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Abstract

The severe persistent drought in West Africa during the last three decades has at-
tracted the attention of hydrologists and meteorologists all around the world. The
sources of moisture for rainfall, the impact of land-atmosphere-ocean interactions on
rainfall, and the role of land conditions in the dynamics of rainfall in West Africa are
the focus of this study.

The sources of moisture for rainfall in West Africa are identified first. A model of
precipitation recycling is developed and applied to West Africa to obtain quantitative
estimates of the moisture contributed by local evaporation as well as by advection
from the surrounding regions. We estimated the recycling ratio for the entire region
by specifying three sub-regions where evaporation is treated as the source of moisture:
West Africa, Central Africa and the Tropical Atlantic Ocean. We find that evapo-
ration from the Tropical Atlantic Ocean, West Africa, and Central Africa contribute
about 23, 27 and 17 percent of rainfall in West Africa, respectively. Moisture fluxes
from the Tropical Atlantic are almost in phase with rainfall in West Africa. However,
we find that moisture supply from Central Africa is strongly regulated and limited
by the westerly flow associated with the monsoon circulation. Atmospheric moisture
provides the source for rainfall and controls its maximum amount; however, the large
scale circulations that are associated with rainfall control where the moisture fluxes
come from.

A theory for land-atmosphere-ocean interactions and West African rainfall is pro-
posed and applied to anomalously dry and wet years. The land-atmosphere-ocean in-
teractions determine the gradient of entropy between the ocean and the land, which,
in turn, controls the development of monsoon circulations and hence affects West
African rainfall. According to the theory, a large gradient of boundary layer entropy
(BLE) corresponds to a strong monsoon circulation and a flat distribution of BLE
corresponds to a weak or vanishing monsoon circulation. Observations on entropy,
wind, rainfall, and the sea surface temperature (SST) in 1958, 1960, 1992, 1994 are
consistent with the proposed theory: wet conditions occurred in 1958 and 1994, as
did a large gradient of BLE; dry conditions and small gradient of BLE are observed



in 1960 and 1992. Variations in the gradient of BLE could result either from a low
SST when the land is under 'normal' conditions, or from high entropy over land when
the SST is 'normal', or from a low SST and high entropy occurring over land at the
same time.

We studied the role of land surface conditions in rainfall variability over West
Africa. In particular, we investigated the impact of land conditions on BLE during
1994 and 1992 rainy seasons. From the moist static energy budget analysis, we
identified the main contributing factor to the unusually high entropy over land: energy
loss through radiative cooling from the boundary layer was small in 1994. Rainfall in
the early rainy season of 1994 raised the humidity levels and reduced the temperature
in the boundary layer, and hence may have been responsible for the reduction in
radiative cooling and energy loss through the top of the boundary layer. A statistical
analysis suggests that rainfall has a significant descending trend after the 1940s, which
can not be attributed to the SST conditions These statistical results suggest that
processes other than SST (possibly deforestation or desertification) play important
role in the rainfall variability over West Africa.

Thesis Supervisor: Elfatih A. B. Eltahir
Title: Assistant Professor
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Chapter 1

Introduction

1.1 Objective

West Africa experienced extensive, severe and persistent drought during the last three

decades. In the most severe years, 1972 and 1973, annual total rainfall were only 50%

of the long-term mean. Farmer and Wigley (1985) analyzed the climatic trends for

tropical Africa and concluded that the recent rainfall decline in West Africa is unprece-

dented in duration, intensity, spatial character, or seasonal expression. Nicholson's

(1993) analysis, as shown in Figure 1-1, show that significant rainfall decline is ob-

served over all the sub-regions that constitute West Africa. Even in the humid region

of the Guinea Coast, rainfall decline is significant. But the Sahel and Soudan regions

experienced the most severe rainfall deficits.

The rainfall deficit has strong impact on the water balance of the hydrological

system in West Africa. From 1967 to 1972-3 the discharge of the Senegal river and

Niger river declined by 50 and 70% respectively, and lake Chad was reduced in area

by 65%. The level of the water table also fell and the annual floods on the inland

deltas of the Niger and Senegal Rivers virtually disappeared.

Since the continent of Africa makes up a sizable portion of the global land surface,

the dramatic climate change is a significant environmental problem. Understanding

the natural variability of rainfall over West Africa is the objective of this study.
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Figure 1-1: (a) Maps of rainfall stations and geographical regions
fluctuations in West Africa 1901 to 1990 (from Nicholson, 1993)
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1.2 A Brief Review of Early Studies

Extensive studies have been done on the drought mechanisms over West Africa. But

there is no generally accepted explanation yet. These studies mainly focus on the

following areas: ocean-atmosphere interactions,land-atmosphere interactions, atmo-

spheric circulation changes.

1. Ocean-Atmosphere Interactions

Many studies examine the relationship between the Sahel rainfall and the sea-

surface temperature (SST). One of the first studies was that of Lamb(1978). Folland

et al. (1986) identified an Atlantic SST anomaly pattern for Sahel dry years. Semazzi

et al. (1988), and Hsiung and Newell (1983) show that Sahel rainfall variability may be

the result of the global change in the patterns of the SST. A numerical study carried

out by Palmer (1986) suggests that the Pacific Ocean, and Indian Ocean SSTs also

have influence on the Sahel rainfall. Ropelewski and Halpert (1987) related rainfall

to the Southern Oscillation/El Nino (ENSO) and found that statistical associations

between rainfall and ENSO are very strong in East Africa and Southern Africa but

no relationship is evident in Sahel. We will give a more detailed review of this area

in Chapter 3.

2. Land-Atmosphere Interactions

Since human activities, such as desertification, deforestation, and overgrazing,

alter the natural landscape dramatically, many researchers have studied the interac-

tions between the land and the atmosphere. Charney (1975) first modeled albedo and

rainfall changes as a result of removal of vegetation in the border of the desert. The

impacts of soil moisture on rainfall are explored by Walker and Rowntree (1977), Sud

and Fennessy (1984), and Powell and Blondin (1990). Prospero and Nees (1977, 1986)

studied the relationship of dust production and Sahel rainfall and showed that the

dust concentration strongly correlates with Sahel rainfall: the concentration of dust

increases dramatically during years of Sahel drought. Carlson and Benjamin (1980),

ben Mohamed and Frangi (1983, 1986) and Helgren and Prospero (1987) carried out

similar studies.



3. Atmospheric Circulation Changes

Kraus (1977), Greenhut (1977) and Beer (1977) interpreted the changes in Sahel

rainfall as a function of the position of the Intertropical Convergence Zone (ITCZ).

Many investigations have shown that drought years in the sub-Saharan region are

characterized by a weaker Tropical easterly jet (200 mb), a stronger mid-tropospheric

(700 mb) African easterly jet, enhanced Hadley-type overturnings, enhanced horizon-

tal temperature gradients, and the virtual disappearance of the 850 mb trough over

West Africa, Tanaka et al. (1975), Kanamitsu and Krishnamurti (1978), Newell and

Kidson (1979, 1984), and Dennett et al. (1985).

In a recent paper, Eltahir and Gong (1996) studied the relationship between the

boundary layer entropy and the development of monsoon circulations in West Africa.

They found that monsoon circulation is stronger when the gradient of the boundary

layer entropy between the ocean and the land in West Africa is larger.

1.3 Outline

Chapter One introduces the objective of the study and gives a brief review of the early

work. It also provides some background related to this research. Chapter Two deals

with the sources of moisture in West Africa. Chapter Three presents the theory of

Land-Atmosphere-Ocean interactions and its application in 1958 and 1960. Chapter

Four presents the results of application of the theory to the 1994 rainy season and

describes the role of the land conditions in West African rainfall. Finally, Chapter

Five summarizes the findings, conclusions, and possible future research directions.

1.4 Background

We will provide some background about the climate in West Africa, monsoon circu-

lations, and the definition of entropy in this section.



1.4.1 Climate in West Africa

The main characteristics of the climate in West Africa are the clearly defined wet

and dry seasons. The dry season covers the months from October to May of the next

year, and the rainy season covers the months of June, July, August and September.

Most of the precipitation in West Africa is received in the rainy season. The isohyets

are aligned in the east-west direction and the decrease in the total annual rainfall

from the equatorial zone (more than 4000 mm) down to the Sahara (less than 25

mm) reveals the fundamental contrast between the dry northern masses of air, and

masses of air of a southern origin. The latter become saturated with humidity over

the Atlantic and deviate to the north-east after crossing the equator and submerge

the whole of West Africa, which is traditionally called monsoons.

As mentioned before, there are two distinct features which appear in the West

Africa drought. First, rainfall deficit spreads most of the regions of West Africa in

the past three decades. Even in the humid Guinea coast, rainfall deficit is experienced.

But significant rainfall deficit is observed in the Sahel and Soudan regions. Second,

rainfall decrease is more evident in August and September as reported by Farmer and

Wigley (1985). There is less persistent decrease in rainfall in June and July. Since

rainfall in August and September is mainly produced by the monsoon circulation,

it is reasonable to link rainfall deficit in West Africa to the dynamics of monsoon

circulations.

1.4.2 Definition of Entropy

The original definition of entropy comes from the second law of thermodynamics,

which implies that energy can only change from a higher level of availability to a

lower level of availability, i.e, energy can only change from a more ordered form to a

less ordered form. In mathematical form, it can be expressed as:

do d (1.1)
T



where do is the increase in entropy accompanying the addition heat dq to a unit mass

of gas at temperature T.

For a reversible processes,

dq 1 dT dp dOdo - [CpdT - adp] = C,[ -k -] = C (1.2)
T T T p 0

where 0 is the potential temperature that a parcel of air would have starting with

temperature T and pressure P if it were subjected to an adiabatic compression or

expansion to a final pressure of 100 kP,.

Integrating the above equation, we get the explicit relation between entropy and

potential temperature:

= ClnO + const. (1.3)

Physically, entropy is a measure of disorder or chaos within a system. Without

adding or subtracting energy from a system, an increase in entropy means a decrease

in available energy and evolution toward a state of greater disorder. Entropy is a state

variable and always increase with time. Entropy of the atmosphere in the boundary

layer is a measure of the temperature and moisture content of the atmosphere. High

temperature and high moisture content in the atmosphere correspond to high entropy

values. The absorption of solar radiation and the release of latent heat are the largest

sources of entropy in the atmosphere. Among the nonradiative processes, the water

phase transitions dominate the entropy generation.

1.4.3 Monsoon Circulations

Monsoon circulations are characterized by a seasonal reversal of wind circulations,

and widespread precipitation. The word 'monsoon' is derived from the Arabic word

meaning a 'season'. The typical areas for the monsoon are the southern and south-

eastern parts of the Asian continent where the monsoonal shift in circulation is very

pronounced and considerably assisted by the local distribution of continent and ocean.

In winter, the northern portion of Asia and the adjacent high latitude are very cold.



With the coming of spring and increased continental warming over the continent,

over the southern parts of india and Indo-China the strength of insolation creates

a marked heat low, which draws in the cool and drier air on its northern flank and

moist Indian Ocean air from the south. As a result, thunderstorms and squalls are

triggered. Over the Tibetan Plateau a high altitude and shallow heat low is over-

lain by an upper anticyclone, which reinforces the easterly flow along the plateau's

southern flank. A surface southwesterly flow begins to introduce moist unstable air,

pushing the 'burst' of the monsoon from the southeast across India, and from the

southwest across southern China.

The broad characteristics of monsoons are:

1. Intense rainfall, deep moist convection over land and near coastal regions of the

summer subtropics where ocean lies near and across the equator.

2. A strong , convergent, cyclone in the vicinity of the intense rainfall and a strong

divergent anticyclone aloft.

3. Strong cross-equatorial low-level flow equatorward of the intense rainfall region;

low-level westerlies between the rainfall region and the equator; a strong easterly

jet aloft equatorward of the upper-level anticyclone.

4. Occurrence for a few months around midsummer.

Monsoon circulation in West Africa is weak compared with the Asian summer

monsoon, but it has significant impact on rainfall in West Africa. Two mechanisms,

related to the monsoon circulation, are very important for the formation of rainfall.

One is the moisture supply. Wind blows from the ocean and brings moisture to the

land region. The other is associated with the vertical motion in the atmosphere.

Monsoon circulation provides an uplift mechanism which brings the moist air to the

upper levels of the atmosphere where water vapor is condensed into liquid water. A

schematic diagram of the monsoon circulation is shown in Figure 1-2.



SEA LAND

Figure 1-2: Sketch of development of monsoon circulation



Chapter 2

Sources of Moisture for Rainfall in

West Africa

Rainfall over any land region is contributed by two sources: 1)water vapor that is

advected into the region from the surrounding areas, and 2) water vapor that is

supplied by evaporation from the same region. The objective in this chapter is to

identify the sources of moisture for rainfall in West Africa and to obtain quantitative

estimates of the moisture contributions by evaporation from the region and advection

from the surrounding regions. A model of precipitation recycling is developed and

used to estimate these contributions. The precipitation recycling ratio is defined as

the contribution of evaporation in a specified region to precipitation in the same

region or the surrounding areas. The importance of studying precipitation recycling

is that the recycling estimates would enable us to define the regional hydrological

cycle.

This chapter is organized as follows. The early work related to this study is

summarized first. Section 2.2 describes the precipitation recycling model. The data

is described in section 2.3. Section 2.4 presents results of the study. Section 2.5

summarizes findings and discussion.



2.1 Early Work

The issue of sources of moisture has been explored for a long time. One of the

early studies was that of Benton et al.(1950) who pointed out that both the vertical

motions in the atmosphere and horizontal motions that carry water vapor across the

continents from oceans are important in order to produce significant precipitation.

The same study estimated the sources of precipitation over the Mississippi basin and

concluded that 90 percent of moisture was contributed by advection from outside the

basin.

Budyko (1974) developed a simple one-dimensional model to estimate the mois-

ture recycling in a territory. In his model, the water content of the atmosphere varies

in accordance with the difference between the loss of water as precipitation and the

gain from evaporation along a streamline. Budyko's model provides a lumped esti-

mate of recycling along a single streamline. The calculations of the water balance

components for the European territory of USSR showed that only 11 percent of the

precipitation is formed from the local evaporation. He concluded that even on the

most extensive continents, where the relative role of local evaporation is the greatest,

the main portion of precipitation is formed from water vapor of external origin, not

local.

Lettau et al. (1979) used the method of climatonomy to model coherently both the

atmospheric and land phases of the water cycle. The model estimates the recycled

part of the regional evaporation that varies from 15 percent to 32 percent in the

region between 50 and 75 degrees west in the Amazon basin. Salati et al.(1979) and

Brezgunov (1991) analyzed the recycling processes by measuring the distribution of

stable Oxygen isotope's concentration in precipitation. Salati et al. (1979) did a

qualitative analysis of the recycling process in the Amazon basin, but they did not

provide any quantitative estimate of recycling. A large amount of moisture that is

added to the air mass modifies the isotopic composition of precipitation. Therefore,

the concentration of isotopes in precipitation can be used to estimate the relative

contribution of water vapor advection to local precipitation. Although the isotopic



analysis can give qualitative information about the origins of precipitation, it is hard

to give a quantitative estimation of recycling ratios based on isotopic analysis.

Russell et al. (1981) introduced a finite-difference scheme, called the "slope

scheme", to solve a tracer transport equation. Incorporating Russell's slope scheme,

Koster et al. (1986) investigated the origin of water precipitating in different geo-

graphic regions using version II of the NASA/GISS GCM. Water evaporating from

various source regions is "tagged" and then followed as a tracer. They concluded

that in Sahel region, the contributions of water vapor in summer from the tropical

Atlantic and Africa/Asia are 60 percent and 30 percent respectively.

Lamb (1983) studied West African water vapor variations during the rainy seasons

by analyzing the observations in very deficient and near-average rainy seasons. He

concluded that Subsaharan drought does not associate with the northward supply

of unusually dry surface air to West Africa from the tropical Atlantic. Westerly and

southwesterly directions of the advective water vapor flux within the low-level onshore

flow are more predominant.

Brubaker et al. (1993) modified Budyko's model to estimate the recycling ratio

for regions that do not lie parallel to a streamline. The land regions studied include

Eurasia, North America, South America and Africa. They found that the contribution

of regional evaporation to regional precipitation varies substantially with location and

seasons. The recycling ratio in West Africa estimated from their model varies from 10

percent to 48 percent in different months. Similar to Budyko's model, their model is

still a lumped model which does not show the spatial variation of the recycling ratio.

Savenije (1995) suggested to use the salinity of the rainfall to estimate the rate

of moisture recycling. It is assumed that the amount of salt of marine origin is

uniformly distributed in the moisture content of the atmosphere. He concluded that

the recycling of moisture in the Sahel is responsible for more than 90 percent of the

rainfall . As we will discuss later, the reason for such a high recycling ratio is that

only meridional advection is considered; the zonal advection of moisture was ignored

in this model.

Eltahir and Bras (1994) developed a recycling model that accounts for both spatial



and seasonal variabilities of precipitation recycling. Eltahir (1993) applied that model

to the Amazon basin and estimated that about 25 percent of rainfall is contributed

by the local evaporation. The model of Eltahir (1993) estimates the contribution

of moisture evaporated in any source region to precipitation in the same region.

Although we use a model similar to that of Eltahir (1993), we extend that model and

estimate the contribution of moisture evaporated in any source region to precipitation

not only in the same region but also in the surrounding areas.

2.2 The Recycling Model

This recycling model is based on mass balance. First, the area under consideration as

a source of moisture is defined. Second, regions, in which evaporated moisture may

potentially precipitate, are specified as shown in Figure 2-1(a). Figure 2-1(b) and

2-1(c) show two types of control volumes in the atmosphere: one is above the source

region; the other is above the surrounding areas. The dimension of the control volume

depends on the resolution of the observation data. For this application, the horizontal

dimensions are 2.5 by 2.5 degrees in zonal and meridional directions, and the vertical

extent is from the land surface to 100mb height. Since above 100 mb height, water

vapor content is very low, water vapor exchange at the top of the control volume is

negligible. Applying the law of mass conservation to the control volumes results in

the following equations:

for control volumes that are inside the source region (type A),

DN-
-- = Ii + Ez - Oi - Pz (2.1)at

ONoN = I- Oo - Po (2.2)
at

for control volumes that are outside the source region (type B),

8NiaNj I - O- - R- (2.3)at 1
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= Io + Eo- Oo - P (2.4)
at

where E is evaporation; N is the storage of water vapor molecules in the control

volume; I and 0 are the Inflow and Outflow of moisture; subscripts i and o represent

the origins of the water vapor molecules: i denotes water vapor molecules that evap-

orate inside the source region and o denotes water vapor molecules that evaporate

outside the source region. Note that the inflow and outflow include both zonal and

meridional fluxes; P is precipitation.

Two assumptions are involved in the model: 1) the atmospheric water vapor

is well mixed within the planetary boundary layer (e 1km), in other words water

vapor molecules that evaporate from the surface and those advected into the control

volume are well mixed; 2) the rate of change of storage of water vapor within a control

volume is negligible compared to the fluxes into the control volume at the monthly

time scale. The first assumption is supported by observations of Crum and Stull

(1987) for the mid-latitudes and observations of Harris et al. (1988) for the Amazon

basin. To support the second assumption, Eltahir (1993) computed the monthly flux

of water vapor and the rate of change in storage of water vapor at a single location

in the Amazon basin at the monthly time scale and found that the rate of change in

storage of water vapor is quite small compared to the water vapor fluxes. Budyko

(1974) pointed out that the molecules of water vapor of local and external origin are

completely mixed in the atmosphere due to turbulent mixing.

Based on the first assumption, we suggest that

Pi Oi Ni
P + (2.5)Pi + Po Oi + Oo Ni + No

where p is the precipitation recycling ratio.

Applying the second assumption to the mass conservation equations 2.1 to 2.4,

we get the following equations:

for control volumes of type A,

I, + Ei = Oi + Pi = p(Oi + Oo) + p(Pi + Po) (2.6)



0Io = Oo + P = (1 - p)(Oi + 0 o) + (1 - p)(Pi + P) (2.7)

for control volumes of type B,

Ii = O± + Pi = p(Oj + 0 o) + p(Pi + Po) (2.8)

Io + Eo = 0 0 + Po = (1 - p)(Oi + Oo) + (1 - p)(Pi + Po) (2.9)

Dividing equation 2.6 by equation 2.7 and rearranging the equation, we get a

simplified expression of recycling ratio for type A control volumes:

Ii + E= (2.10)
Iz + Ez + Io

which is the ratio of the sum of the part of inflow with origin in the source region

and evaporation to the sum of the total inflow and evaporation. Similarly, for type

B control volumes, the recycling ratio is defined by

S= I (2.11)
Ii + Eo + Io

In this case, naturally local evaporation does not appear in the numerator. Note

that these definitions of recycling ratio impose no restrictions on the distributions of

evaporation and precipitation; therefore, the spatial variability of the recycled pre-

cipitation can be calculated. The procedures for applying the model are summarized

in the following:

1. Divide the whole area into small cells corresponding to the resolution of the

data. Estimate water vapor fluxes and evaporation in each grid. The grid

system is shown in Figure 2-2. Note that the grid for p is located at half of the

distance between the grid points.

2. The recycling ratios are estimated by iteration. First an initial value is guessed

and assigned to each grid point. Then outflow is partitioned into Oi and Oo using

equation 2.5. Note that the grids are connected with each other; therefore, the

outflow in grid (i, j) is equal to the inflow in grid (i+1, j) in the zonal direction.



Similarly, the meridional outflow has the same characteristics. Ii and Io can be

estimated directly from Oi and Oo in the surrounding grids and a new estimate

of p can be obtained using equation 2.10 or 2.11.

3. Compare the new estimate of p with the previous one. If the difference is small

enough, the new estimate is taken as the final result; otherwise, the iteration is

repeated until convergence is reached.

The advantage of the model is that the recycling ratio in one grid point takes

into account information in the surrounding grids. Note that the outflows in the

surrounding grids are partitioned by the recycling ratios in those grids and inflows in

one grid point are equal to outflows in the surrounding grids; therefore, the recycling

ratio in one grid point is related to the recycling ratios in all grid points in the area.

The areal average of recycling ratio for a particular month can be estimated by

using precipitation as a weighting factor.

EP(i, j)p(i, j) (2.12)
P= (2.12)

where Pt is the total precipitation in the area, P(i, j) is the precipitation in grid (i, j),

and p(i, j) is the recycling ratio in the same grid.

The yearly or seasonal average of recycling ratio at any grid point (i, j) can be

obtained using the following equation:

py(ij) = EP(i, j, k)p(i, j, k) (2.13)
Pt(i j(2.13)

where Pt(i, j) is the yearly precipitation in grid (i, j), P(i, j, k) is the monthly pre-

cipitation in grid (i, j), and p(i, j, k) is the monthly recycling ratio in the same grid.

2.3 Data

A subset of the European Center for Medium-range Weather Forecasts (ECMWF)

global data is used to estimate water vapor fluxes and evaporation. The data are



Figure 2-2: The grid system for the estimation of recycling ratios
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produced by the data assimilation system, which takes observations from the surface

meteorological stations, upper-air measurements and satellite data as input. The

dataset includes temperature, relative humidity, wind, and latent heat flux. The data

on wind, temperature, and humidity have spatial resolution of 2.5 by 2.5 degrees

in zonal and meridional directions and 15 pressure levels in the vertical direction.

There are two forecasts daily. The data on latent heat flux have a resolution of 1.125

by 1.125 degrees in zonal and meridional directions. There are two forecasts daily

between 1985 and 1990 and four forecasts after 1990. The temporal coverage of the

data is from January 1985 to the current year.

The domain of the current study area is between 10S and 30N and from 20W

to 50E. Three regions, in which the precipitation recycling is to be estimated, are

specified: West Africa is defined as the region between 5N and 15N and from 10W

to 15E; Central Africa, between 5N and 15N and from 15E to 40E; and the Tropical

Atlantic Ocean, between 5S and 5N and from 10W to 15E. Figure 2-3 shows the

location of these regions. Note that the number of grid points are the same in these

regions. Data from January 1992 to December 1994 are selected for the analysis since

they contain more input from satellite data and hence are more reliable than those

in previous years.

The monthly evaporation is estimated from latent heat fluxes:

L(i, j)E(i, j) - A (2.14)

where A is the latent heat coefficient (= 2.5e6J/Kg) and L(i, j) is the latent heat

flux.

The monthly atmospheric water vapor flux is computed from the data on wind,

temperature, and humidity in the upper atmosphere and on the land surface. The

fluxes in zonal and meridional directions are computed using the following equations:

F1 = E(Rh)ie9(Ti)Uid(lnPj) (2.15)
9 i=1
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F2 = EL (Rh)ies(Ti)Vd(lnPi) (2.16)
9 i=1

where e is the ratio of molecular weight of water vapor to that of dry air; U, V

are the zonal and meridional wind velocities; T is temperature; P is pressure; es

is the saturation vapor pressure; Rh is the relative humidity; g is the gravitational

acceleration; L, and L2 are the distances in zonal and meridional directions; the

subscript n represents the pressure levels which range from 1000mb to 100mb. Note

that hydrostatic distribution of pressure is assumed in the above equations. The

fluxes and evaporation at the monthly time scale are estimated by adding the daily

values within each month.

The precipitation data are used as weighting factors in the estimation of the

regional recycling ratio. The precipitation data for West Africa are taken from the

Shea Climatological Atlas 1950-1979 (Shea, 1986) dataset. This dataset has a spatial

resolution of 2.5 by 2.5 degrees in zonal and meridional directions.

There are two datasets that are available and contain all the information we need

for estimating the moisture fluxes. These are Geophysical Fluid Dynamics Laboratory

(GFDL) data and ECMWF global data. The GFDL dataset has resolution of 2.5

by 5.0 degrees in zonal and meridional directions and 11 pressure levels in vertical

direction. The time coverage of the dataset is from 1958 to 1989. The data are in

monthly average. To compare the two datasets, we compute the climatology of water

vapor fluxes.

Table 2.1 shows the ten years (1980 - 1989) average of net fluxes coming into

West Africa in each month estimated from the GFDL dataset. Since in most months

the net fluxes are negative, this implies that West Africa acts like a net source of

moisture and supplies water vapor to the surrounding areas. Climatologically, West

Africa can not supply water vapor to other regions since there is no net convergence of

surface water flow into the region. Therefore, the GFDL dataset is not very accurate

in the estimation of water vapor fluxes in West Africa. Table 2.2 shows the three

year (1992-1994) average of net fluxes coming into regions 2 and 3 estimated from the



ECMWF dataset. We can see that in the land region (region 2) the net water vapor

fluxes are positive, and in the ocean region (region 3) the net water vapor fluxes are

negative. These results are more consistent with the typical hydrological conditions

over lands and oceans, since the ocean usually supplies moisture to land. Therefore,

the ECMWF dataset is chosen for the recycling analysis.

2.4 Results of Study

2.4.1 Precipitation recycling ratio

Recycling ratios are computed only for the rainy season from June to October since

there is very little rainfall in the dry season. The estimates of evaporation and fluxes

presented are expressed in monthly averages for a period of three years. According to

the report of ECMWF describing this dataset, the coverage by observations from West

Africa is quite low, which may cause some errors in the estimation of the recycling

ratio. However, as the satellite measurements become more available, the accuracy

and coverage of the observations in West Africa will improve greatly. The recycling

estimation will be more accurate accordingly.

The evaporation is estimated using equation 2.14 and the results for June, July,

August, and September are shown in Figure 2-4. The location of the 50 mm contour

line is an indicator of the extent of rainfall in West Africa since the soil moisture

and evaporation will increase as rainfall increases. In June there is less rainfall in

West Africa since the rainy/eason just starts. Figure 2-4(a) shows that the 50 mm

contour line is around 12N in West Africa and evaporation is very low north of 12N.

Evaporation increases significantly in West Africa from July to September because

of the increase of rainfall in those months. The northward movement of the 50

mm contour line in July can be seen in Figure 2-4(b). In August, this contour line

penetrates further north and reaches 20N as seen in Figure 2-4(c). But the same

contour line starts to retreat to the south in September as shown in Figure 2-4(d).

Moisture Fluxes in the zonal and meridional directions are calculated using equa-



Table 2.1: Climatology Net Water Vapor Fluxes Estimated from GFDL (Km 3 )

month monthly fluxes
January -6.9
February -139.8

March -137.4
April 3.1
May 0.0
June 139.4
July -98.2

August 10.3
September 79.7
October 17.2

November -168.4
December -34.0

total -335

Table 2.2: Climatology Net Water Vapor Fluxes Estimated from ECMWF (Km 3 )

month region 2 region 3
January -229.3 -14.4
February -134.3 46.6

March 15.1 230
April 40.4 221.3
May 105.2 -68.52
June 111.4 -218.8
July 186.6 -213.6

August 357.1 -281.0
September 374.7 -233.2
October 169.5 -182.6

November -152.6 -92.8
December -279.4 -88.5

total 564.5 -895.5



tion 2.15 and 2.16. The vector form of fluxes in June, July, August, and September is

plotted in Figure 2-5. The figure shows that the water vapor fluxes in the zonal direc-

tion are much larger than those in other directions in all the months. Moisture fluxes

coming from the Tropical Atlantic Ocean increase from June to August as shown in

Figures 2-5(b) and 2-5(c) because of the development of monsoon circulation, which

brings moisture from the ocean to the land over West Africa. In September, the

monsoon circulation becomes weak and the moisture fluxes in the zonal direction is

again dominant as shown in Figure 2-5(d).

The climatology of precipitation in June, July, August and September is plotted

in Figure 2-6. This figure shows clearly that rainfall in the region increases from

June to August. In June, rainfall starts to build up as shown in Figure 2-6(a). In

July and August, rainfall increases further and reaches about 200 mm and 250 mm

as shown in Figure 2-6(b) and 2-6(c). Rainfall starts to decrease in September as

shown in Figure 2-6(d). The climatology of precipitation is used as weighting factors

in estimating the areal and seasonal average of the recycling ratios.

The monthly precipitation recycling ratios are calculated based on the estimates

of evaporation and water vapor fluxes in those four months. In order to identify

the sources of moisture, we specify three source regions as described in section 2.3.

Figure 2-7 shows the recycling ratio distributions in the entire study area with the

source region specified as Central Africa. Figures 2-7(a), (b), (c), and (d) show the

results in June, July, August and September respectively. These figures show that the

evaporation in Central Africa contributes to precipitation in both Central and West

Africa in all the four months. The recycling ratios increase from June to August and

start to decrease in September, which is consistent with the evaporation observations.

Figure 2-8 shows the recycling ratio distribution with the source region specified as

West Africa. This figure shows that the evaporation in this region contributes more

to the local precipitation but has little contribution to the precipitation in Central

Africa and the Tropical Atlantic. Similarly Figure 2-9 shows the recycling ratio with

the source region specified as the Tropical Atlantic Ocean. Clearly, the evaporation

in the Tropical Atlantic Ocean has important contributions to precipitation in West
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Africa. The contribution of evaporation increases from June to August as shown in

Figure 2-9(a), (b) and (c) and starts to decrease in September as shown in Figure 2-

9(d).

To investigate the recycling process further, we estimated the areal average of

monthly recycling ratio in the three source regions using equation 2.12. There are

nine cases to be considered: the recycling ratio in region 1, 2, and 3 in cases of the

source region being region 1, 2 and 3 respectively. Figure 2-10 shows the summary of

the results for the nine cases. In each case, recycling ratios in five months (June to

October) are estimated. For example, in case (a), the recycling ratio represents the

contribution of evaporation in region 1 to precipitation in region 1. The estimates of

the recycling ratio in June, July, August, September and October are 25%, 27%, 40%,

40% and 40% respectively. In cases (b) and (c), the recycling ratio represents the

contribution of evaporation in region 1 to precipitation in regions 2 and 3. Similarly,

we can interpret the other six cases.

The areal average precipitation recycling ratios averaged throughout the rainy

season are estimated using an equation similar to equation 2.13. The total yearly

precipitation is replaced by the total precipitation throughout the rainy season. The

results are presented in Table 2.3. The first row in Table 2.3 indicates that evaporation

in Central Africa contributes 35 percent of rainfall in Central Africa, 17 percent of

rainfall in West Africa and 7 percent of rainfall in Tropical Atlantic Ocean in the

rainy season. The other two rows can be interpreted similarly. The areal average

recycling ratio in West Africa during the rainy season is 23 percent when the source

region is specified as the Tropical Atlantic Ocean, which is larger than the 17 percent

contributed by Central Africa. This result is consistent with the decrease of moisture

supply from the east during the rainy season, and increase of moisture supply from

the south during the same period.

Since most of the rainfall is received during the rainy season, June to October,

as shown in Figure 2-14(a), the recycling ratio for the rainy season can be used as

an approximate measure of the yearly recycling ratio. The spatial distribution of the

recycling ratio in the rainy season with the source region specified as West Africa is
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Figure 2-10: Areal monthly average of the precipitation recycling ratio in (a) region
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Table 2.3: Areal Precipitation Recycling Ratios in the Rainy Season

Central Africa West Africa Atlantic Ocean
Central Africa 0.35 0.17 0.07

West Africa 0.02 0.27 0.07
Atlantic Ocean 0.02 0.23 0.39

plotted in Figure 2-11. The figure shows that the recycling ratio in the rainy season

in West Africa varies from 10 percent to 40 percent.

2.4.2 Scaling Study

A further analysis is performed to study the variation of the recycling ratio estimated

for different sizes of the source region. In general, the recycling ratio increases if the

source region is larger. As an extreme, if the source region is the total area of the

earth, then the recycling ratio will be 100%. The objective of this analysis is to test

how the recycling ratio scales as the area of the source region changes. The recycling

ratio depends on the scale and the hydroclimatological conditions of the region, for

example, the recycling ratio for the same area in West Africa and in the Amazon

basin will be different. On the other hand, for the same region the recycling ratio

would depend on the scale of the area considered. Hence in order to compare recycling

ratios in different regions we need to study the recycling process at the same scale.

In this study, the relation between the areal average of the recycling ratio and the

area of the source region in West Africa is investigated.

The entire area of West Africa is divided into small square cells of equal sizes and

with the length of each side equivalent to the specified scale. The smallest scale we

can use for this analysis is the resolution of the ECMWF data (- 250km), and the

largest scale is the entire area. Each cell is treated as a single well-mixed box so that

Ii is equal to zero. Equation 2.10 becomes

E
P = E (2.17)E +I
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The recycling ratio is estimated in each cell and then averaged over all the cells

with the same scale. Data used for this scale analysis are based on the evaporation

and flux data in August 1992. The result of the scaling study is shown in Figure 2-12.

The slope of the line reflects the regional hydrologic properties. For this particular

study, the relation between the recycling ratio and area of the source region can be

described by

p = 0.0053X0.57; R 2 = 0.96 (2.18)

where X is the length scale of the square cells. Compared to the Amazon basin,

where the relation between the annual recycling ratio and area of the source region

is described by p = 0.0056X0 5 (Eltahir, 1993), the recycling ratio is higher in West

Africa in August when the scale of the cells are the same. The higher the recycling

ratio, the more the local evaporation contributes to rainfall in the source area. Thus

rainfall in West Africa in August has more contributions from local evaporation than

annual rainfall in the Amazon Basin.

2.4.3 Fluxes Across the Boundaries of West Africa

The fluxes across the southern, northern, and eastern boundaries of West Africa are

also studied. The objective is to study the temporal variations of these fluxes. The

monthly fluxes across the three boundaries from January 1992 to December 1994

are plotted in Figure 2-13(a), (b) and (c) respectively. It is seen that the fluxes

across the southern and eastern boundaries are much larger than those across the

northern boundary. Comparing the precipitation shown in Figure 2-14 and the fluxes

variations, we can see that the incoming fluxes from the southern boundary of the

region have very similar shape as the precipitation curve, while fluxes from the eastern

and northern boundaries are not in phase with the precipitation. The atmospheric

dynamics behind these observations are discussed in the next section.
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2.5 Discussion and Findings

The precipitation in West Africa is mainly contributed by local evaporation and

evaporation in the areas to the east and to the south of the region. These three

components contribute about 70 percent of the total precipitation in West Africa.

Evaporation from the two African land regions, combined, contributes more rainfall

to West Africa than the Tropical Atlantic Ocean, 44 percent in comparison to 23

percent. However, the Tropical Atlantic Ocean contributes nearly as much rainfall as

local evaporation in West Africa.

The local evaporation in West Africa contributes about 30 percent of the pre-

cipitation, which indicates a significant potential for interactions between the local

surface hydrology and climate. Based on the scaling studies, we find that contribution

of the local evaporation to rainfall in West Africa and the Amazon basin changes by

different magnitude as the area increases by the same amount. Although the mag-

nitude of this difference is not large, the contribution of local evaporation increases

faster in West Africa as the area increases.

Rainfall has direct impact on the magnitude of evaporation. Figure 2-14(b) shows

that evaporation is closely associated with rainfall, see Figure 2-14(a). Moisture

supply and rainfall in West Africa relate to each other closely. As shown in Figure 2-

11, moisture flux and rainfall in West Africa exhibit similar seasonal variation. On

one hand, atmospheric moisture provides the source for rainfall and controls the

maximum amount of rainfall. During the dry season, moisture supply to West Africa

is very low as shown in Figure 2-13; rainfall shown in Figure 2-14(a) is low too.

On the other hand, rainfall is associated with atmospheric circulations, which control

where the moisture fluxes come from. Rainfall regulates the moisture supply from the

Atlantic Ocean and Central Africa. In the early months of the rainy season, significant

moisture is supplied to West Africa from the east, and the convective rainfall heats the

upper troposphere, which could induce large scale meridional circulation when other

conditions are desirable. Once the large scale monsoon circulation develops around

August, the cross-equatorial southerly flow induces strong westerlies which shut off



the easterlies partially or even totally depending upon the strength of the monsoon.

As a result, moisture supply from Central Africa decreases significantly in monsoon

months: August and September. Figure 2-13 shows this feature clearly during 1994.

In the same period, the moisture supply from the Tropical Atlantic Ocean increases

significantly, which is almost in phase with the rainfall.

The variation of moisture supply is reflected in the areal average of recycling

ratios. Figure 2-10(b) shows the contribution of the moisture evaporated in Central

Africa to rainfall in West Africa. It is shown that recycling ratio drops during the

monsoon months because of the decrease of moisture supply to West Africa from

the east. Evaporation in West Africa increases as monsoon develops, therefore the

local recycling ratio increases as shown in Figure 2-10(e). Moisture supply from

the Tropical Atlantic Ocean increases in the monsoon months, but since the local

evaporation increases during the same period, the recycling ratio for the moisture

advected from the ocean remains the same or slightly decreases.

Vertical motion is a necessary ingredient to produce significant rainfall. The mois-

ture supply in West Africa does not vary very much from 1992 to 1994, but there is

much more rainfall in 1994 than in 1992 and 1993. We argue that the strong monsoon

circulation in 1994, which provides an uplift mechanism, is responsible for the large

amount of rainfall. Monsoon circulation and West African rainfall will be further

studied in next chapter.



Chapter 3

Land-At mosphere- Ocean

Interactions and Rainfall

Variability over West Africa

3.1 Introduction

In this chapter, we will develop and apply the dynamical theory of zonally-symmetrical

thermally-direct circulation to the West African region. A specific relation is proposed

between the distribution of the moist entropy in the boundary layer and the devel-

opment of monsoon circulation. We will focus on the period prior to the onset of the

current drought episode and study the processes that are important in regulating the

natural variability in rainfall and circulation over West Africa.

Many studies have been done to investigate the mechanisms of rainfall variability

over West Africa. Most of the studies can be classified into two categories. One

of the two categories emphasizes the impacts of interactions between the land and

the atmosphere on the regional climate. The other category focuses on the role of

ocean-atmosphere interactions in the variability of rainfall in West Africa.

Studies in the first category investigate the impacts of the changes in the land

surface processes involving surface albedo, soil moisture, and vegetation coverage, on



the dynamics of regional rainfall. The early work on the land-atmosphere interaction

in West Africa was carried out by Charney (1975). He proposed the hypothesis that

the change of vegetation coverage at the desert border affects the location of the

Inter-Tropical Convergence Zone (ITCZ), which is directly related to Sahel rainfall.

But Charney's mechanism did not take into account the effect of soil moisture and

evaporation. Walker and Rowntree (1977) studied the effect of soil moisture and

evaporation on rainfall in West Africa and they found that wet soil moisture conditions

will result in a relatively wet year in West Africa. Other researchers also studied

the role of land surface processes in regional climate: Yeh at al. (1984), Sud and

Fennessy (1984), Sub and Molod (1988), Cunnington and Rowntree (1986), Kitoh

et al. (1988), Powell and Blondin (1990), and Rodriguez-Iturbe et al. (1991). The

results of these studies suggest that the land surface condition plays an important

role in the variability of West African rainfall.

Studies in the the second category concentrate on the role of the ocean in the

dynamics of atmosphere over West Africa. The correlation between the Sahel rainfall

and the SST in the Tropical Atlantic is studied by Lamb (1978) and Lamb and Peppler

(1992). They find that warm (cold) SST anomalies in the Atlantic Ocean correspond

to dry (wet) years in Sahel. Folland at al. (1986) studied the relation between Sahel

rainfall and SSTs over the oceans and found that the global SST correlates with

the Sahel rainfall. Lough (1986) applies principle component analysis to the SST in

the Tropical Atlantic and correlates the dominant patterns with rainfall in the Sahel

region. Owen and Ward (1989) suggest that Sahel rainfall can be predicted by using

the SST observations. All these studies are consistent in suggesting that the Tropical

Atlantic, in particular the SST, plays a significant role in rainfall variability over West

Africa.

Here we propose that rainfall variability in West Africa is regulated by the large

scale ocean-land-atmosphere interactions. The dynamics of wet and dry years over

West Africa are not just governed by the land-atmosphere interactions, or the ocean-

atmosphere interactions alone. They are governed by the ocean-land-atmosphere in-

teractions simultaneously. The meridional gradient of moist entropy in the boundary



layer between the ocean and the land reflects these interactions.

We will review some early work in developing the dynamical theory of zonally

symmetric circulationins and describe the proposed theory of ocean-atmosphere-land

interactions in section 3.2. The analysis of observations of wind, temperature, humid-

ity and rainfall are given in Section 3.3. Finally, Section 3.6 summarizes the findings

and discussion.

3.2 Dynamical Theory of Monsoon Circulation

3.2.1 Early Work

Lindzen and Hou (1988) and Hou (1993) studied the Hadley circulation for zonally

averaged heating centered off the equator. They find that the shift of tropical heating

toward the summer pole, on time scales longer than a few weeks, leads to a more

intense cross-equatorial 'winter' Hadley circulation and enhanced upper-level tropical

easterlies.

Plumb and Hou (1992) studied the response of a dry zonally symmetric atmo-

sphere to a thermal forcing that is localized in the subtropics. On the basis of inviscid

steady-state theory, they find that the atmosphere adopts a steady-state of thermal

equilibrium with no meridional flow if the forcing is below a threshold. With super-

critical forcing, the thermal equilibrium state breaks down and a strong meridional

circulation develops. The criterion for the thermal equilibrium state derived from the

angular momentum conservation and heat balance equations is given by

lgD 1 d cos3 2 T'(
2Tcs •[ sin ] < 202 2 sin cp cos 2 cp (3.1)2 To cos 9Vp sin V s9

where Q and a are the earth's rotation rate and radius, V is the latitude, To is the

reference background temperature, D is the height of the upper boundary of the

atmosphere, T, = JOD Tedz and Te is an equilibrium temperature.

Equation 3.1 can be satisfied if the forcing is weak and the thermal equilibrium so-

lution is obtained. For a sufficiently strong forcing, the above condition is violated, the



response of the atmosphere must take the form of an angular momentum-conserving

solution in the region of the forcing, and an inviscid meridional circulation develops.

Zheng and Plumb (1995) derived a regularity condition for the thermal equilibrium

solution later on in terms of moist variables:

2Q2 2 in cos 2  1 1 a (Ts - Tt)] > 0 (3.2)
2 cos •• p sin ( .p

where s* is the saturation entropy, T, and Tt are temperatures at the surface and

upper atmosphere.

Emanuel et al.(1994) proposed a theory for large scale steady circulations in a

convecting atmosphere at statistical equilibrium. They link the large scale circulations

to the distribution of the subcloud layer entropy in space and time by assuming that

the convective neutrality condition holds in moist atmospheres. They apply their

theory to the tropics and develop a criterion similar to that of Plumb and Hou (1992):

1 1
1 + - V --(To - TT) V sb > 0 (3.3)

f f
where f is the Coriolis force, To and TT are the temperatures of the surface and

tropopause, respectively, and Sb is the actual subcloud-layer entropy. When the con-

dition given in equation 3.3 is satisfied, the radiative-convective equilibrium state is

sustained. When the criterion is violated, the thermally direct circulation develops.

Emanuel (1995) carried on this development further and derived an integral form

of criterion for the thermal-equilibrium circulation, which is very useful for those

regions that include the equator since equation 3.3 is not applicable near the equator.

The derivation assumes that in radiative-convective equilibrium the atmosphere is

nearly neutral to moist convection. The critical distribution of 0eb is given by:

(Cos2 Pm - cos2 W)29eb =em exp [- x (c (3.4)

where
Q2 a 2

X =2C(T (3.5)2 C, (T, - Tt)



and oPm is the latitude at which 0e has its maximum value em,. The relation between

the boundary layer entropy and the equivalent potential temperature 0 eb is given in

the first chapter.

3.2.2 Theory of Land-Atmosphere-Ocean Interactions

Our theory is built on the results of earlier studies on the dynamics of zonally-

symmetrical thermally-direct atmospheric circulation. As proposed by Eltahir and

Gong (1996), the observations on rainfall, temperature and humidity suggest that

climate in West Africa can be approximately by a zonally symmetrical description.

Rainfall variability in West Africa is the result of large scale land-atmosphere-ocean

interactions. We assume that the vertical distribution of saturation entropy is uni-

form and hence the subtropical thermal forcing is uniquely related to the meridional

distribution of boundary layer entropy.

For a zonally symmetrical circulation, the thermal wind relation is described by

Ou 1 0o•a = 19a (3.6)ap f 1y
where u is the zonal wind, p is pressure, f is Coriolis parameter, a is specific volume,

and y is the distance in the meridional direction. The Maxwell's relations (Emanuel,

1994) imply that

a d a)\ as* (aT\ s* (3.7)
yp as* py 9 9p 1, ay

where s* is saturation entropy, s* = Cpln(O*), where C, is specific heat capacity at

constant pressure, and 09 is the equivalent potential temperature of air if saturated

at the same pressure and temperature. Assuming a moist adiabatic lapse rate and

integrating the thermal wind equation from the surface (wind is assumed to be zero)

to the tropopause, we get the following relation,

ust (To - Tt)19 (3.8)
f 1y



where ut and Tt are wind and temperature at the tropopause, To is surface temper-

ature, and sb is boundary layer entropy. The absolute vorticity at the tropopause is

given by (aut a 1 (sbit = f- = f + (To -T) (3.9)

The above equation shows the relation between absolute vorticity at the tropopause

and the meridional distribution of boundary layer entropy (Emanuel et al., 1994).

Plumb and Hou (1992) show that the atmosphere adopts either the radiative-convective

equilibrium regime or an angular momentum conserving regime. A radiative-convective

equilibrium regime should exist if the absolute vorticity at the tropopause has the

same sign as the Coriolis parameter f. This condition can be described by the fol-

lowing equation if the geostrophic balance is assumed,

1 (T60
1 + (To - )(To - Tt) > 0 (3.10)

where 0 = •. A similar equation can be derived assuming a gradient wind balance,

4Q2a2 sin i C OS3 O(9 TT) > 0 (3.11)

where V is the latitude. An angular momentum conserving regime should domi-

nate the dynamics of the atmosphere if the above conditions are not satisfied. The

distribution of entropy in the atmospheric boundary layer determines which of the

two regimes dominates the dynamics. The physical variables that control the above

threshold behavior are the gradient and the second derivative of the meridional dis-

tribution of boundary layer entropy. Since absolute vorticity is proportional to the

gradient of angular momentum, a zero absolute vorticity in the tropopause is an indi-

cator of an angular momentum conserving regime. The latter describes the monsoon

circulation.

The dynamical theory of monsoon circulation provides a general theoretical frame-

work for understanding the natural variability in the dynamics of the atmospheric



circulation over West Africa. The theory predicts that a flat meridional distribution

of boundary layer entropy is not associated with a strong monsoon circulation, and a

relatively large gradient of entropy would favor a strong monsoon circulation. Since

the gradient of the boundary layer entropy over West Africa is controlled by both

ocean and land, the meridional distribution of boundary layer entropy is regulated by

changes in either the SST or entropy over land. The dynamics of wet and dry years

are not governed by the land-atmosphere or the ocean-atmosphere interactions alone

but by the land-atmosphere-ocean interactions.

3.3 Analysis of Observations

3.3.1 Data

The data used in this study are extracted from the Geophysical Fluid Dynamics

Laboratory (GFDL) atmospheric circulation data (Oort, 1994). This monthly dataset

has a resolution of 2.5 degrees in the meridional direction, 5 degrees in the zonal

direction, and 11 pressure levels in the vertical direction. The data covers the period

1958 to 1989. The analysis of rawinsondes records is based on the observations at

00Z for the first ten years. In the rest of years it is abased on more than one daily

observation, which makes the full data record not homogeneous. The period 1958 to

1967 is selected for the analysis since observations are relatively homogeneous, and

hence the natural variability in the dynamics of the atmospheric circulation over West

Africa can be studied. The year 1958 is the wettest year during the ten years period

according to the analysis of Nicholson (1994). The year 1960 is the driest year in the

same period. Figure 3-1 shows the standardized rainfall departures in the ten years

period.

3.3.2 Results of Analysis

1. Comparison of the wind fields

The observations of zonal wind at 5E averaged over August and September in
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1958 and 1960 are plotted in Figure 3-2(a) and Figure 3-2(b). The zonal wind at the

upper atmosphere is much stronger in 1958 compared to that in the same period in

1960, indicating a stronger easterly jet in the upper atmosphere in 1958.

Similarly, the observations of meridional wind at the same location and time

are plotted in Figure 3-3(a) and Figure 3-3(b). Stronger meridional circulations are

observed in 1958: divergent flow in the upper atmosphere (- 200mb) and convergent

flow in the lower levels of the atmosphere (~ 700mb). The meridional circulation is

relatively weak in 1960. The contrast of meridional circulations between 1958 and

1960 reflects the strength of the monsoon circulation in those two years: a strong

monsoon circulation in 1958 and a weak monsoon circulation in 1960.

2. Comparison of the relative vorticity fields

The relative vorticity is calculated based on the wind distribution:

8v Bu
(r = Dy (3.12)

where u is the zonal wind, v is the meridional wind, (, is the relative vorticity.

Figure 3-4 shows the relative vorticity distributions at 2.5E averaged over August

and September in 1958 and 1960. At the upper atmosphere (~ 200mb), the magni-

tude of the relative vorticity is much larger in 1958 compared to that in 1960 around

10S and 15N. Note that the observed relative vorticity in the upper atmosphere is neg-

ative in the northern hemisphere and positive in the southern hemisphere, while the

planetary vorticity is positive in the northern hemisphere and negative in the southern

hemisphere. Hence, the absolute vorticity, which is the sum of the planetary and rel-

ative vorticities, should approach zero at locations in the northern hemisphere when

the magnitude of the relative vorticity is significant enough to cancel the planetary

vorticity. Comparing Figure 3-4(a) to Figure 3-4(b), we can see that the absolute

vorticity is more likely to achieve zero in the upper atmosphere in 1958, which cor-

responds to a well developed monsoon circulation in West Africa. The cancellation

between the relative vorticity and planetary vorticity is more evident at 200mb.
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3. Comparison of the relative, planetary, and absolute vorticities at 200mb

The planetary vorticity is calculated using the following equation:

f = 2Qsinq (3.13)

where £ is the angular rate of rotation of the earth and € is the latitude. The absolute

vorticity (a is the summation of the relative vorticity C, and the planetary vorticity

f.

Ca = (r + f (3.14)

Figure 3-5 shows the comparison of the relative, planetary, absolute vorticities at

200mb in 1958 and 1960. The solid line is the absolute vorticity, the dash line is

the relative vorticity and the dash-dot line is the planetary vorticity. In 1958, the

absolute vorticity is very close to zero in a large range of latitudes, while in 1960,

the magnitude of the absolute vorticity is significantly different from zero in a large

region. The relation between the absolute vorticity and the angular momentum is

given by

1 8M
Ca = 1 am (3.15)

a2 Cosq a

where € is the latitude and M is the angular momentum. If (a reaches zero, then

the angular momentum M will be constant along the latitudes. Since the absolute

vorticity is proportional to the gradient of angular momentum, the zero absolute

vorticity implies that the angular momentum is conserved, which is an indicator of

the development of a healthy monsoon circulation.

4. Comparison of the distributions of the boundary layer entropy

The boundary layer entropy is computed based on the observations of temperature

and humidity in 1000mb and 925mb and averaged between 10W and 10E. First the

potential temperature is estimated based on Bolton's (1980) formula:
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3.376
0, = Oexp[( 376 - 0.00254)103 q(1 + 0.81q)] (3.16)

TL

where
ST( mb)02854(1-0.28q)

and TL is the absolute temperature at the lifting condensation level given by

1
TL = 55 + 1 (3.18)1 log(RIa100)

Tk -55 2840

Tk is temperature, Rh is the percentage of relative humidity, q is the mixing ratio

in kg/kg, and p is the pressure. Once the potential temperature is obtained the

boundary layer entropy can be estimated using equation 1.3.

Figure 3-6 shows the distributions of the boundary layer entropy between 15S and

30N in July 1958 and 1960. The gradient of the boundary layer entropy distribution

between the land and ocean is much larger in July 1958 than that in July 1960. A

stronger monsoon circulation is expected in 1958 according to the dynamical theory

of monsoon circulation. Indeed, it is much wetter in 1958 than 1960.

The theory of land-atmosphere-ocean interactions over West Africa that has been

described in the previous section assumes that the atmosphere in a moist-neutral

state. Once the atmosphere reaches this state, the saturation moist entropy of the

free atmosphere can be replaced by the actual moist entropy of the subcloud layer.

Figure 3-7 shows the distributions of the entropy averaged in the boundary layer (1000

mb - 900 mb), which is represented by the solid line, and the upper level atmosphere

(850 mb - 300mb) represented by the line with asterisks in July 1958 and 1960. It

is evident that the difference of entropy between the boundary layer and the upper

level atmosphere is very small in both 1958 and 1960.

The boundary layer entropy averaged over August and September in 1958 and

1960 is also plotted in Figure 3-8. The distribution of the boundary layer entropy in

August and September is very similar to that in July.

5. Comparison of the observed and critical distribution of the boundary layer
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entropy

Figure 3-9 shows the comparison of the observed entropy in July and Emanuel's

critical entropy distribution between 0 and 30N (Emanuel, 1995). The solid line is the

critical distribution and the dash line is the actual observed entropy distribution. The

critical distribution of the boundary layer entropy is plotted based on the equation 3.4,

where 0 m,, and p,m are specified the same as the observed data. It is seen that the

gradient of the entropy distribution between the ocean and land in July 1958 is much

larger than the critical distribution; this confirms that a stronger monsoon circulation

is likely to develop in August. In contrast, the gradient of the entropy distribution

in July 1960 is less than the critical distribution, thus the monsoon circulation is not

expected to develop in August 1960.

In summary, the observations in West Africa are consistent with the proposed

relation between the dynamics of monsoon circulation and the gradient of the distri-

bution of boundary layer entropy. In the wet year (1958), a relatively large meridional

gradient of boundary layer entropy and a healthy monsoon circulation are observed.

In the dry year (1960), a flat distribution of the boundary layer entropy and a weak

monsoon circulation are observed.

In general the tropical atmosphere tends to have a uniform vertical distribution

of moist entropy. Rainfall resulting from the moist convection heats the upper tro-

posphere, which results in negative relative vorticity near the tropopause. In 1958,

the magnitude of the negative vorticity reaches a level that may cancel the planetary

vorticity over a large region. According to the dynamical theory of the monsoon

circulation, zero absolute vorticity near the tropopause should lead to an angular

momentum conserving regime, which indicates a healthy monsoon circulation. The

latter provides a large scale forcing for rainfall. In the relatively dry year (1960), the

adiabatic heating due to water vapor condensation in the upper atmosphere is not

significant enough to induce a large negative relative vorticity near the tropopause

that is sufficient to cancel the planetary vorticity. A radiative-convective equilibrium

regime is likely to dominate the dynamics of the atmosphere in that year. Rainfall is

mainly the result of the local convective storms.
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The results of the analysis on wind are consistent with the results reported by

Kidson (1977), which suggest that the decline of rainfall over the Sahel region is

associated with weaker easterly jet. We suggest that the weakening of the easterly jet

in relatively dry years is due to the flat distribution of the boundary layer entropy.

3.4 Comparison of Charney's Mechanism and the

Mechanism of Monsoon Circulations

In 1975, Charney suggested that removal of vegetation at the desert border would

increase surface albedo and cause an additional radiative cooling. Enhancement of

sinking motion is the only process that can balance the additional radiative cool-

ing. This sinking motion would push the Inter-Tropical Convergence Zone (ITCZ)

southward and cause a decrease in rainfall. Charney's mechanism is illustrated in

Figure 3-10(a). The main weakness of Charney's mechanism is in the fact that vege-

tation in the desert border grows in response to rain and follows closely the seasonal

cycle of rainfall. The vegetation that exists by the end of the short rainy season may

not survive more than few months into the long dry season. Recent satellite pictures

of vegetation in Africa, such as those presented by Tucker et al.(1991), illustrate

clearly the close relation between rainfall and vegetation in this region. Under these

conditions, the vegetative cover lacks the memory that is needed to carry informa-

tion between successive years and thus the Charney mechanism fails to explain the

persistence of the continuing drought in West Africa.

The proposed description of the dynamics of monsoon circulation provides a better

approach than Charney's mechanism to explain the natural variability of the rainfall

in West Africa. Changes in either SSTs or land conditions could modify the distri-

bution of boundary layer entropy. This distribution affects the monsoon circulation

and West African rainfall. Figure 3-10(b) shows the weakened monsoon circulation

due to either high SST or low boundary layer entropy over land. The removal of

vegetation along the coast could weaken the monsoon circulation or even suppress



the circulation entirely.

3.5 The Role of the SST in the Dynamics of West

African Monsoons

Many studies have been done in establishing the relation between the SST in the

Tropical Atlantic and rainfall in West Africa. Lamb (1978) presents composites of

the SST distribution in the Tropical Atlantic for wet and dry years in the Sahel

region. Six wet years and seven dry years are chosen for the composite analysis. The

distributions of SST anomalies in the region of SETA are averaged separately for

the wet and dry years. Figure 3-11 shows that warm (cold) SST anomalies that are

associated with dry (cold) years. Similar findings were reported by Lamb and Peppler

(1992). Lough (1986) also finds that the second eiger-vectors of the SST anomalies

correlate negatively with the Sahel rainfall for the period of 1948 to 1972. All these

empirical observations show that Sahel rainfall is significantly correlated to the SST

conditions in the SETA: a warm (cold) SST anomaly in that region is associated with

dry (wet) conditions in the Sahel region.

The meridional distribution of boundary layer entropy south of the land-ocean

border located around 5N is largely controlled by the SST over the South Eastern

Tropical Atlantic (SETA). The inter-annual variability in the magnitude and distri-

bution of the SST may influence the dynamics of West African Monsoons and rainfall

variability over West Africa. The role of the SST in the dynamics of West African

monsoons is summarized in Figure 3-12(a). The proposed theory provides a rea-

sonable explanation to the dynamics behind the observed relation between the SST

anomaly in the SETA and Sahel rainfall. According to the theory, the dynamics of

monsoons are regulated by the meridional gradient of boundary layer entropy. The

boundary layer entropy over the ocean is mainly controlled by the SST. As shown in

Figure 3-12(a), A warm (cold) SST anomaly over SETA would lead to large (small)

fluxes of moist entropy and hence small (large) gradient of boundary layer entropy.
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As a result, a weak (strong) monsoon circulation and relatively dry (wet) conditions.

3.6 Findings and Discussion

3.6.1 Findings

The proposed theory of land-atmosphere-ocean interactions and monsoon circulations

over West Africa is consistent with the observations on both SST and the boundary

layer entropy distributions during wet and dry years. Analysis of the observations

for 1958 and 1960 over West Africa indicates that rainfall conditions in these two

years could have been predicted on the basis of the proposed relation. A healthy

monsoon circulation and a large gradient of the boundary layer entropy are observed

in the relatively wet year (1958). A relatively weak monsoon circulation and a flat

distribution of the boundary layer entropy are observed in the dry year (1960). The

proposed relation is also consistent with the observed correlation between the SST

and the Sahel rainfall, as reported by lamb (1978) and Lough (1986). Theoretically,

cold (warm) SST in the region located south of the West African coast would be likely

to produce a large or (small) meridional gradient of entropy in the boundary layer,

which would induce a strong (weak) monsoon circulation and results in wet (dry)

conditions in West Africa.

The dynamics of monsoons over West Africa are more sensitive to inter-annual

fluctuations in the meridional gradient of boundary layer entropy than are those in

other regions (Eltahir and Gong, 1996). Because West Africa is located close to

the equator, the planetary vorticity is relatively small, and a small magnitude of

relative vorticity could result in the cancellation of the planetary vorticity. As a

result, monsoon circulations in West Africa develop more easily and is more sensitive

to changes in sea surface temperature and in land conditions, as compared to other

tropical regions where monsoon circulations are observed.



Figure 3-11: Sea Surface Anomalies in the Tropical Atlantic (a) Dry year (b) wet
years in the Sahel region from Lamb (1978)

82



HIGH SS1

NORMA

/ LOW SS

SEA

4

LAND DESERT

(a)

HIGH ENTROPY OVER LAND

NORMAL

V ENTROPY OVER LAND

SST

SEA LAND DESERT

Figure 3-12: The implications of the dynamical theory of monsoon circulations

T

,~vJ\

i I

i I
I

% ff a %,

001nhj



3.6.2 Implications of the study results

The proposed theory of land-atmosphere-ocean interactions bridges the gap between

the studies of land-atmosphere interactions and ocean-atmosphere interactions. From

our analysis of the observed atmospheric variables in wet and dry years prior to the

onset of the current drought in West Africa, we find that the natural variability of

the dynamics of the atmosphere in West Africa are dominated by either a radiative-

convective-equilibrium regime or an angular-momentum-conserving regime. When

the former mechanism dominates the dynamics of the atmosphere, a dry year is ex-

pected, and when the angular-momentum-conserving regime dominates, a wet year is

expected. The finding that the dynamics of monsoon circulation over West Africa are

controlled by the gradient of the boundary layer entropy, which, in turn, is regulated

by the interactions of land-atmosphere-ocean, has important implications: both SST

and land conditions could regulate the monsoon circulation over West Africa. The

distribution of entropy between land and ocean during summer, the southern end is

controlled by the ocean and the northern end is determined by the land conditions.

If the land condition remains the same, the SST will control the gradient of the

boundary layer entropy. A higher SST will result in a flatter distribution of entropy

and a lower SST will favor a larger gradient of entropy. Figure 3-12(a) illustrates

the impact of the SST on the gradient of entropy distribution. This circumstance is

consistent with the results of Lamb (1978), shown in Figure 3-11. Lamb investigated

the relation between the SST in the Tropical Atlantic Ocean and the Sahel rainfall

and found that there is a negative correlation between them. Warm SST anomalies

in the Atlantic Ocean correspond to dry years, and cold SST anomalies correspond

to wet years in Sahel.

If, on the other hand, the SST is kept fixed, the land condition will determine the

gradient of the boundary layer entropy. The role of land conditions throughout West

Africa in regulating the monsoon circulation is illustrated in Figure 3-12(b). The

boundary layer entropy over land is primarily sustained by local fluxes of sensible

and latent heat and energy fluxes through the top of the boundary layer, and from



the surrounding regions. Any change in land conditions that modifies the boundary

layer entropy, could affect the gradient of the meridional distribution of entropy, the

monsoon circulation and cause changes in regional rainfall.



Chapter 4

The Role of Land Surface

Conditions in Rainfall Variability

over West Africa

4.1 Introduction

In this chapter, we will apply the theory of land-atmosphere-ocean interactions de-

scribed in Chapter 3 to study the role of land surface conditions in rainfall variability

over West Africa. The focus is on a recent hydrologic event: the extremely wet 1994

rainy season. After successfully explaining the wet conditions in 1994 over West Africa

based on our theory as due to the large gradient of boundary layer entropy (BLE),

we carry out the research further and try to identify the main processes that are

responsible for the large gradient of BLE in that year. We study both the SST and

land conditions over West Africa. Interestingly, we find that the SST in the Tropical

Atlantic in 1994 is not the lowest in the 1990s, and the SST is even lower in 1992. But

1992 was significantly drier compared to 1994. Therefore the extremely wet condition

in 1994 must result from other processes other than the SST distribution. Comparing

the distributions of BLE between the the land and the ocean in 1992 and 1994, we

find that entropy over the land region is much higher in 1994 than that in 1992, which



results in a large gradient of BLE in 1994. Hence we focus on those processes that

may affect BLE over land. In particular, we compare the moist static energy budget

over the land region in 1992 and 1994.

This chapter is organized as follows. In section 4.2 we apply the theory of land-

atmosphere-ocean interactions and analyze the observations for 1992 and 1994. The

moist static energy budget and other possible processes that may be responsible for

the changes of BLE over land are investigated in section 4.3. Section 4.4 includes a

discussion and summarizes the findings of this study.

4.2 Application of the Land-Atmosphere-Ocean

Interactions Theory to the 1994 Rainy Season

4.2.1 Rainfall in 1994

According to the report of the Climate Prediction Center of NOAA (1995), the 1994

rainy season was the wettest since 1964 across the Sahel. This conclusion was based

on preliminary May through September data using the 1951-80 period as the baseline,

"normal conditions." Figure 4-1 shows the standardized departures of rainfall from

the long-term mean in Sahel from 1921 to 1994. 1994 is only the second year since

1967 to record above-normal rainfall for the season.

Rainfall over West Africa in 1994 is quite unusual. June brought near- or above-

normal rains to much of the Sahel as most areas south of 12N recorded over 200 mm of

rain, with the exception of the Gulf of Guinea coastline from extreme eastern Guinea

eastward to Benin. Less than half of normal rain fell on these areas. In July, abun-

dant rain fell on much of the Sahel and sub-Saharan Africa, with significant showers

reaching exceptionally far north (past 20N) in both Mali and Sudan. Well above-

normal July rain also soaked southeastern Niger and parts of central and northern

Chad. Further south, less than 25 mm fell on most areas from eastern Liberia to

southwestern Ghana.

August was also unusually wet, with heavy rain (100-400 mm) drenching most



Figure 4-1: May-Sep standardized departures from 1951-1980 mean rainfall for sta-

tions 20W-20E and 8N-18N (Climate Analysis Center, NOAA)
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areas from Senegal and southern Mali eastward to western Sudan. Totals were well

above normal (> 150%) in a swath from north-central Mauritania southeastward to

central Chad. The widespread wetness continued through September, with exception-

ally heavy rains (100-400 mm) falling from central Senegal southward through Liberia

and eastward to central Ethiopia. Convective complexes continued to track unusually

far north into typically dry areas of Mali and Niger. October saw drier conditions

finally beginning to cover the Sahel, but occasional heavy rains still fell unseasonably

far north, with new October records established in southeastern Mauritania.

4.2.2 The 1994 Monsoon

The monsoon is much stronger in 1994 compared to those in 1992 and 1993. Several

observations support this argument. First, the location of the ITCZ that occurred

further north in 1994, as compared to the normal location shown in Figure 4-2,

corresponds to a deep inland strong monsoon circulation. Second, the abundant

unusual rainfall received in Sahel in October 1994 also reflects a deep inland strong

monsoon. Since as monsoons penetrate further north it will take more time for them

to retreat to the south; as a result, more rainfall is seen in October. Third, more

rainfall was observed during the monsoon months, which indicates a strong monsoon

circulation in 1994.

4.2.3 Application of the Theory

We will apply the theory of land-atmosphere-ocean interactions to the wet 1994 rainy

season. To get a better understanding through comparison, we choose a dry rainy

season, 1992, as the reference. According to the theory, we expect a large (small)

gradient of BLE between the ocean and the land in wet (dry) years in the Sahel.

We estimated BLE in 1992 and 1994 based on temperature and humidity data

that are produced by ECMWF. The observed distributions of BLE in July 1992 and

1994 are plotted in Figure 4-3(a) and (b). Obviously, the gradient of BLE is much

larger in 1994 than that in 1992. The larger gradient of entropy in 1994 is consistent
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with a strong monsoon circulation in that year.

We also examine and compare the wind fields in 1992 and 1994. Figure 4-4

shows the zonal wind contours at the 0 longitude in August 1992 and 1994. The

easterlies in the upper atmosphere are much stronger in 1994, which is consistent

with a strong monsoon circulation. Similarly, Figure 4-5 shows the meridional wind

contours in the same region and same time. The northerly is stronger in the upper

atmosphere in 1994. The distributions of relative vorticity for July and August are

not very different. However in September, the contrast of the relative vorticity in the

tropopause becomes clear, which is consistent with the long-lasting monsoon season

in 1994. Figure 4-6 shows the comparison of relative vorticity at 2.5W in September

1992 and 1994. The magnitude of the negative relative vorticity at the tropopause in

the northern hemisphere for 1994 is larger than that for 1992, which would bring the

absolute vorticity in 1994 closer to zero.

In summary, the theory of land-atmosphere-ocean interactions provides a reason-

able explanation of the 1994 wet condition in the Sahel. The large gradient of BLE

between the Tropical Atlantic and the West African land region should result in a

strong monsoon circulation, which is exactly what was observed in the wind, rainfall,

and vorticity fields for 1994. However, to carry out the research one step further,

we need to investigate the factors that determine the gradient of BLE over both the

ocean and the land.

4.3 Investigation of the Factors that Determine

the Distribution of Boundary Layer Entropy

As mentioned in the previous chapter, the gradient of BLE is determined by the

magnitudes of entropy over the ocean and the land. The entropy over the ocean is

mainly controlled by the SST. We will inspect both SST in the Tropical Atlantic and

land conditions in 1992 and 1994 and try to understand the roles of the land and the

ocean in determining the gradient of BLE in the 1994 rainy season.
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4.3.1 Comparison of the SST in 1992 and 1994

The time series of the SST departures from the long-term mean is plotted in Figure 4-

7. The SST plotted here is first averaged over July, August and September, and then

averaged over the region which extends between 20S and 5N and from 15W to 10E.

The monthly average SST is taken from the Comprehensive Ocean-Atmosphere Data

Set (COADS, 1985). All observations in this data set are given in 2 degrees latitude

by 2 degrees longitude boxes. Within each box, air and sea surface temperatures,

wind pressure, humidity, and cloudiness are provided and the SST data coverage

starts from 1854 and continues to the current year. From this time series, we can see

that the SST in 1994 is lower than other years from 1980 to 1993 except 1992.

The difference of the SST between 1992 and 1994 also appears from the satellite

observations of the SST. The SST used here is taken from the monthly optimum

interpolation (OI) SST analysis, which uses in situ and satellite SSTs plus SSTs

simulated by sea-ice cover. The in situ data were obtained from radio messages

carried on the Global Telecommunication System. The satellite observations were

obtained from operational data produced by the National Environmental Satellite

Data and Information Service (NESDIS). The data covers the whole globe and has

a spatial resolution of 1 degree latitude by 1 degree longitude. The time coverage is

from 1982 to the current year. The spatial distributions of the SST averaged over

July, August and September in 1992 and 1994 are plotted in Figure 4-8(a) and 4-

8(b). The difference of the SST between 1992 and 1994 (1994 minus 1992) is plotted

in Figure 4-9. The positive numbers spread over most of the areas in the Tropical

Atlantic, which confirms that the SST is warmer in 1994 than that in 1992.

If the land conditions were the same in 1992 and 1994, the lower SST in 1992

would result in a larger gradient of BLE and a wet year. But in fact, the gradient

of BLE is smaller in 1992 than that in 1994. Therefore we suggest that the land

conditions are responsible for the difference in the gradient of BLE between 1992 and

1994. Actually entropy in the land region, 10N-20N and 10W-15E (called region S

later), in 1994, is much higher than that in 1992 in the same region as shown in



Figure 4-3. In the following, we will analyze those processes that affect the land

conditions. In particular, we focus on the moist static energy budget for region S.

4.3.2 Moist Static Energy Budget

Since BLE is sustained by energy within the boundary layer, changes in entropy of a

region must result from the changes in energy within the boundary layer. The budget

of moist static energy within the boundary layer is affected by the energies supplied

from all possible sources. We first look at the moist static energy, which is defined as

the summation of the sensible heat content, the gravitational potential energy, and

the latent heat content. The corresponding mathematical expression is

0 = CpT + ( + Lq (4.1)

where € is the moist static energy, C, is the specific heat at constant pressure, 1I is

the gravitational potential energy, which is the work that must be done against the

earth's gravitational field in order to raise a mass of 1 Kg from the sea level to the

point where the geopotential is measured, L is the latent heat of evaporation, q is the

mixing ratio, and T is the temperature.

The moist static energy has the convenient property of being unaffected by con-

densation processes, which merely redistribute energy between the latent and sensible

heat content. To estimate the budget of the moist static energy, we need to know

the fluxes of energy. In this study, we estimate the zonal and meridional fluxes of the

moist static energy using the following formula:

925mb
F = f000mb o updzL, (4.2)

F, = f 0mb 5 vpdzL 2  (4.3)

where u and v are the zonal and meridional velocities, L 1 and L 2 are the distances in

the zonal and meridional directions.

Figure 4-10 shows the comparisons of the energy fluxes coming from the northern
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and southern borders of region S in 1992 and 1994. Figure 4-11 shows the energy

fluxes coming from the eastern and western borders of the same region. The dash

line represents energy fluxes in 1992; the solid line, in 1994. We also estimated the

summation of the latent and the sensible heat fluxes from the surface into the entire

region S and plotted them in Figure 4-12(a). All the data used for this analysis are

extracted from the ECMWF data.

The moist static energy budget in the boundary layer is given by

aN
= Fb + (LE + H) + Fupper (4.4)at

where N is defined as

925mb

N = mb pAdz (4.5)
J 1000mb

A is the area of the specified region, Fb is the net flux of the moist static energy

crossing the borders of the specified region, LE + H is the summation of the latent

and sensible heat fluxes from the surface, Fuppe, is the energy flux from the top of the

boundary layer, which includes three processes: entrainment, convective downdrafts,

and radiative cooling. Energy fluxes from the top of the boundary layer can be

estimated based on Equation 4.4 since other terms can be estimated from observations

directly. Figure 4-13 shows the storage of the moist static energy in region S. Figure 4-

12(b) shows the energy fluxes from the top of the boundary layer.

In general, the differences between the fluxes from the eastern and the western

borders during the rainy seasons of 1992 and 1994 are small. The differences of the

fluxes from the northern and southern borders are more significant. The energy fluxes

off the top of the boundary layer carry energy away and always decrease the boundary

layer entropy. The sensible and latent heat release from the surface is one order of

magnitude smaller than other energy fluxes. Since in June 1994, more moist static

energy comes from these northern border and less from the southern border of region

S, the overall contributions from the boundary fluxes differ little between 1992 and

1994. The main contributing factor seems to be the energy flux through the top of

101
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Figure 4-12: Energy fluxes from the surface and from the top of the boundary layer
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Figure 4-13: Storage of the total moist static energy in the region (10N-20N, 10W-
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the boundary layer since less energy fluxes out of the top of the boundary layer were

observed in June 1994 as shown in Figure 4-12(b). Notice that the small difference

between the energy fluxes through the top of the boundary layer in 1992 and in 1994

results in a big difference in BLE. This may imply that land conditions in West Africa

are very sensitive to the energy supplies into the boundary layer.

Temperature and humidity in the boundary layer may affect the energy fluxes

from the top of the boundary layer. We analyze the observed sensible and latent

heat fluxes from the surface in 1992 and 1994 separately. Figure 4-14 shows the

comparison of the monthly sensible and latent heat fluxes. The figure shows that

throughout the whole year, sensible heat fluxes are lower in 1994, which reflects the

lower surface temperature in 1994. As shown in Figure 4-14(b), the latent heat fluxes

increase significantly in July 1994 and remains at a high value until the end of the

rainy season.

The comparison of the areal and monthly average of the internal energy and

latent heat content shows similar results. Figure 4-15(a) shows the comparison of

the internal energy between 1992 and 1994; Figure 4-15(b), the latent heat contents

for the same period. The figure shows that in July 1994, the internal heat of the

boundary layer is lower and the latent heat content is higher. The lower boundary

layer temperature and higher humidity in July 1994 should relate to rainfall in that

month. To confirm this, we inspect the monthly rainfall in June and July in both

1992 and 1994. Figure 4-16 shows the rainfall difference between 1992 and 1994 (1994

minus 1992) in June and July. In both months, more rain falls in 1994 than in 1992 in

region S. More rainfall in a region makes it possible for more evaporation, and more

evaporation increases humidity of the air above the surface and reduces the surface

temperature. This is consistent with the observations in the sensible heat fluxes from

the surface, which show that the sensible heat fluxes are much lower in 1994 than in

1992 because region S receives more rainfall in 1994. Also the latent heat fluxes in

1994 increase significantly starting from June. Figure 4-15(b) shows that the latent

heat content in the boundary layer of the region also increases from June. The lower

surface temperature and drier humidity conditions reduce the radiative cooling of the
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Figure 4-14: (a) monthly sensible heat fluxes
the surface

(b)monthly latent heat fluxes from
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boundary layer, which results in less energy fluxes from the top of the boundary layer

in 1994 than in 1992, as shown in Figure 4-12(b).

4.3.3 Trends in the SST and Rainfall in Sahel

We performed the Kendall Rank test (Kendall, 1962) in both rainfall and the SST

within two intervals of the SST (22.1-22.5 and 22.6-23). Rainfall in the Sahel used

in this analysis is based on Nicholson's study (Nicholson, 1993) and the SST is based

on the observations provided by COADS. Table 4.1 shows the results of trends in

rainfall and the SST from 1900 to 1990. Rainfall shows strong descending trends

in both intervals of the SST, especially after the 1940s. During the period of 1950-

1983, the descending trend is even more significant. The Kendall 7 reaches -0.88

while the 10 percent confidence interval is only ±0.32. However the SST does not

have significant ascending or descending trend within each interval of the SST (all

Kendall's Ts for the SST are within the 10% confidence interval). Since the SST

does not vary much and does not have a trend within each interval, the SST should

not affect the rainfall variation much. Therefore these statistical results suggest that

other processes other than the SST may play important roles in rainfall variability

over West Africa.

4.4 Findings and Discussion

We successfully apply the theory of land-atmosphere-ocean interactions to the wet

1994 rainy season and once again the observations support the theory. The large

gradient of BLE, which results from the land-atmosphere-ocean interactions, is as-

sociated with a strong monsoon circulation and abundant rainfall in West Africa in

1994. The anomalous northward extension of the ITCZ during 1994, as shown in

Figure 4-2, is associated with a northward extension of the peak of the entropy in

the land region. As a result, a strong monsoon circulation develops further inland.

This monsoon circulation, which is likely to have a descending branch around the

coast region instead of the ocean, may be responsible for the wet conditions across
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Figure 4-15: (a) Monthly average of the internal energy CpT in the region (10N-20N,
10W-15E) (b) Monthly average of the latent heat content Lq in the same region
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Figure 4-16: Rainfall difference between 1994 and 1992 (1994 minus 1992) (a) June
(b) July
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the Sahel/Sudan zones of Africa and dry conditions that were observed along the

Gulf of the Guinea Coast (Climate Analysis Center, NOAA, 1995).

In 1994, land conditions play a more important role in West African rainfall than

the SST does. The energy fluxes from the top of the boundary layer of region S may

be responsible for the high boundary layer entropy over the region (10N-20N, 10W-

15E) in July 1994. Rainfall in that region in the early rainy season of 1994 increases

the humidity and decreases the temperature of the boundary layer, which may cause

less radiative cooling and hence less energy loss through the top of the boundary

layer. The high BLE over the land enhances the gradient of BLE and supports a

strong circulation and results in the wet condition in 1994.

a statistical analysis shows that rainfall has a significant descending trend after

the 1940s, even when the variation of the SST is small and hence the effect of the

SST on rainfall can be ignored. These results suggest that processes other than the

SST also play important role in rainfall variability over West Africa.
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Table 4.1: Trends for rainfall and the SST within different SST intervals

SST (21.6-22)
period T for rain T for SST 10% confidence total observations

1900 to 1983 -0.25 0.14 ±0.22 27
1910 to 1983 -0.29 0.03 ±0.23 25
1920 to 1983 -0.38 -0.01 ±0.24 24
1930 to 1983 -0.57 0.04 ±0.27 20
1940 to 1983 -0.83 0.02 ±0.30 16
1950 to 1983 -0.88 -0.1 ±0.32 15

SST (22.6-23.0)
period - for rain T for SST 10% confidence total observations

1920 to 1990 -0.35 -0.11 ±0.23 25
1930 to 1990 -0.33 -0.04 ±0.25 22
1940 to 1990 -0.32 0.13 ±0.27 20
1950 to 1990 -0.55 0.23 ±0.30 16
1960 to 1990 -0.49 0.16 ±0.33 14
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Chapter 5

Conclusions

This chapter will summarize the results and conclusions of this study. Some future

research is proposed.

5.1 Summary of Results

5.1.1 Sources of Moisture for Rainfall in West Africa

A precipitation recycling model is applied to the West African region. By defining

different source regions, we estimated the contributions to rainfall from local evap-

oration, as well as advection from the surrounding regions. Local evaporation and

evaporation in the areas to the east and to the south of the West African region

contribute about 70 percent of the total precipitation in West Africa. The local

evaporation contributes about 30 percent of the precipitation. The Tropical Atlantic

Ocean contributes nearly as much rainfall as local evaporation.

Atmospheric moisture flux and rainfall in West Africa exhibit similar seasonal

variations. Evaporation is positively correlated with rainfall. Moisture supply from

Central Africa decreases significantly in monsoon months: August and September,

while moisture supply from the Tropical Atlantic Ocean, which is almost in phase

with the rainfall, increases significantly.
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5.1.2 Theory of Land-Atmosphere-Ocean Interactions

A theory of land-atmosphere-ocean interactions is proposed and tested by observa-

tions. The gradient of boundary layer entropy between the ocean and the land, which

reflects the interactions among land, atmosphere and ocean, regulates the develop-

ment of monsoon circulations. A healthy monsoon circulation and a large gradient

of the boundary layer entropy are observed in the wet years 1958 and 1994. A rela-

tively weak monsoon circulation and a flat distribution of the boundary layer entropy

are observed in dry years 1960 and 1992. Also we find that monsoon circulations in

West Africa could develop more easily, but in general more sensitive to changes in

sea surface temperature and land surface conditions. This feature is attributed to the

location of West Africa, being close to the equator.

The observations on wind and vorticity fields show obvious contrast between the

wet and dry years in West Africa. The easterly jet at the upper atmosphere of West

Africa is much stronger in wet years than that in dry years. Also the meridional

circulations are significantly stronger and the absolute vorticity is closer to zero at

the tropopause in wet years.

5.1.3 The Impact of Land Surface Conditions on Rainfall

in West Africa

We can study the impact of land surface conditions on West African rainfall by

studying the effect of changes in land conditions on the distribution of boundary

layer entropy. The impact of land surface conditions on the boundary layer entropy

in 1994 is investigated and compared to the relatively dry year, 1992. The budget of

the moist static energy is investigated. The variations of the fluxes of the moist static

energy from the eastern and western borders between 1992 and 1994 are small and

variations of the fluxes from the northern and southern borders are more significant.

The energy fluxes through the top of the boundary layer tend to reduce the energy

content in the boundary layer. However, this reduction is significantly smaller in 1994

than in 1992. The sensible and latent heat fluxes from the surface are one order of
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magnitude smaller than the other energy fluxes.

The Kendall test of trends is applied to rainfall and the SST records from 1900

to 1990. The statistical results show that rainfall has a strong descending trends in

the intervals of the SST (22.1-22.5) and (22.6-23.0). During the period of 1950-1983,

the descending trend is even more significant. The SST has no significant ascending

or descending trend in the corresponding intervals of the SST.

5.2 Summary of Conclusions

The precipitation in West Africa is mainly contributed by local evaporation and evap-

oration in the areas to the east and to the south of the region. Moisture supply and

rainfall in West Africa relate to each other closely. Atmospheric moisture provides

the source for rainfall and controls the maximum amount of rainfall; rainfall is asso-

ciated with atmospheric circulations, which control where the moisture fluxes come

from. The large scale monsoon circulation enhances southerly flux into the region and

induces strong westerlies, which, in turn, shuts off the easterly flux into West Africa.

As a result, moisture supply from Central Africa decreases in monsoon months and

moisture supply from the Tropical Atlantic Ocean increases significantly.

The observations that have been recorded for both SST and the boundary layer

entropy distributions during wet and dry years strongly support the proposed theory

of land-atmosphere-ocean interactions and monsoon circulations over West Africa.

The land-atmosphere-ocean interactions result in different distributions of boundary

layer entropy between the ocean and the land. A large gradient of the boundary

layer entropy drives a strong monsoon circulation; a flat distribution of the boundary

layer entropy does not drive any circulation. The proposed theory on the dynamics

of monsoon circulations over West Africa provides a better approach to explain the

natural variability of the rainfall. Changes in either SSTs or land conditions could

modify the distribution of boundary layer entropy, which, in turn, affects the monsoon

circulation and rainfall in West Africa.

The land conditions play a very important role in West African rainfall since
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entropy in the land region controls the northern end of the entropy distribution curve.

Surface latent and sensible heat fluxes, and energy fluxes from the surrounding regions

and the upper atmosphere are the sources and sinks of energy that maintain the

boundary layer entropy. Any change of them would result in changes in the boundary

layer entropy. In 1994, the fluxes of energy from the top of the boundary layer seem

to play an important role in the anomalously high boundary layer entropy. More

rainfall in the early rainy season of 1994 is associated with increases in evaporation

and atmospheric humidity and a decrease in the temperature of the boundary layer.

These processes favor less radiative cooling in the boundary layer and less energy

fluxes away through the top of the boundary layer.

The strong descending trend that has been documented in the rainfall series be-

tween 1950 and 1983 while considering only years with similar SST conditions, shows

that processes other than the SST play important role on rainfall variability over West

Africa. One of those processes could be the large scale deforestation in West Africa.

Since vegetation and rainforests help to sustain large scale atmospheric circulations

in the tropics, deforestation decreases boundary layer entropy, which would weaken

the monsoon circulation and result in a dry condition in West Africa. This issue can

be further investigated in future research.

5.3 Future Research

The current study of the sources of moisture for rainfall in West Africa can be ap-

plied to other regions since the two assumptions involved in the recycling model are

generally valid in other regions. The scaling study can be extended in both time

and space domain, for example, the time domain could be extended to months other

than August, or the whole rainy season; the space domain can be divided into smaller

scales if the resolution of observations increases. Similar recycling studies can be done

in the years before and after large scale deforestation took place so that any effect of

deforestation may be detected from the difference of recycling ratio between the two

periods.
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The theory of the land-atmosphere-ocean interactions can be further tested by

observations in typical dry and wet years. Since this theory is based on the pre-

monsoon conditions, it could be used to predict monsoon circulations and rainfall in

West Africa. One possible and interesting topic related to this theory is to study the

impact of SST and land conditions on the gradient of entropy between the ocean and

the land quantitatively. For example, if we fix the entropy in the land region, how

many degrees difference in SST could affect the development of monsoon circulations

significantly? Or if we fix the entropy in the ocean, what is the combination of

temperature and humidity in the land region that could make the gradient of entropy

large enough to drive a strong monsoon circulation?

The factors contributing to entropy changes in the land region are rather com-

plicated. Latent and sensible heat fluxes from the land surface, energy form the top

of the boundary layer, and energy fluxes from the surrounding regions can all affect

entropy in the land region. More research can be done to investigate this issue further.
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