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Abstract

Limited water resources, climate change and food security needs in West Africa present a
special set of challenges in the years to come as the population grows. An optimized
irrigation scheme for agriculture can change regional climate by increasing rainfall in
specific areas, possibly increasing the water availability for agricultural activities by
causing changes in the background large-scale climate circulations which could lead to
more precipitation overall in areas with water scarcity.

Both observational and model studies have looked at irrigation impacts around the world,
including West Africa. However, the intermediate mechanisms, such as specific roles of
the atmospheric structures of the Planetary Boundary Layer (PBL) and Lifting
Condensation Level (LCL), or how background wind patterns are affected under certain
land-use changes have not been thoroughly explored.

This thesis analyzes the atmospheric changes due to land-use and land-cover changes
(LULCC) by analyzing the PBL, the LCL, surface wind, surface pressure and other
atmospheric variables to quantify the underlying physical mechanisms which shape
rainfall. We analyze this by using the MIT Regional Climate Model (MRCM) to test
different LULCC scenarios. For the irrigation experiment, LCL is more sensitive and
drops more than does PBL especially in the north, yet rainfall only increases south of the
irrigation area. There also exists a transitional zone, north of which there is less rainfall.
Desertification increases both the PBL and LCL heights, but the increase in LCL is
greater. This pushes the cloud base higher than the PBL, preventing cloud formation and
rainfall. However, the simulated rainfall changes do not mirror this development. At a
certain latitude, there is again a transitional zone, north of which the rainfall decreases
and south of which the rainfall increases intermittently. Given the patterns of the
precipitation changes, we believe that different mechanisms are at work for both the
desertification and irrigation experiments. This study hypothesizes a blocking mechanism
that prevents the monsoon from travelling northward due to the presence of a high
surface pressure anomaly being observed in the north of the irrigated zone under the
irrigation scenario.



The changes of the atmospheric structure, specifically the PBL and LCL, surface
pressure, and wind patterns, as analyzed in this thesis, provide us with another dimension
to understand the effects of irrigation and desertification on rainfall, enabling more
optimal irrigation strategies. It also provides insights on the locations where natural
vegetation or croplands may benefit from the additional rainfall, which could facilitate
soil carbon sequestration, a nature-based solution for combatting climate change.

Thesis Supervisor: Elfatih A.B. Eltahir
Title: H.M. King Bhumibol Professor, Professor of Civil and Environmental Engineering
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1. Introduction

1.1 Large Scale Agricultural Trends in West Africa

Agricultural expansion has been rapid in the 20" century, with around 40% of the earth’s
ice-free surface being transformed into agricultural land (Turner et al., 2007).
Agricultural activity accounts for roughly 85% of all water withdrawals in the world,
which fundamentally alters the water and energy balances between the surface and the
atmosphere. These big scales of water-use, often associated with irrigated agriculture and
associated land-use land-cover changes, have strong impacts on regional climate and
more specifically on rainfall. More recently, land-use changes continue to happen at a
fast pace in the 21 century, with cropland area increasing globally by 9% and notably in
Africa by more than 30% from 2003 to 2019 alone. In the same time frame, the global
per capita agricultural land-use has decreased by roughly 10%. This is due to an all-round
increase in productivity in agriculture, including the expansion of irrigated croplands,
more efficient farming techniques such as the adequate use of fertilizers in conjunction

with the growing global population (Potapov et al., 2022).



Agricultural activities are a key component not only for meeting the ever-larger demands
for food with a growing global population, but are also an indispensable part of
contributing to the African economic growth in conjunction with the foreign aid flowing
into certain countries (McArthur & Sachs, 2019). The correct strategic development of
resources, including agricultural planning in African countries, can result in synergies
that increase food production and contribute to economic growth. However, agricultural
expansion also has many detrimental side effects such as causing a rapid loss of
biodiversity (Tripathi et al., 2021) and changing the regional climate patterns, including
temperature and rainfall, in sometimes unforeseen ways (Alter et al., 2015, 2015; Berg et
al., 2014; Betts et al., 1996; Findell & Eltahir, 1997; Kang & Eltahir, 2018; Lobell et al.,
2009; Santanello et al., 2018; Zhou et al., 2019, 2021). Furthermore, it is assumed that the
implementation of irrigated agriculture will continue to expand in West Africa to meet
the growing population. Therefore, understanding the consequences of increasing
irrigated agriculture at specific times and locations is important to avoid some of the
unwanted climate conditions associated with specific implementations of agricultural
expansion. In the following, this introduction will first present background about West
African agricultural challenges and opportunities, then provide a summary of the West

African climate, and finally touch on the variables that affect rainfall in West Africa.



1.2 Challenges and Opportunities for West African

Agriculture

Challenges and opportunities for agriculture in West Africa are due to several trends and
drivers of change. These trends include demographic trends and socio-economic trends.
For demographics, there is a strong growth rate, specifically for poorer countries, with an
average growth rate of about 2.7% and is projected to reach 490 million by 2050. There
are also strong migration trends, specifically migration from rural areas into cities and
geographically from Sahelian to Sudano-Guinean zones. However, despite urbanization,
the rural populations continue to grow in absolute terms. Socio-economically, the middle-
classes, defined as people who are above the poverty line, earning more than 2 dollars per
day, are growing, despite still not constituting most of the population (Hollinger & Staatz,
2015). The socio-economic and demographic trends cause an increase in the total demand
for food as well as an increase in the diversity for different kinds of food due to
urbanization and globalization. However, there are also downsides to globalization, such
as being part of an increased volatile international market environment for agricultural
products, driven by climate change, climate variability and increased links between
financial, energy and agricultural markets. Climate variability which is likely to increase
in the future (Teye & Nikoi, 2022), causes yields each year to be more unpredictable, due
to events such as droughts and floods. Financial pressure comes from fast growing
agriculture producers such as Brazil that are leveraging advanced technologies to increase
their agricultural productivity as well as from other socio-economic trends, such as
urbanization. There are also many deficiencies when it comes to risk management for
farmers, such as a lack of agricultural insurance and other financial instruments as well as
more basic technological solutions, such as improved soil and water management as

irrigation (Hollinger & Staatz, 2015).



Market risks combined with the lack of risk management techniques combines to make
agricultural activities to be a risky endeavor. However, some of these challenges can be
overcome through technical solutions, such as the expansion of irrigation infrastructure
and understanding on how regional climate change due to land-use changes can be
quantified to improve water resources management. This specifically will be the

challenge this study aims to better overcome.

1.3 West African Climate

West Africa is the study area of this research. West Africa can be subdivided into 3
different regions: the Sahara (north of 20N), the Sahel (roughly between 10N and 20N)
and the Tropics (below 10N). It is a semiarid region where climate variability, climate
change and topography all play an important role on rainfall patterns (Figure 1.1).
Climate variability is driven primarily by the West African Monsoon (WAM), which has
strong seasonal characteristics, bringing the Inter-Tropical Convergence Zone (ITCZ)
from the tropics around the equator up north in the rainy season between June and
August/September and then back south again. Due to this latitudinal shift in rain, West
African climate is characterized by a strong north-south gradient (Figure 1.2). WAM
itself is influenced by both natural variability, such as the El Nifio/Southern Oscillation
(ENSO) associated with abnormal sea surface temperatures, and anthropogenic forcings
such as greenhouse gas emissions. The rainfall pattern of the WAM is characterized
mainly by two rainfall events that are spread over two time periods in two different
locations: (1) intense rains near the Gulf of Guinea (around 5N) between June and July

which roughly follows the seasonality of the Atlantic Sea Surface Temperature (SST),
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and (2) strong rainfall bands along the interior of the West African continent at about
10N starting in July and continuing until about late August/early September. During July
to September, westward propagating wave signals [African easterly waves (AEWs)]
dominate the synoptic-scale variability (Gu & Adler, 2004). In addition, human-induced
land-use change is a key element in conjunction with natural variability that controls and
influences the WAM system. (Biasutti, 2019; Im, Marcella, et al., 2014a; Zheng &
Eltahir, 1998).

Historically, land use has changed dramatically in this area, with cultivated land
expanding 5-fold in the Sahel when comparing the 1950s to the 2000s. This area,
however, does not have good water resources for agriculture and the amount of irrigated
area is estimated to be a very small percentage of the total cultivated area (CGIAR, 2015;
Hollinger & Staatz, 2015; Tripathi et al., 2021). Furthermore, West Africa is considered a
“hot spot” for soil moisture-rainfall feedbacks (Koster et al., 2004; Wang & Eltahir,
2007), which means that if land-use and land cover changes (LULCC) occur there, such
as an expansion of irrigated agriculture, it might have a disproportionately large impact
on atmospheric conditions and subsequently rainfall patterns. This thesis will discuss the
possible effects of irrigation and desertification on the alteration of regional climate in
West Africa, such as affecting the wind patterns, PBL, LCL, and precipitation amounts
associated with the WAM.

11
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Figure 1.1 Elevation Map showing different mountain ranges in Africa. Graph extracted

from (Lavaysse et al., 2009).

12



10°E 20°E

1SW10W SW 0 SE 10E 15E 20E 25E 30E 35E 40E 45E SOE

Figure 1.2 Top: July precipitation amounts (mm/day) from MRCM control (CONT)
simulation. Bottom: Annual average precipitation (mm) in Africa from the Global

Precipitation Climatology Center (GPCC) 1979-2010 rainfall data (graph extracted from
(A. Siebert, 2014)).
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1.4 Variables Affecting West African Rainfall

West African rainfall is heavily influenced by different climate phenomena. Studies in
the past on West African rainfall can generally be categorized into 3 categories: There are
those that investigate the teleconnections of remote oceanic forcings such as from
Atlantic ocean SST (Rodriguez-Fonseca et al., 2011; Thorncroft et al., 2011; Zheng et al.,
1999), or effects from the El Nino Southern Oscillation (ENSO) from the Pacific ocean
on larger scales (Atiah et al., 2020; Camberlin et al., 2001; Dai & Wigley, 2000); those
that focus on local atmospheric to land-surface level perturbations (Kang & Eltahir, 2019;
Qian et al., 2013) such as due to irrigated agricultural activities; and more recently,
studies that look at the effects of aerosols both remotely through ocean-mediated
processes and locally through direct-atmospheric processes on rainfall (Deser et al., 2020;
Hirasawa et al., 2022). Studies in this third category see the effects on rainfall in this
region as being linked to the Hadley cells as well as the regional monsoonal circulations,
which causes it to be susceptible to influences from both remote oceans and local land

surfaces (Biasutti, 2019).

West African summer rainfall variability is strongly influenced by SST in the Atlantic
ocean and has strong interannual variability (Thorncroft et al., 2011; Worou et al., 2021;
Zheng et al., 1999). Despite some recent studies that have suggested a weakening role of
Atlantic SSTs on West African rainfall (Worou et al., 2021), there have been many
studies on WAM which have shown a strong correlation between interannual WAM
variability in rainfall to other ocean characteristics such as the South Atlantic Ocean
Dipole (Nnamchi & Li, 2011). Some also actively use this relationship to predict seasonal
rainfall in the future (A. Siebert et al., 2021). Physical mechanisms associated with SST
effects on rainfall are related to the temperature differences between the equatorial
Atlantic and the Sahara, which drives the timing and intensity of coastal rainfall and the

moisture flux convergence north of the main rainfall band (Thorncroft et al., 2011). It can
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therefore be concluded from previous studies that one of the main drivers of interannual
rainfall variability are the conditions of ocean temperatures in the Atlantic and in other

occans.

At the same time, another driver of rainfall anomalies in West Africa are local
perturbations in moisture and temperature which can lead to changes in the fluxes of
energy and matter. These changes in surface conditions, such as a change in land-use
type, can alter the large-scale circulations and change rainfall patterns in the region.
Some of the theories involving land-atmosphere interactions have been well-studied and
there are many different feedback loops proposed on how surface conditions affect
circulations and ultimately rainfall (Liu et al., 2022; Seneviratne et al., 2010).
Specifically for rainfall, there are generally different ways to look at it, either through the
lens of water recycling or through the lens of convective activity, which are both valid.
However, these feedback loops are usually best understood at different spatial scales. If
one looks at smaller spatial scales, theories proposed in past studies indicate a negative
feedback loop between wet patches and local convective initiation, as wet patches
decrease the surface temperature, which causes the planetary boundary layer to lower,
which in turn decreases convective activity (Im & Eltahir, 2014; Klein & Taylor, 2020;
Taylor et al., 2012). At larger spatial scales however, water recycling is generally still
considered one potential factor and leads to a feedback mechanism in which wet soils
tend to increase regional rainfall as the extra moisture is evaporated and then falls back to
earth as rain at a later time in the same mesoscale region (Brubaker et al., 1993; Gong &
Eltahir, 1996). No matter the mechanisms involved, there is no denying the direct effects
of local land surface effects on rainfall variability in West Africa, and the region of West
Africa is considered to be a hotspot when it comes to land-atmosphere feedbacks (Koster

et al., 2004).

More recently, newer studies have pointed to the fact that aerosols can also have a strong
impact on rainfall (Camberlin et al., 2001; Deser et al., 2020; Monerie et al., 2023).
Anthropogenic aerosols are dominated by sulfate emissions, but effects have also been

documented for black carbon (Huang et al., 2009). Aersol emissions can both have local
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and remote impacts on rainfall in West Africa through both local, i.e. West African
aerosol emissions and remote, i.e. emissions from the US and Europe. This is due to the
aerosol properties such as altering the shortwave radiation, and the changing of cloud
albedo and lifetime (Collins et al., 2017). These effects explain the West African
droughts in the past, as the emissions of European and North American aerosols caused a
decrease in surface air temperature in those areas, weakening the interhemispheric
temperature gradient and causing the WAM to move southward. This in turn caused
droughts in West Africa as WAM did not transport as much water northward. Since the
1980s, emissions of aerosols in Europe and North America have decreased, causing the
WAM to move northward and contribute to more rainfall. However, the local effect of
aerosol emissions in West Africa itself have become more dominant as aerosol emissions
increased for both sulfates and black carbon. This in turn is responsible for drying in
recent years and will likely be the dominant pathway to drying in the years to come as
these aerosols scatter shortwave radiation over Africa, enhance cloud cover, which cools
the surface and decreases the amount of local rainfall (Hirasawa et al., 2022; Shindell et

al., 2023).
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2. Literature Review

In the Introduction section, we have introduced the notion that West African rainfall is
mainly affected by three aspects, local land and atmospheric feedbacks, remote ocean
drivers, and aerosols, which themselves have both a remote and a local effect on rainfall.
The experiments that we conducted are focused on understanding the effects on rainfall
due to land-use and land-cover changes. For this reason, we will dive deeper into the first

driver of change from previous studies.

The current state of the land-use types in Africa are mostly comprised of grasslands,
savannas, and croplands (Figure 2.1), of which most of the existing croplands are rainfed
due to a lack of irrigation infrastructure. This causes agriculture to be less productive as it
suffers more from negative impacts caused by climate variability, which will likely
increase in the future (Teye & Nikoi, 2022). One of the possible solutions would be to
implement more irrigation infrastructure to minimize unwanted climate risks (Hollinger
& Staatz, 2015) for the future. One of the consequences of increasing irrigation, is the
wetting of the soils and the increase of evapotranspiration of the crops. It is therefore
important to better understand the consequences of wet soils and LULCC more broadly
on climate as well as precipitation. In the following, we will review different studies in
the past that have already looked at the topic of LULCC as well as irrigation on
precipitation and other intermediate mechanisms that lead to a change in rainfall as well

as other water resources.
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Figure 2.1: MODIS data showing the current land-cover types of the Sahelian region.

Studies proposing that land-use change in the Sahel cause a change in rainfall have dated
back to the 1970s, where Charney et al. (1975) proposed that a decrease in plant-cover
would lead to a decrease in rainfall based on changing the albedo of the surface inside a
simulation study. Comprehensive theoretical frameworks of land-atmosphere interactions
that included vegetation feedbacks on the atmosphere and many different processes were
presented in the 1990s. Some of these studies focused more on water recycling (Savenije,
1995) and suggested that decreased vegetation would increase the runoff and thus
decrease the amount of water that is being recycled and subsequently decrease
precipitation. Other studies focused more on the energy balance, planetary boundary
layer (PBL) stability, effects on rainfall (te Wierik et al., 2021), and how these effects
feed back to the surface water and energy balances which also includes effects on
vegetation (Betts et al., 1996; Eltahir, 1998; Pal & Eltahir, 2001). These studies
benefitted from the availability of observations, such as the First International Satellite
Land Surface Climatology Project (ISLSCP) Field Experiment (FIFE) (P. J. Sellers et al.,
1992) and the Boreal Ecosystem Atmosphere Study (BOREAS) (P. Sellers et al., 1995).

These studies have shown many important relationships (Figure 2.2), for example on the
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radiative feedback loops, which means that wet soils tend to lower the surface albedo,
increasing the amount of radiation absorbed by the surface, thus increasing the net
radiation at the surface. At the same time, it would lower the Bowen ratio (sensible to
latent heat flux), moistening the lower atmosphere. This is however counter-acted by the
cloud effects, which then reduce the incoming radiation. Feedback regarding the
boundary layer height (PBL height) and moist static energy (MSE) would result in a
lower PBL height and an overall increased amount of MSE per unit mass of air within the
PBL. It also suggests a theory that wet soils tend to decrease the cloud base height, which
should increase the magnitude of convective rainfall. For the above explained
mechanisms, we see that there is both a positive feedback loop with the increase in the
unit MSE within the PBL, which causes increased rainfall, as well as a potential negative
feedback loop, caused by the build-up of clouds, which might decrease the amount of
radiation reaching the Earth’s surface, thus decreasing the amount of potential energy
available for convective activities. With this in mind, we can assume that there may be
different locations on Earth under different climate conditions, which may exhibit

positive or negative feedback loops on rainfall caused by the same wet soil conditions.
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Fig. 2.2: This figure is extracted from Pal & Eltahir (2001) , highlighting the different

pathways on how wet soil conditions lead to increased rainfall (positive feedback loops)

as well as negative feedback loops.

Findell & Eltahir (2003a) developed a framework with a one-dimensional boundary layer

model and using two thermodynamic features of the atmosphere to analyze the soil-

moisture — atmospheric boundary layer interactions under different early morning

atmospheric conditions. The 2 thermodynamic features observed are the Convective

Triggering Potential (CTP) and the Humidity Index (HIjow). With this framework, they

were able to categorize the United States into different regions of soil-moisture and

atmospheric feedback areas using radiosonde data from 89 stations. Different climate
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zones that have either positive or negative feedback loops as well as transition zones, and
zones that are not controlled by soil-moisture conditions (Figure 2.3). Ferguson & Wood
(2011) has expanded this framework with new datasets and tried to expand the
classification of land beyond the United States to the whole globe (see Appendix B
Figure B 2.1).
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Figure 2.3: Representative regions within the continental United States, based on the
CTP-Hliow framework. Here region soil-moisture dependent climate regimes are

identified for the US. Extracted from Findell & Eltahir (2003b).

More recent studies have benefitted from even better observational and simulation
datasets, such as the Global Land Atmosphere Coupling Experiment (GLACE) that have
led to discussions on large-scale Soil-Moisture Precipitation (SM-P) feedbacks fand land-
atmosphere coupling hotspots (Koster et al., 2004; Santanello et al., 2018). Irrigation and

desertification can change the soil moisture and subsequently regional climate due to
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land-atmosphere interactions. The effects of soil moisture on the atmosphere can
generally be categorized into two different categories of effects: first order and second
order effects. The first order effects are local, such as changing of the surface water and
energy balances (Adegoke et al., 2003; Alter et al., 2015; Douglas et al., 2009; Im &
Eltahir, 2014; Kang & Eltahir, 2019; Qian et al., 2013). Second order effects include
land-atmosphere interactions that affect large-scale circulation, sometimes also in remote
locations. For example, climate change can warm the land and ocean unevenly, causing
anomalous large-scale circulation and remote effects such as rainfall in remote areas
(Alter et al., 2015; Entekhabi et al., 1996; Im, Marcella, et al., 2014a; Qian et al., 2020;
Tuel & Eltahir, 2020), as well as rainfall downstream of an irrigated area (Im & Eltahir,
2014; Klein & Taylor, 2020; Lu et al., 2017). First-order effects combined with second-
order effects can affect rainfall in a region, but also depend on intermediate steps that
create an environment that is suitable for rainfall. In the tropics, rainfall is mostly caused
by convection and the rising of air parcels due to anomalous heating at the surface due to
an ample amount of sunlight. One of the key drivers of rainfall around the tropics is
therefore the height of the Lifting Condensation Level (LCL) with regards to the PBL.
Generally, irrigation lowers both the PBL and LCL (Alter et al., 2017; Im, Marcella, et
al., 2014a; Qian et al., 2013, 2020).

Thermodynamically, irrigation causes an increase in both the Convective Available
Potential Energy (CAPE), which increases the likelihood of convective precipitation
(Crook, 1996; Pielke Sr., 2001; Z. Yang et al., 2017), and Convective Inhibition (CIN),
suppressing initiation of convection (Boucher et al., 2004; Crook, 1996; Sacks et al.,
2009). Together, both compete against each other and contribute energy in opposite
directions. In the afternoons, however, it is often the case that CIN decreases and the LCL
rises, which increases late-afternoon convective initiations (Qian et al., 2020). The
potential impacts of land-atmosphere interactions with respect to soil moisture can have
significant effects on precipitation either locally or remotely and this in turn can have
important consequences for agricultural activities and the livelihoods of people (Im &

Eltahir, 2014; Kang & Eltahir, 2019).
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2.1 Different Dominating Feedback Mechanisms

Even though we know much about the effects of land-use change on climate on local and
larger spatial scales as well as thermodynamic aspects, different studies still show
different results. There are generally 2 different views on how soil moisture affects
precipitation. One being a positive feedback mechanism, in which soil-moisture increases
the amount of subsequent rainfall. This can either be explained through water recycling
or through energy considerations such as using MSE (Eltahir, 1998; Eltahir & Bras,
1993; te Wierik et al., 2021). However recent studies have also shown that there exists a
negative feedback mechanism for SM-P (Klein & Taylor, 2020; L. Yang, 2018). These
studies reason their results through the energy perspective, whereby more sensible
heating from the higher surface temperatures can cause the PBL to rise higher and thus
cause more precipitation. Some other studies find that both negative and positive
feedback exist. In the following, we will look at differences in how studies see the
viability of different SM-P mechanisms and, specifically, on the positive and negative
feedback loops of soil-moisture and, in extension, land-use changes on local and remote

precipitation patterns.
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2.2 Positive Feedback

This section looks at studies that have demonstrated positive SM-P feedback.

Kang & Eltahir (2019) detailed the combined relationship of irrigation induced surface
cooling, lowering of the PBL and increases of precipitation and specific humidity. The
increase in precipitation is due to the interaction with the large-scale circulation above the
North China Plain (NCP) as a strong anti-cyclonic circulation interacts with the
background regional wind pattern associated with the evolving monsoon circulation
along the Taihang mountains. The increases in precipitation and decreases in temperature
can be seen in the Figure 2.2.1 (Kang & Eltahir, 2019). We see cooling in the blue areas
(Figure 2.2.1(A)) and increases in rainfall in many of the similar areas in the North China
Plain (Figure 2.2.1(B)), despite shifted slightly to the south-west. In northern Chongqing,
we see both decreases in temperature combined with increases in precipitation, signaling

positive SM-P feedback locally.
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Figure 2.2.1: Figure extracted from Kang & Eltahir (2019). It shows observed spatial
changes for surface temperature (A) and precipitation (B) when comparing the difference
between before irrigated (1910-1949) and after-irrigated (1970-2009) time periods for the
months of May-June-July. The black dots indicate differences that are statistically
significant at the 5% Kolmogorov-Smirno test (N=40, p<=0.05).

Using the Granger causality framework, Tuttle & Salvucci (2016) isolates the casual
relationship between soil moisture state and the probability of precipitation. They did so
by removing the confounding effects of precipitation autocorrelation, low-frequency
variability, and atmospheric persistence. Precipitation autocorrelation is removed through
a General Linear Model (GLM), which includes both the lagged precipitation and lagged
soil moisture. The model also includes a binary indicator variable that determines if there
were precipitation days during the previous days. Atmospheric persistence is removed by
including lagged pressure data much in the same way. Low-frequency variations, such as
seasonal variations in soil-moisture are removed through the inclusion of sinusoids to

explain these variables. The results of this purely statistical study based on only
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observational data show that there is positive feedback of SM-P on the next-day
probability in the western United States (see Figure 2.2.2 below, from Tuttle & Salvucci
(2016)). Their results look at two different soil moisture scenarios of dry soils and wet
soils based on observations. Wet soils and dry soils are categorized based on being above
or below seasonally detrended median soil moisture anomaly. Figure 2.2.2 shows the
relative probability of precipitation predicted with a full regression model (including soil
moisture) divided by precipitation probabilities predicted without soil moisture. The
positive impacts (i.e. impact higher than 1 in wet conditions and lower than 1 in dry
conditions) in the west indicate that soil moisture increases the probability of subsequent
rainfall. Negative feedback (i.e. impact higher than 1 in dry soil moisture conditions and
lower than 1 in wet conditions) dominates the eastern portion of the study area. We have

both positive and negative SM-P feedback here.

26



VUA-NASA
Latitude

UMT
Latitude

¥ 8 & 8 & &% 8 & & & 8

120 -110 -100 90 -80 -70 120 -110 -100 90 -80 -70

Longitude Longitude
05 0.75 1 1.25 15

Figure 2.2.2: extracted from Tuttle & Salvucci (2016). This study looks specifically at the
impact of soil moisture on next-day precipitation. Here the authors calculate the mean
impact of soil moisture on precipitation, calculated as the predicted precipitation
probability when soil moisture was included in the regression model divided by the
predicted precipitation probability when soil moisture was removed. Blue colors indicate
that the inclusion of soil moisture in the model reduced the predicted precipitation
probability, while red colors indicate that the probability increased. Light gray areas
denote the absence of a statistically significant relationship (alpha = 0.05), and dark gray
areas were not tested. Figures on the left show the relative impact below median soil
moisture anomaly (dry conditions) and mean relative impact of above median soil

moisture anomaly is presented in the right column (wet conditions).
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Alter et al. (2015) show through both model simulations and multiple observational
validations that rainfall increases remotely (to the east) with irrigation for both July and
August as seen in Figure 2.2.3 below. With irrigation, there is also a response in the
large-scale circulation (clockwise) and an increase in the amount of water in the nearby
Atbara river basin. The mechanism described by Alter et al. (2015) links increase in soil-
moisture with the decrease of surface temperature due to evaporative cooling, the
development of a clockwise circulation anomaly as well as a high-pressure anomaly over
the irrigated area and the interaction with the background winds which causes a
convective anomaly thereby resulting in increased precipitation to the east of the irrigated
area for both July and August. Increases in specific humidity also results in an

environment better suited for rainfall enhancement.
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Figure 2.2.3: extracted from Alter et al. (2015). This figure compares the simulated and

observed changes in rainfall. a) and b) show absolute differences in ensemble mean
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rainfall between irrigation and control simulations for July (a) and August (b).
Superimposed dots indicate irrigation-induced rainfall enhancement during at least
70%o0f the ensemble years. C) and d) show absolute differences in observed rainfall for
July (c) and August (d). Superimposed dots indicate grid cells where the value of a
rainfall change consistency index >= 80" percentile. Areas with <= Imm/d in rainfall for

the control are masked out to avoid potential inflation due to small amounts.

Yang (2018) shows that there is positive feedback in transitional zones when looking at
the soil moisture impact on next-month precipitation (see Figure 2.2.4). Yang (2018)
suggests that for negative SM-P feedback to occur, a negative soil moisture -
evapotranspiration (SM-E) correlation would be required. In transitional climate zones,
i.e. not too wet or dry, SM-E is linear and positive, but this changes when we go to an
arid zone, where soil suction is high (water-limited), therefore not necessarily causing a
positive correlation between SM-E. For wet soils, E is limited by the potential

evapotranspiration (energy-limited).
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Figure 2.2.4: The correlation between monthly soil moisture and next-month
precipitation. We see that most areas on the globe show a positive correlation with
regards to SM-P on next-month rainfall and that some mostly transition zones (between

wet and dry areas) show negative SM-P feedback. Extracted from Yang (2018).
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2.3 Negative Feedback

Here a summary of the results with negative feedback is given. What we learn from the
above review, is that many of the studies that showed positive feedback also have areas
with negative feedback. Alter et al. (2015) shows, through both model simulations and
multiple observational validations, that rainfall decreases locally with irrigation. Yang
(2018) shows that there is negative feedback in extremely wet and dry locations (Figure
2.2.4). Tuttle & Salvucci (2016), as mentioned above, shows negative SM-P feedback in
the eastern parts of the United States (Figure 2.2.3).

Klein & Taylor (2020) shows with a systematic observational study that mature
mesoscale convective systems are positively impacted by dry soils to cause convection
remotely on the downstream side of dry patches >= 200km across. This study, in addition
to confirming some of the mechanisms of how dry soils increase convection, such as
through convergence, increased instability and wind shear, also suggests a specific size
that is required to have a significant effect on mesoscale circulations. Even if the
mechanism suggested forms negative feedback, it is also stated in the thesis that if we
look at a larger zonal length scale, dry patches are causing more convection locally, then
more dry and warm land further east, i.e. it is creating areas of stronger rainfall as well as
areas of weaker rainfall when compared to the climatology, in a way redistributing the
available moisture in the air to cause more extreme events such as floods. This checker

style redistribution is continued down the path of the African Easterly Jet.
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2.4 Both Feedbacks

After analyzing both studies with positive SM-P feedback and studies with negative SM-
P feedback, we find that most of the aforementioned papers present both areas with
positive and negative SM-P feedback depending on the climate regime in question and

how the local effects interact with larger scale climate characteristics.

Tuttle & Salvucci (2016) and Yang (2018), which both look at the small spatial scales
when considering SM-P feedback, show that there are different soil regimes, which favor
different feedback mechanisms. Generally, it follows that there are water-limited and

energy-limited feedback loops.

2.5 Spatial and Temporal Scales of Feedbacks

We have seen in the previous sections that there are different mechanisms at work to
cause a positive or negative feedback between soil-moisture and precipitation, which is
also dependent on the geographical location, i.e. orographic features and climate regimes.
In this section, we will summarize the information of the studies that have been reviewed

into nature of feedback mechanisms, spatial resolutions, feedback scales and time scales.
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Positive Negative | Mixed | Spatial Affect scale | Effect Scale Time scale
effect effect effect Resolution** @if
. (days)
applicable)
(Eltahir, X FIFE (15km x 1
1998) 15km)
(Findell & | X Ilinois (~50 x State of Illinois | 21
Eltahir, 50km)
1997)
(Findell & X ~300 x 300km Contiguous 0.5
Eltahir, (point United States
2003b) observations)
(Wei & X ~50 x 50km Global
Dirmeyer,
2012)
(Klein & X 3x3km >=200 x mesoscale 0.5
Taylor, 200km (arid | convective
2020) patches) systems
(Zhou et X* X* ~50 x 50km Global 30
al., 2019)
(L. Yang, X 25 x 25km 25x25km 30
2018)
(Ferguson X 125 x 125 km Global
& Wood,
2011, p)
(Eltahir & X The Amazons
Bras, 1993)
(Alter et X 50 x 50km ~300x ~700x700km Decades
al., 2015) 300km (years)
(irrigation)
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(Tuttle & X 25 x 25km Contiguous 1
Salvucci, United States
2016)
(Kang & X 50 x 50km ~400 x Northern China | Decades
Eltahir, 400km (~1000 x (years)
2019) (NCP 1000km)

irrigation)

*This thesis has looked at the correlation between SM and atmospheric aridity expressed

in vapor pressure deficit, which is not the same as precipitation.

**Some studies used datasets that had resolutions of 0.5x0.5 degrees. Here they were
converted into 50x50km assuming 1 degree = 100km to make different spatial scales

more comparable.

Table 2.1: This table compares and contrasts the different studies with regards to their

SM-P feedback mechanism (being positive, negative or mixed), the spatial resolution at
which SM-P feedback is evaluated, the affect scale (which describes the spatial scale of
the initial soil condition of which the effect on precipitation is being studied), the effect
scale (the spatial area where there are effects of the examined soil moisture conditions),

and feedback time scale (for SM-P).

Our study aims to build upon the conclusions of past studies to provide an additional
layer of understanding within the mechanistic pathways from soil moisture to rainfall
with the analysis of the changes to PBL and LCL as well as wind patterns associated with
rainfall together with the effects of irrigation and desertification in West Africa. The
remainder of this thesis is organized as follows: we first discuss the methods, then we
look at the results and finally we discuss our results and compare them to other studies in

order to reach our conclusion.
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3. Methods

3.1 Global and Regional Climate Models

Global Climate Models (GCMs) are a good tool in understanding the physical
mechanisms and feedback loops between the ocean, land and atmosphere and have been
developed extensively in the past (Figure 3.1.1). As such, they often give credible
representations of physical changes on larger continental and global scales (Ceppi et al.,
2017; Hamed et al., 2022; Serland et al., 2018) (Figure 3.1.2). However, they often fall
short in capturing the physical mechanisms such as precipitation at smaller scales for
local decision makers and other stakeholders to use the information in a meaningful way,
as they usually run at resolutions of 2 degrees or larger. This is because certain physical
mechanisms such as convection happen at far smaller scales, and running a GCM at those
smaller scales would exponentially increase the run time and make the simulations more

costly.
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Figure 3.1.1: The continuous development of Global Circulation Models (GCMs) to

incorporate more and more climate processes. Graph extracted from IPCC AR4.

(b) Annual mean temperature change (°C) Across warming levels, land areas warm more than ocean areas, and the
relative to 1850-1900 Arctic and Antarctica warm more than the tropics.

Simulated change at 1.5°C global warming Simulated change at 2°C global warming Simulated change at 4°C global warming
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Figure 3.1.2: Changes in global temperature as simulated from GCM ensembles. Graph
extracted from IPCC ARG6.
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For this reason, there is the necessity to downscale GCMs simulations to study local
climate feedback loops. One way to study regional climate is to use Regional Climate
Models (RCMs). RCMs have the advantage of having finer resolutions, usually in the
tens of kilometers, as opposed to hundreds of kilometers for GCMs and are a good tool
for representing the smaller scale climate mechanisms without making the running of the

models too costly.

3.2 MIT Regional Climate: Model Development

In this study, the MIT Regional Climate Model (MRCM) is used to examine the
climatological effects of land-use change within West Africa. MRCM is built upon the
Regional Climate Model Version 3 (RegCM3), originally developed by the National
Center for Atmospheric Research (NCAR) and maintained by the International Center for
Theoretical Physics (ICTP). MRCM retains many of the same structures (Pal et al.,
2007), but the Eltahir Research Group has incorporated many modifications over the
years to improve the representations of different physical mechanisms. These include an
new bare-soil albedo assignment (Marcella, 2012), boundary layer height and boundary
layer cloud schemes (Gianotti, 2012), new convective cloud and convective rainfall
autoconversion schemes (Gianotti & Eltahir, 2014a, 2014b), and a new irrigation scheme
(Marcella & Eltahir, 2014) (Table 3.1). This irrigation scheme has also been implemented
over West Africa in the past (Marcella and Eltahir, 2014). Experiments were later
performed that validated the accuracy of the model with these updated schemes such as in

Im et al., 2014a; Im & Eltahir, 2014b (hereafter referred to as Im14a and Im14b).
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Key

Physics New Features
References

New treatment of lateral boundary for
Aerosols & mineral aerosol
Chemistry

Marcella & Eltahir 2010

Sub-grid variability of dust emission  Marcelia & Etanr 2011 Middle East

New convective cloud fraction
scheme T T
Convective New convective rainfall
Rainfall & autoconversion scheme
Cloud

Gianotti & Etanir 2014 Southeast Asia

Modified boundary layer height &

Gianotti 2012
boundary layer cloud scheme ks

Integrated Biosphere Simulator (IBIS) ) .
Land Surface Scheme Sntegetat 00 United States

Land Surface New surface albedo assignment Marcella & Eltahir 2012

L marcella & Ettahir2014  West Africa
New irrigation module Im & Eltahir 2014

Table 3.1: Table courtesy of Yeonwoo Choi. Table summarizing the improvements of
MRCM over the years as well as the study regions they were implemented in on the

right-hand side.

Previous work on MRCM simulations has successfully simulated regional climate in
West Africa, especially for the monsoon months (Im, Marcella, et al., 2014a; Im &
Eltahir, 2014). The version of MRCM used for these simulations has been shown to be
highly accurate for simulating monthly rainfall in the Sahel region. It uses the IBIS land-
surface scheme combined with the Modified Emmanuel convection scheme (2013,
related information accessible on eltahir.mit.edu/conferences). Given these validations,
we adopt the same MRCM versions as in Im14a and Im14b to conduct our study on the
impact of potential large-scale irrigation and desertification on the WAM and regional

rainfall.

In this study, all experiments are run on a 30-year period between 1982 and 2012. The
initial and boundary conditions are specified by ERA-Interim, a reanalysis product
produced by the European Centre for Medium-Range Weather Forecasts (ECMWF) with
a resolution of 1.5 x 1.5 degrees at a 6 hourly interval (Uppala et al., 2008). The sea

surface temperatures are given by the National Oceanic and Atmospheric Administration
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(NOAA) Optimum Interpolation data (NOAA OI) with a horizontal resolution of 1 x 1

degrees and weekly resolution. !

Furthermore, gridded irrigation data from the year 2005 were used in MRCM from the
Historical Irrigation Dataset (HID 2005) (S. Siebert et al., 2015) to define the land-use
types. Herein, a grid cell is designated as “irrigated cropland” if irrigation covered at least
25% of the total grid cell area. “Irrigated cropland” grid cells are treated/irrigated such
that soil moisture in the root zone (top 1 m of the soil) reaches 75% of relative field
capacity (field capacity divided by the porosity of a soil layer). At this point, water is
added until the root zone reaches soil saturation, which is assumed to be relative field
capacity (Marcella & Eltahir, 2014). This irrigation procedure is repeated as necessary for
both control (CONT) and sensitivity (EXP) experiments across 30 years from June to
August. Compared to irrigation schemes that continuously saturate the root zone, this
procedure allows for a more demand-based irrigation system that maintains more realistic

levels of soil moisture over irrigated cropland.

3.3 Experimental Design

The model domain and land-use map are shown in Figure 3.4. The whole experimental

domain covers West Africa, parts of the Atlantic Ocean and the Mediterranean and is

' More detailed model description and general performance of MRCM can be found in previous studies of
MRCM simulations over West Africa (Im, et al., 2014; Im, et al., 2014a; Im & Eltahir, 2014; Marcella &
Eltahir, 2014).
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centered at 3W and 15N with a 50 km horizontal resolution (130 grid points zonally and
114 grid points meridionally). Vertically, the model assumes 18 sigma levels that start at
the surface and go up to the 50 hPa level in the atmosphere. The size of the domain was
chosen to not have orographic features such as the highlands of Guinea. The assumed
boundary conditions affect the model performance on the boundaries of the experiment.
Experiments are set up on a 30-year time scale, which should be sufficient in capturing
the climatology of a region. This is in contrast with Im14a and Im14b, where the studies

span 20 years.

10

lat [latitude]

=10

Figure 3.3: Experiment Domain with different land-use types represented by different
colors. Land-use types taken from S. Siebert et al. (2015). The red box is the irrigation
area between 10-22 N. The graph shows the naturally existing land-use types. The graph
in the right with the green color extending to the south is the desert experiment that
changes all of the land in northern West Africa into a desert. The different colors
represent the different land-use types. The list includes 17 land-use types with 13 being
“irrigated cropland” and 14 being “desert”. The complete list from 1-17 is as follows:
"tropical evergreen forest","tropical decidduous forest","temperate evergreen broadleaf

forest","temperatre evergreen conifer forest","temperate deciduous forest","boreal
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evergreen forest","boreal deciduous forest","mixed forest","savanna","grassland","dense
shrubland","open shrubland","irrigated crop","desert","polar desert","cropland", and

"ocean/water".

3.4 List of Simulations Conducted

As the aim of this study is to understand the effects of land-use change on rainfall
patterns in the West Africa, experiments with land-use type changed to irrigated farmland
on a large and small scale as well as land-use type changed to desert at different scales
were performed. The considerations for these sensitivity experiments are to see if
Irrigation on a large scale, as well as on a smaller scale might change the WAM in
different ways, to allow rainfall to move further north or increase in magnitude in remote
locations. This is because the larger scale irrigation effects are likely not realistic due to
the large amount of water required in such scenarios. The smaller scale irrigation is done
in 2 ways, first through partial irrigation by the creation of irrigated patches, and secondly
by only irrigating a thinner strip of area in the south closer to the tropics. On top of that,
we also use scheduling to further minimize water-use of the experiments. This is done by
only irrigating in the first week in each month following the irrigation scheme developed
previously (Marcella & Eltahir, 2014). The desert experiment is set up to see how rainfall
patterns would change in a theoretical desert environment as well as to assess the

influence of currently existing vegetation on rainfall and atmospheric characteristics.
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There are 2 sets of simulations in this study. One set includes simulations that were
conducted with model output at 6-hourly intervals and another that were conducted with
output at 3-hourly intervals. Those conducted at 6-hour intervals produced simulation
results at 00:00, 06:00, 12:00, 18:00 each day, while the second set of simulations at 3-
hour intervals produced results at 00:00, 03:00, 06:00, 09:00, 12:00, 15:00, 18:00, 21:00.

The different 6-hourly simulations were conducted with different irrigation levels, for a

total of 10 simulations. These 10 simulations are as follows:

—

no irrigation, control experiment which does not change the land-use type,
desertification,

22% desertification of the landscape,

15% of land irrigated,

22% of the land being irrigated,

22% of land being irrigated with larger patch-size,

30% of the land irrigated,

50% of the land irrigated,

100% of the land irrigated,

A S A O i

10. 100% of the land irrigated in a larger area to the coast.

All the above simulations were done with land use specifications as above for the area
defined by latitudes between 10 — 22N, 14W — 20E (10W — 20E for the 100% irrigated
simulation, and also a simulation that simulates 100% irrigation up until the African
coastline in the west) and using the initial and boundary conditions as mentioned in the
section 3.2 of this chapter. This latitude zone was chosen based on the results of previous
studies that have indicated that this area has a larger effect on increasing rainfall and thus
water recycling in the area. There is also one simulation with the latitude of the irrigated
zone shifted 5 degrees to the south to 5 — 17N. This simulation was done in order to see if

the southward shift of the irrigation zone can have a large effect on climate patterns.
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Figure 3.4.1: The entire domain in the graph is the simulation domain. Simulation 1 for 3-
hourly and 6-hourly output simulations both use the original land-use types as seen in the
above graph. The red box indicates the location of land-use change, where original land-
use is changed to be irrigated farmland or desert according to the simulations 2-8, as well

as with simulations 1 & 3 for the 3-hourly output simulations.
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Figure 3.4.2: The entire domain in the graph is the simulation domain. The red box

indicates the location of land-use change, where original land-use is changed to be
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irrigated farmland according to simulation 9.
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Figure 3.4.3: The entire domain in the graph is the simulation domain. The red box
indicates the location of land-use change, where original land-use is changed to be

irrigated farmland according to simulation 10.

Apart from 6-hourly output simulations, there were also experiments with 3-hourly
output intervals which were conducted to better analyze afternoon 15:00 atmospheric
conditions. These simulations include different land-use type setups, for a total of 4
simulations. These 4 simulations are as follows:

1. control experiment,

2. desertification, land-use has changed to be a desert land-use type for an extended

area of West Africa,
3. 100% irrigation,

4. 100% irrigation in a slimmer latitudinal band in the south.
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The domains are the same as the simulations for 6-hourly output experiments. In
addition, there were also experiments conducted in a different geographical location (10 —
14N), which is a slimmer band in the south which would be more realistic in terms of the
water distribution infrastructure and availability in West Africa. Here the same

simulations of control, desertification and 100% irrigation are conducted.
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Figure 3.4.4: The entire domain in the graph is the simulation domain. The red box
indicates the location of land-use change, where original land-use is changed to be desert

according to simulation 2 of the 3-hourly simulation.
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Figure 3.4.5: The entire domain in the graph is the simulation domain. The red box

indicates the location of land-use change, where original land-use is changed to be

irrigated farmland according to simulation 4 of the 3-hourly simulation.
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4. Results

We examine May-September monthly averages of precipitation, evapotranspiration,
wind, surface temperature and atmospheric characteristics including Planetary Boundary
Layer (PBL) height and Lifting Condensation Level (LCL) height from 31-year (1982-
2012) sensitivity experiments listed in section 3.4 (in total of 14 simulations). The region
of interest is West Africa (see Figure 3.4.1), and we ultimately want to better understand
the effects of land-use change on precipitation as well as other atmospheric variables
which are important in controlling intermediate processes that lead to the specific

precipitation changes.

4.1 Change in Precipitation (for Experiments with Model
Output at 6-hourly Intervals)

For Precipitation change, we look at simulation results showing the difference between

the land-use change induced precipitation and the control simulations where we do not
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change land-use types. We see a relative increase in precipitation south and south-west of
the irrigated area as well as a decrease in precipitation to the north and north-east of this
area with increased precipitation. These changes in precipitation can be attributed to a
local land-atmosphere coupling effect which reduces land-surface temperatures, reduces
the convective available potential energy (CAPE) and ultimately leads to less
precipitation as well as the change in wind patterns that alter the large-scale transport of
moisture further north. The local land-atmosphere coupling mechanism in reducing local
rainfall has been observed in many previous papers (Alter et al., 2015; Im, Marcella, et

al., 2014b).

The specific results of seasonal rainfall (May-September) under the different
experimental setups (from desertification to irrigation) are now presented below in a
series of figures (4.1.1 — 4.1.8) together with their land-use type changes. All of the
simulations have the same color scale for the change in rainfall amounts when we
subtract the control simulation rainfall amounts from those of the perturbed land-use
simulation. The changes in precipitation vary between a decrease of 2 mm/day to an
increase of 2.5 mm/day. The results presented here also average the rainfall changes
between the months of May through September. The white areas inside the graphs are
areas where rainfall changes are beyond or below the previously mentioned [-2.5, 2]

mm/day range.
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Figure 4.1.1: (Left) Seasonal (May-September) precipitation anomalies (simulation with
a change of the land-use type minus the control simulation) with 100% of the lands in the
red box indicates the area in which the land-use type has changed, from the original land-
use type entirely into the irrigated cropland land-use type. (Right) Land-use type
distribution showing the altered land-use type distribution from the original land-use

types shown in Figure 3.3.
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Figure 4.1.2: (Left) Seasonal (May-September) precipitation anomalies (simulation with
a change of the land-use type minus the control simulation) with 50% of the lands in the
red box indicates the area in which the land-use type has changed (randomly), from the

original land-use type into the irrigated cropland land-use type. (Right) Land-use type
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distribution showing the altered land-use type distribution from the original land-use

types shown in Figure 3.3.
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Figure 4.1.3: (Left) Seasonal (May-September) precipitation anomalies (simulation with
a change of the land-use type minus the control simulation) with 30% of the lands in the
red box indicates the area in which the land-use type has changed (randomly), from the
original land-use type into the irrigated cropland land-use type. (Right) Land-use type
distribution showing the altered land-use type distribution from the original land-use

types shown in Figure 3.3.
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Figure 4.1.4: (Left) Seasonal (May-September) precipitation anomalies (simulation with
a change of the land-use type minus the control simulation) with 22% of the lands in the

red box indicates the area in which the land-use type has changed (randomly as large
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patches; roughly 200km? each), from the original land-use type into the irrigated cropland
land-use type. (Right) Land-use type distribution showing the altered land-use type

distribution from the original land-use types shown in Figure 3.3.
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Figure 4.1.5: (Left) Seasonal (May-September) precipitation anomalies (simulation with
a change of the land-use type minus the control simulation) with 22% of the lands in the
red box indicates the area in which the land-use type has changed (randomly, this time
smaller patches roughly 100km? each in size), from the original land-use type into the
irrigated cropland land-use type. (Right) Land-use type distribution showing the altered

land-use type distribution from the original land-use types shown in Figure 3.3.
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Figure 4.1.6: (Left) Seasonal (May-September) precipitation anomalies (simulation with
a change of the land-use type minus the control simulation) with 15% of the lands in the
red box indicates the area in which the land-use type has changed (randomly), from the
original land-use type into the irrigated cropland land-use type. (Right) Land-use type
distribution showing the altered land-use type distribution from the original land-use

types shown in Figure 3.3.
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Figure 4.1.7: (Left) Seasonal (May-September) precipitation anomalies (simulation with
a change of the land-use type minus the control simulation) with 22% of the lands in the
red box indicates the area in which the land-use type has changed (randomly), from the
original land-use type into the desert land-use type. (Right) Land-use type distribution
showing the altered land-use type distribution from the original land-use types shown in

Figure 3.3.
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Figure 4.1.8: (Left) Seasonal (May-September) precipitation anomalies (simulation with
a change of the land-use type minus the control simulation) with 100% of the lands in the
red box indicates the area in which the land-use type has changed (randomly), from the
original land-use type into the desert land-use type. (Right) Land-use type distribution
showing the altered land-use type distribution from the original land-use types shown in

Figure 3.3.

What we see here (Figures 4.1.1 - 4.1.8) is a change in rainfall patterns with land-use
change. Specifically, we see an increase in precipitation to the south and south-east of the
desertification area, while at the same time we see a decrease in precipitation to the north
and north-west (Figure 4.1.8). For the case with just a slight desertification (Figure 4.1.7),
we see that there is mostly an increase in precipitation in the southern areas of the land-
use change box, which is also the area where most of the land-use type is changed from
its original type to the desert land-use type. For irrigated conditions, the general trend is
that we see an increase in precipitation at the southern and south-eastern edge and see a
decrease to the north-east of the area with increased precipitation (Figure 4.1.1 & Figure
4.1.2). For experiments, where we only irrigate a part of the designated red box (Figure
4.1.3, Figure 4.1.4, Figure 4.1.5, Figure 4.1.6), we consistently see the increase in

precipitation along the coast of Guinea as well as along the southern edge of the red box.
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Figure 4.1.9: The overall percentage change in seasonal (May-September) rainfall only
within the red box (above figure) where we altered the land-use types and within the
entire experimental domain (below figure). Percentages on the x-axis signify the amount
of land within the red box that is either altered to be desert (negative percentages) or

irrigated cropland (positive percentages) with 0% being the control simulation.

In Figure 4.1.9 (top), we see that the precipitation amount within the red box peaks with
experiments where we have a small amount of desertification of roughly 22% being
randomly selected to be the desert land-use type inside the red box (Figure 4.1.7) while
the smaller perturbations generally produce the most amount of rainfall within the red
box. Figure 4.1.9 (bottom) shows the overall change in precipitation within the entire
domain increases the more irrigation we add to the experiments. This should be taken

with caution, as while we irrigate the lands, much of the extra rainfall falls into the
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Atlantic Ocean, and vice versa for the experiments involving changing the land-use types

to deserts.

4.2 Change in Evapotranspiration (for Experiments with

Model Output at 6-hourly Intervals)

For evapotranspiration change, we look at results showing the difference between the
land-use change induced evapotranspiration and the control simulation, where we do not
change land-use types. As land-use type is changed from the original land-use type to
irrigated farmland (desert) in certain areas, the evapotranspiration increases (decreases) in
those areas. Changes are most significant for areas with low rainfall and
evapotranspiration originally, depicted by the bright red color, which signifies ~3mm/day
increase in evapotranspiration for north/north-eastern areas of the irrigated area (see
Figure 4.2.1). Changes in the south are far more gradual, due to the existing wetter soil
conditions and the lesser marginal increase in evapotranspiration with irrigation. For
desertification, as seen in the first graph, we have a slight decrease in evapotranspiration

mostly in the south.

These changes are consistent with other variables. For relative humidity, it increases
(decreases) with increasing (decreasing) amounts of irrigated agricultural land in West
Africa which are not presented here (see Appendix B Figure B 4.1 — 4.3). For anemom
temperature, it decreases (increases) with increasing (decreasing) the irrigated farmland

land-use type.
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Figure 4.2.1: Changes in June July August (JJA) average evapotranspiration for different
sensitivity experiments: 100% of the boxed region being a desert, 15% of the area being
irrigated in patches, 22% being irrigated in patches, 22% being irrigated in large patches,
30% being irrigated in patches, 50% being irrigated in patches, 100% being irrigated and
100% being irrigated with the irrigation area shifted 5 degrees to the south (from top to
bottom and left to right respectively). Red areas indicate increased evapotranspiration and

blue areas indicate decreased evapotranspiration.
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4.3 Model Output at 3-hourly Intervals

Even though we have gained a lot of insights from the model output at 6-hourly intervals,
it does not tell us about how the atmosphere is behaving under these different land-use
type changing scenarios. Specifically, we cannot infer the full set of background
mechanisms of why precipitation is increasing or decreasing under different land-use
types. To better understand the intermediate mechanisms at work which cause
precipitation to increase or decrease, one key piece of information to understand is
knowing what is happening in the atmosphere at specific times, such as in the late
afternoon around 3PM as PBL reaches its peak height in the late afternoon. This
condition allows moisture to be transported to this height through convection, which can
then contribute to more condensation and subsequent rainfall, especially when the LCL
drops below the PBL. Another perspective on explaining the change in precipitation is
through changes in the large-scale atmospheric conditions. One way to do so is to
examine the changes in low level wind patterns as they are responsible for transporting
moist air and carrying moisture from the tropics to the subtropics during the West African

Monsoon (WAM). Both these perspectives will be explored in the results below.

To simplify, we will denote the experimental output at 3-hourly intervals of the control
simulation as CONT, the 100% irrigated experiment as IRR and the experiment turning
existing land-use types in the West African area into the desert land-use type as specified

in Figure 3.4.5 as desA.
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4.4 Changes in Wind Pattern

One of the main results from the section looking at changes in precipitation due to land-
use change was the increase in precipitation in the south and south-westerly direction of
the irrigated area. Even though this coincides with the results from many previous studies
that have shown that precipitation increases remotely outside of the irrigated areas (Alter
et al., 2015; Seneviratne et al., 2010), it does not explain why precipitation mainly
increases towards the south and south-west while decreasing inside the irrigated area. To

understand this, we look at how surface winds change with land-use change.

Surface winds in West Africa naturally enter the West African continent from the western
Atlantic coastline as well as from the southern coastlines facing the tropical oceans and
tropical forested areas. This results in moist oceanic air as well as moist tropical air
masses from both the Atlantic Ocean as well as the tropical forests of the tropics carrying
moist air northward and eastward into the Sahel region which we understand as the
WAM in the months around May to September, which we can also model in the CONT
experiment (see Figure 4.4.1). This brings large amounts of moisture feeding
precipitation, sometimes more than 16 mm/day to this area which is invaluable for

vegetation in the region.
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Figure 4.4.1: Wind and precipitation are shown under the control experiment conditions
for the months of June, July and August (top-left, top-right and bottom). Precipitation
levels are represented by colors from light yellow to dark blue, which range from 0 to

> [6mm/day respectively. Wind directions are represented by arrows on streamlines in

light orange.

If we look at our results from the irrigation IRR experiments, we see that in each of the
months of June, July and August, IRR creates anomalous average anemom wind
conditions compared to the control simulation (Figure 4.4.3 & Figure 4.4.2), which create
diverging centers in the north-western parts of the irrigated area, which decrease
convection and cause a decrease in precipitation in the area. At the same time, anomalous

southward wind flows prevent moist tropical air from moving northwards, thus thwarting
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the WAM in its natural northward movement and pushing more moist air to the south.
This causes large amounts of positive anomalous precipitation south of the irrigation
area. A similar phenomenon can be seen towards the west, where anomalous wind
patterns flowing westwards out of the irrigated area is pushing moist air masses from the
Atlantic Ocean back and causing more precipitation along the western edge of the

irrigated area.
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Figure 4.4.2: Wind and precipitation changes when comparing the difference between

IRR and CONT are shown for the months of June, July and August (top-left, top-right
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and bottom). Precipitation levels are represented by colors from light yellow to dark blue,
which ranges from -16mm/day < to > 16mm/day respectively. Wind changes between

IRR and CONT are represented by the lengths of the arrows.
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Figure 4.4.3: Wind directional changes when comparing the difference between IRR and
CONT are shown for the months of June, July and August (top-left, top-right and
bottom). Precipitation levels are represented by colors from light yellow to dark blue,

which ranges from Omm/day < to > 16mm/day respectively.
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4.5 Changes in the PBL and LCL and Precipitation

The results of the sensitivity experiments’ effects on the PBL and LCL as well as
precipitation are compared between the different experimental setups. First the effects of
irrigation and desertification on the PBL are examined. For the irrigation experiments, the
PBL drops due to the increase of evaporative cooling and subsequent lowering of the
PBL due to the decrease in sensible heat flux upwards. Figure 4.5.1a shows the PBL
height in the control simulation. We see a clear seasonal northward shift of the maximum
height, which is between 3200 and 3600 meters, following the shift of the monsoon rains.
This is verified by model output from both surface humidity and rainfall for these
months, which is not shown here to keep this thesis concise (see in Appendix Figures B
4.1-4.3). Figure 4.5.1b shows that under IRR, the PBL drops in the north more in July
and August and less so in June, while at the same time dropping more in June in the
south. Figure 4.5.1c shows the suppression effects of existing vegetation as it shows a
lifting of the PBL when there is a desert. The interesting thing is that the pattern
presented reflects the soil moisture availability distribution in the different months.
Another observation is the dropping of the PBL further north of the Bani river, especially
during June and July. This could be due to a blocking mechanism of vegetation that

prevents the southwesterly winds from moving northeast.
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Figure 4.5.1: This figure shows the monthly (June, July, August from left to right) PBL

height of the control simulation (a), the irrigated (10 — 22 N) simulation — the control

simulation PBL height (b), and the full West Africa desert simulation — the control

simulation (c¢).
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Figure 4.5.2: This figure shows the monthly (June, July, August from left to right) LCL
height for the control simulation (a) and the changes caused by the changing of land-use

types in the sensitivity experiments for the IRR (b), and desA (c).

66



Next, the LCL heights are analyzed for both the control simulation and changes that
happen in sensitivity experiments. Figure 4.5.2a shows the LCL height in West Africa
under the CONT simulation. The maximum height is over 5000 m in the desert while the
minimum under 1000 m is along the coast in the south. With irrigation, the LCL drops
significantly as Figure 4.5.2b shows, up to 2000 m between 15 — 20 N, while the LCL
drops 500 — 1000 m in the southern part of the irrigated area (10 — 15 N). The southern
drop is more limited for July and even less so in August. This is due to the changing of
the monsoon rainfall location northward as we move forward in time from June to
August, as well as the subsequent availability of surface moisture, which is not
significantly enhanced with extra irrigation in the southern parts. The relative change in
surface moisture is however greatly affected in the northern parts (15 — 20 N) regardless
of which month we are in. With desertification, surface moisture is removed, causing the

LCL to rise (Fig. 4.5.2d).

We now further analyze the PBL — LCL. The theory is that PBL — LCL gives us an idea
if the atmospheric conditions are favorable for rainfall or not. If PBL — LCL is a positive
number, it means that the PBL is above the LCL, which means that convection can lead
to saturation in the atmosphere and then lead to cloud formation and rainfall. In other
words, positive value of PBL — LCL, which means that the PBL is higher up than the
LCL, can signify a condition where rainfall is more likely, as turbulent transport inside
the PBL can bring a parcel of moist air up to the LCL and cause saturation which then

allows clouds to form and rainfall to occur.
PBL — LCL > 0 : atmospherically suitable for rainfall

For areas around the tropics, such as West Africa, monsoonal rainfall is the dominant
mechanism for rainfall. Here, convection of moist air parcels coming from the ocean on
the land surface due to surface heating by the sun is the underlying mechanism
(Encyclopedia of Atmospheric Sciences, 2003). When analyzing PBL — LCL, as well as
LCL and PBL separately, the average values of simulation data at 3PM is taken as that is
the time where the PBL is assumed to be the highest (while diurnal LCL changes are

much smaller), and when rainfall is most likely to happen.
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We will compare not only the PBL — LCL, but also how changes of PBL — LCL with the
sensitivity experiments compare with the seasonal rainfall amounts. Figure 4.5.3 shows
PBL — LCL first (left most figures) for the sensitivity experiment for Jun, July and
August, compared then to PBL — LCL of CONT (second figure from the left, hereafter
L2), then the figure on the right of that is the difference between sensitivity experiment
and control (third from the left, hereafter L3) and finally the figure on the far right
(hereafter L4) shows the rainfall difference between the sensitivity experiments and
CONT. The key observation to see from these figures is how the PBL — LCL changes
between CONT and sensitivity experiments (L3) relates to rainfall changes (L4). The first
row of figures shows that convective conditions are very good for IRR (L1), much better
than CONT (see all the positive red in L3), however rainfall only increases to the south of
the irrigated area (L4). There is a similar pattern for the other months. For the 4™ row,
where we show the effects of desertification, we see that PBL-LCL drops in L3, and from
L1 we see that the conditions for convection are not very good, except for far in the south
along the coast. That is also where we see the largest increase in rainfall, together with
decreases in rainfall in all other areas L4. The monsoon pushes the band of increased
rainfall northward. We see that both irrigation and desertification block the northward
movement of the monsoonal rainfall. The possible background mechanisms will be

discussed further in section 5.
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Figure 4.5.3: These figures shows the difference between PBL and LCL (from left to

right) for different LULCC setups (L1), the control simulation (L2), the change between
the LULCC scenario and the CONT (L3) and the associated rainfall distribution (L4): a)
—c¢): Jun-Aug IRR, d) — e): Jun-Aug desA.
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5. Discussion and Conclusions

If we compare our analysis with the other studies that studied land-atmosphere coupling
starting from soil-moisture conditions to precipitation, our study specifically looks at the
monthly and seasonal rainfall changes during the monsoon season resulting from the
changing of land-cover types from simulation experiments conducted in the West African
Sahel region. We then try to understand the intermediate mechanisms behind our results
after having analyzed different processes in the atmosphere and surface from the
simulation output. Variables that we look at to understand the background mechanisms
include the Planetary Boundary Layer (PBL), Lifting Condensation Level (LCL), surface
temperature, evapotranspiration, surface pressure and surface winds. By comparison,
other studies that try to understand the specific coupling mechanisms, may not be looking
at specific step-by-step atmospheric processes, or may be looking at other variables
different than the ones we listed. Furthermore, there are studies that analyze the positive
and negative feedback loops, as well as the spatial distribution of coupling strengths

within this process (Green et al., 2017; Jr et al., 2019; Seneviratne et al., 2010).
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5.1 Summary of Results and Discussion

The main results of this study are the analysis of large scale effects of irrigation,
comparable in size to experiments and analysis done on the North China Plain (Kang &
Eltahir, 2018), the US (Alter et al., 2017; Findell & Eltahir, 2003b; Qian et al., 2020;
Tuttle & Salvucci, 2016), and in West Africa (Im, Marcella, et al., 2014a; Im & Eltahir,
2014). There are many results from these studies that are similar to our results (see

subsequent points (1), (2), (3) and (4)) and also some differences (see (5) and (6)).

(1) Local evaporative cooling effect from irrigation causes surface temperatures to
drop in comparison to the control simulation, which assumes no land-use change;

(2) We see that the remote increases in rainfall, outside of the irrigated area,
generally holds true, although increasingly less so at larger spatial scales of the
irrigation experiment, and this is consistent with many other studies (Alter et al.,
2015; Seneviratne et al., 2010);

(3) The desertification experiment highlights what effects the currently existing
vegetation in West Africa is having on rainfall and the atmospheric conditions.
This way of analyzing the effects of evapotranspiration of vegetation is somewhat
unique and far fewer studies have studied land-atmosphere interactions from this
perspective. One study looked at deforestation in the Amazon (Eltahir & Bras,
1993) and predicted decreases in precipitation, which is similar to what we found
for the months of June and July, where we see an overall decrease in the entire
domain. It is also interesting to see that rainfall is not increasing in the north-
eastern parts, similar to the irrigation experiments (see Figure 4.5.3 in the above
section). This result is interesting, as desertification and irrigation are 2 opposite
land-use changes, however the local impact on rainfall shows some similarities;

(4) From the monthly rainfall changes (Figure 4.5.3), we see interesting evidence

that might point toward a confirmation of the theory of how dry patches affect
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mesoscale convective systems in our simulations. This is because once we switch
our land-use type to be a desert, it is similar to having a very large patch of dry
land, which, in following the theory by Klein & Taylor (2020) would mean that
we should see that mesoscale convective systems, which move in a westerly
direction following the African Easterly Jet strengthen, which then would cause
more extreme rainfall events downstream and then periods of days without
rainfall. Our experimental results show evidence of this by the interchanging of
areas which receive more rainfall and then less rainfall under the desertification
condition. We do not see similar patterns under the irrigation experiments, which
generally show more uniform and aggregated areas of increased and decreased
rainfall. We believe that the underlying mechanisms here are different;

(5) The change in LCL and PBL also matches with results from other studies even
though other studies are within different climate zones (Qian et al., 2020; Z. Yang
et al., 2017), whereby we see an effect which is not at first sight obvious, namely
that LCL is more sensitive to LULCC and drops (rises) more under irrigation
(desertification) conditions than the PBL in West Africa. Interestingly, however,
despite the coherent changes in the surface temperature, evaporation and also in
the atmospheric structure, the studies for the US and China (Alter et al., 2017;
Kang & Eltahir, 2018, 2019; Qian et al., 2020) have shown mostly positive
feedback loops, meaning that the atmospheric structures led to increases in
convection and overall rainfall. Even though our experiments also show an overall
increase in precipitation in the entire domain, locally, our results show both
positive and negative feedback for irrigation and desertification on rainfall despite
being at the same large spatial scales as these other studies. The positive feedback
loop for SM-P interaction follows the framework set up by Eltahir, 1998, which
points toward an increase in moist static energy (MSE), and a subsequent increase
in rainfall. This is also the next discussion point;

(6) Our experiments show a clear inversion of LULCC effects, i.e., irrigation
exhibits a positive feedback loop and causes more rainfall north up to about 12N,
and then switches to cause less rainfall at a certain latitude. This could be because

the Sahel is in a transitional zone, which is a zone where evaporation switches
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depending on the season between water-limited and energy-limited mechanisms.
Transitional zones make hydrological response of the landscape to climate forcing
via a non-linear process, which means they are particularly vulnerable to climate

variability and change (Dong et al., 2023).

There are some differences between the setup of other studies and those of ours, which
might explain the different results that we see. Alter et al. (2017) showed that rainfall
increased in the central US both with observations and an MRCM simulation using an
experiment with intensified agriculture represented by increased photosynthesis, and
singled out the agricultural effects by analyzing GCM simulations that did not have land-
use change inside the model run. This is different to what we have in our results as we
mostly see rainfall increases outside of the irrigated areas, even though we are also
observing a very large area. The reasoning given in the study focused on remote rainfall
increases downwind due to local patches of farmland and the overall positive MSE in the
region. Im & Eltahir (2014) shows the simulation results of MRCM for 4 different
regions that are in or slightly north of the Niger River Basin. The results show that
irrigation further north, specifically around 18 — 20 N can increase the rainfall within the
basin. This is similar to our experiment with irrigation between 10 — 22 N. However, the

spatial scale of the study is much smaller than that of ours.
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5.2 Development of a Theory for the Driving Mechanism of
Rainfall Changes through PBL, LCL, Surface Winds and

Surface Pressure

Some of the key observations from analyzing PBL and LCL for different locations of

irrigation and desertification as well its natural state using MRCM simulations are:

(a) The PBL is affected by the availability of soil moisture either through irrigation or the
natural monsoonal precipitation, which causes evaporative cooling. This effect is
however stronger for intermediately humid areas, which are not too dry nor too wet (i.e.
in the Sahel region in general, but this medium humidity region shifts northwards and
then back down again with the changes that happen during the monsoon) as seen through
the irrigation effects in the drier desert areas, as well as the more humid southern areas of
the irrigation zone. Alternatively, this can also be interpreted as areas with intermediate
PBL heights. PBL heights at about 2400 m have the largest sensitivity to LULCC.

(b) The LCL behaves similarly to the PBL, however it is more sensitive, meaning the
magnitude of the change in meters is larger. Specifically, LCL exhibits a larger change in
drier areas which is different to the effects of the PBL, which mostly changes in areas
with intermediate heights (transitional zones).

(c) There is an exception to the general understanding of thermodynamics of convective
rainfall in the IRR experiment, where despite LCL dropping a lot and almost leveling off
with PBL in the north of the irrigated area (thereby creating more optimal
thermodynamic conditions for rainfall), there is little rainfall in the area. This points to
another mechanism that is preventing rainfall from moving northward during the

monsoon s€ason.

We hypothesize that there is a blocking mechanism in place preventing the monsoon to

bring moist tropical and oceanic air northward and more inland. An analysis of surface
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pressure shows that surface pressure increases significantly in the IRR experiment,
causing the northern part of the irrigated area to turn into a high-pressure region, while
the changes in surface pressure in desertification experiment (desA) are much smaller
(Figure 5.2.1), which does not drive any anomalous circulations. This suggests that large
surface pressure anomalies are a possible driving cause behind the lack of convection in
IRR in the north and being the cause of a blocking mechanism under which the monsoon
rainfall cannot advance northward. When aggregating the results, these observations
point toward the theory that both the PBL and LCL heights as well as the large-scale

circulation anomalies (caused by LULCC) contribute to convection or the lack thereof.

In fact, after analyzing the surface wind patterns, we see that moist surface air flow is
being diverted to the south and south-west in IRR from the irrigated zones which
prevents moisture from being carried to the north and north-eastern areas (Figure 4.4.2),

thus blocking the monsoon’s natural pathway.

Aug IRR-CONT 3PM P_surf Aug desA-CONT 3PM pressure
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Figure 5.2.1: Changes in surface pressure to CONT between the desertification and

irrigation (10 — 22 N) experiments.
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5.3 Future Research Directions

Given the many recent papers that have pointed towards the importance of aerosols on
climate and precipitation, and how the dominant effects from aerosols on West African
rainfall have shifted from North American / European emissions to local West African
emissions, another research direction may involve analyzing the aerosol changes under
different sensitivity experiments with different land-use changes, and trying to
understand if there are any aerosol changes and if those aerosol changes may also have a

significant contribution to the precipitation changes in West Africa.

Irrigated agriculture, which has been explored thoroughly in this thesis, is a form of
climate change adaptation, as farmers can use it to adapt to climate variability in water
scarce areas. Another angle for future research could be to understand the changes in
carbon storage associated with different LULCC projects. While extra water resources
through extra rainfall can be beneficial to agriculture which is often water-limited, it also
increases natural vegetation growth and both agriculture and natural vegetation growth
can have a potential positive impact on soil organic carbon storage. This is done as plants
fix carbon from the air through photosynthesis, and as parts of the plants, such as the
roots stay in the soil which can eventually form soil organic carbon, which is stable and
can be stored under the earth for extended periods of time. This means that LULCC
projects that change precipitation patterns also have the potential for carbon storage, a

nature-based solution to combatting climate change.

Sustainable intensification (SI) is a term that has been coined in recent years as a way to
increase food production, while simultaneously reducing environmental impacts and not
converting any more land for agricultural purposes in the process (CGIAR, 2015). This
concept of SI is controversial, as intensive agriculture is typically associated with a

myriad of different environmental impacts, such as decreases in the efficiency of
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fertilizer-use and eutrophication. However, correct implementation of SI, with different
efficiency improvements, substitutions, and system redesigns in agricultural practices can
both increase yields and also has the potential to benefit the environment (Harvey et al.,

2014; Haughey et al., 2023).

The current soil organic carbon (SOC) stored in croplands in the top 0.3 m is about 140
Pg (Zomer et al., 2017), which is 10 ~ 16 % of the total SOC in soils around the world in
the top 0.3 m of the soil (Sanderman et al., 2017; Scharlemann et al., 2014; Zomer et al.,
2017). Additionally, sequestration of SOC on a yearly basis has an estimated potential of
0.9 — 1.85 Pg/year for at least 20 years (Zomer et al., 2017). This estimate does not
include the added SOC storing potential of grasslands and through restoration of natural
land ecosystems, which also has a large potential, given the degradation of natural land

ecosystems due to LULCC (Sanderman et al., 2017).

West Africa specifically is an area with many smallholder farms with croplands making
up about 24.7% of the agricultural land, while the rest (75.3%) is comprised of
grasslands. Farmland in Africa is far less productive than farms in other parts of the
world due to their relative lack of technological means to improve yields (Haughey et al.,
2023). This opportunity for growth offers the chance to scale SI practices to increase both
food production whilst also increasing SOC to mitigate climate change. The topic of
potential changes in soil carbon sequestration under LULCC as well as precipitation
changes under LULCC could be explored together to see if synergies exist between
increasing agricultural productivity and increasing water availability as a means of
climate change adaptation and increasing SOC during this LULCC as a means of climate

change mitigation could be done in concert for future agricultural projects.
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Appendix A Definitions

CTP is defined as the following:

CTP = gj

L pSurtstd—100 (T
VA

Mdz
T

PSurfStd—300 env

CTP is here the integral of the area between the sounding profile, Teny and a moist adiabat

Tparcel raised from ~1km to ~3km.

HI is defined as:

HI = (TPSur[Sld—SO - Td,PSurfStd—SO)

+ (TPSur[Sld—150 o T(I,PSur[Std—lSO)

HI defines the sum of the dewpoint depressions at 50 and 150 mb above the ground

surface.

In the study, thresholds for HI and CTP were defined as between 5 and 15 degrees
Celsius in HI and above 0 J/kg for the necessary condition for land-surface controlled
convection to happen. All other conditions are implausible in the model either due to an
atmosphere that is too stable or a has too little moisture. The cut-off points for this

framework is given in the Figure below (from Findell & Eltahir, 2003b).
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Appendix B Figures
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a)

b)

o]

d)

I
ATMOSPHERE WET ~ DRY ~ TRANSITION

FIG. 8. (a) AIRS- and (b) MERRA-derived global regime classi-
fication for 2002-09 convective seasons, following the classification
protocol of this study (Fig. 7). (c),(d) As in (a)—-(b), but using the
unmodified classification scheme of F&E2003. Only AIRS-available
days were included. The absence of color (i.e., white) indicates an
insufficient number (n < 40) of AIRS retrievals. On a global basis,
200 = 118 days contributed to the classification, with a median of 166.

Figure B 2.1: Extracted from (Ferguson & Wood, 2011). Here different climate regimes
are defined similar to (Findell & Eltahir, 2003b).
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Sep CONT 3PM: water vapor MR
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Figure B 4.1: Monthly (May - September) Water Vapor Mixing Ratio (%) at 3PM in the

afternoon for the control experiment (CONT) (no change to the land-use types).
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Figure B 4.2: Monthly (May - September) Water Vapor Mixing Ratio (%) at 3PM in the
afternoon for irrigated experiments (100% of the box is irrigated under scheduling

between June and August).
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Figure B 4.3: Monthly (May - September) Water Vapor Mixing Ratio (%) at 3PM in the
afternoon for the irrigated experiment — control experiment difference (IRR - CONT)

(100% of the box is irrigated under scheduling between June and August).
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List of Tables

Table 2.1: This table compares and contrasts the different studies with regards to their

SM-P feedback mechanism (being positive, negative or mixed), the spatial resolution at
which SM-P feedback is evaluated, the affect scale (which describes the spatial scale of
the initial soil condition of which the effect on precipitation is being studied), the effect
scale (the spatial area where there are effects of the examined soil moisture conditions),

and feedback time scale (for SM-P).

Table 3.1: Table courtesy of Yeonwoo Choi. Table summarizing the improvements of
MRCM over the years as well as the study regions they were implemented in on the

right-hand side.
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List of Figures

Figure 1.1 Elevation graph showing different mountain ranges in Africa. Graph extracted

from Lavaysse et al. (2009).

Figure 1.2 Top: July precipitation amounts (mm/day) from MRCM control (CONT)
simulation. Bottom: Annual average precipitation (mm) in Africa from the Global
Precipitation Climatology Center (GPCC) 1979-2010 rainfall data (graph extracted from
(A. Siebert, 2014)).

Figure 2.1: MODIS data showing the current (2020) land-use types of the Sahelian

region.

Fig. 2.2: This figure is extracted from Pal & Eltahir (2001) , highlighting the different
pathways on how wet soil conditions lead to increased rainfall (positive feedback loops)

as well as negative feedback loops.

Figure 2.3: Representative regions within the continental United States, based on the
CTP-Hlow framework. Here region soil-moisture dependent climate regimes are

identified for the US. Extracted from Findell & Eltahir (2003b).

Figure 2.2.1: Figure extracted from Kang & Eltahir (2019). It shows observed spatial

changes for surface temperature (A) and precipitation (B) when comparing the difference
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between before irrigated (1910-1949) and after-irrigated (1970-2009) time periods for the
months of May-June-July. The black dots indicate differences that are statistically
significant at the 5% Kolmogorov-Smirno test (N=40, p<=0.05).

Figure 2.2.2: extracted from Tuttle & Salvucci (2016). This study looks specifically at the
impact of soil moisture on next-day precipitation. Here the authors calculate the mean
impact of soil moisture on precipitation, calculated as the predicted precipitation
probability when soil moisture was included in the regression model divided by the
predicted precipitation probability when soil moisture was removed. Blue colors indicate
that the inclusion of soil moisture in the model reduced the predicted precipitation
probability, while red colors indicate that the probability increased. Light gray areas
denote the absence of a statistically significant relationship (alpha = 0.05), and dark gray
areas were not tested. Figures on the left show the relative impact below median soil
moisture anomaly (dry conditions) and mean relative impact of above median soil

moisture anomaly is presented in the right column (wet conditions).

Figure 2.2.3: extracted from Alter et al. (2015). This figure compares the simulated and
observed changes in rainfall. a) and b) show absolute differences in ensemble mean
rainfall between irrigation and control simulations for July (a) and August (b).
Superimposed dots indicate irrigation-induced rainfall enhancement during at least
70%o0f the ensemble years. C) and d) show absolute differences in observed rainfall for
July (c) and August (d). Superimposed dots indicate grid cells where the value of a
rainfall change consistency index >= 80" percentile. Areas with <= 1mm/d in rainfall for

the control are masked out to avoid potential inflation due to small amounts.

Figure 2.2.4: The correlation between monthly soil moisture and next-month
precipitation. We see that most areas on the globe show a positive correlation with
regards to SM-P on next-month rainfall and that some mostly transition zones (between

wet and dry areas) show negative SM-P feedback. Extracted from Yang (2018).
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Figure 3.1.1: The continuous development of Global Circulation Models (GCMs) to

incorporate more and more climate processes. Graph extracted from [PCC AR4.

Figure 3.1.2: Changes in global temperature as simulated from GCM ensembles. Graph
extracted from IPCC ARG6.

Figure 3.3: Experiment Domain with different land-use types represented by different
colors. The red box is the irrigation area between 10-22 N. The left graph shows the
naturally existing land-use types. The graph in the right with the green color extending to
the south is the desert experiment that changes all of the land in northern West Africa into
a desert. The different colors represent the different land-use types. The list includes 17
land-use types with 13 being “irrigated cropland” and 14 being “desert”. The complete
list from 1-17 is as follows: "tropical evergreen forest","tropical decidduous
forest","temperate evergreen broadleaf forest","temperatre evergreen conifer
forest","temperate deciduous forest","boreal evergreen forest","boreal deciduous

forest","mixed forest","savanna","grassland","dense shrubland","open

shrubland","irrigated crop","desert","polar desert","cropland", and "ocean/water".

Figure 3.4.1: The entire domain in the graph is the simulation domain. Simulation 1 for
both 3-hourly and 6-hourly output simulations both use the original land-use types as
seen in the above graph. Red box indicates the location of land-use change, where
original land-use is changed to be irrigated farmland or desert according to the

simulations 2-8, as well as with simulations 1 & 3 for the 3-hourly output simulations.

Figure 3.4.2: The entire domain in the graph is the simulation domain. Red box indicates
the location of land-use change, where original land-use is changed to be irrigated

farmland according to simulation 9.
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Figure 3.4.3: The entire domain in the graph is the simulation domain. Red box indicates
the location of land-use change, where original land-use is changed to be irrigated

farmland according to simulation 10.

Figure 3.4.4: The entire domain in the graph is the simulation domain. Red box indicates
the location of land-use change, where original land-use is changed to be desert according

to simulation 2 of the 3-hourly simulation.

Figure 3.4.5: The entire domain in the graph is the simulation domain. Red box indicates
the location of land-use change, where original land-use is changed to be irrigated

farmland according to simulation 4 of the 3-hourly simulation.

Figure 4.1.1: (Left) Seasonal (May-September) precipitation anomalies (simulation with
a change of the land-use type minus the control simulation) with 100% of the lands in the
red box indicates the area in which the land-use type has changed, from the original land-
use type entirely into the irrigated cropland land-use type. (Right) Land-use type
distribution showing the altered land-use type distribution from the original land-use

types shown in Figure 3.3.

Figure 4.1.2: (Left) Seasonal (May-September) precipitation anomalies (simulation with
a change of the land-use type minus the control simulation) with 50% of the lands in the
red box indicates the area in which the land-use type has changed (randomly), from the
original land-use type into the irrigated cropland land-use type. (Right) Land-use type
distribution showing the altered land-use type distribution from the original land-use

types shown in Figure 3.3.

Figure 4.1.3: (Left) Seasonal (May-September) precipitation anomalies (simulation with
a change of the land-use type minus the control simulation) with 30% of the lands in the
red box indicates the area in which the land-use type has changed (randomly), from the

original land-use type into the irrigated cropland land-use type. (Right) Land-use type
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distribution showing the altered land-use type distribution from the original land-use

types shown in Figure 3.3.

Figure 4.1.4: (Left) Seasonal (May-September) precipitation anomalies (simulation with
a change of the land-use type minus the control simulation) with 22% of the lands in the
red box indicates the area in which the land-use type has changed (randomly as large
patches; roughly 200km? each), from the original land-use type into the irrigated cropland
land-use type. (Right) Land-use type distribution showing the altered land-use type

distribution from the original land-use types shown in Figure 3.3.

Figure 4.1.5: (Left) Seasonal (May-September) precipitation anomalies (simulation with
a change of the land-use type minus the control simulation) with 22% of the lands in the
red box indicates the area in which the land-use type has changed (randomly, this time
smaller patches roughly 100km? each in size), from the original land-use type into the
irrigated cropland land-use type. (Right) Land-use type distribution showing the altered

land-use type distribution from the original land-use types shown in Figure 3.3.

Figure 4.1.6: (Left) Seasonal (May-September) precipitation anomalies (simulation with
a change of the land-use type minus the control simulation) with 15% of the lands in the
red box indicates the area in which the land-use type has changed (randomly), from the
original land-use type into the irrigated cropland land-use type. (Right) Land-use type
distribution showing the altered land-use type distribution from the original land-use

types shown in Figure 3.3.

Figure 4.1.7: (Left) Seasonal (May-September) precipitation anomalies (simulation with
a change of the land-use type minus the control simulation) with 22% of the lands in the
red box indicates the area in which the land-use type has changed (randomly), from the
original land-use type into the desert land-use type. (Right) Land-use type distribution
showing the altered land-use type distribution from the original land-use types shown in

Figure 3.3.
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Figure 4.1.8: (Left) Seasonal (May-September) precipitation anomalies (simulation with
a change of the land-use type minus the control simulation) with 100% of the lands in the
red box indicates the area in which the land-use type has changed (randomly), from the
original land-use type into the desert land-use type. (Right) Land-use type distribution
showing the altered land-use type distribution from the original land-use types shown in

Figure 3.3.

Figure 4.1.9: The overall percentage change in seasonal (May-September) rainfall only
within the red box (above figure) where we altered the land-use types and within the
entire experimental domain (below figure). Percentages on the x-axis signify the amount
of land within the red box that is either altered to be desert (negative percentages) or

irrigated cropland (positive percentages) with 0% being the CONT simulation.

Figure 4.2.1: Changes in JJA average evapotranspiration for different sensitivity
experiments: 100% of the boxed region being a desert, 15% of the area being irrigated in
patches, 22% being irrigated in patches, 22% being irrigated in large patches, 30% being
irrigated in patches, 50% being irrigated in patches, 100% being irrigated and 100%
being irrigated with the irrigation area shifted 5 degrees to the south (from top to bottom
and left to right respectively). Red areas indicate increased evapotranspiration and blue

areas indicate decreased evapotranspiration.

Figure 4.4.1: Wind and precipitation are shown under the control experiment conditions
for the months of June, July and August (top-left, top-right and bottom). Precipitation
levels are represented by colors from light yellow to dark blue, which range from 0 to
>]16mm/day respectively. Wind directions are represented by arrows on streamlines in

light orange.

Figure 4.4.2: Wind and precipitation changes when comparing the difference between

IRR and CONT are shown for the months of June, July and August (top-left, top-right
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and bottom). Precipitation levels are represented by colors from light yellow to dark blue,
which ranges from -16mm/day < to > 16mm/day respectively. Wind changes between

IRR and CONT are represented by the lengths of the arrows.

Figure 4.4.3: Wind directional changes when comparing the difference between IRR and
CONT are shown for the months of June, July and August (top-left, top-right and
bottom). Precipitation levels are represented by colors from light yellow to dark blue,

which ranges from Omm/day < to > 16mm/day respectively.

Figure 4.5.1: This figure shows the monthly (June, July, August from left to right) PBL
height of the control simulation (a), the irrigated (10 — 22 N) simulation — the control
simulation PBL height (b), and the full West Africa desert simulation — the control

simulation (¢).

Figure 4.5.2: This figure shows the monthly (June, July, August from left to right) LCL
height for the control simulation (a) and the changes caused by the changing of land-use

types in the sensitivity experiments for the IRR (b), and desA (c).

Figure 4.5.3: These figures shows the difference between PBL and LCL (from left to
right) for different LULCC setups (L.1), the control simulation (L2), the change between
the LULCC scenario and the CONT (L3) and the associated rainfall distribution (L4): a)
—¢): Jun-Aug IRR, d) — e): Jun-Aug desA.

Figure 5.2.1: Changes in surface pressure to CONT between the desertification and

irrigation (10 — 22 N) experiments.
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