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ABSTRACT

A model (SWAM) to predict surface waters (lakes and wetlands) on the scale of atmospheric general circulation
modelsis developed. SWAM isbased on alinear reservoir hydrologic model and isdriven by runoff, precipitation,
evaporation, topography, and water transport directions.

SWAM is applied to the modern climate using observed estimates of the hydrologic variables and a5 X 5'
digital terrain model to represent topography. It simulates the surface water area of northern Africa (about 1%
of the land area) in reasonable agreement with observed estimates (0.65%). A middle Holocene (6000 yr BP)
simulation using the results of the GENESIS atmospheric general circulation model (AGCM) illustrates the
sensitivity of the simulated surface waters to climatic changes and the model’s utility as a diagnostic tool for
AGCMs. SWAM and GENESIS capture the general pattern of climate change 6000 yr BP. There is an increase
in the simulated surface water area from about 1% to about 3% of the land area, including an increase in the
area of Lake Chad by about five times and extensive surface water throughout northern Mali, consistent with
observed patterns of surface water change during the Holocene. Limitations in the modeling of surface waters

appear to result from the relatively coarse resolution of global elevation data.

1. Introduction

Observations have shown that surface waters (lakes
and wetlands) are an important component of the climate
system (Carpenter 1984; Eichenlaub 1979; McCoy and
Williams 1984; Benson and Thompson 1987), often
contributing to the regional moisture budget through
increased precipitation and often reducing the seasonal
and diurnal temperature range. In addition, simulations
have confirmed the importance of surface water in de-
termining regiona climate (Pitman 1991; Henderson-
Sellers and Pitman 1992; Hostetler and Giorgi 1992;
Bates et al. 1993; Hostetler et a. 1993; Hostetler et al.
1994).

Land-surface parameterizations, to be used in con-
junction with atmospheric genera circulation models
(AGCMs), have recently been devel oped to include sub-
grid-scale surface water (Pitman 1991; Henderson-Sell-
ers and Pitman 1992; Bonan 1995). Results from global
climate simulations have shown that including surface
waters often improves the simulation with respect to
observations (Kutzbach and Ziegler 1993; Bonan 1995).

However, parameterizing surface water in AGCMs
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with fixed geographic lake locations is of limited use
to climate change studies because the location of surface
waters is not static. The maxima in the zona mean
surface water distribution are associated with the mean
positions of the westerlies and the ITCZ, which corre-
spond to maxima in storm track and tropical precipi-
tation (Street-Perrott and Roberts 1983). Therefore, the
location of the surface water maxima change through
time in conjunction with shifts in the mean positions of
the westerlies and the ITCZ (Street-Perrott and Roberts
1983; Harrison and Metcalfe 1985; Harrison and Dod-
son 1993; Harrison et al. 1993). For example, adramatic
increase in the number and size of lakes, wetlands, and
river systems in northern Africaduring the early to mid-
dle Holocene (e.g., Street and Grove 1979; Petit-Maire
et al. 1993; Jolly et al. 1997) indicates a probable north-
ward shift in the monsoon rains and mean position of
the ITCZ. Therefore, for accurate climate change sim-
ulations, surface waters must be an interactive com-
ponent of climate models.

This paper presents a model (SWAM) that predicts
the distribution of surface waters given inputs of runoff,
precipitation, evaporation, high-resolution topographic
data, and water transport directions. The model has been
applied to two climate regimes: 1) the modern observed
climate and 2) a simulated middle Holocene climate
(6000 yr BP). The focus of this study is on northern
Africa, although the ultimate goal isto make predictions
of surface waters for all continents.
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Fic. 1. Schematic diagram of a SWAM grid cell, showing surface
water as a function of the transport of water (F,, if any) from the
upstream grid cell(s) and the precipitation and evaporation over the
land and water fraction. The basin is filled according to the water
volume available [shaded area; (a) wet and (b) dry conditions are
shown]. Excess water (F,, if any) is transported to the downstream
grid cell.

2. Model description

SWAM calculatesthe area of surface watersasafunc-
tion of both the volume of water present and the local
topography (Fig. 1). The volume of water present is
calculated at aresolution of 2° lat X 2° long as the sum
of the precipitation minus the evaporation (P — E) over
the water and land-surface fractions and the transport
of water from upstream grid cells. Thetransport of water
from upstream grid cells is a function of the upstream
moisture budget and a prescribed water transport direc-
tion (Fig. 2). The water volume (WV) present in a grid
cell isthen distributed onto a5" X 5’ representation of
the land surface. The high-resolution topography defines
how WV is expressed on the surface by defining the
shape of the basin (shallow or steep sided) and by de-
fining the maximum fractional water area (MFWA) that
can be accommodated in a2° X 2° grid cell. Any WV
within a2° X 2° grid cell in excess of that required for
MFWA is transported to the downstream grid cell. The
calculation of the surface water area in SWAM, there-
fore, involvestwo steps: 1) determination of WV present
in each of the 2° X 2° grid cells and 2) conversion of
the WV to fractional water area (FWA) on the 5’ X 5’
representation of the land surface. Using two different
resol utions within the model retains the influence of the
high-resolution topography while calculating the water
budget on the resolution of a climate model.

a. Topographic input

The Terrainbase 5’ X 5" (roughly 10 km X 10 km
at the equator and 1 m in the vertical) digital terrain

FiGc. 2. Water transport directions prescribed from visual inspection
of the Rand McNally New International Atlas (1989). Arrows rep-
resent the direction in which discharge is exported from a grid cell
in SWAM. The Niger River has been highlighted as an example of
a feature that appears on the 2° X 2° scale of this model. The black
box encloses the area for which averages and coefficients of corre-
lation were calculated in this study.

model (DTM) from the National Oceanic and Atmo-
spheric Administration National Geophysical Data Cen-
ter was used to represent the land surface. This dataset
is derived from interpretation of diverse sources of data
including satellite and land-based data. The elevationin
the DTM represents an estimate of the height for agiven
area but is not an actual measurement.

The maximum fractional water area is derived from
Terrainbase for the 2° X 2° grid of SWAM. MFWA is
calculated in amanner similar to that used by MacMillan
(1993) to define potholes in an Alberta farm field. An
iterative search of the DTM defines all closed depres-
sions in the landscape and their outlet heights. A po-
tential water area (PWA; Fig. 3a) is defined as the area
of a closed depression with an elevation equal to or
lower than the outlet elevation. The MFWA for each 2°
X 2° grid cell is obtained by summing the PWA within
each grid cell and dividing by the total area of the grid
cell. Once defined, MFWA is invariant.

b. Linear reservoir model

Water flow is represented by alinear reservoir model
(Huggins and Burney 1982), which has been shown to
be reliable in addressing questions of large-scale hy-
drology. This approach has been used to investigate the
relationship between climate and the surface area of
closed lakes (Snyder and Langbein 1962; Szesztay
1974; Mifflin and Wheat 1979; Street 1979; Street 1980;
Servant and Servant-Vildary 1980; Bowler 1981; Street-
Perrott and Harrison 1985; Street-Perrott and Perrott
1993). It has also been used to determine the timing and
magnitude of discharge of the Amazon—Tocantins River
basin (Vorosmarty et al. 1989) and the Zambezi River
basin (Vorosmarty and Moore 1991; Vorosmarty et al.
1991) given monthly runoff distributions for the basins.
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FiG. 3. Chart of the surface waters of northern Africa (shown in black) at the5’ X 5’ resolution
of the model topography. (@) Simulated PWA derived from the 5’ X 5'. Terrainbase digital
terrain model. Black areas represent areas of surface water if runoff is unlimited. (b) Modern
observations (Cogley 1991), provided at 1° X 1° resolution and distributed into the 5° X 5’
Terrainbase DTM. (c) Modern epoch simulated using observed runoff and precipitation. (d)
Middle Holocene simulated using differences between GENESIS 6 kyr BP and modern simul ated
runoff and precipitation added to modern observed values. The maximum possible area of Lake
Chad is shown in the schematic outline of (b)—(d).

Additionally, it has been used as a diagnostic tool for
comparing the magnitude and timing of AGCM simu-
|lated mean monthly runoff to observations (Miller et al.
1994; Marengo et al. 1994).

Each 2° X 2° grid cell is considered to be a storage
pool where the change with time of the water volume
is represented by the following equation:

d(Wv)/dt = R(1 — FWA) + (P, — E,)FWA +
(EFin - Foul) + (Gin - Gout) + ch

where FWA is the fractional water area in the grid cell;
R, is the grid cell land runoff (surface runoff + base
flow); and P,, and E, are the precipitation and evapo-
ration over the water, respectively. Here, G,, and G,
are the groundwater fluxes into and out of the grid cell,
and F, is a flux correction included to maintain level
water surfaces; F., is the flux out of the grid cell, and
3F,, is the sum of the fluxes of water (F,,) from the
upstream cells.

The net transport by groundwater (G,,, — G,,,) is con-
sidered to be zero in this study. A scale analysissuggests
why thisis possible (Cogley 1989). In general, transport
of water to the groundwater reservoir from the runoff
reservoir is positive (directed downward) on plateaus
and hill slopes, and negative in valleys, lakes, and wet-
lands. Surface topographic heterogeneity generally dic-
tates that net transport between the groundwater and
runoff reservoirs approaches zero for spatial scales
greater than hundreds of square kilometers (<1 SWAM
grid cell). Therefore, for (G,, — G,,.) to be other than

zero, the groundwater head between grid cells must dif-
fer. However, since groundwater flow rates are on the
order of = tens of meters per year, the timescale of flow
would be millennia or longer and is, therefore, a result
of a past climate state. Transport of this nature may
occur in northern Africa, but it cannot be modeled in
this study.

Here, F,, depends upon the existence of water in
excess of the maximum water volume (MWYV; if any)
WV — MWV and a timescale defined by the ratio of
the flow rate (u) to the downstream distance (D):

F.. = max[(WV — MWV), 0](u/D),

where MWV is the volume that corresponds to FWA =
MFWA. The flow rate u depends upon a ratio of the
downstream gradient (ic) and a reference gradient (io;
Miller et al. 1994):

u = 0.35 X (ic/io)°s,

where io is set to 5 X 105 (Miller et al. 1994). This
approximation of the flow rate is adequate for this study
since the flow rate has no effect on the equilibrium
surface water area.

Routing of F, requires knowledge of the water trans-
port directions. The water transport directions at the 2°
X 2° resolution are prescribed (Fig. 2) from visual in-
spection of the Rand McNally The New International
Atlas (1989) (asin Vorosmarty et al. 1989; Miller et al.
1994). For each grid cell, a predominant direction of
transport is determined by examining the network of
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streams. Where a stream network is not discernible, the
transport direction is determined from the topographic
features and elevations.

FWA is calculated for each grid cell by distributing
WV directly onto the 5’ X 5’ land surface starting with
the lowest elevation that corresponds to PWA within a
grid cell and proceeding to other PWASs with higher
elevations as necessary. FWA may be a value from 0
km2 (WV = 0) to MFWA (WV = MWV).

Here, F. accounts for the movement of water in bodies
larger than the 2° X 2° grid cell of the water budget
component of the model. If no flux correction is made,
alarge water body could have an uneven surface owing
to the different water mass balances of adjacent cells;
F. alows for the transfer of water counter to the pre-
scribed water transport direction, where necessary, to
maintain alevel surface. TheF. iscalculated wherethere
isadownstream water surface elevation (WE,) in excess
of both the local water surface elevation (WE,) and the
local outlet elevation (O,). In other words, the elevation
of the downstream water surface (WE,) is compared to
the local water elevation (WE,) and the elevation of
land-surface communication between the two grid cells
(O)). If the downstream water elevation exceeds the
local water-surface elevation and the outlet elevation,
then F, shifts some of the water volume from down-
stream to the local grid cell in the following manner:

WEqy
F.= J A(2) dz X 0.1.

O

The factor of 0.1 approximates 1/n, where n is the max-
imum number of grid cells (=10) constituting a large
water surfacein northern Africa; A(Z) isthe surface area
at each elevation (z). When applied over several itera-
tions, the flux correction F, causes large water surfaces
to converge to a uniform level.

Starting with WV and FWA = 0 and forcing the
model with mean annual observed values of R, P,,, and
E, converted to daily values, SWAM solves for
d(WV)/dt until equilibrium is reached [d(WV)/dt is
small with no trend]. It was found through experimen-
tation that model convergence required a time step of
several days. For this study, a time step of 1 day was
used. A 1-day time step has the additional advantage
that the model can be used with seasonally and daily
varying input in future studies. The resultant WV and
corresponding FWA represent the water volume and
fractional surface water area in equilibrium with the
prescribed mean annual climate.

3. Modern climate

A simulation was performed with estimates of the
modern mean annual runoff and surface water precip-
itation and evaporation to determine the ability of the
model to produce the modern perennial surface water
distribution of northern Africa. Simulation of the mean
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annual surface water area was chosen for this study
(rather than monthly or seasonal) because no seasonal
or monthly datasets of runoff or observed surface water
area were available for forcing the model or for com-
parison with the model results. Discussion of the results
will be limited to the region 10° to 34°N, 16°W to 28°E
(Fig. 2).

The surface runoff used was a digitized version (Cog-
ley 1989) of the UNESCO (1978) mean annua river
runoff interpolated to 2° X 2°. The runoff dataset rep-
resents the mean annual surface flux of water at each
grid cell. Mean annual land precipitation values derived
from Legates and Willmott (1990) were used as the
surface water precipitation. All values were converted
to daily rates.

Evaporation from the surface water is calculated us-
ing a linked system of equations as described in Par-
kinson and Washington (1979); see the appendix for
details. This simple cal culation adequately describesthe
surface water characteristics in northern Africa. For ex-
ample, the calculated annual average water temperature
(28°C) and evaporation (2100 mm yr-%) from the sim-
ulated Lake Chad are within 10% of the calculated es-
timates of 26.5°C and 2200 mm yr-* of Tetzlaff and
Adams (1983).

The estimates of the surface areas of perennial lakes,
wetlands, and salt marshes of Cogley (1991) are used
for comparison with the simulated surface water area.
Cogley’s estimates are derived from visual inspection
of maps with a scale of 1:1 000 000. He estimates the
root-mean-square error of measurement in theindividual
datasets to be a few percent, not including errors on the
maps themselves. Cogley concludes that these mea-
surements are accurate at resolutions of 4° X 4° or coars-
er. For comparison purposes, the salt marsh data here
have been masked to remove coastal marshes, which
are a function of sea level and not the local moisture
budget. In addition, the lake, wetland, and masked salt
marsh datasets have been summed to produce a frac-
tional surface water area dataset (referred to as OBSin
the text).

The modern mean annual surface water simulation is
in reasonable agreement with the observations. The
model simulates water as occupying about 1% of the
land area of northern Africa (Table 1 and Fig. 4), com-
pared to about 0.65% for OBS. The coefficient of cor-
relation between the simulated and observed surface
water for the 66 4° X 4° grid cells constituting northern
Africais 0.77 (Table 1).

Surface water is a significant fraction of the land area
in only two regions of northern Africatoday (Fig. 3b):
Lake Chad (10°—18°N, 10°—20°E) and the bend of the
Niger River (12° to 16°N, 6° to 2°W). The total surface
water area simulated for the Lake Chad basin is about
28 000 km?, which is somewhat larger than the 22 000
km? of OBS and the bounds of historical fluctuations
of Lake Chad (17 000 to 25 000 km?;, Beadle 1974).
The discrepancy between the observed and simulated
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TABLE 1. Comparison of observed and simulated modern surface
water area averaged over North Africa (10°-34°N; 16°W—-28°E). The
area is expressed as the percentage of the total land area. Correlation
refers to the coefficient of correlation between the simulated and
observed surface water for the 66 4° X 4° grid cells in the area of
interest. Three simulations are shown: SWAM is derived from the
mean annual runoff and precipitation, SWAM — is derived from sub-
traction of the estimates of error from the annual mean, and SWAM +
is derived from addition of the estimates of error to the annual mean.

% area Correlation
OBS 0.65 *
SWAM 0.97 0.77
SWAM — 0.80 0.79
SWAM + 1.19 0.72

area of Lake Chad suggeststhat the model overestimates
the net water budget of the Chad Basin. The shape of
the simulated lake differs from the observed (Figs. 3b,c)
because the DTM used in the model is unable to dif-
ferentiate between the upper basin where the modern
lake is located and the lower Bodélé depression to the
northeast. As a result, the model alows a large share
of the lake to flow into the Bodélé depression.

The Niger bend system is accurately placed by the
model, but the area is too small—about 11 000 km?
compared to about 24 000 km? for OBS. Comparison
of the simulated area (Fig. 3c) with the potential water
area (Fig. 3a) indicates that the model does not simulate
the potential for surface water area greater than this at
the Niger bend. The Niger bend is a system of small
interconnected wetlands and lakes fed by the seasonal
flooding of the Niger River (Beadle 1974; Petit-Maire
et al. 1988). Many of these depressions are smaller than
the 5’ X 5’ resolution of the DTM and therefore escape
detection by SWAM.

To the southeast of Lake Chad, the model simulates
considerable surface water, which is associated with the
Chari River and not supported by OBS. However, the
Rand McNally New International Atlas (1989) depicts
an extensive area of wetlands in this region, and there
are large perennial wetlands associated with the inland
delta of the Chari River (Durand 1982).

SWAM simulates many small water bodies (<5% of
a2° X 2° grid cell area) in the southern humid region
that are not supported by OBS (Figs. 3b,c). Thisis a
result of the coarse resolution of the DTM, which often
results in river valleys being depicted as small inter-
connected pools.

Two additional simulations were made to provide an
estimate of the sensitivity of the modern surface water
simulation to error in the input values. In these simu-
|ations, the modern runoff and preci pitation are modified
by adding or subtracting the estimates of error given in
Cogley (1989; generally about +15%, but much greater
in arid regions) from the runoff and precipitation values
of each grid cell. The results of this analysis suggest
that the average simulated modern surface water area
is not particularly sensitive to errors in the estimated
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FiGc. 4. Surface water area plotted against the area average runoff
for observations (diamond) and modern and middle Holocene sim-
ulations (squares). Values are averaged over northern Africa (10° to
34°N, 16°W to 28°E; Fig. 2). The modern observed value represents
an estimate of lakes, wetlands, and inland salt marshes by Cogley
(1991). Maximum possible represents the maximum fractional water
area that SWAM can simulate and corresponds to unlimited runoff.
The modern simulation is derived from mean annual observed runoff
(Cogley 1989) and precipitation (Legates and Willmott 1990). Esti-
mates of error were used to infer the range of possible modern sim-
ulated surface water area, shown as dots. 6 kyr BP represents the
results of forcing SWAM with observed runoff and precipitation plus
the difference between 6kyr BP and modern simulations of runoff
and precipitation on the GENESIS GCM version 1.02.

runoff and precipitation values (Table 1 and Fig. 4).
Subtracting an amount equal to the estimate of error
from each grid cell results in a decrease in the average
runoff by about 20%, while the simulated surface water
area decreases to about 0.80% from 0.97% of the total
area. Similarly, addition of the error estimate increases
the runoff by about 25% and increases the surface water
area from 0.97% to 1.19%. Lake Chad is the only large
surface water area to show sensitivity to these changes,
with a simulated area of 19 000 and 37 000 km? for the
subtraction and addition simulations, respectively.

4. Sensitivity to climate change: An application to
a paleoclimate simulation

Lake levels in northern Africa were higher than at
present between 10 000 and 5 000 yr BP (Fig. 5). Much
of the Sahel and the now hyperarid core of the Sahara
Desert was studded with river systems and small lakes
(Street and Grove 1976; Street and Grove 1979; Petit-
Maire and Riser 1981; Fontes et al. 1985; L ézine 1986;
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FiG. 5. Chart of the difference in lake status from the modern epoch
for (a) 9000 *“C yr BP and (b) 6000 **C yr BP adapted from Jolly et
al. (1977). Very wet (square) refers to lakes that were much higher
than present, wet (triangl€) refers to lakes that were higher than pres-
ent, and circles indicate no change.

O No change H Very Wet

Petit-Maire et al. 1987; Pachur and Kroppelin 1987,
Haynes 1987; Haynes et al. 1989; Petit-Maire and Krop-
pelin 1991; Street-Perrott and Perrott 1993). Perennial
freshwater lakes and wetlands associated with theinland
delta of the Niger River constituted a large portion of
the landscape of northern Mali (Petit-Maire et al. 1988;
Street-Perrott et al. 1990). Observations also indicate
that Lake Chad may have had a surface area of greater
than 350 000 km? during the early and middle Holocene
(Schneider 1967; Pias 1970).

General circulation model simulations indicate that
the increased surface water in northern Africa was pri-
marily caused by changes in the earth’s orbital param-
eters. These orbital changes lead to an increased am-
plitude of the seasonal cycle of solar radiation and a
strengthening and farther northward penetration of the
summer monsoon (Kutzbach 1981). Observations sug-
gest that the monsoon front may have penetrated 5° or
more farther north during the middle Holocene than it
doestoday (Butzer 1967; Street and Grove 1976; Fontes
et al. 1985; Haynes et al. 1987; Petit-Maire et al. 1987;
Lézine 1989; Lézine and Casanova 1989; Street-Perrott
et a. 1990; Petit-Maire and Kroppelin 1991; Street-
Perrott and Perrott 1993).
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As an illustration of the sensitivity of SWAM to cli-
mate changes of this nature, the model was forced with
estimates of runoff and surface water precipitation for
6 kyr BR. The 6 kyr BP runoff and precipitation were
created for SWAM by adding the differences between
6 kyr BP and modern runoff and precipitation simulated
by Foley (1994) on the National Center for Atmospheric
Research GENESIS version 1.02 (Thompson and Pol-
lard 1995) to the modern observed values.

The boundary conditions of the modern and 6 kyr BP
simulations on GENESIS differ only in the prescribed
orbital parameters: eccentricity from 0.0167 (modern)
to 0.0187 (6 kyr BP), axial tilt from 23.44° (modern)
to 24.11° (6 kyr BP), and date of perihelion from Jan-
uary (modern) to mid-September (6 kyr BP). The
change of the date of perihelion increases the amplitude
of the seasonal cycle of solar radiation by about 5% in
the Northern Hemisphere. The change in the amplitude
of the seasonal solar radiation results in an increased
summer land—ocean temperature and pressure contrast,
increased moisture convergence, and increased precip-
itation and P — E over northern Africa. The differences
between the modern and 6 kyr BP results are consistent
with previous AGCM simulations for the middle Ho-
locene (Kutzbach 1981; Kutzbach and Otto-Bliesner
1982). A complete description of the GENESIS AGCM
results can be found in Foley (1994).

The addition of the simulated differences to the mod-
ern observed values results in increased runoff (Figs.
6a,b) and precipitation (not shown but similar pattern
to the runoff) across the Sahel north of about 10°N. The
surface water evaporation per unit area in northern Af-
rica was probably similar to the modern epoch during
the early to middle Holocene (Kutzbach 1980) and
therefore was unchanged from the modern epoch in the
6 kyr BP experiment.

The modern surface topography and prescribed water
transport directions (Fig. 2) were used for the 6 kyr BP
experiment. Changes in local topography and water
transport direction have occurred during the Holocene
in many of the lake basins through wind erosion of lake
sediments (Petit-Maire 1986; S. Harrison 1996, personal
communication). However, the scale of these changes
is probably smaller than can be realistically resolved by
the DTM or by the 2° X 2° prescribed water transport
directions.

The effect of the changes of the simulated middle
Holocene monsoon is clearly expressed in the SWAM
surface water simulations. There is an increase in the
total surface water area of northern Africa from about
1% of the area in the modern simulation to about 3%
with the added 6 kyr BP forcing (Table 2, and Figs. 3
and 4). Lake Chad is simulated to have a surface area
of about 130 000 km? in the 6 kyr BP experiment (Table
2, and Fig. 3d). This is about five times the simulated
modern surface water area but considerably less than
the early to middle Holocene estimate of about 330 000
km2 (Schneider 1967; Pias 1970). The surface water to
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FiG. 6. Modern runoff and runoff 6 kyr BP in mm yr-* for the two
SWAM simulations. (a) Modern mean annual runoff. (b) Middle Ho-
locene runoff derived by adding differences between GENESIS 6 kyr
BP and modern simulated runoff to modern observed values. The
100 (light gray) and 400 (dark gray) mm yr—* contours are shown.

the north of the Niger bend (16° and 20°N, 6° and 2°W)
is simulated to expand to 16 000 km? in the 6 kyr BP
experiment, which is much greater than the approxi-
mately 2000 km? in the modern simulation but less than
the approximately 57 000 km? estimated (Street-Perrott
et a. 1990; Petit-Maire et al. 1988). SWAM simulates
the potential for 350 000 km? of surface water for Lake
Chad and 85 000 km? north of the Niger bend (Table
2). Therefore, the fact that the simulated surface waters
are much less than the observational estimates can be
attributed to the simulated precipitation and runoff and
not to the constraints of the topography.

Only small areas of surface water (about 1%-5% of
the 2° X 2° grid cells) are simulated over the rest of
Africasouth of about 20°N. Thisisin general agreement
with the field evidence of small scattered |akes through-
out the Sahel and southern Sahara, although the simu-
lated surface waters are perhaps not as far north in the
southern Sahara as observations would suggest (to ap-
proximately 23°N; Street and Grove 1979). Thereisalso
an increase in the simulated surface water area (about
2%—9% of the grid cell area) in northwestern Africa,
consistent with observations (Fontes et al. 1985; Petit-
Maire et al. 1993).

SWAM simulates no increase in the surface water
area nor any potential for surface water in northern Su-
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TABLE 2. Comparison of surface water area of northern Africafor
the modern simulation (MOD), middle Holocene experiment (6 kyr
BP), middle Holocene estimates (EST), and potential water area
(PWA). The amount of surface water averaged throughout northern
Africa (see Fig. 2) is expressed as a percent of the total land area
(% Total). The area of Lake Chad and to the north of the Niger Bend
(not including the Niger Bend itself) are expressed as km?. Obser-
vational estimates of early to middle Holocene surface water area are
from Schneider (1967) for Lake Chad and from Petit-Maire et al.
(1988). No estimate of the total surface water areain northern Africa
is available.

% Total Lake Chad N Niger
MOD 1 28 000 2000
6 kyr BP 3 130 000 16 000
EST * 330 000 57 000
PWA 14 350 000 85000

dan (=17°N, 23°-27°E; Fig. 3), where observations sug-
gest that small lakes and wetlands may have covered as
much as 20 000 km? during the early to middle Holocene
(Pachur and Hoelzmann 1991). The model fails to sim-
ulate the potential for surface water in this region, prob-
ably because the individual basins are smaller than the
resolution of the DTM.

The results of the 6 kyr BP experiment indicate a
large sensitivity to changes in the strength of the mon-
soon. However, the results also show that GENESIS
version 1.02 probably underestimates the strength of the
6 kyr BP monsoon since the resultant surface watersare
considerably less than those observed. This illustrates
the utility of SWAM as a tool for diagnosing the ac-
curacy of climate simulations on AGCMs.

5. Conclusions

Observations and numerical simulations indicate that
inland surface waters are a potentially important and
dynamic component of the climate system. Until re-
cently, surface waters have been neglected in global
climate simulations. The model presented hereis afirst
attempt at developing a relatively simple and accurate
means of predicting surface water area at the resolution
of AGCMs, from estimates of runoff, precipitation,
evaporation, topography, and water transport directions.

A similar methodology can be used for the global
simulation of surface waters for modern and climate
change experiments (past and future) with topographic
datasets currently (or soon to be) available. SWAM-
derived estimates of surface water can also be used as
a tool for diagnosing the accuracy of past and present
climate simulations.

The limitations on accurately simulating inland sur-
face waters are largely a result of the coarse resolution
of DTMs. The coarse resolution results in a variety of
problems, including 1) underestimation of the potential
water area through a failure to identify areas smaller
than the resolution of the DTM (e.g., the Niger bend),
2) overestimation of the potential surface water areain
river valleys, and 3) incorrect spatial distribution of the
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surface water in a large lake through errors in the def-
inition of the lake basin topography (e.g., the modern
Lake Chad basin). Finer-resolution DTMs, such as the
EROS Data Center 3 arc second global DTM, are being
made available and should improve the accuracy of
large-scale surface water simulation.
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APPENDIX
Calculation of the Surface Water Evaporation

Evaporation from the surface water is calculated us-
ing a linked system of equations based on those de-
scribed in Parkinson and Washington (1979). Starting
with an initial guess for the surface water temperature
(T,), consistent values of evaporation, sensible heat, and
longwave radiation are obtained by solving the surface
energy budget equation for T,

AT, = [AY/(C,D][S(1 — @) + (1* — 1') — H — AE],

where Sisthe incoming solar radiation, « isthe surface
albedo, 1* — 1' is the net longwave radiation at the
surface, H is the sensible heat flux, A is the latent heat
of vaporization, E is the evaporation, At isthe time step
of 1 day (86 400 s), C, is the heat capacity of water
(4.186 X 10° Jm—3 K-1), and Z is the water depth (10
m).
Here, (1 — «) and 1' are derived from the 2° X 2°
global simulation by Levis et al. (1996) using the LSX
land surface model (Pollard and Thompson 1995). A
complete description of the LSX modern simulation and
comparison of results with observations can be found
in Levis et al. (1996). The monthly average values of
S1 - a) and 1' are averaged annually and converted
to daily values for use in SWAM.

Here, 1' is calculated from the radiative temperature
(oT2), and H and E are determined from the standard
bulk aerodynamic formulas
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H = pC,C,V(T, — T.)
and
AE = pAChV(qa - qw)

Air density p is set at 1.275 kg m=3 (Ebert and Curry
1993). The specific heat of air C, is set at the dry air
value of 1005 J kg—* K. Here, C, is a transfer coef-
ficient taken from Ebert and Curry (1993); V is the
annual average wind speed derived from output of the
GENESIS AGCM (Pollard and Thompson 1995) with
a minimum value set to 3 m s7%; T, is the mean annual
air temperature derived from the data of Leemans and
Cramer (1990); and g, and q,, are the atmospheric and
near-surface specific humidity, respectively. The for-
mulas for the g's are

q. = (e8,)/p
and
d, = (rh/100.) X g,

where ¢ = 0.622 is the ratio of the molecular weight
of water vapor to that of dry air (Wallace and Hobbs
1977), and surface pressure p is a constant value of 101
400 Pa. Saturation vapor pressure g, is determined from
the Clausius—Clapeyron equation (Wallace and Hobbs
1977) using T,,. The mean annual relative humidity rh
is derived from the Worldwide Airfield Summaries da-
taset (World WeatherDisc 1994; see Levis et a. 1996
for details).
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