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ABSTRACT

The National Center for Atmospheric Research regional climate model (RegCM) is employed to study the
dynamics of the Turkana low-level jet that lies between the Ethiopian and the East African highlands, and also
investigate the mechanisms responsible for the observed dry conditions over the Lake Turkana basin that lies
in the wider section of the Turkana channel. The role of the large-scale orography and two other forcing factors
namely the large-scale monsoonal flow and the Turkana channel depth are investigated in order to understand
the kinematics of the jet.

The simulated patterns of the Turkana easterly low-level jet compares well with its observed characteristics.
Strong winds are indicated in the channel throughout the study period of October to December, with the wind
speed decreasing in the middle and wider region of the channel. A split in the jet core is aso shown in the
middle of the channel. The level of maximum winds (~11 m s~*) occurs in the layers 930-hPa and 650-hPa
levels. The dynamics of the Turkana channel is explained in terms of the orographic channeling effects associated
with the Bernoulli theorem as applied to barotropic steady and nonviscous flows. The main results on the forcing
mechanisms responsible for the development of the jet can be summarized as follows: (a) orographic forcing
is the most important factor, (b) the large-scale monsoon background flow is important in determining the wind
speed in the jet cores, (c) the depth of the channel determines the vertical structure and location of the jet cores,
and (d) thermal and frictional forcing play equivalent role as that of the large-scale background winds in the
formation and maintenance of the jet. Divergence and anticyclonic vorticity partly explains the observed split
in the jet cores in the middle of the channel. The dry conditions observed over the Lake Turkana basin are
explained in terms of dominant downward vertical velocity, decrease in moisture flux convergence, and increase
in temperature flux divergence that inhibit active developments of mesoscale circulations and their interactions
with large-scale flow over these areas. Theidentified regions of strong winds associated with the jet are important
to the safety in the aviation industry. These regions may also provide alternative renewable energy resources
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in the form of wind energy.

1. Introduction

The term orography implies obstacles on the large-
scale such as mountain ranges, which affect stratified
flows in the atmosphere. It is one of the lower boundary
factors controlling global climate dynamics. Orography
may influence climate through 1) its role in determining
the positions of the semipermanent upper tropospheric
troughs and ridges in the westerlies, 2) the orographic
convective precipitation systems, 3) the role it playsin
the development and maintenance of mesoscale circu-
lations, and 4) the blocking and channeling effects on
the low-level jetstreams. Whereas, the land/sea thermal
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contrast affects climate through thermal forcing, the ef-
fect of large-scale orography is mainly dynamical in
nature (Kasahara 1966). Ringler and Cook (1999) have,
however, recently shown that thermal forcing associated
with topography is equally important in forcing atmo-
spheric structure especially in the Tropics. The main
effect of orography on the mean flow is through form
drag that is associated with differences in tangential
pressure across a mountain. In the globally averaged
atmosphere, this is approximately 50% of the total drag
from the ground, the other half being frictional drag
associated with the turbulent boundary layer (Stull
1988). Regional climate may be influenced by the struc-
ture of the large-scale flow for that region and the pres-
ence or absence of other forcings such as orography,
and mean heat sources and sinks. This is mainly the
case in the Tropics where the dynamical flow instabil-
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ities are relatively weak as compared to those in the
midlatitudes (Xue and Shukla 1998).

Orographic forcing on regiona weather and climate
has been the subject of several major investigationsever
since the pioneering work by Kasahara (1966). Sarker
et al. (1978) showed that rainfall distribution over the
Ghat mountains of India was dependent on orography
and the latent heating that induces upward motion in
both the heating area and downstream of the mountain.
Semazzi (1980, 1985) investigated the influence of
large-scale orographic forcing on the African climate
using a primitive equation barotropic model, and
showed an equatorial geopotential height trough and a
pair of tropical anticyclones on either side of the equa-
torial trough. He indicated that the observed semi-per-
manent trough (Equatorial trough) in the middle tro-
posphere over equatorial Africais maintained partly by
orographic forcing. Semazzi and Sun (1997) suggested
that orographic control could play acritical rolein main-
taining the observed teleconnections between global
SST anomalies and the West African droughts.

Unlike for West African midtropospheric jet, which
is fundamentally related to the surface temperature and
soil moisture distribution at the surface (Cook 1999)
and perhaps modified by topography, the low-level jet
streams over eastern Africa are forced mainly by the
local orography (Krishnamurti et al. 1976; Anderson
1976; Ngara and Asnani 1978; Bannon 1979, among
others). A low-level jet istypically athin stream of fast-
moving air with maximum wind speeds of 10—20 m s—*
that is usually observed in the lowest 1-2 km of the
atmosphere. It is classified in the meso-3 scale circu-
lation with horizontal scales between 20 and 200 km,
and timescal es from hours to several days. Studies have
shown that low-level jetstreams through the associated
convergence/divergence and vertical motion patterns
exert acontrol on the surface weather and climate (Has-
tenrath 1985). Low-level jets are also significant in the
transport of pollution and pests, are potential sources of
wind energy, may cause aircraft accidents due to the
strong wind shears associated with them, and may also
cause a sudden intensification and rapid spread of forest
fires and sand storms.

Several studies have been carried out to investigate
the influence of orography on regional climates (Sarker
et a. 1978; Semazzi 1980, 1985; Semazzi and Sun
1997). These studies have indicated the importance of
orography in shaping regional climates. The purpose of
the present study is to investigate the role of orographic
forcing in modulating the East African climate. A series
of basic sensitivity studies are performed using a re-
gional climate model (RegCM) to 1) investigate the dy-
namics underlying the orographic influence and other
forcing mechanisms (the large-scale monsoon flow and
the depth of the channel) on the Turkana low-level jet,
and 2) understand the mechanisms responsible for the
flow over the Turkana channel and specifically the ob-
served desert conditions over parts over the valley. This
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investigation is aimed at contributing to our basic un-
derstanding of the processes involved in establishing a
time-mean climate over eastern Africa during boreal
autumn season. Such an understanding is necessary in
order to improve our ability to understand and predict
the climate variability in the region.

Observational studies

East African region is enclosed by latitudes 9°N—-10°S
and longitudes 28°-42°E. It has diverse topographic fea-
tures that include the Ethiopian highlands to the north-
east and East African highlands to the southwest (Fig.
1). Some of the high mountain peaks in the region are
Mount Kenya (5199 m), Mount Kilimanjaro (5895 m),
Mount Elgon (4321 m), Aberdare Ranges (3999 m), and
the Mau escarpment (3098 m). In between the Ethiopian
highlands and the East African highlands lies the Tur-
kana channel (Kinuthia and Asnani 1982). The channel
floor is above 500 m from the mean sea level and has
adepth that varies between 610 and 1524 m, and awidth
that varies between about 140—700 km. The channel is
approximately 700 km long and is oriented from south-
east to northwest connecting northwestern Kenya to
southwestern Sudan. Kinuthia and Asnani (1982), and
Kinuthia (1992) observed the presence of the Turkana
low-level jet in this valley. The channel is wider at the
center as compared to the entrance and the exit. Lake
Turkana lies in the middle part of this channel at ap-
proximately latitudes 35.5° and 36.5°E and longitudes
2° and 4°N (Fig. 1).

During the months of May—September, the south-
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easterly (SE) monsoon flow dominates over the eastern
and the coastal parts of East Africa. This north-south
monsoon flow is associated with the East African low-
level jet (EALLJ). This jetstream is one of the major
well-recognized cross-equatorial flows that have been
studied through theoretical and numerical models (Find-
later 1966; Anderson 1976; Krishnamurti et al. 1976;
Findlater 1977; Ardanuy 1979; Bannon 1979; among
others). The jet core is generally located between 1 and
1.6 km above the mean sea level and is associated with
flows across the equator carrying Southern Hemisphere
air northward up the African continent and ending at
the Indian subcontinent. This jet stream induces strong
currents and upwelling over the western equatorial I1n-
dian Ocean. It thus plays an integral role in the seasonal
development of the Somali Current, an intense ocean
current, which flows northward only during the south-
west monsoon but whose strength then is comparable
to that of the Gulf Stream over the eastern coast of the
United States of America (Anderson 1976). The jet
builds during the months of April and May and decays
in September and October, during which the flow re-
verses to northeasterly (NE) monsoons.

Kinuthia and Asnani (1982) and Kinuthia (1992) ob-
served that throughout the year the NE and SE mon-
soons air near the equator, branches off from the Indian
Ocean enters the Turkana channel and intensifies into
the Turkana easterly low-level jet. Kinuthia and Asnani
(1982) further postulated that the configuration of the
Ethiopian highlands and the East African highlands
could be playing a critical role in the development and
maintenance of the Turkana low-level jet through the
orographic channeling effect. This phenomenon has not
been fully understood. Previous studies, (e.g. Krishna-
murti et al. 1976; Ngara and Asnani 1978) have also
indicated the importance of orography on the EALLJ.
Krishnamurti et al. (1976) investigated the role of the
Ethiopian highlands, the East African highlands, and
the Madagascar Mountains on the East African low-
level Jet. Their results showed that the Ethiopian and
the East African highlands are crucial for the observed
strong winds off the coast of Somalia while the Mad-
agascar Mountains are most important for the strong
winds just downstream from Madagascar.

Most of the East African region receives two distinct
rainfall peaks during the months of March to May
(“long rains’) and October to December (*‘short
rains’). The rainy months coincide with the transition
of the monsoons during the time when the cross-equa-
torial flow is weak, more easterly. During the monsoon
months the low-level winds are relatively strong and are
rather divergent, resulting into generally lower rainfall
amounts over the East African coast than farther inland.
The northern and eastern parts of Kenya including the
Turkana valley are semiarid, and receive an estimated
annual rainfall of less that 500 mm as compared to the
East African and the Ethiopian highlands that receive
over 1000 mm of rainfall annually. In the Turkanachan-
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nel lies the Chalbi Desert, which is 150 km long and
situated from 2°35’'N to 3°20'N and from 37°00'E to
37°50'E. This desert region extends from southeast to
northwest to join the Koroli Desert to the south. These
desert regions stretch from southeast to northwest as the
direction of the prevailing wind flow over the channel
and are located near Lake Turkana, which lies in the
wider part of the valley (Fig. 1). Recent studies by Pa-
twardhan and Asnani (1999) have indicated the impor-
tance of orographic channeling in determining the me-
soscale rainfall distribution observed over a mountain
gap of India. In this study we investigate the role of the
Turkana channel in determining the observed climatic
conditions over the middle and wider parts of the valley.

1) THE TURKANA LOW-LEVEL JET

Ever since the discovery of a skeleton related to hu-
man evolution by Dr. Leakey in the Turkana channel,
many archeological expeditions continue to be carried
out in this valley. Pilots flying here occasionaly ex-
perience strong winds associated with severe turbulence
during takeoff and landing. A number of aircraft acci-
dents have been reported in the valley of recent years,
which calls for need to understand the dynamics of the
flow patterns in the valley in order to identify areas
associated with strong winds for aviation safety. There
is also need to investigate the causes of the observed
semi-arid climates in this valley.

Various criteria have been used to classify the low-
level jets (LLJ). Stull (1988) defined the LLJ as occur-
ring whenever there is a relative wind speed maximum
that is more than 2 m s~ faster than wind speeds above
it within the lowest 1500-m of the atmosphere. Chen et
al. (1994) classified the LLJ into two categories: the
boundary layer jet (BLJ), which occurs in the Planetary
Boundary Layer (PBL) with very strong vertical wind
shear and shows aremarkable diurnal variation reaching
maximum intensity by early morning and breaking
down in the afternoon and, the LLJ, which occurs be-
tween 600- and 900-hPa levels, usually associated with
synoptic-scale systems. The Turkana jet has been ob-
served to exhibits strong diurnal variations (Kinuthia
and Asnani 1982; Kinuthia 1992) and is associated with
the synoptic-scale cross-equatorial monsoon flow, both
of these phenomena are included in the definition of a
LLJ by Chen et al. (1994).

The main observed features of the Turkana easterly
low-level jet according to Kinuthia and Asnani (1982),
and Kinuthia (1992) are

1) the existence of strong winds within the channel
throughout the year with the speeds decreasing in
regions where the channel becomes wide;

2) the existence of two distinct jetstreams, detached
from each other, throughout the channel except at
the middle of the channel where they seem to com-
bine into a single and very high jet;
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3) thelevel of maximum wind occursin the layer 305—
2438 m;

4) general backing of the mean wind to the east and
northeast aloft throughout the channel;

5) a maximum wind of about 26 knots (~13 m s71)
near the channel entrance during the boreal winter
season. Winds stronger that 40 knots (~20 m s1)
have been observed occasionally during this season.

Some scientific questions that are still unanswered on
thejet are 1) what role the large-scal e orographic forcing
plays in its formation and maintenance, 2) whether the
depth of the channel is important in determining the
vertical structure of this jet, 3) what role is played by
the cross-equatorial monsoon in determining the
strength of the jet and, 4) whether thermal effects play
any significant role on the jet or is this purely mechan-
ical channeling that is important.

2) HYPOTHESIS OF FORMATION AND MAINTENANCE
OF TURKANA LOW-LEVEL JET

We hypothesize that some of the scientific questions
listed above are important in the formation and main-
tenance of the jet. The orography over East African
highlands and the Ethiopian highlands may beimportant
in providing a valley suitable for the channeling of the
monsoon wind system. The presence and strength of the
large-scale monsoon flow may be crucial in maintaining
the strength in the jet cores and, the depth of the channel
may play arolein determining the vertical extent of the
jet cores and the total mass transfer along the channel.
In the present study, we do not consider the other pos-
sible effects such as the air—sea interactions, detailed
boundary layer dynamics, detailed vertical resolution or
possible effects of the middle latitude interactions that
may be important to the Turkana jet. In this study, we
shall be primarily concerned with the problem of the
numerical simulation and analysis of the impacts of
orography and other possible forcing mechanisms
(large-scale monsoon and the depth of the channel) on
some of the observed features of the jet.

Kinuthiaand Asnani (1982) and Kinuthia (1992) have
alluded that orographic channeling effect may be re-
sponsible for the Turkana low-level jet. The dynamics
of the channeling effects could be explained through the
application of the Bernoulli equation for barotropic [ p
= p(p)] flows derived from a modified Eulerian equa-
tion of the form

DR 14p p -
— =-—+u-F + —H, 1
DT pot . p? @)
where the Bernoulli function, R is defined by
1
R Y,z t)==0g>+ gz + _p, 2
2 p

where g2 = u? + v?, u, v are east—west and north—south
components of horizontal wind, g the gravitational ac-
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celeration, z the height above mean sea level (AMSL),
p isthe pressure, p the air density, and F and H represent
internal processes, such as turbulence or viscous effects,
or external ones such as additional body forces or ra-
diative heating. Here H (kg m® s—%) represents some
heating process that may affect the density without
changing the total mass. In asteady flow without forcing
or heating, Ris constant along a streamline. On the other
hand, if the fluid passes through a region where there
are significant frictional or turbulent stresses (repre-
sented by F) like the rough sides of the mountain val-
leys, then the flow on each streamline would be affected
by these stresses, which will reduce R. When the flow
is constrained to a channel, as in straits, the effect of
rotation in the down stream direction can be small, even
at quite large distances (Baines 1995). Viscous forces
are dominant close to the rough walls and at the bottom
of the channel and are insignificant away from these
surfaces. Hence, if we consider an inviscid, steady, ir-
rotational, barotropic flow and neglect the viscousforces
then

1
R= qu + gz + P_ constant everywhere.  (3)
p

The first term on the right-hand side of Eq. (3) rep-
resents the total kinetic energy while the remaining two
terms represents the total potential energy. The term p/
p represents the contribution by the dynamic pressure
to the total potential energy. Thus, under simplified as-
sumptions, Bernoulli’s theorem may be stated as fol-
lows: under steady-state conditions, afluid massflowing
horizontally conserves the sum of its potential and ki-
netic energy. When the boundary conditions constrain
the fluid to pass from a narrow cross-section to awider
cross-section, then its velocity decreases, kinetic energy
decreases, and potential energy in the form of pressure
increases, this increase of pressure is called dynamic
pressure (Patwardhan and Asnani 1999). Consequently,
the mass flow rate across the channel can be approxi-
mated by

M = pA(2gh)™2, (@)

where A is the area at the channel entrance and h is
height AMSL. In this study we use the Bernoulli the-
orem to have a better understanding of the flow in the
Turkana channel.

2. The regional climate model

In this study, we explore the use of aregional climate
model, capable of distinguishing between the primary
geographical climate anomaly regimes over East Africa,
a region where the local forcings have been identified
as a magjor contributor to climate (Okeyo 1986; Mu-
kabana and Pielke 1996; Nicholson 1996).
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a. A brief description of the numerical model

The model used in this study is the second-generation

RegCM. Giorgi et a. (1993a,b), Kiehl et al. (1998) and
Sun et a. (1999a,b) have discussed detailsregarding the
various attributes of the RegCM and its customization
to the East African region. This climate model is based
on the primitive equations and a terrain-following (o)
vertical coordinate system. The model vertical structure
includes 160 levels with the model top at 50-mb and
six levels are below o = 0.79 level. The model domain
size is 5580 km X 5040 km centered at 4°S, 31°E, and
a horizontal grid spacing of 60 km.

1)

2)

Model physics. Interactive biosphere atmosphere
transfer schemes (BATS), that represent the role of
vegetation and interactive soil moisture that modifies
the surface—atmosphere exchanges of momentum,
energy, and water vapor is used. The BATS scheme
has been found to perform better in this climate mod-
el (Giorgi and Marinucci 1991; Giorgi et al. 1993b)
and over the East African region in particular (Sun
et al. 1999). In the PBL formulation, for stable plan-
etary boundary layer, the heat, moisture, and mo-
mentum fluxes are estimated using the first-order K-
theory. For the convective boundary layer calcula-
tions, the nonlocal eddy diffusion formulation of
Holtslag et al. (1990) is used. Two schemes are avail-
able for the generation of precipitation in the
RegCM. An implicit scheme, whereby supersaturat-
ed water immediately precipitates or explicit scheme
including prognostic equations for cloud-water and
rainwater (Hsie et al. 1984) describes nonconvective
precipitation. Convective precipitation is described
as the Grell scheme (Grell 1993). The scheme is
activated when a parcel lifted from the updraft orig-
inating level eventually attains moist convection.
Sun et a. (1999) have indicated that the Grell cu-
mulus schemes yields better results than the Kuo
scheme over the equatorial eastern African region
perhaps because it responds more readily to varia-
tionsin tropical atmospheric stability conditions. For
more detailed analysis of the parameterization
schemes and their influence on the model results, the
reader is referred to the earlier works by Giorgi et
al. (1993b) and Sun et a. (1999).

Boundary conditions: Orography is incorporated in
the model as the lower boundary condition in a ter-
rain-following vertical coordinate system. Pressure
has been widely used as avertical coordinatein mod-
eling and theoretical studies ever since the pioneer-
ing work by Eliassen (1949). Using pressure as an
independent variable eliminates the not routinely ob-
served air density from the governing equations and
simplifies thermodynamic cal culations. Furthermore,
numerical models in such a coordinate system can
easily incorporate observational data that are gen-
eraly available at pressure levels (Xue and Thorpe
1991). There are, however, deficiencies of the sigma
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treatment of orography. This scheme may not handle
sharp terrain gradients effectively. The orography
data used in this study was taken from the global 5’
horizontal resolution orography file archived at In-
ternational Research Institute. This data was inter-
polated to the model horizontal grid resolution of
60-km using the Cressman interpolation scheme
(Cressman 1979). At this resolution, the main fea-
tures of the bottom topography are well resolved
over eastern Africa(Fig. 1). Theland-use dataadopt-
ed in the model was interpolated from 30" resolution
data archived at National Centers for Atmospheric
Research (NCAR). The time-dependent sea surface
temperature (SST) was interpolated from a 1° X 1°
grid of the monthly mean observed data (Shea et al.
1992). The lateral boundary conditions were con-
structed based on the relaxation method developed
by Anthes et al. (1987), and Giorgi et al. (1993b).
These conditions were prescribed at every 1200 LST
of integration using the European Center for Medium
Range Weather Forecasts (ECMWF) reanalysis data.
In principal, the replacement of the new GCM
boundary conditions should be made at each time
step, but studies by Kida et al. (1991) has shown
that the error introduced by 12-hourly lateral bound-
ary updates is negligible. The ECMWF reanalysis
data is based on T42 spectral grid that corresponds
to about 2.8° X 2.8° horizontal resolution in physical
space and is available on 14 pressure levels. No fur-
ther adjustments were done to the initial and bound-
ary conditions although the spatial interpolation to
our model resolution may introduce slight imbal-
ance. Many researchers (Murakami and Sumathipala
1989; Mukabana and Pielke 1996; Okoola 1999,
among others) have utilized ECMWF datasets for
various studies and have found the datasets to give
reasonable approximations of the flow fields over
eastern Africa and the Indian Ocean.

Initial conditions: Initial conditions in a numerical
simulation represent the mean space-time character-
istics of the atmosphere at the beginning of the nu-
merical experiment. The model was initialized with
the 1200 LST ECMWEF reanalysis meteorol ogical
fields for the first day of September 1988. The initial
conditions in this climate model are used to start the
model integrations and are not expected to influence
the final simulations (e.g., Giorgi and Mearns 1999).
Studies by Giorgi et al. (1993a) have discussed in
depth the RegCM development and have addressed
some aspects of the model sensitivity to physical
parameterization and choice of domain. Sun et al.
(19993) tested different domain sizes in the custom-
ization of the RegCM to the East African region. In
this study we have adopted the model domain similar
to that used in Sun et al. (1999b). The simulation
period was September through December coinciding
with the short rainy season over eastern Africa. The
first month (September) results were discarded to
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allow for the model to spin-up. The year 1988 that
displayed near-normal rainfall conditions (Ininda
1998; Sun et al. 1999b) was used in our control runs.
Model results were analyzed at 1200 and 2400 L ST.
Multiple simulations starting from slightly perturbed
initial conditions were performed to provide input
for the computation of ensemble statistics for as-
sessing the averages and spread of the forecasts.

b. Design of numerical experiments

In order to test our hypotheses, a series of numerical
experiments were designed to explore the relative im-
portance of each of the three parameters (orography,
large-scale monsoon flow, and depth of the channel) in
the formation of the Turkana LLJ.

1) Experiment 1: al forcing mechanisms were incor-
porated in the domain (hereafter referred to as Con-
trol).

2) Experiment 2: the entire bottom topography was re-
duced to the 500 m AMSL (the lowest level of the
channel depth) over the model domain and the large-
scale wind remained the same as in Experiment 1.
Hence, there was no channel in this experiment. The
purpose of this experiment is to investigate the role
of large-scale orography and the presence of the val-
ley in the formation and maintenance of the jet.

3) Experiment 3: the model was started from rest (u =
v = 0) to eliminate the impact of the large-scale
monsoon wind flow. Orography and channel depths
were kept the same as in Experiment 1. The purpose
of this experiment is to find out the importance of
large-scale forcing in the realistic simulation of the
jet. By eliminating the large-scale forcing, it is aso
possible to investigate the combined impacts of ther-
mal heating and surface drag on the jet. The effects
of thermal heating, frictional drag, and the pressure
gradients are the major forcing mechanisms still pre-
sent in the large-scale when the model integrations
are started from rest.

4) Experiment 4: the bottom of the Turkana channel
was artificially raised up to a mean depth of 1000
m AMSL. The large-scale forcing fields were kept
the same as in Experiment 1. The purpose of this
experiment is to investigate the role of the channel
depth on the jet development and strength.

By performing these experiments, we anticipate to
have a better understanding of 1) the role each of these
three factors (orography, large-scale monsoon wind, and
depth of the channel) in the formation and variation of
the jet, and 2) the cross-sectional temperature distri-
bution in the core of the jet, and 3) the observed semi-
arid climates over the Lake Turkana basin.

3. Model results and discussion

Results of numerical experiments conducted in this
study are discussed in this section. The four series of
experiments are presented independently below.
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a. Model results of the control run

This section highlights the major features that were
observed with the control model experiment. The sim-
ulated wind vectors for November are shown in Fig. 2a.
The data over the shaded highland areas that has the
surface above 1500 m may not be redlistic. The large-
scale monsoon flow during this section emanates from
a high-pressure cell located over the Arabian peninsular
and the Mascarene anticyclone located in the southern
Indian Ocean. Northeasterly to northerly flow is simu-
lated at 850-hPa level over the eastern parts of the do-
main north of 6°S. The wind is convergent over the
western parts of Tanzania and the costal regions. The
wind over the coastal regionsis rather divergent. Winds
stronger than 7 m st are simulated over the eastern
lowlands and the Turkana channel, while relatively
weaker winds of about 4 m s—* are simulated over the
western highlands of East Africa including the Lake
Victoria basin (Fig. 3).

The flow at 700 hPa (Fig. 2b) is more easterly along
the Indian Ocean coast. At this level, the meridional
flow corresponding to the northeast monsoon switches
to a quasi-easterly flow, advecting moisture from the
Indian Ocean to the inland areas (Camberlin and Wair-
oto 1997). There is an indication of wind convergence
over the Eastern Highlands of Kenya and northwestern
Tanzania. These convergence zones is linked to inter-
action between the mesoscale land/sea breeze and an-
abatic/katabatic flows, and large-scale mean monsoon
flow (Mukabana and Pielke 1996; Indeje and Anyamba
1998).

Simulated and reanalysis surface temperature fields
(figure not shown) shows isotherms that display an
alignment following the terrain over the region. Higher
temperatures (greater than 27°C) are simulated over the
Indian Ocean coast, Lake Victoria basin, and over Lake
Tanganyika. Temperatures lower than 18°C are shown
over the East African and Ethiopian highlands. Higher
temperatures are also shown over the semidesert areas
of northeastern Kenya and central Tanzania. Specific
humidity values higher than 14 g kg—* are simulated
over the East African highlands and the Lakes Victoria
and Tanzania and values lower than 10 g kg~* are sim-
ulated over the hot and dry semiarid areas in the region
including the Turkana channel (figure not shown). Ex-
tensive verification of the model in reproducing the
mean climate over East Africais reported in the papers
by Sun et al. (1999h).

b. Smulation of the Turkana low-level jet

Model simulation results for the 1988 season are re-
ported in this section. The simulated characteristics of
the jet are compared with the limited observations that
were carried out in the channel by Kinuthia (1992) dur-
ing the month of February 1983. These are the only
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Fic. 2. Simulated Nov mean horizontal wind vectors at (a) 850-hPa and (b) 700-hPa levels. Shaded are region where the surface terrain
is above 1500 m AMSL.

available observations, which is close to the boreal win-
ter season considered in this study.

1) MODEL CONTROL RUN

In this subsection, results from the control model run
arefurther analyzed. Orography and other forcing mech-
anisms (large-scale flow and depth of the channel) are
incorporated in these experiments. In Kinuthia and As-
nani (1982), and Kinuthia (1992) observational analysis,
they found the Turkana low-level jet to exist throughout
the year but only varied in intensity from season to
season. We chose to study the features of the jet during
the months of November because the model we are us-
ing has only been customized and tested for the region
during the October to December season (Sun et al.
1999a). We, however, recommended that similar studies
be carried out during the months of June-July when the
cross-equatorial monsoon flow is strongest and the Tur-
kana low-level jet is expected to be at its maximum.

Figure 4 illustrates the simulated flow patternsin the
Turkana channel during the northeast monsoon period
of November. Streamlines at 950-hPa level show south-
easterly to northeasterly flow before entering the chan-
nel. On entering the channel, the streamlines become

confluent and turn to southeasterly. Convergent wind is
shown at the channel entrance and exit while divergent
wind isindicated at the middle of the channel. Fanning-
out like streamlines are shown as the flow exits the
valley. These model results agree with the observational
studies reported by Kinuthia (1992). Ramachandran et
al. (1980) also observed a fanning out of surface winds
as they emerged from a mountain gap over India. Our
results indicate that the flow becomes diffluent in the
middle and wider part of the channel, and becomes con-
fluent at the jet exit as the channel becomes narrower
again. Kinuthia (1992) observed similar characteristics
associated with this jet.

The latitude-height cross section of mean horizontal
wind speed for October, November, and December along
the channel is shown in Figs. 5a, b, and c, respectively.
The mean wind flow below 750-hPalevel over the east-
ern parts of the channel is mainly southeasterly during
the month of October and varies between southeasterly
and northeasterly in November and December. Thisflow
extends from surface to about 800-hPa level were it
becomes predominantly easterly. Above 700-hPa level,
the flow is mainly northeasterly as shown during the
months of November and December. Transition of the
mean wind to the east and northeast aloft throughout
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Fic. 3. Simulated Nov mean horizontal wind speed at 850-hPa
level. Shaded are areas of terrain height above 1500 m AMSL.

the channel is also indicated during the months of Oc-
tober and November. The level of maximum winds oc-
curs in the layers 930-hPa and 650-hPa. The levels of
maximum winds are shown declined down from the
entrance to the middle region and then rise up again
toward the exit during October (Fig. 5b). The level of
maximum winds at the entrance of the channel is about
900-950 hPaand the exit is about 850- to 825-hPalevels
for the three months. In the middle of the channel the
jet cores are shown to combine into one single jet cen-
tered at 700-hPa level (especially in November). The
southeasterlies and the easterlies increase in intensity
throughout the channel, and from the surfaceto the level
of the occurrence of mean maximum wind, then de-
creases aloft. The largest value of the mean maximum
wind speed in the jet coresis about 11 m s—* (~22 kt).

The jet is weaker in October and intensifies in No-
vember and December to almost twice the speeds ob-
served in October. Weakening of thewindsinthemiddle
of the channel to about a half the values observed at
the entrance and exit could be due to the widening of
the channel width in that section. This observation is
supported by the Bernoulli Eg. (3) whereby the potential
energy in the form of dynamic pressurerisesat thewider
part of the channel resulting in a decrease in the kinetic
energy and slowing down of the winds. The observed
increase in the wind speed at the channel exit may be
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FiG. 4. Streamlines of the simulated Nov mean conditions at 950-
hPa level over the Turkana channel in the control run. Blackened
areas are regions where the surface terrain is above 1000 m AMSL.

explained in terms of (a) narrowing of the channel from
the center toward the exit and, (b) a conversion of po-
tential energy to kinetic energy that may occur [sup-
ported by Bernoulli Eq. (3)]. Baines (1995) has also
given broader discussion of the energy conversions as-
sociated with flows exiting a valley.

2) EFFECTS OF LARGE-SCALE OROGRAPHY ON THE
JET

We intend to ignore the spatial variation of orography
in this case study with all other parameters remaining
the same. The solution of the streamlines at 850-hPa
level in November for this experiment (figure not
shown) are generally northeasterly throughout the chan-
nel and the observed southeasterly flow in the channel
is missing. Figure 6 shows the wind vectors and iso-
tachs. When compared with Fig. 5, the wind speed in
this case is weak with a maximum of about 6 m s*
over the channel and the jet cores are either missing or
very unredlistic. There is also small variation of wind
speed with height. The observed strong winds are not
present in the jet cores at the entrance and exit of the
channel. These results generally indicate missing of the
key features associated with the jet when the entire to-
pography is suppressed. These results indicate the im-
portance of the large-scale orography for the simulation
of the Turkana jet.

3) INFLUENCE OF THE LARGE-SCALE MONSOON
FLOW ON THE JET

Sengitivity of the Turkana low-level jet to the clam
wind speed is investigated in this case study by initial-
izing the model with no (zero) ambient wind (u = v =
0). The large-scale kinematics forcing at the lateral
boundaries was also set equal to zero throughout the
simulation. Figure 7 shows the results from these ex-
periments. The wind flow over the channel turns from
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Fic. 8. Simulated Nov mean wind speed along the Turkana channel,
for the channel depth experiment. Vectors indicate the wind speed
and direction.

northeasterly to southeasterly at the channel entrance
(figure not shown). These streamline analyses compare
well with results in the control run. The tendency of the
wind speed to increase with height throughout the chan-
nel is also observed (Fig. 7). However, the maximum
wind speed in the jet coresisabout 6 m s~ at thevalley
entrance and exit, and about 9 m s~* at the middle of
the valley centered at about 700-hPa level. Compared
to the control simulation, the winds in this case are
weaker by 50%. These results indicate that the large-
scale flow enhances the strength of the wind speed in
the jet cores. Thermal forcing and possibly the effect
of surface drag in concentrating the flow along the jet
core may play equa roles as that of the large-scale
monsoon in the development and maintenance of the
Turkana low-level jet. These results show the existence
of weaker jet cores (by about 50% of the mean) during
the periods of weak large-scale monsoon flow.

a)
CHANNEL ENTRANCE
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4) EFFECTS OF THE CHANNEL DEPTH ON THE
TURKANA JET

In this experiment the large-scale orography and the
large-scale monsoon flow are included and the depth of
the channel was artificially raised to a constant level of
1000 m AMSL. The channel depth plays a role in bal-
ancing the kinetic/potential energy in the channel as
shown in Eg. (3). The channel depth is also important
in regulating the mass flow across the channel indicated
in Eq. (4). Results obtained from this simulation are
depicted in Fig. 8. There is reduced streamline conver-
gence over the channel. The jet cores tend to combine
and move to the center of the channel where strong
winds (~7 m s~*) are shown. There is aso a general
rising in the level of the jet coresto center at about 850-
and 650-hPalevels. These resultsindicate that the depth
of the channel plays a role in determining the correct
height of the observed jet cores in the Turkana easterly
low-level jet.

¢. Mechanisms controlling climate in the Turkana
channel

In this section we investigate the mechanisms re-
sponsible for the observed climate variability over dif-
ferent parts of the Turkana channel.

1) DIVERGENCE, VERTICAL MOTION, AND
VORTICITY

The horizontal wind divergence was computed for
the entrance, middle, and exit of the channel and the
results are shown in Fig. 9. These results indicate that
at the entrance and the channel exit, convergence (~1.0
X 1075 s71) occurs below 900-hPalevel and divergence
(~0.3 X 1075 s71) between 860- and 760-hPa levels.
In the middle of the channel, relatively weak horizontal
wind divergence (~0.2 X 10-5 s71) is indicated below
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FiG. 9. Simulated Nov mean horizontal divergence at (a) the channel entrance near Marsabit, (b) middle of the channel around
Lake Turkana, and (c) at the exit of the channel near Logichoggio, for the control model run. These locations are shown in

Fig. 1.
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Fic. 10. Longitude-height cross section of vertical velocity at lat
3.5°N along the Turkana channel. Shaded are areas of upward vertical
velocity. The bottom orography, which is almost flat in the channel,
is also shown.

900-hPa level and increase to a maximum of about 1.8
X 10-5 s~ |ocated at 860-hPa level followed by a gen-
era decrease aloft. The observed low-level horizontal
divergence in the middle of the channel and over the
Lake Turkana basin may inhibit any convection asso-
ciated with the mesoscale circulation around the lake
basin. Several studies have shown these areas to display
arid to semi-arid climates (Ogallo 1980; Indeje et al.
2000).

These results of divergence/convergence fields are
consistent with those obtained from the observational
and analytical studiesby Kinuthia(1992). The low-level
horizontal wind divergence in the middle of the channel
partly explains the splitting of the jet cores at these parts
of the valley. Consequently, convergence of the hori-
zontal wind above 750-hPa level explains the re-
appearance of a combined jet at 700-hPa level in this
part of the channel. Previous studies have shown similar
phenomenon in barotropic flows (Thompson 1957;
Wiin-Nielsen 1961; Krishnamurti et al. 1976; and oth-
ers). Krishnamurti et al. (1976) have associated strong
divergence in the flux of westerly momentum to the
splitting of the East African low-level jet (EALLJ) ob-
served over the western Indian Ocean during the period
May—October. Regions of large net divergence of east-
erly momentum flux may result in the weakening of a
parent Turkanajet and anew jet may formin thevicinity
where there is large net convergence of easterly flux of
momentum.

Figure 10 shows the longitude-height cross section
of vertical velocity along the Turkana Channel. Centers
of upward/downward vertical velocity are located be-
tween 850- and 500-hPa levels. Downward vertical mo-
tion of about 2.0 X 1072 m s* is shown before the
channel entrance located at 37.5°-38°E. This downward
motion can be related to the divergent nature of the
easterly monsoon flow in the low levels (Lumb 1966).
Upward vertical motion (~1.5 X 1072 m s7%) is sim-
ulated at the channel entrance (centered at 37°E), and
at the exit of the channel, it is about 2.5 X 102 m s
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(located between 34° and 34.5°E). In the middle of the
channel and over the Lake Turkanabasin (between 34.5°
and 36.5°E), downward vertical motion isdominant with
two centers of about 2.0 X 10-2 m s * asindicated in
Fig. 10. The dominant downward motion over the Lake
Turkana basin could inhibit any convective activity and
thus weakening any development of the mesoscale cir-
culations over this region. The vertical motion field in
the channel is consistent with the simulated horizontal
divergence field (Fig. 9). Upward/downward motion is
associated with low-level convergence/divergence
zones. The vertical velocity fields over different parts
of the channel are consistent with the Bernoulli theorem
[Eq. (3)]. Because of the strong winds at the entrance
and exit of the channel, the kinetic energy termislarge
and hence the dynamic pressure term must be low in
order to keep the energy balance in the flow. The re-
sulting decrease in the dynamic pressure is conducive
for the upward vertical motion shown at the entrance
and exit of the channel. Likewise, the kinetic energy
term in Eq. (3) is low in the middle of the channel and
the dynamic pressure is high resulting in downward mo-
tion indicated over these areas.

Vorticity of mean winds at the channel entrance, mid-
dle, and exit isshownin Fig. 11. At the channel entrance
anticyclonic vorticity is simulated above 950-hPa level
with a maximum (~2.0 X 105 s~*) shown at 900-hPa
level. Inthe middle of the channel, anticyclonic vorticity
is simulated below and above 900-hPa level and cy-
clonic vorticity indicated at 900-hPa level. The anti-
cyclonic vortices that exists at the entrance and middle
of the channel is possibly due to the friction effects that
slow down the southeasterly to northeasterly currents
along the mountain edges. Kinuthia (1992) observed
that the anticyclonic relative vorticity existed in the
northern half and cyclonic relative vorticity in the south-
ern half over the eastern parts of the channel. At the
exit of the channel, relatively weak anticyclonic/cy-
clonic vortex is shown. This may indicate that the flow
is nearly irrotational at the section. Also, at the channel
exit the vortices could decay unless they receive some
energy to sustain them. Kinuthia (1992) postulated that
the vortices generated in the Turkana channel may con-
tribute to the midtropospheric African Easterly jet as-
sociated with the easterly waves over West Africa that
ultimately develop into hurricanes observed over the
eastern coast of the United States of America.

2) TEMPERATURE AND MOISTURE STRUCTURE IN
THE VALLEY

Figure 12 shows the mean temperature at 850-hPa
level over the Turkana channel for the month of No-
vember. Thefigure indicates anearly homogeneoustem-
perature along the channel. High temperatures
(>18.5°C) areindicated closeto the edges of thevalleys,
which are exposed more to the solar radiation than the
valleys below. In this valley these thermally induced
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FiG. 11. Simulated Nov mean vorticity at (a) the channel entrance near Marsabit, (b) middle of the channel around Lake
Turkana, and (c) at the exit of the channel near Logichoggio, for the control model run.

flows are cross wind to the Turkana jet axis and are
likely to be suppressed by the presence of the jet. With
anear homogeneous temperature along the channel, one
would expect the existence of a weak temperature gra-
dient. This suggests that orographic channeling effects
dominate the thermal forcing in the development of this
jet. However, low temperatures (~16°C) are indicated
over the eastern end of the channel and high tempera-
tures of about 20°C over the western sector of the chan-
nel. The temperature difference of 4°C between the two
ends of the valley is favorable for the generation of an
east—west pressure gradient that could sustain the east
to west wind flow along the channel. The constant tem-
perature field along the channel justifies our assumption
that the flow is nearly barotropic in this valley.

To study the evolution of water vapor distribution in
the channel, the moisture flux divergence was computed
using the following equation:

Fy=V-(@V). ®)
Here, F,, was multiplied by minus one for convenience.
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Fic. 12. Simulated Nov mean temperature (°C) at 850-hPa level
over the Turkana channel in the control model run.

Thus, F,, < 0 indicates moisture flux divergence and F,,
> 0 indicate moisture flux convergence. Moisture flux
divergence fields combine the horizontal advection of
moisture with mass convergence, which are the two
prime factors in developing strong convection (Doswell
1977). Areas of increasing moisture contribute to de-
stabilization, while mass convergence resultsin vertical
motion. The forcing and destabilization resulting from
moisture convergence may be used to diagnose areas of
convection. Equation (5) refers to moisture flux diver-
gence, which would be similar to the verticaly inte-
grated moisture flux distribution. The main objective of
this paper is not to study a detailed moisture balance
across the region as to indicate sources and sinks, but
to use the moisture divergence/convergence field to ex-
plain the observed dry/wet conditions over parts of the
channel.

Figure 13 shows the simulated moisture flux diver-
gence along the Turkana channel. Moisture flux con-
vergence (~4.0 X 10-% kg kg—* s7*) isindicated over
the channel entrance and exit. In the middle of the chan-
nel, divergence of moisture flux (~5.0 X 10-¢ kg kg—*
s 1) is shown. There is a tendency for the centers of
the moisture flux convergence/divergence to tilt with
height from the channel entrance to the channel exit.
The simulated moisture flux divergence over the Lake
Turkanabasin could further inhibit developments of me-
soscale circulations over these areas. Moisture flux con-
vergence/divergence zones compare well with the sim-
ulated upward/downward vertical velocity over different
parts of the channel and are consistent with the Bernoulli
Eqg. (3). Sections with upward/downward motions are
associated with positive/negative fluxes of moisture.

In order to obtain some information about the fluc-
tuations of temperature fluxes and study their evolution
at particular locations in the channel, the following flux
divergence equation was used

G, = V- (TV). (6)
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Fic. 13. Simulated Nov mean moisture flux divergence (kg kg—*
s~1) aong the Turkana channel in the control model run (multiplied
by —1). Positive valuesindicate convergence and negative divergence
of moisture flux.

Here, G, was multiplied by minus one for convenience.
Thus, G,, < 0 indicates temperature flux divergence and
G, > 0 indicate temperature flux convergence. Figure
14 displays the temperature flux divergence along the
Turkana channel. Equation (6) is used to locate regions
exhibiting tropospheric warming/cooling within the val -
ley that are conducive for convergence/divergence of
moisture fields. We use this approach to reinforce our
findings on the physical mechanisms responsible for the
wet/dry conditions observed over parts of the Turkana
valley.

At the channel entrance and exit, temperature flux
convergence (~12.0 X 10-2 K s7?) is indicated. Tem-
perature flux divergence (~12.0 X 102K s1) isshown
at the middle of the channel and to the east of Lake
Turkana. The observed cooling of the lower troposphere
over the Lake Turkana basin might inhibit convection
and cause decreased (moisture) convergence and pre-
cipitation. These patterns compare well with the mois-
ture flux convergence and the centers of the jet cores.
Based on Eq. (4), if we take the mean depth at the
entrance of the channel to be about 1027 m, and the
width as 2.5° (~2.5 X 111.1 X 1000 m), p = 1 kg m-3
and g = 9.81 m s2, then the mass flow rate across the
channel is about 3.9 X 107 kg s~*.

d. Summary and conclusions

The NCAR regional climate model (RegCM) wasem-
ployed to (1) study the kinematics of the Turkana low-
level jet that lies between the Ethiopian highlands and
the East African highlands, and (2) investigate the mech-
anisms responsible for the observed dry conditions over
the Lake Turkana basin that lies in the wider section of
the channel. Series of numerical experiments were con-
ducted to investigate the role played by the large-scale
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orography and the other two mechanisms namely the
large-scale monsoonal background flow and the depth
of the Turkana channel to the development and main-
tenance of the jet. The model results were compared
with the observed characteristics of the jet reported in
Kinuthia and Asnani (1982) and Kinuthia (1992).

The model was capable of reproducing the observed
characteristics of the Turkana easterly low-level jet.
Strong winds were indicated in the channel throughout
the study period of October to December, with thewind
speed decreasing in the middle and wider region of the
channel. A split in the jet core was also shown in the
middle of the channel. The level of maximum winds
occurred in the layers 930-hPa and 650-hPa levels
(~400-3200 m). Kinuthia (1992) reported the existence
of maximum winds in the layer between 305 and 2438
m. The highest magnitude of mean maximum wind of
11 m s * (~22 kt) was simulated in the channel.

The dynamics of the Turkana channel are explained
in terms of the orographic channeling effects associated
with the Bernoulli theorem as applied to barotropic
steady and nonviscous flows. This study has verified
this phenomenon by showing the dependence of the jet
on the large-scale orography. Our main results on the
forcing mechanisms responsible for the devel opment of
the jet can be summarized as follows: (a) orographic
forcing is the most important factor, (b) the large-scale
monsoon background flow is important in determining
the wind speed in the jet cores, (c) the depth of the
channel determines the vertical structure and location
of the jet cores, and (d) thermal and frictional forcing
play equivalent roles as that of the large-scale back-
ground winds in the formation and maintenance of the
jet. Divergence and anticyclonic vorticity partly ex-
plains the observed split in the jet cores in the middle
of the channel. Previous studies have shown similar
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phenomenon in the low-level jetstreams associated with
barotropic flows (Thompson 1957; Wiin-Nielsen 1961;
Krishnamurti et al. 1976). This study contributes to a
better understanding of the dynamics of the Turkana
low-level jet.

The dry condition observed over the Lake Turkana
basin are explained in terms of dominant downward
vertical velocity, decrease in moisture flux convergence,
and increase in temperature flux divergence that inhibit
active developments of mesoscale circulations and their
interactions with large-scale flow over these areas.
These results have aso revealed the thermal and mois-
ture structures across the Turkana channel that were not
available in the observational studies reported in Kin-
uthia (1992). There are some physical aspectsimportant
for the low-level jets that are not included in this study.
Some of these factors include the air—sea interaction
over the Indian Ocean that regulate the monsoon flow
that ultimately affect the Turkana jet. The temperature
difference between the eastern and western ends of the
channel could be crucial in initiating the flow acrossthe
channel from east to west and needs further investiga-
tion. Also detailed study of the surface fluxes of heat,
moisture, and momentum in the jet core is highly rec-
ommended including a detailed study of the diurnal var-
iations of thejet. This study was done during the months
when the easterly monsoon is not at its maximum. A
similar study during the period June-August when the
large-scale flow is strong is highly recommended. Our
model results indicate that the presence of the Turkana
low-level jet is a significant climatic feature over the
equatorial eastern African region as it plays the role of
the **skeletonal” structure on which the anatomy of the
regional climate of the northeastern Africaevolves. The
regions of strong winds associated with the jet are im-
portant to the safety in the aviation industry. These re-
gions may also provide aternative energy sources of
wind energy since the observational studies have in-
dicated that strong winds exist throughout the year in
this valley. Climate-dependent hydropower is the major
source of energy in the eastern African region. If wind
turbines were installed in areas in the valley with strong
winds, then this could provide alternative energy re-
sources. These resources could be used to alleviate the
frequently experienced energy shortages that predomi-
nate during extremely dry seasons.
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