measurement error, such as clogging of the instrument. The

total one-year rainfall in Ejersa was 534 mm from Mar. 2013 to Feb. 2014, of which

the main contribution comes during the main rainy season in 2013; the same metric

from Jul. 2012 to Jun. 2013, which includes the main rainy season in 2012 but not

in 2013, was 916 mm. The observed one-year rainfall in Gudedo was around 680 mm

in both Mar. 2013-Feb. 2014 and Jul. 2012-Jun. 2013. Taking natural variability

into account, observation supports that there is no significant difference in rainfall

between Ejersa and Gudedo.

Despite the climatological similarity between Ejersa and Gudedo, the villages

encounter a substantial difference in the intensity of malaria transmission. Figs.2.5

E-c and G-c compare the numbers of Anopheles mosquitoes captured in the six light

traps in each village. Nearly ten times more Anopheles are observed in Ejersa than in

Gudedo. This entomological difference is attributable to the existence of the reservoir.

Availability of breeding pools around the reservoir enhances mosquito population. It

is also important to note that the existence of the reservoir does not solely dictate

mosquito population; there is a seasonality in mosquito population in spite of the

year-around existence of the reservoir water body.

Table 2.1: Comparison of climate between Ejersa and Gudedo.

40

Ejersa Gudedo
Mean annual temperature

(Mar. 2013-Feb. 2014) 21.21 C 19.01 C
Annual rainfall

(Mar. 2013-Feb. 2014) 534 mm 676 mm
Annual rainfall

(Jul. 2012-Jun. 2013) 916 mm 678 mm



2.2 Brief description of Ejersa

Ejersa is located adjacent to the Koka Reservoir. Its elevation is around 1600m,

and its mean annual temperature is about 21.1'C. Ejersa is a set of three small

communities called kebele, and most of the field campaigns were conducted at the

kebele located closest to the reservoir, Dungugi-Bekele kebele. This kebele had about

2800 inhabitants and 590 households in 2012 (personal correspondence with local

administrator, 2012).

The annual incidence rate in Dungugi-Bekele kebele was 55 [cases/1000 per-

sons/year] between 2009 and 2014 (our data collection). The incidence rate has

been declining in Ejersa (Fig. 2.6), likely due to interventions such as case control

and ITNs. A study by Kibret et al. [77] showed that the annual incidence rate in

Ejersa declined at the rate of about 4.8 per year between 1995 and 2007, from around

120 [cases/1000 persons/year] in 1995 to 60 [cases/1000 persons/year] in 2007. If the

same declining trend continued until 2014, the annual incidence rate in Ejersa between

2009 and 2014 would be around 38 [cases/1000 persons/year]. This rate for Ejersa

is smaller than our data for Dungugi-Bekele kebele (55 [cases/1000 persons/year]).

This is likely because Dungugi-Bekele kebele has a high incidence rate than the other

two kebeles, located closest to the reservoir. Of the cases, approximately two-thirds

are caused by P.f. and one third by P.v. The major vectors present at Ejersa are

An. arabiensis, An. pharoensis, An. Funestus, and An. Coustani [77, 32].

Most people in Ejersa are small-scale farmers and/or fishermen. The main crops

grown are onions, tomatoes, tef, and corn. People primarily practice rain-fed agri-

culture, but some irrigate by pumping water from shallow groundwater. Annual

fluctuation of the reservoir water submerges some low areas for a few months every

year, depositing fertile soil. Some people also fish in the Koka Reservoir using their

rowboats.
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Figure 2.6: Change in annual malaria incidence rates.

The annual incidence rates passively reported in the two villages located within 1km

of the Koka Reservoir (namely Ejersa and Siree-Robe) between 1995 and 2007.

2.3 Data collection method

The field campaigns were conducted from June 2012 through April 2015. Meteo-

rological and entomological data were collected during this period, unless otherwise

stated. In addition, monthly malaria clinical data were obtained at the local clinic

at the Dungugi-Bekele kebele, and the daily water levels of the Koka Reservoir were

provided by the Ethiopian Electric Power Corporation. Detailed description of the

data collection method is provided in Endo [32].

(I) Meteorology and hydrology

A meteorological station (MS) and a soil moisture station (SMS) were installed in

Ejersa (Fig. 2.4). Precipitation, temperature, relative humidity, incoming shortwave

radiation, wind speed, and wind direction were measured every 30 minutes at the MS.

In addition, two sets of hydrological conditions-soil moisture and groundwater table

(GWT)-were measured both at the MS and the SMS. Soil moisture was recorded at

three depths: 15, 30, and 100 cm from the surface. Meteorological and soil moisture

data were recorded using a Campbell Scientific CR1000 at the MS. Soil moisture at the

SMS was recorded using a Campbell Scientific CR200. The groundwater levels were
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measured using HOBO U20 Water Level Loggers at both sites. The measurement of

soil moisture was conducted only for about 13 months from August 2013.

(II) Adult mosquito abundance

Adult mosquito abundance was monitored at six locations using Centers for Disease

Control (CDC) miniature light traps (model 512) from June 2012 to April 2015. The

locations of the light trap houses (LTHs) are shown in Fig. 2.4. Three traps (LTH1, 3,

5) were deployed indoors and the other three (LTH2, 4, 6) were placed outdoors on the

house walls. The criteria for selecting light trap locations were: no use of electricity,

no light outside, and no smoking (as much as possible), because these factors either

attract or repel mosquitoes. No light traps were set to the west of LTH6, because the

area had electricity.

The sampling of mosquitoes was conducted weekly from June to December, fol-

lowing the main rainy season, when the mosquito populations are large; and biweekly

for the other months, when the mosquito population is small. The light traps were

operated from 6pm to 6am, when mosquitoes are active. The light traps were powered

by freshly charged 6V-6Amp spillable lead acid batteries. We experienced cessation

of the data collection on adult abundance from the end of June 2014 till the middle

of September 2014 due to technical difficulties.

The mosquitoes collected were classified at the genus level (i.e., Anopheles or

Culex) using the naked eye by trained local assistants; Anopheles mosquitoes were

further classified by gender. The numbers of captured mosquito populations were

reported for each LTH.

(III) Larval abundance

At the same frequency as the adult mosquito collection, identified potential breeding

sites of Anopheles mosquitoes were sampled for the existence of larvae. The larvae

dipping surveys were conducted using a dipper with a diameter of 12cm at these

pools. Six dips (a set of samples) were made for every square meter of pool surface

area, unless otherwise noted. The samples were taken some 15 cm away from the
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pool periphery. Larvae found were classified at the genus level and the numbers of

Anopheles collected were reported. The development stages of aquatic mosquitoes,

i.e., first to fourth instars and pupae, were not reported.

At the shoreline, two sets of larvae samples were taken approximately 100m north

and 100m south of a local road, which runs approximately along the line of latitude

N8.452 0 , where a watch house stands. The location of the shoreline changes according

to the change in the reservoir water level. The exact locations of larvae dipping were

not recorded because the shoreline location can be traced using water level data and

elevation data.

2.4 Data collected

2.4.1 Weather

Observed 30-minutes weather data were converted into daily data and shown in

Figs. 2.7-2.9 and 2.11-2.12. Data in 2012, 2013, and 2014 are shown in blue, red,

and green, respectively.

The observed temperature is shown in Fig. 2.7. The observed average annual

temperature in Ejersa is 21.1 0C. Temperature becomes the lowest during the main

rainy season from July to September; the daily average during this period is around

19.6 'C. The dry season comes after the main rainy season, but temperature rises only

slightly. Temperature becomes the highest during the secondary rainy season between

February and June; the daily average temperature during this period is around 22.8

'C. Temperature is important in governing mosquito life span, larval development

rate, and parasite development rate.

Humidity in Ejersa is generally high (Fig. 2.8). Daily relative humidity is around

75% during the main rainy season, 55% during the secondary rainy season. It does

not often go below 40% even during the dry season. The relative humidity in Ejersa

was slightly higher than that in Gudedo because of the proximity to the reservoir.

Humidity influences the lifespan of mosquitoes, with low humidity shortening the
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Figure 2.7: Daily temperature profile in Ejersa.

Observed daily temperature is shown for 2012 (blue), 2013 (red), and 2014 (green).
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Figure 2.8: Daily humidity
Observed daily humidity is

profile in Ejersa.
shown for 2012 (blue), 2013 (red), and 2014 (green).

Observed daily precipitation is shown in Fig. 2.9. About 80% of precipitation

occurs during the main rainy season from July to September. The observed amount of

annual rainfall varied significantly. The observed total rainfall in 2012 (after June 15
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only), 2013, and 2014 was 816 mm, 521 mm, and 614 mm, respectively. Observation

in 2013 may have reflected the clogging of the rain gauge. Not only the amount of

rainfall, but also the pattern of rainfall influences the formation of puddles. Fig. 2.10

shows the observed rainfall in August 2012 with 30-minute intervals in black and with

the daily aggregated value in blue. Rainfall typically occurs in a few hours. There

are also days without rain.
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Figure 2.9: Daily precipitation profile
Observed daily precipitation is shown
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for 2012 (blue), 2013 (red), and 2014 (green).
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Figure 2.10: Daily and 30-min precipitation observed in August 2012.

Rainfall in 30-minute intervals is shown in black. The aggregated daily rainfall is

shown in blue.
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Wind becomes strong during the main rainy season but is mild for the rest of the

year (Fig. 2.11). Wind also changes its direction between the main rainy seasons and

the dry season (Fig. 2.12). Wind blows from the southwest (2300 from north) during

the main rainy season, and from the east (90' from the north) during the dry season,

which is onshore wind (Figs. 2.13 and 2.4). Wind speed and wind direction is not

usually considered important for malaria transmission; however, it can potentially

influence the development of aquatic-stage mosquitoes and the flight activities of

adult mosquitoes. Those influences are discussed in Chapter 3 and 6 in detail.
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Figure 2.11: Daily wind speed profile in Ejersa.
Observed daily wind speed is shown for 2012 (blue), 2013 (red), and 2014 (green).

2.4.2 Reservoir water levels and shorelines

The daily water levels of the Koka Reservoir were obtained from the Ethiopian Elec-

tric Power Corporation (EEPCo) and shown in Fig. 2.14. The reservoir water levels

fluctuate annually by about six meters, with the highest peak in the middle of Septem-

ber and the lowest peak at the end of June. These timings correspond to the end

and the beginning of the main rainy season, respectively. With the start of the main

rainy season, the reservoir starts to collect the rainfall that falls in the basin. While it

constantly discharges water from its dam, the inflow exceeds outflow during the main

rainy season. As a result, the water storage in the reservoir increases and the water
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Figure 2.12: Daily wind direction profile in Ejersa.

Observed daily wind direction is shown for 2012 (blue), 2013 (red), and 2014 (green).
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Figure 2.13: Wind rose diagram for observed weekly wind profile.

Weekly wind speed and wind direction are shown with the color of the circles indi-

cating the time of the year. The figure illustrates the wind shift from the east in the

non-rainy season (around Nov. to Jan.) to the southwest in the rainy season (around

Jun. to Oct.). The reservoir is located in the east of Ejersa.
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level rises. After the main rainy season, the discharge level exceeds inflow, reducing

the storage and the water levels. Probably because of the shortage of rainfall in 2014,

the highest peak water level in that year was lower than in other typical years.
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Figure 2.14: Daily water levels of the Koka Reservoir.
The daily water levels of the Koka Reservoir were obtained from the EEPCo and
are shown for 2012 (blue), 2013 (red), and 2014 (green). The levels are measured as
meters above sea level (masl).

With the change in reservoir water levels, the locations of shoreline change. Based

on the topographic data in Ejersa, the locations of shorelines corresponding to cer-

tain water levels (1591, 1593, and 1595m) are estimated (Fig. 2.15). The estimated

shoreline locations are superimposed on the satellite picture of Ejersa, which was

taken when the reservoir water level was around 1594.5 m. The topography data

were analyzed using the 8-meter-resolution DTM obtained from the Apollo Mapping

satellite. The change in shoreline is relatively small at the north of Ejersa, where

annual change in the shorelines are estimated to be a few hundred meters. On the

other hand, the change in shoreline locations at the south of Ejersa is significantly

large. It is estimated to shift by more than a kilometer. A large shift in the shorelines

occurs at water levels between 1593m and 1595m.
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Figure 2.15: Estimated locations of shorelines corresponding reservoir water levels.
The locations of shorelines at Ejersa were estimated for the reservoir water levels of

1591m (light blue), 1593m (sky blue), and 1595m (dark blue), based on the topog-
raphy data. The change in shoreline is relatively small (a few hundred meters) at

the north of the simulation domain (red rectangle), but is significant (as large as a

kilometer) at the south of the domain. A large shift in the shorelines occurs at water

levels between 1583m and 1595m. Also shown are the locations of the Meteorological
Station (MS) (red star), the Soil Moisture Station (SMS) (orange star), mosquito
light trap houses (LTHs) (yellow circle with cross), and the dipping pools (DPs).
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2.4.3 Hydrology

Our field observation also includes the levels of the groundwater table (GWT) and

the volumetric water saturation (VWS). Both were measured at the MS and the

SMS. These data were mainly used to calibrate and validate the hydrology module

of HYDREMATS.

The levels of the GWT were monitored both at the MS and the SMS, which are

approximately 100m and 500m away, respectively, from the shoreline at the high-

est observed water level. The observed levels of the GWT (Fig. 2.16) feature three

phenomena. Firstly, the observed GWTs at the MS and the SMS, which are about

400m apart, behave similarly. This resemblance suggests a high hydraulic conduc-

tivity between the MS and the SMS. Secondly, however, the observed GWT at the

SMS does not behave similarly to the reservoir water levels, although the shoreline

comes as close as 100m away from the SMS at the closest. The attenuated effect

of the change in the reservoir water levels on the GWT at the SMS suggests that a

low-permeability layer, with low hydraulic conductivity, exists between the reservoir

and the SMS. We argue that a low-permeability layer exists at the reservoir bottom

due to the sedimentation of clay and silt. Finally, the behavior of the GWT at the

MS lags that at the SMS. This lag is expected because the SMS is located closer to

the reservoir than the MS.

The VWS observed at the MS and the SMS are shown in Fig. 2.17 and Fig. 2.18,

respectively. At rain storm events, infiltration supplies water to the soil column

downward, increasing the VWS. The downward flux arrives later at the lower soil

layers. Both at the MS and the SMS, persistently high VWS was observed during

the main rainy season. The increase in VWS during the secondary rainy season

was shorter and less significant. The increase in VWS lagged behind that at 15cm

below surface, slightly more at 30cm below surface, and even more at 100cm below

surface. Note that the values of the observed VWS are not necessarily accurate

as absolute figures, because the measurement of the VWS requires converting the

electrical signal into the VWS using an empirical formula. VWS measurement is
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also prone to measurement errors due to the existence of incidental soil cracks or

vegetation roots. The VWS observed at the MS 15cm below the surface appears to

have been over-reported for an unidentified reason until June 2013.
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Figure 2.16: Observed groundwater levels.
The levels of the groudwater tables were monitored from Aug. 2013 for one year both
at the MS (red) and the SMS (green). The observed levels were shown in meters
above sea level (masl). The data are compared with the reservoir water levels (blue
dotted line).
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Figure 2.17: Observed volumetric water saturation at the meteorological station.
Volumetric water saturation (VWS) was observed at 15cm (red), 30cm (green), and
100cm (blue) below the surface. Observation started at the end of June 2012. After
March 2014, the probes 30cm and 100cm below the surface stopped working. It is
likely that VWS was overestimated at 15cm below the surface until June 2013. .
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Figure 2.18: Observed volumetric water saturation at the soil moisture station.
Volumetric water saturation (VWS) was observed at 15cm (red), 30cm (green), and
100cm (blue) below the surface. Observation started at the beginning of July 2012.
After July 2013, data were reported only sporadically.

2.4.4 Entomology

It is not feasible to observe the total population count of Anopheles that exist in

the field, but the population dynamics can be observed through longitudinal surveys.

In this study, six light traps were deployed in Ejersa and the numbers of Anopheles

captured in those traps were reported over the total period of 30 months. The time

series of the number of Anopheles captured are presented in Fig. 2.19. We experienced

cessation of the data collection on adult abundance from the end of June 2014 till the

middle of September 2014 due to technical difficulties.

The observed mosquito season in Ejersa is from September to December, fol-

lowing the rainy season in Jul.-Sep. A similar pattern was observed in Niger, where

HYDREMATS was originally developed; however, the observed lag between the rainy

season and the mosquito season was only about a month [12]. The prolonged mosquito

season observed in Ejersa suggests an environmental mechanism different from that

in Niger.

Despite extensive field exploration, only a few puddles were identified as positive
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Figure 2.19: Observed Anopheles population.
The numbers of Anopheles captured in the six light traps are presented. Data in 2012,
2013, and 2014 are shown in blue, red, and green, respectively. The first survey was

June 25th, 2012, and no data are available before that. Data are also not available

between the end of June 2014 and the middle of September 2014 due to technical

difficulties.

larval sites except for the shoreline. Some rain-fed pools existed during the main

rainy season, but most of them had no larval presence. Two puddles were identified as

larval habitats: one rain-fed pool of a size about 100m2, and a pool created mainly by

leakage of a pipe with about 20m2 surface area. Due to low presence of larvae-positive

puddles, it is believed that the main breeding sites of the Anopheles mosquitoes are

along the shoreline.

Fig. 2.20 and Fig.2.21 illustrate the observed larval presence at the rain-fed pool

and the leakage pool, respectively. The presence of larvae was defined as high or low,

if the total number of larvae counted in each set of samples (six dips) was more or

less than ten, respectively. If no larvae were found in a set of samples, the pool was

considered to have no larval presence. When the pool is absent (i.e., with no water),

the survey result is marked as N/A. Surveys at the rain-fed pools started in Aug. 2013

and at the leakage pool in Jul. 2012. The rain-fed pool lasted for a long time, almost

until the end of December in 2013, but not in 2014, when the pool disappeared in

September. The presence of larvae was observed intermittently during the period
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Figure 2.20: Larvae abundance observed at a rain-fed pool near the shoreline.

When the formation of the pool was identified, the abundance of larvae was evaluated

as high, low,, or no presence. When the pool was absent (i.e., without water), the

survey result is marked as N/A. Data in 2013 and 2014 are shown in red and green,
respectively. Data collection at the rain-fed pool started only in Aug. 2013.
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Figure 2.21: Larvae abundance observed at a leakage pool near the shoreline.
When the formation of the pool was identified, the abundance of larvae was evaluated
as high, low,, or no presence. When the pool was absent (i.e., without water), the
survey result is marked as N/A. Data in 2012, 2013, and 2014 are shown in blue, red,
and green, respectively. Data collection at the leakage pool started in June 2012.
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when the pool was present. Water in the leakage pool was found almost year-around

until April 2014. At the leakage pool, larval presence was predominantly positive.

The small area of the leakage pool, however, is assumed to have played a minor role

in the mosquito population dynamics in Ejersa.

The abundance of larvae at the shoreline is shown in Figs. 2.22-2.23 for north and

south of the watch house. There are some consistencies in the multi-year data, but

the inter-annual variability is also notable. A consistent high presence was observed

around October with a variation in the duration. High presence of larvae was also

observed from Jun.-Jul. in 2014, but not in 2013. For the rest of the year (i.e., around

Jan.-May), low but positive larvae presence was observed intermittently. Although

the presence was not high, a large extent of the shoreline is expected to host a large

number of Anopheles.

As well as the meaningful annual consistencies and differences of the observed

larval abundance, readers should also note the limitation of the accuracy of the sam-

pling method. Different microhabitats within a pool create heterogeneity in larval

concentration. One dip would contain no larvae while another dip from the same

breeding site might find many larvae. Human error in larvae dipping is another con-

cern. Because of their small body size, younger instar larvae tend to be omitted

from counting, and hence the number of larvae is underreported. One may disturb

the water of breeding sites, leading larvae to swim away or dive into water, which

results in under-reporting of larvae count. For these reasons, we reported the larval

abundance qualitatively (as high, low,, and no), rather than reporting the observed

absolute numbers. We tried to minimize these errors through taking multiple samples

from a pool and through training of field assistants.

2.4.5 Malaria transmission

The data on malaria cases were obtained from a local clinic at Dungugi-Bekele kebele,

Ejersa, and shown in Fig. 2.4. The associated population of the clinic is around

the same as our simulation domain. The clinic is located within 20-min walking

distance from most of the houses in the simulation domain. In addition, the diagnosis
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Figure 2.22: Larvae abundance observed at the shoreline north of the watch house.

The abundance of larvae was evaluated as high, low,, or no presence. When no water

was found, the survey result is marked as N/A, which never applied to the shoreline.

Data in 2012, 2013, and 2014 are shown in blue, red, and green, respectively. Data

collection started in June 2012.
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Figure 2.23: Larvae abundance observed at the shoreline south of the watch house.

The abundance of larvae was evaluated as high, low,, or no presence. When no water

was found, the survey result is marked as N/A, which never applied to the shoreline.

Data in 2012, 2013, and 2014 are shown in blue, red, and green, respectively. Data

collection started in June 2012.
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and medication are provided free of charge in the clinic. Thus, it is believed that

the inhabitants have easy access to the clinic, both physically and financially. The

diagnosis is conducted using malaria rapid diagnosis tests (RDTs). Judging from

these factors, the clinical record is believe to represent true malaria incidence in the

kebele. No active case detection was conducted in Ejersa. Using RDTs, types of

malaria infection (P.f., P.v., or mixed) were identified at the clinic; however, such

detailed data were not provided.

A significant inter-annual variability and a decreasing trend in malaria cases were

observed. The five year (2009-2013) average reveals that malaria incidence peaks

twice a year, in June and October. However, the number of reported malaria cases

varied significantly year to year. The reported annual cases declined from 330 in 2009,

187 in 2010, 91 in 2011, 100 in 2012, to 85 in 2013. This decline may be attributable

to the complimentary case detection and treatment, and other interventions.
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Figure 2.24: Observed malaria cases.
Malaria cases reported at a clinic at Dungugi-Bekele kebele, Ejersa, is shown. The

reported cases include P.f. infection, P.v. infection, and mixed infection. Data were

obtained from Jan. 2009 to Apr. 2014.
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Chapter 3

Model Development

3.1 Introduction and motivation

In order to examine the environmental mechanisms of malaria transmission around

a reservoir, this thesis first develops a mechanistic malaria transmission model that

simulates both environmental conditions influenced by a reservoir system and the re-

sponses of malaria to those conditions. An appropriate approach requires more than

simple correlation studies. A large number of environmental factors are involved in

the dynamics of mosquito population and malaria transmission, and those responses

to environmental perturbations are highly nonlinear. To resolve those nonlinear re-

sponses, a detailed yet comprehensive mechanistic approach should be taken.

The HYDREMATS (HYDRology, Entomology, and MAlaria Transmission Simu-

lator) is a new class of malaria transmission model [12, 9]. HYDREMATS features

one of the most detailed mechanistic structures available, with hydrology and ento-

mology coupled [12, 136]. It is a village-scale model with fine spacial resolution and

has explicit representation of water bodies in space and time based on local hydrology.

This unique feature permits simulation of geophysical conditions around a reservoir.

In addition, the agent-based structure employed in its entomology module allows it

to simulate malaria transmission in a heterogeneous environment with minimal error-

prone assumptions. With a highly heterogeneous condition at a reservoir site--land

on one side and water on the other side-explicit representation of spatial factors
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is essential. The highly detailed and comprehensive approach of HYDREMATS is,

thus, the most suitable for this study. Detailed description of the model is found in

Section 3.2, and the schematic of HYDREMATS is shown in Fig. 3.1.

This chapter also describes modifications made to HYDREMATS in order to simu-

late the hydrology influenced by a reservoir system and malaria transmission dynamics

around our reservoir site in Ethiopia. Modifications made to the hydrology module

and the malaria transmission module are presented in section 3.2.2 and section 3.2.4,

respectively.

'Immu
development

EIP

Evaporation Rainfall

" 4Surface runoff

Infiltration

Figure 3.1: Schematic of HYDREMATS.
HYDREMATS is a comprehensive malaria transmission simulator, coupling hydrol-

ogy, entomology, and malaria transmission modules. The village-scale simulator has

explicit representation of surface pools both in space and time. It simulates four types

of pools: reservoir, GW-fed pools, marginal pools (not shown), and rain-fed pools.

The entomology module is an agent-based model, which simulates the life cycle and

behaviors of individual mosquitoes. The locations of houses, where mosquitoes take

bloodmeals, are also simulated in a spatially explicit manner.
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3.2 Model description

HYDREMATS is a comprehensive malaria transmission simulator with explicit rep-

resentation of environmental conditions and mosquito behaviors. It is composed of

a hydrology model and a malaria transmission model. The hydrology model sim-

ulates the formation and the persistence of water bodies, mainly using topography

and meteorology data. The output of surface water information from the hydrology

model is an essential input for the malaria transmission model; surface water bod-

ies are used as mosquitoes' breeding sites. The malaria transmission model includes

entomology, parasite development, and human immunity development components.

The dynamics of malaria transmission are simulated based on the detailed hydrolog-

ical outputs, climate conditions, environmental conditions, vector biology and vector

behavior, parasite biology, and human immune system.

The model features mechanistic and explicit representations of hydrological and

malaria transmission processes. A mechanistic approach employs principles of physics

and biology. The detailed and more accurate simulations of those processes limit the

scale of the domain to a few square kilometers; however, HYDREMATS is highly

suitable for understanding the mechanisms of malaria transmission both for actual

and hypothetical environmental conditions with minimal assumptions.

The spatial grid size and the time step are nominally 10 m and 1 hour, respectively.

However, these resolutions can be tailored depending on the nature of the processes

and the availability of computational resources. For example, the time scale for the

overland flow is usually a minute or even a second. Hence, the smaller time step is

applied to simulate overland flow.

3.2.1 Hydrology model

The hydrology model simulates the formation of surface water bodies, which become

breeding sites for mosquitoes. Water bodies form in the following four distinctive

ways: large-scale impoundment, such as lakes and reservoirs; groundwater table stay-

ing higher than topography (GW-fed pools); high water content near shoreline with
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rough surface (marginal pools); and ephemeral pools created after rainstorms (rain-

fed pools), such as puddles (Fig. 3.1).

Fig. 3.2 illustrates the hydrological processes of surface pool formation around a

reservoir. The extent of a reservoir and the location of shoreline are determined by the

local topography and the reservoir water levels (see Section 3.2.2). The reservoir water

levels affect the groundwater table of the surrounding area, but how much and how

fast the impacts propagate are determined by the soil types of the surrounding area

(see Section 3.2.2). GW-fed pools can be formed when the groundwater table rises

above the topography. Similarly, marginal pools can be formed next to shorelines,

where soil water content is high due to the existence of shallow groundwater table

and/or large capillary fringe, especially when surface is rough (see Section 3.2.2).

model inputs climate conditions vegetation type rainfall soil type topography reservoir water level

(b) (a)

groundwater
"I table

surface runoff infiltration

(d)()

evapotranspiratin overlandflowsilm sur ()

output pool types rain-fed pools marginal pools GW-fed pools shoreline

Figure 3.2: Schematic diagram of the hydrology module.
(a) Porous media equation (ID), (b) Horton Laws for infiltration-excess runoff, (c)
St. Venant equation / Shallow water equation (3D) with Manning's equation, (d)
Land-surface-transfer scheme (LSX) in Integrated Biosphere Simulator (IBIS), (e)
Richards' equation and Campbell's equation

Rainfall, depending on soil type, is partitioned into infiltration and surface runoff,

following Horton's Law. Surface runoff moves overland depending on topography and

vegetation type, which determines the Manning's roughness. The overland flow is

simulated as a distributing flow routing, based on the St. Venant equation, and is

solved using the alternative-direction implicit (ADI) method [12]. The overland flow
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moves water to topographically low points, where it gradually disappears through

infiltration and evapotranspiration. The amount of evapotranspiration is simulated

in the land surface scheme (LSX) [131, 42]. All these processes determine the location

and the persistence of rain-fed pools.

Soil moisture interacts with many of the processes above. Soil type and the level

of groundwater table affect soil moisture, supplying water from below. Infiltration

supplies water to the soil column, but the infiltration rate is also influenced by the

soil moisture levels. Similarly, evapotranspiration lowers soil moisture, but the evepo-

transporation rate is also influenced by the soil moisture levels, e.g., low soil moisture

levels inhibit evapotranspiration. The state of soil moisture is simulated using the

Richards' equation and the Campell's equation in the LSX [12]. The location of the

groundwater table is used as a boundary condition of the Richards' equation for the

bottom layer, where the volumetric water saturation (VWS) is set equal to one. For

the other boundary condition applied to the top soil layer, volumetric flow calculated

in the LSX is utilized. In order to project the location of the groundwater table to

the vertical soil moisture profile, the number of soil layers was increased from the

original setup of two to thirty-five, with each layer having a smaller depth.

The original HYDREMATS does not have a representation of the groundwater

table [12]. The areas where the model has been applied so far are mostly the semi-arid

Sahel regions, where deep enough groundwater tables are assumed to have neglegible

impact on near-surface soil moisture. The impact of the groundwater table on soil

moisture, however, is not negligible adjacent to reservoirs because of the existence of

shallow groundwater tables. An unpublished thesis [9] included the representation

of a groundwater table, following the formulation of Yeh and Eltahir [188], how-

ever assuming a flat groundwater table. Around reservoirs, the spatial gradient of a

groundwater table cannot be negligible.

In this study, modifications are made in the hydrology model of HYDREMATS,

so that hydrology influenced by a reservoir system is simulated. Modifications include

the representations of a reservoir water, groundwater flow that is connected to the

reservoir system, and sub-grid scale marginal pools.
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3.2.2 Hydrology model improvement

Reservoir shoreline

At reservoirs, mosquitoes use only shallow shoreline areas as their breeding sites.

Deep reservoir water is not suitable because of the wave action, high predation risk,

absence of vegetation, and lack of nutrients [69]. In HYDREMATS, the locations of

reservoir shorelines are simulated based on the topography and the reservoir water

levels.

Groundwater flow

The influence of reservoirs on hydrology is not only through the existence of surface

water bodies, but also through subsurface hydrological systems. Near a reservoir, the

groundwater (GW) is usually connected to the reservoir water, and the groundwater

table (GWT) fluctuates as the reservoir water level changes.

The location of the GWT affects the soil moisture profile, which determines the

partition rate of rainfall into infiltration and surface runoff. When the GWT becomes

shallow, local near-surface soil moisture increases, reducing the infiltration rate and

increasing surface runoff. In this situation, rain-fed pools are more easily created and

persist in the environment. On the other hand, when the GWT becomes deeper,

more rainfall infiltrates into the soil, and fewer rain-fed pools are expected.

Moreover, if the GWT becomes higher than local topography, water starts to

puddle on the ground. Although this type of GW-fed pools were not observed nor

simulated in Ejersa, the formation of GW-fed pools could be an important process

for local mosquito population dynamics at some other sites.

The location of the GWT in the unsaturated zone is given by solving the following

porous media equation:

dh
S- = V Q + = V - (KhVh) + r, (3.1)

dt

where Q is the volumetric flow rate, h is the depth of the groundwater or hydraulic
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head measured from the bedrock, S is storativity, K is hydraulic conductivity, and r

is a recharge term.

We employ the Boussinesq approximation, assuming vertical GW flow is negligible.

Furthermore, when a large water body is located nearby, the groundwater flow can be

approximated as a one-dimensional flow (perpendicular to a reservoir). The equation

(3.1) then becomes

dh dQ
S- = - + r (3.2)

dt dx

= d(Khdh) + r (3.3)
dx dx
dK hdh K(dh)2 Kh d2 h

= h K( 2+Kh +r.(3.4)
dx dx dx d2X

The first term in the equation (3.4) drops if homogeneous soil properties can be

assumed. Because the HYDREMATS is a village-scale simulator with its simulation

domain expanding only a few kilometers, sub-domain soil heterogeneity is assumed

negligible. The exception is, however, the soil of the reservoir bed. Lighter sediments,

such as silt and clay, tend to be deposited in reservoirs. Those sediments are the

material carried down from upstream and have different soil properties than those of

the surrounding area. Sediments at reservoirs are usually less permeable, and their

K values are some orders of magnitudes smaller than those of the surrounding soil.

In the model, the term with ! was neglected for most of the area, assuming soil

homogeneity; however, it is not negligible adjacent to a reservoir, and it was treated

differently, as described below, as a boundary condition.

The equation (3.4) for homogeneous media is a non-linear equation. In solving this

non-linear equation, the predictor-corrector method [137] was used. The predictor-

corrector method is a multi-stage method. For a time step of n and a grid point

of i (i = (1, Ni), i = 1 at reservoir shoreline), the equation (3.4) is solved using a

"predictor":

n2S 1 h - hn + - h_ 1 2 r

nKhi At/2 hz 2Ax 2K
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and a "corrector":

1+ S 1 hn+1 - h 1 h n+i - h n+ 2 in
2__ ___ __ n)__ i+1 i-i

2X +h K A+I At / hn+! 2Ax 2K'

where
S hn"1 2hn + hn_

Ax 2

Recharge, r, is calculated from a soil moisture equation described by Bomblies et al.

[12] using Richards' equation and Campbell's equation.

At the shoreline (i = 1), due to the aforementioned reason, the term Lhh

is not negligible. The values of the hydraulic conductivity (K) can differ by two

orders of magnitude between the K1 and K2. Directly treating the term K causes

instability in simulations due to a large hydraulic conductivity difference between the

less-permeable reservoir bed and the adjacent soil column. Hence, instead of solving

the equation (3.4), we use the equation (3.2) as:

Shl+ - h, _ Q1+1 2 - -1/2 + r"

At/2 Ax

and

Shn+1 - h?+2 _ Q1+1/ 2 - -1/2 r"
At/2 Ax 1'

for a predictor and a corrector, respectively. Q1+1/2 and Q1-1/2 are calculated as:

Sh 1 + h2 h2 - h1
Q1+1/2 = K

2 Ax

and
Krhr + hi hi - hr

2 Ax

where Kr and hr are the prescribed hydraulic conductivity at the reservoir bed and

the reservoir water level, respectively. The locations of the boundary condition vary,

as the locations of shoreline change.

The other boundary condition is hard to identify without detailed underground

66



hydrological surveys. In our model, to minimize the effect of the uncertain boundary

condition, the boundary condition is assumed far away from the simulation domain,

i.e., Ni is sufficiently larger than the size of the simulation domain.

For our simulation domain in Ejersa, the Dirichlet boundary condition is applied

at i = Ni. Studies indicate that the groundwater flow component is significant in

this region [44, 19]; however, the correct range and the seasonality of the baseflow

are difficult to estimate. Thus, a constant head was used for the boundary condition

in this study. In order to reflect the expected dominant flow direction towards the

reservoir [44], the constant head at the boundary was set higher than the annual

maximum reservoir water level.

Subgrid-scale marginal pools

During the period when the reservoir water level is low, marginal pools were ob-

served to expand significantly adjacent to the shoreline (Fig.3.3). The formation of

the marginal pools can be explained by the combination of muddy rough surface,

shallow GWT, and high capillary fringe. The muddy surface is prone to the cre-

ation of microtopography (scale less than 10m), which is not simulated explicitly

in HYDREMATS. In addition, muddy soil has a high capillary fringe, where soil is

saturated, even though it is above the GWT. With the presence of a rough surface,

saturated soil fills locally low surface points (~ centimeters deep).

The formation of marginal pools can thus be simulated as a function of soil mois-

ture and surface roughness. Soil moisture is simulated in HYDREMATS, including

the effect of the capillary fringe. Surface roughness is, however, not easily simulated

or monitored. In this study, it is estimated by surface elevation. Surface elevation at

the shoreline was observed to dictate soil type and surface roughness during our field

surveys.

A larger fraction of marginal pools is assumed to be created by higher soil moisture

and/or lower elevation (the latter being linked to muddier soil and rougher surface).

The utility probability of marginal pools (mgnl)-the probability that mosquitoes
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Figure 3.3: Marginal pools created at the shoreline.
The combination of muddy rough surface and shallow groundwater table creates

marginal pools next to the shoreline, which expand up to a few hundreds of meters.

use the water as a breeding site in HYDREMATS-reads:

e(

mgnl = fmax x min( Xsm + xelev, 1)

sm - smmin
XSm =

smmax - smmin

elev - elevmin
Xelev elevmax - elevmin'

where fmax is the maximum value of the utility probability, sm is the simulated surface

soil moisture at a given grid cell, and elev is the elevation of the grid cell. fmax is set at

0.8. Marginal pools are simulated to form when sm is larger than smmin, increasing

mgnl as sm rises. At sm = smmax, mgnil equals fmax. Marginal pools are also

simulated to form when elev is lower than elevmin. mgnl increases as elev decreases.

mgnl equals fmax when elev is equal to or lower than elevmax. Values of smmin,

smmax, eleVmin, and elevmax were set at 0.4, 1, 1590.5m, and 1590m, respectively.

elevmin and elevmax were selected through comparing observed reservoir water levels

and larval abundance Fig. 3.4.
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Figure 3.4: Observed reservoir water levels and larval abundance.

Reservoir water levels (A) are compared with observed larval abundance at shoreline

north (B) and south (C). Annual time series of data are shown from July starting in

2012 (blue), 2013 (red), and 2014 (green). When reservoir water levels are lower than

1590m (gray), marginal pools were observed next to the shorelines and larvae were

often found.

3.2.3 Malaria transmission model

The behaviors of the three main actors involved malaria transmission: Anopheles

mosquitoes, prasmodium parasites, and humans, are simulated in the malaria trans-

mission model (Fig. 3.5).

The dynamics of mosquito population occur through mosquitoes' encounters with

human habitats, where they take bloodmeals, and with water pools, where they lay

eggs. Before entering the adult stage, mosquitoes go through the aquatic stage,

where they advance from eggs to larvae to pupae. Adult mosquitoes then emerge
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Figure 3.5: Schematic diagram of the entomology and malaria transmission model

module.
Malaria transmission involves Anopheles mosquitoes (vectors), Plasmodium parasites,
hosts (humans), and environment. Factors involving vectors, parasites, and humans

are shown in red, gree, and yellow arrows, respectively.

from their breeding pools, as non-gravid hungry vectors. After mating, female adult

mosquitoes look for human habitats in search of bloodmeals (only female mosquitoes

take bloodmeals). Then they become gravid and fly around in search of breeding

pools. Gravid mosquitoes that have completed their gonotrophic cycle are ready to

lay eggs in any encounter with suitable breeding pools. The utility probability of the

breeding pools depends on the type of the pools (i.e., reservoir shoreline, GW-fed

pools, marginal pools, and rain-fed pools) and on their water depth [32].

Aquatic-stage mosquitoes develop mainly as a function of water temperature,

which is simulated in the hydrology model. Simulated water temperatures are gen-

erally close to ambient air temperature. During the aquatic stage, they experience

mortality from such sources as predation, cannibalism, and nutrient competition.

Disappearance of breeding pools is fatal to aquatic-stage mosquitoes; the persistence

of pools, simulated in the hydrology model, is thus an essential input for the malaria
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transmission model. The simulation of aquatic-stage development borrows heavily

from Depinay's model [28], which provides the aquatic-stage development time as a

function of temperature for An. gambiae. Depinay's model estimates that the devel-

opment of aquatic-stage An. gambiae completes in about 18 days at 20'C, but the

development time can vary depending on the species of local vectors and the avail-

ability of micro-nutrient in breeding sites. Around the Koka Reservoir, the major

species of Anopheles were found to be An. arabiensis, An. pharoensis, and An. funes-

tus. Field observations (personal observations and Latze et al. [90]) report that the

aquatic-stage development time for the local vectors around the Koka Reservoir is

around 15 days at around 20'C. Accordingly, 20% faster aquatic-stage development

rates than ones from Depinay's model were applied for Ejersa.

Malaria transmission occurs as an occasional byproduct of mosquitoes' blood-

feeding activities. If a female mosquito is infectious, having the mature parasites in

her midgut, she can transmit malaria to humans, injecting the parasites in the form

of sporozoites when they take bloodmeals. Similarly, if a person is infectious, having

mature parasites circulating in the blood, he or she can transmit malaria to female

mosquitoes when they ingest the parasites in the form of gametocytes during blood

feeding.

Infected humans are the reservoir of malaria transmission, keeping the parasites in

their bodies, and they become infectious to mosquitoes after completing the intrinsic

incubation period (1IP). Similarly, infected mosquitoes become infectious after com-

pleting the extrinsic incubation period (EIP). Unlike the IIP, the EIP is governed by

ambient temperature. In order for mosquitoes to transmit malaria, they have to com-

plete the EIP, and take at least two bloodmeals within their life cycle, which is also a

function of temperature. Thus, not only mosquito population, but also temperature

and access to pools and houses play important roles in malaria transmission.

Another important component of malaria transmission is human immunity [6, 117,

184]. Humans acquire immunity to malaria in the course of their lifetime experiences

of malaria infection. The acquired immunity lowers the probability of infection and

shortens the duration of infection. The human immunity component was recently
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added to HYDREMATS by Yamana et al. [184].

3.2.4 Malaria transmission model improvement

Adult longevity

Adult mosquito lifespan is important both for population dynamics and for malaria

transmission. Adult survival is known to be a function of temperature, but is also

influenced by humidity [109, 4]. Humid conditions generally favor mosquitoes' long

life [4, 45]; dry conditions are fatal to mosquitoes, partly because the high surface area

to volume ratio of mosquitoes makes them sensitive to desiccation at low humidity

levels [185]. The effect of humidity on adult longevity has been incorporated into

several models, along with that of temperature. Parham et al. [126]developed a

mosquito survival probability as a function of temperature and humidity, based on

Bayoh's data. Using the same data, Lunde et al. [101] advanced the survival model

to be age-dependent and size-dependent. Although some of those recent models fit

observed values well, our objective is to incorporate a simple formula that accurately

captures the range of adult survival influenced by temperature and humidity.

Martens' survival equation [109] is simply a function of temperature, and it is one

of the simplest and best-known equations [23, 126, 145, 12]. This equation is, how-

ever, reported to underestimate adult survival [100]. Parham et al.'s survival equation

[126] is another simple equation, which incorporates both temperature and humid-

ity; however, their laboratory experiment data seem to overestimate the longevity of

mosquitoes in the wild [100].

Our formula is based upon Martens' equation, and reduces the underestimation

bias by raising the survival rate at higher humidity. Yamana and Eltahir [185] intro-

duced a relative humidity stress factor, S, so that Martens' survival pm(T) is modified

to be a function of both temperature (T) and relative humidity (RH):

p(T, RH) = pm(T) x (1 - S(RH)).

In Yamana and Eltahir [185], positive values of S were used for RH < 42%; S
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was set at zero at RH > 42%. In our formula, we extend the equation to incorporate

the effect of higher humidity, by applying negative humidity stress.

Following Yamana and Eltahir [185], the stress factor is defined as:

1, RH < RHe

RH8 -RH RHe < RH < RH,
S(RH) = RH 8 -RHc <

"HH,,RH RH, < RH < RH,
RHRH<RHSS.

f (< 0), RH < RHss.

RHc, RHs, and RHs, are set at 5%, 40%, and 90%, respectively. f is set at -0.05,

meaning that at relative humidity equal to or higher than 90%, adult survival is

simulated as 5% higher than that of Martens' equation. This new survival equation

yields, for example, at T = 20'C and RH = 80%, about 6 days longer average

longevity than Martens' equation, and about 11 days shorter average longevity than

Parham's equation. The relative humidity stress factor and the resulting adult daily

survival are shown in Fig. 3.6.

Parasite-specific parameters

In most malaria-present areas, Prasmodium falciparum (P.f.) and Prasmodium vivax

(P.v.) are the major malaria parasites, and they often coexist [181]. West Africa

is exceptional in that it experiences infections almost exclusively of P.f. The origi-

nal HYDREMATS was developed for a village in West Africa, and hence it needed

to assume P.f. infections only. For more general application, HYDREMATS was

modified to be able to simulate infections from the two most prevalent malaria par-

asites: P.f. and P.v. Parasite-specific parameters were applied to the EIP and the

transmission efficiency.

The EIP differs from parasite to parasite. P.v. requires a smaller thermal sum

than P.f. for the maturation of the sporozoites in mosquitoes' bodies, shortening the

EIP. The P.f. parasite needs 111 degree-days above 16-19 'C, while the P.v. parasite

only needs 105 degree-days above 14.5-16 'C [30, 97]. The threshold temperatures
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Figure 3.6: Survival of Anopheles mosquitoes as a function of temperature and mod-

ified relative humidity stress factor.

(A) RH stress factor. The formula of Yamana and Eltahir [185] was updated to in-

corporate negative stress at high humidities. (B) Daily survival of adult mosquitoes.

The daily survival rate of Anopheles mosquitoes is shown as a function of both tem-

perature and relative humidity. Low humidity decreases the survival rate, while high

humidity prolongs the lifespan.

to allow development of sporozoites are set at 18 'C and 15.5 'C, respectively, for

P.f. and P.v.

The transmission efficiency of malaria also depends on parasites, as well as on hu-

man immunity levels. Human-to-mosquito transmission efficiency (c) is believed to be

larger for P.f. because P.f. has generally larger levels of parasitemia than P.v. [72, 7].

A study in southern Venezuela showed c for P.f. to be around 20% [118], while another

study in western Venezuela estimated c for P.v. to be only 0.3% [144]. The transmis-

sion efficiency is, however, likely to be influenced by many other factors, such as the

strain of parasites, climatological conditions, and human immunity levels; and hence

definitive values are not widely agreed upon by researchers. Ermert et al. [36] reported

that the observed values of c for P.f. varies from 0% to 80%. Acquired immunity in

humans is known to reduce the transmission efficiency (called transmission-blocking

immunity). For P.f., human-to-mosquito transmission efficiency is found generally

lower than 40% [36]; the transmission efficiency for P.f. at immunologically nafve
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population can then be assumed as 40% . In this study, the human-to-mosquito

transmission efficiencies (c) for P.f and P.v. at immunologically naive population

were set at 40% and 8%, respectively.

The mosquito-to-human transmission efficiency (b) at immunologically naive pop-

ulation was set at 50% for both P.f. and P.v. Rickman et al. [139] reports that one

infectious bite with P.f. infects about half of immunologically-naive people, which

suggests 50% of transmission efficiency. This efficiency agrees with one of the highest

mosquito-to-human transmission efficiency observed in the field [36]. The value of the

mosquito-to-human transmission efficiency (b) is consistent with the value used in a

previous version of HYDREMATS [183, 184], but the value of the human-to-mosquito

transmission efficiency (c) was significantly lowered from 99%.

Other parameters are also likely to be different from parasite to parasite. For

example, the recovery rate of P.f. may be higher than that of P.v., because the high

parasitemia of P.f. provokes human immune response and because P.v. relapses. The

relapse of P.v. may continue up to a couple of years if not treated, while retaining

P.f. infection over a year is rare. Macdonald and G6ckel [105] showed that the recov-

ery rate of P.f. is slightly higher than that of P.v. However, the reported recovery

rates also vary significantly within strains of parasites and with other factors. Due to

the lack of conclusive scientific evidence, the value of the recovery rate was not differ-

entiated between the parasites in this study. Fine tuning of parameters for different

species will be performed in the future, if necessary.

Effect of wind on mosquito flight

Mosquitoes' locomotion (_i) is simulated by a combination of active dispersal (Vactive)

and passive dispersal (v3as7ve). Active dispersal (i ctie) is also called appetential

dispersal, where mosquitoes fly around by themselves in search of blood sources and

oviposition sites, for example. Passive dispersal (vp,3sie), on the other hand is called

non-appetential dispersal, where mosquitoes move with wind through advection.

Vactive + Vpassive
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Regarding iJ , mosquitoes fly randomly unless they find clues of hosts (activa-

tion). Mosquitoes use various olfactory sensors, visual sensors, and thermal sensors

to identify the locations of hosts; the signal that travels the farthest is C02. A

C02 plume moves downwind with turbulent diffusion [119, 158]. When mosquitoes

sense elevated C02 concentration, they become activated and generally fly upwind

[164, 60, 165, 15]. i7c jveis thus assumed to be composed of random flight (ir 0 Z)

and directed flight (vecTed.

Vactive = Vrandom - Vdirected

The relative importance of o9aJsOm and 3a recJed is determined by the C02 concen-

tration and the concentration gradient. Studies show that mosquitoes can sense the

fluctuation of C02 concentration by as little as 40ppm [49] or 100ppm [60]. In the

experiment by Healy and Copland [60], approximately 60% of mosquitoes were acti-

vated and flew upwind when they encountered pulses of 100ppm or more C02 above

the background level (350-370ppm). We assume that mosquitoes' active dispersal

is fully random, unless mosquitoes sense at least 40ppm higher C02 concentration

than the background, where the directed flight component becomes 60% or higher.

The weight of the directed component increases linearly with concentration gradient,

such that mosquitoes located 10m down wind from a source of C02 fly directly to

the source (i.e., the directed component is 100%). Using the weight of the directed

flight component (a, 0 < a < 1) and the average flight velocity of mosquitoes v, the

magnitude of Vrangdm and veced are shown as:

|random (1 - a)v

Ivdirected = av.

The direction of vai3ecte> is toward the steepest C02 concentration gradient, and that

of Vrando is random.

The time-averaged mean concentration of C02 is simulated using the Gaussian
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dispersion equation:

c(x, y, z) = x ( ( exp (_(z )+ expQ(_ hz ))
27ro-y 0zu 2a-2 2u2 2o-2

where:

c is the concentration of C02 [g M-3 ] at any position x meters downwind of the

source, y meters crosswind of the source, and z meters above the ground level,

Q is the carbon dioxide exhalation rate [g sec- 1 ],

u is the horizontal wind velocity along the plume centerline [g sec- 1],

h is the height of the emission plume centerline above the ground [m],

oa is the vertical standard deviation of the emission distribution [m], and

01 is the horizontal standard deviation of the emission distribution [m].

The horizontal and vertical dispersion is a function of atmospheric stability conditions

and the downwind distance (x) [158]. During the nighttime periods, when mosquitoes

are active, atmospheric conditions are stable due to radiative cooling at the land

surface under clear skies. From Smith [158],the horizontal and vertical dispersions for

stable conditions are given by:

UY = 0.24x0 .7

oz = 0.06xo.

We set the height of the emission plume (h) at 1m, roughly the level of beds, and

the height at which mosquitoes sense the plume (z) at the same height (1m). The

source emission of C02 exhaled is set at 275 ml min-1 per human and 3925 ml min-1

per cow [80]. Based on field surveys, we assumed every household compound contains

five humans and one cow. The concentration of C02 at each time step in the model

domain is calculated as the sum of the contributions of all exhaling members of the

community.

The Gaussian model is a well-established time-averaged model of plume dispersion;

however, mosquitoes are known to respond to the instantaneous high concentration

of C02 that is maintained in a pocket of air due to turbulence, rather than the mean

77



concentrations of C02 [119, 15]. Because of turbulence, a C02 plume is unevenly

distributed in the air with some small eddies containing high concentrations of C02.

Studies with high-resolution measurements observed many-fold higher than mean

concentration of C02 at a frequency of 0.1 to a few seconds [119, 15]. Simulating

this small-scale structure of C02 plumes is computationally expensive. Instead, we

assume that there exist pockets of C02 plume with concentration as high as 10 times

the concentration simulated in the Gaussian model, and that mosquitoes can respond

to the instantaneous burst of C02.

As the Gaussian dispersion equation demonstrates, the concentration of C02 de-

pends on the source load of C02, distance to the source, wind speed, and wind

direction. Assuming that Anopheles can sense elevated levels of C02 above 40ppm

(simulated mean concentration of 4ppm), the maximum range over which Anopheles

is activated was simulated to be about 100, 50, 30 and 15m downwind of a house

(with five inhabitants and one cow) under 0.5, 1, 2, and 5m/s of wind, respectively.

The effective range of C02 activation is believed to be within some tens of meters

around a host [15, 140, 171, 47]. Considering that the ranges simulated are for a

house with multiple hosts, these agree with literature values.

Mosquitoes' flight range varies significantly, depending on the species of mosquito

and the local environment. The lifetime flight range of mosquitoes is generally said

to be 1-5km, without a mechanism of a long-distance dispersal or migration [149].

Mosquitoes in rural, sparsely populated areas disperse farther than those in urban,

densely populated areas [149] because less abundant blood sources or oviposition

sites requires mosquitoes to fly farther without much distraction. In addition, open

areas in rural areas have stronger wind than in woody areas, which can also dis-

perses mosquitoes farther. Because Ejersa is less densely populated and the human

settlements are more distant from breeding sites, as compared to the site for which

HYDREMATS was originally developed, the average flight velocity of mosquitoes (v)

was increased from 15m/hr to 80m/hr.

Mosquitoes were also documented to fly downwind in the absence of host clues,

which agrees with a model of optimal energy expenditure [48, 149]. Although this
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mechanism plays an important role for mosquitoes' long-distance migration, it is

assumed to be not so important when breeding habitats are found near villages. We

assumed mosquitoes move along with the wind, intentionally or unintentionally, at a

small fraction of wind speed:

=passive = 0.0001i,

where U' is a wind vector pointing downwind.

Aquatic-stage mortality

Aquatic-stage mosquitoes die of different causes. In addition to the fixed mortality,

predation, and cannibalization originally implemented in HYDREMATS [28, 12], two

mechanisms of larval death relevant to shoreline breeding sites were added: high waves

and drying-out of breeding pools.

Mortality due to high waves: High waves are known to cause larval loss. Like

turbulence during rainstorms, high waves at a reservoir shoreline provide an unfavor-

able condition for aquatic-stage mosquitoes [146, 125, 170]. Surface waves are created

by the shear stress generated by wind. The surface waves are larger with higher wind

speed, larger fetch, and deeper water. The wind effect may be negligible for small

rain-fed puddles due to their small surface size (~ small fetch) and shallow depth,

but could be significant for large bodies of water, such as reservoirs.

The effect of waves on larval mortality was incorporated in HYDREMATS as a

function of wave height:

mwave = f x Hw, (3.5)

where mwave [hr- 1] is the hourly mortality of larvae and pupae due to wave action, f

is the conversion factor [hr- 1 m-1 ], and H, [m] is the height of waves at the shorelines.

f was set at 0.1.

The height of the wave, H., is simulated following the shallow-water forecasting

model [169]. The model is based on theoretical assumptions and successive approx-
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imations in which wave energy is added due to wind stress and subtracted due to

bottom friction and percolation:

HLd) 3/4 0.00565 (gF) 1/2gH. = 0.283 tanh 0.530 (-) tanh ((
U2 u2 (gd3/4 7

tanh (0.530 U2

where:

u is the wind speed [m s-1 ],

d is.the depth of water [m],

F is the fetch, the length of water over which the wind blows in a single direction

[m],

g is the gravitational constant [im3 kg- 1 s-2].

For simplicity, the average water depth of a reservoir is used as d. The fetch, F, is

calculated assuming that a reservoir is circular.

Expected wave height at shorelines of the Koka Reservoir is shown in Fig. 3.7.

The in situ wind sentry recorded that the daily wind speed in Ejersa varied between

0.5 and 2m/s in a year. The observed wave heights at the shorelines in Ejersa were a

few centimeters, which is in good agreement with the predicted results.

High waves in a reservoir can also lead to another cause of larval death; larvae

are more likely to be stranded to death with higher waves when the reservoir water

is receding (see Chapter 7). Under high waves, some larvae are pushed towards the

shore by waves or move closer to the shore themselves to avoid the impact of waves.

Larvae staying close to the shoreline become susceptible to stranding under receding

shorelines. The impact of receding water and of wind on larval stranding is examined

in Chapter 7. One may think that the increased larval mortality at high waves through

the mechanism of larval stranding is implicitly represented in equation (3.5).

Mortality due to drying-out of breeding pools: Larvae can experience fatal

stress in the face of the drying-out of their breeding pools. Once their breeding

habitats are dried out and they become deposited on land, they can survive no more
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Figure 3.7: Predicted wave height for Ejersa.
The wave heights calculated for the Koka Reservoir using the shallow-water forecast-
ing model are shown as a function of the wind direction with respect to a shoreline.
The wind direction determines the fetch. The estimates are made for different wind
speeds: 0.5m/s (blue), 1m/s (red), and 2m/s (green). Larger wind speed yields larger
waves. The estimates are made using the average water depth of the Koka Reservoir
as d.

than a few days [62, 85]. As water disappears, larvae swim in water or crawl on damp

soil, looking for deeper and more stable water bodies; however, the attempts are not

always successful [25, 34]. Even with the existence of a nearby water body, slight

topographical roughness can impede departure towards water [34].

In the original HYDREMATS, if water in a grid dries out, all larvae and pupae

there are allowed to move to an adjacent grid that contains water, and stay alive. In

the updated model, a specified fraction of larvae and pupae are allowed to move to an

adjacent water body. The fraction can be assigned for each type of pool, i.e., rain-fed

pools, GW-fed pools, and shoreline. The fraction should reflect the characteristics

of the breeding pools, such as roughness, slope, and the existence of vegetation [34].

In this study, for simplicity, the fraction of 0.8 was applied for all the three types of

pools, which corresponds to the success moving rate of fourth instar An. albimanus

larvae at a ridged surface of 2% slope shore (see Section 7). The condition of a ridged

surface represents the micro-topography at the shoreline most. If the smoother surface
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condition can be assumed, the success moving rate will be higher for the drawdown

rates at the Koka Reservoir (~ 2cm/d).

Aquatic-stage survival at desiccation

Larvae become deposited on land if water in a grid dries out and if they fail to move

to an adjacent grid that contains water. Although the disappearance of water bodies

puts stress on aquatic-stage mosquitoes, they do not die immediately, as assumed

in the original HYDREMATS. Aquatic-stage mosquitoes can survive on damp soil

for a few days, with survival depending on their development stage and soil moisture

[62, 85]. Koenraadt et al. [85] studied the survival of An. gambiae s.s. larvae on damp

volcanic soil, finding the median survival to be around 30 hours for the first to the

third instars and around 50 hours for the fourth instars. A simplified representation

of this study result was incorporated into HYDREMATS, allowing for all stages of

larvae to survive for 40 hours after the desiccation of their breeding sites.

Boundary conditions

Boundary conditions for mosquito flight influence simulation results and thus should

be carefully chosen [3, 52]. The open boundary condition is used in this study for

mosquitoes' locomotion. Any mosquito that flies out of the simulation domain was

assumed to leave the domain permanently and no mosquito was assumed to enter

from outside the domain. This assumption is appropriate when mosquitoes' foraging

activities are happening predominantly within the target domain, but not outside.

On the other hand, the cyclic boundary condition, where mosquitoes leaving from

one side of the domain are simulated to re-enter the domain from the other side of

the boundary, is more appropriate when the surrounding conditions are similar to

those in the target domain.
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Basic reproduction rate, R,

The basic reproduction number (R0 ) is the most important and commonly used in-

dicator of disease transmission. It is defined as the number of infections expected

to be generated by a single infectious person in a totally susceptible population. By

definition, infectious diseases expand if R,>1, and contract if R,<1. Despite the

importance and the popularity of this metric, accurate estimation of R" for malaria

transmission has not been easy. The conventional Ross-MacDonald formula [103, 104]

assumes static conditions; however, malaria transmission is highly dynamic especially

in unstable transmission conditions. On the other hand, the mechanistic structure

of HYDREMATS is most suitable for estimating R0 under dynamic conditions. R,

values are estimated in HYDREMATS to follow the exact definition of R0, without

making assumptions. HYDREMATS can simulate the status of each human, as well

as each mosquito, and tracks infections (which human infects which mosquito, and

which mosquito infects which human; hence it can calculate how many people were

infected from an infectious person). In this way, HYDREMATS can calculate R, for

any dynamic environmental conditions and mosquito populations.

The values of R, were estimated through the HYDREMATS-based long-term

average of R, (denoted as E,):

Ninf

R R /Ninfi

where Ninf is the number of infectious people simulated over the simulation period,

and R' is the number of infections generated from the i-th infectious person, assuming

that the population is fully susceptible. Because the calculation of R0 requires the

assumption of fully susceptible population, any dual infection is counted towards Ro.

The number of simulated malaria cases originated from the i-th infectious person,

thus, defers from R' (number of simulated potential malaria transmission). Note

that Ninf increases with time and that R' is dictated by the time-varying vector

population and environmental conditions. Ro can also be defined as the average of

R' values.
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Chapter 4

Model Application to Ejersa

In this chapter, the updated HYDREMATS was applied to Ejersa, a village located

adjacent to the Koka Reservoir, Ethiopia. The simulation period is from Jan. 2012

through Apr. 2015 (1200 days). Observational data of climate and reservoir water

levels were used as the main model forcing. Observed hydrological data and ento-

mological data were used to calibrate and validate the model. Simulated results of

hydrology, entomology, and malaria transmission are compared with observational

data.

4.1 Model inputs

4.1.1 Inputs for hydrology model

The hydrology module of HYDREMATS requires the following inputs: topography,

soil type, vegetation type, time series of climate data (temperature, humidity, precip-

itation, wind speed, and incoming short wave radiation), and time series of reservoir

water levels. All the meteorological data were obtained from the in situ weather sta-

tion and and reservoir water level data from EEPCo, as described in Chapter 2. For

the topography data, a high-resolution (8-meter) Digital Terrain Model (DTM) was

purchased from Apollo Mapping. The DTM data were collected by WorldView-1,

and the accuracy of the product is 8-meter LE90%. The finest resolution of topogra-
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phy data available free of charge for Africa is 30 meters as of 2016, from Advanced

Spaceborn Thermal Emission and Reflection Radiometer (ASTER). The detailed dis-

tributed model of HYDREMATS benefits from accurate and high-resolution topogra-

phy data. The resolution required to resolve the important hydrological phenomena

depends on local environment and topography. The topography of Ejersa is shown in

Fig. 4.1. The Harmonized World Soil Database (HWSD) was used to describe the soil

type in Ejersa, which determines soil parameters such as porosity, hydraulic conduc-

tivity, and storativity. The University of Maryland (UMD) land cover classification

scheme provided vegetation type. The vegetation type determines the Manning's

roughness coefficient. More details of the hydrology model inputs for Ejersa can be

found in Endo [32]. The hydraulic parameters used in this study are summarized in

Table 4.1.

Table 4.1: Hydraulic parameters for Ejersa.
(*) Values for soil layers 0.-0.65m, 0.65-2.95m, and 2.95-15.95m deep, respectively.

(**) Values at the reservoir bed and the rest of the domain, respectively. Due to
the existence of a less-permeable layer at the bed of the reservoir, the hydraulic
conductivity was reduced by a factor of 200 based on sensitivity experiments.

Parameters

Porosity* 0.40; 0.28; 0.23 [-]
Vertical hydraulic conductivity* 0.12; 0.12; 3.0 [m/d]

Horizontal hydraulic conductivity** 0.15; 30 [m/s]
Storativity 0.3 [-]

Location of bedrock 0 [masl]
Manning coefficient 0.035 [-]

4.1.2 Inputs for entomology and malaria transmission model

In addition to the climate data and the information of surface water bodies, the

entomology and malaria transmission modules of HYDREMATS require the following

as initial conditions: location of houses, demography of inhabitants, initial malaria

prevalence, and human immunity levels. The climate data required are temperature,

humidity, wind speed, and wind direction. The detailed information of surface water
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Figure 4.1: Topography in Ejersa.
The topography map was created based on a 8-meter-resolution DEM from Apollo

Mapping. X (longitude) axis shows the distance in meter from the west edge of the

domain, y (latitude) from the north edge of the domain. Z (altitude) axis shows

elevation in meter above sea level (masl). The area below 1590m at the east is

submerged under the reservoir throughout the year. The area at the southwest is

relatively low and the reservoir water approaches the area when the reservoir water

level becomes high.

bodies can be obtained from the hydrology module of HYDREMATS, including the

location and the persistence of water bodies, and the water temperature. The location

of human settlements was identified from a high-resolution (60-cm) satellite picture

obtained from QuickBird using ArcGIS. Five inhabitants were assumed to be in each

house to agree with the observed conditions in Ejersa. The age structure employed

for Ejersa was the same as that for the national average in Ethiopia in 2014 obtained

from the populationpyramid.net.

The malaria prevalence and human immunity levels for Ejersa were calculated
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through the method described in Section A based on the observed incidence data. The

observed average incidence rate for Ejersa between 2010 and 2013 was 3.6%, which

suggests that the aggregated prevalence is about 3.2%. Under this low incidence rate,

the EIR is too small for the population at any age to build immunity, unless significant

heterogeneous biting is present. A certain fraction of initial malaria prevalence was

assumed to be P.f. infection, and others to be P.v. infection. In order to simulate

the observed fractions of P.f. and P.v. cases (two-thirds and one-third, respectively

[77]), the initial P.f. fraction was set at two-thirds.

4.2 Model results

The primary output of the hydrology model is the location and the depth of surface

water pools. The output is recorded every hour, so that the persistence of pools can

also be simulated. The spatial and temporal information of pools is then used as an

input for the malaria transmission model.

For the model calibration and validation, however, the surface water information

is not useful. The observational data on the spatial and temporal status of surface

water are difficult to obtain. Instead, we calibrated the hydrology model using GWT

and soil moisture time-series data observed at the in situ MS and SMS.

The dynamics of the Anophelespopulation and malaria transmission are the pri-

mary outputs of the entomology and malaria transmission model. Simulated adult

Anopheles population was compared with observational data for its size and season-

ality. The simulated malaria infections were compared with observed clinical data.

The simulation was conducted from January 2012 through April 2015. Meteoro-

logical data were available only after July 2012. The period Jan.-June 2012 was used

as a spin-up period, during which the simulation was run using the meteorological

data obtained for January to June 2013.
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4.2.1 Hydrology model output

Groundwater tables

Simulated groundwater levels were compared with the observations (Fig. 4.2) for the

period from August 2013 through August 2014. The measurement was taken at the

MS and the SMS, which are approximately 100m and 500m away, respectively, from

the shoreline at the highest observed water level.

1596 - a -- reservoir
-GWT at SMVS

159 -- GWT at MVS1594

E 1592 -

1590 -

tK

1596 -b -- reservoir
"-"--GWT at SMVS

1594' GWT at MS

Ca
E 1592

1590

Figure 4.2: Observed and simulated groundwater tables (GWTs).
(a) Observed water levels. Observed reservoir water levels (blue), and GWTs at SMS
(red) and at MS (green) are shown. (b) Simulated water levels. Simulated GWTs
at SMS and at MS are shown in red and green, respectively. The observed reservoir
water levels were used as model forcing, and shown in blue. The time period shown
is about 13 months starting in August 2013. Levels are shown in meters above sea
level (masl).
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The observed levels of the GWT (Fig. 4.2a) feature three phenomena. Firstly,

the observed GWTs at the MS and the SMS, which are about 400m apart, behave

similarly. This resemblance suggests a high hydraulic conductivity in the soil between

the MS and the SMS. Secondly, however, the observed GWT at the SMS does not

behave similarly to the reservoir water levels, although the shoreline comes up to

about 100m away from the SMS at the closest. The attenuated effect of the change in

the reservoir water levels on the GWT at the SMS suggests that a low-permeability

layer, with low hydraulic conductivity, exists between the reservoir and the SMS.

We argue that a low-permeability layer exists at the reservoir bottom due to the

sedimentation of clay and silt. Finally, the behavior of the GWT at the MS lags that

at the SMS by around 5 days. This lag is expected because the SMS is located closer

to the reservoir than the MS.

Simulated GWTs compare well with observed ones (Fig. 4.2b). Note that the

observed reservoir water levels were used as the model forcing. The simulated GWTs

at the SMS and at the MS also have the three characteristic behaviors of GWTs

described above: similarity of the GWTs at the SMS and at the MS, attenuated

impacts of the change in reservoir water levels on the GWTs at both the SMS and

the MS, and the small lag between the GWTs at the SMS and at the MS.

Soil moisture

As a further verification of the model, the simulated soil moisture was compared with

the observed values. Fig. 4.3 shows the one-year profile of the observed and simu-

lated volumetric water saturation (VWS) value of the soil columns at the SMS (left

panels) and at the MS (right panels). The data presented start from the beginning

of the data collection period in July 2012, which coincides with the beginning of

the main rainy season. During the rainy seasons (main rainy season from July to

September; secondary rainy season in April), infiltration supplies water to the soil

column downward, increasing the VWS (Fig. 4.3; Aa and Ab for the SMS, Ba and

Bb for the MS). The downward flux arrives later at the lower soil layers (Fig. 4.3; Aa

and Ab for the SMS, Ba and Bb for the MS). Note that the values of the observed
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VWS are not necessarily accurate as absolute figures, because the measurement of

the VWS requires converting the electrical signal into the VWS using an empirical

formula. VWS measurement is also prone to measurement errors due to the existence

of incidental soil cracks or vegetation roots. The VWS observed at the MS 15cm

below the surface looks over-estimated for an unidentified reason until March 2013.

Otherwise, HYDREMATS simulated the observed time series of VWS well, in terms

of the above-mentioned characteristics: increase in VWS during the rainy seasons,

and delay in response at the lower soil layers.

The difference between VWS at the SMS and that at the MS (both observed and

simulated) can be explained mainly by the upward flux from the GWT. A noticeable

difference in observed VWS was found for the 100cm-deep soil columns (blue lines

in Fig. 4.3Aa and Ba): high values of VWS were retained at the SMS (Fig. 4.3Aa)

but not at the MS (Fig. 4.3Ba). One explanation provided by HYDREMATS is

the existence of the shallow GWT (around 5m deep) at the SMS. Fig. 4.3Ac and

Bc illustrate the simulated vertical profiles of the VWS at the SMS and the MS,

respectively, from July 2012 to November 2012. A VWS value being equal to one

indicates that the area is saturated because it is below the GWT. Although the

absolute heights of the GWT are similar to each other at the SMS and at the MS

(Fig. 4.2), the downward topographical slope towards the reservoir brings the GWT

closer to the surface at the SMS (- 5m deep) than at the MS (~ 15m deep). The

shallow GWT at the SMS supplies water upward to the soil above, maintaining a

higher VWS. Other potential reasons for having higher VWS values 100cm below the

surface at the SMS than they are at the MS are higher infiltration rate and larger

overland flow at the SMS.

Surface water bodies

Fig. 4.4 presents a snapshot of the surface water condition simulated in HYDREMATS.

Illustrated in Fig. 4.4a are the simulated depths of surface water at the end of Septem-

ber 2012. Also shown are a rain-fed pool (Fig. 4.4b) observed in the southwest of the

simulation domain (red square) , and the shoreline (Fig. 4.4c) slightly northwest from
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Figure 4.3: Observed and simulated soil moisture.
VWS for the SMS is presented in the left panels (A) and for the MS in the right
panels (B). The observed and simulated time series of VWS are presented in the
top panels (a) and in the middle panels (b), respectively. Data at 15cm, 30cm, and
100cm below the surface are shown in red, green, and blue, respectively. Data are
shown from the beginning of the main rainy season in July 2012 for one year. Bottom
panels (c) present the vertical profiles of simulated VWS. Monthly profiles from July
to November 2012 are shown. VWS equal to one indicates that the area is saturated,
being submerged in the groundwater.
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the center of the domain. Both pictures were taken around the same time as when

the simulation output was produced.

Water depth (m)

0 -0.001
0 001- 0 01
0 01 -0 1
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1I6

- 5-25

0 02505 1Kilometers

(c)

Figure 4.4: Simulated and observed surface water.

A snapshot of the hydrology model output (a), a photo of a rain-fed pool (b), and a

photo of the shoreline breeding pools are present. The figure was adapted from Endo

[32]. A snapshot of simulated water depths during the main rainy season at the end

of September is superimposed on the satellite picture of Ejersa (a). Colors indicate

the depth of water in each grid cell. A red square shows the 3km by 3km simulation

domain. Due to the high reservoir water level, the shoreline is close to the village.

A rain-fed pool (b) and shoreline breeding pools (c) observed at the corresponding

simulated pool locations are shown. The dates that the pictures were taken do not

necessarily correspond to the date of the simulation output shown here.
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4.2.2 Entomology model output

Dynamics of Anopheles population

The simulated Anopheles population is shown in Fig. 4.5 and compared with the

observed adult abundance data. The simulated Anopheles population (solid blue

line with values on the left) is the number of Anopheles simulated to be present

in the entire simulation domain (red square in Fig. 2.4). The observed Anopheles

population shown (orange asterisks with values on the right) is the total number of

Anopheles captured in the six light traps (orange rectangles in Fig. 2.4). Although

the observed values do not manifest the size of the Anopheles population present in

the simulation domain, they represent the dynamics of the Anopheles population in

the target domain.
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Figure 4.5: Simulated and observed Anopheles population.
The total size of the Anopheles population simulated in the domain is shown by
a solid blue line with values shown on the left y-axis. The left y-axis starts from
6000, which is the initial and minimum number of Anopheles population set in the
simulation. The observed number of Anopheles captured in the six light trap houses
is shown in orange asterisks; the values are shown on the right y-axis. The periods
with no available observation are shadowed in gray.

The simulated result compares well with the observation. The observed large

Anopheles population during Aug.-Dec. (hereafter, the major mosquito season) was
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reproduced in HYDREMATS. The observed population during the major mosquito

seasons in 2014 was smaller as compared to the preceding two years. This difference

was clearly simulated in HYDREMATS. In addition, the increase in Anopheles popu-

lation was observed from April through June (hereafter, the minor mosquito season)

in 2013, but not in 2014. No data were available for this period in 2012. This dif-

ference during the minor mosquito seasons was also present in the simulation, while

the simulated increase in the Anopheles population was smaller than the observed

increase.

Size and distribution of Anopheles population

The absolute size of the Anopheles population in the target domain cannot be ob-

tained easily from the point observation data-mosquito light trap data. However,

the size of the Anopheles population directly influences the malaria transmission po-

tential in the field. All other things being equal, the malaria transmission potential

increases linearly with the Anopheles population size [1033.

In this study, the simulated size of the Anopheles population was validated by

comparing the number of Anopheles captured in each light trap in observation and

the number of Anopheles visiting the grid that contains the corresponding light trap in

simulation. The simulation grid size is 10m-by-10m; yet, in reality, not all Anopheles

mosquitoes present in a 10m-by-10m area would be captured by a light trap that was

placed in the area.

The ratio of mosquitoes captured by a light trap depends on how strong mosquitoes

are attracted to the trap. Mosquitoes are less attracted to a trap if they are farther

away from it. One should, therefore, note that the efficiency of light traps should be

defined with respect to an area within a specified distance from a trap. Laboratory

experiments by Silva et al. [154] found that CDC-512 light traps (the same light traps

as in our field surveys) collected <3% of Ae. aegypti female mosquitoes (a different

genus of mosquitoes than our target mosquitoes, Anopheles) within a 12-hour period

(the same operation period as in our field surveys) in a cage of a size 2.0m-high by

2.5m-wide by 2.8m-deep. This result can be interpreted that the efficiency of a light
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trap within a radius of 1m is roughly 3% for Ae. aegypti female mosquitoes. The

efficiency should decrease with increasing radius, as the intensity of light is inversely

proportional to the square of the distance. For an area with a radius of 5m, the

efficiency of a light trap would be significantly lower than 3%, likely by an order of

magnitude.

The efficiency of light traps increases if combined with other attractants. The

same study [154] found that the efficiency of CDC-512 light traps within the 2.0m-

by-2.5m-by-2.8m cage jumped from <3% to about 15% when the trap was tested

with 42mg/h of synthetic human odor. The study suggests that the efficiency of light

traps becomes higher when deployed near human or animal baits.

We assumed that the efficiency of the light trap deployed in our field within the

surrounding 10m-by-10m area was approximately 3% for an outdoor trap. Because

our outdoor light traps were hung right outside of human dwellings, it is assumed

that mosquitoes were attracted not only by the light of the traps but also by human

odor arising from the adjacent dwellings. Thus, the efficiency of outdoor light traps

was estimated to be higher than the value that a light trap alone would have within

a 5m-radius area.

In addition to the magnitude of the Anopheles population, the distribution of

Anopheles plays an important role in malaria transmission, especially in a heteroge-

neous environment [11, 157]. Observation with extensive coverage is challenging, but

our distributed six light traps will provide meaningful information.

Figs. 4.6 and 4.7 compare, for outdoor traps and indoor traps, respectively, the

simulated Anopheles population visiting a grid in which each light trap is located

within a 12-hour period (a) and the observed Anopheles population captured in each

light trap within 12 hours of deployment (b). Note that the simulated population

represents only female Anopheles, but the observed values include both female and

male Anopheles. The simulated female Anopheles outdoors at LTH2 and LTH4 during

the major mosquito seasons in 2012 and 2013 were about 300, leading to an estimate

that the total Anopheles population (both female and male) in a grid is about 600.

The captured total Anopheles in the corresponding periods were about 20, which is
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3.3% of the simulated value. This capture rate shows a good agreement with the

estimated efficiency of the outdoor light traps. The observed Anopheles outdoors at

LTH8 is larger than the population expected from the simulation; this could be due

to the presence of the micro-habitats that is not represented in the model.
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Figure 4.6: Simulated and observed Anopheles at outdoor light trap houses (LTHs).
(a) Simulated number of Anopheles visiting the grid that contains each outdoor LTH
within a 12-hour period. Only female mosquitoes are simulated. (b) Observed number
of Anopheles captured in each light trap placed outdoors within the 12-hour opera-
tion period. The observed values contain both female and male mosquitoes. Data
are shown for LTH2 (purple), LTH4 (red),- and LTH6 (sky blue), which are listed
from closer to, to farther away from the reservoir. The periods with no available
observations are shadowed in gray.
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Figure 4.7: Simulated and observed Anopheles at indoor light trap houses (LTHs).
(a) Simulated number of Anopheles visiting the grid that contains each indoor LTH
within a 12-hour period. Only female mosquitoes are simulated. (b) Observed number
of Anopheles captured in each light trap placed indoors within the 12-hour operation
period. The observed values contain both female and male mosquitoes. Data are
shown for LTH1 (blue), LTH3 (yellow), and LTH5 (green), which are listed from
closer to, to farther from the reservoir. The periods with no available observations
are shadowed in gray.

The observed data from indoor light traps (Fig. 4.7b) show the importance of

spatial heterogeneity. Smaller numbers of Anopheles were observed as the traps were

located farther away from the shoreline, from LTH1 to LTH2 to LTH3 (Fig. 2.4).

This spatial effect was also simulated in HYDREMATS (Fig. 4.7a).
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4.2.3 Malaria model output

Malaria incidence and prevalence

The intensity of malaria can be measured by malaria incidence or prevalence. Fig. 4.8

compares the simulated monthly malaria incidence (red solid line) with the observed

values (red dotted line). The observational data that we used do not distinguish

P.f. infections and P.v. infections. Thus, simulated total infections (summation of

P.f. infections and P.v. infections) were compared with the observational values. The

simulated total infections compare well with observation for 2012, both in terms of

magnitude and seasonality. The simulated values for 2013 differ significantly from ob-

served values. This could be due to stochastic variation. The longer-term (Jul. 2008-

Apr. 2014) average of observational malaria infection data demonstrates that malaria

transmission peaks twice within a year, a smaller peak in June and another larger

peak in October (Fig. 2.24). This pattern is generally reproduced well in the model.
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Figure 4.8: Simulated and observed malaria incidence.

Simulated and observed monthly malaria incidence are shown in red solid line and red
dotted line, respectively. The reported incidences do not distinguish P.f. infections
and P.v. infections. The periods with no available observation are shadowed in gray.

Observed malaria cases has a declining trend as mentioned in Section 2.2. The

declining trend can be attributable to the control measures in place in Ejersa. In-
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habitants in Ejersa are treated with medicines free of charge if diagnosed as malaria

positive, and some inhabitants use bed nets. The impact of such interventions, how-

ever, is not simulated in HYDREMATS. The overestimation of malaria infections

between Oct.-Mar. in 2014 can also be explained by the interventions in place.

In Ethiopia, both P.f. malaria and P.v. malaria are present. Kibret et al. [77] re-

ported for Ejersa that the ratio of P.f. infection cases to P.v. infection cases was about

2:1 between 1995 and 2007. Simulated malaria infections that distinguish P.f. and

P.v. malaria are shown in Fig. 4.9a. The simulated ratio of P.f. and P.v. malaria was

2.3, which agrees well with observation.

Simulated malaria prevalence is also shown in Fig. 4.9b: total prevalence in red,

P.f. malaria prevalence in blue, and P.v. malaria prevalence in green. Data on malaria

prevalence were not available for Ejersa. Malaria prevalence fluctuated by around

1% within a year, lowest around September and highest around December. Annual

fluctuation in malaria prevalence was not as significant.

4.2.4 Comparable yet computationally more efficient model

In the model just described, hundreds of thousands of Anopheles need to be simu-

lated to represent the reality. Because our agent-based entomology model simulates

behaviors of each individual mosquito, simulation of a large number of vectors is com-

putationally expensive. The primary goal of the modeling work is accurate simulation

of malaria transmission, through an approach that strives for correct hydrology and

entomology. In this section, computational efficiency is sought by modifying entomo-

logical and malaria transmission parameters, while still simulating the same profile

of malaria transmission.

Based on the well-known Ross-Macdonald model, the malaria transmission po-

tential (Ro) is the same if x-times fewer mosquitoes are present with x-times higher

transmission efficiency.
ma2 bcp"

Ro = ,a2bp (4.1)
r(-logp)'

where:

100



35 -
-- - Simulated P.f. Infection

30 - -- Simulated P.v. infection
---- Simulated total infection

25-

'020 -

15 -

10 -

5

0-

4 -

3

2

0

Figure 4.9: Simulated malaria infection and prevalence for P.f. and P.v. malaria.
Simulated monthly malaria infection (a) and malaria prevalence (b) are shown, dis-
tinguishing P.f. and P.v. malaria. Blue, green and red lines indicate P.f. malaria,
P.v. malaria, and the sum of those, respectively.

R, is the basic reproduction rate,

m is the ratio of mosquitoes to humans,

a is the human biting rate of mosquitoes,

b is the transmission efficiency of an infectious mosquito to an uninfected, susceptible

human,

c is the transmission efficiency of an infectious human to an uninfected mosquito,

p is the daily survival rate of mosquitoes,

n is the extrinsic incubation period (EIP),

r is the daily recovery rate for humans.

If the mosquito population is x-times less, m becomes x-times smaller. In this condi-
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tion, if the transmission efficiency, bc, is x-times higher, the resulting malaria trans-

mission potential-R-stays the same. Note that m, b, and c are independent of

other variables, a, c, p, n, and r.

Simulations were conducted with a 3-times smaller Anopheles population and 3-

times more transmission efficiency, expecting that the simulated malaria transmission

is the same as in the model described in Chapter 3 and Sections 4.2.3 (hereafter

the original model. In order to simulate a three-fold smaller mosquito population,

the initial number of Anopheles and the carrying capacity of mosquito larvae at all

types of water bodies were decreased by a factor of three. To achieve 3-times more

transmission efficiency, bc was increased by three times (b was increased by 1.2 times,

from 0.5 to 0.6, and c was increased by 2.5 times, from 0.4 to 1 for P.f. and 0.08 to

0.2 for P.v.).

The simulated results are presented in Figs. 4.10-4.12. With the simulated pop-

ulation dynamics being almost the same, the number of Anopheles was simulated as

nearly 3 times less than the original model (Figs. 4.5 and 4.10). On the other hand,

the simulated malaria incidence and prevalence were almost the same as those from

the original model, as expected (Figs. 4.8 and 4.11, and Figs. 4.9 and 4.12, respec-

tively). In this experiment, the simulated ratio of P.f. and P.v. malaria was 2.22.

From these results, the model with the modified parameters was demonstrated to

be able to simulate the observed malaria transmission as well as the original model.

Thus, for the following studies, the model with the modified parameters was used in

order to gain computational efficiency, and the model is hereafter called the Ejersa

model.
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Figure 4.10: Simulated and observed Anopheles population in the Ejersa model.
The total size of the Anopheles population simulated in the domain is shown by a
solid blue line with values shown on the left y-axis. The left y-axis starts from the
initial number of Anopheles, 2000, which is 3 times smaller than the original model.
The observed number of Anopheles captured in the six light trap houses is shown
in orange asterisks; the values are shown on the right y-axis. The periods with no
available observation are shadowed in gray.
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Figure 4.11: Simulated and observed malaria incidence in the Ejersa model.
Simulated and observed monthly malaria incidence are shown in red solid line and red
dotted line, respectively. The reported incidences do not distinguish P.f infections
and P.v. infections. The periods with no available observation are shadowed in gray.
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Figure 4.12: Simulated malaria infection and prevalence for P.f. and P.v. malaria in
the Ejersa model.
Simulated monthly malaria infection (a) and malaria prevalence (b) are shown, dis-
tinguishing P.f. and P.v. malaria. Blue, green and red lines indicate P.f. malaria,
P.v. malaria, and the sum of those, respectively.
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4.2.5 Basic reproduction rate

In the Ejersa model, the basic reproduction rate, R0, was simulated in two ways: the

HYDREMATS-based estimate described in section 3.2.4, and the Ross-Macdonald-

based estimate described in equation (4.1). The two types of R calculated are pre-

sented in Fig. 4.13. The Ross-Macdonald-based estimate and the HYDREMATS-

based are shown in dotted line and solid line, respectively; estimates for P.f. and P.v.

malaria are shown in blue and green, respectively. The simulated HYDREMATS-

based R, values (see Section 3.2.4 for calculation method) were 1.52 and 1.54 for

P.f. and P.v. malaria, respectively. The Ross-Macdonald-based estimate of R, was

obtained by plugging time-varying simulation results of the variables into equation

(4.1). Although the result is meaningful in visualizing the seasonality in malaria

transmission potential, the use of equation (4.1) in this manner requires a caveat.

The Ross-Macdonald model was derived based on the assumption of static mosquito

population, which differs significantly from the observed dynamic conditions. The

HYDREMATS-based R is a more accurate estimate of R,. As described in sec-

tion 3.2.4, the HYDREMATS-based simulates the R, exactly as defined, with few

assumptions or approximations.

The HYDREMATS-based R does not portray seasonal variation in the malaria

transmission potential, but other indices such as the vectorial capacity (VC) can

provide equivalent information without violating the assumptions. The VC is defined

as:
ma p P4n

VC - -logp (4.2)

Under the assumption of static mosquito population, R,= .VC. The simulated VC

is shown in Fig. 4.14. Both the Ross-Macdonald-based R and VC have a dominant

peak around December, corresponding to the peak of malaria transmission (Fig. 4.8

and 4.11). Those values also increase slightly around April, corresponding to the

secondary peak of malaria transmission. The VC was higher for P.v. than that for

P.f. because P.v. develops faster than P.f. (n is smaller for P.v. in equation (4.2)).

On the other hand, the Ross-Macdonald-based R was higher for P.f. than that for
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P.v. because the human-to-mosquito transmission efficiency is higher for P.f (c is

larger for P.f. in equation (4.1)).
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Figure 4.13: Simulated basic reproduction rate, R,.
The time series of the Ross-Macdonald-based R, are shown for P.f. malaria and P.v.
malaria in dotted blue and dotted green, respectively. The HYDREMATS-based
estimates of R, for the whole simulation period are shown for P.f. malaria and P.v.
malaria in solid blue and solid green, respectively. The simulated R0 for P.f. (= 1.52)
almost overlaps with that for P.v. (= 1.54).
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Figure 4.14: Simulated vectorial capacity, VC.
The time series of vectorial capacity for P.f. and P.v. malaria are shown in blue and
in green, respectively. Note that the difference in VC derives sorely from the term n.
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4.3 Discussion

4.3.1 Environmental mechanisms of malaria transmission

Reservoirs are known to exacerbate malaria, yet the existence of reservoirs alone

cannot explain the mechanisms of malaria enhancement. Observed seasonality in the

Anopheles mosquitoes and malaria transmission clearly indicates the presence of other

environmental mechanisms. In order to quantify such environmental mechanisms,

simulation studies were conducted, decomposing the impacts of environmental factors.

These factors include: temperature (temp), relative humidity (rh), wind speed (wspd),

wind direction (wdir), rain-fed pools (RFPs), marginal pools (MGPs), and shoreline

(sin).

The simulation settings are summarized in Table. 4.2. The 'fixed temp', 'fixed

rh', 'fixed wspd', and 'random wdir' models, removed variability of temperature, rel-

ative humidity, wind speed, and wind direction, respectively, from the 'Ejersa model',

by using either fixed or random values instead of observed values (i.e., values with

seasonal variability). By comparing the results from each model and those from the

Ejersa model, the contribution of each factor on malaria transmission dynamics can

be quantified. The fixed temp model replaced the simulation forcing of observed tem-

perature with the average temperature of the simulation period (1200 days), 21.47 'C,

throughout the simulation time steps (i.e. no seasonality in temperature exists in the

simulation). In the fixed rh model, a fixed value of relative humidity-55.03%, the

average observed relative humidity of the period was used for model forcing instead

of observational values. In the fixed wspd model, a fixed value of 0.884 m/s, which

is the observed mean wind speed of the simulation period, was applied. The random

wdir model applied a random wind direction every hour throughout the simulation

period. The impact of each factor can be understood by the deviation between the

Ejersa model and the respective simulation. The no RFPs model and the no MGPs

model removed RFPs and MGPs from simulations, respectively. The sin only model

investigated the impact of the change in shoreline independent of all other environ-

mental factors by removing the variability of climate factors and the presence of other
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breeding pools. Finally, the fixed sin model analyzed the impact of climatological fac-

tors, independent of the conditions of water bodies, by removing RFPs and GWPs

and by fixing the location of shoreline.

Table 4.2: Experimental setup in investigating the contributions of environmental
factors.
Based on the Ejersa model, the impacts of environmental factors were analyzed
decomposing each factor. For temperature (temp), relative humidity (rh), wind
speed (wspd) and shoreline (sln), either observed (o) or fixed (x) values were
applied. For wind direction (wdir), observed values (o) or random values (x) were
used. Regarding the rain-fed pools (RFPs) and the marginal pools (MGPs), sim-
ulations were conducted in the presence (o) or absence (x) of respective water bodies.

Model name Climate factors Breeding sites
denoted temp rh wspd wdir RFPs MGPs Sin

o: obs. o: obs. 0: obs. o: obs. o: pres. o: pres. o: obs.
x: fixed x: fixed x: fixed x: rand. x: abs. x: abs. x: fixed

Ejersa model o a 0 0 0 0 0
Fixed temp x 0 0 a 0 a a

Fixed rh 0 x a a a a a

Fixed wspd a a x 0 0 0 a

Random wdir o a 0 x 0 0 a

No RFPs 0 a 0 0 x 0 a

No MGPs a a 0 0 0 x a

Sln only x x x x x x 0
Fixed sin a 0 a 0 x x x

The simulated time series of the Anopheles population is presented in Fig.4.15:

the Ejersa model in black, the fixed temp model in orange, the fixed rh model in

green, the fixed wspd model in light blue, the random wdir model in blue, the no

RFPs model in purple, and the no MGPs model in maroon, and the sin only model

in gray. Large deviations from the Ejersa model are apparent in the fixed wspd model,

the random wdir model, and the no MGPs model, suggesting significant contribution

of the wind and marginal pools to the dynamics of Anopheles populations.

The gap between the Ejersa model and the sin only model should be explained

by the variability of the climatological factors (i.e., temp, rh, wspd, and wdir) and

the seasonal presence of the RFPs and MGPs. Fig. 4.16 illustrates the contribution
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Figure 4.15: Simulated time series of the Anopheles population in investigation of the
effects of environmental factors.
Based on the Ejersa model, the contributions of climatological factors and the pres-
ence of breeding sites to the Anopheles population dynamics are evaluated. The
results from the Ejersa model, fixed temp model, fixed rh model, fixed wspd model,
random wdir model, no RFPs model, no MGPs model, and sin only model are shown
in black, orange, green, light blue, blue, purple, maroon, and gray, respectively.
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Figure 4.16: Seasonal contribution of environmental factors to the Anopheles popu-
lation.
The gap between the simulated Anopheles population in the Ejersa model (solid
black line) and that in the sin only model (solid gray line) should be explained by the
variability of the following environmental factors: temperature (orange), relative hu-
midity (green), wind speed (light blue), wind direction (blue), rain-fed pools (purple),
and marginal pools (maroon). The relative contributions to the gap are illustrated
by the colors consistent with those in Fig. 4.15
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of each environmental factor to the gap. The gap between the simulated Anophe-

les population in the Ejersa model (solid black line) and that in the sin only model

(solid gray line) was filled by colors that correspond to those used in Fig. 4.15, rep-

resenting the respective size of contribution of each environmental factors. A large

contribution from wind was found throughout a year; the contribution was especially

strong around October (at the beginning of the major mosquito season). In addition,

Fig. 4.15 demonstrates that the observed mosquito population dynamics cannot be

reproduced in the Ejersa model without the correct representation of the wind profile.

A large contribution from the MGPs was found around June, which accounts for the

important Anopheles population dynamics during the secondary mosquito season.

The magnitude of the contribution of the environmental factors to the Anopheles

population is summarized in Fig. 4.17, where the total number of simulated Anopheles

mosquitoes relative to that in the Ejersa model is presented. The contributions of

temp, rh, and RFPs were found small. Figs. 4.15-4.17 reveal the importance of

the wind profile, both wspd and wdir. Large deviations from the Ejersa model were

simulated both in the fixed wspd model and in the random wdir model. The simulated

magnitude of the Anopheles population was 25% and 30% smaller than the Ejersa

model in the fixed wspd model and in the random wdir model, respectively (Fig. 4.17).

The wind profile was found to be an important factor dictating the dynamics and

magnitude of the Anopheles population, and hence determining the risks of malaria

transmission.

Similarly, the magnitude of the contribution of the environmental factors to malaria

transmission is presented in Fig. 4.18. The number of simulated malaria infections in

each model relative to that in the Ejersa model is plotted. Although the impact of

temperature was not significant for the Anopheles population (Figs. 4.15-4.17), one

can find that it was of significant importance for malaria transmission (Fig. 4.18).

While the increase in the Anopheles population was merely about 10%, the num-

ber of malaria infections increased by about 60%. Within the temperature range in

Ejersa (19-24'C), the expected longevity of Anopheles is not sensitive to tempera-

ture. However, increase in temperature can significantly shorten the EIP, enhancing
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Figure 4.17: Simulated relative size of the Anopheles population in investigation of

the effects of environmental factors.

Based on the Ejersa model, the contributions of environmental factors on the size of

the Anopheles population are evaluated. The relative size of the simulated Anopheles

population in each model is shown with respect to that in the Ejersa model (shown

as 1 in black). Colors correspond to those in Fig. 4.15.
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Figure 4.18: Simulated relative size of malaria infections in investigation of the effects

of environmental factors.

Based on the Ejersa model, the contributions of climatological factors on the size of

malaria infections are evaluated. The relative size of the simulated malaria transmis-

sions in each model is shown with respect to that in the Ejersa model (shown as 1 in

black). Colors correspond to those in Fig. 4.15.
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malaria transmission. With the fixed temp model, temperature during the major

mosquito season (Sep.-Dec.) was higher than the observational values in the Ejersa

model. The combination of the large Anopheles population and the higher tempera-

tures resulted in a large number of malaria infections. Markedly, the result suggests

the importance of the combined seasonal environmental factors.

Lastly, a set of two simulations was conducted fixing the locations of the shoreline

and removing the RFPs and the MGPs (fixed sin model). One model used the

shoreline corresponding to the reservoir water level of 1590 masl (close to the observed

minimum) and another of 1595 masl (close to the observed maximum). The simulated

time series of the Anopheles population in the two models are presented in Fig. 4.19

in blue and green, respectively, and compared with those from the Ejersa model

(black). Because there is no variability in the presence of breeding pools, the simulated

dynamics should be explained solely by the climatological factors. These models

further assert that the population dynamics of Anopheles mosquitoes in Ejersa arise

both from the variability in climate factors and from the change in shoreline locations

(gray line in Fig. 4.15), but not merely from the existence of a reservoir.

The presented series of experiments elucidate a few important environmental

mechanisms of malaria transmission around reservoirs. Firstly, for Anopheles popula-

tion dynamics, which of course affect the dynamics of malaria transmission, the wind

conditions (both wind speed and wind direction) play a noticeable role. The effect

of wind on the Anopheles population dynamics has received limited attention in the

scientific community, yet it was shown to have a significant contribution around a

reservoir. The importance of wind is expected to be particularly significant around

reservoirs for two reasons. The first reason is that the waves created by the wind can

become fatal to aquatic-stage mosquitoes at large water bodies. The height of the

wave increases with the depth and the fetch (~ surface area) of the reservoir. Thus,

waves are more likely to influence Anopheles mosquitoes' breeding at reservoirs than

at small water bodies such as rain-fed pools. The second reason is the heterogenene-

ity in the surrounding environment around reservoirs, where human settlements are

located only one side of the shoreline. Under such environment, the population dy-
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Figure 4.19: Simulated time series of the Anopheles population assuming fixed shore-
lines.
Two fixed sin models simulate the contributions of climatological factors by fixing
the location of shoreline and removing the RFPs and the MGPs. One model used the

shoreline corresponding to the reservoir water level of 1590 masl (green) and another

of 1595 masl (blue). The result from the Ejersa model was shown in black. The

simulated dynamics should be explained solely by the climatological factors.

namics of Anopheles mosquitoes are likely to be influenced by the wind direction.

This, in turn, suggests that malaria can be mitigated if villages are located around

reservoirs in places where wind conditions are unfavorable for the reproduction of

Anopheles mosquitoes. The effect of wind and the strategy to minimize malaria

through the planning of village locations are explored in Chapter 6.3-6.4.

Secondly, the distances to the shoreline from human settlements influence the

Anopheles population dynamics. With the increase in reservoir water levels, the

reservoir shoreline nears the village, making mosquito reproduction and malaria trans-

mission more likely. The increase in water levels follows rainy seasons; and hence in

Ejersa, the Anopheles seasons were observed to lag the rainy seasons by a few months.

In water-limiting environments, it is also typically observed that Anopheles seasons

follow rainy seasons. However similar these observations are, one should not confuse

the distinctive mechanisms of the Anopheles population dynamics. At reservoir sites,

where water is abundant throughout year, the mosquito population dynamics can be

led by the shift in reservoir shorelines, which is indirectly caused by rainfall. Pools
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created by rainfall are not likely to play an important role in the mosquito population

dynamics where water is already not limiting. On the other hand, in water-limiting

environments, rainfall directly leads to the increase in mosquito population through

the creation of breeding puddles. Due to such difference, the lag between rainy sea-

sons and mosquito seasons is larger at reservoir sites as compared to water-limiting

sites. For example, in Niger, for which HYDREMATS was originally developed, the

observed lag between the rainy season and the mosquito season was only about a

month [12]. In Ejersa, near the Koka Reservoir in Ethiopia, the observed mosquito

season from September to December lagged the rainy season of July to September.

The effect of the location of the shorelines, or the distance between a reservoir and a

village, will be investigated further in Chapter 6.2.

Finally, temperature was found to play an important role, not so much in Anophe-

les population dynamics, but in malaria transmission dynamics. In Ejersa, where

the annual temperature is around 21 'C, the increase in temperature does not affect

mosquitoes' longevity, but it significantly amplifies the chance of malaria transmission

through shortening the EIP. The results shown in this chapter suggest a large sensi-

tivity to temperature of malaria transmission at the temperature range in Ejersa. It

also hints that warming could impact the regions around Ejersa significantly. Chapter

5 discusses the impacts of warming over the Ethiopian Highlands.

4.3.2 Observations and explanations involving environmen-

tal mechanisms

The major mosquito season corresponds to the period of high reservoir water levels,

from September to December (Fig. 2.14). The above experiments also demonstrate

that the Anopheles population dynamics in Ejersa are largely caused by the seasonal-

ity in the location of reservoir shorelines (gray line in Fig. 4.15). With the increase of

the reservoir water levels, the area of the reservoir expands. However, Anopheles use

only the shoreline of the reservoir, not the whole area. Thus, at the scale of our simu-

lation, high reservoir water levels do not significantly increase the area of the breeding
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site. With the increase of the reservoir water level, however, the reservoir shoreline

nears the village. The Koka Reservoir changes its water levels by approximately 6 m

annually from 1589.5 masl to 1595.5 masl (Fig. 2.14), which corresponds to about 0.3

to 1.2 km of the change in shoreline locations (Fig. 2.15). The proximity of vector

breeding pools to human habitats is an important factor both in increasing the abun-

dance of mosquitoes and in malaria transmission [11, 53, 14, 113, 112, 172]. Both

mosquitoes' reproductive activities and malaria transmission require mosquitoes to

encounter breeding pools and humans. With mosquitoes' limited lifespan, having the

shoreline breeding site closer to human habitats can significantly increase the abun-

dance of Anopheles mosquitoes and the transmission of malaria, through enhancing

the host-seeking and breeding efficiency.

The observed Anopheles population during the major mosquito season was smaller

in 2014 than in 2012 and 2013. From the middle of September through the end of

December (14 surveys each year), the total numbers of Anopheles collected were

2164, 1863, and 1581, respectively, in 2012, 2013, and 2014. In 2012 and 2013, the

maximum reservoir water level reached 1595.5 masl; however, in 2014, it was one

meter lower (Fig. 2.14). The reservoir water levels were constantly lower from July

through December in 2014 than in the corresponding months of the previous two

years, keeping the shoreline breeding sites farther away. Meteorological conditions in

2014 were similar to those in 2012 and 2013. The simulation result also confirmed

the smaller Anopheles population during the major mosquito season.

The minor mosquito season occurs from April to June in Ejersa. This is likely

to be due to the existence of marginal pools (maroon area in Fig. 4.16) and the

favorable wind profile for the mosquitoes' reproduction (light blue and blue areas in

Fig. 4.16). During this season, the reservoir water levels are at the annual minimum

(Fig. 2.14) and the rainfall amount is not large enough to form persistent rain-fed

pools (Fig. 2.9). However, an increase in the Anopheles population was simulated from

April to June both in 2012 and 2013, but not in 2014. The increase in the Anopheles

population during this season can partly be explained by the existence of marginal

pools. Factors leading to the formation of marginal pools are: rough soil surface, high
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capillary fringe, and high groundwater table. Rainfall during this season also helps

create marginal pools. Marginal pools were simulated and contribute to Anopheles

population dynamics between April and August (Fig. 4.16). However, the formation

of marginal pools alone cannot explain the observed difference between the minor

mosquito seasons in 2012 and 2013 (increase in Anopheles population observed) and

the minor mosquito season in 2014 (increase in Anopheles population not observed).

Our analysis revealed that this difference is likely caused by the difference in wind

direction. Fig. 4.15 demonstrates that the observed wind direction in the minor

mosquito season in 2014 worked to suppress mosquito population, as compared to

an assumed condition with random wind direction. The observed wind direction in

the minor mosquito seasons in 2012 and 2013, on the other hand, worked to enhance

mosquito population slightly, as compared to an assumed condition with random wind

direction. Thus, the minor mosquito season was found to be supported by marginal

pools and favorable wind direction.

Despite a smaller increase in Anopheles population during the minor mosquito

season, the importance of this season on malaria transmission should not be ne-

glected. The daily temperature during the minor mosquito season is around 23'C,

three degrees higher than that of the major mosquito season (Fig. 2.7). Around this

range of temperature, a small increase in temperature enhances malaria transmission

potential significantly. For example, with a temperature increase from 20 to 23'C, the

EIP reduces from 27.8 days to 15.9 days for P.f. and from 19.1 days to 12.4 days for

P.v. [33, 124]. The importance of the minor mosquito season on malaria transmission

is also demonstrated in data on observed malaria cases (Fig. 2.24).

The role of rain-fed pools in malaria transmission was found negligible. During the

main rainy season from July to September, rain-fed pools rarely persisted long enough

for Anopheles to complete its aquatic-stage development. At Ejersa, the temperature

during the main rainy season is around 19.5'C, and the aquatic-stage development

cycle takes about 15 days [89]. The persistence of rain-fed pools is determined by

many factors, such as rainfall, topography, and soil type (Fig. 3.2). In 2012, the

amount of rainfall during the main rainy season was 800mm, while those in 2013 and
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2014 were 413mm and 459mm, respectively. Rain-fed pools were simulated to persist

barely long enough only in 2012, but not in 2013 and 2014 (Fig. 4.15). Our surveys

of breeding pools and larval abundance have confirmed that, at Ejersa, rain-fed pools

are not as important as shoreline pools for most of the year because of their limited

presence and persistence.

The observation of adult mosquito population found the increase in the Anopheles

population started as early as the end of July in 2012, but not until the end of August

in 2013. Unfortunately, the data on mosquito population from July to mid-September

2014 are not available. The early onset of the major mosquito season in 2012 is likely

explained by the availability of rain-fed pools (Fig. 4.15).

4.3.3 Sustainability of malaria in Ejersa

In Ejersa, it is likely that malaria will be sustained without interventions. The sim-

ulated Ro for both P.f. and P.v. was greater than one. Observations, however, show

that the incidence of malaria has been declining in Ejersa since at least 1995 [77]. This

decline can be attributable to the interventions such as case detection and chemother-

apy. In Ejersa, there are two clinics and inhabitants can receive free diagnosis and

free medication.

One potential threat of malaria in Ejersa is warming. Increase in temperature,

which is expected in the future, will exacerbate malaria significantly given the tem-

perature range in Ejersa. Another potential threat is the exploitation of the near-

shoreline area. As the nearing of the shoreline to the village was demonstrated to

increase malaria transmission, so, too, the nearing of human settlements to the reser-

voir (building new houses closer to it) can enhance malaria transmission. The pop-

ulation in Ethiopia is growing at an annual rate of 2.5% [43]. With the expansion

of population, the chance of having human habitats nearer to vector breeding pools

at the shoreline increases. In order to prevent the exacerbation of malaria, especially

with a growing population, distribution of houses should be carefully considered with

regard to the location of vector habitats.
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4.4 Conclusion

Mechanistic malaria simulation models, such as HYDREMATS, are powerful tools for

understanding the dynamics of malaria transmission and for aiding effective control

measures. HYDREMATS has been expanded to simulate the hydrology influenced by

a nearby water resource reservoir. Reservoirs are known to exacerbate malaria trans-

mission through providing breeding sites for Anopheles mosquitoes. Not only are

reservoir shorelines used as vector breeding sites, but reservoirs influence the forma-

tion of marginal pools, groundwater-fed pools, and rain-fed pools through supporting

shallow GWTs that affect subsurface soil moisture. The entomology and malaria

transmission modules of HYDREMATS were also extended to represent important

environmental factors influencing malaria transmission dynamics around a reservoir.

The improved HYDREMATS was applied to the village Ejersa, which is located

adjacent to the Koka Reservoir in Ethiopia. The model was proved to simulate the lo-

cal hydrology, entomology, and malaria transmission dynamics with some reasonable

accuracy. The model was calibrated using hydrological observation data, such as soil

moisture and GWT. The simulation outputs of Anopheles population and malaria

incidence compared well with observations. The dynamics of Anopheles population

and malaria transmission are complex and shown to be influenced by many environ-

mental factors. The most important environmental factors in Ejersa were found to

be shoreline locations, wind profile, and temperature.

Three distinct environmental mechanisms of malaria transmission around reser-

voirs were found. The first is the amplification of reproductive activities (host-seeking

and breeding-site-seeking) when reservoir shorelines are closer to human settlements.

The effect of distance between shorelines and houses, and the potential of malaria

prevention through controlling house locations in a village are explored in Section

6.2. The second mechanism is the enhancement of Anopheles populations (efficient

host-seeking activity and small aquatic-stage mortality) under favorable wind condi-

tions. This mechanism was found important in describing the observed population

dynamics of Anopheles in Ejersa, but not enough has been emphasized about this
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effect in the literature. The role of wind on malaria transmission is further investi-

gated in Section 6.4, leading to a recommendation of planning village locations that

minimize the risk of malaria transmission considering wind profile. The last mecha-

nism is the shortening of the EIP through higher temperature; this effect is especially

significant at the temperature range around 20-25 'C. The effect of temperature and

future temperature change over the Ethiopian Highlands is investigated in Chapter

5.

In Ejersa, the first mechanism-the amplification of reproductive activities at

closer shoreline-to-house distances--is dominating in the major mosquito season from

September to December. During this time, the reservoir water levels are high and

the shoreline approaches closer to the village. The second mechanism-enhancement

of Anopheles populations under favorable wind conditions-is most prominent dur-

ing the minor mosquito season from April to June. The third mechanism-faster

parasite development at higher temperature-is not observed in Anopheles popula-

tion dynamics but is of critical importance for malaria transmission dynamics in the

temperature range in Ejersa.

Malaria transmission is complex involving many environmental and biological fac-

tors. HYDREMATS is most suitable for analyzing those effects owing to its explicit

representation of the environment and the detailed simulation of mosquito behavior.

HYDREMATS merits further use for malaria prediction, prevention, and control.
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Chapter 5

Towards Malaria Prediction:

Impact of Warming

5.1 Introduction

Pronounced increases in malaria have been reported widely over the East African

Highlands in the late 20th century [106, 78, 150, 98]. Malaria transmission in high-

land areas is generally limited by temperatures due to the thermal biology of malaria

parasites and aquatic-stage vectors, but these limitations quickly diminish as temper-

ature climbs [98, 124, 33]. The increased malaria transmission over the East African

Highlands has been explained by observed warming [130, 127, 155], while other stud-

ies explain the surge of malaria by increases in rainfall [57], an increase in climate

variability [192, 56, 128], or other factors such as drug resistance, land-use change,

and population migration [20]. The role of climate change in recent epidemics of

malaria in highland areas has been controversial. In comparison to the magnitude of

the temperature increase in the recent decades (- 0.5'C from 1960 to 2000 [130, 127]),

the projected temperature rise in the future (as high as 4C by 2100 [65]) leaves lit-

tle room for disputing the potential impact of warming on malaria transmission in

highland areas.

This chapter focuses on the Ethiopian Highlands (elevation above around 1200m)

one of the most heavily populated regions in Africa-and analyzes the impact of
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Figure 5.1: Elevation in Africa.

warming on malaria transmission risk. The Highlands exhibits uniquely diverse to-

pography in Africa (Fig. 5.1), which provides a large temperature variation over the

region. The heavily populated highlands of Ethiopia are currently at low risk for

malaria transmission due to low temperatures [180], but global warming may change

the risk level significantly. In Chapter 4, a significant sensitivity to temperature was

suggested around the temperature range in the Ethiopian Highland. In addition,

the lack of immunity makes the inhabitants of the Ethiopian Highlands even more

vulnerable to this potential hazard.

In order to analyze the impact of warming on malaria risk over the Ethiopian

122



highland, this study combines detailed projection of local temperature conditions with

a credible malaria model calibrated using comprehensive multi-year field surveys at a

village in the region (Fig. 5.2). To obtain current and future temperature conditions,

high resolution satellite observations and dynamically down-scaled regional climate

projections were employed. Simulations on malaria at different temperatures were

conducted using HYDREMATS developed for a village in the Ethiopian Highland,

the Ejersa model. The primary goal of this study is to identify hotspots within the

Highlands where projected warming towards the end of the 21st century will increase

the risk of malaria transmission significantly.

Future scenarios of Satellite observations of Field surveysGHG concentrations current climate

Selection of
GCMs C urrent

Global circulation Regional climate model climate Malaria transmission

Dynamic Future
downscaling climate

Projection of
malaria risk

Figure 5.2: Approach of the study.
The approach of this study combines a credible malaria transmission model developed
based on multi-year field surveys at the Ethiopian Highlands with high-resolution sat-
tellite observations of current temperature and projection of future climate. The fu-
ture climate conditions were obtained from a regional climate model-MIT-Regional
Climate Model (MRCM)-through dynamic downscaling of climate models and rig-
orous sellection of global circulation models (GCMs).
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5.2 Method

5.2.1 Description of the study area

The Ethiopian Highlands (elevation above around 1200m) is one of the most heavily

populated regions in Africa. Ethiopia's population has been growing with 2-3%

annually. It has reached 100 milion in 2016, and Ethiopia now has the second largest

population in Africa. More than 90% of the population live in less than 50% of the

highland land area (Fig. 5.3), where malaria is not currently endemic due to low

temperature [180, 58].
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Figure 5.3: Population and area in Ethiopia with respect to elevation.
Population and area in Ethiopia are shown as a function of elevation in a form of

normalized cumulative sum in blue and red, respectively.

While low temperature limits malaria transmission in the Highlands, so does the

low population density in the lowlands. In non-populous areas, Anopheles mosquitoes

encounter infectious hosts less frequently. Malaria transmission in non-populous areas

is less of a problem due to the small size of transmission, and it is hard to quantify

through observations. Therefore, analysis in this study was conducted for populous

areas where population density is above 50/km2, which almost correspond to areas

where elevation is above 1200m (Fig. 5.4).
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Figure 5.4: Temperature and rainfall distributions over the Ethiopian Highlands.

Observed current (1996-2000) annual temperature (a) from the moderate-resolution

imaging spectrometer (MODIS) and observed current (2006-2015) annual rainfall (b)

from the Tropical Rainfall Measuring Mission (TRMM) are shown for the populated

highland regions where population density is greater than 50/km 2 . Non-populous

areas (gray) correspond well with lowland areas; the contour lines of elevation equal

to 1200m are shown in purple. The locations of Addis Ababa (blue pentagon) and

Ejersa (red pentagon) are also shown. Most of the populated highland areas receive

annual rainfall of more than 800m.

Most of those populated areas in the Highlands receive more than 800mm of

rainfall annually (Fig. 5.4b), hence rainfall is not likely a limiting factor of malaria

transmission. Under the water-abundant conditions, future change in precipitation

will not influence malaria transmission intensity significantly. With expected climate

change, the Ethiopian Highlands are thus most vulnerable to potential impacts of

warming on malaria transmission.

5.2.2 Defining malaria risk

The potential enhancement of malaria transmission with warming in any region de-

pends not only on the magnitude of temperature increase but also on the current

state of malaria. High risk is associated with areas where malaria is currently ab-

sent but will become endemic in the future. In those areas, people are susceptible

to malaria due to low immunity levels. in contrast, people already living in malaria-
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endemic areas may not suffer severely from higher potential for malaria transmission

driven by global warming, due to their high acquired immunity [98, 88, 187]. People

in areas far too cold for malaria transmission are also unlikely to suffer since global

warming would not enhance temperatures enough to cause these areas to become

malaria-endemic.

The most important metric in determining the potential of malaria endemicity is

the basic reproduction number, R0, which is defined as the number of infections ex-

pected to be generated by a single person in a totally susceptible population. Malaria

is expected to spread when R0 >1 or contract when R, <1. We define: high-risk area

as the area currently R0 <1 but R, >1 in the future; low-risk area as the area where

Rf currently is and continues to be below 1; and endemic area as the area where

Rf >1 both at present and in the future. In this study, current refers to 1996-2000,

and future to 2070-2100.

5.2.3 Estimation of Ro using the Ejersa model

We used HYDREMATS calibrated for conditions at the Ethiopian Highland-the

Ejersa model-to estimate R over the Ethiopian Highlands. The Ejersa model was

developed for a village at the Ethiopian Highlands, Ejersa, calibrated extensively with

multi-year extensive field surveys of hydrology and entomology. As described above,

malaria risks at the Highlands are likely be dictated predominantly by temperature.

On the other hand, water availability is not likely to limit malaria transmission there

due to ample annual rainfall. This assumption of abundant water is represented well

in the Ejersa model with the existence of a reservoir. HYDREMATS is also most

suitable for calculating R accurately with few error-prone assumptions, owing to its

mechanistic structure.

Values of R were estimated over the Ethiopian Highlands by applying the Ejersa

model, assuming the same climatological and environmental conditions as in Ejersa,

except for spatial variation of temperature from location to another. For each loca-

tion, temperature was increased or decreased uniformly throughout the simulation

period of 40 months, so that the annual average of the forcing data matches ob-
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served current (1996-2000) annual temperature, or projected future (2070-2100) an-

nual temperature. The R, values were simulated for Prasmodium falciparum (P.f.)

and Prasmodium vivax (P.v.) -the two major malaria parasites-infections.

5.2.4 Moderate-Resolution Imaging Spectrometer (MODIS)

estimation of current temperature distribution

The current (1996-2000) temperatures over the Ethiopian Highlands were obtained

from a high-resolution satellite, moderate-resolution imaging spectrometer (MODIS)

Acua product, MYD11C3 [1]. This data set provides monthly land surface temper-

ature for daytime and nighttime with a high resolution of 0.050, which is ideal to

resolve the sharp gradient of temperature over the highlands due to diverse topogra-

phy. Mean air temperature was obtained from daytime and nighttime temperatures

following Zhang et al. [191]. The annual mean temperatures over the period 1996-

2000 used in this analysis are shown in Fig. 5.5a.
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Figure 5.5: Current and future annual temperature over Ethiopia.

Observed current (1996-2000) annual temperature (a) was obtained from the

moderate-resolution imaging spectrometer (MODIS). Future (2070-2100) annual tem-

perature (b) was estimated by adding to the observed current temperature (a) the

differences between the current and future temperature values predicted in a regional

climate model, MRCM, under the RCP8.5 scenario (c).
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5.2.5 Dynamic downscaling of future climate projections from

CMIP5 GCMs using MIT-Regional Climate Model (MRCM)

Future (2070-2100) temperatures over the Ethiopian Highlands were projected using

a regional climate model, MIT Regional Climate Model (MRCM) [63, 153], through

regional dynamical downscaling over East Africa and rigorous selection of global cir-

culation models (GCMs) [153] (Fig. 5.2). At topographically diverse regions, such

as the Ethiopian Highland, climate prediction benefits significantly from dynamic

downscaling. The future climate conditions assume the RCP8.5, a business-as-usual

scenario.

Dynamic downscaling of climate projections uses GCM outputs as boundary con-

ditions for simulations by a regional climate model. A version of MRCM recently

developed for East Africa includes new parameterizations of large scale cloud and

rainfall, which significantly improved the simulation of hydrology, clouds coverage,

and radiation at the surface under current climate conditions [153]. The model

was forced with modified lateral boundary conditions and greenhouse gas concen-

trations that describe future conditions using RCP8.5 scenario for the future period

(2080-2100). These boundary conditions were obtained from the most reliable GCMs

(Global Climate Models) that participat in CMIP5 (Coupled Model Inter-comparison

Project Phase 5); those GCMs were selected by rigorously comparing the simulations

of past climate with observed climate conditions over East Africa [153]. CCSM4 and

BCC-CSM1-1M were identified to be the best GCMs for this region, simulating most

accurately the teleconnection between the Nile and ENSO and the seasonal cycle

of rainfall over the Eastern Nile basin. Both GCMs also have the highest spatial

resolution.

Based on future climate simulations by the selected two GCSs, boundary condi-

tions were specified for use by MRCM. The MRCM's modified lateral boundary con-

ditions include humidity, air temperature, and sea surface temperature (SST). These

boundary conditions were estimated by adding to observed atmospheric variables the

corresponding changes in humidity, air temperature, and SST as projected by the two
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GCMs between the period 1970-2000 and 2070-2100 under RCP8.5. ERA-Interim

reanalysis was used to provide observational values of humidity and air temperature.

Observational values of SST were provided by the National Oceanic and Atmospheric

Administration (NOAA) Optimum Interpolation (OISST).

The future climate projections show a significant increase in temperature (around

3.9'C by 2100) with some seasonal and spatial variability, but only a minor change in

rainfall over the Ethiopian Highlands [153]. (For example, over the Upper Blue Nile

basin, rainfall is expected to increase in the future (2080-2100) by 8% compared to

the past period (1990-2010)). The future temperature distribution (Fig. 5.5b) was

estimated by adding the expected change from MRCM (Fig. 5.5c) to the observed

current annual temperature from MODIS (Fig. 5.5a).

5.3 Results

5.3.1 Simulated R, and comparison with observational data

Values of R simulated in the Ejersa model are shown as a function of annual temper-

ature in Fig. 5.6. The results are shown for P.f. and P.v. malaria in blue and green

lines, respectively. Estimated values of Ro were similar for P.f. and P.v. malaria at low

(~ < 23 0C) and high (- > 34'C) temperatures, when Ro is small (~ < 4). With tem-

peratures between 23'C and 34'C, larger Ro values were simulated for P.v. malaria

than for P.f. malaria. For both P.f. and P.v. malaria, the critical value for malaria

endemic, Rf = 1, was obtained at temperature around 21'C.

Using observed and projections of future annual temperatures (Fig. 5.5), values of

Ro were then estimated over the Ethiopian Highlands for current and future climates.

In order to validate the approach of this analysis (i.e., applicability of the Ejersa model

over the Ethiopian Highlands and the assumption that temperature predominantly

limits malaria transmission there), the estimated patterns of the Ro for P.f malaria

was compared against observational data (Fig. 5.7). Because no reliable estimates

of Ro exists over the Highlands, the observed P.f. parasite rate (PR) in children two
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Figure 5.6: Estimated R, values as a function of annual temperature.

Estimated R, values for P.f. malaria (blue) and for P.v. malaria (green) as a function

of annual temperature. The calculated R estimates for different annual temperatures

(dots) were fitted with a Two-Term Gaussian Model in MATLAB (thick lines).

to ten years old obtained from the Malaria Atlas Project (MAP) [58] was used as

an indicator of R. Because this study mainly concerns whether R exceeds 1 or

not, and because the R values may not have a linear association with the parasite

rate, the comparison was made for areas with R < 1 (blue) and with R0 > 1 (red),

instead of using absolute values (Fig. 5.7a). In order to compare the spatial patterns

of low endemicity areas and high endemicity areas, the observational PR data are also

displayed using a threshold value, PR=0.05 (Fig. 5.7b). The spatial patterns of the

malaria transmission intensity were reproduced to a large degree over the Ethiopian

Highlands, confirming that the distribution of malaria transmission within this region

is dictated to a large degree by temperature distribution.

The estimated R and the observed PR, however, also have some noticeable dis-

crepancies. Our estimate of R does not incorporate spatial variability of rainfall or

population density over the Highlands. Our estimates were made using the respective
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annual temperatures with all other conditions assumed similar to Ejersa. The low

parasite rate in the northeast of Ethiopia can be explained by the lack rainfall and

low population density [33]. Similarly, the high PR in the northwest can be accounted

for by a larger rainfall and relatively large population density.

Legend Legend

AddisAba. Addis Ababa

p I*Ejrsa . Ejersa

PD <5W/km2 43EPD < 50/km2

=RO=I PR-cO-.05Ro IPR0.05

Figure 5.7: Estimated R, values and observed parasite rate over the Ethiopian High-
lands.
Estimated R,, for Pf. malaria (a) and observed Pf. parasite rate (PR) in 2-10-

year-old children (b) for the Ethiopian Highlands. The non-populous areas where

population density (PD) is less than 50/kM2 are shown in gray. Locations of Addis

Ababa (blue pentagon) and Ejersa (red pentagon) are also marked. The observational

PR data were obtained from the Malaria Atlas Project [58].

5.3.2 Malaria risk map

Assuming that changes in temperature exclusively determine the future of malaria in

the Highlands, Fig. 5.8a delineates the high-risk (red), low-risk (blue), and endemic

areas (green) for P.f. malaria. Population and area in each category are summarized in

Table 5.1. Population was estimated for year 2010 based on a WorldPop dataset [95].

Under the business-as-usual scenario of future GHG emissions, we project that 12% of

the country's land area will be at high risk for P.f. malaria by the year 2100, hosting

approximately a third of the national population (currently 27.1 million people). The

high-risk area is mostly located at elevations between 1600m and 2100m (Fig. 5.8b).
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About 32% of the population will still be in the low-risk areas for P.f. malaria, which

includes Addis Ababa; however, this area would be limited to less than 10% of the

national land. A large fraction of the low-risk areas are located at elevations above

2000m (Fig. 5.8b). Inhabitants already living in the endemic areas, including Ejersa,

are likely to suffer from increased morbidity of malaria with global warming, but

their acquired immunity would restrict a significant rise of mortality. Those rep-

resent about 20% of Ethiopian population; inhabitants living in the non-populous

area may also be classified with this category. Our results show that the fraction of

population living in malaria endemic area would triple in the future. The high-risk

population in Ethiopia is likely to be much larger than today due to its large popu-

lation growth rate (2-3% increase annually). Our results suggest that the fringes of

the Ethiopian Highlands will be most severely threatened by malaria outbreaks due

to global warming, including some populous cities.

Table 5.1: Population and area in each category of the risk map for P.f. malaria.
The absolute and relative distributions of the risk areas within the national total
are shown. The estimates outside the brackets are based on annual temperature
increase. The estimates inside the brackets are made with the minimum and max-
imum monthly temperature increases, respectively (minimum- and maximum-risk
scenario). The population was estimated for year 2010 based on a WorldPop
dataset [95]. Detail may not sum up to totals because of rounding.

Population Area
million % million %
27.5 33.3 98.9 8.9

Populous Low-risk area [33.2; 24.7] [40.1; 29.9] [118.9; 83.9] [10.7; 7.6]
l s27. 32 129 .9 T17

highland area High-risk area [21.8; 30.3] [26.4; 36.6] [110.1; 145.0] [9.9; 13.1]
1 .1 20.6 99 .4 9.0

Endemic area [17.1; 17.1] [20.6; 20.6] [99.8; 99.8] [9.0; 9.0]
Non-populous
lowland area 10.5 12.7 775.8 70.2

Total 82.7 100 1104 100

The risk maps for P.v. malaria are shown in Fig. 5.9, and the results are summa-

rized in Table 5.2. The results for P.v. malaria were similar to those for P.f. malaria.

As compared to P.f., P.v. requires smaller temperature sum for the extrinsic incu-
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bation period, making transmission easier to occur [110]; however, generally lower

parasite load of P.v. makes transmission less likely to occur at the same time. As a

result, this study simulated R,, for P.v. comparable to that of P.f. at low tempera-

tures of less than 23'C. Because this range is critical in defining the high-risk area,

calculated high-risk population and the corresponding area for P.v. were similar to

those for P.f. Beyond 23'C up to 28'C, however, R increases with temperature more

rapidly for P.v. than P.f. This rapid increase of R, indicates that exacerbation of

malaria in the endemic area in future climate is more severe for P.v. than P.f.

Table 5.2: Population and area in each category of the risk map for P.v. malaria.
The absolute and relative distributions of the risk areas within the national total are
shown. The estimates outside the brackets are based on annual temperature increase.

The estimates inside the brackets are made with the minimum and maximum monthly

temperature increases, respectively (minimum- and maximum-risk scenario). The

population was estimated for year 2010 based on a WorldPop dataset [95]. Detail

may not sum up to totals because of rounding.

Population Area
P. v. malaria milo.ilo

million % million %
26.5 32.1 93.5 8.4

Populous Low-risk area [32.1; 23.6] [38.8; 28.5] [113.4; 78.4] [10.2; 7.1]

highland area 2 232 122 32.9
High-risk area [21.7; 30.2] [26.2; 36.5] [108.5; 143.5] [9.8; 13.0]

18.3 22.1 lM.4 9.6
Endemic area [18.3; 18.3] [22.1; 22.1] [106.8; 106.8] [9.6; 9.6]

Non-populous
lowland area 10.5 12.7 775.8 70.2

Total 82.7 100 1104 100
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Figure 5.8: Risk map for P.f. malaria over the Ethiopian Highlands and affected
population.

The regions (a) and the affected fraction of population (b) in endemic, high-risk,
and low-risk areas are shown in green, red, and blue, respectively. The non-populous
areas (PD < 50/km2 ) and the population there are shown in gray. The analysis

was conducted using annual temperature for future (2070-2100) climate under the
RCP8.5 scenario.
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Figure 5.9: Risk map for P.v. malaria over the Ethiopian Highlands and affected
population.
The regions (a) and the affected fraction of population (b) in endemic, high-risk,
and low-risk areas are shown in green, red, and blue, respectively. The non-populous
areas (PD < 50/km 2) and the population there are shown in gray. The analysis
was conducted using annual temperature for future (2070-2100) climate under the
RCP8.5 scenario.
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5.4 Discussion

5.4.1 Historical malaria epidemics in the Ethiopian High-

lands

History also indicates that most epidemics occurred [22] primarily at the high-risk

areas (Fig. 5.10). These epidemics have occurred due to climate variability [22, 2, 147],

most likely due to unusually high temperature. In the same way as the malaria

epidemics occurred through the combination of low immunity and high temperature

in the past, we expect to experience malaria endemicity in the future in the same

high-risk areas, under global warming.

Legend

Addis Ababa
Ejersa

* Epidemic location
Endemic area
High-risk area
Low-risk area
PD < 50/km2

M Water body

7r

Figure 5.10: Risk map for P.f. malaria and historical epidemic locations over the

Ethiopian Highlands.
The malaria risk map for P.f., indicating endemic, high-risk, and low-risk areas in

green, red, and blue, respectively. The locations of epidemic locations observed be-

tween 1930s and 1980s (adapted from Abeku et al. [2]) are shown in red circles. The

non-populous areas (PD < 50/kM 2) masked shown in gray. The locations of Addis

Ababa (blue pentagon) and Ejersa (red pentagon) are also shown.
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5.4.2 Uncertainties in the estimates

The assumptions used in this analysis lead to several uncertainties, the most impor-

tant of which are assumptions regarding temperature. For example, by using pro-

jections of annual temperature change, we assumed temperature increases uniformly

over the course of the year. However, the magnitude of the projected temperature rise

varies from month to month (Fig. 5.11). Temperature in some months is more impor-

tant than others for malaria transmission dynamics. The uncertainties derived from

intra-annual variability of temperature were evaluated by repeating the analysis us-

ing the projected minimum and maximum monthly temperature increases (Fig. 5.12)

as the uniform annual temperature increase (minimum- and maximum-risk scenario,

respectively) . In this way, the impact of temperature change in the months that

is most important for malaria transmission dynamics can be evaluated. The corre-

sponding results are shown for P.f. malaria in Fig. 5.13a and b, and summarized in

Table 5.1 (for P.v. malaria, see Fig. 5.13c and d, and Table 5.2). As compared to the

maximum-risk scenario, the minimum-risk scenario shrinks the area of the high-risk

area for P.f. malaria by around 3.1% (7.6% instead of 10.7%), while the corresponding

population decreases by around 10.2% (29.9% instead of 40.1%). These differences

quantify the uncertainty in our results due to our assumptions about temperature.

Uncertainty also stems from ignoring the difference in local environments, such as

rainfall and topography. Aside from temperature, we assumed environmental condi-

tions are the same as those in Ejersa over all the Ethiopian Highlands. Although this

assumption is reasonable given that malaria is largely limited by temperature over

the Highlands [98, 124, 33, 155, 2] and that the predicted R, reasonably reproduced

the map of the observed parasite rate .(Fig. 5.7). Inclusion of other environmental

variables based on future field studies may identify malaria risk areas more accurately.
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Figure 5.11: Monthly temperature changes over Ethiopia.
The differences between the current (1996-2000) and future (2070-2100) monthly

temperatures simulated under the RCP8.5 scenario in MRCM are shown for January

to December (A to L).
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Figure 5.12: Minimum and maximum monthly temperature change over Ethiopia.
Minimum monthly temperature difference (A) and maximum monthly temperature
difference (B) between current (1996-2000) and future (2070-2100) climate are pre-
sented. The estimates were made under the RCP8.5 scenario in MRCM. The months
when the difference is the smallest (C) and the corresponding values (A) are presented.
Similarly, the months that expect the largest change (D) and the corresponding values
(B) are shown.
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Figure 5.13: Risk map for Pjf and P.v. malaria under uncertainty over the Ethiopian

Highlands.
The risk maps for Pf. malaria (a, b) and P. v. malaria (c, d), corresponding to the

lowest-risk scenario (a, c) and the highest-risk scenario (b, d). The lowest-risk and

the highest-risk scenarios use minimum monthly temperature and maximum monthly

temperature, respectively, as a potential annual temperature increases. The field in

blue indicates low-risk areas, where R0 remains below one in the future. The field

in red is high-risk areas, where R, is currently below one but will exceed one in the

future. Endemic areas are shown in green, where R, remains above one in the future.

The intensity of the colors indicates the density of population. The non-populous

areas and the population there (PD < 50/km2) are shown in gray. The locations of

Addis Ababa (blue pentagon) and Ejersa (red pentagon) are also shown.
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5.4.3 Future malaria risk over Africa

The projected impacts of global warming on malaria transmission in Africa have

been controversial. Malaria will most certainly be exacerbated in the East African

Highlands, more specifically in the Ethiopian Highlands [91]. On the other hand, in

West Africa, climate change is not believed to increase malaria burden [183].

This seemingly controversial results can be explained by the temperature depen-

dency of R0 presented in Fig. 5.6. For example at the fringe of Sahel in West Africa

(N100-N20 0 ,W180-E16 0 ) studied by Yamana and Eltahir [183], temperatures dur-

ing rainy seasons are around 300C, closer to the warm side of the curve in Fig. 5.6

(Figs. 5.6, 5.14). Beyond that temperature, warming adversely affects mosquitoes'

malaria transmission capacity. On the other hand, warming at a colder climate in

the East African Highlands, closer to the cold side of the curve in Fig. 5.6, increases

the transmission potential (Figs. 5.6, 5.14). Lack of immunity in those colder areas

makes inhabitants even more vulnerable to malaria transmission.

0.25
- Ethiopian Highlands
- Sahel fringe

0.2 - Africa

0.15 -

La 0.1

0.05 -

0
15 20 25 30 35 40

Annual temperature

Figure 5.14: Area fraction of Africa with respect to annual temperature.
Area fraction of the Ethiopian Highlands, Sahel fringe (N100 -N200 , W180-E16), and
Africa corresponding annual temperatures are shown in blue, red, and gray, respec-
tively.
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This result suggests that the distribution of malaria intervention resources over

Africa, in adaptation to climate change, will need to be guided by clear understanding

of the potential risks which vary significantly across the continent. The framework

proposed in this study would inform strategies for climate adaptation not only over

the Ethiopian Highlands but broadly over Africa, where more than 90% of malaria

deaths occur every year.

5.5 Conclusion

This study shows that a large fraction (33.2%) of Ethiopia's population- currently

about 27.1 million people-would live at high risk of malaria under the business-as-

usual scenario of future climate change. The high-risk areas are, however, concen-

trated in relatively a small fraction (11.7%) of the land area, which are mainly located

at the fringes of the Ethiopian Highlands. We hope that our projections regarding the

large size of the population living in areas with high potential risk of endemic malaria

would motivate mobilization of resources to prevent this potential problem. The map

of the high-risk areas identified in this study should help guide implementation of

efficient measures to prevent malaria endemicity in this region.
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Chapter 6

Towards Malaria Prevention: Role

of Village Locations

6.1 Introduction

Sustainable malaria intervention in resource-limited countries can be realized through

environmental management, as was successfully done until the early twentieth cen-

tury [170, 82, 68]. Current strategies through the distribution of insecticide-treated

nets (ITNs), indoor residual spraying (IRS), and antimalarial drugs are heavily reliant

on foreign aid, and hence the sustainability of the impacts has been called into ques-

tion [181, 40]. Such control programs require continuous effort to attenuate the risk of

malaria transmission. Even though the reduction of malaria infection is achieved, the

weakening of control programs often results in the resurgence of malaria, as witnessed

over many continents [20]. Prevention approaches through environmental manage-

ment can be more sustainable and cost-effective [54].

On one hand, science has advanced malaria intervention methods; yet on the other

hand, humans have created additional threats of malaria endemics. Climate change is

one of the potential promotors of malaria transmission [129, 130, 124, 192] caused by

human activities. Prediction of the impacts of climate change on malaria transmission

helps prepare for such future risks. Another threat is through the modification of the

environment by projects such as construction of dams and creation of irrigated fields
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[170, 68, 159, 73, 77, 190, 76, 16, 132]. These projects often require construction of

resettlement villages. This section hypothesizes that malaria can be prevented if the

distribution of houses or the locations of villages are designed properly at the time of

resettlement.

Using the field-tested malaria transmission model previously discussed, the poten-

tial of house relocation and village relocation on malaria transmission is explored for a

village (named Ejersa) located next to a water resource reservoir in Ethiopia, the Koka

Reservoir. In investigating the potential of house relocation in Ejersa, the impact of

the distance between human dwellings and the reservoir is sought (Section 6.2). Not

only the distance of houses from a reservoir, but also the location of a village with

respect to a reservoir can influence malaria transmission potential through the role

of wind direction. The impact of wind direction around a reservoir is explored under

various environmental conditions in Section 6.3, from which a guideline for planning

of village location is produced to evaluate the risk of malaria around reservoirs. In

the following section, Section 6.4, the potential of village relocation around the Koka

Reservoir is analyzed, base on both the guideline and the HYDREMATS simulations.

The malaria transmission model employed was HYDREMATS-one of the most

detailed mechanistic malaria models to date [136]. HYDREMATS has been extended

and tested for an environment near a reservoir in Ethiopia using multi-year field

surveys (Chapter 3 and 4). HYDREMATS was applied to a village located adjacent

to the Koka Reservoir in Ethiopia, called Ejersa, and shown to simulate the hydrology,

entomology, and malaria transmission accurately. The spatially explicit mechanistic

model of HYDREMATS is most suitable for analyzing the impacts of distance and

wind on malaria transmission dynamics.

Increasing dam construction is unlikely to halt due to concern about public health

issues, such as malaria. Some 160 to 320 new large dams are estimated to be con-

structed annually around the world, a high percentage of which are now in African

countries [176, 64]. Dam construction projects almost necessarily require resettlement

of population. This study seeks to propose a guideline for designing malaria-resistant

villages upon resettlement, through regulating distances between houses and reser-
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voirs, and through locating villages around reservoirs optimally, considering the local

wind profile.

6.2 Potential of house relocation in Ejersa: Effect

of distance

This section investigates the potential of house relocation for malaria prevention in

Ejersa, focusing on the impact of the distance between human dwellings and the

reservoir on malaria transmission. The importance of the relative location of houses

and vector breeding pools has been reported both in simulation studies [53, 11] and

in observational studies [113, 172, 14, 193, 168], suggesting a large risk of contracting

malaria when houses are located near vector breeding pools. The threshold distance

for high malaria transmission risk is reported to be some hundreds of meters [113, 172,

193]. Using HYDREMATS tailored for Ejersa, this section aims to analyze how far

away human dwellings should be located to prevent sustained malaria transmission.

6.2.1 Modeling methods

Defining the distance to the shoreline

The location of a shoreline shifts during a year as the levels of water in a reservoir

change. Thus, the distance between a settlement and the shoreline is not fixed. For

convenience, this study defines distance between a house and a shoreline with regard

to the specific location of the shoreline when the reservoir water level is 1595 meters

above sea level (masl) (hereafter, reference shoreline)-one of the closest shorelines

observed. The location of the reference shoreline is illustrated in blue in Fig. 6.1. As

the water levels fluctuate annually by about six meters, the shoreline moves signifi-

cantly. Depending on the topography, it moves from a few hundred meters to more

than 1.5km (Fig. 6.1). The cumulative number of houses located from the referenced

shoreline is presented in Fig. 6.2. Of the total 640 dwellings, fewer than 20% are

located within 1km from the reference shoreline.

145



0

500

1000

E 1500

2000

2500

3000
0

Houses

Closest sin.

Farthest sin.

2500 3000

Figure 6.1: Location of houses and shorelines.
In the simulation domain of the Ejersa model (3km by 3km), the village is located
on the left side of the domain and the reservoir on the right. The locations of human
settlements are shown in black. One of the closest shorelines, when the reservoir
water level is 1595 masl, is indicated in blue. One of the farthest shorelines, when
the reservoir water level is 1589 masl, is indicated in green.

.-

4-

O

0

E

E

E

140

120

100

80

60

40

20 F

0'
0 100 200 300 400 500 600 700 800 900

Distance from shoreline [m]
1000

Figure 6.2: Cumulative number of houses from the reference shoreline.
The cumulative number of houses is presented as a function of distance from the
reference shoreline up to 1km. The total number of houses in the simulation domain
is 640.

146

- ;1

- I

I.I

- -

a!,

500 1000 1500 2000

[m]

I



Effect of distance

The effect of distance on Anopheles population and on malaria transmission was

analyzed by relocating houses that are within certain distances from the reference

shoreline in the Ejersa model. Any houses located within a defined distance from the

shoreline (hereafter, restriction distance) were removed and relocated outside of the

restriction area randomly. In the house distribution setting of Ejersa, the restriction

distance (r) was changed from 100m to 1,000m by 100m increments (10 experiments).

The experiment with r = 100m serves as a control, because no house was relocated

(Fig. 6.2). Simulations were conducted using all the observed environmental condi-

tions same as in the Ejersa model. In order to reduce the stochastic variability in

simulation of malaria transmission, each experiment consisted of five identical sim-

ulations with different seed numbers. The restriction distances of 500m and 1,000m

and the affected settlements can be found in Fig. 6.3. The number of houses subject

to replacement as a function of the restriction distance, r, can be found in Fig. 6.2.
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Figure 6.3: Location of houses and distances from the reference shoreline.

The location of the reference shoreline is shown in dark blue. Two other lines indicate

the distances 500m and 1km from the reference shoreline. Indicated in black are the

locations of dwellings in Ejersa.
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6.2.2 Results

Varying the restriction distances, the Anopheles population and malaria infections

were simulated in the Ejersa model (from Jan. 2012-Apr. 2015). With an increase in

r, simulated Anopheles population declined (Figs. 6.4 and 6.5a). Fig. 6.4 shows the

simulated time series of the Anopheles population, differentiating restriction distances

(r) by colors. In Fig. 6.5a, the total numbers of simulated Anopheles population were

presented relative to the control (r = 100m, where no house was relocated). The

decline rates in the Anopheles population were smaller at r < 300m, and larger at

300m < r < 800m. This difference in the decline rate can partly be explained by the

number of houses replaced for each r (Fig. 6.2 and 6.3). More houses were replaced

at a unit increment of r at r < 300m than at 300m < r < 800m.
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Figure 6.4: Time series of the Anopheles population at restriction distances.
Simulated time series of the Anopheles population are presented varying the restric-
tion distance (r) indicated by colors. The control (r = 100m, where no house was
relocated) is illustrated in black.

Similarly, with an increase in r, simulated malaria infections declined. Fig. 6.5b

presents the total numbers of simulated infections (both from P.f. and P.v. infections)

relative to the control (r = 100m, where no house was relocated). As compared to

the decline in the Anopheles population, the decline in malaria infections was quicker

and significant at small r, such as r < 300m. At r = 200 and 300m, only 4 and

7 houses were replaced, respectively, out of 640 houses. The significant decline in
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Figure 6.5: Relative size of the Anopheles population and malaria transmission at
restriction distances.
With distribution of houses as in Ejersa, simulated total sizes of the Anopheles popu-
lation (a) and simulated total numbers of malaria infections (b) are presented relative
to the control (r = 100m, where no house was relocated). Results from different re-
striction distances (r) are shown in colors corresponding to Fig. 6.4.

malaria infections brought by a replacement of about 1% of houses indicates large

heterogeneous biting of mosquitoes.

A useful metric to measure the transmission intensity of malaria is the basic

reproduction rate (R,). In order to prevent malaria, R,, should be reduced to below

one. In this study, R, values were estimated following the exact definition of R-

the number of infections expected to be generated by a single infectious person in a

totally susceptible population (Section 3.2.4). R, values were simulated for P.f. and

P.v. malaria separately, and the results are shown in Fig. 6.6. In Ejersa, malaria

is currently expected to be endemic, R, being greater than one, for both P.f. and

P. v. The expected decline in R, is slower at r < 500m and faster beyond that for both

P.f. and P.v. Results suggest that malaria can be prevented (i.e., R0 becomes smaller

than 1) if all houses are relocated from within -600m of the reference shoreline.

6.2.3 Discussion

The results presented elucidated the importance of the distribution of houses around

a reservoir, more specifically, the importance of the distance from houses to shorelines.
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Figure 6.6: R,, for Pf. and PRv. malaria at restriction distances.
With distribution of houses as in Ejersa, simulated R,, for P.f. malaria (a) and
PRv. malaria (b) are presented. Colors indicate different restriction distances (r),
corresponding to Fig. 6.4. The control (r = 100m, where no house was relocated) is
shown in black.

Without changing the overall density of the houses (houses were relocated but not

removed), malaria can be prevented by restricting houses from being built within

a certain distance from major breeding pools. The proximity to breeding sites is

known to be a risk factor of malaria transmission [113, 172, 14, 193, 168]. This study

demonstrated a significant potential of malaria reduction through relocating only a

few most malaria-prone houses near a reservoir.

The results suggest heterogeneous biting of mosquitoes. In such environments,

the estimation of R,, is challenging. The Ross-Macdonald-based estimate of R,, is

based on homogeneous distribution of Anopheles mosquitoes under static population

[103, 104]. Smith et al. [157] have developed the estimation method of R,, taking

into account the heterogeneous biting based on a mathematical approach, yet still

for a static mosquito population. The model by Smith et al. suggests malaria can be

effectively controlled by targeting the population that are bitten most. The spatially

explicit approach of HYDREMATS can provide a distribution of R". Fig. 6.7 presents

the number of infections generated by an infectious person in an assumed-totally-

susceptible population-the notion of &o-averaged over inhabitants in each house.

Most of the houses farther from the reservoir (left side of the figure) are expected
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to generate less than one infection from one received infectious bite (R0 < 1), which

is not enough to sustain malaria. The average R, for the simulation domain is,

however, greater than one, hence sustaining malaria in the area. Malaria in Ejersa

is likely sustained by houses closer to the reservoir (right side of the figure), where

R, values were simulated to be larger than one. Inhabitants in these houses are not

only susceptible to malaria transmission, but are also contributing to sustain malaria.

In order to prevent malaria, these highly malaria-prone houses should be relocated;

otherwise continuous management effort (such as distribution of ITNs and IRS) is

required.
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Figure 6.7: Distribution of R0 for P.v. malaria in Ejersa.
The number of infections generated by an infectious person in an assumed-totally-

susceptible population-R0 -was average over inhabitants in each house and shown in

color. Zero (blue) means some inhabitants received infectious bites, but no successful

transmission to other humans occurred. The gray area indicates either no settlements

or no infections occurred at any inhabitants.

The impact of house relocation was larger in malaria infections than in Anopheles

population. One reason is that malaria transmission requires mosquitoes to travel a

minimum of three times between breeding pools and human houses (from emergence
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to find a house to take an infective bloodmeal; to find a breeding pool to lay eggs; and

to take another infectious bloodmeal) while reproduction of the population requires

twice (from emergence to find a house to take a bloodmeal; and to find a breeding

pool to lay eggs). The more trips there need be, the more important the distance

becomes. Another reason is that, while the frequency of bloodmeal (a term in the

Ross-Macdonald model) influences the size of Anopheles population (m term in the

Ross-Macdonald model), both the frequency of bloodmeal and the Anopheles popu-

lation influence malaria transmission. As the frequency of bloodmeals decreases with

increased distance between houses and shorelines, Anopheles population is reduced,

and malaria transmission even more.

Unexpectedly, the decline in R (Fig. 6.6) was not as significant as the decline in

infections (Fig. 6.5b). This could be partly due to how infections were calculated. In

Fig. 6.5b, the infections counted were actual successful infections (both primary and

secondary infections), taking into account the role of immunity. In Fig. 6.6, because

the calculation of R,, requires the assumption of a fully susceptible population, any

infectious bite was counted as an infection (potential infection), without taking into

account the role of immunity. The immunity levels of people in Ejersa were effectively

small, but the different method of counting infections may have played a role.

6.2.4 Conclusion

People in houses near the reservoir are not only bitten more by Anopheles mosquitoes,

but also contribute to sustained malaria transmission in the region. Relocating hu-

man dwellings from within a certain distance from the shoreline is demonstrated to

reduce the Anopheles population, and even more significantly, malaria infections. In

Ejersa, the results suggest that the resettlement of houses that are within 500m from

the reference shoreline, merely about 30 houses, may render the the village malaria-

resistant. If the resettlement is not feasible, more resources, such as ITNs and IRS,

should be targeted on those houses. The threshold distance from the shorelines within

which houses should not be built to prevent malaria depends on many environmen-

tal and biological conditions, such as temperature, house distribution, and vector
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species [33]. A guideline to calculate threshold distances for malaria prevention is

provided in Chapter 8. With such information available, the detailed, spatially ex-

plicit malaria simulation model of HYDREMATS will be a powerful tool to investigate

the potential of house relocation to prevent malaria.

6.3 Impact of wind around reservoirs under differ-

ent environmental conditions

Wind conditions, as well as many other environmental conditions, are likely to influ-

ence malaria transmission potential around a reservoir. Unlike many meteorological

factors, the impact of wind can be altered by locating a village around different side

of a reservoir. Under a given absolute direction of wind, different locations of a reser-

voir experience different relative wind directions. This section aims to investigate the

impacts on malaria transmission of wind speed, wind direction and their importance

under different environmental conditions. Understanding the mechanisms and the

impacts of wind in influencing malaria transmission, a guideline to evaluate the risk

of malaria transmission around different locations of a reservoir is presented.

Mosquitoes' responses to wind have been poorly understood. Controversy over

field observations exists regarding mosquitoes' flight responses; some suggest mosquitoes

fly upwind [111, 96], and others downwind [48, 149]. Results from lab experiments

support upwind flights, especially in the presence of odor and heat, but also in

the absence of them [160, 27, 60]. Within some tens of meters from human bait,

mosquitoes are generally believed to fly upwind guided by CO 2 plume originating

from those humans (upwind flights lead mosquitoes towards higher concentration of

C0 2 ) [15, 119, 164, 165]. Downwind flight behavior may be prominent for long-

distance migration [48, 93].

The details of the mosquitoes' flight behaviors that are influenced by wind were in-

corporated in HYDREMATS based on the physiology of mosquitoes and the physical

dispersion process of C02 plumes (Section 3.2.4). The impact of wind-induced waves
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on larval mortality was also incorporated in the model (Section 3.2.4). The modeling

of mosquitoes' behavioral responses to wind are still not fully known; however, the

model incorporating the effects of wind speed and wind direction was demonstrated

to be able to reproduce the observed dynamics of Anopheles population and malaria

transmission, which was not possible without those wind effects (Chapter 4). Thus,

the impacts of wind on the behavioral responses of mosquitoes are credibly repre-

sented in HYDREMATS. To the best of the author's knowledge, HYDREMATS is

the only mechanistic malaria transmission model that incorporates the effect of wind.

6.3.1 Modeling methods

Defining the village location and wind direction

The location of a village and wind direction (from where wind blows) are defined using

a polar coordinate with origin at the center of a reservoir. The absolute location of a

village (0,) and the wind direction (0w) are measured clockwise relative to the north

(Fig. 6.8). The wind direction relative to the village location (hereafter, relative wind

direction) is defined as:

9' - 01 - 6.

The condition 0' = 0 indicates that a village is located upwind of a reservoir,

where offshore wind blows from the village to the reservoir. The condition 0' = 180'

indicates the opposite; a village is located downwind of a reservoir, and onshore wind

blows from the reservoir to the village. If 0' = 90' or 2700, the wind blows parallel

to the shoreline.

Effects of wind direction and wind speed

Using HYDREMATS tailored for Ejersa (hereafter, the Ejersa model), the effects

of wind direction and wind speed were investigated. Simulation experiments were

conducted by applying different fixed wind directions and fixed wind speeds through-

out the simulation period of three years from 2012 to 2015 ('fixed all' models),

while keeping all other environmental conditions same as observed in Ejersa. In
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Figure 6.8: Defining the village location and the wind direction using a polar coordi-

nate.

The location of a village (0,) and the wind direction (from where wind blow) (0")

were defined using a polar coordinate with origin at the center of a reservoir, clockwise

relative to the north. The relative wind direction (0' ) can be defined as 0'= 0 - 6,.

this way, the effects of wind direction and wind speed were analyzed independently

from other environmental factors. The fixed wind speed (u) used were u = 0.5,

1, 2, and 5 m/s. The fixed wind directions (relative wind directions) used were

0' = 00, 450, 900, 1350, 1800, 2250, 2700, 3150, and 3600. The experiments with 0' = 00

and 3600 were identical. For comparison, an additional experiment was conducted

at each wind speed, applying random wind directions throughout the simulation pe-

riod ('random' model). Each simulation experiment consists of five simulations under

the same environmental forcings, but with different seed numbers. In this way, the

stochastic variability in simulation of malaria transmission is reduced.

The wind profile (both wind speed and wind direction) affects mosquitoes behav-

iors mainly through the following three mechanisms: aquatic-stage mortality due to
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wind-induced surface waves (hereafter, waves), advection of adult mosquitoes (here-

after, advection), and attraction of adult mosquitoes through dispersion of C02 (here-

after, C02 attraction). The modeling of the three mechanisms in HYDREMATS are

described in Chapter 3. In order to analyze the contributing mechanisms of wind

to the Anopheles population under different wind conditions, additional three sets

of experiments were conducted for each wind direction and wind speed. Table 6.1

summarizes the experimental setup. The 'fixed all' model and the 'random' model

mentioned above apply fixed wind directions (wdir) and random wdir, respectively, to

all of the three mechanisms. In the additional simulations, fixed wdir was applied to

affect only one of the three mechanisms (waves, advection, or C02 attraction) in the

models named 'fixed wave,' 'fixed advection,' or 'fixed C02 attraction,' respectively.

Random wdir was applied to the other two mechanisms.

Table 6.1: Experimental setups in investigating the impacts of wind.
The 'fixed all' model and the 'random' model apply fixed wind directions (wdir) and
random wdir, respectively, to all of the three mechanisms. The 'fixed wave,' 'fixed
advection,' and 'fixed C02 attraction' models employ random wind fixed (wdir) only
affecting the mechanisms of waves, advection, and C02 attraction, respectively. For
the other mechanisms, random wdir was employed.

wdir affecting wdir affecting wdir affecting
Model name

waves advection C02 attraction
Fixed all fixed fixed fixed
Random random random random
Fixed wave fixed random random
Fixed advection random fixed random
Fixed C02 attraction random random fixed

Importance of wind under different environmental conditions

Wind profile changes during a year. The importance of wind on malaria transmission

depends on other environmental conditions. Thus, in designing the location of villages

to minimize malaria transmission, the risk of malaria around a reservoir should be

evaluated considering the seasonality of wind and other environmental conditions. An

example illustrating the importance of the seasonality in wind direction is presented
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in Appendix B.

In order to investigate the combined effect of wind and other environmental fac-

tors, simulation experiments were conducted in the Ejersa model, applying a fixed

direction of wind for only a defined time period (for one month) each year, with all

environmental conditions being the same as observed values, other than wind con-

ditions. For the other eleven months, when a fixed wind direction was not applied,

random wind directions were applied. Throughout the simulation period, a fixed wind

speed of 0.884m/s (the observed average of wind speed during the simulation period)

was used. Twelve experiments were conducted applying a month of fixed wind direc-

tion for Jan. to Dec., respectively. In addition, a control experiment was conducted

applying random wind directions and a fixed wind speed throughout the simulation

period. Each experiment consisted of five identical simulations with different seed

numbers, in order to reduce stochastic variability in simulation of malaria transmis-

sion. Each simulation spanned three years, from 2012 to 2014. The one month of

fixed directions applied were 0' = 00 and 1800. If the impact of wind direction is

independent of other environmental factors, all the twelve experiments should expect

the same net impact (i.e., the same total number of malaria infections, but not the

same seasonality).

6.3.2 Results

Effects of wind direction and wind speed

The effects of wind direction and wind speed are illustrated in Figs. 6.9 and 6.10. The

simulated sizes of the Anopheles population (Fig. 6.9) and of malaria transmission

(Fig. 6.10) in each experiment are shown normalized by those in the experiment

with random wind direction (the random model) under u = 1 m/s (black circle).

Compared with the random model, simulations with offshore wind (6', 0 or 360')

resulted in larger Anopheles population (Fig. 6.9) and larger malaria transmission

(Fig. 6.10). Simulations with onshore wind (0' - 1800) resulted in smaller Anopheles

population (Fig. 6.9) and smaller malaria transmission (Fig. 6.10). The enhancement
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of Anopheles population with offshore wind was more significant (e.g., > 4 times larger

at 0' = 00 or 3600 than random wind direction at u = 1 m/s) than the suppression of

Anopheles population with onshore (e.g., < 2 times smaller at 0' = 1800 than with

random wind direction at u = 1 m/s).
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u = 0.5m/s
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C u = 2m/s0
*3.5 u = 5mIs
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0L 3 -O.

2.5-

1.5-

Of 0.5 -4 U V

0
0* 450 900 1350 1800 2250 2700 3150 3600 random

Relative wind direction

Figure 6.9: Effects of wind direction and wind speed on the Anopheles population.
The simulated size of the Anopheles population in each experiment with the 'fixed all'
model is shown normalized by that in the experiment with random wind directions

('random' model) under u = 1 m/s (black circle). Simulations were conducted in
the Ejersa model for 2012-2014, using fixed values of relative wind directions (0' ;
indicated by different colors) and fixed wind speed (u): 0.5m/s (upward-pointing
triangle), 1m/s (circle), 2m/s (square), and 5m/s (downward-pointing triangle). The
results of the 'random' models are also presented (black).

The significance of the impacts of wind direction depended on wind speed. Smaller

wind speed resulted in larger Anopheles population (Fig. 6.9) and malaria transmis-

sion (Fig. 6.10). The impact of wind speed was apparent between at u = 1m/s

(circle), 2m/s (square), and 5m/s (downward-pointing triangle), but not between at

u = 0.5m/s (upward-pointing triangle) and 1m/s (circle). As compared to the model

with random wind direction at u = 1 m/s, the enhancement of Anopheles population

with offshore wind (0' ~ 0' or 3600) was larger at u = 0.5 and 1m/s than at u = 2
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Figure 6.10: Effects of wind direction and wind speed on malaria infection.

The simulated number of malaria infections in each experiment with the 'fixed all'

model is shown normalized by that in the experiment with random wind directions

('random' model) under u = 1 m/s (black circle). Simulations were conducted in

the Ejersa model for 2012-2014, using fixed values of relative wind directions (9' ;
indicated by different colors) and fixed wind speed (u): 0.5m/s (upward-pointing tri-

angle), 1m/s (circle), 2m/s (square), and 5m/s (downward-pointing triangle). The

results of the 'random' models are also presented (black). Y-axis is shown in loga-

rithmic scale.

and 5 m/s. On the other hand, the suppression of Anopheles population with onshore

(w' 1800) was larger at u = 2 and 5 m/s than at u = 0.5 and 1m/s.

The simulated impacts of wind direction and wind speed were found to be larger

on malaria transmission than on Anopheles population. Note that Fig. 6.10 uses a log-

arithmic scale, rather than a linear scale as in Fig. 6.9. Interpreting the results of the

simulated malaria infections requires caution due to stochasticity. Because malaria

transmission is a rare event, simulated malaria infections are subject to stochastic

variability. Although the simulation was repeated five times in each experiment with

different seed numbers to reduce the variability, and the mean values from the five

simulations are shown here, the results may still be influenced by the natural vari-
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ability of simulations.

Fig. 6.11 illustrates the contribution of each mechanism to the Anopheles popu-

lation at different wind direction and wind speed. Simulated sizes of the Anopheles

population in the 'fixed all' (filled circle), 'fixed wave' (open upward-pointing trian-

gle), 'fixed advection' (open downward-pointing triangle), and 'fixed C02 attraction'

(open square) models are shown with respect to those in the respective 'random'

models. Results for different relative wind direction are indicated by colors. Results

at different wind speeds are presented at different panels (u = 0.5m/s (a), 1m/s (b),

2m/s (c), and 5m/s (d)). At u = 0.5m/s and lm/s, most of the wind effect is con-

tributed by the mechanism of C02 attraction; the results from the 'fixed all' model

(filled circle) are similar to those from the 'fixed C02 attraction' model (open square),

while the results from the other two models are not so different from those from the

'random' model (relative population being around one). At u = 2m/s, the contribu-

tion from C02 attraction became smaller. Alternatively, the contribution from waves

(open upward-pointing triangle) became larger. At u = 5m/s, the impact of waves

became the strongest, and the role of C02 attraction became negligible. The contri-

bution of advection (open downward-pointing triangle) became barely noticeable at

u = 5m/s, but it played no consequential role at any smaller wind speed and at any

wind direction.

Importance of wind under different environmental conditions

One month of fixed wind from 0' = 00: In the Ejersa model, simulation ex-

periments were conducted replacing the observed wind speed with a fixed value, and

the wind direction with random wind directions except for one month of wind from

0' = 00 every year. The control experiment used random wind direction throughout

the simulation period of three years. The results of each experiment presented are

the average of five simulations. Simulated time series of the Anopheles population

using one month of wind from 0' = 0' are shown in Fig. 6.12, where colors indicate

the months when the fixed wind directions were applied. Black line indicates the

control experiment with complete random wind direction. When wind from 0' = 00
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Figure 6.11: Contributing mechanisms of wind to the Anopheles population at dif-

ferent wind direction and wind speed.
Simulated sizes of the Anopheles population in the 'fixed all' (filled circle), 'fixed

wave' (open upward-pointing triangle), 'fixed advection' (open downward-pointing

triangle, and 'fixed C02 attraction' (open square) models are shown with respect to

those in the respective 'random' models. Wind speed was fixed at u = 0.5m/s (a),

1m/s (b), 2m/s (c), and 5m/s (d). The specified fixed wind directions (0' ) are shown

in the x-axis and differentiated by the color.
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was applied, the Anopheles population increased.
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Figure 6.12: Time series of the Anopheles population with one month of wind from
9' = 00.
Simulated time series of the Anopheles population, under constant wind speed and
random wind directions except for one month each year. The month of a year when
a fixed wind direction of 0' = 00 was applied is indicated by colors. The control
experiment, without any months of the fixed wind direction, is shown in black.

Although the duration that the fixed wind direction was applied was the same (one

month each year) for all experiments, the magnitude of the increase in the Anopheles

population was distinctive (Figs. 6.12 and 6.13a). Fig. 6.13a summarizes the size of

the Anopheles population simulated relative to the control experiment. The increase

was the largest when wind from O' = 00 was applied in May and June and the smallest

in September and October (Fig. 6.13a). The seasonality of the impact of the wind

direction on malaria transmission was similar to that on the Anopheles population

(Fig. 6.13b), with one to two months of shift in the seasonality. The magnitude of

the impact on malaria transmission was, however, larger than that on the Anopheles

population.

One month of fixed wind from 0' = 1800: The effect of wind from 0' = 1800

(population suppression) was smaller than that from 0' = 0' (population emhance-

ment) (Figs. 6.12 and 6.13, and Figs. 6.14 and 6.15). When wind from 6', = 1800 was

applied, the Anopheles population decreased. The average reduction of the Anophe-
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under constant wind speed and random wind directions except for one month each
year. Simulated total size of the Anopheles population in each experiment is presented
with respect to that in the control experiment indicated as 'None'.

les population was about 5% in the 0' = 1800 fixed wind experiments, while the

average increase in the ' = 00 fixed wind experiments was approximately 20%. Re-

garding the seasonality, the impact of the fixed wind was larger when the fixed wind

was applied in Jan.-Jul. than in Aug.-Dec. This trend on the Anopheles population

was similar to that in the 0', = 0' fixed wind experiment, with the opposite signs

(Fig. 6.13a and 6.15a). Because of the small impact of the wind from 0' = 180' and

the stochastic variability in malaria transmission simulations, no significant trend was

recognized in the simulated malaria infections (Fig. 6.15b).

6.3.3 Discussion

Mechanisms of the wind influence

Wind influences the the dynamics of Anopheles population in three ways: waves,

advection, and C02 attraction. The contributions of the three mechanisms to the

Anopheles population depended on wind speed and wind direction. At small wind

speed, the Anopheles population dynamics were predominantly influenced by the

mechanism of CO 2 attraction. As wind speed increases, the effect of C02 attraction

became smaller. At u > 2m/s, the effect of waves outweighed that of C02 attraction.
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Figure 6.14: Time series of the Anopheles population with one month of wind from
01 = 1800.
Simulated time series of the Anopheles population, under constant wind speed and
random wind directions except for one month each year. The month of a year
when a fixed wind direction of 0', = 1800 was applied is indicated by colors. The
control experiment, without any months of the fixed wind direction, is shown in black.
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Figure 6.15: Magnitude of the change in the Anopheles population and in malaria
infection with one month of wind from 0', = 1800.
Relative sizes of simulated Anopheles population (a) and malaria transmission (b),
under constant wind speed and random wind directions except for one month each
year. Simulated total size of the Anopheles population in each experiment is presented
with respect to that in the control experiment indicated as 'None'.

The effect of advection was marginal at any wind speed and wind direction. Generally,

wind from O', - 0' enhanced the Anopheles population, and wind from 0' - 180'

suppressed the Anopheles population.
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The importance of CO 2 attraction is large at small wind speed because CO 2

plumes travel farther under low wind speed, maintaining high concentration. Above

a certain concentration of C02, Anopheles mosquitoes realize the presence of human

settlements upwind and fly towards them with partial directed flight (mosquitoes'

flight is simulated as a combination of random flight and directed flight; see Section

3.2.4). Below the threshold concentration, Anopheles fly randomly with directed

flight component being zero. The strength of the directed flight component depends

on the concentration gradient of C02. For Ejersa, the areas where Anopheles would

become attracted by C02-the directed flight component being greater than zero-

are illustrated in Fig. 6.16, assuming 0' = 00, at u = 0.5 m/s (a), 1 m/s (b), and 2

m/s (c). The locations of human dwellings and a reservoir are indicated in Fig. 6.16d.

The area in which Anopheles can sense elevated C02 shrinks with higher wind speed,

limiting the role of C02 attraction on Anopheles population enhancement.

The distance within which Anopheles can sense C02 exhaled by a human is be-

lieved to be some tens of meters [15, 140, 171, 47]; however, C02 emanating from a

cluster of houses expands the area of influence to a few kilometers downwind. The

concentration of C02 was simulated using a physically based equation of the Gaussian

dispersion model, together with an assumption that turbulence maintains pockets of

C02 plume that have ten times higher concentration than the time-averaged concen-

tration. Based on this model, Anopheles are simulated to sense elevated levels of C02

at 100, 50, 30, and 15m downwind of a house under 0.5, 1, 2, and 5 m/s of wind,

respectively, in the absence of other surrounding houses. These distances of influence

agree with literature values for a few hosts (- some tens of meters) [15, 140, 171, 47],

lending credibility to the model. Around a cluster of houses, the distances of influ-

ence were simulated to be significantly larger (~ kilometers). A potential source of

the overestimation of the distance of influence arises from the assumption concern-

ing turbulence (Section 3.2.4). The assumption that pockets of high-concentration

C02 exist becomes less valid at farther distances from the source. Farther away from

the source, the C02 plume is more mixed, with mosquitoes less likely to capture an

instantaneous high concentration of C02. However, there are also observations that
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Figure 6.16: Area of influence where Anopheles are attracted to C02 emanated from
inhabitants.
The directed flight component that Anopheles would have with wind direction of
o' = 0' at u = 0.5 m/s (a), 1 m/s (b), and 2 m/s (c). The area shown is the 3km
by 3km simulation domain in the Ejersa model. Anopheles mosquitoes realize the
presence of human settlements upwind and fly towards them if the directed flight
component is greater than zero (in colored areas). In (d), the locations of human
settlements are shown in black and the rough location of a reservoir and the wind
direction used are also illustrated.

Anopheles fly upwind towards villages from breeding pools as far as some kilometers

away [111]. It is, thus, still reasonable to believe that the effect of C02 attraction

can be influential up to the distances of influence indicated in this study.

The effect of waves on suppressing Anopheles population is stronger at higher

wind speed and with wind direction 0' - 1800. Aquatic mortality becomes higher

with larger waves, which can be caused by higher wind speed and larger fetch (see

Section 3.2.4). Fetch is zero when sin(' ) > 0 and increases with I sin(O' )I when
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sin(O' ) < 0. The largest fetch is realized at 0' = 1800. The wave effect can be

attenuated by topographical features or vegetation at the shoreline. The aquatic-

stage mortality from high waves is unique at large water bodies such as reservoirs.

The effect of wind on suppressing Anopheles population is expected to be higher at

larger and deeper water bodies.

The different contributing mechanisms at low and high wind speed provide an

important implication in designing the location of villages around a reservoir to min-

imize the risk of malaria. Waves affect aquatic-stage mortality throughout a day.

On the other hand, the C02 attraction is perceived by adult mosquitoes only during

the night, because adult mosquitoes are active only under dark sky. Thus, in the

environment with weak wind, where the impact of C02 attraction is stronger than

that of waves, the night time wind profile should be analyzed in designing the village

location to prevent malaria. In in the environment with strong wind, where the im-

pact of waves is stronger than that of C02 attraction, the daily wind profile can be

used.

Impact of wind direction under environmental seasonality

The impacts of the favorable and unfavorable wind directions on malaria transmission

(0' = 00 and 180', respectively) depend on the time of a year (Figs. 6.12-6.15).

With all environmental conditions the same as observed in Ejersa, except for wind

speed and wind direction, the impacts of wind on the Anopheles population in Ejersa

were larger during Jan.-Jul. than during Aug.-Dec. The potential environmental

factors that may have caused the different impacts are the seasonality in temperature,

humidity, and the presence of surface pools (environmental forcings being used in the

model that have seasonality). Note that in this study, wind speed was keep constant

throughout simulations. In Ejersa, it is asserted that the seasonality in temperature

and in humidity plays only a limited role in the Anopheles population (Fig. 4.17).

Thus, these two factors are not likely to have caused the differences in the wind impact

over a year on the Anopheles population. The remaining environmental factor is the

abundance of surface pools; the dominant contribution to the Anopheles population
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arrives from the reservoir shorelines (Fig. 4.17). The impact of wind direction on the

Anopheles population in each month correlates negatively with the reservoir water

levels (Fig. 6.17), which determine the distances between human settlements and

shorelines. The impact of wind direction was thus found to be influenced by the

house-to-shoreline distances.

a b
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1.3 -2013

o 1.251594 - 2014.
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Figure 6.17: Comparison between the seasonal impacts of wind on the Anopheles

population and the reservoir water levels.
(a) The impacts of favorable wind direction for mosquito reproduction (0, = 00)
applied in different months at constant wind speed regarding the Anopheles popula-
tion. The figure was adapted from Fig. 6.13a. (b) The water levels of the reservoir
observed and used in the simulations. The impact of wind direction on the Anopheles
population in each month (a) correlates negatively with the reservoir water levels (b).

The importance of wind is large if houses are distant from the shoreline (Fig. 6.17)-

the main breeding habitat of Anopheles mosquitoes in Ejersa. This is likely because

the mosquito population is more limited by the poor efficiency of the host-seeking

at farther house-to-shoreline distances than at closer distances. The efficiency of the

host-seeking can be improved under favorable wind conditions for mosquito repro-

duction (offshore wind carrying CO2 plumes from a village to the shoreline breeding

sites). At close distances, more mosquitoes can encounter human settlement by ran-

dom walks, without much assistance of C02 attraction. This conclusion, however,

should not hold unconditionally. If the sensible levels of the increase in C02 con-

centration sourced from human houses do not reach shorelines, the distance will not

influence the importance of the wind direction. Such condition can arise from both

a large house-to-shoreline distance and from smaller ranger of C02 attraction due to
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large wind speed. In Ejersa, the wind speed was sufficiently small. Smaller distances

between houses and shorelines are generally linked with a larger Anopheles popula-

tion; however, even at large house-to-shoreline distances, favorable wind conditions

have significant potential to enhance Anopheles populations.

The seasonal importance of wind direction was different for the Anopheles popu-

lation (Fig. 6.13a) and for malaria infections (Fig. 6.13b) in terms of the magnitude

and the seasonality. The importance of wind direction was amplified on malaria

transmission more than on the Anopheles population. As discussed elsewhere, this

is because malaria transmission is influenced both by the Anopheles population (m

term in the Ross-Macdonald model) and by the frequency of bloodmeal (a term in

the Ross-Macdonald model), while a also influences the mosquito population. That

is, a larger frequency of bloodmeals increases the Anopheles population, and both a

larger frequency of bloodmeals and a larger population size increase malaria transmis-

sions. In addition, around the temperature range in Ejersa, higher temperatures can

significantly increase the malaria transmission potential (through the term n in the

Ross-Macdonald model), while the role of temperature in the Anopheles population

is marginal.

Although the seasonal importance of wind direction on the 'Anopheles population'

under constant wind speed was explained predominantly by the house-to-shoreline

distances, the importance of temperature cannot be dismissed when 'malaria trans-

mission' is concerned. Fig. 6.18 compares the seasonal impacts of the wind direction

on malaria infections and the observed temperature profile. The impact of favorable

wind direction on malaria transmission (Fig. 6.18a) was high when the impact on

Anopheles population was high (Fig. 6.17a) but also when temperatures were high

(Fig. 6.18b). The overlap between those two periods obscures the effect of temper-

ature, but the enhanced impact of wind direction on malaria transmission in March

(when the temperature is high) and the attenuated impact in July (when the tem-

perature is low) exemplify the effect of temperature.

As compared to random wind directions, the impact of the conditions for malaria

enhancement is larger than that for malaria suppression (Figs. 6.13a and 6.15a for the
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Figure 6.18: Comparison between the seasonal impacts of wind on malaria infections

and temperature.
(a) The impacts of favorable wind direction for mosquito reproduction (0' = 00)

applied in different months at constant wind speed regarding malaria transmissions.

The figure was adapted from Fig. 6.13b. (b) The temperature profile observed and

used in the simulations. The impact of wind direction on malaria transmission in

each month (a) correlates positively with temperatures (b).

Anopheles population and Figs. 6.13b and 6.15b for malaria transmission). This result

is also suggested elsewhere (Figs. 6.9 and 6.10). The implication from this finding is

that, in designing the location of a village to minimize malaria transmission, more

attention should be paid to avoiding the conditions for malaria enhancement than to

seeking the conditions for malaria suppression.

6.3.4 Conclusion and guideline for village locations around a

reservoir

Although wind is rarely considered as an important factor to govern malaria transmis-

sion, this study demonstrated that both wind speed and wind direction significantly

influence the dynamics of malaria transmission around a reservoir. Wind influences

the dynamics of Anopheles population and malaria transmission through the three

mechanisms: larval mortality through waves, advection of adult mosquitoes, and C02

attraction. At a large water body, such as a reservoir, the impact of waves created by

wind stress is not negligible, unlike at small water bodies. Waves suppress Anophe-

les populations, whose effect is stronger with high wind speeds and onshore winds
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(6' ~ 1800). In addition, the impact of CO 2 attraction is expected to be large in

heterogeneous environments, where a reservoir site is a typical example with a water

body on one side and houses on the other side. CO 2 attraction enhances Anopheles

populations, whose effect is stronger with smaller wind speeds and offshore winds

(0 ~ 00). The effect of advection is assumed to be small unless mosquitoes are

migrating for a long distance.

Through the designing of village locations along the construction of resettlement

villages for a new dam, the risk of malaria transmission can be minimized. Different

locations around a reservoir experience different relative wind directions (wind di-

rection relative to the reservoir), which alters the environmental potential of malaria

transmission. The impacts of relative wind direction on malaria transmission depend

on wind speed and other environmental conditions. In general, the relative wind

direction of 0' ~ 0' enhances malaria transmission and 0', 180' suppresses it.

However, because the wind profile changes over a year, the impact of wind direction

should be evaluated considering seasonality of other environmental conditions.

Examining the mechanisms and the impacts of wind on malaria transmission under

various environmental conditions, this research provides a guideline to evaluate the

risk of malaria around different locations of a reservoir (Fig. 6.19):

1. If wind speed is large (>2 m/s), use daily wind direction. The dynamics of the

Anopheles population are mainly influenced by the mechanism of waves, which

affects the aquatic-stage mortality throughout a day.

1.1. If a village is located downwind of a reservoir, or the wind blows from

a reservoir (onshore wind), malaria is likely be suppressed due to larger

effect of waves.

1.2. If a village is located upwind of a reservoir, or the wind blows from a

reservoir (offshore wind), malaria is likely be enhanced due to smaller effect

of waves.

2. If wind speed is small (<2 m/s), use night-time wind direction. The dynamics
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of the Anopheles population are mainly influenced by the mechanism of C02 at-

traction, which affects adult mosquitoes' host-seeking activity during the night.

2.1. If a village is located downwind of a reservoir, or the wind blows from a

reservoir (onshore wind), malaria is likely be suppressed due to smaller

effect of C02 attraction.

2.2. If a village is located upwind of a reservoir, or the wind blows from a

reservoir (offshore wind), malaria is likely be enhanced due to larger effect

of C02 attraction.

3. In evaluating the risk of malaria under seasonality in wind direction, focus on

the conditions of malaria enhancement. The impact of conditions for malaria

enhancement is likely stronger than that for malaria suppression.

4. In evaluating the risk of malaria under seasonality in wind direction, weigh more

the periods with higher temperature, smaller wind speed, and lower reservoir

water levels. The importance of the three conditions vary from place to place,

so evaluate accordingly.

5. If the wind conditions for malaria enhancement are met with the above three

environmental conditions for a longer period, the risk of malaria transmission

is high. If the wind conditions for malaria enhancement are met with the

above three environmental conditions for a shorter period, the risk of malaria

transmission is low.
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Figure 6.19: Guideline for village locations around a reservoir.
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6.4 Potential of village relocation around the Koka

Reservoir: Effect of wind

This section seeks to determine the locations around the Koka Reservoir that have

the highest and the lowest risk of malaria transmission. The analyses were conducted

using two different approaches: one approach relies on HYDREMATS simulations,

and another on the guideline provided in Section 6.3.

6.4.1 HYDREMATS simulations

Modeling methods

Using HYDREMATS tailored for Ejersa (hereafter, the Ejersa model), the risk of

malaria transmission around the Koka Reservoir was evaluated, assuming possible

relocations of Ejersa around the reservoir, while keeping the same house configuration.

For simplicity, the reservoir was assumed to be circular and all locations to have the

same conditions of shoreline and topography as in Ejersa. The relocation of a village

does not affect the climatological conditions; however, it changes the relative wind

direction (for the definition of the relative wind direction, 0',, see Section 6.3.1).

In HYDREMATS, Ejersa was hypothetically moved to 300, 750, 1200, 1650, 2100,

2550, 3000 (original location of Ejersa), and 3450 clockwise from the north of the

reservoir (Fig. 6.20). These locations correspond to 900, 135', 1800, 2250, 2700, 3150,

0 , and 450 clockwise from the original location of Ejersa. Under the assumptions

described above, rotating the location of the village by 0 has the same impact as

adding -0 to the observed wind directions at Ejersa (see Appendix C). All other en-

vironmental conditions used were the same as those in the Ejersa model. Simulations

were conducted for the period of Jan. 2012 to Apr. 2015.

Results

The simulated dynamics of the Anopheles population are shown in Fig. 6.21, exhibit-

ing a significant sensitivity to the location of the village, which is driven by the relative
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Figure 6.20: Defining the village location using a polar coordinate.
The location of a village was defined using a polar coordinate with origin at the center
of a reservoir, clockwise relative to the north. Ejersa is located at 300'.

wind directions. Both the sizes and the seasonality of the Anopheles population were

affected by the relative wind directions. Especially at locations 300, 750, and 120'

from north, the mosquito season shifted from Sep.-Dec. as observed in Ejersa (at

300'), to Oct.-June. The total sizes of the Anopheles population throughout the sim-

ulation period were summarized in Fig. 6.22, normalized by the size of the Anopheles

population simulated for Ejersa (at 3000). According to the results, the locations at

750 and 1650 would host the largest and smallest Anopheles populations in a year.

Fig. 6.23 presents the simulated time series of monthly malaria infections on a

log scale. The dynamics of malaria transmission were affected by the relative wind

directions more significantly than was the Anopheles population. The seasonality

in malaria transmission was somewhat similar to that in the Anopheles population;

malaria seasons from Sep. to Dec. at locations at 210', 2550, and 3000, and from

Jan. to June at locations 300 and 750, for example. Malaria transmission in 2014 was
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Figure 6.21: Anopheles population dynamics expected around the Koka Reservoir.
Simulated Anopheles population dynamics are presented for locations 300, 75', 1200,

1650, 2100, 2550, 300' (original location of Ejersa), and 3450 clockwise from the north
of the reservoir.
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Figure 6.22: Relative size of the Anopheles population expected around the Koka

Reservoir.
Simulated sizes of Anopheles population for locations 300, 750, 120', 1650, 2100, 2550,
3000 , and 3450 clockwise from the north of the reservoir are presented relative to that

at 3000 (the original location of Ejersa).
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apparently larger than that in 2013 and even more than that in 2012 at locations at

300 and 750; this is because the increased malaria prevalence due to large malaria

transmission in previous years made malaria transmission even more likely.

On the other hand, the relative magnitude of malaria transmission (Figs. 6.23 and

6.24) was significantly different from that of the Anopheles population (Figs. 6.21

and 6.22). Anopheles mosquitoes transmitted malaria more efficiently from Jan. to

Jun. than from Sep. to Dec. (Figs. 6.21 and 6.23). As a result, the total malaria

infections simulated were significantly larger at locations where the Anopheles season

is during Jan.-Jun. (at 300 and 750) than for locations where it is during Sep.-Dec. (at

2100, 2550 , and 3000). At the location at 750, an Anopheles population. 1.2 times larger

resulted in approximately ten-fold more malaria infections as compared to those at

the original location of Ejersa (at 3000). The simulated malaria transmission was the

largest at 750, and the smallest at 1650.
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Figure 6.23: Malaria transmission dynamics expected around the Koka Reservoir.
Simulated monthly malaria infections are presented for locations 300, 750, 1200, 1650,
2100, 2550, 3000 (original location of Ejersa), and 3450 clockwise from the north of

the reservoir.

6.4.2 Estimation using the guideline

Malaria transmission is affected by wind direction, but the importance of wind direc-

tion should be evaluated considering other environmental factors. Using the guideline
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Figure 6.24: Relative numbers of malaria infections expected around the Koka Reser-

voir.
Simulated numbers of malaria infections for locations 300, 75', 1200, 165', 2100, 2550,
3000 , and 3450 clockwise from the north of the reservoir are presented relative to that

at 3000 (the original location of Ejersa).

for village locations around a reservoir (see Section 6.3.4 and Fig. 6.19), the risk of

malaria transmission was evaluated around the Koka Reservoir.

In evaluating the risk of malaria, the night-time wind profile, instead of daily (24-

hour) profile, should be examined. The wind speed in Ejersa varies around 0.5-2 m/s

during a year, with the annual average of around 0.9 m/s. Under such weak wind

conditions, the impact of C02 attraction, which is perceived by adult mosquitoes

only during the night, is stronger than the impact of waves, which is perceived by

aquatic-stage mosquitoes throughout a day. Furthermore, because the impact of

malaria enhancement is stronger than that of malaria suppression, the night-time

wind direction should be analyzed focusing on the offshore wind condition 0' ~

00. The night-time offshore wind condition is associated with large risk of malaria

transmission. In Fig. 6.25, the days when wind blew offshore (-45' < ' < 45) at

night (6pm-6am) are indicated for locations from 30' to 345'. The total numbers
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of days with offshore wind at night within the simulation period from Jan. 2012 to

Apr. 2015 are summarized in Fig. 6.26a.
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Figure 6.25: Periods with offshore wind at night around the Koka Reservoir.
The days when wind blew offshore (-45' < 0' < 450) at night are indicated for
locations at 300 to 3450 during the period from Jan. 2012 to Apr. 2015.
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Figure 6.26: Number of days with conditions for malaria enhancement.
(a) Total number of days with offshore wind (-450 < 1 < 450) at night during the
period from Jan. 2012 to Apr. 2015. (a) Total number of days with offshore wind
(-450 < 0' < 450) at night, high temperature (> 220C), small night-time wind
speed (< 1 m/s), and low reservoir water levels (< 1592 masl), during the period
from Jan. 2012 to Apr. 2015.
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The importance of wind direction is expected to be large under higher tempera-

ture, smaller wind speed, and lower reservoir water levels (- larger distances between

houses and shorelines) (see Section 6.2). The observed time series of temperature,

night-time wind speed, and reservoir water levels are presented in Fig. 6.27. From the

data, the periods with the expected high importance of wind direction were identified

as: high temperature (> 220C), weak night-time wind speed (< lm/s), and low reser-

voir water levels (< 1592 masl) (Fig. 6.28). Among the days within the simulation

period that have offshore night-time wind, the total number of days that satisfy each

of the above three conditions are shown in Fig. 6.29a, b, and c, respectively. The

total number of days with offshore wind at night satisfying all the three conditions is

presented in Fig. 6.26b.
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Figure 6.27: Observed environmental conditions that influence the importance of

wind direction.
Observed time series of seven-day average temperature (top), night-time wind speed

(middle), and reservoir water levels (bottom) are presented. These three environmen-
tal factors influence the importance of wind direction. Temperature of 22*C, wind
direction of 1m/s, and water level of 1592 meter above sea level (masl) were used as
references values and shown in black dotted lines.

Because village relocation does not affect any environmental conditions except

relative wind direction, the analysis of wind profile can directly lead to the estimation

of malaria risks; i.e., the number of days with conditions for malaria enhancement

quantifies the risk of malaria. Based on Fig. 6.26a, which evaluates the wind direction
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Figure 6.28: Periods with environmental conditions when the importance of wind
direction is large.
Observed periods with high (> 22'C) temperature (top), weak (< lm/s) night-time
wind speed (middle), and low (< 1592 masl) reservoir water levels (middle) are illus-
trated. During these periods, the importance of wind direction is expected to be high.
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Figure 6.29: Number of days with conditions for malaria enhancement evaluated with
three environmental conditions.
Total number of days with offshore wind (-45' < 0' < 450) at night that also satisfy
the condition of high temperature (> 220C) (a), small night-time wind speed (< 1
m/s) (b), and low reservoir water levels (< 1592 masl) (c), during the period from
Jan. 2012 to Apr. 2015.

independent of other environmental conditions, it is expected that the location at

300 and 750 will have the largest malaria transmission risk and the location at 1650

the smallest risk. The distribution of in the total number of days with offshore

night-time wind in Fig. 6.26a compares significantly well with the distribution in the

predicted size of 'Anopheles population' from HYDREMATS (Fig. 6.22). However,

when the estimate in Fig. 6.26a is compared with the predicted magnitude of 'malaria

transmission' from HYDREMATS (Fig. 6.24), it becomes apparent that the risks of

malaria transmission at 300 and 2550-3450 is overestimated.

When the impact of wind direction is evaluated considering the three environ-

mental conditions, the estimate from the guideline becomes closer to the simulated

181



malaria risks in HYDREMATS (Fig. 6.26b and Fig. 6.24) While the expected highest-

and lowest-risk locations were the same as in Fig. 6.26a, at 750 and 1650, respectively,

the risks of malaria (the number of offshore wind days that agree with the three

environmental conditions is used as a proxy for risk) were estimated to be reduced

at 30' and 255o-3450 as compared with Fig. 6.26a. The improvement in the esti-

mate is accounted for by the consideration of temperature (Fig. 6.29a) and of wind

speed (Fig. 6.29b), but not so much by the consideration of reservoir water levels

(Fig. 6.29c).

6.4.3 Discussion

Although HYDREMATS is a powerful tool to evaluate the risk of malaria, it is not

readily applicable to all sites around reservoirs. It mainly requires calibration for

soil parameters and for biology of local vectors. It is thus often desirable to have

a guideline with which the risk of malaria can be evaluated based simply on obser-

vational data. In this chapter, the mechanistic simulation analyses were conducted

using HYDREMATS in Section 6.3 to develop a guideline for planning of village lo-

cations around a reservoir to evaluate the risk of malaria. The guideline was then

applied to the Koka Reservoir in Ethiopia in this section, and the estimated malaria

risks were compared with the projected risks simulated in HYDREMATS. The good

agreement between the estimate from the guideline and the simulation results from

HYDREMATS lends credence to the guideline.

Using the observational time series of wind direction, wind speed, temperature,

and reservoir water levels, it is predicted that the risk of malaria transmission is

the smallest at 165' from north of the Koka Reservoir. This location almost never

becomes upwind of the reservoir throughout a year. Such a condition makes it difficult

for Anopheles mosquitoes to find human dwellings because C02 exhaled by humans

moves along the wind, away from the breeding sites at the shoreline. Because of the

condition of weak wind speed, the impact of C02 attraction on malaria transmission

is assumed to be larger than than of waves. Owing to such a wind condition, this

location is expected to be most suitable for a village relocation site in terms of malaria
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prevention.

The offshore wind condition can generally be linked to high risk of malaria, yet its

importance should be evaluated considering the seasonality of other environmental

factors. The offshore wind condition is especially detrimental (luring seasons with

high temperature, small wind speed, and low reservoir water levels. The estimation

of malaria risks using the guideline improved when these three environmental condi-

tions were also considered (Fig. 6.26b) as compared to when only the wind direction

was analyzed (Fig. 6.26a). However, even such an estimate failed to reproduce the

distribution of projected risk from HYDREMATS-the more accurate malaria trans-

mission model. The shortfall of the estimation using the guideline may result from

the unequal importance of the above three environmental conditions. The importance

of the reservoir water levels (~ distance from the human settlements to the shoreline)

for the impact of wind direction may be relatively small. The comparison between the

estimates using different combinations of the environmental factors (Fig. 6.26a and b,

and Fig. 6.29a-c) also suggests that temperature and wind speed are more important

than reservoir water levels. In addition, different threshold values to identify high

temperature, weak night-time wind speed, and low reservoir water levels may also

improve the estimation accuracy of the guideline.

Malaria transmission is not merely determined by the current environmental con-

ditions, but also by conditions at earlier times [187, 148, 31, 84]. In this sense, the

environmental conditions in months that do not satisfy the condition for malaria en-

hancement can also be important. Although the presented guideline suggests focusing

on the conditions for malaria enhancement, identifying an appropriate method of rat-

ing the impact of both the conditions for malaria enhancement and those for malaria

suppression may further benefit the guideline.

In addition to the quantitative analysis provided in this study, wind rose diagrams

can also provide useful information for evaluating the risk of malaria. Wind rose dia-

grams around the Koka Reservoir for 2013 are shown in Fig. 6.30, using daily average

wind profile (a) and night-time (6pm-6am) average wind profile (b), respectively. At

the Koka Reservoir, where wind speed is generally low, the impact of waves (which
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occurs throughout a day) is expected to be smaller than that of CO 2 attraction

(which occurs only during night-time). Thus, the night-time wind profile should be

more useful than the daily wind profile in evaluating the impact of village locations

on malaria transmission. With low wind speed, offshore wind will enhance malaria

transmission through CO 2 attraction, if there is a village located upwind of a reser-

voir. Note also that the effect of the enhancement of malaria with offshore wind is

likely to be larger than the effect of the suppression of malaria transmission (Figs. 6.9

and 6.10). Thus, in evaluating the effect of village relocation on reducing malaria

transmission, it is argued that more attention should be paid to avoiding the condi-

tions for malaria enhancement (with offshore wind) than to seeking the conditions

for malaria suppression (with onshore wind). From the night-time wind rose diagram

in Fig. 6.30b, it can be seen that the northeast (00 to 90' clockwise from the north)

of the Koka Reservoir receives the most offshore wind and that the southeast (1200

to 180' clockwise from the north) or the northwest (2700 to 360' clockwise from the

north) of it receive the least. This information leads to an estimate that the northeast

of the Koka Reservoir would have the largest malaria risk and that the northwest or

the southeast would have the smallest malaria risk. This estimate agrees well with

the projected malaria risk from HYDREMATS: highest risk at 750 (northeast), lowest

risk at 165' (southeast), second-lowest risk at 3000 (northwest). Both the malaria risk

estimate using the wind rose diagram and the simulation results from HYDREMATS

lead to the same conclusions-unlike an analysis using daily data (Fig. 6.30a), which

does not lead to the same conclusions. In evaluating the risk of malaria around a

reservoir using this guideline, the wind rose will be a simple but pragmatic tool.

If the reading of a one-year wind rose diagram provides an ambiguous conclusion

(e.g., wind directions change gradually from 0' to 3600 over a year), one should

focus on wind conditions at a certain period. Around the Koka Reservoir, it was

suggested that the periods with higher temperature and lower wind speed are the most

important, attributable to the mechanisms of faster parasite development and more

efficient host-seeking, respectively. Such periods occur approximately from February

to April (Fig. 6.28). In Fig. 6.31, wind rose diagrams are provided for each month
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using hourly wind profiles. Wind profiles for day time (6ain-6pmn) and night time

(6pm-6am) are shown in yellow and blue, respectively. From February to April, night-

time wind blows predominantly from the east-northeast. The location east-northeast

of a reservoir is thus expected to encounter a large risk of malaria. This prediction

agrees with the simulation result where the location 750 clockwise from the north had

the largest risk.
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Figure 6.30: Wind rose diagrams for a year using 7-day/night data.
Wind rose diagrams for the Koka Reservoir were created using daily average (a) and
night-time (6pm-6am) average (b) wind profile observed in 2013 at Ejersa. Each dot
describes the 7-day or 7-night average wind profile.

The model used may be somewhat too sensitive to wind conditions-in which

case the impact of village relocation should be attenuated. This study simulated

that the seasonality in Anopheles population varies significantly depending on the

location around the reservoir. A study by Kibret et al. [77], however, observed that

the Anopheles population dynamics in two villages adjacent to the Koka Reservoir-

Ejersa (about 300' from north) and another village (about 300 from north)-were

similar. Although the model used in this study was calibrated and tested extensively

using observational data from Ejersa, as described in Chapter 4, some of the model

parameters may still benefit from further calibration.
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Figure 6.31: Wind rose diagrams for each month of a year using hourly data.

Wind rose diagrams for the Koka Reservoir were created for each month using hourly

data. Wind profile for day time (6am-6pm) and night time (6pm-6am) are shown in

yellow and blue respectively.

The studies on the impacts of wind on mosquito behaviors are not limited to

small-scale lab experiments [111, 96, 15, 119, 164, 165]. In field studies, the impor-

tance of wind direction has recently been demonstrated by Midega et al. [111], which

reported that the malaria risks in the Kilifi district in Kenya are determined both by

the proximity to larval sites and by the wind direction. A contradictory finding from

around the Gilgel-Gibe reservoir in Ethiopia by Yewhalaw et al. [189] may also imply

the importance of wind direction. Around the Gilgel-Gibe reservoir, no significant

association between the risk of malaria and the proximity to larval sites was found.

Such an unexpected result can be explained if the impact of distance was modified by

that of wind direction. More rigorous understanding of the role of wind in Anophe-
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les behaviors would aid in informing policy to create malaria-resistant environments

around reservoirs.

6.4.4 Conclusion

The exacerbated risk of malaria around dams and reservoirs can be reduced by the

planning of village locations. Although climate conditions cannot be controlled, rel-

ative wind directions can be modified by locating a village on a different side of

a reservoir. Wind direction plays an important role in influencing the dynamics of

Anopheles population and of malaria transmission. If relocation of villages is carefully

implemented around reservoirs, malaria can be prevented in a sustainable and cost-

effective manner. The role of wind in malaria transmission merits more attention, and

more rigorous understanding of it will benefit effective evaluation and implementation

of village relocation.

Using environmental data and the malaria simulation model, HYDREMATS, the

impacts of village relocation around the Koka Reservoir were explored. The results

suggest that the location at 1650 of the Koka Reservoir have the smallest risk of

malaria transmission, rarely receiving offshore wind throughout a year. On the other

hand, the location at 750 of the reservoir can be a high-risk area, where offshore wind

occurs at a warmer time of year. The framework used in this study to evaluate the

malaria risk around a reservoir should aid implementation of village relocation around

dams and reservoirs.
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Chapter 7

Towards Malaria Mitigation: Lab

Experiment on Impact of Larval

Stranding

7.1 Introduction

Despite continuous and intensive control programs, malaria remains a major public

health concern in more than one hundred countries [181]. Malaria control programs

face many challenges, some of which are human-induced. Global warming associated

with climate change is one of them: it may modify the extent of malaria-prone areas

[110, 108]. In addition, increasing dam construction to keep up with the demand

for energy elevates the risk of malaria. Dams are often blamed for the creation

of breeding sites for Anopheles mosquitoes, the vectors of malaria, associated with

irrigation fields and seepage puddles downstream [68, 73, 77]. In addition, under

the presence of competent vectors, reservoirs behind dams also become productive

Anopheles breeding sites [68, 73, 77].

Currently, malaria interventions rely heavily on long-lasting insecticidal nets (LLINs)

and indoor residual spraying (IRS) [181], which target adult vectors. The preference

for the adult-targeting strategies has been supported by the logic of basic reproduc-

189



tion rates (R0 )-the expected number of people who would be infected by a single

infectious person [122, 151, 39, 135]. Although LLINs and IRS have brought many

countries significant reduction of malaria, these measures have been confronted with

problems in the last two decades such as insecticide resistance, bednet utilization and

durability, inadequate coverage of IRS, and lack of funding [122, 151, 39, 135, 134],

calling into question the efficacy and the sustainability of the current malaria control

strategies. On the other hand, larval source reduction, which targets aquatic-stage

mosquitoes, is considered to be supplemental, as a part of Integrated Vector Man-

agement (IVM) programs, although larvae source reduction was the predominant

strategy until the early twentieth century [74]. IVM has been touted as a more sus-

tainable approach [53, 175], but there are still very few practitioners. Some of the

limitations of the adult-targeting strategies arise from the fact that adult mosquitoes

can change their behaviors and avoid interventions [163, 26, 152, 115, 18, 13, 40, 79] .

Larvae-targeting strategies, on the other hand, are less susceptible to such problems

because of the limited mobility of larvae.

Larval source reduction, while less commonly selected in current malaria control

programs, has been applied to seasonal pools (e.g., larviciding to kill larvae), river

channels (e.g., stream-flow manipulation to flush larvae), and irrigation fields (e.g., in-

termittent irrigation to interrupt larval development by occasionally drying breeding

sites) [86, 87, 133, 73, 82]. Around dam-related reservoirs, water-level manipulation

could be used, where the reservoir water levels are controlled to create unfavorable

breeding conditions for larvae. One of the most successful implementations of reservoir

water-level manipulation was conducted by the Tennessee Valley Authority (TVA)

in the 1930s and 1940s [170] (Fig. 7.1), which resulted in the elimination of malaria

from the US by 1947. The primary purpose of the water-level manipulation by the

TVA was to eliminate vegetation and flotage from the shorelines, knowing that they

provide favorable breeding sites for mosquitoes [170, 55]. Another important aspect

of the water-level manipulation was the direct effect on larvae; dropping water levels

strand larvae to death by desiccation, and raising water levels drown larvae through

increased wave actions and expose larvae to predators [170, 55, 61]. Similarly, the
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effects of water water-level manipulation on the control of snails, vector of schistoso-

miasis, were closely examined by Jobin and Michelson [70] in the lab focusing on the

effect of stranding of snails, and tested successfully at some small ponds in Puerto

Rico [67]. On the other hand, in spite of the successful implementation by TVA,

the effects of water-level manipulation on the control of Anopheles larvae, have been

poorly studied. The field experiment by Darrow [25] suggested that the faster draw-

down rate may result in smaller number of larvae stranding, which seems to be in

contradiction to Lautze's [89] finding that the number of larvae at a shoreline was

negatively correlated with drawdown rate of a reservoir water in Ethiopia. Consid-

ering the potential increase of malaria risk concurrent with dam construction, and

recognizing the merits of larval source reduction, water-level manipulation to reduce

larval populations deserves renewed attention.

Spring
Winter Period Growth Malaria Mosquito Production Period Fall Low Rainfall Period

Period
Maximum Begin- Moderate Heaviest

not Necessary for mCosntm 0ari- Cyclical Seasonal Recession Fall Shoreline

Mot s ar-on r CElevation cis Fluctuation Cyclical Fluctuation Conditioning Operations

M o Larvicides Larvicides

Maximum Elevation - Flood Surcharge

Recession About 0.1 Foot per Week

Maximum Mosquito-Control Elevation Basic Clearing Line

s Mosquito-Control

_Minimu_ osquito-Contr )I Elevatic n _ Fluctuation Zone 2' i

Cyclical Fluctuation Approximately
1 -Foot at Weekly or 1 0-Day

Minimum for Navigation and Power

Minimum in Advance Floods
Apr 1 May 1 May 6 Jul 1 Oct 1

Approximate Dates Vary with Locations and from Season to Season

Figure 7.1: Water-level manipulation measures applied by TVA.

The figure desirable phases of water-level management for mosquito control on main-

river reservoirs (redrawn from [170]). During the malaria mosquito production period,
cyclical fluctuations of reservoir water levels were applied at intervals of seven to ten

days. In the average reservoir, it was found that a periodic fluctuation required at

least one foot of vertical change to effectively reduce mosquito populations.
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This chapter focuses specifically on the effect of water recession in shoreline en-

vironments on larval stranding. Using a experimental tank representing reservoir

shoreline in a lab, we investigated (1) how larval stranding is controlled by various

environmental conditions at a shoreline-water drawdown rate, reservoir slope, sur-

face conditions and wind-and (2) what physical mechanisms contribute to stranding

of larvae.

7.2 Methods

7.2.1 Experimental tank and conditions

In order to examine the stranding effect, larvae were placed in an experimental tank

representing reservoir environment (Fig. 7.2). The tank (50cm x 100cm) had a slope

made of sand and was partially filled with distilled water. The sand slope was em-

ployed under different surface conditions to represent various reservoir environment

(Fig. 7.2). After seeding the tank with larvae, the water in the tank was drained,

simulating water recession at a reservoir. Finally, the numbers of larvae stranded on

the surface and those remaining in water were counted.

Table 7.1 summarizes the conditions tested in the experimental tank representing

various reservoir shoreline environment. The variables tested were the inclination of

the sand slope, larval development stage, surface type of the sand slope, and wind

conditions. Tests with the same conditions except for slope were grouped together,

e.g., T1 indicates the experiments with fourth instar larvae, smooth surface and no

wind; it includes the experiments conducted using 2% slope (Tla) and 4% slope

(Tib).

The inclination of the sand slope used was 2% and 4%. T1-T4 were conducted

with both 2% slope and 4% slope. T5-T10 were conducted using 2% slope.

The surface types tested were smooth (with millimeter-scale roughness horizon-

tally and also millimeter-scale roughness vertically; hereafter "millimeter-scale rough-

ness"), rough (with centimeter-scale roughness horizontally and millimeter-scale rough-
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Table 7.1: Experimental conditions in investigating larval stranding.

Vertical
Test drawdown
ID Inclination Larval stage Surface type Wind rate applied

4th 2nd no onshore offshore
2% 4% instar instar smooth rough vegetated ridged wind wind wind

Tia x x x x 2-54 cm/d

T1b x x x x 2-54 cm/d

T2a x x x x 2-54 cm/d

T2b x x x x 2-54 cm/d

T3a x x x x 2-54 cm/d

T3b x x x x 2-54 cm/d

T4a x x x x 2-54 cm/d

T4b x x x x 2-54 cm/d

T5 x x x x 2-54 cm/d

T6 x x x x 2-54 cm/d

T7 x x x x 18-54 cm/d

T8 x x x x 18-54 cm/d

T9 x x x x 18-54 cm/d

T10 x x x x 18-54 cm/d
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Figure 7.2: Schematic of the experimental tank.
Surface conditions used for the slope of the experimental tank (size: about 50cm x

100cm) were smooth (with millimeter-scale roughness), rough (with centimeter-scale
roughness), vegetated (with centimeter-scale roughness and vegetation), and ridged

(decimeter-scale roughness). The vegetated surface condition was created by an ar-

tificial turf sheet shown at the bottom right. Water in the tank was reduced so that

the shoreline recedes at least by 40 cm horizontally from the initial shoreline. Larvae

found on the counting area (the area within 40cm from the initial shoreline) were
considered as stranded larvae.

ness vertically; hereafter "centimeter-scale roughness"), ridged (with decimeter-scale

roughness horizontally and centimeter-scale roughness vertically; hereafter "decimeter-

scale roughness"), and vegetated (with vegetation and centimeter-scale roughness). A

smooth slope was made by making the sand slope even with a flat wood stick. Note

that the smooth slope of sand is not completely flat, but granular with millimeter-

scale roughness. A vegetated surface was introduced by inserting an artificial turf

carpet (Fig. 7.2). Approximately 60% of the area of the sand slope was covered with

plastic grass. The height of the plastic grass was approximately 2 cm. In inserting
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the turf carpet, centimeter-scale roughness was introduced to the surface, because of

both the gridded base (3 cm lattice) of the turf carpet and the inserting process itself.

Hence, the vegetated condition included both vegetation and centimeter-scale surface

roughness. In order to separate the effect of the vegetation and the centimeter-scale

surface roughness, the rough surface condition was introduced with the same rough-

ness condition of the surface but without vegetation. The rough surface condition

was achieved by using the gridded base of the turf carpet only, after removing plastic

grass from the base. The last surface condition tested was ridged slope, whose slope

surface had the shape of a sinusoidal wave with a wave length of 20 cm and a wave

height of 1 cm. In all cases, the surface conditions were prepared manually; thus the

roughness and the shape of the sand slope varied slightly in every experiment.

The impacts of wind were examined in T7-T1O. With the slope and larval stage

constant (2% slope and fourth instar larvae, respectively), the effects of onshore and

offshore wind were observed under the presence and the absence of vegetation. The

wind was created by a small fan attached to the end of the experimental tank.

The water temperature in the tank ranged from 18 to 22 'C in T1-T6, experiments

without wind, where the water temperature corresponded to the air temperature of

the lab. In T7-T1O, experiments with wind, the water temperature dropped by a few

degrees Celsius below air temperature due to evaporation cooling: it ranged from 14

to 19 0C.

The water recession in the experimental tank was introduced either by a siphon or

a peristaltic pump. The water levels were recorded before and after the experiment, so

that the water drawdown rates could be calculated. For each test, twelve experiments

were conducted with four replicates within each of the following three drawdown

ranges (except for T7-T1O): 2-6 cm/d, 6 -18 cm/d, and 18-54 cm/d. For T7-T1O,

experiments were conducted only within the range of 18-54 cm/d.

The tank walls were covered with hydrophobic Teflon tape. Without Teflon tape,

the hydrophilic tank material created a concave meniscus, and the surface tension

from the meniscus drew larvae. To minimize this boundary effect, hydrophobic Teflon

tape was applies to the tank walls, which drove away larvae by the creation of convex

195



meniscus. As a result, less than 5% of larvae were found adhering to the walls during

the experiments.

7.2.2 Larvae

The STECLA strain of An. albimanus, was used in this study. STECLA, origi-

nally isolated from collections taken from Santa Tecla, El Salvador, is maintained by

NIAD/NIH as part of the BEI Resources Repository. The colony of STECLA was

maintained in an incubator, whose temperature was maintained at 22 C. The larvae

were fed with fish food (TetraMin) twice a day. Each experiment was conducted with

80 larvae. The larvae were initially seeded in the water in the tank uniformly. The

larvae were replaced if they had been employed in three experiments or been in the

tank for more than four hours. Fourth-instar larvae were employed for all sets of

experiments except T5 and T6, where second-instar larvae were used.

7.2.3 Larval stranding

Subsequent to water recession, larvae stranded in the area within 40 cm from the

initial shoreline (hereafter referred to as the "counting area"; Fig. 7.2) were measured

as stranded larvae. Because larvae deposited on land can move in search of water

by wriggling on damp soil, stranded larvae were counted only after waiting until the

shoreline receded at least 3 cm horizontally from the counting area. Larvae found

below the counting area were considered as larvae remaining in water, whether they

were found on the drained area below the counting area or in the water. The number of

stranded larvae (Nst,) and larvae remaining in water (Nrmn) were counted manually.

The total number of recovered larvae (Nrc) was calculated as Nrcv = Nstr+Nmn. Nrcv

was expected to be equal to the initial number of larvae seeded, i.e., INrcv - 801 = 0,

but small errors were observed throughout the experiments (INc - 801 ; 3). Larvae

were sometimes found dead or left uncounted hiding in water, which resulted in

Nrcv < 80; other times more than the intended initial number of larvae were recovered

(Nrcv > 80) due to larvae being left over from the previous experiment. The human
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error in counting the initial sample of 80 larvae was another cause of Nc. being

unequal to 80. The proportion of stranded larvae (p) was calculated as p = N.

7.3 Results

7.3.1 Effects of slope and surface type

Through T1-T4, the effects of slope and surface types were tested under the three

drawdown ranges (Fig. 7.3). In T1b, no larvae were stranded after two replicates of ex-

periments in any of the three drawdown ranges. Because additional experiments were

not expected to result in any stranded larvae, no further experiments were conducted.

[Smooth slope: T1] In the tests with the smooth surface, only a small proportion

of larvae were stranded. In Tla, with a 2% slope, p ranged only up to 0.11. p seemed

to increase linearly with the drawdown rate. In T1b, with a 4% slope, no larvae were

observed stranded (p = 0) at any drawdown range.

[Rough slope: T2] The 2% rough slope test (T2a) resulted in higher p than the

2% smooth slope test (Tia) if compared at the same drawdown range. Similarly, the

4% rough slope test (T2b) resulted in higher p than the 4% smooth slope test (Tib).

Both T2a and T2b showed positive correlations between p and drawdown rate. In

T2a, the minimum p of zero was observed at the lowest range of drawdown rate (at

2.37 cm/d and 2.84 cm/d). The highest p of 0.26 was observed at a drawdown rate of

23.6 cm/d (highest range), although three experiments with even higher drawdown

rates of around 40 cm/d (highest range) did not result in higher p than that. In T2b,

the minimum p of zero was observed in all the four experiments at the lowest range

and in the two experiments at the middle drawdown range.

[Vegetated slope: T3] The vegetated slope tests with 2% slope (T3a) and 4% slope

(T3b) resulted in even higher p than the rough slope tests, T2a and T2b, respectively,
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Figure 7.3: Effects of slope and surface
Vertical drawdown rate is shown in the

type on larval stranding.
x-axis, and the proportion of stranded larvae

(p) is shown on the y-axis. Three drawdown ranges (2-6, 6-18, and 18-54 cm/d) are
shown separated by vertical lines. Twelve replicates (four replicates for each of the
three drawdown range) of experiments were conducted in each test, except in Tib.
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if compared at the same drawdown range. In T3a, although a certain variability in

p (0.09-0.23) was found at the smallest drawdown range, the overall trend was the

positive correlation between p and drawdown rate. The minimum p observed in T3a

was 0.09 at a drawdown rate of 2.38 cm/d (lowest range), and the maximum p of

0.46 at a drawdown rate of 28.8 cm/d (highest range). The same increasing p trend

against drawdown rate was found with the 4% vegetated slope (T3b), where the min-

imum p of zero was observed at a drawdown rate of 2.53 cm/d (lowest range), and

the maximum p of 0.17 at a drawdown rate of 33.8 cm/d (highest range). Similar

to TI and T2, the effect of larval stranding was attenuated in the 4% slope test as

compared with the 2% slope test.

[Ridged slope: T4] Unlike in T1-T3, a correlation between p and drawdown rate

was not observed in the ridged slope tests (both T4a and T4b) (Fig. 7.3, Table 7.2).

p in T4a and T4b hovered around 0.26 and 0.21, respectively, independent of the

drawdown range, with a few exceptions.

Table 7.2: Results of linear regression analyses and correlation analyses.
First-order linear regression analyses were applied so that P = a x (drawdown rate)+b,
where E(P - p)2 is the minimum. R2 and p-value are not shown for T1b because the
correlation analysis is not applicable to a zero-slope line. Due to the small sample
size, correlation analyses were not conducted for T7-T10.
* significant at the 95% confidence interval

Test ID p (mean) a (slope) b (intersect) R2  p-value
Tla 0.039 0.0023 -0.0022 0.60 0.0029*
T1b 0 0 0 - -
T2a 0.23 0.010 0.098 0.60 0.0029*
T2b 0.056 0.0033 0.00034 0.48 0.011*
T3a 0.10 0.0041 0.029 0.51 0.0082*
T3b 0.021 0.0010 0.00042 0.35 0.040*
T4a 0.26 -0.0014 0.28 0.018 0.67
T4b 0.21 0.0044 0.13 0.32 0.053
T5 0.14 0.0030 0.092 0.10 0.31
T6 0.040 0.0016 0.010 0.34 0.045*
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7.3.2 Effect of larval development stage

Younger larvae may have a different susceptibility to water recession than older larvae

do. Two tests were carried out using second instar larvae under 2% rough and 2%

vegetated surface conditions without wind (T5 and T6, respectively). The results

were then compared to those from tests conducted under corresponding conditions

using fourth instar larvae, i.e., T2a and T3a. (Fig. 7.4: left).

T2a and T5: Rough surface T3a and T6: Vegetated surface

0.5 0.5

0.4 0.4

0.3 03 -

00.2 - 0.2 - 4th insta

S02nd inslar

0.1 -- 01 - - - - - -

0 - ~ 0

0 10 20 30 40 50 0 10 20 30 40

Figure 7.4: Effect of larval development stage on larval stranding.
Vertical drawdown rate is shown in the x-axis, and the proportion of stranded larvae
(p) is shown on the y-axis. Three drawdown ranges (2-6, 6-18, and 18-54 cm/d) are
shown separated by vertical lines. Blue and orange dots represent the experiments
with fourth instar and second instar larvae, respectively.

[2nd and 4th instar larvae on rough slope: T5 and T2a] When the rough sur-

face was employed with second instar larvae in T5, the trend and the magnitude

of larval stranding were comparable to those in the fourth instar experiments (T2a)

(Fig. 7.4: right). Similar to the case of fourth instar larvae, second instar larvae

stranded slightly more as the drawdown rate increased. The likelihood of stranding

was similar for second instar larvae and for fourth instar larvae on the rough surface.

[2nd and 4th instar larvae on vegetated slope: T6 and T3a] With the vegetated

slope, second instar larvae showed a smaller vulnerability to stranding than fourth

instar larvae (Fig. 7.4: left). The positive correlation between p and drawdown rate

was observed in T6 with second instar larvae, which was consistent with T3a with

fourth instar larvae.
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7.3.3 Effects of wind

In order to examine the impacts of wind on larval stranding, experiments were con-

ducted using 2% rough slopes (T7 and T8) and 2% vegetated slopes (T9 and T10)

with fourth instar larvae. Onshore wind was applied in T7 and T9, and offshore wind

was applied in T8 and T10. When the wind was introduced, experiments conducted

with small drawdown rates, which took a relatively long time, resulted in high mor-

tality of larvae. The high larval mortality was likely because (a) larvae consumed

energy by swimming or anchoring in place, resisting waves or water currents created

by the wind, and (b) water temperature dropped down to 14'C due to evaporation

cooling induced by wind. The energy expenditure to resist waves and currents might

be an important factor to consider in controlling larvae, but the temperature drop

is not relevant to the real reservoir phenomenon because the air temperature is well

mixed with its surroundings and hence water temperature does not decrease easily.

Because we were only interested in the effect of stranding and wanted to avoid ir-

relevant temperature effect, experiments for T7-T10 were conducted only within the

highest drawdown range: four replications in each test. The effects causing high lar-

val mortality were considered to be negligible within the highest drawdown range,

because larvae were exposed to the experimental conditions only for a maximum of

two hours. In fact, most larvae used in T7-T10 stayed healthy after experiments.

[Wind on rough slope: T7, T8 and T2a] With the rough surface, the experiment

with onshore wind (T7) resulted in a higher proportion of stranded larvae, p, than

the no-wind test (T2a); however, the observed values of p in the offshore wind test

(T8) were close to the values expected in T2a (Fig. 7.5: left). Onshore wind pushed

larvae to the shoreline, leaving larvae in an area, which would soon be drained. The

result of higher p with onshore wind thus sounds reasonable. The average propor-

tion of stranded larvae in the four experiments in T7 (0.35) was approximately seven

times higher than the equivalent average in T2a (0.19, average of the four p values

obtained at the highest drawdown range). If the same mechanism worked for offshore
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Figure 7.5: Effects of wind on larval stranding.
Vertical drawdown rate is shown in the x-axis, and the proportion of stranded larvae
(p) is shown on the y-axis. Three drawdown ranges (2-6, 6-18, and 18-54 cm/d)
are shown separated by vertical lines. Twelve blue dots represent the experiments
without wind. Orange and green dots represent the experiments with onshore wind
and offshore wind, respectively.

wind, larvae would be pushed toward a deeper area; hence, only a small number of

larvae would become stranded. However, the observation showed a different result.

The average proportion of stranded larvae in T8 was 0.20, only a small difference

from the result in T2a. In fact, in the offshore wind experiments, some larvae were

observed to have been pushed to deeper water by surface waves created by the wind;

however, the authors also observed that larvae tried to cling to a shallow area under

offshore wind, trying not to be pushed by the waves, which could account for this

unanticipated high p values.

[Wind on vegetated slope: T9, T10 and T3a] The effect of wind on the vegetated

surface is illustrated in Fig. 7.5: right. In the onshore wind test (T9), the average

proportion of stranded larvae was approximately 0.42, which was comparable to the

equivalent average obtained in T3a (0.42, average of the four p values obtained at the

highest drawdown range). In the offshore wind test (T10), a close value of 0.42 was

obtained as the average proportion of stranded larvae. Under the vegetated condition,

the physical effect of wind was observed to be attenuated because the paths of wind

and surface waves were partially blocked by vegetation. Consequently, the existence

of wind did not significantly influence the probability of larval stranding.
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7.4 Discussion

7.4.1 Mechanisms of larval stranding

Three mechanisms for larval stranding were identified: falling behind shoreline re-

cession, entrapment in small closed water bodies, and inhabitation of shallow areas

(Fig. 7.6). Receding water leaves some area on a reservoir slope drained; the reces-

sion rate along the shore slope (hereafter "shoreline recession rate") influences the

extent of larval stranding. In the presence of micro-topography, water remains in

small depressions during the water recession, creating closed water bodies separated

from the reservoir water. Closed water bodies entrap larvae, so that larvae fail to get

back into the reservoir water. Also, with the existence of vegetation or onshore wind,

more larvae inhabit the shallow area near the shoreline, increasing their susceptibility

to stranding. The three stranding mechanisms and their determinants are discussed

further in the following sections.

(a) (b) (c)

vertical recession

shoreline recession

Figure 7.6: Three mechanisms of stranding larvae.
(a) Falling behind shoreline recession: When the shoreline recession rate is high, larvae
fail to overtake the receding water after deposited on land and become stranded. (b)
Entrapment in small closed water bodies: Receding water leaves behind water and
larvae at depressions. Once the water body is separated from the reservoir, larvae
cannot easily leave. These separated closed water body may dry out soon, causing
larval death. (c) Inhabitation of shallow areas: Larvae staying at a shallow area near
the shoreline are more susceptible to stranding. Vegetation and onshore wind work
to attract larvae to a shallow area.

Falling behind shoreline recession

Larvae can move on damp soil by wriggling [143, 85]. Active motion of deposited

larvae in search of water was observed in this experiment. After being deposited

on land, larvae tried to get back into the main water body, wriggling their way.
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Larvae that failed to overtake the receding water finally became stranded. In this

mechanism, the effect of stranding is larger if the shoreline recession rate is higher

because it requires deposited larvae to move longer or faster to overtake the receding

water.

Shoreline recession rates are high in the following two conditions. One is high

vertical water drawdown rates. The positive correlation between p and drawdown

rate found in this study (Table 7.2) is explained by this mechanism. For the tests

with fourth instar larvae (T1-T4), the results of the regression analyses all showed

positive slopes and relatively small intersects, except for the tests with the ridged

surface (T4). Another condition is small slopes. With the same vertical drawdown

rate, the shoreline recession rate is higher at a smaller slope than at a larger slope.

In this study, the tests with a 2% slope experienced higher p than the tests with a

4% slope (Table 7.2), all other conditions being equal.

In addition to horizontal drawdown rates, the speed with which larvae move on

the drained area is an important factor. The speed of larval wriggling is influenced

by the size of sand granules, wetness of sand slope, species of Anopheles, etc. The

development stage of larvae could also be a factor that determines their ability to

wriggle. The authors expected that second instar larvae would be more susceptible

to stranding than fourth instar larvae because they are less capable of wriggling their

way on damp soil. However, the results did not support this expectation (Fig. 7.4).

Authors observed that second instar larvae were able to swim more easily in very

shallow water, compared to fourth instar larvae. The ability to swim in shallow water

makes larvae less susceptible to stranding. In this study, second instar larvae seem

to have compensated for their unskillfulness in wriggling on damp soil after being

deposited on land by using their ability to swim in a shallow area, in order to avoid

becoming stranded.

In the case of the ridged surface (T4), receding water created relatively large and

deep water bodies between ridges, where larvae seemed not to realize that the water

bodies were becoming separated from the main reservoir water. By the time larvae

realized that the area was becoming drained, the area was closed by ridges, leaving
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few paths to go back to the main reservoir water. In this situation, the rate of water

recession seems not to be important.

Entrapment in small closed water bodies

Larvae in a closed water body can rarely find a way to move to another water body.

Receding water leaves closed water bodies in depressions with various scales. For

example, a rough surface creates millimeter- to centimeter-scale closed water bodies,

and hoofprints become centimeter-scale closed water bodies. Even larger-scale closed

water bodies can form at topographical depressions. As water recedes, larvae some-

times remain in such closed water bodies, whose water dries out after a while, leaving

them with the fate of death by desiccation [61].

Tests with rough surface (T2) resulted in higher p than tests with smooth surface

(T1), because small closed water bodies are present in T2, partially blocking larval

wriggling. In the case of the ridged surface (T4), the formation of closed water bodies

between the ridges made it nearly impossible for larvae to leave the area.

Inhabitation of shallow areas

The population susceptible to stranding is the larvae staying at shallow areas near

the shoreline. Usually larvae stay in those shallow areas because wave actions and the

exposure to predators are less there. In this study, vegetation and onshore wind were

found to increase the susceptible population, lending more larvae being stranded.

Vegetated condition is favored by some species of Anopheles as their regular breed-

ing sites [170, 138]. In addition, larvae adhere to vegetation using surface tension [138]

(Fig. 7.7). Larvae sticking to vegetation seem to be stable and to expend less energy

due to the reduced need to swim against water currents or surface waves. Larvae

are drawn by vegetation with hydrophilic surfaces, which is typical for vegetation

at most mosquito breeding sites. The plastic vegetation used in this study was also

hydrophilic and thus drew many larvae with surface tension forces. The higher p

observed in the vegetated slope than in the smooth slope and in the rough slope is

most likely due to the mechanism of inhabitation of shallow areas due to vegetation.
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Figure 7.7: Larvae drawn by plastic vegetation due to surface tension forces.

The vegetated area at a reservoir is usually a narrow stretch near the shoreline

especially if emergent vegetation is present. With vegetation at a shoreline, many

larvae are expected to become stranded, attracted by vegetation in shallow ares,

which will soon be drained if the reservoir water recedes.

The presence of wind may also influence mosquitoes to stay in a shallow area.

In this study, the higher p was observed with onshore wind when vegetation was

absent. Onshore wind creates surface waves towards the shoreline, pushing larvae to

a shallower area. Offshore wind has the opposite physical effect, pushing larvae to a

deeper area; however, larvae seem to realize the effect and try to cling to a shallower

area in order not to be pushed away. Because of this phenomenon, this study did not

find lower p in the offshore wind experiments as compared to no-wind experiments.

The experiments were, however, conducted in less than two hours. Exposure to

offshore wind for a longer time might decrease the susceptibility to stranding, but

instead, larvae would face higher risk of death in reality by being pushed into deeper

water. In a deep area, the effect of waves could be strong enough to drown larvae,

and the risk of predation becomes high.
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7.4.2 Effectiveness and feasibility of water-level management

at reservoirs for malaria reduction

The proportion of stranded larvae observed in this study depended on reservoir shore-

line environments and water drawdown rates. The shoreline environments at which

larvae are susceptible to stranding are identified as having small slopes, rough surfaces

and vegetated surfaces. If Anopheles larvae are found around reservoirs with these

conditions, water recession could effectively reduce vector population by stranding

larvae. In general, small slopes of shoreline make reservoir breeding sites more at-

tractive for Anopheles mosquitoes by extending shallow areas [31]. In Africa, where

malaria death toll is high, An. funestus is one of the main vectors associated with

reservoir breeding sites. An. funestus likes permanent water bodies, like reservoirs

behind dams, with emergent vegetation [46]. Emergent vegetation contributes to the

inhabitation of shallow areas mechanism by its nature of growing at shallow areas

at the edge of reservoirs and by creating surface tension around it to anchor larvae.

The coincidence of the conditions for productive Anopheles breeding sites and for

large larval stranding suggests that deliberate manipulation of water levels can be an

effective tool to control malaria around reservoirs.

The effectiveness of stranding also depends on the water drawdown rates. The

highest drawdown rate tested, around 50 cm/d, may not be realistic to implement

for most of reservoirs, and the effectiveness of stranding declines as drawdown rate

decreases, except for ridged surface conditions. One way to achieve higher drawdown

rate would be to apply periodic fluctuation of reservoir water levels, as was applied

by TVA (Fig. 7.1). At some reservoirs, shoreline surface would be close to the ridged

slope condition tested in this study with the existence of microtopography. In this

case, even slow drawdown could effectively strand larvae.

In this study, the maximum proportion of larval stranding rarely exceeded 0.5.

This would be so because larvae were initially seeded uniformly over the tank, leaving

approximately half of them outside the counting area. That is, when p = 0.5, nearly

all the larvae became stranded when the area where they were located was drained.
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In reality, we may expect larvae to be concentrated in shallow areas near shoreline,

making stranding more likely as water recession occurs.

Susceptibility to stranding may be species dependent. An. albimanus was used in

this study expecting the behaviors of aquatic stage mosquitoes are not significantly

different among Anopheles species. Although the behaviors of adult mosquitoes and

preferable aquatic habitats have been well documented, little has known about the

behaviors of aquatic stage mosquitoes. The effect of stranding for other Anopheles

species is of further interest.

Stranding does not necessarily lead to larval death. Larvae can survive on damp

soil, depending on their development stage, for up to around 100 hours [38,39]. When

a reservoir water level is kept close to the drained area, larvae may survive for a few

days after being stranded because the land on which they are deposited is wet. Events

such as rainfall and high waves from a reservoir supply water to stranded larvae,

preventing them from dying of desiccation. Similarly, a fluctuation of reservoir water

level should be carefully planned so that stranded larvae are left above water for a

long enough time to die.

7.5 Conclusions

Increasing dam construction is likely to enhance the risk of malaria throughout the

world. Controlling reservoir water levels could be an effective and sustainable mea-

sure to reduce malaria around dams. Decreasing reservoir water level has an effect of

stranding mosquito larvae, and hence reducing their populations. In this study, the

effect of larval stranding at water recession was studied at various reservoir shoreline

environments in lab settings. This paper is the first to articulate the mechanisms

of larval stranding quantitatively. The paper found that larger larval stranding can

be realized by higher water drawdown rates, smaller reservoir slopes, and rough or

vegetated surface conditions. The fact that Anopheles' favorable breeding condi-

tions of small inclination and vegetated slope coincide with the conditions for large

stranding effects would support the efficacy of water-level manipulation at reservoirs
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as a malaria control measure. We identified three mechanisms for larval stranding.

The first mechanism, called as "falling behind shoreline recession," occurs when lar-

vae deposited on land fail to overtake the receding water. The second mechanism

''entrapment in small closed water bodies" describes the situation where larvae are

left at small puddles created at depressions behind shoreline after water recession.

The third mechanism "inhabitation of shallow areas" is due to vegetation or onshore

wind and keeps larvae at shallow areas near shoreline, which will soon be drained if

reservoir water recedes. These findings should aid the implementation of water-level

manipulation strategies at reservoirs for malaria control.
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Chapter 8

Predictive Theory of Malaria

Transmission

8.1 Introduction

The transmission dynamics of malaria are complex. Climatological, hydrological, and

biological factors interact non-linearly at various stages of the transmission cycle and

shape malaria transmission dynamics. Another key element of malaria transmission

dynamics is environmental factors. The large dimension and non-linearity of those

factors make it difficult to predict and intervene against malaria.

Malaria can be sustainably prevented through environmental modification ap-

proaches. Climatological, hydrological, and biological factors are hardly controllable;

malaria treatment interventions require continuous effort to attenuate or avoid the

impact of those factors. Environmental factors, on the other hand, can be manipu-

lated; well-designed planning of environmental conditions could work as a long-term

malaria prevention approach. Facing the low momentum in the public health arena of

malaria control, due to fatigue of donors, spread of drug-resistance, fragile health in-

frastructures etc., prevention approaches, as opposed to treatment approaches, could

be more sustainable and cost-effective in fighting malaria.

Planning of house locations relative to vector breeding sites and removal of pools

near houses could be effective malaria prevention techniques. The importance of the
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relative distributions of houses and pools has been reported both in simulation stud-

ies [53, 11] and in observational studies [113, 172, 14, 193], spelling out the large

risk of contracting malaria when houses are located near vector breeding pools. The

threshold distance for high malaria transmission risk is reported to be some hundreds

of meters [113, 172, 193]. This paper will demonstrate that the threshold distance to

prevent malaria is not universal, but significantly influenced by climatology, hydrol-

ogy, biology of local vectors, and that those factors interact in a complex manner.

Planning of malaria-resistant village, thus, may not be straightforward.

This study seeks both to reduce the dimension of malaria transmission determi-

nants, and to aid environmental manipulation to prevent malaria. The objective of

this paper is to provide a tool to analyze malaria transmission potential at various

environments, including different house distribution conditions. The analyses are

conducted for conditions where mosquito populations are limited primarily by water

availability, such as the fringe of Sahel. Based on theoretical studies with a wide range

of forcings and parameters, a predictive theory of malaria transmission potential will

be presented. The theory will then be tested for West Africa. In testing the theory,

the impact of house distribution is emphasized.

8.2 Methods

8.2.1 Malaria transmission simulation model

This study is based on a mechanistic malaria transmission model, HYDREMATS-

HYDRology, Entomology, and MAlaria Transmission Simulator. Instead of using the

Ejersa model (the model used throughout this thesis with the representation of a

reservoir), HYDREMATS calibrated for relatively dry regions in West Africa [186] is

applied. HYDREMATS features the explicit representation of the location and the

persistence of vector breeding pools, and the location of human houses. The spatial

and temporal settings of the simulations are explained below.

The evaluation of the malaria transmission potential was based on the basic re-
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production rate (R,), which is defined as the number of infections expected to be

generated by a single infectious person in a totally susceptible population. R, is

commonly used to evaluate the endemic potential of malaria transmission; however,

it's use has been limited to an assumed static mosquito population [103, 157, 156].

In this thesis, HYDREMATS has been developed to be capable of calculating R" for

any dynamic environmental conditions and mosquito populations (Section 3.2.4).

8.2.2 Spatial settings of simulation domain

Simulations were conducted under hypothetical settings. The spatial setup was a

1000m by 1500m domain, having at the center a 20m-wide breeding pool expanding

longitudinally (Fig. 8.1A). The pool appears and disappears depending on the hy-

drological setting assumed, which is described in the following section. Houses are

located at XdiSt m away from the pool transversely at both sides of the pool, and Ydi5t

m away from each other longitudinally.

8.2.3 Temporal settings of pools

The temporal settings employed are described in Fig. 8.1B. This study assumed that

a year has a clear wet season for Tet days and a dry season for the rest of the year.

Pools appear intermittently at an interval of Tint days during a rainy season of Twet

days. Tint represents the storm inter-arrival time. Out of Tst days, pools persist for

T.. days, gradually decreasing the probability of mosquitoes laying eggs and impos-

ing persistence-dependent larval mortality, representing progressive disappearance of

pools. Each experiment was run for the simulation period of four years, repeating the

temporal setting described above.

A certain minimum number of mosquitoes were allowed to exist throughout simu-

lations in order to seed mosquito population dynamics for the first and the subsequent

rainy seasons after long dry periods. The parameter values used in the simulations

are summarized in Table. 8.1.
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A <Spatial setup>
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grid size:
lOi x lom
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U
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20m

B <Temporal setup: hypothetical condition>

1 year

Dry season

.. Storm inter-arrival time (Tint)

Pool persistence (Ton) No pool period

C <Temporal setup: hydrolorogically-saturated condition>

Ton= c , Ton/Tint=1

=1-------------------------------------------------

0 TO time

Figure 8.1: Spatial and temporal setup of the model.
(A) Spatial setting in the simulations. Simulations were conducted under a

1000m x 1500m domain with 10m x 10m grids. A 20m-width pool appears at the

center of the domain. Houses are located Xdi,t away from the pool, and Yi 8t away from

each other. (B) Temporal setting: hypothetical condition. The hypothetical

condition used in this study defines a clear wet and dry season in a year. During

a wet season (Tet), pools are created at every storm inter-arrival time (Tne), and

persist for T0, days. Simulations were conducted for four years repeating the specified

hypothetical hydrological conditions. (C) Tempotral setting: hydrologically-
saturated condition. The hydrologically saturated condition defines the condition

where Twet = oc and T0 ,/Ti,, = 1. The persistent pool is assumed to be created at

time zero. Under this condition, the time required to reach R0 = 1 is defined as T.
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Table 8.1: Model parameters.

additional values
variable parameter values in sensitivity study unit

Xdist 50, 100, 150, 200, 250, 300 - m
Ydist 50 70, 30, 10 m
Twet 1, 2, 3, 4, 5, 6, 8, 12 - month
Ton 6, 9, 12, 15, 18, 21, 27 (depend on Tint) day
Tint 28 21, 14 day
temperature 19, 21, 23, 25, 27, 29, 31, 33, 35 (21, 27, 33 only) 0C

8.2.4 Time scale for stable malaria transmission, TO

This study introduces a new malaria time scale, T,. TO(t) is defined as the length of

the rainy season required to reach R 0 = 1 under the hydrologically-saturated condition

at a given temperature t and a given spatial condition. The hydrologically-saturated

condition assumes a persistent pool (i.e., Twet = oc, Ton = oc, and To,/Tint = 1)

that is created at the beginning of the simulation period. To is thus not a function of

hydrological variables, Twet, Tint, Ton. Under this condition, RE, = 1 keeps rising until

the system becomes stable. The stability point may or may not exceed R. = 1. If

the system stabilizes at E& < 1, To was defined as infinite. To may or may not exceed

one year.

With trv, tad, and tpara being temperatures that influence larval development time,

adult life span, and parasite development time, respectively, TO(t) was defined as:

T0(t) = T0 (t
1 v, tad, tPara),

where this study assumes t = tlrv = tad = tpara. One can also define tlrv as water

temperature, and tad and tpara as air temperature. In this study, water and air

temperatures were assumed to be equal.

In order to analyze the contributions of larval development time, adult life span,

and parasite development time at different temperatures, T.r(t), Tcod(t), and T MgoT (t)

were introduced:
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Tv(t) = T(ttreftref),

Tad(t) = To(tref, t, tref),

Toara ?(t) = To (tref, treft ),

where tref is a reference temperature set at 27 'C.

8.2.5 Two dimensionless parameters

Two dimensionless parameters are introduced: D, = Twet/To and D2 = Ton/Tne.

D1 measures the relative length of the wet season, Twet, compared to the malaria

time scale, To. Relatively small D1 indicates a wet season that is too short to create

the critical size of mosquito population that may sustain malaria transmission.

D2 describes the variability in hydrologic conditions determining the intermit-

tency of pools. It indicates the proportion of time that pools exist during a rainy

season, and also the deviation between the condition during a rainy season and un-

der the hydrologically-saturated condition. D2 nears one when pool are persistent,

and zero when pools are short-lasting. As D 2 reaches one, the condition becomes

closer to the hydrologically-saturated condition. (D2 = 1 deviates slightly from the

hydrologically-saturated condition, where Ton = oc, because finite Ton values impose

gradual reduction in oviposition probability and the additional larval mortality. )

8.2.6 West Africa as a testing site

The results of the theoretical work were tested against observational data over West

Africa. West Africa was selected as a testing site for the following three reasons. First,

the largest burden of malaria is in Africa (e.g., 90% of deaths), of which sub-Saharan

West Africa experiences the disproportionately high mortality and morbidity [181].

Second, West Africa features strong north-south gradients in temperature and rain-

fall, resulting in a range of climate conditions and malaria vulnerability [23, 83, 186]
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(Fig. 8.2). Finally, detailed hydrological data are available for West Africa from

Yamana's study [186]. HYDREMATS has been calibrated successfully in previous

studies [12, 9, 186] over the semi-arid climate in West Africa.

6
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Figure 8.2: Malaria intensity and hydroclimatological conditions in West Africa.
(A) Malaria intensity and twelve study sites in West Africa. Plasmodium falciparum
parasite rate in two- to ten-year-old children estimated for the year 2010 is shown

(color). The figure was adapted from the Malaria Atlas Project (MAP). Also shown
are the locations of twelve study sites used in Yamana [186] (circles with site number).

The sites were numbered from north to south. All the twelve sites are located in semi-

arid regions, where annual rainfall is less than 1100mm. (B) Average rainy season

temperature for the twelve sites. (C) Average annual rainfall for the twelve sites. (D)
Average rainy season length for the twelve sites.

8.2.7 Estimation of model parameters for West Africa

Hydroclimatological data and population data were used to estimate the dimension-

less parameters, D1 and D2, which were then applied to estimate malaria transmis-
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sion potential. Hydroclimatological data used were monthly temperature and rainfall

data from 2001 to 2010 from CRU TS 3.21 [114]. Population density (PD) data were

obtained from Gridded Population of the World, Version 3 (GPWv3) for the year

2000 [21].

The parameters used for estimating D1 and D2 are summarized in Table 8.2. D1

was obtained using Tet and T,. Tet is the length of the rainy season. In the obser-

vational data, a rainy season was defined as the period from when annual cumulative

rainfall exceeds 10% until it reached 95%. This definition works well for West Africa

because this region experiences just one distinct rainy season per year (Fig. 8.3). In

estimating the malaria time scale, T, information on temperature, Xdist, and Ydist are

required. The temperature used was the average temperature over the rainy season,

because this is the major period when mosquito population dynamics and malaria

transmission occur.

Table 8.2: Model parameter estimation.

Dimension-less Environmental
number parameters Parameter estimation

Rainy season length, during which annual
D, Twet cumulative rainfall is > 10% and < 95%

T temperature Rainy season average temperature

Xdist Implied from population density
Ydist Set at constant

Estimated as Ton/Tit
D2 Ton from the empirical relationship

Tint

Estimation of Xdist and Yist is not easy, because houses do not line up as assumed

in the hypothetical setting in this study. For simplicity, Ydist was set at a fixed value

of 50m. Xdist was estimated by comparing the observational PD (Fig. 8.4A) and

the PD implied from Xdi8 t (PDimp(Xdist)). The implied relationship between PDimp

and Xdi8 t was derived assuming the following: (a) five people live in a house, (b)

household density of a village is 1/Xist 2 [per M 2], and (c) a fraction (1/a) of an area
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Figure 8.3: Cumulative rainfall and Tet for twelve sites in West Africa.
Cumulative rainfall distribution for each of the twelve study sites is shown, with
the x-axis being time from the beginning to the end of the year 1998. The number
next to the site number indicates the annual rainfall for the year. The two red lines
indicate the times when cumulative rainfall exceeds 10% and 95%, respectively, of
annual rainfall. Tet is the length between the two red lines. Rainfall data were
obtained from CMORPH version 1.0 [71]. Note that the CMORPH data shown here
are 30-minute data, but CRU data used in the analysis are monthly data.

is populated by villages; PDimp = 5 x Xdist- 2 X c-1 x 10-6 [per kM 2]. a was set

at 15, so that the distribution of PD values can be captured more accurately within

the Xdit values used in this study. Using the observational PD, Xdi.t was inferred

(Fig. 8.4B):

50 if PD > PDimp(Xist = 50)

100 if PD > PDimp(100) and PD < PDimp(50)

Xdit =<150 if PD > PDimp(150) and PD < PDimp(100)

200 if PD > PDimp(200) and PD < PDimp(250)

250 if PD > PDimp(250) and PD < PDimp(300)

300 if PD > PDimp(300)
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Figure 8.4: Population density and inferred XdiSt in West Africa.

(A) Population density in West Africa. Population density [per km2 ] is plotted in

logarithmic scale. The data were obtained from Gridded Population of the World,

Version 3 (GPWv3) for the year 2000 [21]. (B) XdiSt inferred from population density.

D 2 is the proportion of pool persistence (T0,) to the storm-interarrival time

(Tint). In obtaining D 2, instead of estimating To, and Tint separately, the values

of T0 /Tt were estimated. Although pool persistence was simulated explicitly for

West Africa in Yamana's study [186], determining representative To, values is chal-

lenging because natural climate forcing is neither regular nor periodic, and because

T0 , values vary significantly for each storm event. However, the total of To, over the

rainy season, Ttot , can be obtained easily without any need to differentiate storm

events. The total of Tint over the rainy season, on the other handm equals Twet

(Fig. 8.1B). Thus, in the hypothetical simulation setting, the proportion of T~ot

to Tet equals the proportion of T0, to Tint (i.e., Tonto'/Twet =Ton/Tit). More-

over, although Tontot data are available only for the twelve sites used in Yamana's

study [186], a strong correlation between Ton't'/Twet and annual-rainfall/Twet was

found (Fig. 8.5). Tn'ot /Twet was found to scale empirically with annual-rainfall/Twet,

with a factor of proportionality equal to 0.14. Thus, D2 can be estimated from a

globally available rainfall data set. The empirical equation relating D 2 and rainfall

data reads: D2 = Ton/Tint =Ton t/Tet = annual-rainfall/Twet x 0.14. Although

information on Ton and Tint is not usually available separately, Yamana's study [186]

provides reliable estimates for Ton/Tint or D2 .
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Figure 8.5: Comparison between Tnt"t/Twet and annual-rainfall/Twet.
Totnt was obtained from HYDREMATS simulation results by Yamana [186], by ag-
gregating the time that the major pool in the simulation domain existed. A value
was included in T0nt*t only if the pool persisted for more than a certain number of
days because the most short-lived temporary pools do not contribute to mosquito
population dynamics. Totnt calculation hence depends on the imposed requirement
for the pool persistence. The minimum persistence of pools was set at 2 to 7 days,
as indicated in the legend. The value of Tn t*/Teet was calculated for each minimum
persistence (stars), and it is shown on the left y-axis. Annual-rainfall/T"et is shown
in black line on the right y-axis. All of T0,nt", Twet, annual-rainfall, and Twet shown
here are the fifteen-year average from 1998 to 2012. A significant correlation between
Ton,"'/Twet and annual-rainfall/Twet was found.

8.3 Results

8.3.1 Timescale for stable malaria transmission

A time scale for malaria transmission, T, was introduced. T was defined as the

time that Tet is required to last to reach E0 = 1 under the condition of permanent

water body, i.e. Tn = oo (hereafter hydrologically-saturated condition). In other

words, if a static water body exists for T days of a year, annual Ro would reach the

critical value of one, and malaria transmission is stable. T is thus independent of
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hydrological factors, Tet, Tan and Tint, but is dependent on temperature and spatial

factors, Xdi8 t and Ydi 8t. T. was obtained for each environmental condition, i.e. for

different combinations of temperature, Xdist, and Ydist, by running simulations under

the hydrologically-saturated condition.

The contour lines of T are shown in Fig. 8.6 on the plane of temperature and

Xdi8 t fixing Ydj t at each panel. Smaller T indicates higher malaria potential, which

is always the case for smaller Xdi8 t and smaller Ydist values. Above critical values of

Xdi8 t, R never reaches one, and hence T can be assumed as infinite. The condition

with T = oc means that malaria can not be sustained under this environmental setup

even with the existence of a permanent water body.

A 300 B 300 C300 D 300

To = Inf

250 400 To =Inf 250 To= Inf 250 20 400 250 1

'200 00 200  j 200  2o 2 00

X150 /150 p150 p150

100 100 1 100 100

, 

50, 50 175- --25 ------5

19 21 23 25 27 29 31 33 35 37 19 21 23 25 27 29 31 33 35 37 19 21 23 25 27 29 31 33 35 37 19 21 23 25 27 29 31 33 35 37

Temperature [*C] Temperature [C] Temperature [
0C] Temperature [*C]

Figure 8.6: Contour lines of malaria time scale, T, at different Yi,,t values.

Contour lines of T, at Ydit = 70m (A), 50m (B), 30m (C), and 10m (D) are shown.

The contour lines of T were drawn at intervals of 25 days from T=50 to 100, of 50

days from T,=100 to 200, and of 100 days beyond that. Beyond the blue line, T"

became infinite, where the system equilibrated at R, < 1.

Responses of T, to Xdi8t and temperature are non-linear, whose behaviors can be

understood by looking at governing biological factors. Fig. 8.7 illustrates the three

important biological characteristic times: larval development time (blue), adult life

span (red), and parasite development time in mosquito midgut (a.k.a. extrinsic in-

cubation period, EIP) (green). Larval development time spans mosquitoes' aquatic

life from eggs, to larvae, to pupae, and to adult emergence. In our model, the larval

development time follows the Depinay's equation [28], and the adult life span fol-

lows Martens' equation [107]. The EIP is calculated using Detinova's equation [29].

Because these biological time scales do not translate linearly to malaria transmission
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potential, the behavior of T differs from that of these timescales. In addition, the im-

portance of these biological factors varies not just with temperature, as often asserted

in the literature, but also with spatial collocation of pools and houses (Fig. 8.8). The

contributions of larval development time, adult life span, and EIP were expressed

in line with T, as Ty7, T0d, and Toa, respectively (for definition, see caption of

Fig. 8.8 and Methods section). At small Xdist, malaria transmission is limited by EIP

(Fig. 8.8 left); even though infected mosquitoes find hosts, they are not often infec-

tious yet. This effect is stronger at colder temperatures, when EIP is large. At large

Xdi8t, mosquito life span is the main limiting factor for malaria transmission (Fig. 8.8

right). Mosquitoes have to fly at least Xdi8 t, between houses and pools, three times

within their life time to transmit malaria. This limitation is especially strong when

mosquitoes' life span is short at high temperature.

30
-- Larval dev. time

25. Adult life span
E- Parasite dev. time

.20-
(,

S15-
(U
CU

10-olO

0

01
19 23 27 31 35

Temperature [*C]

Figure 8.7: Characteristic biological time scale.
Average larval development time (aquatic stage life time from eggs to adult emer-
gence) (blue), adult life span (red), and parasite development time (EIP) (green) are
shown as a function of temperature.
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Figure 8.8: T, and contributing biological factors.

T, and contributing biological factors at Xdi8 t =100m (left) and 200m (right). T

(black), TV" (blue), Td (red), and TP"' (green) are shown. Ydis, was set at 50m.

T0 (t) = T (t' t, tPara), where t = t1r = tad = tpara. Trv(t) = To(t, tref, tref), which

is a function of only tlrv. Tad(t) To(tref, t, tref), which is a function of only tad.

Topa (t) = To(tref, tref, t), which is a function of only tpara. tlJ, tad, and tpara are

temperatures that affects aquatic-stage development, adult longevity, and parasite

development, respectively. tref is a reference temperature set at 27 'C.

8.3.2 Universality in malaria endemic conditions in dimension-

less space

The conditions for R, = 1 were mapped in a dimension-less space constructed by Di =

Twet/To and D 2 = Ton/Tint. Simulations were conducted with various spatial settings

and hydrological conditions at different temperatures. In Fig. 8.9, the conditions

that led to R& = 1 were presented in the dimension-less space, for all the listed

values of Xdi8 t, Twet, Ton, and temperature. The values of Ydist and Tint were fixed in

Fig. 8.9, and the sensitivities to those parameters are discussed in Section 8.3.3. The

observed points for Ro = 1 (circles) were fitted with natural logarithmic functions

(solid lines) for each temperature, which serves as contour lines for E& = 1. A

logarithmic function fitted with all the presented conditions across temperature values

reads D2 = -0.27 log Di + 0.94 (- fo); the area bounded by the black dotted lines
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in Fig. 8.9 shows +1.5 in y-direction from the fitted line, fo. The conditions above

the contour line for a given temperature have high probability of having malaria

endemics, where o > 1, and the conditions that fall below the lines are likely to be

malaria-free, where Ro < 1.

0.9R>

0.8*

0.7
21 0C

0.6 -- 23 C

090
S25 C

PI." e* -- 27 OC

0.4 -29 OC

03 R < 1 31 "C
.33 "C

Ode -35 OC
0.2

10w 10
Twet /To

Figure 8.9: Eio = 1 contour lines for different temperatures.
Observed points for Ro = 1 (circles) were fitted with natural logarithmic functions

(solid lines) on the non-dimensional D1-D 2 space for each temperature, where D1 =
Twet/To and D2 = Ton/Tint. The x-axis in this figure is shown on a logarithmic scale.
Each color represents a different temperature, which applies both to the circles and
the lines. No line was drawn for 19 'C because almost no combination of conditions
lead to Ro > 1. A natural logarithmic function fitted to all the observed points of
Ao = 1 reads as D2 = -0.27logDi + 0.94 (= fo), and the area +1.5 in y-direction
from it is denoted as transient zone. Note that the figure contains the results from
all the values of Teet, Ton and XdiSt tested, as well as temperatures.

The figure demonstrates that the conditions for Ro = 1 fall in a narrow area

(transient zone) bounded by D2 = f0 + 1.5 and D 2 = fo- 1.5 in the D1-D 2 space,

independent of temperature. Note that Fig. 8.9 aggregates the results from not only

all the temperatures but also all the values of Xdi8t, Twet, and Ton tested. The results

for different Ydi,t and Tint revealed the same characteristics (Fig. 8.10Ab and Bb).

With the introduction of D, and D2, a universality of the conditions for Ro = 1 was
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found in this theoretical study.
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Figure 8.10: Conditions for R = 1 and the sensitivity to Xdist, Ydist and Tint.
(A) Conditions for Ro = 1 under different Ydist at 27 0C. (B) Conditions for Ro = 1
under different Tint at 27 'C. Colors indicate different Xdj8 t: red for Xdist =50m, green
for Xdist =100m, blue for Xdi8 t =150m, and purple for Xdit =200m. (Aa) Sensitivity
to Ydist on the Twet -Ton space: dashed line for Ydist = 70m, solid line for Ydist = 50m
(base value), dash-dot line for Ydist = 30m, and dotted line for Ydist = 10m. (Ab)
Sensitivity to Ydist on the Dj-D 2 space: upward-pointing triangle for Ydist = 70m,
filled-in circle for Ydist = 50m, square for Ydist = 30m, and downward-pointing triangle
for Ydi.t = 10m. The area within the dotted lines indicates the transient zone. (Ba)
Sensitivity to Tint onthe Twet-Ton space: solid line for Tint = 28 days, dashed line
for Tint = 21 days, and dotted line for Tint = 14 days. (Bb) Sensitivity to Tint on
the D, -D 2 space: filled-in circle for Tint = 28 days, diamond for Tint = 21 days, and
square for Tint = 14 days. The area within the dotted lines indicates the transient
zone.

On the other hand, when plotted in the Twet-T0 plane, the complex and non-linear

contributions of Xdist and temperature were apparent. Fig. 8.11A shows the contour

lines of R0 = 1 for different Xdi8t values at a fixed temperature of 27 'C. Fig. 8.11B

shows the contour lines of Ro = 1 for different temperatures at Xdi8 t = 100 m. The

figures illustrate that the conditions for stable malaria transmission depends on Twet,
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TO, Xdi8 t, and temperature, and that the interplay of these variables is complex. The

large dimension and non-linearity of malaria transmission determinants highlight the

utility of universal relationship in the dimensionless form.

A B
30 30

25- 25-

20 - 20 19 -C~21
15 -1

10 2

XdW = 150 -- 35*C
-X,* = 200in L1 C

0 O
0 50 100 150 200 250 300 350 0 50 100 150 20 250 300 350

T w.t [day] T e. [day]

Figure 8.11: E, = 1 contour lines on the plane of T0 . and Twet.
(A) R, = 1 contour lines for different Xdist on the plane of T.. and Tet at 27 0C.
Observed points for R0 = 1 (circles) were fitted with natural logarithmic functions

(solid lines) on the Twet-Ton space for each Xdit. (B) Ro = 1 contour lines for
different temperature on the plane of To, and Twet at XdiSt = 100 m. Observed points
for Ro = 1 (circles) were fitted with natural logarithmic functions (solid lines) on the
Twet-Ton space for each temperature.

8.3.3 Ro = 1 conditions for different Ydist and Tnt

In this section, the sensitivity of R, especially the R, = 1 contour lines, to Ydi,t and

Tie is presented. The longitudinal household distance, Ydist, was varied from 70m,

50m, 30m, to 10m. Sensitivity to the storm inter-arrival time, Tint, was tested for

Ting = 28, 21, and 14 days. The results of the sensitivity tests were reported only at

temperature of 27 'C; those at other temperatures revealed a similar trend.

Sensitivity to Ydist

A smaller Ydit means a denser household network, where mosquitoes would find

humans for bloodmeals more easily. The results of R = 1 contour lines for different

Ydt are shown in Fig. 8.10A. Fig. 8.10Aa presents the results in the Twet-Ton space:

Yd 8t = 70m (dashed line), 50m (solid line), 30m (dotted line), and 10m (dash-dot
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line). The results with each Xdit value were differentiated by the color: Xdit =

50m (red), 100m (green), 150m (blue), and 200m (purple). As expected, smaller

Ydi8t values required smaller T0, and Tint to have the condition for malaria endemics,

Eo = 1. Yet the sensitivity to Ydist varied among different Xdj8 t values. Smaller Xist

of 50m and 100m resulted in a lower sensitivity to Ydi 8t, whereas larger XiSt of 150m

and 200m resulted in a higher sensitivity.

When plotted in the D1-D 2 space, a universality of the conditions for Ro = 1

was found (Fig. 8.10Ab). Ydist values affect D1 through To, as well as R0 , but not

D2 . Fig. 8.10Ab shows the conditions that generated Eo = 1, differentiating Ydist by

markers (upward-pointing triangle for Ydist = 70m, filled circle for Ydist = 50m, square

for Ydist = 30m, and downward-pointing triangle for Ydist = 10m), as well as Xdi2 t

by colors (red for Xdist = 50m, green for Xdit = 100m, blue for Xdi8 t = 150m, and

purple for Xdist = 200m). Although a certain universality in the conditions for Ro = 1

can be found, stratification by Xdist is present. Larger XdiSt required slightly higher

values of Di and/or D2 for malaria to be endemic, shifting the conditions for Ro = 1

upward in the figure. Sensitivity to Ydist, on the other hand, seems to be negligible

when compared at the same Xdi8t. Because smaller XdiSt and Ydist lead larger malaria

transmission potential, the condition for Eo= 1 requires shorter Tet for a given set

of To, and Tint, or D1 . However, with smaller Xdi8t and Ydist, the corresponding To

also becomes smaller, which works to counteract the requirement of shorter Twet and

maintains Twet/To or D1. The relationship between D, and D 2 is thus hold.

Sensitivity to Tint

One of the bold assumptions in this study concerns Tint. Fig. 8.1GBa demonstrates

how the E0 = 1 contour lines respond to different Tint in the Twet-Ton space: Tint = 28

days in solid lines, Tint = 21 days in dash lines, and Tint = 14 days in dotted lines. The

results with each XdiSt value were differentiated by the color: Xdist = 50m (red), 100m

(green), 150m (blue), and 200m (purple). At our simulation setting, Tint = Ton+ Toff;

consequently, a smaller Tint for a given Ton means a shorter Toff, making malaria

transmission more likely. As a result, smaller Tint resulted in Ro = 1 contour lines
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that require smaller values of Ton and Tet in general. Note that Ton< Tint, and so

Ton could increase only up to Tint. In the Twet-Ton space, sensitivity to Tint was found

significant.

Sensitivity to Tint was then investigated in the dimension-less space of Di and

D 2 (Fig. 8.10Bb). Tint affects D2 (= Ton/Tint), as well as Ro, but not D1 . Different

markers indicate different conditions of Tint: filled circle for Tin = 28 days as in the

baseline study, diamond for Tint = 21 days, square for Tint= 14 days. Different colors

indicate different Xdi5t values. Although fo is sensitive to Tint, the conditions for

Eo = 1 on the dimension-less space line up in a good agreement among different Tint

values, especially when compared at the same Xdi8 t. A certain magnitude of deviation

was found for Tint = 14 days; however, most of the conditions for f, = 1 observed

fell in the transient zone.

8.3.4 Predictive theory of malaria transmission and trans-

mission SCORE

The two dimension-less variables introduced are not only intuitive, but also useful

in analyzing malaria transmission potential because they reduce the number of pa-

rameters involved. Based on the universality found of the conditions for fto = 1,

the predictive theory of malaria transmission is proposed: endemic malaria when

D 2 > f, + 1.5; critical condition to sustain malaria with potential epidemics when

D2 < fo + 1.5 and D2 > fo - 1.5, in the transient zone; malaria phaseout when

D2 < fo - 1.5.

Based on the predictive theory, malaria transmission potential are estimated as

SCORE. A malaria transmission score, s(DI, D2 ), was first calculated for a given

year in the following way:

1 if D2 > fo(D) + 1.5,

s(D1 , D 2) 0 if D2 5 f0 (Di) + 1.5 and D2  fo(D1 ) - 1.5,

-1 if D2 < fo(DI) - 1.5.
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Subsequently, ten-year average of s(D1, D2 ) from 2001 to 2010 was then obtained as

SCORE.

The estimates were made both with and without PD information. The estimate

without the information of PD, non-adjusted-SCORE, was obtained by applying a

fixed value of Xdi8 t. The estimate adjusted for PD, adjusted-SCORE, was obtained

by adopting XdiSt values inferred from population density. Note that any values of

Xdit > 300 results in s(D1, D 2 ) = -1. In both estimates, Ydis, was fixed at 50m.

8.3.5 Testing the theory for West Africa

Based on the predictive theory and observed climatological data, malaria transmis-

sion potential for West Africa was estimated as SCORE, and compared with obser-

vational malaria transmission data (Fig. 8.12). SCORE was calculated both with

and without population density information as adjusted- and non-adjusted-SCORE,

respectively. In the adjusted-SCORE, population density data were used to extract

spatial information; higher population density was associated with smaller Xdi8 t. In

the non-adjusted-SCORE, fixed values of Xdi8 t were applied.

The non-adjusted-SCORE for Xdi8t = 100m and 200m are shown in Fig. 8.12A

and B, respectively. Fig. 8.12C presents the adjusted-SCORE. The estimates were

compared with the observational malaria transmission intensity data in Fig. 8.12D,

which presents the Plasmodium falciparum parasite rate in two- to ten-year-old chil-

dren obtained from the Malaria Atlas Project (MAP) [58]. Because HYDREMATS

has been calibrated only for semi-arid parts of West Africa, no estimate was made for

wet regions where annual rainfall exceeds 1100mm (shown in gray).

The non-adjusted-SCORE reflects climate suitability of malaria transmission.

The non-adjusted-SCOREs (Fig. 8.12A and B) captured the broad spatial limits

for malaria transmission; however, they missed details of regional transmission inten-

sity differences. The adjusted-SCORE, which also includes the spatial information,

improved the predictability of malaria transmission potential as compared to the

non-adjusted-SCORE, which was estimated using climate factors alone. For exam-

ple, lower transmission potential is expected around an area 10'E and -2'E than the
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Figure 8.12: Comparisons of estimated and observed malaria transmission intensity.
(A) non-adjusted-SCORE at Xdist = 100m. (B) non-adjusted-SCORE at Xdi8 t =
200m. (C) adjusted-SCORE with Xdi8 t inferred from PD. The estimates of malaria
transmission potential, SCORE, are shown in color with minimum and maximum
values being -1 and 1. Areas with annual rainfall more than 1100mm are not suitable
for the analysis and are shown in gray. (D) Observed malaria intensity. Plasmodium
falciparum parasite rate in two- to ten-year-old children estimated for the year 2010
is shown, with minimum and maximum values being 0% and 80%. The figure was
adapted from the Malaria Atlas Project (MAP). Areas with annual rainfall more than
1100mm are also masked in gray.

non-adjusted-SCOREs with Xdi.t = 100m (Fig. 8.12A); higher potential is expected

over the area between -60 E-0E and 120N-14ON than the non-adjusted-SCOREs

with Xdit = 200m (Fig. 8.12B). These details were captured in the adjusted-SCORE

(Fig. 8.12C and D). The adjusted-SCORE, however, overestimated the current

malaria transmission patterns west to -12'E and east to 4'E.
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8.4 Discussion

The malaria transmission potential estimate compared well with contemporary ob-

servational data, when Xdi8 t (hypothetical distance betweem pools and human habi-

tants) was adjusted for population density (Fig. 8.12). Even without adjustment for

population density (Fig. 8.12A), the estimate performed as well as other well-known

estimates, such as those of the MARA project [23].

One of the strengths of our estimates is the detailed parametrization of hydrology.

Instead of the commonly used parameter of monthly or daily rainfall amount [23,

36], three hydrological variables were employed in this study: Tet, Tn, and Tint.

The same amount of rainfall, but with different temporal rainfall patterns, results in

different malaria transmission potentials [10]. Having a large amount of rainfall at

a time followed by subsequent dry days is different from having continuous but low

intensity rainfall for many days. Pool persistence T,, and storm inter-arrival time,

Tint account for both rainfall amount and temporal patterns. The information of

T0 , is rarely available from either ground observations or satellite data sets; however,

a previous study [186] made it possible to estimate T0 /Ti,, through the association

of the annual rainfall and Tet. In reality, pools persist over a range of period. T,,

represents the average behavior of pools for a given hydrological condition. Some pools

disappear quicker, decreasing the total area of breeding pools. The effect of such

heterogeneous pool persistence was implicitly modeled through imposing declining

probability of mosquitoes laying eggs and persistent-dependent larval mortality.

The length of the rainy season, Twet, is also an important determinant of malaria

transmission, because it takes a certain time for mosquitoes to increase their popu-

lations. The effect of the rainy season length, however, is often demonstrated only

implicitly, both in statistical models and in computational models. In the MARA

project, Craig et al. [23] argued that malaria transmission requires three and five

months of rain at relatively warm and cold regions of Africa, respectively. The MARA

project, however, did not use the rainy season length itself as a model parameter, but

used the three or five months as given "time windows" for calculation. The Malaria
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Early Warning System (MEWS) is an improved version of MARA [50], and it out-

puts the number of months in a year during which climate conditions are suitable for

malaria transmission. This notion is similar to Teet; yet the importance of Twet is

better understood in comparison to T,. The close description of hydrological condi-

tions provides the predictive theory with an advantage over other malaria transmission

models.

The consideration of the spatial effect made the estimate even more accurate.

This study employed the hypothetical spatial setup, and the conceptual relationship

between the house-to-pool distance and population density. The hypothetical setting

is relevant to villages near water-resources reservoirs, having a long shoreline as a vec-

tor breeding pool. In reality, the distribution of houses and pools varies significantly

from place to place, and hence the hypothetical setup is not valid for many loca-

tions. However, the relationship between the house-to-pool distance and population

density is based on an implied relationship and should represent the characteristic

relationship of regions on a large scale.

The testing of the predictive theory produced a good malaria estimate over West

Africa; however, it also has noteworthy shortcomings. First of all, although the

inclusion of population density data improved the quality of the estimation of malaria

transmission potential, the effect of population density on malaria transmission is not

straightforward. In this analysis, we assumed that having a large population density

is associated with a denser house network, and so a small distance between houses and

pools, resulting in large transmission potential. A large population density, on the

other hand, may be linked to economic development and to enhanced malaria controls,

especially when an analysis is conducted at a village scale [59, 166]. The former effect

appears to be stronger than the latter at the scale of our analysis, given that the

spatial patterns of malaria transmission intensity were more closely reproduced by

positively associating the malaria risk and population density. However, the latter

effect, the negative association between the malaria risk and population density, could

be dominating in some parts of the region.

Second, the estimate did not account for past and current levels of malaria inter-
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ventions and human immunity, which may explain the overestimated malaria trans-

mission levels west to -12'E and east to 4'E (Fig. 8.12C and D) in this study.

In Senegal, located around -16'E to -12'E, malaria parasite rate dropped signif-

icantly (by around 30%) between 2000 and 2015 due to extensive malaria control

programs [142, 8]. Around 40E-12'E and 12oN-14N is Southern Niger, where Hausa-

Fulani people live. The overestimation around this region may be accounted for by

the unique low-susceptibility to malaria of the Hausa-Fulani people [167]. In this

sense, our estimate addressed the climatic and environmental suitability for malaria

transmission in the absence of human controls. The estimate of actual malaria trans-

mission intensity is useful; however, the climatic and environmental suitability for

malaria transmission is also vital information for malaria control programs.

To is a biological time scale introduced in this study, which is associated with the

time needed to reach R. = 1 under the assumption of the hydrologically-saturated

condition. The calculation of To depends on temperature and spatial settings of

houses and pools but is independent of hydrological conditions, i.e., Twet, TOn, and

Tint .

Malaria transmission is complex, requiring many factors to be considered. The

introduction of To, together with the two dimension-less variables, Di = Twet/To and

D2= Ton/Tint disclosed a universality in the conditions for stable malaria transmis-

sion. D1 and D 2 not only reduce the number of malaria transmission determinants,

but are also intuitive. Readers should, however, be aware that the values of To were

obtained for relatively dry regions in West Africa. For other regions with more or less

competent vectors, or with other limiting factors in play, the values of To should be

evaluated accordingly.

The application of To and the predictive theory is not limited to the estimation

of malaria transmission potential; it also offers guidelines regarding the minimum

distances that houses and pools should be apart to prevent malaria, as shown in the

following examples. Firstly, To helps in defining the house-to-pool distances needed

to prevent malaria transmissions around permanent water bodies, such as water-

resources reservoirs. To prevent malaria near a permanent water body, where the
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condition compares with the hydrologically-saturated condition, To should be infinite.

To can be rendered infinite by locating houses away from pools by a certain distance,

whose value depends on temperature and the density of houses (Fig. 8.6). Secondly,

malaria-preventive distances between houses and pools can also be inferred for other

general conditions from the predictive theory and the To-Xi8t relationship. (From

climatological data, T0 /Tt can be estimated as described in this paper's Methods

section. By using the To0 /Tint with the predictive theory (Fig. 8.9), Twet/To associated

with RO = 1 can be found. As Twet can be obtained from climatological data, To

can be calculated. Finally, applying the T-Xdit relationship (Fig. 8.6) for a given

temperature, an Xdit value leading to the RO = 1 condition can be found.) Malaria-

resistant villages would require that houses should be located further than the critical

distances, or that pools should be removed within the critical distances from houses.

The critical distances to prevent malaria found in this study also provide guidance

for resource allocation. When relocation of settlements or removal of pools is not

feasible, conventional interventions, such as distribution of bednets, remain primary

malaria control strategy. The critical distances presented in this study shows the

distance from pools within which such intervention should be prioritized.

This study provides a useful guidance for estimating malaria transmission poten-

tial, and for designing malaria resistant villages by controlling house-to-pool distances.

RO values and critical distances suggested in this study should not be taken as ab-

solute values that fit every condition, but they should be adjusted depending on the

details of the local environment. In particular, malaria transmission potential and

critical malaria-preventive distances depend on the distribution of houses and the

initial number of mosquitoes in the beginning of the rainy seasons. The impact of dif-

ferent house distribution could be a future research topic. The sensitivity to the initial

mosquito population is not the focus of this study; how and how many mosquitoes

emerge after a long dry period are the questions yet to be clarified. At the limit of

no mosquitoes surviving after a long dry season, the potential for malaria transmis-

sion would not exist even under the wettest hydrologic condition. The appearance of

mosquito population after a long dry period can be explained either by aestivation or
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migration [92], and imposing the minimum mosquito population in HYDREMARS

conceptually agree with the aestivation hypothesis.

8.5 Conclusion

In fighting malaria, the use of medicine and bed-nets are effective approaches that

can be deployed in malaria-endemic regions. Here, this study emphasizes alternative

preventive measures and suggested that effective environmental planning may offer a

more sustainable approach that addresses the root cause of the problem. In order to

reduce the dimension of malaria transmission determinants, and to aid environmental

manipulation for malaria prevention, the predictive theory was developed and tested

against observations.

The predictive theory, constructed with the two dimensionless parameters, is use-

ful in measuring malaria transmission potential. The two dimensionless parameters

contain information of many hydroclimatological and environmental factors. The

comparison between the malaria estimate from the predictive theory and the obser-

vational data illustrated the importance of the spatial collocation of vector breeding

pools and human habitats.

The predictive theory can provide guidelines on how to plan the layout of human

habitats in order to prevent endemic malaria. Malaria-resistant villages can be de-

signed by locating houses further than critical distances away from breeding pools

or by removing pools within a critical distance from houses; the critical distance is

described in the context of local climatology and hydrology.
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List of abbreviations

HYDREMATS: Hydrology, entomology, and malaria transmission simulator

R,: Basic reproduction rate
lNi,,,

R: Long-term average of R, calculated in HYDREMATS. R0 = I /Ninf

R': The number of infections generated from the i-th infectious person, assuming

that the population is fully susceptible

Ninf: The number of infectious people simulated over the simulation period of four

years

Xdit: Distance between vector breeding pools and human habitats (horizontal dis-

tance) [m]

Ydist: Distance between human habitats (longitudinal distance) [m]

Tet: Length of the rainy season [days]

Tint: Storm inter-arrival time [days]

T0 .: Pool persistence [days]

TO: Malaria time scale. The length of the rainy season required to reach R = 1 un-

der the hydrologically-saturated condition at a given temperature and a given spatial

condition. TO(t) = TO(tr", tad, tPa"), where this study assumes t = tlrv = tad tpara

[days]

t: Temperature [C]

tlrv: Temperature that influences aquatic-stage development [0C]

tad: Temperature that influences adult life span [0C]

tpara: Temperature that influences parasite development [ 0C]

tref : Reference temperature set at 27 [C]

T rv(t): Tlrv (t) = To( ttref, tref)

Tara(t): Tp'r(t) = To(tref, tref t)

D 1 : Dimensionless parameter. D1 = Tet/To

D2 : Dimensionless parameter. D2 = Tn/Tint

PD: Population density [per kin 2]
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PDimp: Implied population density. PDimp = 5 x Xdist-2 x a-1 X 10-6, with a being

set at 15 [per km 2]

s(Di, D 2 ): Malaria transmission score calculated for a year

SCORE: Malaria transmission estimate. Ten-year average of s(D1, D2 ) from 2001

to 2010

EIP: Extrinsic incubation period
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Chapter 9

Conclusion

9.1 Summary of the thesis

Construction of dams and reservoirs is known to exacerbate malaria. Some 160 to

320 new large dams are estimated to be constructed annually around the world, a

high percentage of which are now in African countries. However, the adverse impacts

on health are rarely considered when dams are built. This is partly because a clear

understanding of environmental mechanisms enhancing malaria transmission around

reservoirs is missing, and partly because no practical guidelines are available to deal

with such risks. In order to understand the environmental mechanisms of malaria

transmission around water-resource reservoirs, multi-year extensive field surveys were

conducted around the Koka Reservoir, Ethiopia. A malaria transmission model was

also developed to simulate hydrology influenced by a nearby reservoir system and

its impact on malaria transmission. The model was tested extensively against the

observational data, and used to predict, prevent, and mitigate malaria transmission

around reservoirs.

Mechanistic malaria transmission models are powerful tools in evaluating the risks

of malaria transmission. Among them, HYDREMATS is one of the most detailed and

comprehensive models, with hydrology, entomology, and malaria transmission mod-

ules coupled. The spatially and temporally explicit nature of HYDREMATS is highly

suitable for evaluating the impacts of environmental conditions on malaria transmis-

239



sion at the village scale. HYDREMATS was updated to simulate conditions around a

reservoir. The improvements in the hydrology module include: the representation of

shorelines, one-dimensional groundwater flow, and the formation of marginal pools.

The major improvements in the entomology module are the representation of two

malaria parasites, and the representation of the impacts of wind on the behaviors of

Anopheles mosquitoes. Unlike in West Africa, both Plasmodium falciparum (P.f.)

and Plasmodium vivax (P.v.) are present in Ethiopia. HYDREMATS was extended

to simulate both P.f. and P.v. infections, by assigning different functions of extrinsic

incubation period (EIP) and transmission efficiencies based on literature. In addition,

HYDREMATS was updated to simulate the basic reproduction rate (Ro) of malaria

transmission accurately even for dynamic and heterogeneous conditions.

In Chapter 4, HYDREMATS was applied to a village adjacent to the Koka Reser-

voir, Ejersa. The model was shown to simulate hydrology (soil moisture and ground-

water tables), entomology (the Anopheles population in terms of seasonality, size,

and distribution), and malaria transmission (malaria infections) with satisfactory

accuracy, confirming the reliability of the model. Three distinct environmental mech-

anisms of malaria transmission were identified for Ejersa. The first mechanism is the

"amplification of reproductive activities at closer shoreline-to-house distances," which

drives the major mosquito season from September to December. The second is the

"enhancement of Anopheles populations under favorable wind conditions," which is

most prominent during the minor mosquito season from April to June. The third

mechanism is the "faster parasite development during warmer seasons." At the tem-

perature range in Ethiopia, the Anopheles population is not sensitive to temperature,

but high temperatures can significantly increase malaria transmission potential. The

role of these important environmental factors-distance, wind, and temperature-

were explored further in this thesis.

Malaria in the Ethiopian Highlands are sensitive to temperature. The heavily

populated highlands of Ethiopia are currently at low risk for malaria transmission,

but global warming may change the risk level significantly. The inhabitants of the

Ethiopian Highlands are highly vulnerable to this potential hazard due to their lack
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of immunity. Most of the Highlands receives annual rainfall of more than 800mm, and

malaria is assumed not to be limited by water availability. Assuming that changes

in temperature exclusively determine the future of malaria in the Highlands, malaria

high-risk areas, where projected warming towards the end of the 21st century will

increase the risk of malaria transmission significantly, were predicted. The analy-

sis was conducted combining dynamically down-scaled regional climate projections,

high-resolution satellite observations of temperature, and a comprehensive malaria

transmission model developed for the village in the Ethiopian Highlands, Ejersa. Un-

der the business-as-usual scenario for future climate change, it is projected that about

a third of the region's population and 12% of its land area will become at high risk

for malaria transmission within a century. The map of the high-risk areas should

help guide implementation of efficient measures to mitigate endemics of malaria in

this region.

Although climate is beyond humans' control, environmental conditions can be

modified so that malaria transmission is less likely. By discussing the ideas of house

relocation and village relocation, the potentials for malaria-resistant villages were ex-

plored. The proximity of houses to Anopheles breeding sites is known to exacerbate

malaria. Around a reservoir, malaria can be prevented by restricting the building

of houses within a certain distance from the shoreline. For Ejersa, it is suggested

that relocating just 30 dwellings that are closest to the shoreline can render the

village malaria-resistant, having Ro smaller than one. Not only relocating houses

further from the shoreline, but relocating a village around a reservoir can also create

a malaria-resistant environment. With such a relocation, the relative wind directions

(relative to the reservoir shoreline) change. Onshore wind was found most effective in

suppressing Anopheles populations, and offshore wind in enhancing Anopheles popu-

lations. The effect of onshore wind in suppressing Anopheles populations is stronger

with larger wind speed and larger house-to-shoreline distances. The effect of offshore

wind in enhancing Anopheles populations becomes stronger with smaller wind speed

and larger house-to-shoreline distances. In evaluating the effects on malaria trans-

mission, seasons with high temperature are important. Around the Koka Reservoir,
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it is suggested that the location at 1650 of the Koka Reservoir has the smallest risk of

malaria transmission, rarely receiving offshore wind throughout a year. On the other

hand, location at 750 of the reservoir can be a high-risk area, where offshore wind

occurs at a warmer time of year. The framework used in this study to evaluate the

malaria risk around a reservoir would aid implementation of village relocation around

reservoirs.

As a malaria mitigation method, control of the larval population can be achieved

through manipulating reservoir water levels. This method was successfully employed

by the Tennessee Valley Authority (TVA) in the 1930s and 1940s; however, the effec-

tiveness of the water-level manipulation and the contributing mechanisms have been

poorly studied. Using larvae of An. albimanus in laboratory settings, the effect of

water recession on larval stranding was analyzed. Larger proportions of Anopheles

larvae were stranded at higher water drawdown rates, on smaller reservoir slopes, and

under rough or vegetated surface conditions. Three mechanisms of larval stranding

were identified: falling behind shoreline recession; entrapment in small closed water

bodies; and inhabitation of shallow areas. If the conditions for large larval strand-

ing correspond to the conditions of the breeding sites for local vectors, water-level

manipulation could be an effective measure to control malaria along shorelines of

reservoirs. The effect of water recession on larval stranding was also incorporated

into HYDREMATS.

Malaria transmission is complex, involving a range of hydroclimatological, bio-

logical, and environmental processes. The high degree of non-linearity in these pro-

cesses makes it difficult to predict and intervene against malaria. The last chapter

sought both to define a minimal number of malaria transmission determinants, and

to provide a theoretical basis for sustainable environmental manipulation to prevent

malaria transmission. Based on a universality found in malaria endemic conditions

when plotted using two newly-introduced dimension-less parameters, a predictive the-

ory of malaria was proposed. The predictive theory was applied to West Africa and

shown to reproduce the observed malaria transmission potential well, emphasizing

the importance of spatial aspects in malaria transmission. The predictive theory is
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useful in measuring malaria transmission potential, but it can also provide guidelines

on how to plan the layout of human habitats in order to prevent endemic malaria.

Malaria-resistant villages can be designed by locating houses further than a critical

distance away from breeding pools or by removing pools within a critical distance

from houses. The critical distances are described in the context of the climatology,

hydrology, and biology of local vectors.

Through combining extensive field surveys and rigorous model development, envi-

ronmental mechanisms of malaria transmission were found. These findings should aid

prediction, prevention, and mitigation of malaria transmission around 2000 existing

dams and 150 currently planned dams in Africa.

9.2 Guidelines for malaria prediction around reser-

voirs

For villages near existing reservoirs, this study guides more efficient implementation

of malaria control measures by providing predictions of malaria transmission seasons.

Malaria control resources should be allocated based on understanding of the malaria

transmission dynamics. At villages near reservoirs in the Ethiopian Highlands, more

malaria transmission is expected to occur in seasons with the following environmental

conditions:

When reservoir water levels are high: With higher water levels, the reser-

voir shoreline nears the village, enhancing mosquitoes' reproductive activities. If the

slope of the reservoir is small, the shift in shorelines is large; hence the seasonality in

Anopheles populations driven by the fluctuation of the water levels becomes signifi-

cant. In the cold temperature range in the Ethiopian Highlands, vector breeding sites

around reservoirs can be predominantly shorelines, with rain-fed pools not persisting

enough for the completion of larval development. Colder temperatures require longer

development time for aquatic stage mosquitoes; e.g., at 20'C, it takes approximately

15-20 days for Anopheles mosquitoes to emerge from eggs. Rain-fed pools could be
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vector breeding sites, but only if rainfall and local topography allow formation of

persistent pools. At warmer temperatures, the persistence of rain-fed pools can be

long enough for Anopheles mosquitoes to complete the aquatic-stage development,

increasing the importance of rain-fed pools in malaria transmission dynamics. In the

colder temperature range in the Ethiopian Highlands, shorelines remain as major vec-

tor breeding sites, and the proximity to the reservoir enhances malaria transmission.

When wind blows from a village to a reservoir: Although it is not often

emphasized, the impact of wind direction can be significant on malaria transmission

around a reservoir. Wind blowing from a village helps newly-emerged mosquitoes

from a shoreline to identify the location of human dwellings through the concentration

gradient of C02. The elevated concentration of C02 can be detected by mosquitoes at

farther distances when wind speed is small. On the other hand, strong wind blowing

from a reservoir to a village can suppress malaria through aquatic-stage mortality

caused by surface waves.

When temperature is higher: At the low temperature range of the Ethiopian

Highlands, higher temperatures shorten the parasite development time of malaria

and enhance malaria transmission potential significantly. The period with higher

temperatures may not encounter a larger Anopheles population because the adult

longevity is not sensitive to temperature at that temperature range. Even though the

Anopheles population is small, one should note that the risk of contracting malaria

is higher during high-temperature seasons.

9.3 Guidelines for malaria prevention around reser-

voirs

For the one to two hundreds of new dams to be constructed every year in the future,

careful planning of village relocation sites can offer sustainable and cost-effective

solutions for malaria risks. Climatological conditions cannot be controlled in an
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attempt to prevent malaria, but environmental conditions can. As an environmental

management approach, village locations around a reservoir can be designed so that

malaria transmission is less likely. The two principles for creating malaria-resistant

villages are to place a village farther away from the reservoir, and to place a

village downwind of the reservoir.

The impact of the proximity of houses to a reservoir on malaria transmission is

widely recognized; however, recommendations for distances within which houses are

not built to prevent malaria are difficult to define because those distances should be

derived through consideration of many environmental and biological factors. Some

guidelines to define recommended distances for malaria prevention around reservoirs

were offered in Chapter 8. Through the theoretical studies in Chapter 8 and the

simulation studies for Ejersa, it is shown that restricting houses from within some

hundreds of meters of shorelines can have a significant impact on malaria prevention.

Locating a village downwind of a reservoir, as opposed to upwind, can reduce

the risk of malaria transmission. Although the absolute wind direction does not,

of course, change depending on the locations of a village, the relative wind direction

with respect to the reservoir changes. Different locations around a reservoir experience

different relative wind directions (wind direction relative to the reservoir), which alters

the environmental potential for malaria transmission. The impacts of relative wind

direction on malaria transmission depend on wind speed and other environmental

conditions. In general, offshore wind enhances malaria transmission and onshore wind

suppresses it. However, because the wind profile changes over a year, the impact of

wind direction should be evaluated considering the seasonality of other environmental

conditions. A guideline for village locations around a reservoir to minimize the risk

of malaria is presented in Section 6.3.4 and in Fig. 6.19.
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Appendix A

Homogeneous, Steady State Model

of Malaria Transmission

Motivation

Evaluation of the local malaria intensity is a requisite for the design and implemen-

tation of effective malaria interventions [181, 178]. Such information, combined with

data on past and current levels of control measures, helps the planning of control ef-

forts. Malaria endemicity level is commonly used to describe the intensity of malaria

transmission and thus to guide malaria intervention measures [178]. The World Health

Organization (WHO) defines malaria endemicity using parasite prevalence in children

aged 2-9 years (e.g., holoendemic for parasite prevalence >50%, hypoendemic for par-

asite prevalence <10%) [178]. Another useful malaria indicator is incidence, which is

often used to define the targets of malaria interventions. For example, the Millennium

Development Goal (target 6C) called for "halting and beginning to reverse the global

incidence of malaria by 2015"; we have achieved this goal with a 41% global decline

from 2000 to 2015 [181].

The information on malaria intensity is also critical for simulating malaria trans-

mission. Simulation tools are becoming increasingly reliable and useful in estimating

the effects of climate change, control measures, etc., due to more accurate repre-

sentation of physical phenomena and rigorous observation of biological parameters
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[183, 136, 102, 126, 36]. A reliable simulation for a given target site, however, re-

quires sufficiently accurate estimates of location-specific parameters, such as malaria

prevalence and mosquito abundance, as initial conditions for models. Those estimates

should be provided by observational datasets, yet observational data are often either

unavailable or unreliable. In addition, the state of human immunity against malaria

has recently been gaining attention as another important factor dictating malaria

transmission [183, 141, 31, 84, 148]. However, without extensive surveys, no practi-

cal tool is available to analyze the population's immunity level. In order to benefit

from simulation models, obtaining reliable parameters to describe the current state

of malaria transmission is of critical importance.

A number of indicators are used to describe malaria transmission intensity and to

feed simulation models. Incidence and prevalence are the most common indicators of

transmission intensity, focusing on infections in humans. Incidence (incidence rate,

more specifically) is the rate of new infections of the disease (e.g., new infections

per year), and it is often described as a fraction of a population (e.g., new infec-

tions per year per population). Prevalence (point prevalence, more specifically) is

the proportion of the people with diseases in a population at a specified time (e.g.,

existing infections at a specified point in time per population). Another indicator

of transmission intensity is the entomological inoculation rate (EIR), which focuses

on the transmission capability of mosquitoes. The EIR is a measure of exposure to

infectious mosquitoes and is defined as the rate of infectious bites by mosquitoes that

one would receive over a defined period of time (e.g., infectious bites per day or per

year). The level of human immunity against malaria is also an indicator of malaria

transmission, which reflects the history of infections. For human immunity levels, we

employ the immunity index introduced by Yamana et al. [184], which varies from 0

(immunologically naive) to 1 (fully immunized).

Observation of those parameters requires significant resources and finances, and

thus some datasets are selectively measured depending on purposes, or estimated

using other available datasets. Incidence is normally the most available data, be-

cause it can be obtained simply from malaria infection cases reported by local clinics.

248



However, the number of reported cases may be unreliable, subject to both over-

and under-reporting errors [120, 24, 173]. Obtaining prevalence data requires ac-

tive exploratory surveys to take blood samples from large numbers of people in a

short period of time. WHO uses the active surveillance method when reliable clini-

cal data are unavailable; prevalence is converted to incidence using a spatiotemporal

Bayesian geostatistical model along with many other parameters [182]. EIR surveys

are conducted through overnight human-landing catches and subsequent microscopic

surveys-labor-intensive, but still "gold standard" surveys -- where a person sits up

overnight as bait, catching mosquitoes that land on the person in attempts to take

a bloodmeal, and the captured mosquitoes are dissected for evidence of infectious

status. One way to measure human immunity levels is a follow-up study on recovery

time [51, 116, 66]. Obtaining all these parameters from observational surveys is not

realistic. A reliable but low-cost approach to estimate them has yet to be developed.

This section presents a steady-state homogeneous-population model that relates

the following four parameters: incidence, prevalence, EIR, and immunity level. The

model includes an empirical equation and simple theoretical formulae. Through the

model, any one observational value can generate estimates of the other three pa-

rameters for an assumed homogeneous population. Age-dependent values are then

further estimated. The performance of the proposed approach was compared with

observation-based datasets on malaria incidence and parasite prevalence.

HYDREMATS requires malaria prevalence and human immunity levels as initial

conditions, yet only incidence data were available for Ejersa. Obtaining the preva-

lence and immunity data through field campaigns costs significant resources. HY-

DREMATS is a dynamic, heterogeneous, and distributed model, which contrast to

the steady-state, homogeneous, and lumped approach of the model presented here.

This homogeneous steady-state model can provide reasonable estimates for initial

conditions in HYDREMATS from available datasets, as well as for the purposes of

planning and implementing malaria interventions.
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Models

Incidence, prevalence, and EIR in the homogeneous popula-

tion model

The relationship between incidence, prevalence, and EIR was derived under two as-

sumptions: steady state condition, and homogeneous population. Under the steady-

state condition, prevalence does not change over time. Within a homogeneous popu-

lation, every member of the population has the same age and immunity level; in this

way, population heterogeneity is excluded.

Under the steady-state, the annual change in prevalence (p) [infected person/population]

over time (t) [year] should equal zero.

AP - X-pr =X-Pr = 0,

where X is the number of annual incidence [infections/year], Q is the population size,

x is the incidence rate (per person-year) [infections/population/year], and r is the

recovery rate from infection [/year].

An empirical relationship between prevalence (p) and EIR (EIR) [infectious bites/person/year]

is employed from Beier et al. [5] and illustrated in Fig. A.1.

p = 0.242 x log10 EIR + 0.246

Immunity

The representation of human immunity borrows from the simple immunity model

developed by Yamana et al. [184]. For human immunity levels, we use their immunity

index, which varies from 0 (immunologically naive) to 1 (fully immunized). The

immunity level rises by 1/60 everytime an infectious bite is received [88], but the

immunity is lost continuously at a rate of 0.067 per year without receiving infectious

bites [162]. With a-ge being the representative age for an homogeneous population,
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Figure A.1: Empirical relationship between EIR and prevalence.

the population's immunity level (imm) is written as

imm = min (age x max(EIR/60 - 0.067,0), 1), 0 < imm < 1.

The recovery rate (r) is then calculated as a function of imm:

r = (rmax - rmin) x imm + rmin,

where rmax and rmin are the maximum and minimum recovery rates associated with

imm=1 and 0, respectively. Literature values on rmax and rmin vary significantly.

Referring to three sets of literature values (3.48 and 1.08 [38], 1.99 and 0.975 [66], 7.02

and 5.87 [116]), the rates of 3.32 and 1.11 were selected as rmax and rmin, respectively.

Age-dependent model

Prevalence of malaria varies among age groups due to different immunity levels. Ac-

quired immunity increases the recovery rate (r), decreases the probability of get-

ting infection from an infectious bite (b), and protects from severe diseases. The

age-dependent prevalence (p'(age)) was estimated using age-dependent r (r'(age)), b
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(b'(age)), and imm (imm'(age)), as

r b'(age)
p'(age) = p x , x ,

r (age) b

where

r'(age) = (rmax - rmin) x imm'(age) + rmin,

b'(age) = -(bmax - bmin) x imm'(age) + bmax,

imm'(age) = min(age x max(EIR/60 - 0.067, 0), 1), 0 < imm' < 1.

Maximum and minimum probability of getting infection from an infectious bite,

bmax and bmi, were set at 0.5 and 0.05, respectively [36, 184].

Observational data of malaria transmission indica-

tors and demographic parameters

Observational data of incidence and prevalence were obtained from the Malaria Atlas

Project (MAP). MAP provides the most reliable datasets to date for Africa on malaria

transmission intensity and the extent of interventions. MAP uses a geostatistical

modeling method with the most extensive observational data [8, 58]. As observational

incidence data, the dataset of Plasmodium falciparum (P.f.) incidence was employed.

As observational prevalence data, the dataset of P.f. parasite rate for 2-10 year olds

was employed. The parasite rate is the proportion of the population that carries

asexual blood-stage parasites and is the alternative definition for prevalence. For

both datasets, sub-national level data over Africa for the years 2000-2015 were used.

In order to estimate the four parameters that describe malaria transmission intensity

incidence, prevalence, EIR, and immunity--one of the four parameters and the rep-

resentative age (age) for the target populations should be given. In this study, the

median age for Ethiopia in 2016 was used as age, which was provided by the World

Factbook, Central Intelligence Agency. A range of incidence was then applied to cal-
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culate the corresponding parameter values. For estimating age-dependent prevalence,

information on demographic structure is needed. The prevalence for 2-10 year olds

was estimated by calculating population-weighted p'(age). The age structure was

also obtained from the World Factbook, Central Intelligence Agency, for Ethiopia for

2016.

Results

Estimated relationship in homogeneous population model

High incidence is associated with high prevalence, high EIR, and high immunity level.

Fig. A.2 shows prevalence, EIR, and immunity level as functions of incidence for homo-

geneous population assuming steady state. When incidence is smaller than 0.43/per-

son/year, EIR is smaller than 4.1/year (Fig. A.2B). Under such low frequency of infec-

tious bites, one loses immunity more quickly than immunity is built up through inocu-

lation of infections; the immunity level thus stays zero throughout cohorts (Fig. A.2C).

Without being able to acquire immunity, the population prevalence quickly increases

as EIR rises (Fig. A.2A and B). Under EIRs larger than 4.1/year, people start to build

immunity through infectious bites, which helps lower prevalence. For a small incre-

ment of incidence, prevalence increases more slowly at incidence higher than 0.43/per-

son/year, under which people can acquire immunity, than at lower incidence, under

which people cannot acquire immunity (Fig. A.2A). As the lumped-population immu-

nity level continues to increase at incidence >0.43/person/year and EIR >4.1/year,

prevalence increases more slowly for every increment of EIR (Fig. A.1).

Estimated relationship for 2-10 year olds

The estimated incidence-prevalence relationship was compared against observational

data (Fig. A.3). Because the referenced observational prevalence data are for 2--

10 year olds [8], the prevalence estimated for the assumed homogeneous population

(Fig. A.2A and Fig. A.3 blue line) was adjusted for the same cohort of the population
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Figure A.2: Relating the four indicators of malaria transmission intensity.
Prevalence [/person/year] (A), EIR [/year] (B), and immunity level (C) are shown
as functions of incidence [/person/year], assuming homogeneous population. When
EIR is smaller than 4.1/year, which correspond to the incidence of 0.43/person/year,
people do not build up immunity; during this period, prevalence rises quicker with

an increment of incidence than incidence >0.43/person/year.

(Fig. A.3 red line). When people receive enough infectious bites to build immunity

at EIR >4.1/year and incidence >0.43/person/year, prevalence for 2-10 year olds

deviates from the lumped-population prevalence. Younger people have less immunity

than the representative median-age people, because immunity is slowly acquired with

age. The observational relationship (Fig. A.3 gray dots) compares well with the

estimated relationship developed (Fig. A.3 red line).

Discussion

By combining four equations, we related the four indicators of malaria transmission

intensity: incidence, prevalence, EIR, and human immunity level. Given any one

of the four indicators, the other three can be estimated. Implementing appropriate

interventions and conducting reliable simulations require satisfactory estimates of

those indicators; however, obtaining them from field observations is not often feasible.

In particular, observational EIR and human immunity level are rarely available. On

the other hand, incidence data are more widely available, even without requiring

active surveys. One may estimate malaria prevalence, EIR, and human immunity level
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Figure A.3: Observed and estimated incidence-prevalence curve.
Observational P.f. incidence and P.f. parasite rate for 2-10 year olds (dray dot)
are obtained from MAP. The estimated incidence-prevalence for the homogeneous
population and for 2-10 year olds are shown in blue and red, respectively. The
two diverges when incidence >0.43/person/year because of the presence of acquired
immunity.

from incidence data. Care should be taken, though, when incidence data are used.

Clinical incidence data which do not rely on active case detection are often subject

to over- or under-estimation bias. Overestimation of clinical cases occurs when fever

is misdiagnosed as malaria without relying on microscopy or a rapid diagnostic test

(RDT) [94, 120]. Underestimation is also common without active surveillance because

not all malaria patients come to clinics [173]. Observational values from literature or

MAP prevalence data may provide a reasonable estimate for one of the indicators in

order to estimate the other three indicators.

In assuming a homogeneous population, this study ignored apparent population

heterogeneity. More precise estimation of malaria indicators may benefit from incor-

porating different age groups into the model [174]. As the immunity level reaches

1 under a high EIR, the presented model is likely to underestimate incidence. For

instance, when EIR is high enough that the population's immunity level (imm) is

estimated to be 1, the aggregated-population model assumes that everybody in any

age group is fully immunized (age-dependent indicators are calculated only after solv-
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ing the aggregate population model). This assumption clearly diverges from reality,

where some younger cohorts stay susceptible, contributing to generating more infec-

tions. Nonetheless, the presented homogeneous-population model and the methods to

obtain age-dependent parameters can produce adequate estimates of malaria trans-

mission indicators when little other information is available.

The observational relationship between human immunity levels and malaria trans-

mission intensity is rarely reported, but a study by Gu et al. [51] provides a reference.

The study reports that the parasite clearance rate is lower than 1.84 per year at an

annual EIR smaller than 1, and that the rate is higher at an annual EIR larger than

10. In our model, the parasite clearance rates corresponding to annual EIR of 1 and

10 are 1.10 and 3.31 (lower and higher than 1.84), respectively. This agreement lends

credence to the proposed method.

The presented model can estimate indicators of malaria transmission intensity

using limited information, while observing all the indicators is impractical. Those

estimates provide simulation models, for example, with model parameters necessary

for reliable predictions. The presented relationships of the indicators are also useful

in implementing and evaluating malaria interventions. For instance, when an annual

EIR is greater than 5, an intervention may not lower prevalence significantly, but the

effect of the intervention can be more properly evaluated by the reduction in incidence

(Fig. A.2A and B). Homogeneous, steady-state approximation of the complex hetero-

geneous unsteady dynamics of malaria transmission can be useful for many purposes.

The simple but novel approach of parameter estimation provided here is beneficial

both in conducting simulations and in leading intervention programs.
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Appendix B

Illustration of the Importance of

the Seasonality in Wind Direction

Assume that there are two villages located on opposite sides of a reservoir, e.g.,

northeast and southwest of a reservoir, where wind blows from the northeast for half

of the year (e.g., Jan.-Jun., Fig. B.1a) and from southwest for the rest of the year

(e.g., Jul.-Dec., Fig. B.1b). In this case, both villages would have wind from 0' = 00

for half a year and from 0' = 1800 for the other half of a year; however, the two

villages would experience different malaria risks. For example, if Jan.-Jun. has more

favorable environmental conditions for malaria transmission than Jul.-Dec., the role

of favorable wind conditions in Jan.-Jun. may or may not become more important.
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Figure B.1: Example of the importance of the seasonality in wind direction.
Hypothetical conditions with two villages located on opposite sides of a reservoir:
northeast and southwest of a reservoir. Wind blows from the northeast for half of
the year from Jan. to Jun. (a) and from the southwest for the rest of the year from
Jul. to Dec. (b). Both villages experience wind from 0' = 00 for half a year and from
0' = 1800 for the other half of a year; however, the expected malaria risks in the two
villages are different. Green dots represent CO 2 plumes.
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Appendix C

Simulating the Impact of Village

Relocation

The impact of the village location around a reservoir can be described by the relative

direction of wind to a village (hereafter, relative wind direction). Using a polar

coordinate with origin at the center of a reservoir, the absolute location of a village

(0) and the wind direction (9 w) can be measured clockwise relative to the north

(Fig. 6.8). The relative wind direction (6' ) can then defined as:

0' = Ow-Ov.

Under the assumption of the homogeneous environment around a circular reser-

voir, the impact of moving a village by 0 clockwise has the same impact as shifting

the wind direction by -0.

o' = 0 - (O + O) = (OW - 0) -Ov.

Thus, the impact of village relocation around the Koka Reservoir was simulated by

modifying the observed wind directions in the Ejersa model.
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Appendix D

Estimation of Malaria Risks

around the Koka Reservoir Using

Daily Wind Profile
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Figure D.1: Periods with offshore wind around the Koka Reservoir with daily wind
profile.
The days when wind blew offshore (-45' < 0' < 450) are indicated for locations at

30' to 3450 using daily wind profile.
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Figure D.2: Number of days with conditions for malaria enhancement with daily wind
profile.
(a) Total number of days with offshore wind (-450 < 0' < 450) using daily wind
profile during the period from Jan. 2012 to Apr. 2015. (a) Total number of days with
offshore wind (-450 < ' < 450), high temperature (> 220C), small night-time wind
speed (< 1m/s), and low reservoir water levels (< 1592 masl), during the period from
Jan. 2012 to Apr. 2015.
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Figure D.3: Number of days with conditions for malaria enhancement evaluated with
daily wind profile and three environmental conditions.
Total number of days with offshore wind (-45* < 9' < 450) that also satisfy the
condition of high temperature (> 220C) (a), small night-time wind speed (< 1 m/s)
(b), and low reservoir water levels (< 1592 masl) (c) during the period from Jan. 2012
to Apr. 2015.
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