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Abstract Runoff fields over northern Africa (10–25�N,
20�W–30�E) derived from 17 atmospheric general cir-
culation models driven by identical 6 ka BP orbital
forcing, sea surface temperatures, and CO2 concentra-
tion have been analyzed using a hydrological routing
scheme (HYDRA) to simulate changes in lake area. The
AGCM-simulated runoff produced six-fold differences
in simulated lake area between models, although even
the largest simulated changes considerably underesti-
mate the observed changes in lake area during the mid-
Holocene. The inter-model differences in simulated lake
area are largely due to differences in simulated runoff
(the squared correlation coefficient, R2, is 0.84). Most of
these differences can be attributed to differences in the
simulated precipitation (R2=0.83). The higher correla-
tion between runoff and simulated lake area (R2=0.92)
implies that simulated differences in evaporation have a
contributory effect. When runoff is calculated using an
offline land-surface scheme (BIOME3), the correlation
between runoff and simulated lake area is (R2=0.94).
Finally, the spatial distribution of simulated precipita-
tion can exert an important control on the overall
response.

1 Introduction

Atmospheric general circulation models (AGCMs) rep-
resent the climate of the Earth through numerical solu-

tions of the interactions of atmosphere, land, and ocean.
The representation of the Earth’s physical processes
within AGCMs is somewhat simplified due to the un-
certainties involved in the governing equations, the
coarse spatial resolution of the models and limitations of
available computational power. Despite the uncertain-
ties these models are important tools for determining
environmental and social policy (e.g. Kattenberg et al.
1996). For example, they are commonly used to deter-
mine likely changes in the climate at the land surface in
response to anthropogenic changes in atmospheric
composition and land use. However, the treatment of
land-surface processes is necessarily simplified and as a
result there is uncertainty about the reliability of model
predictions. A clearer knowledge of the limitations and
deficiencies in the models is therefore required.
The Project for Intercomparison of Land-Surface

Parametrization Schemes (PILPS: www.gewex.com/pil-
ps.html) was designed to understand the degree to which
AGCM simulations of modern climate differ as a result
of differences in the treatment of the land surface. Rel-
atively few of the land-surface schemes examined in the
first phase of the PILPS project were able to reproduce
the observed patterns and magnitude of the components
of the surface water budget (Shao et al. 1994). Offline
investigations found large disparities in the surface en-
ergy balance between models (Pitman et al. 1993).
Subsequent studies attributed these differences to the
parametrizations describing energy fluxes at the land
surface (Henderson-Sellers et al. 1995a, b; Henderson-
Sellers 1996). However, the PILPS intercomparisons
show that the accuracy of the simulation of surface
water budgets is not correlated with model complexity
(Desborough 1999).
Continued work within the PILPS project will

doubtless produce a better understanding of and an im-
provement in land-surface schemes. However, while the
accurate simulation of current climate is an important
benchmark, it does not guarantee that a model can
simulate climate changes correctly (Joussaume et al.
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1999). It is difficult to evaluate model performance solely
on the basis of the instrumental record because the
changes in climate since the middle of the last century
have been relatively modest (e.g. Mann et al. 1995; Tett
et al. 1999). Evaluating model performance under the
extreme climate conditions experienced during the recent
geological past provides an opportunity to evaluate how
models respond to larger changes in forcing, and ulti-
mately provides a key credibility test for modelling the
future (Grassl 2000; Joussaume and Taylor 2000). The
Paleoclimate Modelling Intercomparison Project (PMIP;
Joussaume and Taylor 1995, 2000) has been engaged in
such evaluations using rigorously standardized simula-
tions for conditions representing last glacial maximum
(LGM: 21,000 years before present, 21 ka BP) and
middle Holocene (6000 years before present, 6 ka BP)
climates and well-documented, palaeoenvironmental
benchmark data sets (see e.g. Kohfeld and Harrison
2000; Harrison 2000).
Many of the evaluations of the PMIP simulations

have focused on changes in the water budget of northern
Africa as a consequence of the insolation-induced am-
plification of the Afro-Asian monsoon system at
6 ka BP. This focus has been motivated by the fact that
the spatial expression of changes in the African mon-
soon system is comparatively simple, and that there are
several well-documented data sets that show that the
observed changes during the mid-Holocene were large.
Comparisons with palaeoenvironmental data (e.g. Yu
and Harrison 1996; Harrison et al. 1998; Joussaume et
al. 1999) show that although the PMIP models all sim-
ulate a northward expansion of the monsoon front none
produce an expansion as great as the observations would
suggest. Joussaume et al. (1999) have quantified the
mismatch between the simulated and observed climates,
and demonstrated that the PMIP simulations underes-
timate the minimum amount of precipitation required to
support the observed distribution of grassland and
shrubland at about 23�N by between 50–100%. The

range of the response of monsoon precipitation to
orbital forcing shown by the models is large. Joussaume
et al. (1999) suggest that, to some extent, the differences
reflect differences in the simulated surface-energy bal-
ance.
In this study, we continue the investigations initiated

by Joussaume et al. (1999) and present an analysis of
the AGCM-simulated runoff fields in northern Africa
at 6 ka BP. Runoff is a useful diagnostic because it
integrates the precipitation and evaporation compo-
nents of the hydrologic budget and is therefore sensitive
to the treatment of the land surface within the AGCM.
We use a hydrological routing algorithm (HYDRA;
Coe 2000) to simulate the behaviour of the rivers, lakes,
and wetlands in northern Africa in response to simu-
lated changes in runoff at 6 ka BP. The simulated
changes in runoff are derived in two ways: either
directly from the PMIP simulations or indirectly, by
using the changes in precipitation, temperature and
cloudiness simulated by each of the PMIP simulations
to drive an offline land-surface model. Comparisons of
these two sets of simulations enable us to investigate
the degree to which differences in the simulated runoff
and lake area over northern Africa reflect differences in
the land-surface schemes used by individual PMIP
models and the distribution of simulated precipitation
on the landscape.

2 Methods

2.1 The PMIP 6 ka BP simulation

The PMIP 6 ka BP simulation was conceived to examine the climate
response to insolation forcing of different AGCMs (Joussaume and
Taylor 1995, 2000). The 6 ka BP simulation therefore differs from
the control simulation in only two respects: orbital parameters were
changed and atmospheric CO2 concentration was lowered to
pre-industrial levels (Table 1; Joussaume et al. 1999).The lowering of
CO2 concentration is assumed to have only a minor effect on the

Table 1. Boundary conditions and general specifications of the PMIP control and 6 ka yr BP experiments

Modern (control) 6000 years BP experiment Source reference

Sea surface temperature Existing control run or 10-year
average of AMIP (1979–1988) data set

As modern

Sea ice distribution Existing control run or 10-year
average of AMIP (1979–1988) data set

As modern

Land–sea distribution and
land topography

Existing control run As modern

Ice sheet distribution Existing control run As modern
Land albedo Existing control run As modern
CO2 Existing control run or 345 ppmv 280/345 · control run

level or 280 ppmv
Raynaud et al. 1993

Insolation Berger 1978
Solar constant Existing control run or 1365 W m–2 As modern
Eccentricity 0.016724 0.018682
Obliquity 23.446 24.105
Perihelion (� from equinox) 102.04 0.87
Definition of seasons Existing control run As modern
Number of years simulated 11 (minimum) 11 (minimum)
Length of ensemble 10 10
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simulated climate. Sea-surface temperatures (SSTs) and land-surface
conditions, including the distribution of land and land ice, albedo
and surface roughness, were prescribed to be the same in the 6 ka BP
simulation as in the modern control simulations.

The 6 ka BP simulation has been performed by 18 different
climate models within PMIP (Joussaume et al. 1999). One of these
models (MSU: Moscow State University) has only been run at very
low resolution (10 · 15 grid cells, with three levels in the vertical)
and has therefore been omitted from our analyses. The remaining
models are all full atmospheric general circulation models (AG-
CMs), but with very different parametrizations and a range of
horizontal and vertical resolutions. A complete description of each
of the models is given at the PMIP website (www-pcmdi.llnl.gov/
pmip/). A summary of those aspects of the models and their land-
surface schemes that are most pertinent to our analyses of the
simulated hydrological cycle is given in Table 2.

3 Experimental design

Our evaluations of the PMIP simulations are confined to northern
Africa (here defined as 10–25�N, 20�W–30�E). The expansion of
the monsoon in response to orbital forcing during the early- to mid-
Holocene is documented by the expansion of lakes and wetlands
(e.g. Street and Grove 1976; Petit-Maire and Riser 1981, 1983;
Gasse 1987; Pachur and Kröpelin 1987; Petit-Maire 1989; Arnold
and Petit-Maire 1991; Pachur and Hoelzmann 1991; Street-Perrott
and Perrott 1993) and by the existence of moisture-demanding
vegetation (e.g. Maley 1981, 1983; Ritchie et al. 1985; Ritchie and
Haynes 1987; Schulz 1991; Street-Perrott and Perrott 1993) in now-
arid areas of northern Africa. Quality-controlled syntheses of these
data are available (Qin et al. 1998; Jolly et al. 1998; Kohfeld and
Harrison 2000; Harrison 2000), and earlier versions of these data
sets have been used to evaluate palaeoclimate model simulations
(e.g. Yu and Harrison 1996; Coe 1997; Pollard et al. 1998; Texier
et al. 1997; Broström et al. 1998; Jolly et al. 1998; Vettoretti et al.
1998; Joussaume et al. 1999; Kutzbach et al. 2001). Our focus on
northern Africa is partly motivated by the existence of these well-
documented benchmark data sets. An additional motivation is
provided by the fact that the structure of the African monsoon is
relatively zonal (e.g. Rowell et al. 1995) and thus diagnosis of the
simulated changes in the monsoon, and its impact on the hydro-
logical balance of northern Africa, should be straightforward
compared to the situation in other regions with monsoonal-type
rainfall. The simulated climate of northern Africa has been a major
focus of PMIP diagnoses, see e.g. Yu and Harrison (1996), Har-
rison et al. (1998), Joussaume et al. (1999) and Braconnot et al.
(2000), Bonfils et al. 2001.

We ran two sets of simulations. In the first set, (referred to as
AGCM-run in text), a hydrological routing model (HYDRA: Coe
1998, 2000) is forced with the 6 ka BP runoff, precipitation, and
evaporation anomaly fields derived from the PMIP simulations.
The results from AGCM-run investigate the impact of the change
in the surface water balance simulated by each AGCM. Since the
precipitation distribution and land-surface scheme of each AGCM
strongly impact the resultant simulated runoff, we designed a
second set of simulations (referred to as BIOME-run in the text) in
which we derived runoff consistent with the climate anomalies
simulated by each of the PMIP models offline using the land-
surface scheme from a terrestrial biogeography model (BIOME3:
Haxeltine and Prentice 1996). The runoff fields simulated by
BIOME3 were then used as input to HYDRA to determine their
effect on lake levels. Thus, the BIOME-run isolates the impact of
the different AGCM land surface schemes by replacing them with a
single land surface scheme. Analysis of the results of these two sets
of simulations allows us to (a) quantify the simulated monsoon
response to orbital forcing in terms of changes in lake area which
can be directly compared to observations of lake area at 6 ka BP,
(b) identify common features of the simulated hydrological
changes, and (c) identify land-surface models which behave
significantly different within the group of models.

3.1 The HYDRA model

HYDRA (the HYDrological Routing Algorithm) simulates the
time-varying flow and storage of water in terrestrial hydrological
systems, including rivers, wetlands, lakes, and human-made reser-
voirs (Coe 1998, 2000). The model derives river paths and potential
lake and wetland volumes from digital elevation model (DEM)
representations of the land surface. The model currently operates
on the global scale at 5-min spatial resolution (�9 km at the
equator). The physical land surface of HYDRA is coupled to a
linear reservoir model to simulate (a) the discharge of river systems,
and (b) the spatial distribution (and volume) of large lakes and
wetland complexes. Rivers, lakes, and wetlands are defined as a
continuous hydrologic network in which locally derived runoff is
transported across the land surface in rivers, forms lakes and
wetlands, and is eventually discharged into the ocean or evaporated
from an inland water body. The model does not explicitly simulate
groundwater discharge or drainage.

HYDRA is forced by surface runoff, plus precipitation and
evaporation (in order to account for the water balance over lakes
and wetlands themselves). Precipitation and surface runoff are
derived from the PMIP AGCM simulations. The estimates of
evaporation from surface waters are calculated at 0.5� resolution
using the Penman formulation relating equilibrium evaporation
from a wet surface to the net surface radiation (Peixóto and Oort
1992). Again, the temperature and cloudiness data required to
calculate evaporation in this way are derived from the PMIP
AGCM simulations. A complete description of HYDRA is pro-
vided by Coe (2000).

HYDRA successfully produces the modern observed global
distribution of lakes and wetlands (Coe 1998) and has been
extensively tested in northern Africa. The model has been shown to
accurately simulate the monthly mean discharge and area of Lake
Chad drainage basin for the 40-year period 1956–1995 (Coe and
Foley 2001). HYDRA has also been used to evaluate the accuracy
of AGCM simulated runoff for the modern climate (Coe 2000;
Lenters et al. 2000).

For the AGCM-run simulations, we derived the runoff and
precipitation forcing for HYDRA by interpolating the anomalies
(difference between 6 ka and 0 ka BP simulations) of annual mean
runoff and precipitation from the AGCM grid to the 5-minute
horizontal resolution of HYDRA. These anomalies were then
added to the annual mean runoff and annual mean precipitation
estimates used for the modern (control) HYDRA simulation.
Specifically, we used modern runoff estimates from Cogley (1989)
and precipitation estimates from Legates and Willmott (1990a).
The change (6 ka–0 ka) in simulated monthly average temperature
and cloudiness are added to the observed surface temperature of
Legates and Willmott (1990b) and potential sunshine (i.e. the in-
verse of observed cloudiness) from Leemans and Cramer (1991).
These values are linearly interpolated to quasi-daily values and
used to derive the net surface radiation. Annual mean evaporation
was calculated by summing the daily equilibrium evaporation
values.

3.2 The BIOME3 model

The coupled carbon- and water-flux module of the equilibrium
terrestrial vegetation model BIOME3 (Haxeltine and Prentice
1996) was used to provide an independent offline estimate of runoff
consistent with the precipitation, temperature and radiation budget
simulated by each of the AGCMs (BIOME-run).

BIOME3 initially predicts the potential presence/absence of five
woody and two non-woody plant functional types (PFTs) based on
ecophysiological constraints. Differences in the physiology, phe-
nology and rooting profile of these different PFTs affect their
behaviour in the coupled carbon- and water-flux module. Compe-
tition between the PFTs is implicitly simulated as a function of
relative net primary productivity (NPP). An optimisation algo-
rithm is used to calculate the maximum sustainable leaf area (LAI)
of each PFT and the associated NPP. Evapotranspiration (AET) is
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a function of equilibrium evapotranspiration rate (i.e. the evapo-
transpiration rate dependent on energy supply alone), potential
(non-water limited) canopy conductance and soil moisture. A
simple planetary boundary layer parametrization adapted from
Monteith (1995) is used to relate non-water-limited potential
canopy conductance and equilibrium evapotranspiration. When
soil supply is limiting, canopy conductance and AET are reduced to
match a supply-limited maximum transpiration rate. Minimum
canopy conductance (which represents plant water loss not
explicitly linked to photosynthesis) is a PFT-specific characteristic;
potential maximum canopy conductance is implicitly so because
optimum photosynthesis rates differ among PFTs. The soil water
budget is calculated using a two-layer soil (0–50 mm, 50–150 mm).
The maximum available water holding capacity of each layer is a
texture-dependent parameter. The soil moisture content in each
layer is calculated on a daily basis, as a function of precipitation,
snowmelt, percolation between the soil layers, AET and runoff. The
percolation rate is dependent on texture and the wetness of the
upper soil layer. Runoff occurs from a given soil layer when that
layer is saturated.

A full description and validation of the BIOME3 model is
given in Haxeltine and Prentice (1996). The BIOME3 model suc-
cessfully reproduces the distribution of potential natural vegeta-
tion (Haxeltine and Prentice 1996), and gives estimates of NPP
and LAI that are in reasonable agreement with observations
(Moore et al. 1995). The coupled carbon- and water-flux module
used in BIOME3 successfully reproduced soil moisture and
evaporation data used in the evaluation of land-surface models
participating in PILPS (Shao et al. 1994). Indeed, the coupled
carbon- and water-flux module was able to reproduce total
growing season evapotranspiration more accurately than any
other participating scheme, and was one of only 4 models that
produced total annual runoff that fell within the range of the
observations (Shao et al. 1994).

In the BIOME-run simulations, we interpolated the simulated
anomalies (6 ka–0 ka) of mean monthly temperature, precipitation
and cloudiness from the AGCM grid to the 0.5� resolution of
BIOME3. The anomalies were added to a modern climatology
(Cramer 2.2), which is an improved version of the Leemans and
Cramer (1991) data set. Quasi-daily values of each of these vari-
ables were derived by linear interpolation between mid-month
values. These climate data were then used to run BIOME3. The
mean annual runoff fields simulated by BIOME3 were then used to
force HYDRA (in addition to the same lake precipitation and
evaporation used in AGCM-run).

4 Results

4.1 AGCM-run

The simulated modern area of lakes in northern Africa
(10–25�N, 20�W–30�E) is about 63,000 km2, which is
roughly comparable with the estimated area of modern
perennial lakes of 43,000 km2 based on the Cogley
(1989) data set. The lake area in northern Africa simu-
lated using anomalies from the PMIP 6 ka BP simula-
tions varies from about 30,000 km2 to 163,000 km2.
Thus, the PMIP simulations produce changes in lake
area of between 25,000 km2 less to 100,000 km2 greater
than the simulated modern area (Fig. 1). The largest
extent of surface water at 6 ka BP is simulated with
runoff from the GENESIS2 and CNRM-2 models. Six
of the simulations result in no significant increase in lake
area or a decrease at 6 ka BP compared to modern
(UIUC11, CSIRO, CCC2.0, YONU, CCSR1, CCM3).
The smallest lake areas are simulated with runoff from

the UIUC11 (30,000 km2) and CCM3 (56,000 km2)
models. Both of these models produce a total area of
lakes less than 63,000 km2 simulated under modern cli-
mate conditions.
The increased lake area simulated by most of the

models is consistent with a northward expansion of
the monsoon front in northern Africa and an increase in
the annual mean precipitation. However, Hoelzmann et
al. (1998) estimate that at least 5% (i.e. ca 570,000 km2)
of the land area of northern Africa was covered by
perennial lakes at 6 ka BP. The largest simulated lake
extent at 6 ka BP (163,000 km2) is only 28% of the
Hoelzmann et al. (1998) estimate.
Lake Chad, with an area of about 350,000 km2 at

6 ka BP (Schneider 1967; Pias 1970), represents about
60% of the observed increase in water area at 6 ka BP
(Hoelzmann et al. 1998). The average simulated area
of Lake Chad of all 17 models is about 74,000 km2,
which is about 20% of the observed 6 ka BP area.
Only four models (UGAMP, GENESIS2, GFDL, and
CNRM-2) simulate a change in runoff large enough to
produce a Lake Chad of greater than 100,000 km2 and
the largest is 135,000 km2 (less than half of the ob-
served 6 ka BP lake area). The smallest 6 ka BP Lake
Chad (about 15,000 km2) is from the UIUC11 runoff
(about 10,000 km2 less than the modern simulation).
All models underestimate the area of Lake Chad in
comparison to palaeo-observations. However, the un-
derestimation is smaller than the underestimation of
the total observed lake area in northern Africa.
Twelve of the 17 models simulate more than 70% of
the water area of northern Africa to be in the Lake
Chad basin (Fig. 2). Three of these models (UKMO,
UGAMP, and GFDL) result in greater than 80% of
the simulated surface water being in Lake Chad. This
suggests that many of the models simulate very low
precipitation and runoff rates outside of the Chad
basin.
There is considerable variation in the magnitude of

the simulated precipitation change amongst the models

Fig. 1. Changes in annual precipitation (in mm) in grey and
annual runoff (mm) in black simulated by the 17 PMIP models
(6 ka BP–0 ka BP) compared to lake area (103 km2) in white
simulated in the HYDRA AGCM-run, all averaged over northern
Africa (10–25�N, 20�W–30�E)
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(Table 3, Fig. 1; see also Joussaume et al. 1999). Models
with a higher simulated precipitation rate at 6 ka BP
(relative to the other models) tend to simulate more
runoff (Fig. 3a) and hence larger increases in lake area
(Fig. 3b, 3c). However, the runoff and lake area do not
increase identically with increased precipitation: models
with nearly identical changes in precipitation produce
simulated runoff that is very different. Indeed, there is as
much as a two-fold difference between simulated lake
areas for models with nearly identical simulated changes
in precipitation (Fig. 1 and Table 3, compare results for
CCSR1, CCM3 and UKMO or UGAMP, GENESIS2
and ECHAM3). In extreme cases, the simulated lake
area is opposite to that expected from the precipitation
change. In the case of MRI2, e.g. the runoff and lake
area of northern Africa at 6 ka BP is greater than that of
the modern simulation despite a decrease in the annual

mean precipitation and, with CCM3, the lake area
decreases slightly despite a large precipitation increase
(Fig. 1, Table 3). These results imply that differences in
simulated runoff are influenced by differences in how the
AGCM land surface models redistribute incoming pre-
cipitation and energy into latent (evaporation) and
sensible heat fluxes and the resultant surface tempera-
ture and evaporation and where the precipitation falls
on the landscape.

4.2 BIOME-run

The lake area for northern Africa simulated by HYDRA
using runoff from the BIOME3 land-surface scheme
varies from 40,000 km2 (UIUC11) to 270,000 km2

(GFDL) (Fig. 4). Thus, the simulations produce changes
in lake area of between 19,000 km2 less than the simu-
lated modern area to 211,000 km2 greater than the
simulated modern area. The range between the models
appears to be enhanced compared to the AGCM-run.
However, the average runoff for the 17 models simulated
in BIOME3-run is about 30% greater than in AGCM-
run (Table 3, Fig. 6). As a result, the average lake area
simulated with BIOME3 runoff is about 44,000 km2

larger than the simulation with the AGCM runoff di-
rectly (Figs. 3c, 5c). The difference in mean lake area
between BIOME-run and AGCM-run indicates that (for
a specific precipitation, temperature, and cloudiness)
BIOME3 partitions less energy for evapotranspiration
than most of the AGCMs (Fig. 6).
Figure 7 summarizes the difference in lake area sim-

ulated by each model for northern Africa in the AGCM-
run compared to the BIOME-run. The average lake area
simulated for the 17 models in AGCM-run varies from
30% greater (BMRC) to 65% smaller (CCM3) than the
BIOME-run. When the difference is large and negative,
then the AGCM-run had much smaller lake area than

Fig. 2. The area of Lake Chad as a percentage of the total lake
area for northern Africa (10–25�N, 20�W–30�E) for the observa-
tions of Cogley (1989) and the 17 PMIP models as simulated in the
HYDRA AGCM-run

Table 3. Summary of the simu-
lated precipitation (P), runoff
(R) in mm/year and runoff/
precipitation ratio (R/P) de-
rived from each of the 17 PMIP
model simulations compared to
the runoff and runoff/precipita-
tion ratio derived for each sim-
ulation using the BIOME
model

Model Code AGCM-derived values BIOME 3-derived values

P R R/P R R/P

BMRC 445 47 0,11 55 0,12
CCC2 403 46 0,11 84 0,21
CCM3 424 51 0,12 78 0,18
CCSR1 423 51 0,12 108 0,26
CNRM2 522 126 0,24 156 0,30
CSIRO 402 47 0,12 76 0,19
ECHAM3 462 83 0,18 102 0,22
GEN2 462 110 0,24 120 0,26
GFDL 491 104 0,21 151 0,31
GISS 402 72 0,18 65 0,16
LMD4 394 73 0,19 70 0,18
LMD5 478 102 0,21 137 0,29
MRI2 374 46 0,12 52 0,14
UGAMP 461 94 0,20 154 0,33
UIUC11 332 31 0,09 40 0,12
UKMO 424 70 0,17 97 0,23
YONU 419 37 0,09 35 0,08
Average 430 70 0,16 93 0,21
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the BIOME-run, which is consistent with the AGCM
having much lower runoff and a relatively higher evap-
oration rate than BIOME3. For example, the largest
increase in lake area in BIOME-run compared to
AGCM-run occurs for the CCM3, CCSR1, UGAMP,
and CSIRO models. BIOME3 simulates an increase in
the runoff ratio that is larger than the average for these
four models (Table 3). This indicates that for a given
energy and water balance the land surface models in
these AGCMs have comparatively high evaporation
rates; more of the energy is partitioned to evaporation
(Table 3, Fig. 7).
The differences between the lake areas for AGCM-

run and BIOME-run also help identify those models

with energy and water balances that fall outside of the
average. For example, the simulated lake area in
BIOME-run is less than the AGCM-run only for
YONU, LMD4, and BMRC. These three models have
very different water balances from one another (Table 3,
AGCM runoff ratios from 0.08 to 0.18) but in all three
cases the simulate runoff ratio for BIOME-run is not
significantly increased compared to AGCM-run (and is
in fact decreased in two of the three). As pointed out by
Joussaume et al. (1999) these models have a simulated
monsoon that is much further north than the other
models. Increased runoff at 6 ka BP is simulated by
these three models from about 15–25�N and decreased
runoff south of 15�N (consistent with a northward shift
in the monsoon front). The other models tend to have
increased monsoon precipitation and runoff centered
further south, at 12–15�N (Fig. 3 of Joussaume et al.
1999). The total lake area in northern Africa is reduced
in these three models because; (1) the increased precip-
itation at 6 ka BP is evaporated from the equilibrium
vegetation and land surface (does not form runoff); and
(2) decreased precipitation over the Lake Chad basin
(south of 20�N) results in less water for runoff and lake
formation at that location.
The BIOME-run simulations clearly demonstrate

that simulated lake area is affected by the AGCM
evaporatranspiration. The differences between the basic
model physics in the AGCMs produce very different
lake areas. The BIOME-run also points out the impor-
tance of the spatial distribution of the precipitation in
determining the runoff and lake area. For example,
models with nearly identical average precipitation have
very different simulated runoff and lake area in BIOME-
run (e.g. UGAMP, GEN2, and ECHAM3, Fig. 4,
Table 3). The mean potential evaporation calculated
from the AGCM simulated temperature and cloudiness
differs by less than 2% between the modern and 6 k a
simulations for all models (not shown). Therefore, any
difference in runoff and lake area in BIOME-run for
identical mean precipitation forcing must be a result of

Fig. 3. Correlations between the changes (6 ka–0 ka) in a precip-
itation (mm/year) and runoff (mm/year), b precipitation (mm/year)
and lake area (km2), and c runoff (mm/year) and lake area (km2),
over northern Africa (10–25�N, 20�W–30�E) as simulated in the
HYDRA AGCM-run

Fig. 4. Changes in annual precipitation (in mm) in grey and
annual runoff (mm) in black simulated by the 17 PMIP models
(6 ka BP–0 ka BP) compared to lake area (103 km2) in white
simulated in the HYDRA BIOME-run, all averaged over northern
Africa (10–25�N, 20�W–30�E)
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differences in where the individual models place the
precipitation. Because the pattern of precipitation differs
between models the total simulated evapotranspiration
differs due to the requirements of the underlying land
surface in BIOME3.

5 Analysis and conclusions

Runoff from 17 of the AGCMs participating in PMIP
was used as input to the HYDRA model to simulate

lake area in northern Africa at 6 ka BP. The AGCMs
show a wide range of climatic response to the orbital
forcing. The AGCM-simulated runoff produced six-fold
differences in simulated lake area between models.
Almost all of the AGCMs produce an expansion of

the lake area in northern Africa, consistent with in-
creased monsoon precipitation and hence increased
runoff. However, none of the AGCMs produce a suffi-
cient increase in precipitation and runoff to maintain the
area of lakes shown by observations. The largest lake
area simulated is about 160,000 km2, which is much less
than the 570,000 km2 observed at 6 ka BP. This result is
consistent with previous PMIP analyses, performed by
Joussaume et al. (1999) and Harrison et al. (1999), which
showed that the simulated precipitation was much less
than observations would suggest. In addition, most
models tend to overestimate the fraction of lake area in
northern Africa associated with the Lake Chad basin
compared to the observations of Hoelzmann et al.

Fig. 5. Correlations between the changes (6 ka–0 ka) in a precip-
itation (mm/year) and runoff (mm/year), b precipitation (mm/year)
and lake area (km2), and c runoff (mm/year) and lake area (km2),
over northern Africa (10–25�N, 20�W–30�E) as simulated in the
HYDRA BIOME-run

Fig. 6. Correlation between precipitation and runoff over northern
Africa generated by each of the PMIP models in AGCM-run
(square symbols) and BIOME-run (diamonds) respectively

Fig. 7. Comparison of the simulated lake area over northern
Africa (10–25�N, 20�W–30�E) from the AGCM-run and BIOME-
run, standardized with respect to the BIOME-run results
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(1998). This suggests that there is a tendency by the
AGCMs to concentrate the precipitation changes in
east-central Africa rather than throughout northern
Africa.
There is considerable variation in the magnitude

and distribution of the simulated 6 ka BP precipitation
changes between the models, which result in large
differences in lake area. The wide range in the 6 ka BP
simulated lake area in AGCM-run appears to reflect
both variations in the magnitude of the simulated
precipitation changes, and differences in the simulated
runoff due to differences in the land surface models
and their parametrizations. However, there is also
considerable variation in simulated runoff in AGCM-
run, and therefore lake area, that is related to the land
surface characterization. For similar changes in pre-
cipitation magnitude there is considerable difference in
the simulated runoff and lake area (Fig. 1). These
differences in simulated runoff are a direct result of
differences in where the precipitation changes take
place and how the AGCM land surface models redis-
tribute incoming precipitation and energy into latent
(evaporation) and sensible heat fluxes and the resultant
surface temperature. This result is consistent with the
PILPS investigation of surface energy fluxes in land
surface models of differing complexity (Desborough
1999).
In our BIOME-run simulations we tested the dissim-

ilarity of the AGCM land surface model simulations.
Models for which there is a large difference in simulated
lake area (AGCM-run minus BIOME-run) indicate land
surface models well outside the mean (e.g. LMD4,
YONU, BMRC, CCM3). Desborough (1999) showed
that land surface model complexity, by itself, does not
guarantee a better simulation of the surface hydrologic
balance. Our analyses are consistent with this conclusion.
For example, two of the models for which the lake area
simulations differ most from the suite of simulations in-
clude the least complex (LMD4, bucket model) and most
complex (CCM3, LSM) land surface models.
The BIOME-run simulations demonstrate that while

runoff is the most important control on simulated lake
area (R2 = 0.94), inter-model differences in evaporation
(as measured by potential evaporation) exert a signifi-
cant influence on the simulated lake area. The BIOME-
run simulations suggest that the spatial distribution of
precipitation, which is related to fundamental differences
in model architecture (de Noblet-Ducoudré et al. 2000),
may also be important in determining the strength of the
overall response to simulated changes in the hydrologi-
cal cycle.
The PMIP simulations analyzed here were designed

to isolate the atmospheric-response to mid-Holocene
changes in orbital forcing, and thus ocean conditions
and vegetation cover were prescribed to be the same as
in the modern (control) simulations. Ocean feedbacks
and vegetation feedbacks are known to significantly
enhance orbitally induced changes in the African mon-
soon (Kutzbach et al. 2001). Thus, it cannot be expected

that the simplified design used in the PMIP simulations
will fully reproduce observed changes in the hydrologi-
cal cycle and in the extent of lakes in northern Africa.
Nevertheless, comparison of the simulated lake area
with observations provides a useful benchmark and en-
ables us to quantify to some extent the impact of inter-
model differences in land-surface partitioning of surface
energy fluxes, and in the spatial distribution of precipi-
tation, on the hydrological cycle simulated by the PMIP
AGCMs. The use of more complex models that incor-
porate ocean- or land-surface feedbacks may improve
the overall match to observed changes in monsoon
strength in northern Africa (Hewitt and Mitchell 1998;
Otto-Bleisner et al. 1999; Braconnot et al. 2000; Doherty
et al. 2000), but it is likely that inter-model differences
will be as or even more significant than amongst atmo-
sphere-only models. By facilitating quantitative com-
parisons against benchmark data sets, forward models
like HYDRA and BIOME should be a useful compo-
nent of the diagnostic toolkit used in to evaluate these
more complex models.
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