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3.1 Objectives 
 
The objectives of this work package is to study the influence of anthropogenic changes of the 
surface on tropical climate.  
The CNRS-LMD was focused on the effect of irrigation on the hydrological budget over 
monsoon areas. 
The objective of MF-CNRM in this work package was to use scenario integrations to 
investigate the possible influence of future anthropogenic land-use changes (deforestation or 
afforestation) on the surface climate over Africa. The land surface plays an essential role in 
the heat and water balance of the ground, and changes in the land cover can influence the 
local climate conditions. The potential role of anthropic vegetation changes such as tropical 
deforestation is considered as a major environmental issue, but most of the previous 
sensitivity experiments with GCMs have been of the massive deforestation type and are not 
truly representative of expected future conditions. 
The objective of CEH in this work package was to assess the climatic impacts of land use 
change (historic and predicted) in West Africa. 
 
 
3.2 Methodology and scientific achievements related to Work Package WP2100 
 
MF-CNRM: In the former version of the ARPEGE-Climat model, the land-surface parameters 
were computed on the grid of the GCM from the land-surface classification type of Wilson 
and Henderson-Sellers (1985) by means of a correspondence table detailed in Mahfouf et al 
(1995). Over Africa and Europe the land surface albedo was further improved by taking into 
account a surface albedo retrieved from Meteosat data. The accuracy of this method was 
limited by the 1°x1° spatial resolution of the land-surface dataset, which becomes too coarse 
for a simulations with a stretched coordinate grid that can reach a resolution below 100 km. 
An improvement to the representation of land-surface properties for the current climate was 
made by taking into account more recent satellite-derived remote sensing information on the 
land surface vegetation cover at fine resolution. Such an approach was developed by 
Champeaux et al. (2000) who have produced a detailed land-cover map with vegetation 
classes at a resolution of 1 km from an automatic classification of multitemporal NDVI series 
from AVHRR satellite data. 215 ecosystems representing areas of homogeneous vegetation 
are derived by combining existing land-cover maps and climate maps, in addition to the 
AVHRR satellite data. Then, all surface parameters are derived for each of these ecosystems 
with look-up tables with the annual cycle of the Leaf Area Index (LAI) being constrained by 
the AVHRR information. The resulting LAI has been validated against a large amount of in-
situ ground observations, and it is also compared to LAI derived from the ISLSCP2 database 
and the POLDER satellite. The new ECOCLIMAP database has been implemented in the 
ARPEGE-Climat model and validated in simulation of the present climate (Masson et al., 
2003). 
Different possibilities for choosing realistic deforestation scenarios for the period 2030-2050 
have been considered. What appears the more consistent approach is to rely on scenarios 
produced by integrated assessment models which have been used to produce the greenhouse 
gas emission scenarios for the IPCC Third Assessment Report . Among the 6 models used for 
the formulations of the new SRES scenarios, the model IMAGE 2.2 from RIVM seems to 
have the most detailed land-surface scheme and produced land-surface maps at a resolution of 
0.5 degrees which are suitable for the simulations with the ARPEGE-Climat model. IMAGE 
2.2 is a dynamic integrated assessment model for global change developed by the National 
Institute for Public Health and the Environment (RIVM) in the Netherlands. The overall 
objective of the IMAGE 2 model is to simulate, on the basis of political and socio-economic 
scenarios, plausible future trends of GHG concentrations in the atmosphere, and to determine 
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their impacts on physical, biogeochemical and human systems. The model has been 
extensively reviewed and frequently used for IPCC assessment. More information about 
IMAGE is available at http://www.rivm.nl/image/ and IMAGE Team (2001) CD-ROM. The 
emission scenario SRES-B2 has been used for performing the future climate coupled 
simulations which have been used as a basis for the deforestation experiments. A time slice 
simulation to study the sensitivity to future anthropogenic vegetation change has been made 
with the stretched-grid version of ARPEGE-Climat with high resolution over Africa. This 
experiment is similar to the simulation performed in WP2000 using the SST anomalies and 
greenhouse gas concentration from the coupled scenario SRES-B2 averaged over 2040-2060, 
with in addition a change in the land cover specified from the results of the impact assessment 
model IMAGE 2.2. In the control simulations the geographical distribution of the vegetation 
and of its properties from the ECOCLIMAP land-cover database. In the future climate 
simulation the land surface changes from the IMAGE 2.2 scenario take into account a 
reduction of the tropical forest over Africa due to the expansion of agricultural land to feed a 
growing population. Initially 10-year simulations have been performed. However the 
preliminary analysis of their results has shown the presence of multiannual variability in 
surface parameters such as soil moisture, and the simulations have been extended to 30 years 
in order to obtain more stable climate statistics, and the analysis has been made on the last 25 
years of the simulations.  
The response to the future vegetation changes over Africa has been compared to the response 
due to greenhouse forcing alone (Maynard and Royer, 2002a). The response to African 
deforestation has been found to be generally smaller than in previously published 
deforestation experiments (see Figure CNRM). Annual mean precipitation was reduced 
significantly only in equatorial Africa. A relatively small evaporation reduction is also found 
to be significant. The change is small because transpiration, as computed by the model, is 
affected only slightly by deforestation, and can partly compensate the reduced interception 
loss over the deforested areas. A detailed analysis has been made to outline the role of 
different land surface parameters in the overall response, in particular the interactive role of 
soil wetness, and of stomatal resistance variations due to changes in the vegetation cover. 
Changes in stomatal resistance are found to modulate significantly the surface latent heat 
fluxes. Evapotranspiration generally increases with decreasing stomatal resistance, and the 
impact of changes in stomatal resistance is higher wherever soil moisture is not a limiting 
factor, such as in African tropical forests. With high soil moisture availability, lower stomatal 
resistance allows larger water vapor release, leading to higher evapotranspiration fluxes. The 
study thus indicates that the evapotranspiration control is more via soil moisture availability, 
than directly via vegetation cover changes. 
Additional sensitivity experiments have been made to separate the influence of the different 
land surface parameters in the response to tropical vegetation changes (Maynard and Royer, 
2002b). A simulation has been performed with a scenario of large scale reforestation over 
Africa by using the potential vegetation map produced by the IMAGE model for 2050. 
However the impact was found to be sensitive to changes in the computation of some land 
surface parameters in ISBA, such as the inclusion of subgrid-scale orography in the 
computation of the surface roughness length (Maynard and Royer, 2003) 
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Figure CNRM:  
Comparison of the time-slice simulations of the ARPEGE-Climat model for 2040-2060 in 
scenario B2 with respect to 1970-1990, giving the response of 2m temperature in °C (top) and 
precipitation in mm/day (bottom) in summer (JJA), to the greenhouse gases forcing only (left 
column), and to the land-surface changes from the IMAGE 2.2 model (right column). 
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+ fig. (accepted by J of Climate) 
 
Maynard K., J.F. Royer, 2002a: Impact of realistic deforestation on West African monsoon. 
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experiments. (Submitted to J. of Climate).  
 
 
CEH : Past studies (e.g. Xue and Shukla 1993, Zheng and Eltahir 1998) have used idealised 
changes in vegetation to illustrate climate sensitivity in West Africa, studies which have been 
used to argue that vegetation changes may have played a key role in the Sahelian drought 
since the 1960s. However, these scenarios may exaggerate both the intensity and extent of 
changes in vegetation which have actually occurred.  
There is no accurate historical record of regional vegetation changes extending back to before 
the drought began. One important driver of vegetation change is land use practice. Therefore 
an important aspect of the work was an assessment of historical land use changes in the region 
from a variety of data sources. To quantify land use change in the sparsely vegetated countries 
of the Sahel, we have exploited the results of a detailed land use model developed specifically 
for that region, and run at the national scale, forced by population statistics, rainfall and other 
factors. In the moist tropical region of West and Central Africa, a variety of sources have been 
used (e.g. the Forestry Resource Assessment 2000) to estimate current rates of deforestation 
at the national scale, and simple scenarios for future deforestation (such as ‘business as usual’ 
and population-forced models) explored. Differences between the data sources arise because 
of different data collection and classification techniques. Overall, it has been found that rates 
of land use and land cover change have varied widely across the region in recent decades. For 
example, countries such as Burkina Faso and Niger have undergone rapid agricultural 
extensification, whilst large-scale deforestation in the tropical belt has been limited in Ivory 
Coast and, to a lesser extent, Togo. In the coming decades, the most dramatic changes in 
vegetation are likely in the relatively undisturbed tropical forests of the Congo Basin. 
In order to use these data in the Hadley Centre GCM, mappings between land use and the 
coverage of land surface components (trees, bush, grass, soil) used by the model had to be 
developed. These were based on simple relationships between vegetation cover and 
climatological rainfall conditions, informed by expert opinion, and compared with satellite 
land cover classifications from 1992/3. 
The GCM was run with three scenarios, based on land use estimates for 1961, 1996 and 2030. 
Simulations using mean mean sea surface temperatures (SSTs) showed a small but consistent 
reduction in precipitation throughout the region as a result of vegetation land use changes. 
The largest changes occurred in regions with the greatest deforestation (e.g. Ivory Coast, 
Congo Basin), with reductions of up to 10% annual rainfall at individual grid points. 
Interestingly, the precipitation in the west African monsoon region increased with the change 
from 1996 to 2030 land use, in spite of regional losses in vegetation. An additional simulation 
was performed to investigate the impact of the remote deforestation occurring during this 
period in the Congo Basin. The model suggests that the anticipated deforestation in that 
region may produce enhanced precipitation in the Soudan and southern Sahel, offsetting any 
local effect. 
The importance of land use change for understanding the historical record of Sahel rainfall 
was examined with further simulations adopting alternative SST scenarios from extreme 
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years. The sensitivity of summer rainfall to SST is an order of magnitude larger than the 
sensitivity to land use change. This suggests that the impact of land use change on climate in 
the region is second order compared to the natural climate variability of the region. Additional 
runs with imposed leaf area index anomalies were performed to examine the role of 
biophysical feedbacks on rainfall in extreme years. The runs support the suggestion that the 
natural response of the vegetation to rainfall amplifies the external (SST) forcing. In addition, 
the results suggest that this feedback may become more important with the loss of natural 
vegetation. 
 
References :  
 
Xue, Y. and J. Shukla (1993). "The influence of land-surface properties on Sahel climate .1. 
Desertification." Journal Of Climate 6: 2232-2245. 
Zheng, X. Y. and E. A. B. Eltahir (1998). "The role of vegetation in the dynamics of West 
African monsoons." Journal Of Climate 11(8): 2078-2096. 
 
 
LMD-CNRS : The development of a new version of the LMD GCM atmospheric model, 
coupled with the ocean/ice LODYC/LSCE OPA/ICE and with an integrated vegetation/land 
surface model ORCHIDEE has been achieved. This IPSL GCM is a model, which performs a 
coupling between the climate model, the carbon model and a dynamical vegetation model 
(LPJ model). 
This model also includes a new hydrological scheme. The soil moisture profile is computed 
with 11 layers, the upper one being very thin (few mm) to interact at a fast time scale. The 
physically based hydrological scheme developed at the LMD is shown to be a suitable Land 
Surface Model for the soil-plant-atmosphere representation in a GCM (de Rosnay et al. 2002). 
We achieved the full coupling between this new hydrological scheme and the carbon 
modelling and dynamical vegetation model in ORCHIDEE.  
Finally a route scheme was developed and integrated in ORCHIDEE. This is described in the 
WP3000 as a tool which enables us to compute the river flows within the GCM. This gives us 
the opportunity to simulate to re-evaporation of water in the streams within the flood-plains or 
through irrigation.  
An irrigation scheme was developed in ORCHIDEE during the PROMISE project. The FAO 
formulation was chosen for the representation of irrigation water requirement. Since this is a 
local scale parameterization, an important part of the work was devoted to adjust this sceme to 
the large scale processed involved in GCMs. 
The developped irrigation scheme includes three components. First the irrigation water 
requirement is computed. Second, the actual irrigation is computed according to the relative 
equilibrium between water demand and supply of each grid cell. The resulting actual 
irrigation is withdrawed from the river system and aquifer reservoirs. Third, the computed 
irrigation is added to the land covered surfaces of each irrigated grid boxes of the model. The 
model is shown to capture the main features of the geographical and temporal variations of 
the irrigation over India. As expected the intensive irrigation over the Indian Peninsula leads 
to increase the annual mean value of the latent heat fluxes.  
Based on the feasibility and relevance of this preliminary approach, further numerical 
experiments with the land surface scheme ORCHIDEE and coupled to the LMD General 
Circulation Model are devoted to study the interactions and feedbacks between irrigation and 
climate, from regional to global scales. 
 
The preliminary results show that the climate change has a substantial effect on irrigation. 
The doubling of CO2 induces in the LMD GCM a decrease of precipitation over Indus and 
Ganges basins and an increase over Brahmaputra basins. Consequently, a decrease of river 
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flow is simulated over the Indus and Ganges basins, and the water supply to irrigation is 
reduces over these two regions. These results are illustrated over the Figures LMD.  
 
 
 

 
 

LMD 1 
 
 
 
 
 

 
 

LMD 2 
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LMD 3 
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3.3 Socio-economic relevance and policy implication  
 
MF-CNRM: Vegetation changes of anthropogenic origin need to be considered for improving 
the realism and regional accuracy of  the assessments of the land surface impact in  future 
climate scenarios. The conclusion that can be drawn from these simulations is that realistic 
future vegetation changes have only a limited impact on the simulated climate, but which may 
be important to consider to improve the simulation of the regional climates. 
 
CEH : Land use and natural resource management policy at the national level needs to take 
account of predicted changes in climate in West Africa, as well as satisfying the demands of a 
growing population and economic development. Our study suggests that the direct feedback 
of land use on climate at the regional scale is likely to be weaker than the effect of increased 
global CO2 levels. However, at the local / national scale, extensive deforestation may 
contribute to a substantial reduction in precipitation, and therefore impact negatively on water 
resources. 
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LMD-CNRS: The problem of water resources can be the most serious problem our society 
will face in the next decades. As the demand for water increase, an important issue is the 
evaluation of changes of the hydrological budget that countries experience, not only due to 
climatic change related to CO2 increase but also due to human disturbances through reservoir 
construction and water use by agriculture. Our study is focused on this issue of major 
importance for the future.  
 
 
3.4 Discussion and Conclus ion 
 
MF-CNRM : During this project, the effort at CNRM has been put on the improvement of the 
representation of the land-surface parameters used by the ISBA soil-vegetation scheme used 
inside the ARPEGE-Climat model. Detailed satellite mapping of land surface properties has 
been used to improve the representation of global land use for the current climate, and has 
been implemented in the land surface model. The new land cover using satellite information 
ECOCLIMAP provides more realistic boundary conditions for the current climate. , and thus 
will provide a better reference simulation for the assessment of the impact of future vegetation 
changes. The impact of greenhouse forcing and vegetation changes have been compared, with 
particular emphasis on the surface climate changes over Africa. The results show that the 
greenhouse forcing is the dominant factor on the climate change over the whole of Africa, 
with vegetation changes having only a local impact over the deforested areas. The response 
seems also to be dependent on the choice of parameters in the land surface scheme. 
 
CEH : The results show that whilst land use change in West Africa has been rapid in recent 
decades, its impact on climate is relatively small compared to the natural variability of the 
system. There remain many sources of uncertainty in estimating changes in vegetation at the 
large-scale. However, the relatively modest impacts on climate found here suggest that the 
overall conclusions are not greatly affected by the methodology for developing regional 
vegetation scenarios.   
 
LMD-CNRS : We have developed a tool, ORCHIDEE, which is rather complex compared to 
the usual land-surface schemes. But it is ready to be used, within a GCM, to study the full 
interaction between atmosphere, land and ocean. The first integration we made to study the 
influence of irrigation on climate and river flows seems quite promising. This model will 
certainly be used by a large community of climate modellers and some hydrologistes working 
on large catchment basins to study the futur climate and water budget variations on land.  
 


