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ABSTRACT

Surface—atmosphere energy exchanges in Ouagadougou, Burkina Faso, located in the West African
Sahel, were investigated during February 2003. Basic knowledge of the impact of land cover changes on
local climate is needed to understand and forecast the impacts of rapid urbanization predicted for the
region. Previously collected data showed a large dry season urban heat island (UHI), which dramatically
decreased with the onset of the rainy season and corresponding changes to the natural land cover thermal
and radiative properties. Observations of local-scale energy balance fluxes were made over a residential
district, and building surface temperatures were measured in three separate locations. Net all-wave radia-
tion showed an increase with urbanization owing to the higher albedo, lower heat capacity, and thermal
conductivity of the bare dry soil compared to the urbanized surface. The combination of material and
geometry resulted in a decrease in albedo toward the urban center. Despite the higher albedo, surface
temperatures of bare undisturbed soil could exceed surface temperatures in the residential area and urban
center by 15°-20°C due to differences in thermal characteristics. Turbulent heat exchange measured over
a residential area was dominated by sensible heat flux. Latent heat fluxes were greater than expected from
the amount of vegetation but in accordance with water use in the area. An urban land surface scheme
reproduced fluxes in agreement with measurements. The results point toward an intensification of the dry
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season urban heat island in Ouagadougou, given increased urbanization.

1. Introduction

Although there has been an expansion of urban field
campaigns in recent years, relatively little research has
been conducted in the dry Tropics. This is a concern
because, although urbanization is increasing worldwide,
these increases are much more marked in less devel-
oped countries. Within sub-Saharan Africa, the average
annual urban growth rate (4.8%, 1980-93) was higher
than in any other region of the world (Binns et al.
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2003). These rapid rates of urban growth have led to
progressive deterioration of urban and periurban envi-
ronments (Binns et al. 2003). However, these rapid
changes generally occur in the absence of any planning
with respect to indoor or outdoor thermal comfort
(Ahmed 2003). Along with increased population, popu-
lation density, and land cover conversion comes, by ne-
cessity, increased reliance on nonlocal building materi-
als, all of which play a role in contributing to local
urban climate change. In rural Burkina Faso people
rely predominantly on local building materials (clay
brick, thatch) that have more similar characteristics (al-
bedo and thermal properties) to the natural surround-
ings than do “modern” materials such as reinforced
concrete and corrugated metal roofing. To some extent,
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this is also true toward the outskirts of larger towns,
marking a transition between wholly traditional con-
struction and more convenient modern materials that
do not require as much routine maintenance, although
internal building climate may be degraded.

This transition will have an impact on the surface
energy balance through the alteration of surface prop-
erties affecting net all-wave radiation and heat storage,
and consequently impact local climate. It has been
noted that land surface and atmospheric alteration by
urbanization leads to the development of distinct urban
climates (Landsberg 1981; Oke 1987; Helbig et al.
1999). Ultimately these urban climate effects are due to
differences in the budgets of heat, mass, and momen-
tum between the city and its preexisting landscape
(Oke 1987).

The urban heat island (UHI), perhaps the most dis-
tinctive urban climate feature, is associated with the
differences between the urban surface and it surround-
ings. For tropical semiarid cities, the UHI shows strong
seasonal differences between wet and dry seasons (Jau-
regui et al. 1992). Typically the UHI reaches its maxi-
mum intensity during the dry season although both wet
and dry season heat islands may exist. The seasonal
changes are attributed to the seasonal variation in the
thermal characteristics of the rural surface (Jauregui et
al. 1992). During the dry season the rural soil surface is
typically devegetated and very dry, allowing rapid heat-
ing of the surface but with little heat penetrating to any
significant depth due to the low thermal conductivity.
The surface also cools rapidly at night. As the dry soil
has a lower heat capacity, the amount of heat that can
be stored and released over a day is small. The drier soil
may also have a higher albedo, lowering the absorbed
solar energy.

In contrast, the urban surface shows little seasonal
change with respect to thermal characteristics. The
larger amount of exposed surface, due to the vertical
structure of buildings and increased thermal mass, al-
lows for large amounts of heat to be stored and released
over the diurnal cycle. Thus land use, and associated
land cover change, brought out by the growth of urban
areas through in-migration and population growth, may
cause local climate change. Although land use change
need not lead to observable changes in local climate if
radiative and thermal characteristics are only slightly
modified. In cities where UHI effects are not observed,
the explanation is that the surface characteristics of ru-
ral and urban areas are similar (Nasrallah et al. 1990).

The objective of this study is to examine how the city
of Ouagadougou, located in the hot, semiarid environ-
ment of the West African Sahel, differs from the sur-
roundings in terms of surface-atmosphere energy ex-
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change. The study is limited to the dry season period
when urban-rural temperature differences are most
pronounced. This research initially focuses on measure-
ments of surface temperature at the building scale. By
scaling and using the observed temperatures for mod-
eling, heat storage is estimated at the local scale. These
observations and model estimates are then linked to
energy balance fluxes at the local scale.

2. Geography, climate, and land cover
characteristics

Ouagadougou, Burkina Faso (population ~1 million:
12°22'N, 1°31'W; 300 m above sea level) is located in
the Sahel, a roughly defined geographical region en-
compassing the semiarid region of West Africa south of
the Sahara. The designation Sahel typically includes the
countries of Senegal, Gambia, Guinea-Bissau, Cape
Verde, Mauritania, Mali, Burkina Faso, Niger, Chad,
and the northern parts of Nigeria (Fig. 1). Within this
zone mean annual rainfall ranges from 350 to 800 mm
(Ben Mohamed et al. 2002) and is highly variable
(Nicholson and Grist 2001; Ben Mohamed et al. 2002).

In Ouagadougou, mean annual rainfall is 782 mm
with a range of 355 to 1185 mm over the years 1902—
2002 (Vose et al. 1998). During the dry season, and
particularly from January to March, the climate is very
dry (averaging O days of rainfall, Fig. 2) and dusty re-
sulting from the Harmattan wind blowing from the Sa-
hara. Mean air temperature during February is 27.6°C;
it ranged from 25.5° to 30.6°C over the period 1949-90
(Fig. 2).

The central business district (CBD, Fig. 3a) has few
tall buildings with most from 2 to 4 stories (<15 m) in
height. Buildings are concrete and rebar-framed and
concrete block construction. Roofs are flat, either cor-
rugated steel or concrete. Streets in the downtown are
mostly asphalt, with a few covered with cobble or un-
surfaced compacted soil and 20-25 m wide (building to
building). In contrast, most of the surrounding residen-
tial areas (Fig. 3b) contain a mix of traditional and
modern construction. Residences are predominantly
single story, and although constructed with cement they
may have a higher percentage of aggregate from local
material. Roofs are almost exclusively corrugated steel.
Nearly all secondary streets are unpaved and have low
canyon aspect (height to width, H:W) ratios. In these
residential neighborhoods and periurban areas (Fig.
3c), the representative building unit is a compound
composed of several small structures, some very
densely packed, with open living space and trees for
shading within the periphery. The compound is often
enclosed by a wall joining the structures (Fig. 4). In
newer, wealthier residential areas and along the main
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F1G. 1. Mosaicked aerial photographs of a portion of Ouagadougou showing measurement sites and transect
(dashed line). The transect extends beyond image edges. Burkina Faso is darkened on the inset map of Africa and
the lines show the approximate geographic extent of the Sahel (10°-~18°N).

arterial and ring roads, larger multistoried residential
dwellings are common.

In Burkina Faso the annual population growth rate
was more than 5% for the years 1975-90 and is pro-
jected to remain above 2% (UNPOP 2002). The cur-
rent rate of population growth in Ouagadougou is es-
timated at 6.8% (Gerstl 2001). This population growth,
coupled with in-migration to the urban area, has fueled
marked changes in land cover in recent years. Satellite
imagery from 1980 to 1995 showed that changes oc-
curred both within the periphery and more substan-
tially along the main roads around the city (Van
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F1G. 2. Long-term monthly mean air temperature and total rain-
fall. The range for air temperature is the maximum and minimum
monthly mean. Error bars for rainfall are +1 std dev. Data from
GHCN version 2 (Vose et al. 1998).

Deursen et al. 1999). The corresponding changes in
land cover from urban to residential to periurban are
very evident in aerial photographs (Fig. 3). The transi-
tion from periurban to residential is marked by a re-
duction in vegetation and scattered buildings, which
over time become increasingly dense, and trees, be-
cause of their shade value, are encouraged.

3. Methods

a. Land cover and surface characteristics

Determination of land cover characteristics was
based on analysis of aerial photographs and Advanced
Spaceborne Thermal Emission and Reflection Radiom-
eter (ASTER) satellite imagery (January and Novem-
ber 2001). The presence of vegetation is expected to
vary substantially seasonally in accordance with rainfall
patterns except in areas of the city where vegetation is
primarily irrigated, such as near the reservoir or within
or around compounds in a few neighborhoods. The
normalized difference vegetation index (NDVI) can
range from above 0.4 to less than 0.1 toward the end of
dry season (Eklundh and Olsson 2003). The percentage
of vegetation cover within Ouagadougou was deter-
mined from the ASTER (January 2001 image) derived
NDVI (Chrysoulakis 2003). Tree cover, which should
not vary seasonally, was visually identified from aerial
photographs (October 1998) and used to specify a re-
lation between NDVI and active vegetation. Building
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F1G. 3. Aerial photographs showing measurement sites: (a) central business district; (b) residential showing the ring
road; (c) periurban area. Note the differences in building densities between the residential and periurban development.
Scale is the same for all photos. Photographs taken shortly after the onset of the dry season (Oct 1998).

coverage was determined by digitizing building outlines
on aerial photographs that were georeferenced to the
ASTER imagery. Owing to the small size of the build-
ings in the residential and periurban areas, often less
than 25 m?, the values for building coverage are less
certain in these areas. The January ASTER image was
used to estimate the broadband albedo using the ap-
proach of Liang (2000). Other building characteristics
were determined from measurements of the individual
structures, such as, wall thickness and building height.

b. Measurements

The instrumentation setup was designed to investi-
gate two separate scales of the urban energy balance: an

individual building and its immediate environs (hereaf-
ter, building scale) and local scale, which has a length
scale of a few hundred to a few thousand meters and so
encompasses the effects of multiple buildings and their
surroundings. The building-scale measurements in-
cluded building facet (roof, walls) surface temperature
(T,) and internal wall, room air temperature (7,;) and
ground temperature (7). External facet temperatures
were measured with infrared thermocouples (IRTC,
Omega OS36SM or Raytek Thermalert CI) and inter-
nal temperatures were measured with thermocouples
(TC). The infrared temperatures were not corrected for
differences in emissivity. Although the sheet metal used
for roofing could have a lower emissivity than the in-

F1G. 4. Compound houses in Ouagadougou.
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F1G. 5. Downtown structure used for building-scale heat storage measurements.

strument calibration, owing to the accumulation of dust
and oxidation of the metal, the emissivity of the surface
is increased. The temperature measurements were
made for two building types: 1) a typical residential
dwelling and 2) a concrete construction located down-
town. For type 1, measurements were made in two
separate locations, one in a periurban area (PERI) near
the office of the Direction de la Météorologie Nation-
ale (DMN), and a second in residential neighborhood
within the city’s ring road (RES). Both buildings were
similar to those shown in Fig. 4. Building type 2 was a
rooftop structure on a three-storey building (CBD, Fig.
5) but included the roof temperature from an adjacent
building similar to the majority of downtown roofs. All
the structures were of similar size with a plan area of
around 25 m? and a height of approximately 3 m. The
two residential structures were generally not occupied
during the daytime. The structure at CBD was unoccu-
pied except for brief periods to retrieve data.
Local-scale measurements of turbulent sensible (Q,)
and latent heat fluxes (Qf) were made using eddy co-
variance techniques at a height of 18 m, from a 32-m
tower adjacent to the lot containing RES (Fig. 3b). An
RM Young model 81000 sonic anemometer was used to
measure three-dimensional wind velocity and a Camp-
bell Scientific krypton hygrometer was used to measure
water vapor fluctuations. Data were logged at 10 Hz
and postprocessed to calculate 30-min fluxes (Offerle et
al. 2005). To correct for oxygen absorption in the water
vapor spectrum, the coefficients given for &, in van Dijk
et al. (2003) for the hygrometer were applied. Incoming
solar radiation (K, Li-Cor 200SA), net all-wave radia-
tion (Q*, Radiation and Energy Balance Systems

Q#*7.1), air temperature (7,), and relative humidity
(RH) (Rotronic 100MPH), and wind speed (WS) were
measured at CBD and RES, and at the DMN climate
station. Additional data were collected from the me-
teorological station at the airport, approximately 2 km
southwest of the CBD site. For the seasonal urban —
rural temperature differences, air temperature mea-
surements (TinyTag, Gemini Dataloggers) were made
from February 2002 to January 2003 in the CBD, at the
airport, and at an agricultural station approximately 10
km to the north of the city (Kamboince, not shown).
The radiation instruments were compared at DMN at
the end of the measurement campaign and data cor-
rected based on ordinary least squares estimates for the
linear relation. Locations for the measurement sites
within Ouagadougou are shown in Figs. 1 and 3. Table
1 lists the measurements at each site. During the mea-
surement period there was a single rain event with scat-
tered precipitation on 13 February 2003 (DOY 44) last-
ing from approximately 1600 to 2100 local time. Mean
air temperature measured over the campaign at CBD
was 30°C, a little more than 2°C warmer than the Feb-
ruary climatological average. Clear skies predominated
until DOY 44 and were partly to mostly clear thereaf-
ter. However, incoming solar radiation, even on clear
days, varied presumably due to the variability of dust and
water vapor in the atmosphere. Over the measurement

period, absolute humidity ranged from 3 to 23 g m >

¢. Modeling

Neglecting latent heat storage due to moisture
changes, the amount of heat stored in a building is pro-
portional to the mass (pV) of its component elements
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TABLE 1. Observed variables by location. See text for variable abbreviations. The approximate observations height (z) is also given.
Surface cover fraction is given for vegetation (V), buildings (B), paved roads (R), and bare soil (S). Scale is either building (B) or local

@L).
Site Surface cover Scale z (m) Dates (DOY) Variables observed
CBD V<01 B 10 37-47 Ts¢ (N, E, W, S walls), T;
B=04 37-50 0* K\, T,, RH, WS, T (roof), T, (road)
R=02
S$=03
RES V=01 L 18 39-51 0%, K\, Oy, Op, WS, T, (x3)
B=03 5 42-50
R <01 B — 47-50 Ts (N, E, W, S walls), T,
S=0.6
PERI V<01 B — 35-41 Ts (N, E, W, S walls, roof), T;
B=02
S$=08
RUR (DMN) S=1 B 2 50-52 0%, Kl, T,, RH, wind, T,
2 36-57 o* K, Ll, T,, RH, wind

(e.g., roof, walls, floors, internal mass, internal air),
their temperature (7"), and heat capacity (C). The total
heat storage is an additive combination of the element
heat storage. The temperatures of the elements can be
determined from the one-dimension heat conduction
equation (Fourier’s law) if the thermal properties of the
materials and both surface boundary conditions are
known. In this case, only external temperatures are
measured on all five building surfaces (walls and roof)
and one or two internal surface temperatures are mea-
sured to determine how well internal surface tempera-
ture is coupled to internal room air temperature. The
local-scale heat storage flux (AQg, W m™?) can be de-
termined by scaling the building, road and soil, and air

heat storage fluxes based on their fractional volumes
within the urban canopy layer:

AT,
AQs = 2, (PCOUAT A, ()

where the term Ax;A,,; represents the average depth of
element i over the area in question (Offerle 2003).
Table 2 lists the estimated thermal properties of mate-
rials for buildings and areas. The effects of radiation
geometry are implicitly included in the model if the
measured surface temperatures are representative of
the surface as a whole. For CBD this was not the case

owing to the location of the structure. However, the

TABLE 2. Structural and thermal characteristics used for heat storage estimation and TEB. Albedo and roughness length (z,) apply
only to TEB model runs. Model parameters for PERI differ only from RES where noted (*).

Storage Plan area
Site element Material Ax(m) kWK 'm?2 pCHK'!'m?3) fraction Albedo
CBD Wall Concrete and plaster 0.20 1.0 1.53 1.0 (ext) 0.20
7y =10 2.0 (int)
zo = 1.0 Roof Reinforced concrete 0.15 1.0 1.53 0.4 0.25
Ground Road (asphalt) soil 0.05 1.25 1.2 0.6 0.08
0.25 0.8 12
1.25 0.8 1.5
RES and PERI ~ Wall Concrete blocks 0.20 0.8 1.53 0.4 (ext) 0.25
0.1 (int)
Zy =3 Roof Metal sheet 0.003 5.0 2.07 0.3,0.2% 0.25
zo = 0.6 Ground Road and soil 0.05 0.6 1.2 0.7, 0.8* 0.25, 0.28*
0.25 0.6 1.2
1.25 0.8 1.5
RUR Ground  Soil 0.05 0.4 12 1.0 0.28
0.25 0.6 1.2
1.25 0.8 1.5
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F1G. 6. Building-scale ensemble mean diurnal temperature observations (wall is the mean
of four walls, room is inside room air temperature) over 2003/37-42.

increased radiation loading on this structure is at least
partially offset by increased turbulent exchange. Where
representative road and soil surface temperatures were
not measured (e.g., PERI), the surface temperature
and, consequently, heat storage were modeled using the
additional parameters given for the ground surface
(Table 2). The effects of vegetation are not considered
in the heat storage estimation. Since the fraction of
vegetation is very low, this should not have a large
impact on the results.

The urban surface flux scheme, town energy balance
(TEB), as described by Masson (2000), Masson et al.
(2002), and Lemonsu et al. (2004) combined with a gen-
eral land surface scheme (ISBA, Noilhan and Planton
1989) was used to estimate the surface to atmosphere
exchange and heat storage fluxes. The parameters
given in Table 2 were specified as inputs for the TEB
model. Although four layers were used for each ele-
ment (road, wall, roof), the depth-averaged properties
were maintained. Bare soil was incorporated in the
road surface fraction, so the ISBA scheme was used
only for the vegetated surface (10%). This limits the
overall sensitivity to ISBA input parameters. The veg-
etation was specified as tree cover with a leaf area index
of 3 and an albedo of 0.15. The model was forced by the
meteorological fields measured at DMN.

In addition to providing information about the dy-
namics of turbulent energy exchange between the sur-

face and atmosphere, the local-scale measurements of
the energy balance allow for a comparison between the
modeled heat storage flux and the residual computed
from the local-scale flux observations, AQ¢ = O* — Qy
— Qp. Although the residual incorporates unmeasured
energy exchange components such as anthropogenic
heat, these are believed to be small relative to the other
components.

4. Results and discussion

a. Building-scale measurements and heat storage
estimates

The structures examined differed primarily in terms
of sky-view factors and materials for construction.
PERI and CBD were measured concurrently (03/37—
42), so only these two sites are compared directly. The
downtown structure (CBD) was located on the roof of
the hotel and had a concrete roof in contrast to the
corrugated steel roof of PERI. Although the roof at
PERI heats up more rapidly and to a higher degree due
to the thin material, there is little storage and cooling is
just as rapid (Fig. 6). The means of the four wall ori-
entations (wall) temperatures are very similar until late
afternoon when CBD continues to increase due to
greater radiation loading on the west-facing wall. That
the walls have very similar thermal response is expected
given their estimated thermal properties (Table 2). The
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F1G. 7. Mean diurnal heat storage calculated from building scale

observed temperatures (2003/38-40) and modeled soil tempera-
ture (RUR).

wall temperature measurements made later at RES are
likewise very similar in the mean diurnal pattern and
values to PERI. The room air temperature at CBD
heats up quite rapidly to uncomfortable levels (>35°C)
during the daytime, but less so at PERI despite the
greater roof temperature. The room at CBD was poorly
ventilated and its floor was heated from below; the
building’s inside air temperature measured on the top
floor did not drop below 30°C over the diurnal cycle. At
night the PERI room air temperature also cools slowly,
likewise attributed to poor ventilation but also may be
due in part to the room being occupied.

The low thermal mass of the sheet metal roof, com-
monly used in residential areas, reduces heat storage
relative to the predominantly concrete roofs in the ur-
ban center. However, the mean diurnal wall tempera-
tures in both areas are about the same. Although the
walls in both areas have similar thermal responses, par-
ticularly at night, the storage in walls will be much
greater in the CBD case. Recent research has shown
that much of the nighttime heat release in urban areas
comes from the walls forming the urban canyon (Chris-
ten and Vogt 2004; Lemonsu et al. 2004; Offerle et al.
2005). This generally keeps the urban surface layer neu-
tral or slightly unstable at night and contributes to the
UHI effect. In the residential areas, owing to the low
height and density of buildings, walls do not make up a
large fraction of the thermal mass in the area. However,
in the CBD the overall thermal mass of the walls is
much greater and the reductions in sky-view factor are
too small to sufficiently reduce the radiation loading to
compensate. Figure 7 shows the patterns of local-scale
heat storage modeled based on the observed surface
temperatures for the different land covers (Table 2).
Figure 7 highlights the differences between the differ-
ent land uses. The modeled RUR is the heat storage
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flux that might be expected for undeveloped areas
largely devoid of vegetation, characteristic of the area
surrounding Ouagadougou. It peaks rapidly, due to the
low thermal conductivity such that at 0.2 m depth there
is almost no diurnal variation in soil temperature. This
also results in a rapid release of heat from storage in the
late afternoon when, because of the high albedo, net
longwave radiative losses exceed gains from net short-
wave. In contrast, the heat storage flux from CBD lags
the bare soil and continues to store heat for a longer
portion of the day. Despite the more regulated average
surface temperature, peak storage exceeds that of the
rural surface. The periurban surface closely resembles
that of the bare soil because the changes to thermal
mass and the surface albedo are not so great. The CBD
surface continues to release large amounts of heat
throughout the night. This additional energy relative to
the rural surface creates the nocturnal UHI effect.
The urban canopy layer heat island is not expected to
be perfectly correlated with surface temperatures, but
the patterns are quite similar. Figure 8 shows the mean
horizontal surface temperature (based on surface cover
fractions in Table 1) for the CBD and PERI site. The
surface temperature difference is well correlated to dif-
ferences in urban canopy layer air temperatures, al-
though influenced by other factors such as wind speed
and turbulence and the overall stability (e.g., diurnal
differences in mixing height). Satellite-based remote
sensing, which takes a nadir view of the surface and
thus sees primarily horizontal surfaces (Voogt and Oke
2003), often records daytime cool islands in urban areas
and nighttime heat islands, similar to Fig. 8. Although a
daytime canopy layer cooling effect is not observed
here, the CBD air temperature was measured at roof
level (the top of the canopy layer). Another measure-
ment site within the CBD at 2-m height recorded day-

Urban - Rural Temperature (°C)

-10 T T T T T T T
0 3 6 9 12 15 18 21 24
Time (h)

F1G. 8. Mean difference between urban (CBD) and rural
(PERI) sites for air and horizontal surface (roofs, roads, soil)
temperature (2003/37-42).
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Fi1G. 9. Differences in net all-wave radiation from the residential
site (RES) for different land uses (CBD mean for 5 days, RUR
over 1 day).

time cooling of up to 2°C during the time of the mea-
surements. That the air temperature pattern lags the
surface temperature is expected since the air tempera-
ture must be coupled to the surface temperature via
sensible heat fluxes.

b. Net radiation and remotely sensed surface
characteristics

In addition to the differences in thermal characteris-
tics, there are also differences in radiative characteris-
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tics between the urban, residential, and periurban or
rural areas. Although geometry and the amount of ir-
rigated vegetation play a role, these factors may not be
so important here. In Ouagadougou, as noted earlier,
building heights are too low and too widely spaced to
significantly reduce radiation loading on buildings or
streets. In contrast to the periurban areas, many down-
town streets are asphalt and have lower albedos than
the unpaved, compacted soil. Irrigated vegetation is
largely confined to areas near the reservoir (Fig. 1) and
some wealthier neighborhoods. The CBD measure-
ment location has nearly as little active vegetation as
the rural areas. A comparison of net all-wave radiation
between the different areas shows that net radiation is
much greater during the daytime over the urban sur-
face. The high albedo and high surface temperatures of
the rural surface leads to lower net radiation through-
out the day when compared with the residential surface
(Fig. 9). At night net radiation over the rural and resi-
dential surfaces are similar, as was the case with heat
storage flux (Fig. 8). The remotely sensed data agree
with the information provided by the building-scale
temperature observations and the net radiation mea-
surements.

An east-west transect of the estimated albedo (30-m
grid) is depicted in Fig. 10. Albedo varies spatially with
the highest values over the rural areas. Albedo is ap-
proximately 15% greater in sector 29 (0.24) than in the
downtown area (0.21) and at least 15% lower than in
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F1G. 10. Transects (100 equidistant points) of albedo and surface temperature across Oua-
gadougou from ASTER imagery (1030 LT 17 Jan 2001). The vertical lines mark the approxi-
mate extent of the downtown area on the transect; to the right is an extensive residential area,
sector 29. The arrow marks the approximate extent of the transect shown on Fig. 1.
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the outlying rural area (0.27-0.30). This in part explains
why RES net radiation was ~10% lower than CBD and
almost 20% greater than over the bare undisturbed soil
(RUR). The bare soil surface temperature reached
61°C, more than 10°C greater than peak values mea-
sured on the same day at RES. This suggests that large
outgoing longwave differences, on the order of 80 W
m 2, also contribute significantly to the daytime net
radiation difference. The same transect for surface tem-
perature (90-m spacing) is also shown in Fig. 10. Note
that at the spatial resolution of the surface temperature
image there is very little variation in residential or in
the outlying areas although some large departures are
apparent. Some of these are due to conspicuously large
concrete structures, that is, an empty drainage ditch
roughly marking the eastern edge of the city center. In
the downtown there is slightly more variability due to
shading and less homogenous land cover. The outlying
areas are approximately 5°C warmer than the down-
town, with the residential area roughly 2°C warmer
than downtown. This pattern of temperatures is ex-
pected, given the earlier results, but the differences are
smaller than suggested by Fig. 8. Because this was a
January image, assuming the same atmospheric trans-
missivity, peak incoming solar radiation would be ex-
pected to be on the order of 100 W m™~2 lower; thus
these smaller temperature differences are not surpris-
ing. The difference seems to stem from the temperature
of the rural surface. The spatial mean temperatures for
downtown (37°C) and sector 29 (39°C) are close to the
locally observed values for horizontal surfaces, which
were both 39°C. However, the rural spatial mean
(42°C) was less than the local observation (50°C).
The combined effect of the altered radiative and
thermal properties on local climate is highlighted by the
positive relation between albedo and surface tempera-
ture (Fig. 10). For surfaces with similar thermal char-
acteristics, surface temperature should have an inverse
relation with albedo; that is, the higher the albedo the
lower the absorbed solar radiation and thus lower sur-
face temperature. In the dry season, thermal character-
istics are sufficiently different such that this is not the
case. In the rainy season, the moisture content of the
soil makes it darker and increases both thermal con-
ductivity and heat capacity, which serve to increase ab-
sorbed and stored net radiation during the day. Ver-
hoef et al. (1999) measured a change in albedo from
October to January of 0.17 to 0.24 over a Sahelian sa-
vannah. Thus, in the rainy season, differences between
the city and its rural surroundings in thermal and ra-
diative characteristics are not as exaggerated. Although
influenced by increased cloud cover and atmospheric
moisture during the rainy season, the seasonality of the
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FIG. 11. Seasonality of urban (CBD) — rural temperature dif-
ference. Monthly mean temperature difference for midnight and
noon for the period Feb 2002—Jan 2003.

urban — rural temperature difference reflects the sea-
sonal changes in the rural surface characteristics (Fig.
11).

c¢. Local-scale measurements and modeling

The turbulent fluxes measured over the residential
area provide a more complete picture of the energy
balance dynamics. As can be expected at this time of
year, the energy exchange with the atmosphere is domi-
nated by Q, with large changes in stored heat in the
surface elements. Figure 12 shows the energy balance
components for the RES area measured from the tower
and the TEB-ISBA model results for the RES param-
eters. Both show similar patterns and magnitudes for
the components although the modeled value has
slightly greater storage, and lower Q¥ in the afternoon
owing to higher surface temperatures or lower turbu-
lent exchange (Table 3). The modeled turbulent sen-
sible heat fluxes also lag those of the observations.

Latent heat fluxes, although small, are not insignifi-
cant and could be greater than expected. The O flux
averaged 20 W m™ 2 over all measurements and the
midday (10-14 h) Bowen ratio (B = Q,/Qf) had a
mean of 3.7 (Table 3), ranging from 2-6 over the days
measured. Tree cover (the only vegetation apparent) is
sparse and estimated at around 10%, although most
compounds had shade trees (Fig. 4). Studies over urban
environments with similar low fractions of vegetation
suggest that a B between 3 and 10 is typical, although
these sites were in North American cities with consid-
erably more impervious surface (Grimmond and Oke
2002). A comparison could be made with the Sahelian
flux measurements, Sahelian Energy Balance Experi-
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FiG. 12. Ensemble diurnal energy balance components for RES for the period 2003/39-51, excluding 48
because of incomplete data. (a) Measured components and AQg (residual; 30-min averages). (b) Components
modeled with TEB-ISBA (10-min averages). (c) Same as (b) but for CBD parameters.

ment (SEBEX) and Hydrologic—Atmospheric Pilot Ex-
periment in the Sahel (HAPEX-Sahel), (Goutorbe et
al. 1997); however, no direct measurements of sensible
and latent heat fluxes were made at this time of year.
Based on an empirical formulation, Verhoef et al.
(1999) estimated average dry season Qg for a Sahelian
savannah site to be around 10 W m~2 Given that the
vegetation here consists mainly of trees, a higher O is
not unreasonable. The higher O also does not require
water uptake from deeper soil layers. Data on house-
hold water consumption for Ouagadougou in February
2002 (ONEA 2003, personal communication) indicate
that domestic water usage could account for a Q of up
to 25 W m 2. Other sources, such as combustion from
outdoor wood-fueled cooking stoves and vehicle ex-
haust (mopeds and cars), are thought to be relatively
small and the diurnal pattern in Q does not show a
strong signal from these sources.

The diurnal Q,; remained slightly positive for about
an hour after sunset. Primarily neutral to stable condi-
tions were observed at night with very low wind speeds.
Thus, although the magnitude of the heat storage flux
has increased, the dynamics of the exchange in this resi-
dential area does not appear drastically different than

TABLE 3. Summary of mean measured and modeled energy bal-
ance components at RES in W m~? where B (unitless) is the
Bowen ratio (Q,/Q) calculated from the means in the table.
Data are for days 2003/39-51 excluding 48 owing to incomplete
data.

Hours oF Ou QO AQs B
Observed All 88.9 50.6 205 178 25
1100-1400 4643 1922 519 2202 3.7
TEB-ISBA All 79.7 59.0 20.7
1100-1400  459.4 252.8 206.6

could be expected over the dry rural areas. In contrast,
the model results for the CBD (Fig. 12c) show much
greater daytime heat storage and more delayed turbu-
lent heat flux response. The model also predicts con-
tinued positive sensible heat fluxes several hours into
the night.

While the objective here was not to evaluate the per-
formance of TEB, such evaluations are necessary to
determine how well the urban energy balance is repre-
sented before possible impacts of urban growth on local
climate can be considered. Aside from the above noted
differences in the timing fluxes, the model is in good
agreement with the flux observations at RES. The un-
systematic root-mean-square differences (URMSD)
from the diurnal ensembled observations was less than
15 W m~2 for O* and the residual determined AQx.
While latent and sensible heat fluxes were not individu-
ally compared, their sum was also in good agreement
(URMSD < 15 W m™?).

5. Conclusions

Although urban sprawl and unplanned periurban de-
velopment in rapidly expanding tropical cities may cre-
ate numerous social problems, their impacts on local
climate may be less drastic than planned developments
within the city. Periurban and most existing residential
areas in Ouagadougou have characteristics that are
more similar to the current rural surroundings than
does the downtown. Grading and compaction of the
surface for roads and increasing density of compound
houses have a measurable impact in terms of net radia-
tion and heat storage, but less than those of a paved or
densely built surface. The difference in net radiative
exchange between the residential and CBD areas is an
important factor for the local climate. Net radiation is
greater downtown during the dry season because, in
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addition to the higher albedo, the dry bare soil and the
metal roofing, predominant in residential and periur-
ban areas, heat up more quickly than the CBD surface,
thus offsetting the typical differences in outgoing long-
wave radiation. Another important factor is the differ-
ence in heat storage fluxes due to geometry and mate-
rial properties. Although sheet metal roofing may not
give the ideal indoor environment, it will have a smaller
impact on the outdoor environment. The more massive
CBD stores much more heat over the day. If increased
urbanization leads to increased reliance on nonlocal
materials, more paving and increasing height and den-
sity of buildings will affect the surface energy balance
by decreasing albedo and increasing heat storage, lead-
ing to higher nighttime urban temperatures. The im-
pacts of increased urbanization were not assessed for
the rainy season.

The measurements described here provide a valuable
resource to calibrate and evaluate the performance of
models that can be used to evaluate the impacts of
potential changes in urban surface characteristics. The
model used here, TEB (Masson 2000), was shown to
compare well with measured fluxes over a residential
area, the most extensive land use in Ouagadougou. This
suggests that TEB is applicable for use in climate and
mesoscale models to address larger scales (urban, meso,
etc.) in this region. These results encourage us that such
methods can be applied to examine land cover change
impacts on urban and larger-scale climate.
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