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Abstract 
 
 
 
 
The main objective of RT5 is to perform a comprehensive and independent evaluation of 
the performance of the ENSEMBLES simulation-prediction system. In particular, WP5.2 
is devoted to the “processes and phenomenon” based evaluation of the capability of the 
models in reproducing the main features of climate and its variability. Special attention is 
dedicated to the identification and documentation of the systematic errors of the 
ENSEMBLES models.  
In this context, the inclusion of improved parameterizations able to contribute the 
models’ skill and reliability appears to be of great interest. The present work documents 
how a more exhaustive consideration of the land-surface-vegetation processes affects the 
boreal summer surface climate simulated by the Atmospheric General Circulation Model 
(AGCM) currently used at INGV. To this aim, a Land Surface Model (LSM) has been 
included in the ECHAM4 AGCM. The LSM is an early version of ORCHIDEE 
(Organizing Carbon and Hydrology In Dynamic EcosystEms) and it replaces the simple 
land surface scheme previously included in ECHAM4.  
In order to investigate the impacts on the simulated climate, different sets of AMIP-type 
simulations have been performed with ECHAM4 alone and with the AGCM coupled with 
ORCHIDEE. Furthermore, to assess the effects of the increase in horizontal resolution 
the coupling of ECHAM4 with the LSM has been implemented at different horizontal 
resolutions.  
The analysis reveals that the LSM has large effects on the simulated boreal summer 
surface climate of the atmospheric model. Considerable impacts are found in the surface 
energy balance due to changes in the surface latent heat fluxes over tropical and mid-
latitude areas covered with vegetation. Rainfall and atmospheric circulation are 
substantially affected by these changes. In particular, increased precipitation is found 
over evergreen and summergreen vegetated areas.  
Particular attention has been devoted to the Indian Summer Monsoon (ISM) region. The 
simulation of the ISM phenomenon is considerably improved in the ECHAM4-
ORCHIDEE coupled model in comparison with the ECHAM4 model alone. A land-
atmosphere feedback mechanism is proposed in order to explain this result. 
 
The present work has been recently published in Journal of Climate (Alessandri et al., 
2007). 
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1   Introduction 
 
 
 
 
Over the last decades both model and observational studies have shown that the climate 
system is sensitive to the processes that characterize the Earth's continental surface and 
that an accurate representation of these processes in climate models is of great 
importance. Early numerical sensitivity experiments conducted in the 80s, showed that 
changes in surface albedo  (e.g: Charney et al., 1977), soil humidity (Shukla and Mintz, 
1982; Meehl and Washington, 1988) and surface roughness length  (Sud et al., 1988) 
have a considerable impact on atmospheric circulation and precipitation patterns. Since 
that time, numerical models have continously improved, with the inclusion of more and 
more realistic land surface schemes and with wider inclusion of vegetation functions and 
characteristics.  
A parameterization of the vegetation included in an AGCM permits to better simulate the 
evolution of surface parameters such as roughness length, albedo and surface-soil 
moisture. Furthermore, the inclusion of a realistic vegetation allows a description of the 
function of roots, of the physiological control of transpiration and of the water 
interception by the vegetation canopies which is quickly evaporated back to the 
atmosphere. This last process, also known as “interception water loss”, can be very 
important for a realistic estimate of the evapotranspiration rate over vegetation covered 
areas, as shown by Stewart (1977). Using an individual pine species, he showed that, for 
that particular vegetation species, the rate of evaporation of intercepted water can be as 
high as three times the rate of transpiration under the same atmospheric, surface and 
radiation conditions (Stewart, 1977).  
The idea that vegetation influences climate is hardly new. Apparently, Christopher 
Columbus is reported to have believed that heavy rainfall in the New World was caused 
by the rank forest vegetation  (Kittredge, 1948; Thompson , 1980; Bonan, 2002). The 
main mechanism by which vegetation is supposed to act to modify the precipitation 
intensity is through a positive feedback between evapotranspiration and rainfall. Shukla 
and Mintz (1982) conducted a sensitivity numerical GCM experiment in which two 
different and opposite constraints were placed upon the land surface evapotranspiration. 
In the first one, no evapotranspiration was allowed, while in the second one 
evapotranspiration was set equal to the model simulated potential evapotranspiration (i.e.: 
the maximum possible evapotranspiration for the given atmospheric condition, which is 
computed assuming that the soil is saturated with water). They found that, in the GCM 
climate, "the global fields of rainfall, temperature and motion strongly depend on the 
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land-surface evapotranspiration". However, the connection between evapotranspiration 
and precipitation depends on a large number of interacting thermodynamic and 
dynamical processes. As stated by Shukla and Mintz (1982), reduction or increase in 
evapotranspiration does not necessarily mean a reduction or an increase in precipitation, 
but the exact response will vary from region to region, depending on how the large-scale 
circulation is modified. Whether or not the increased moisture supply from the surface is 
able to produce stronger precipitation, and possibly feedback with the convective activity, 
depends on the background stability conditions in the boundary layer due to the 
atmospheric circulation (e.g: Barros and Wenje, 2002).  
During the 90s, a series of numerical experiments aimed to assess the impacts of tropical 
deforestation have been performed (e.g: Henderson-Sellers et al., 1993; Dirmeyer and 
Shukla,1994; Polcher and Laval, 1994; McGuffie et al., 1995). These experiments 
showed a strong sensitivity of simulated climate to tropical deforestation. However, the 
deforestation experiments showed also a large model dependence, most likely due to the 
difference in the GCM dynamical structures, land-surface representation, ocean 
description and experimental design.  
Recent modeling and observational studies further indicate that land surface and 
vegetation can considerably feed back on climate (e.g: Bonan, 2002; Kaufmann et al., 
2003; Knorr and Schnitzler, 2006) suggesting that the feedbacks between land surface 
and atmosphere could be important determinants of climate at a range of spatial (local to 
global) and temporal scales (seasonal to centennial and longer). Lawrence and 
Slingo (2004) (van den Hurk et al., 2003) showed that the introduction of vegetation 
(LAI) seasonality into the Met Office Hadley Centre Unified Model (the European Centre 
for Medium-Range Weather Forecasts model) increases surface evaporation seasonal 
cycle over land and that this is able to produce enhanced growing season precipitation 
rates where the simulated latent heat flux (evaporation) increase is large. Koster et al. 
(2002, 2003) and Koster and Suarez (2004) using both numerical model experiments and 
observational evidences, suggested that land surface-atmosphere feedbacks can strongly 
influence the precipitation on regional scale. In a more recent work, Koster et al. (2004) 
evidenced that the strongest potential impact on the boreal summer precipitation 
variability, due to soil moisture anomalies, is found in transition zones between wet and 
dry climates, such as in the central Great Plains of North America, the Sahel, central 
Africa and India. The results of a further numerical study by Schubert et al. (2004), 
indicate that the dramatic 1930s Dust Bowl drought that occurred in the southern Great 
Plains was caused by anomalous tropical sea surface temperature during that decade and 
that interactions between the atmosphere and the land surface considerably increased its 
severity.  
The Asian summer monsoon has been largely studied, also because of the impacts that 
this phenomenon has on the economy of one of the most populated region of the world. 
Some works suggest that land surface processes have very important influence on the 
Asian summer monsoon but the extent and the mechanism of such effects are still not 
completely understood. Yang and Lau (1998) conducted a series of model experiments 
aimed to understand the influences of sea surface temperature (SST) and land surface 
processes on the Asian Summer monsoon. They concluded that land surface processes 
mainly affect the early stage of the monsoon and that land surface variations reinforce the 
monsoon anomalies produced by warm SST forcing. Lau and Bua (1998) proposed a 
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monsoon land-atmosphere feedback mechanism operating when the evapotranspiration 
from the surface is below the potential rate (e.g: onset phase of the monsoon). Following 
this mechanism, an increase in evapotranspiration is able to further moisten and 
destabilize the atmospheric boundary layer triggering the rapid growth of deep 
convection and precipitation. The tropospheric air, warmed by the latent heat release, 
rises leading to increased low level moisture convergence which in turn reinforces the 
convective activity. As a result there will be a further increase in moisture availability at 
the surface for evapotranspiration.  
The main objective of this work is the study of the effects of a more exhaustive 
consideration of the land surface and vegetation processes on the simulated surface 
climate of the Echam4 (EcmwfHAMburg version 4) AGCM. An early version of 
ORCHIDEE (Organizing Carbon and Hydrology In Dynamic EcosystEms) has been 
included in Echam4. The coupling between the LSM and the atmospheric component has 
been achieved by virtue of a fully implicit coupling numerical scheme. ORCHIDEE 
replaces the simple land surface scheme included in Echam4 which uses a semi-implicit 
coupling numerical scheme at the interface surface-atmosphere. The effects of an 
improved representation of the land surface and vegetation on the boreal summer surface 
climate simulated by Echam4 have been analyzed in detail. An assessment of the 
sensitivity of the results with respect to the increased model horizontal resolution and to 
the coupling numerical scheme has been performed as well.  
The work is organized as follows: section 2 describes briefly the Echam4 atmospheric 
GCM and the early version of ORCHIDEE used for the present work. Section 3 describes 
the experiments performed as well as the reanalysis and observation datasets used in 
order to make a comparison with the results of the models. Section 4 is dedicated to the 
results and it is essentially divided in 3 parts: subsection 4.1 evaluates the vegetation 
representation of the Echam4-ORCHIDEE (EchOrc) model. In subsection 4.2, the 
assessment of the major impacts, due to the coupling with ORCHIDEE, on the boreal 
summer surface climate simulated by Echam4 at coarse resolution is discussed. 
Subsection 4.3 analyses the sensitivity of the results due to the coupling numerical 
scheme and to the increase in horizontal resolution. Finally, section 5 contains the 
conclusions of this study. 
 
 
 

2  The models 
 
 

2.1 The Echam4 GCM 
 
 
Echam4 is the fourth generation of the ECHAM atmospheric general circulation model 
developed at the Max Planck Institut Für Meteorologie in Hamburg. The model equations 
are solved on 19 hybrid vertical levels (top at 10 hPa) by using the spectral transform 
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method. In this work, Echam4 is used with a triangular truncation T30, which 
corresponds to an associated gaussian grid of approximately 3.75°×3.75° in latitude and 
longitude. Two simulations were also performed with a triangular truncation T106 (i.e., 
corresponding to an associated gaussian grid of about 1.125°×1.125°), in order to 
investigate the effects of the horizontal resolution. The time step for dynamics and 
physics is set at 1800 sec for the T30 horizontal resolution and at 720 sec for the T106 
case. These numbers are chosen to get a numerical stability, following the Courant-
Friedrichs-Levy (CFL) criterion (Roeckner et al., 1992). An exhaustive and detailed 
description of the dynamical and physical structure as well as of the simulated 
climatology of the model has been given by Roeckner et al. (1996).  
 

2.1.1 Echam4 surface parameterizations 
 
In the Echam model (Roeckner et al.,1992, 1996) the surface fluxes of momentum, heat, 
and moisture are calculated according to the classical aerodynamic formulas using the 
Monin-Obukhov similarity theory (e.g: Stull, 1997):  
 

Fx = ρCD |v| (Xa − XS) (1)
 
where ρ is the density of air, CD is the drag coefficient and |v| is the absolute value of the 
horizontal wind speed. The value of Xa may be identified with the atmospheric value, at 
the model level closest to the surface, of one of the quantities that are subject to the 
turbulent exchange (momentum, heat and humidity), while XS is the surface value. For 
evaluating the moisture flux over land, each grid element is divided into four fractions. 
These fractions are snow cover, wet skin fraction, vegetation and bare soil. The 
representation of the vegetation uses an aggregated treatment of the canopy 
characteristics (i.e: without taking into account any information on the vegetation 
diversity within the grid box). The vegetation characteristics are provided, for each grid 
box, by means of mean prescribed constant climatological values for parameters like 
surface roughness length and albedo (Roeckner et al., 1996). The moisture flux is 
calculated for each of the four fractions according to the following equation:  
 

E = ρCh |v| β(qa − h qs (Ts,ps))  (2)
 
where qs is the saturation-specific humidity , Ts the temperature and ps the pressure at the 
surface, whereas qa is the atmospheric specific humidity at a reference level. The values 
of the "beta coefficient" (β) and of h, which represent the limitation to the evaporation 
due to soil moisture availability, have to be specified for each fraction.  
The coupling between the land surface and the vertical diffusion is performed using a 
semi-implicit coupling scheme with a Dirichlet closure at the interface. The calculation of 
the soil temperature is based on the heat diffusion through soil layers. For this purpose, 
the heat conduction equation is solved for five layers over land and land ice, 
following  Warrilow et al. (1986). The water budget within the soil is represented by 
means of a single layer (bucket model) following  Manabe (1969). The storage capacity 
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of this single layer soil is spatially varying and prescribed following a global dataset of 
estimated total water-holding capacities (Patterson, 1990). In a simple bucket model, 
surface runoff is produced by the overflow that occurs when the soil water reservoir is 
saturated.  
 

2.2  ORCHIDEE 
 
ORCHIDEE  (Organizing Carbon and Hydrology In Dynamic EcosystEms; Krinner et. al 
2005) is a surface-dynamic vegetation-atmosphere transfer model developed at IPSL in 
Paris. The version of ORCHIDEE used for this work is an early version of the model and 
it does not contain the parameterizations of vegetation and carbon dynamics. In the 
version used, the vegetation distribution is prescribed and the Leaf Area Index (LAI) is 
diagnosed as a function of temperature  (Polcher, 1994). The effective vegetation cover 
and the biophysical state of the vegetation are defined by the LAI (see section 2.3) 
through which a number of other biophysical vegetation variables such as albedo and 
roughness length are derived interactively.  
 
 

 Plant Functional Type  LAI seasonal cycle  
1  Tropical broad-leaved evergreen  No  
2  Tropical broad-leaved raingreen  Yes  
3  Temperate needleleaf evergreen  No  
4  Temperate broad-leaved evergreen  No  
5  Temperate broad-leaved summergreen  Yes  
6  Boreal needleleaf evergreen  No  
7  Boreal broad-leaved summergreen  Yes  
8  Boreal needleleaf summergreen  Yes  
9  C3 grass  Yes  
10  C4 grass  Yes  
11  C3 agriculture  Yes  
12  C4 agriculture  Yes  

 
 
Table 1: PFTs considered in ORCHIDEE. The right column specifies whether or not for the 
specified PFT, the LAI dependence from soil temperature is implemented. 
 
 
Transpiration and direct evaporation of water stored in the canopy interception reservoir 
are computed using twelve Plant Functional Types (PFTs, see Table 1) that may be 
present simultaneously in one grid element (besides bare soil). The moisture flux is 
calculated separately for each fractional surface cover class, and the total flux for each 
grid box is determined as an area-weighted average, thus taking into account the relative 
fractional coverage of the vegetation types. The evapotranspiration is controlled by the 
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aerodynamic resistance, the architectural resistance (resistance between the leaves and 
the canopy top), which is a function of vegetation type, and the canopy resistance. The 
formulation of the canopy resistance is defined as follows:  
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where RS is the incident solar radiation at the land surface, RS0 is the half light saturation 
factor, δc is the water vapor concentration deficit and a, λ and k0 are parameters entering 
in the function of water vapor concentration deficit.  
The energy and water exchanges between the atmosphere and the surface and the soil 
water budget are taken from SECHIBA (Schématisation des Echanges Hydriques à 
l'Interface Biosphère-Atmosphère; Ducoudré et al., 1993; de Rosnay and Polcher, 1998). 
The soil temperature is computed similarly to what described for Echam4, using the heat 
diffusion through soil layers. Differently from Echam4, in ORCHIDEE the heat diffusion 
has been implemented with a discretization in seven soil layers instead of five.  
The soil water is stored in two conceptual layers with variable depths (Ducoudré et al., 
1993). If the soil is dry and it starts raining, an upper moisture layer is created from the 
top to the bottom of the soil. When evapotranspiration is larger than precipitation, water 
is removed from the closest level where it is available in the soil. First, the soil moisture 
is depleted from the the upper layer, again from the top to the bottom, until the upper 
reservoir disappears. Then evaporation continues from the lower layer. The upper 
reservoir can deepen when it is saturated until the total soil water content reaches its 
maximum storage capacity. In this latter case the upper reservoir disappears and all the 
water in the soil goes to the lower reservoir, which then extends through the entire soil 
column. The total depth of the soil is 2 meters and it is constant throughout the 
continents. On the other hand, the storage capacity is a function of the land cover types. 
In vegetation covered areas the storage capacity is prescribed as 150 mm water for each 
meter of soil depth while bare soils have a reduced water storage capacity of 30 mm for 
each meter of soil depth.  
 
 

2.3  The LAI and effective vegetation cover computation 
 
In the version of ORCHIDEE used here, the LAI of herbaceous and deciduous PFTs is 
computed as a function of soil temperature (Tc) at specific depth, different for each PFT. 
LAI is computed as a function of the squared difference between the actual soil 
temperature and the optimal growing temperature value, which is prescribed for each 
PFT:  
 

LAI = laimin,iPFT + tempf(Tc) (laimax,iPFT − laimin,iPFT)  (4)
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where tempf is defined as follows:  
 
tempf = 1 − zfact (Tempopt,iPFT − Tc)2  (5)
 
and with zfact = [1/(Tempopt,iPFT−Tempmin,iPFT)2)] 
  
In the previous equations laimin,iPFT (laimax,iPFT) is the minimum (maximum) value of LAI 
for each PFT; Tempmin,iPFT is the minimum temperature which makes possible the growth 
of that PFT; Tempopt,iPFT is the temperature which permits the optimal growing of that 
particular PFT. In the case of evergreen PFTs, the average between the lower and 
maximum LAI value is prescribed.  
The effective fractional vegetation cover for each PFT (viPFT) is calculated as follows:  
 
 
                                               ( )iPFTkLAI

iPFTiPFT evv −−= 1max,                                                (6) 
 
 
where k=0.5 and vmax,iPFT is the prescribed maximum vegetation cover. For each PFT 
(viPFT/vmax,iPFT) represents the fraction of vegetated areas effectively covered by canopies. 
 

2.4 Surface albedo representation 
 
In ORCHIDEE the distinction between visible (vis) and near-infrared (nir) radiation is 
considered. The total surface albedo, for each spectral band, is computed as the weighted 
average of the various PFT cover albedo (albedoi,vis,nir), the bare soil albedo (albedosoil) 
and the snow cover albedo(albedosnow):  
 

albedotot,vis,nir=

 

∑ 
i  

vegeti ·albedoi,vis,nir + f ·albedosoil,vis,nir + β·albedosnow,vis,nir 

 

(7)

 
where vegeti, f and β are the fractions, for each grid element, of vegetation cover for the 
ith PFT, of bare soil and snow cover respectively. The soil albedo is function of the soil 
humidity and is represented by the following linear equation:  
 
 

albedosoil,vis,nir=albedowet,vis,nir + hdry ·(albedodry,vis,nir − albedowet,vis,nir)  (8)
 
here, albedodry,vis,nir and albedowet,vis,nir are the maximum value corresponding to dry 
conditions and the minimum value corresponding to wet soil conditions; hdry is a 
function of upper soil aridity: hdry=1 if the upper soil layer is completely dry and hdry=0 
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if the upper soil layer is saturated with water. The albedo over snow covered areas is 
represented following  Chalita and LeTreut (1994).  
 
 

2.5  The implicit coupling between Echam4 and ORCHIDEE 
 
Following  Polcher et al. (1998), the coupling has been performed with a fully implicit 
numerical scheme which ensures for energy conservation at the surface-atmosphere 
interface. The coupling of the LSM to the vertical diffusion has been implemented with a 
"Neumann closure" at the interface. This kind of coupling requires that fluxes are 
exchanged between the land and the atmosphere. This leads to more complex 
computations within the land surface scheme than what would be needed for the 
"Dirichlet closure". In the latter case, in fact, only the state variables are exchanged at the 
interface. 
 
 
 

3 Experiments and data 
 
 

3.1 Experiments performed 
 
Two sets of simulations, with prescribed observed sea surface temperature (SST) forcing 
(AMIP-type experiments) have been performed with the Echam4 AGCM (control 
experiment) and with Echam4 coupled with ORCHIDEE (EchOrc). The prescribed SST 
has been obtained from the HadISST1.1 Global Sea-Ice and Sea-Surface Temperature 
dataset for the period 1956-1999. An ensemble of three simulations has been generated 
with both Echam4 and EchOrc at T30 resolution, using different initial conditions for 
each ensemble member. In order to test how the results are affected by the horizontal 
resolution of the model, two further simulations with Echam4 and EchOrc are performed 
at T106 resolution. Due to the computational cost required, the high resolution 
simulations cover the shorter period 1979-1999.  
At the beginning of each simulation, the soil has been set saturated with water and two 
years have been required in order to spin-up the soil moisture content. A simple analysis 
indicates that, in our models, two years were suitable to grant for the end of the transient 
behavior of the soil moisture content due to the abrupt initialization. After the first two 
years, no residual trend was present in the year to year variations of the soil moisture. 
Furthermore, a spin-up of two years has been considered enough in several previous 
studies (e.g: Ducharne et al. 1998; Knorr et al. 2001; Lu et al., 2005). The analysis that 
follows cover the period 1958-1999 for the coarse resolution simulations and the period 
1981-1999 for the high resolution case.  
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3.2  Datasets used 
 
The observed global monthly precipitation is obtained from the CMAP dataset (CPC 
Merged Analysis of Precipitation; Xie and Arkin, 1997) for the period 1979-1999. The 
land-only rainfall gauge-based dataset of the Climatic Research Unit (CRU; New et al., 
2000) for the period 1958-1999 has been used as reference data for the continental-only 
regions, because this allows to compare the model results for a longer time period. The 
surface albedo climatology is derived from the International Satellite Cloud Climatology 
Project (ISCCP) D1 monthly climatology (1984-1999). The ISCCP data were obtained 
from the NASA Langley Research Center Atmospheric Sciences Data Center. For the 
comparison of the model simulated vegetation leaf area index (LAI), the FASIR satellite 
derived LAI data have been used. The FASIR dataset covering the period 1982-1998 was 
obtained from the International Satellite Land Surface Climatology Project (ISLSCP) 
Initiative II dataset (Hall et al., 2005). ECMWF 40-year Re-Analysis (ERA40; more 
information about the ERA40 global analysis are available in 
http://www.ecmwf.int/research/era) have been used to derive the atmospheric fields of 
wind and specific humidity. 
The surface latent and sensible heat fluxes from NCEP-DOE AMIP-II (henceforth 
NCEPII) reanalysis (Kanamitsu et al., 2002) for the period 1979-1999 is used for the 
comparison of the models simulated surface fluxes. It is important to note that reanalysis 
surface fluxes have to be carefully used for the validation of model simulations, as they 
are mostly derived from model physics and are, usually, not directly influenced by 
atmospheric assimilated observations (Kalnay et al., 1996). In this respect, NCEPII have 
been chosen as this reanalysis implements rainfall assimilation in the surface physics and 
improves the radiative transfer assimilation algorithms compared to previous NCEP 
reanalysis (Kalnay et al., 1996). Kanamitsu et al. (2002) showed that these improvements 
may also lead to better reanalysis surface fluxes.  
The surface moisture flux has been computed from the latent heat flux from NCEPII by 
assuming a latent heat of vaporization of 28.935 [W×day/mm]. In boreal summer this 
assumption is reasonable because the contribution from sublimation is negligible.  
The vegetation distribution prescribed to EchOrc has been derived from the IGBP 
(International Geosphere Biosphere Programme) map at 1km×1km resolution and based 
on the Olson global ecosystems classification (Olson, 1994a,b).  
 
 

4 Results 
 
 
In this section the detailed evaluation of the model experiment results is shown. The 
robustness of the differences between the model simulations, and between model 
simulations and observations (or reanalyses) have been assessed by means of a t-test at 
the significance level of 5%.  
In subsection 4.1, the vegetation seasonal cycle, as simulated by the EchOrc model, is 
evaluated. In subsection 4.2, we assess the major effects of the coupling of Echam4 with 
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ORCHIDEE at T30 resolution whereas subsection 4.3 describes the sensitivity of the 
results to the numerical scheme used for the coupling and to the horizontal resolution. 
The results found for the Indian summer monsoon (ISM) region have been further 
discussed at the end of subsection 4.3.  
 

4.1  Vegetation Leaf Area Index simulation 
 
Figure 1 (panels a and c) shows the JFM (January-February-March) and JJA (June-July-
August) LAI as simulated by EchOrc. A comparison with the satellite FASIR data (panel 
b and d) indicates that the simulated LAI is, in general, reasonably realistic. However, in 
several regions the amplitude of the seasonal variations is underestimated. The LAI 
seasonal cycle is particularly weak in semiarid tropical regions such as the Sahel, where 
the LAI is overestimated all year round.  
 

Figure 1: Vegetation LAI as simulated by EchOrc (panels a and c) and as represented in the 
FASIR satellite derived dataset (panels b and d). Upper panels show the JFM climatological 
mean while lower panels the JJA mean. Below 3 LAI contour interval is 0.5. 
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In semiarid regions soil water deficit is the main environmental constraint for plant 
growth in the dry seasons. The weakness of the LAI seasonal cycle in these regions is a 
consequence of the way in which LAI is computed. In fact, as shown in section 2.3, the 
simulated LAI is a function of soil temperature only and the effect of the small soil 
moisture availability on plant growth is not accounted for in the present version of the 
model.  
 

4.2  Summer surface climatologies 
 
Figure 2 (panel a) shows the 2 meters temperature (T2m) as simulated by Echam4. Panels 
b and c show the fields as simulated by EchOrc and as it is found in the ERA40 data 
respectively, whereas in panel d the T2m difference between EchOrc and Echam4 is 
shown. Overall, due to the coupling of Echam4 with ORCHIDEE, a T2m increase is 
found in the continental regions of the northern hemisphere from middle to high latitudes, 
with the largest difference located over Eastern Asia (panel d). In the intertropical band a 
reduction of T2m is found over the Indian subcontinent, south America and over central 
and southern Africa. 
Compared to ERA40 (see also section 4.3, figure 8 panels a and b), the T2m field 
simulated with the EchOrc model improves the cold bias found in Echam4 over eastern 
Asia. In particular the warmer T2m over eastern Siberia and Himalaya shown in the 
EchOrc simulations is in better agreement with the reanalysis. Also the reduced 
temperature over the Indian subcontinent, the Amazon basin and over the central and 
southern Africa appears to be closer to the observations. On the other hand, compared to 
ERA40, the increase in T2m simulated by EchOrc seems to be too high over extended 
areas of the northern continents (see figure 8, panels a and b). In particular EchOrc 
exhibits T2m higher than both ERA40 and Echam4 over central and western Asia, 
Middle East and central and Eastern United States, thus leading to a worse simulation in 
these regions.  
Four areas of the globe with strong effects on the Echam4 simulated climate will be 
analyzed with greater detail in the following. The four selected areas are the Indian 
summer monsoon (ISM), the Amazon basin, the central Africa (hereinafter Africa) and 
the Eurasia region. These four regions are covered with vegetation: tropical forests and 
rainforests are found over Amazon basin and Africa, boreal forest cover the Eurasia and 
agriculture mixed to forest extends over the ISM region. The analyzed surface variables 
averaged over these regions are presented in Tables 2-4.  
In table 2 the JJA mean values of roughness length (Z0) and albedo as simulated by 
Echam4 and EchOrc are reported, along with the satellite albedo from ISCCP D1 
monthly climatology. The results shown in table 2 suggest that some contribution to the 
temperature decrease over the Indian subcontinent and over central Africa could be due 
to the surface albedo increase found in the EchOrc simulations. Changes are found also in 
the roughness length, especially over the Amazon basin.  
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Figure 2: JJA 2 meters temperature (°C) climatology for Echam4 (panel a), EchOrc (panel b) 
and ERA40 reanalysis (panel c). Below 15 °C contour interval is 5 °C and the dashed lines 
indicate negative contours. The EchOrc-Echam4 differences are shown in panel d; the plotted 
values satisfy a t-test for difference of means at the significance level of 5%. 
 
 

 ISM Amazon Africa Eurasia 
 Z0(m) Albedo(-) Z0(m) Albedo(-) Z0(m) Albedo(-) Z0(m) Albedo(-) 

Ech4 1.3043 0.1739 2.77127 0.13450 1.4421 0.15604 0.6728 0.15075 

EchOrc 1.1007 0.1834 1.1145 0.1273 0.7929 0.1582 0.5344 0.18142 

Obs  0.1681  0.12515  0.1764  0.1292 

 
Table 2: JJA mean values of roughness length (Z0) and albedo averaged over 4 regions at T30 
resolution for Echam4 and EchOrc. Observed albedo are from ISCCP D1 monthly climatology 
(1984-2000). The 4 regions are the Indian Summer Monsoon region (ISM, 0-30°N, 70-85°E), the 
Amazon Basin (15S-7°N 285-310°E), the Equatorial Africa (12S-12°N 10-40°E) and Eurasia (55-
65°N 35-120°E). Only continent grid points are used in the area averages. 
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Figure 3 (panels a-c) shows the surface latent heat flux (LHF) as simulated by Echam4, 
EchOrc and in the NCEPII reanalysis data, respectively. Panel d shows the differences 
between EchOrc and Echam4. In the EchOrc ensemble mean there is a systematic 
increase of LHF over vegetated areas. This is in agreement with the reanalysis, in 
particular over boreal and tropical forests (see also section 4.3, figure 10 panels a and b). 
In the Sahel region (10-20°N, 10°W-20°E) the simulated LHF is too strong in Echam4 
and the bias is even more pronounced in the EchOrc simulations. This bias might be 
explained by the fact that, in that region, EchOrc shows an overestimation of the LAI 
and, as a consequence, of the simulated fraction covered with vegetation (see 
section 2.3). Since the albedo over vegetated areas is lower than over bare soil in dry 
regions such as the Sahel, it follows a decrease in surface albedo with respect to the 
Echam4 simulations (25% reduction averaged over the region used to define the Sahel 
Rainfall Index in Moron et al. 2003). The increase of precipitation and of the subsequent 
evapotranspiration is a consequence of the reduced albedo, in agreement with the 
Charney's albedo mechanism of self induction of deserts  (Charney et al., 1977).  
The increased LHF in vegetated areas found in the EchOrc simulations is, in most 
regions, compensated by a decrease of sensible heat flux (not shown), which results in a 
considerable reduction of the Bowen ratio during boreal summer. Table 3 contains the 
Bowen ratio averaged over the four selected areas. The systematic decrease found in the 
EchOrc simulations is in better agreement with the reanalysis, with the only exception of 
Eurasia. In fact, the anomalously low evaporation rate found for Echam4 in that region is 
not compensated by an increase in sensible heat flux. This means that, less energy is 
available at the surface due to reduced net surface radiation or energy loss resulting from 
the coupling numerical scheme (see section 4.3).  
Figure 3 (panels e and f) shows the percentage of evapotranspiration due respectively to 
transpiration and to interception loss as simulated by EchOrc. No corresponding quantity 
are available for the Echam4 simulations, as those processes are not explicitly considered 
in the land surface scheme included in this model (see section 2). The comparison of 
panel f with panel d suggests that the interception loss contribution in vegetation covered 
areas is, at least in part, responsible of the increase in surface evapotranspiration.  
 
 
 

 ISM Amazon Africa Eurasia 
 BR(-) SW(-) BR(-) SW(-) BR(-) SW(-) BR(-) SW(-) 

Ech4 0.815 0.525 0.441 0.631 1.368 0.653 0.119 0.814 

EchOrc 0.205 0.683 0.069 0.565 0.522 0.626 0.121 0.860 

reanalysis 0.389  0.121  0.370  0.120  

 
Table 3: JJA values of Bowen ratio (BR) and relative soil wetness (SW) averaged over 4 regions 
for Echam4 and EchOrc. NCEPII reanalysis Bowen ratios are also reported. The regions 
selected are the same as in Table 3. Only continent grid points are used in the area average. 
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Figure 3: JJA surface latent heat flux (W/m2); positive downward) climatological mean for 
Echam4 (panel a), EchOrc (panel b) and NCEPII reanalysis (panel c). The EchOrc-Echam4 
differences are shown in panel d; the plotted values satisfy a t-test for difference of means at the 
significance level of 5%. Panels e and f shows the percentage of surface latent heat flux due 
respectively to transpiration and to interception loss as simulated by EchOrc.  
 
Figure 4 shows the total precipitation. Compared to Echam4 (panel a), EchOrc (panel b) 
exhibits increased precipitation over boreal forests, Amazon basin and central Africa 
tropical forests (panel d). Interestingly, precipitation over the Asian monsoon region is 
substantially increased, leading to a significant improvement of the simulated monsoon. 
As mentioned earlier, in the EchOrc simulations increased precipitation is found in the 
Sahel region, producing a worse simulation of the rainfall in that region. As shown in 
figure 4, EchOrc simulates higher summer precipitation compared to both Echam4 and 
CMAP data over wide areas of the continents north of 45 degrees (see also figure 11, 
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panels a and b). This results might indicate a worsening of the simulated precipitation 
over these areas with EchOrc. However, it should be noted that some uncertainty is 
associated with CMAP precipitation data at middle and high latitudes. As pointed out 
by Xie and Arkin (1995, 1997), no observation-based data sources provide coverage with 
reasonable quality over these regions. Furthermore, as stated by Legates and Willmott 
(1990), most of the standard raingauge measurements, used in order to produce the global 
precipitation datasets, such as CMAP, underestimate the actual precipitation. The 
raingauge undercatch tends to increase as the latitude increases and it can range from less 
than 5% in the tropics to more than 40% at the geographical poles (Legates and Willmott, 
1990,Hagemann and Dümenil, 1998). The high uncertainty associated with the 
precipitation observations at middle and high latitudes over continental areas is 
demonstrated by comparing the CMAP boreal summer climatology with the 
independently compiled CRU continents only dataset (New et al., 2000). The boreal 
summer climatologies have been computed for the period 1979-1999 for both CMAP and 
CRU.  

 
 

Figure 4: JJA total precipitation (mm/d) climatological mean for Echam4 (panel a), EchOrc 
(panel b) and CMAP (panel c). The EchOrc-Echam4 differences are shown in panel d; the plotted 
values satisfy a t-test for difference of means at the significance level of 5%.  
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In the tropics the two datasets are very close to each other (when averaged over the 20°S-
20°N latitude band CRU displays a 2% decrease compared to CMAP). At higher latitudes 
(45-90°N), the CRU dataset displays an area averaged increase in precipitation of more 
than 15% compared to CMAP, with the strongest increase over Greenland and Asia (not 
shown). Compared with the CRU data, the results obtained at high latitude with EchOrc 
and Echam4 appear to be quite different (not shown). Echam4, in fact, appears to 
underestimate the precipitation over most of the northern Eurasia while EchOrc looks 
considerably better in middle and high latitudes of the northern continents.  
As shown in Table 3, the increased precipitation, found in EchOrc, produces an increase 
of the soil wetness in the ISM and Eurasia regions. On the other hand, decreases of soil 
wetness are found over the Amazon basin and the Africa regions, despite of the higher 
precipitation. In the Amazon basin, the reduction of soil moisture is closely tied to the 
smaller accumulation of rainfall during the previous months, while in Africa, both the 
reduced rainfall accumulation and the subsequent increased E-P found in EchOrc in 
boreal summer (See Table 4) contributes to reduce the simulated soil wetness.  
Table 4 describes the hydroclimatology, in the four selected regions, for the model 
simulations at T30 and at T106 resolution as well as for the observations. The model 
results at high horizontal resolution will be discussed in section 4.3. In Table 4 the boreal 
summer climatological mean precipitation ( P ), evapotranspiration ( E ) and moisture 
convergence (−divQ) averaged over each region are reported. Moisture convergence has 
been evaluated using the balance equation for the total water substance in the atmosphere. 
Following  (Peixoto and Oort, 1992), we can simplify the general balance equation after 
averaging in time and in space over a region bounded by a conceptual vertical wall as 
follows:  
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∆                                                                  (9) 

 
where the overbar indicates the time and the braces stand for the space average, 
respectively. Q  is the vertically integrated horizontal transport of water vapor from the 
Earth's surface to the top of the atmosphere. W is the amount of water vapor contained in 
a unit area atmospheric column of air. ERA40 data have been used in order to evaluate 
W  for the computation of { Qdiv } in the observation/reanalysis case. It should be noted 
that the datasets used for the computation of { Qdiv } in the reanalysis/observation case 
may not be completely consistent each other because of biases in the reanalysis data.  
Table 4 shows that, in the four regions considered, both precipitation and 
evapotranspiration considerably increase in the EchOrc simulations. This is in general 
agreement with the observations except for the Eurasia region where the increased 
simulated precipitation is too strong. In this region both the models show small positive 
convergence values, in contrast with the observation/reanalysis case which exhibits large 
negative values. The intense moisture convergence simulated by EchOrc might explain 
the excess of precipitation. Looking at the moisture convergence, we can note that the 
convergence values are lower in the EchOrc simulations than in those performed with 
Echam4, with the exception of the ISM case. This suggests that the increase of 
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  ISM  Amazon  Africa  Eurasia  

  ⎯P  ⎯E  −div Q ⎯P  ⎯E  −div⎯Q ⎯P ⎯E  −div⎯Q ⎯P  ⎯E  −div Q 

Ech4  T30  4.371 2.701  1.907  1.867 2.710 -0.877 2.600 2.095 0.454 1.888  1.787  0.247 

Ech4  T106  4.231 2.456  2.214  2.798 3.165 -0.265 2.728 2.168 0.722 1.573  2.2212  -0.336 

EchOrc  T30 5.700 3.328  2.638  3.109 3.971 -0.915 2.798 2.861 0.1061 2.869  2.957  0.2003 

EchOrc  T106 5.884 3.386  2.748  3.928 4.328 -0.454 3.279 2.908 0.336 2.515  2.925  -0.283 

Reana   6.877 3.409  3.335  4.652 3.673 1.213 3.138 2.894 0.151 2.194 3.615  -1.370 

 
Table 4: Hydroclimatology for 4 regions as simulated at the different resolutions by Echam4 and 
EchOrc and as in the observations-reanalysis (CRU data are used for precipitation and NCEP II 
data for evapotranspiration). All the values reported are in mm/d. P is the averaged 
Precipitation, E evapotranspiration and -DivQ is the convergence (see text for details). The 
regions selected are the same of table 3. Only continent grid points are used in the area average. 
 
 
precipitation could be due to an increased moisture supply from the surface. The same 
suggestion applies also to the ISM region, as the EchOrc simulated increase of 
precipitation, in that region, is about two times the increase of moisture convergence.  
In figure 5 (panels a-c) the 850mb global wind field as simulated by Echam4, by EchOrc 
and as in the ERA40 data is shown. The difference between the EchOrc and the Echam4 
simulations (panel d) shows a rather strong impact of the coupling with ORCHIDEE on 
the Echam4 circulation. The stronger effect is found over the northern hemisphere 
continents, Africa and northern South America. Improvements in the simulated 850mb 
wind field are found over the north-west China desert, Mongolia and Tibet, with an 
increase of the southward flow toward the Tibetan Plateau. A significant improvement is 
also found in the circulation over the Indian Ocean, and in particular over the ISM region 
as it will be discussed in section 4.3.3.  
The westerly flow over eastern Africa, north of the Equator, is stronger in EchOrc than in 
Echam4. This tends to increase the model bias and , probably, it is partly due to the 
decrease in surface roughness length in that region (not shown).  
At the beginning of this section, it was shown that in the EchOrc simulations there is an 
increase of the T2m over northern hemisphere continental regions (Figure 2). As a 
consequence, a reduction in the sea level pressure (SLP) field (not shown) is found over 
large areas of Asia and North America. This leads to an enhancement of the SLP sea-land 
contrast which affects the atmospheric circulation also over oceans. In particular, the 
anticyclonic flow over the tropical Atlantic is enhanced in the EchOrc model due to the 
intensification of the high pressure centers in that region. It follows a modification of the 
circulation over the Gulf of Mexico, Caribbean Sea and North American basin where 
precipitation is reduced producing patterns more similar to the observations (see 
figure 4). The increased anticyclonic activity in this region is also related to the effects on 
the local meridional circulation (not shown) associated with the increased convection 
activity over the Amazon basin. 
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Figure 5: JJA 850mb wind (m/s) climatology for Echam4 (panel a), EchOrc (panel b) and ERA40 
reanalysis (panel c). The EchOrc-Echam4 differences are shown in panel d; the plotted values 
satisfy a t-test for difference of means at the significance level of 5%. The vector scale is reported 
at the bottom of each panel. The colors further indicate the vector magnitude. 
 
 
 

4.3 Sensitivity to horizontal resolution 
 

4.3.1 Numerical scheme effects 
 
In section 4.2, increased surface air temperature was found in extended mid-to-high 
latitude continent areas of northern hemisphere, as a consequence of the coupling of  
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Echam4 with ORCHIDEE. From June to August, continental regions, such as eastern 
Asia, exhibit a strong rate of change in surface temperature and are, as a consequence, 
affected by energy loss at the surface-atmosphere interface due to the semi-implicit 
coupling numerical scheme (Schulz et al., 1998) in the simulations performed with 
Echam4. In fact, in Echam4, due to the semi-implicit coupling scheme used, the surface 
energy balance equation is solved after that the radiation scheme has computed the 
radiation transfer through the atmosphere, and after that the vertical diffusion scheme has 
calculated the fluxes exchanged with the lower layers of the atmosphere. This means that 
the fluxes balanced by the surface energy equation are different from those actually 
received by the lower atmosphere. In contrast, the implicit method used in the coupling 
with ORCHIDEE conserves the energy because the surface fluxes and the surface energy 
balance are computed simultaneously  (Polcher et al., 1998).  
Figure 6 (panel a) shows the JJA mean residual surface heat budget, that is the difference 
between the energy flux toward the atmosphere, as computed in the surface energy 
balance, and the flux actually given to the atmosphere in the Echam4-T30 simulations. 
As it is clear from the figure, a very high energy imbalance is found in regions where 
high surface temperature increments are encountered during boreal summer. The stronger 
energy loss is located over the Himalaya and in the continental East-Asia. The surface 
energy imbalance described is a consequence of using a semi-implicit coupling between 
surface and atmosphere, whose impact on the simulation of the mean climate depends on 
the time step of integration of the model. Figure 6 (panel c) shows the boreal summer 
residual surface heat budget for the Echam4 simulation performed at higher resolution 
(T106). In the Echam4-T106 simulations, the energy imbalance, even if present, is 
reduced to very small values. The surface physics used at T106 is exactly the same used 
at coarser resolution and the only change is the reduction of the time step of integration 
from 1800 sec to 720 sec. It follows that the shorter time step is responsible of the 
strongly reduced residual surface heat budget.  
To give further evidence of the role of the time step on the surface energy loss, an 
experiment has been performed, for the period 1979-1999, using Echam4 at T30 
resolution but with the same time step which is normally used in a T106 
integration (hereinafter Ech4-T30 (∆t=720s) experiment). It's worth noting here that, as 
suggested by Stendel and Roeckner (1998), every change in the time step of integration 
as well as in the horizontal resolution, should be followed by a tuning of the parameters 
related to the processes subject to some time scale dependencies (e.g.: horizontal 
diffusion, the precipitation formation efficiency and, hence, cloud lifetime). This kind of 
tuning would be necessary in order to keep the model climatologies close to 
observations (Stendel and Roeckner , 1998). As the exclusive objective was the 
assessment of the effect of the shorter integration time step on the surface energy 
imbalance due to the numerical scheme, the Ech4-T30 (∆t=720s) experiment has been set 
up without any tuning of the “scale-sensitive" parameters.  
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Figure 6: JJA residual surface heat budget (W/m2) climatological mean for Echam4 at T30 
resolution (panel a), Echam4 at T30 resolution but for the experiment with the shorter integration 
time step (panel b) and Echam4 at T106 resolution (panel c). The (Ech4-T30 ∆t=720s) - (Ech4-
T30 ∆t=1800s) differences are shown in panel d; the plotted values satisfy a t-test for difference 
of means at the significance level of 5%.  

 
 
The JJA mean residual surface heat budget obtained from the Ech4-T30 ( ∆ t=720s) 
experiment is shown in figure 6 (panel b). Interestingly, the energy loss at the interface, 
in this experiment, is reduced at the low values found for the T106 resolution case (see 
figure 6, panel c). Furthermore, as shown in figure 7, the surface energy imbalance turns 
out to be a major factor for continental East-Asia and North America difference in 
simulated surface air temperature between low (panel a) and high resolution (panel c)  
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Figure 7: JJA 2 meters temperature (°C) climatological mean for Echam4 at T30 resolution 
(panel a), Echam4 at T30 resolution but for the experiment with a shorter integration time step 
(panel b) and Echam4 at T106 resolution (panel c). Below 15 °C contour interval is 5 °C and the 
dashed lines indicate negative contours. The (Ech4-T30 ∆t=720s) - (Ech4-T30 ∆t=1800s) 
differences are shown in panel d; the plotted values satisfy a t-test for difference of means at the 
significance level of 5%. 
 
 
Echam4 versions. These results indicate that the numerics of the model, and in particular 
the use of a semi-implicit or fully implicit coupling scheme, may play an important role 
in the surface energy budget and in the surface air temperature simulation. Interestingly, 
the T2m difference between Echam4-T30 and Ech4-T30 ( ∆ t=720s), in figure 7 (panel d), 
closely resembles the T2m difference obtained comparing Echam4 with EchOrc 
(figure 2, panel d). This indicates that the surface energy loss at the surface-atmosphere 
interface, found in Echam4, might explain at least part of the differences in the simulated 
T2m field between Echam4 and EchOrc at coarse resolution. 
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4.3.2  Comparison of the results at different horizontal resolution 
 
This section aim to study in detail the sensitivity of the T30 simulation results, presented 
in section 4.2, to the increased horizontal resolution. Four pictures are presented, each of 
which is organized as follows: each figure contains 4 panels, showing the differences 
between the simulated fields (at T30 and at T106, and with and without the ORCHIDEE 
LSM) and observation/reanalysis. In order to make it simpler to verify whether the 
changes obtained with the new LSM produce results closer to the observations, only the 
grid-points with significant differences (exceeding the 5% significance level) between 
EchOrc and Echam4 are displayed. Panels a and c represent the differences of the 
Echam4 field with respect to observations/reanalyses and panels b and d display the 
corresponding EchOrc differences. Upper panels correspond to T30 resolution 
simulations and lower panels to T106 simulations.  
 

 
Figure 8: Difference in JJA mean 2 meters temperature (°C) between simulated fields and ERA40 
reanalysis. Panels a and c (b and d) display the results obtained with Echam4 (EchOrc) at T30 
and at T106 resolution, respectively. The plotted values satisfy a t-test for difference of means at 
the significance level of 5%. Only the grid points with significant differences (5% level) between 
EchOrc and Echam4 simulations are displayed.  
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Figure 8 shows the difference in T2m between the model simulations and ERA40. 
Compared to the T30 (panels a and b), the T106 simulations (panels c and d) exhibit a 
considerable reduction of the biases with respect to reanalysis. Furthermore, comparing 
panel a with panel c and panel b with panel d, respectively, it is shown that, at T106, in 
middle and high latitude regions, the differences between Echam4 and EchOrc biases 
become much smaller than at T30 resolution. As explained in the previous section, this 
follows, at least in part, from the reduced surface energy imbalance due to the semi-
implicit coupling numerical scheme at higher resolution. Differently from the middle and 
high latitude case, in tropical regions, the T2m differences between Echam4 and EchOrc 
T106 simulations are similar to those observed in the T30 case. In fact, in agreement with 
the reanalysis, a decrease in T2m over the Indian subcontinent, the Amazon basin and 
central and southern Africa is found in EchOrc also at T106.  
Figure 9 shows the differences in the wind field at 850 mb between the model 
simulations and reanalysis. The results of the T106 case (panels c and d) compared with 
those at coarser resolution (panels a and b) show a considerable reduction of the bias with 
respect to reanalysis, reflecting the better representation of the atmospheric dynamics at 
higher horizontal resolution (Stendel and Roeckner , 1998). Furthermore, figure 9 shows 
that the difference in the wind field induced by the coupling between Echam4 and 
ORCHIDEE is considerably reduced at higher resolution, in particular in middle and high 
latitudes of the northern hemisphere. Probably, in many regions, this is the consequence 
of the reduced energy loss at the surface-atmosphere interface (see figure 6) due to the 
semi-implicit coupling (see section 4.3) in Echam4 at T106. In fact the northern  
hemisphere SLP difference, between Echam4 and EchOrc, found at T30 (see section 4.2) 
mostly disappear at T106 (not shown). In the T106 resolution case, even if of minor 
extent, the differences on the 850 mb atmospheric circulation induced by the coupling 
between Echam4 and ORCHIDEE over Indian Ocean, central eastern Africa and ISM 
region are of the same sign as in the T30 case. In particular, the Somali jet strength is 
enhanced and so the intensity of the Indian Summer monsoon, in agreement with the 
reanalysis data.  
Figure 10 compares the models LHF with the reanalysis data. LHF differences between 
Echam4 and EchOrc show a very weak sensitivity to the change in horizontal resolution. 
This is also visible from Table 4, where the evapotranspiration ( E ) values averaged over 
the different regions show, for each model, very small changes between T30 and T106 
simulations. A considerable exception is found in the Eurasia region, where, in Echam4, 
E  increases by  ∼ 20% passing from low to high resolution. Interestingly, this is also the 
only region with a significant increase in the Bowen ratio in Echam4 (not shown), 
reflecting the fact that there is an increase of surface energy available because of a 
reduced energy loss caused by the numerical coupling scheme at higher resolution (See 
figure 6).  
Figure 11 shows the differences in total precipitation between simulations and 
observations. From these results it appears evident a considerable reduction of the biases 
with respect to observations in the high resolution case in EchOrc as well as in the 
Echam4 simulations. Despite of the reduced bias, the results of the T106 simulations 
show increase in precipitation over vegetation covered areas in EchOrc, in particular over 
tropical and boreal forests, similarly to the T30 case. 
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Figure 9: Difference in JJA mean 850mb wind (m/s) between simulated fields and ERA40 
reanalysis. Panels a and c (b and d) display the results obtained with Echam4 (EchOrc) at T30 
and at T106 resolution, respectively. The plotted values satisfy a t-test for difference of means at 
the significance level of 5%. Only the grid points with significant differences (5% level) between 
EchOrc and Echam4 simulations are displayed. 
 
 
  
In Table 4 it is shown that the increase in precipitation, over the four regions considered, 
found in the EchOrc simulations at coarse resolution are essentially the same at T106. 
Furthermore, the convergence (-divQ) terms become closer to each other between 
Echam4 and EchOrc, at higher resolution, reflecting less impact due to the coupling with 
ORCHIDEE in the Echam4 atmospheric circulation (See figure 9). 
In the Sahel region, the increase in precipitation due to the coupling of Echam4 with 
ORCHIDEE found at T106 (figure 11, panels c and d) leads to an increase of the bias in 
that region and is similar to that found at T30 resolution (figure 11, panels a and b; see 
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also figure 4). As discussed in section 4.2, this increase is consistent with the Charney's 
albedo mechanism of self induction of deserts. In fact, the bias in the simulated fraction 
covered with vegetation is responsible of a decrease in surface albedo with respect to 
Echam4 (a 22% decrease is found in this case; the value has been computed as described 
in section 4.2), thus leading to increased precipitation and evapotranspiration (Charney 
et al., 1977). 
 
 

 
Figure 10: Difference in JJA mean latent heat flux (W/m2); positive downward) between 
simulated fields and NCEPII reanalysis. Panels a and c (b and d) display the results obtained 
with Echam4 (EchOrc) at T30 and at T106 resolution respectively. The plotted values satisfy a t-
test for difference of means at the significance level of 5%. Only the grid points with significant 
differences (5% level) between EchOrc and Echam4 simulations are displayed. 
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Figure 11: Difference in JJA mean total precipitation (mm/d) between simulated fields and 
CMAP data. Panels a and c (b and d) display the results obtained with Echam4 (EchOrc) at T30 
and at T106 resolution respectively. The plotted values satisfy a t-test for difference of means at 
the significance level of 5%. Only the grid points with significant differences (5% level) between 
EchOrc and Echam4 simulations are displayed. 
 
 

4.3.3 Indian Summer Monsoon region 
 
Figure 12 shows the differences in precipitation (panels a and b), LHF (panels c and d) 
and T2m (panels e and f) between the model simulations at T30 resolution and 
reanalysis/observations over the South-East Asian monsoon region. Only the grid-points 
with significant differences (exceeding the 5% significance level) between EchOrc and 
Echam4 are displayed. The left panels refer to the Echam4 model and the right ones to 
the EchOrc simulations. Figure 13 shows the same panels as in figure 12 but for the 
simulations at T106 resolution. 



 29

 
 
 

 
Figure 12: South-east Asian monsoon region (T30 runs): panel a (panel b) shows the JJA mean 
precipitation difference (mm/d) between Echam4 (EchOrc) and CMAP data. Panel c (panel d): 
JJA mean latent heat flux difference (W/m2 ; positive downward) between Echam4 (EchOrc) and 
NCEPII. Panel e (panel f): JJA mean 2 meters temperature difference (°C) between Echam4 
(EchOrc) and ERA40. The plotted values satisfy a t-test for difference of means at the 
significance level of 5%. Only the grid points with significant differences (5% level) between 
EchOrc and Echam4 simulations are displayed.  

 
 

The comparison between figure 12 and figure 13 shows that very robust impacts are 
found in the south-east Asian summer monsoon region, despite of the change of the 
horizontal resolution. Furthermore, all the surface fields considered appear to be better 
simulated with the EchOrc model at coarse as at high resolution. It is noteworthy that, in 
the T106 resolution case similar improvements are found in the precipitation pattern over 
the Bay of Bengal and in the Indian subcontinent thanks to the coupling with 
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ORCHIDEE, even if the impacts on the atmospheric circulation are minor than in the T30 
resolution case (See figure 9). 

 
Figure 13: South-east Asian monsoon region (T106 runs): panel a (panel b) shows the JJA mean 
precipitation difference (mm/d) between Echam4 (EchOrc) and CMAP data. Panel c (panel d): 
JJA mean latent heat flux difference (W/m2; positive downward) between Echam4 (EchOrc) and 
NCEPII. Panel e (panel f): JJA mean 2 meters temperature difference (°C) between Echam4 
(EchOrc) and ERA40. The plotted values satisfy a t-test for difference of means at the 
significance level of 5%. Only the grid points with significant differences (5% level) between 
EchOrc and Echam4 simulations are displayed. 
 
 
As pointed out in the previous section, the increase in the JJA precipitation found in the 
EchOrc simulations in the ISM continental regions could be partially due to the increase 
in the water recycling from the surface. From Table 4 it is shown that nearly half of the 
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increase in atmospheric precipitable water availability is accounted for, in the 
climatological average, by surface moisture recycling in the T30 simulations, while in the 
T106 case it is close to 2/3. The remaining part of the increase described is linked to the 
moisture convergence. The reduced contribution due to convergence found at higher 
resolution reflects the fact that in this case there are fewer impacts on the atmospheric 
circulation. The behavior described above is consistent with the monsoon land-
atmosphere feedback mechanism proposed by Lau and Bua (1998) who argued that the 
increase in evaporation is able to further moisten and destabilize the atmospheric 
boundary layer triggering the rapid growth of deep convection and precipitation. The 
tropospheric air so warmed further rises, leading also to increased low level moisture 
convergence.  
Figure 14 shows the climatological seasonal cycles of precipitation (panels b and g), T2m 
(panels c and h), surface moisture flux (panels d and i), and atmospheric moisture 
convergence (panels e and l; moisture convergence is computed as explained in 
section 4.2) averaged over the ISM region (continents only points), as simulated by the 
models and in the reanalysis/observations. Left panels represent T30 resolution 
simulations while right panels show T106 resolution results. Panels a and f display also 
the IMI index, defined by Wang et al. (2001) as the difference of the summer mean zonal 
wind at 850 mb averaged over 40-80°E, 5-15°N and the same field averaged over 70-
90°E, 20-30°N. This dynamic index is generally considered a good indicator of the 
strength of the Indian monsoon in the observations as well as in the Echam4 
AGCM (Cherchi and Navarra, 2005). The EchOrc model simulates in a more realistic 
way the seasonal cycle over the ISM region for all the variables, at low as at high 
resolution. In particular, in the early stage (June) there is a stronger monsoon (panels a 
and f) in the simulations with EchOrc in agreement with the reanalysis/observations. In 
the onset phase of the monsoon the increased surface moisture flux, compared to the 
Echam4 simulations, seems to trigger the intensity of the monsoon circulation, in the 
EchOrc model, leading also to increased convergence (panels e and l). The final effect is 
an increased precipitation (panels b and g) expecially in June but also in the subsequent 
months. The better simulations of surface latent heat flux and of the cloud cover (not 
shown; the cloud cover is increased according to the stronger precipitation) lead also to a 
better representation of the surface air temperature during the summer months (panels c 
and h). 
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Figure 14: Indian summer monsoon region (0-30°N, 70-85°E): climatological seasonal cycle of 
the IMI index (panels a and f), continents only precipitation (panels b and g), continents only 
temperature at 2 meters (panels c and h), continents only surface-to-atmosphere moisture flux 
(panels d and i) and continents only atmospheric moisture convergence (panels e and l). The dot-
dashed lines are for the EchOrc simulations, the dashed for Echam4 and the solid ones for 
observations/reanalyses. Left panels refer to T30 simulations and right panels to the T106 results. 
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5 Conclusions 
 
 
 
In this study we have coupled the Echam4 AGCM with an early version of the 
ORCHIDEE LSM. The results indicate that the Echam4-ORCHIDEE (EchOrc) coupled 
model is able to simulate reasonably well the boreal summer vegetation Leaf Area Index 
(LAI). However, in many semiarid regions such as the Sahel, the amplitude of the LAI 
seasonal variations is underestimated. This is a consequence of the way in which LAI is 
computed in the model, as it does not consider the effect of the small soil moisture 
availability, during the dry seasons, on the vegetation leaf growth.  
Strong impacts are found on the boreal summer surface climate of the Echam4 AGCM 
due to the coupling with ORCHIDEE. A systematic precipitation increase is found over 
vegetation covered areas. In particular, the enhanced precipitation, in the EchOrc model, 
over the Amazon basin, central Africa and ISM region is in agreement with the 
observations. The increased precipitation is accompanied by an enhancement in the 
evapotranspiration from the surface, and this is at least in part due to the interception loss 
contribution coming from the vegetation canopies.  
The coupling with ORCHIDEE has been shown to have a considerable impact on the 
boreal summer surface air temperature simulated by Echam4. A warmer 2 meters 
temperature (T2m) is found over large continental areas in middle and high latitudes of 
the northern hemisphere. A particularly strong T2m increase is found over Eastern Asia. 
The warmer temperature over these areas also leads to increased land-sea contrast in sea 
level pressure (SLP), which, in turn, induces changes in the atmospheric circulation.  
Effects on the atmospheric circulation are found over northern hemisphere continents, 
Africa and northern South America, but also over oceans. In particular, over tropical 
Atlantic the anticyclonic flow is enhanced in the EchOrc model. A significant 
improvement of the circulation is found also over the tropical Indian Ocean.  
The implicit numerical scheme implemented in order to couple ORCHIDEE with 
Echam4 has been shown to have a considerable impact on the surface energy budget of 
extended continent areas of the northern hemisphere. In particular, in these regions, it has 
been shown that the surface energy imbalance due to the semi-implicit coupling is a 
major factor for the explanation of the differences in the simulated T2m field between 
Echam4 and EchOrc at coarse resolution. Furthermore, the energy loss at the surface, 
owing to the numerical scheme implemented in Echam4, has been found to depend on the 
model integration time step, so that a shorter time step reduces the energy imbalance at 
the surface-atmosphere interface.  
The impacts on the T2m and on the atmospheric circulation fields have shown some 
sensitivity to the increase in horizontal resolution. These fields simulated by Echam4 and 
EchOrc at T106 resolution become much closer to each other than at T30 resolution, 
reflecting in part the fact that the effect of the coupling numerical scheme mostly 
disappears at higher resolution. Furthermore, the comparison of the T106 simulations 
with those at lower resolution shows a considerable reduction of the biases with respect 
to observations/reanalysis, as a consequence of the better representation of the 
atmospheric dynamics in the models at higher horizontal resolution (Stendel and 
Roeckner , 1998).  
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The effects found on the precipitation and on the evapotranspiration fields due to the 
coupling of Echam4 with ORCHIDEE are robust despite of the change in horizontal 
resolution. Four vegetated regions have been chosen on the basis of the particular interest 
and because of the strong impact of the improved representation of land-surface and 
vegetation processes. The four regions are the Indian Summer Monsoon (ISM), the 
Amazon basin, the central Africa and the Eurasia region. The increase in precipitation 
over all these four regions found in the EchOrc simulations is essentially the same at 
coarse as well as at high resolution. The atmospheric moisture convergence values in all 
the regions, except for ISM, are lower in EchOrc than in Echam4. This suggests that, in 
these regions, the increase in precipitation is due to the enhanced atmospheric 
precipitable water supply from the surface. Instead, in the ISM region, the increase in 
precipitation might follow from both increased moisture flux from the surface and 
enhanced moisture convergence.  
The EchOrc model simulates in a more realistic way the spatial pattern and the seasonal 
cycle of the climatological surface fields and fluxes as well as the atmospheric moisture 
convergence in the ISM region. In particular, in its early stage (June), the monsoon 
intensity is stronger, in agreement with the reanalysis/observations. In the onset phase of 
the monsoon, the increased moisture flux from the surface, compared to the Echam4 
simulations, seems to trigger the intensity of the monsoon circulation in the EchOrc 
model, leading also to increased moisture convergence. The final effect is an increased 
precipitation expecially in June but also in the subsequent months. This kind of behavior 
is consistent with the monsoon land-atmosphere feedback mechanism proposed by Lau 
and Bua (1998).  
Land surface-vegetation processes have considerable bio-physical effects on climate and, 
as evidenced in this study, their inclusion in AGCMs is a major task in order to improve 
our skill in surface climate simulation. In this work, a prescribed vegetation 
representation has been used and the seasonal cycle of the vegetation cover is simply 
computed as a function of soil temperature. From this kind of approach, it follows an 
unrealistically small vegetation cover interannual variability and, as shown in this work, a 
poor representation of the seasonal cycle in semiarid tropical regions. In particular, this 
latter shortcoming has been shown to contribute to the precipitation bias found in EchOrc 
over the Sahel. By virtue of these considerations, a further improvement in the simulated 
surface climate is expected from the inclusion in the EchOrc AGCM of a fully interactive 
dynamical global vegetation model, which is suitable to reproduce in a more realistic way 
the interannual and seasonal variations in the vegetation characteristics. 
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