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Abstract The West African monsoon (WAM) circulation
and intensity have been shown to be influenced by the land
surface in numerous numerical studies using regional scale
and global scale atmospheric climate models (RCMs and
GCMs, respectively) over the last several decades. The
atmosphere—land surface interactions are modulated by the
magnitude of the north—south gradient of the low level
moist static energy, which is highly correlated with the
steep latitudinal gradients of the vegetation characteristics
and coverage, land use, and soil properties over this
zone. The African Multidisciplinary Monsoon Analysis
(AMMA) has organised comprehensive activities in data
collection and modelling to further investigate the signifi-
cance land-atmosphere feedbacks. Surface energy fluxes
simulated by an ensemble of land surface models from
AMMA Land-surface Model Intercomparison Project
(ALMIP) have been used as a proxy for the best estimate of
the “real world” values in order to evaluate GCM and
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RCM simulations under the auspices of the West African
Monsoon Modelling Experiment (WAMME) project, since
such large-scale observations do not exist. The ALMIP
models have been forced in off-line mode using forcing
based on a mixture of satellite, observational, and numer-
ical weather prediction data. The ALMIP models were
found to agree well over the region where land—atmosphere
coupling is deemed to be most important (notably the
Sahel), with a high signal to noise ratio (generally from 0.7
to 0.9) in the ensemble and a inter-model coefficient of
variation between 5 and 15%. Most of the WAMME
models simulated spatially averaged net radiation values
over West Africa which were consistent with the ALMIP
estimates, however, the partitioning of this energy between
sensible and latent heat fluxes was significantly different:
WAMME models tended to simulate larger (by nearly a
factor of two) monthly latent heat fluxes than ALMIP. This
results due to a positive precipitation bias in the WAMME
models and a northward displacement of the monsoon in
most of the GCMs and RCMs. Another key feature not
found in the WAMME models is peak seasonal latent heat
fluxes during the monsoon retreat (approximately a month
after the peak precipitation rates) from soil water stores.
This is likely related to the WAMME northward bias of the
latent heat flux gradient during the WAM onset.

Keywords WAM - ALMIP - AMMA - WAMME -
Monsoon - Surface fluxes

1 Introduction

The West African Monsoon (WAM) circulation intensity

and extent are theorised to be significantly interconnected
with the land surface. The overall circulation is driven by
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land—sea thermal contrast, and the atmosphere—land surface
interactions are modulated by the magnitude of the asso-
ciated north—south gradient of the low level moist static
energy (MSE: Eltahir and Gong 1996). The boundary layer
MSE gradient exerts a strong influence on the position of
the tropical front and the African Easterly Jet (Parker et al.
2005), and therefore the northward penetration of precipi-
tation and it’s intensity (Philippon and Fontaine 2002). The
MSE distribution is a reflection of the surface turbulent
fluxes which are highly correlated with the steep latitudinal
gradients of the vegetation characteristics and coverage,
land use, and soil properties over this zone.

Land surface processes have been shown to have an
influence on the West African monsoon (WAM) circula-
tion in numerous numerical studies using regional scale
and global scale atmospheric climate models (RCMs
and GCMs, respectively) over the last several decades.
Charney et al. (1975) was one of the first researchers to
use a coupled land-surface atmosphere model to demon-
strate a proposed positive feedback mechanism between
decreasing vegetation cover and the increase in drought
conditions across the Sahel region of Western Africa.
Numerous modelling studies since have examined the
influence of the land surface on the WAM in terms of
surface albedo (e.g. Sud and Fennessy 1982; Laval and
Picon 1986), and the vegetation spatial distribution (e.g.
Xue and Shukla 1996; Xue et al. 2004; Kang et al. 2007;
Li et al. 2007). In addition, Zeng et al. (1999) used an
idealised GCM configuration to show a significant con-
tribution of vegetation dynamics to the WAM inter-annual
precipitation variability.

The influence of soil moisture (which controls the par-
titioning of energy between the surface latent and sensible
heat fluxes) on the WAM has also been examined using
GCMs (e.g. Walker and Rowntree 1977; Cunnington and
Rowntree 1986; Rowell and Blondin 1990; Douville et al.
2001). The emphasis on the role of soil moisture is related
to the fact that this relatively slow temporally varying
component of the coupled land—atmosphere monsoon sys-
tem theoretically holds promise for improving long range
predictability of the WAM. However, this long-term
memory effect was recently put into question using a GCM
and observational data (Douville et al. 2007), so further
study is needed. Indeed there are significant differences
with respect to the strength of this coupling simulated by
state-of-the-art GCMs over western Africa and elsewhere
(Koster et al. 2006; Guo et al. 2006), so the exploration of
coupling should be done using a multi-model approach
when possible. Part of this discrepancy is probably related
to differences in the parameterisations of the surface fluxes
and near-surface hydrology in land surface models (LSMs).

The African Multidisciplinary Monsoon Analysis
(AMMA) has organised comprehensive activities in data
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collection and modelling to further investigate land—atmo-
sphere feedbacks (Redelsperger et al. 2006). In terms
of large scale atmospheric multi-model initiatives, the
AMMA-Model Intercomparison Project (AMMA-MIP:
Hourdin et al. 2009) inter-compares GCMs and RCMs over
a meridional transect in West Africa focusing on seasonal
prediction. The West African Monsoon Modelling Experi-
ment (WAMME) project utilises such models to address
issues regarding the role of ocean—land—aerosol-atmo-
sphere interactions on WAM development (see Xue et al.,
this issue). The modelling of the land surface component of
the WAM is being addressed by the AMMA Land-surface
Model Intercomparison Project (ALMIP: Boone et al.
2009). The main idea behind ALMIP is to force a number of
state-of-the-art LSMs off-line (i.e. de-coupled from atmo-
spheric models) with the best quality and highest (space and
time) resolution data available in order to better understand
the key processes and their corresponding scales.

In recent years, there have been a number of offline
multi-model intercomparison projects on an international
level. Of note is the Project for the Intercomparison of
Land-surface Parameterisation Schemes (PILPS: Hender-
son-Sellers et al. 1995). It dealt with land surface processes
at the local to the regional scale and lead to significant
improvements in LSM parameterisations. The Global Soil
Wetness Project Phase 2 (GSWP-2: Dirmeyer et al. 2006)
was an “off-line” global-scale LSM inter-comparison
study which produced the equivalent of a land-surface re-
analysis consisting in 10-year global data sets of soil
moisture, surface fluxes, and related hydrological quanti-
ties. The advantage of such offline products is that biases in
fully coupled models, notably in terms of precipitation and
downwelling radiative fluxes, can be reduced by merging
LSM forcing with observational and satellite-based data.
The output data sets (notably soil moisture and surface
fluxes) have been used as the best estimate of “truth” in
numerous recent GCM and RCM studies at the global and
regional scales. For example over Africa, Douville et al.
(2001) assimilated offline-simulated soil moisture from
GSWP-1 (Dirmeyer et al. 1999) into a GCM to study
WAM surface—atmosphere feedback mechanisms.

ALMIP is similar to the aforementioned projects, but
focuses on the west-African region and it covers the
AMMA field campaign time period (the intensive obser-
vational phase or IOP was from 2004 to 2006). For exam-
ple, ALMIP model outputs have recently been used to
evaluate the impact of improved land surface physics on the
simulation of the WAM by an RCM (Steiner et al. 2009).
The main objective of this paper, therefore, is to utilise the
off-line simulations of the surface energy fluxes from
ALMIP as a proxy for the best estimate of observations in
order to evaluate the corresponding fluxes simulated by the
fully coupled (land—atmosphere) WAMME models. In this
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paper, Sect. 2 describes the ALMIP input data and gives
details about the LSM ensemble average, the WAMME-
ALMIP surface flux comparison is given in Sect. 3, and
conclusions and perspectives are given in Sect. 4.

2 Creation of the ALMIP surface flux dataset
2.1 ALMIP input forcing and parameters

The land surface model forcing database is comprised of
two components, one for the land surface parameters, and
the other for the LSM upper boundary conditions consist-
ing in the atmospheric state variables, precipitation and
downwelling radiative fluxes from multiple sources. The
ECOCLIMAP global database (Masson et al. 2003) pro-
vides land surface parameters (albedo, vegetation cover
fraction, surface roughness, leaf area index, soil texture,
etc.). The vegetation phenology corresponds to a single
representative annual at a 10-day time step. The default
spatial resolution is 1 km, and included software up-scales
and interpolates the data to the desired grid projection and
spatial resolution. It is intended for use by LSMs in offline
mode or which are coupled to GCM, numerical weather
prediction (NWP), mesoscale meteorological research or
hydrological models.

The low level atmospheric state variables are derived
from the European Centre for Medium Range Weather
Forecasts (ECMWF) forecasts from 2001 to 2007 at a 3 h
time step. Downwelling radiative fluxes from OSI-SAF
(Oceans and Ice Satellite Applications Facility: http:/
www.osi-saf.org) for 2004 and the LAND-SAF fluxes
(Land Satellite Applications Facility: Geiger et al. 2008)
for 2005-2007 are substituted for the corresponding NWP
fluxes. The Tropical Rainfall Measurement Mission
(TRMM) precipitation product 3B-42 (Huffman et al.
2007) is used from 2002 to 2007 (hereafter this product is
simply referred to as TRMM in this paper). The TRMM
rainfall estimates are based on combined calibrated
microwave and infrared precipitation estimates with a
rescaling to monthly gauge data where applicable. Note
that there are many precipitation products available, but
only TRMM met the main requirements of ALMIP-Exp3:
(1) the spatial resolution (0.25°) was at or higher than that
of the simulation grid, (2) the diurnal cycle is resolved (a
3 h time step is used by TRMM), (3) the entire annual
cycle over the full LSM integration period is covered, (4)
and TRMM was found to give relatively good rainfall
estimates over this region in an AMMA-sponsored rainfall
product intercomparison study (Jobard et al. 2007), and the
best of the products meeting criteria 1-3. It should be noted
that the goal of ALMIP is not to create new precipitation
products, but rather to test existing datasets.

2.2 ALMIP experimental setup

The ALMIP model domain consists in the continental land
surface bounded in the region from —5° to 20°N longitude,
and —20° to 30°E latitude at a 0.50° spatial resolution (see
Fig. 1). The ALMIP results presented in this paper are from
Experiment 3 (hereafter these results are simply referred to
as ALMIP in this paper) which uses a merged forcing
which was described in the previous section (see Boone
et al. 2009, for details on the other ALMIP experiments).
Nine LSMs ran this experiment which covered the time
period from 2002 to 2007, and they are listed along with a
recent reference in Table 1. There were a total of 11 LSM
simulations (two models did simulations using two differ-
ent options: ISBA used the force-restore and the multi-
layer diffusion soil options, while ORCHIDEE lowered the
minimum allowable soil moisture from the default value).
All of the LSMs used the same grid and atmospheric
forcing, and the majority of the LSMs used either the
provided soil and vegetation parameters or the closest
equivalents, while a few used their own set of parameters
(e.g. the ECMWF model used ALMIP results to test the
influence of soil moisture initialisation in their operational
forecast system, so they used their own set of parameters).

2.3 ALMIP ensemble average

Gao and Dirmeyer (2006) showed the advantages and
improved realism of using a multi-LSM model average of
simulated surface properties. They presented several dif-
ferent weighting techniques, ranging from a simple average
to one using optimised weights which minimised errors
based on observations. The low spatial density of surface
observations over West Africa precluded the use of opti-
mised weights, so the simple ensemble-mean of the
ALMIP simulated surface fluxes are used in this study
(which was also shown by Gao and Dirmeyer 2006, to be
preferable to any single model realisation).

The evapotranspiration, Evap, for each LSM averaged
over the core WAM season (June—September: JJAS) for
2005 is shown in Fig. 1. The northward extent and gradient
of Evap is quite similar among the LSMs and is controlled
to a large extent by the precipitation in this water-stressed
region (north of about 15°N). While there are some dif-
ferences around 10°N, the most significant differences are
located over the equatorial forest region (east of 10°E, and
south of 5°N). Because the inter-LSM differences in sur-
face fluxes for the two ISBA and ORCHIDEE sensitivity
runs were considerably smaller than the overall inter-LSM
scatter (compare Fig. la, b, g, h, respectively), their results
were simply averaged to give single realisation for these
two models resulting in a 9-member ensemble average
(denoted as AVG in Fig. 11).
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Fig. 1 ALMIP model
evapotranspiration (Evap)
averaged from May through
October (the period covered by
the WAMME model outputs) 10" 4
for 2005. The ALMIP ensemble
average is shown in panel 1
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Table 1 ALMIP Exp.3 models

Model Acronym

Institute

Recent references

ALMIP model configuration

HTESSEL
ORCHIDEE-CWRR

ISBA®
ISBA-DIF®
JULES
SETHYS

NOAH
CLSM

SSiB

SWAP

ECMWEF, Reading, UK
G. Balsamo

IPSL, Paris, France T. Orgeval and
P. deRosnay

CNRM, Météo-France, Toulouse
A. Boone

CEH, Wallingford, UK P. Harris

CETP/LSCE, France S. Saux-
Piccard and C. Ottle

CETP/LSCE (NCEP) B.
Decharme and C. Ottlé

UPMC, Paris, France S. Gascoin
and A. Ducharne

LETG, Nantes, France; UCLA,
Los Angeles, USA I. Poccard-
Leclercq

IWP, Moscow, Russia Y. Gusev
and O. Nasonova

Balsamo et al. (2009)

d’Orgeval et al. (2008), de Rosnay
et al. (2002)

(a) Noilhan and Mahfouf (1996),
(b) Boone et al. (2000)

Essery et al. (2003)
Coudert et al. (2006)

Chen and Dudhia (2001),
Decharme (2007)
Koster et al. (2000)

Xue et al. (1991)

Gusev et al. (2006)

4L, 6 tiles, 1E, SV: ECMWF
11L, 13 tiles, 1E, SV: ECOCLIMAP

3L%, 5L°, 1 tile, 1E, SV: ECOCLIMAP

4L, 9 tiles, 1E, SV:ECOCLIMAP
2L, 12 tiles, 2E, SV: ECOCLIMAP

7L, 12 tiles, 1E, SV: ECOCLIMAP
5L, 5 tiles, 3E, SV: ECOCLIMAP

3L, 1 tile, 2E, SV: SSiB

3L, 1 tile, 1E, SV: ECOCLIMAP

A recent model reference is given. The names of the people who performed the simulations are in italics. The model configuration used for
ALMIP is shown in the rightmost column where L represents the number of vertical soil layers, E represents the number of energy budgets per
tile (a separate budget for snow cover is not considered here), and SV corresponds to the soil-vegetation parameters used. Tile refers to the
maximum number of completely independent land surface types permitted within each grid box
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Quantitative estimates of the inter-LSM variability are
shown in Fig. 2. The so called “omega” statistic (Koster
et al. 2002) is used to give an estimate of the signal to noise
ratio: it was computed using daily average Evap values
over the entire annual cycle for 2005 and is shown in
Fig. 2a. Large values (approaching unity) indicate areas
were the model time series are well correlated, which
corresponds to a more significant impact of the forcing
(notably the precipitation). The best agreement occurs over
the Sahel region (north of about 10°N), which is of interest
as this is the region where precipitation recycling should be
significant. Areas with lesser LSM agreement (lower val-
ues) are located where soils are generally deeper and the
vegetation coverage is more dense (especially in forested
areas). Several factors lead to greater LSM disagreement
here: deeper soils coupled with parameterisation differ-
ences in sub-surface hydrology and water uptake by veg-
etation cause model dispersion, and there is considerable
spread in terms of the time evolution of soil evaporation
beneath forest canopies.

The coefficient of variation (ratio of the inter-LSM
variability to the LSM average) for the same time interval
is shown in Fig. 2b. Values are not surprisingly highest
along the northern fringe of the domain owing to very low

omega-Evap ALMIP-Exp3 2005

3

20" 1

107

0.4
3407 350° 0 10° 207

0.25

Fig. 2 The “omega” coefficient, which represents the signal to noise
ratio in the ensemble, for the ALMIP Evap is shown in panel a, and
the coefficient of variation is shown in panel b. Both statistics were
computed using daily values for all of 2005

precipitation rates coupled with a very high atmospheric
demand, however, elsewhere the inter-LSM variability is
about 5-15% of the average which indicates a fairly good
agreement. The values are slightly larger (exceeding 15%)
over the equatorial forest region. In this paper, however,
the lower agreement over the aforementioned zone is not
very important as the focus is on the region from —10° to
10°E, where the LSMs have a fairly good agreement.

The monthly LSM-average (1 SD) water and energy
budget components averaged over the Sahel are shown in
Figs. 3a and b, respectively. Note that hereafter in this
paper, the Sahel is somewhat arbitrarily defined from —10°
to 10°E longitude, and from 11° to 17°N latitude. Although
the onset of heavier precipitation is earlier in 2005 than in
2004, some general observations can be made for both
years. Peak Evap occurs approximately 2 months after
peak rains (in July), and the timing of this peak corresponds
with the change in sign of soil moisture storage (the peak is
mostly storage driven). Also, the LSM-average runoff ratio
(runoff to precipitation) is rather low (less than approxi-
mately 10% over the Sahel) and total annual soil water
storage is also a relatively small, so much of the rainfall is
recycled (evaporated).

The corresponding LSM surface flux components (net
radiation, Rnet, sensible, Qh, and latent, Qle, heat fluxes)
are shown in Fig. 3b. The inter-LSM Rnet scatter is lower

ALMIP
Sahel Zone Monthly Averages

Evap

Runoff
DelSoilMoist
Rainf

Water Budget (kg m-2 day-1)

150 '[ T T T I T T T
o J
Z 100 -
£y _
=)
&
> 50
=11
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1 | 1 1 L I 1 1 L

Ap04  Aughd  DecO4  Apr0S

Time (Month:Year)

Aug0s  Dec0s

Fig. 3 The mean and spread (£1 SD) for the ALMIP ensemble
computed over the Sahel (see the text for the definition of the Sahel
used herein). The water budget components are shown in panel a, and
the energy budget components are shown in panel b
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than for the surface turbulent fluxes, which results because
most of this flux is constrained by the forcing (incoming
shortwave and longwave fluxes are the same for all models,
and in addition the emissivity and albedo are prescribed).
In both years, there is a double-peak (maxima in June and
September), which result primarily due to high incoming
shortwave radiation prior to monsoon onset and just after
it’s retreat. The sensible and latent heat flux peaks are
approximately 5 months apart, with the Qle becoming
dominant during the onset month, and the Qh becoming
larger at the end of each year once the soil moisture reserve
has been sufficiently depleted.

In terms of ALMIP evaluation, it was found that the
LSMs performed well on the large scale in terms of cap-
turing the seasonal cycle of the near surface soil moisture
using remotely sensed data (see de Rosnay et al. 2009, for
details). Many land surface flux stations were installed
during the AMMA field campaign (Redelsperger et al.
2006), but it is difficult to compare ALMIP output fluxes
directly with local scale values due to the ALMIP grid
resolution. However, spatially up-scaled surface fluxes are
available for the Mali mesoscale site which corresponds to
the ALMIP grid box at —1.5°E 15.5°N. The comparison of
the observed up-scaled surface Qh with the ALMIP-AVG
for a single pixel is shown in Fig. 4. The modelled and
observed aggregated Qh values have been averaged over
10-day periods for this comparison. The Qh time series for
each site have been weighted by the fraction of their cor-
responding land cover type over the mesoscale box
(approximately 60 km resolution) using remotely sensed
data (Timouk et al. 2008). In Fig. 4, dashed curves corre-
spond to the 3-year average (2005-2007) time series for
each observation site within the mesoscale domain. Each
site represents a very different land cover type: Kelma is a
low-lying marshy site during and after the wet season,
Eguerit is a rocky site with little vegetation, and the
Agoufou site has sparse low vegetation. The aggregated
observed fluxes and associated variability are shown by the
shaded region. The solid curves enclose a region bounded
by £1 SD about the LSM-AVG Qh averaged over 2005-
2007. The LSM-average simulated Qh response to the wet
season and the subsequent dry-down are well correlated
with the observed average Qh, and the magnitude is well
simulated. A detailed analysis of ALMIP LSM evaluation
is beyond the scope of this paper (for more details, see
Boone et al. 2009).

3 WAMME surface flux evaluation
The analysis in this study focuses on the period from 2004

to 2005 because there is an overlap between the WAMME
and ALMIP outputs. Note that WAMME also covers 2003,
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Fig. 4 The 3-year average (2005-2007) observed Qh for the three
local sites are indicated by the dashed lines, and the shaded green
area corresponds to the spread of the spatially aggregated fluxes
(representing the 60 x 60 km? supersite domain). The solid curves
enclose the spread (1 SD) of the ALMIP multi-model Qh averaged
over 2005-2007 for Exp.3. The observed flux data for this figure were
taken from Timouk et al. (2008)

but the satellite-based SAF radiative fluxes were not
available for this year. The WAMME evaluation is based
on the availability of outputs from May to October. Note
that the focus of this study is on seasonal cycles, so that the
monthly mean values are examined in this study. Finally, a
description of the WAMME models and the experimental
setup are given in Xue et al. (this issue): the same model
naming convention is used herein. A summary of the
WAMME LSM configurations are given in Table 2.

3.1 Comparison of WAMME variables
with ALMIP forcing

The precipitation simulation by the WAMME models is of
key importance for the surface fluxes, especially in the
Sahel were the atmospheric demand and large incoming
radiative energy cause most of the precipitation to be
evaporated from the surface (as shown in Sect. 2). The
WAMME simulated precipitation for the entire ALMIP
domain averaged over the core monsoon period JJAS 2004
is compared to the TRMM precipitation in Fig. 5 in the
form of scatter plots (the correlation, root mean square
difference or RMS and the bias are shown in each panel).
The majority of the WAMME models have a positive
precipitation bias. NCEP2 (NCEP reanalysis version 2) has
one of the lowest at —0.1 kg m~ day ', but NCEP2
replaced model precipitation at the surface with a rainfall
product (see Xue et al., this issue). The inter-rainfall
product variability for several standard satellite and gauge
based products is considerably smaller than the inter model
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Table 2 As in Table 1 except

for the WAMME LSMs X?(l)\r/g/f GCM/RCM LSM acronym and reference Xﬁé\gﬁ/r[iion
NCEP NCEP: Pan and Mabhrt (1987) 2L, 1 tile, 1E
CFS NOAH: Chen and Dudhia (2001) 4L, 1 tile, 1E
GFS NOAH (as above) 4L, 1 tile, 1E
COLA SSiB: Xue et al. (1991) 3L, 1 tile, 2E
UCLA SSiB (as above) 3L, 1 tile, 2E
UCLA MRF SSiB (as above) 3L, 1 tile, 2E
IMA SiB: Sellers et al. (1986) 3L, 1 tile, 2E
NASA FVGCM CLM: Dai et al. (2003) 10L, 1 tile, 2E
A recent model reference is NCAR CAM CLM: (as above) 10L, 1 tile, 2E
given (the atmospheric model MOHC JULES: Essery et al. (2003) 4L, 1 tile, 1E
Z‘Eler?gg%z;?h? (fgf‘;ii lﬁsﬁe NASA GMAO MOSAIC: Koster and Suarez (1996) 3L, 8 tiles, 1E
configuration used is shown in MM5 NOAH: Chen and Dudhia (2001) 4L, 1 tile, 1E
the rightmost column. The NASA GISS GISS: Rosenzweig and Abramopoulos (1997) 6L, 1 tile, 2E
LSMs each used their respective  pooc BATS: Dickinson et al. (1993) 3L, 1 tile, 2E

vegetation and soil parameters

variability (see Xue et al., this issue: this is also discussed
in more detail in the next paragraph). A high correlation
implies that the position and strength of the JJAS-averaged
meridional precipitation gradient is similar between the
WAMME model and TRMM, and two models (UCLA, and
MOHC HadRM3P-NCEP) have both a high correlation
(above 0.8) and a relatively low bias (less than
1 kg m~? day™"). It is interesting to note that the best
statistics overall are obtained by the GCM ensemble
(Fig. 5b). The significance of the ensemble performance is
detailed in Xue et al. (this issue).

In fact, it should be noted that the results presented here
are not exclusive to TRMM. Indeed, the agreement
between different commonly used satellite rainfall products
at the monthly scale is much better than that among the
WAMME models, so any one of several can be used to
evaluate the model performances (depending on the spatial
and temporal resolution requirements for evaluation). An
example is shown for the Sahel in Fig. 6: thick lines cor-
respond to the commonly used products TRMM, Global
Precipitation Climatology Centre (GPCC: Schneider et al.
2008), Global Precipitation Climatology Project (GPCP:
Adler et al. 2003), and Climate Prediction Center RainFall
Estimation version 2.0 (CPC-RFE2: Laws et al. 2004). The
thin lines correspond to the WAMME simulated rain rates.
Note that the rainfall simulation problem is also present in
operational NWP models (the ECMWF curve based on 12—
36 h forecasts is also shown, and it underestimates the
rainfall primarily because the latitude of the core of the
active precipitation zone is south of the Sahel. This prob-
lem is well known at ECMWEF: A. Beljaars, personal
communication).

The spatial correlations of the downwelling shortwave
radiation and the precipitation (averaged over JJAS 2004)

are shown in Fig. 7 (where the same letters are used to
identify the WAMME models as in Fig. 5). Of the 17
simulations shown, the majority of them show a fair con-
sistency in that better shortwave radiation simulations
correspond to better precipitation simulations (compared to
the satellite-based product OSI-SAF). Once again, the
GCM ensemble is the best (symbol b). Three of the four
models with the lowest shortwave correlation tend to
simulate the monsoon too far north or south compared to
the ALMIP forcing, while the remaining one (NCEP-GFS)
simulates a reasonable position but with widespread high
precipitation rates within the active monsoon region. Note
that the inter-model variability exceeds the inter-annual
differences for the 2 years considered, so the conclusions
are essentially the same for 2004 as 2005 (not shown here).
The spatial and temporal distributions of the precipitation
and incoming solar energy obviously modulate the surface
fluxes, especially in the transition zone from the dessert to
vegetated areas (in the Sahel). This will e examined further
in the next section.

3.2 WAMME simulated surface fluxes

The key surface flux which couples the surface to the
atmosphere via the hydrological cycle is the latent heat
flux. The WAMME model JJAS average latent heat flux,
Qle, for 2004 is shown in Fig. 8 (the ALMIP Qle is shown
in Fig. 8w). Looking at the spatial patterns and magnitudes,
it is seen that the GCM ensemble compares best with
ALMIP (consistent with the analysis in the previous sec-
tion, see Fig. 7). Three models have relatively high Qle
rates up to 20°N owing to the penetration of the monsoon
too far north (MRI-JMA, Cornell MM5, NCAR CAM-
CLM3 and MOHC HadAM3), two models have a monsoon
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Fig. 5 Scatter plots of the WAMME simulated rainfall verses the
values from ALMIP (based on TRMM 3B42). The statistics are
computed over the 4 month core monsoon period (June—September).

which stays too far south (UCLA-MRF and NASA GSFC
FVGCM), while the remaining models are more consistent
with ALMIP. Because of the significant amount of pre-
cipitation recycling north of about 10°N because of large
atmospheric demand, the evaporation and precipitation are
highly correlated. The meridional Qle gradient varies sig-
nificantly among the models, and this will be discussed in
more detail later in this section.
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The statistics shown are the correlation, r, the root mean square
difference, R, and the bias, b

The statistical comparison of the JJAS 2004 Qle
between the WAMME models and ALMIP is shown in
Fig. 9. The lowest bias and root mean square difference is
for NCEP2, which is reassuring since the surface received a
satellite-based precipitation product as opposed to the
model precipitation. The best overall agreement with AL-
MIP in terms of all three statistics is once again the GCM
ensemble, although the RCM ensemble is fairly close.
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Fig. 6 Comparison of the spatial correlation between WAMME and
ALMIP for the downwelling solar radiation (ordinate) and the
precipitation. The boxed region indicates models which performed the
best
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Fig. 7 The Sahel average rainfall monthly time series for 2 years:
different precipitation products are represented by thick curves, and
the WAMME model simulations are indicated by the thin black
curves. The ECMWF forecast simulation is also indicated

Because of the positive precipitation bias of the WAMME
models, there is also a positive Qle bias with many models
having maximum values of approximately 50% larger than
ALMIP maximum values. The overall WAMME Qle
positive bias is probably also related to the fact that most of
the models tend to simulate the monsoon too far north,
where atmospheric demand is larger so that precipitation
recycling should be intensified.

Hovmoller plots of Qle for 2004 (from May to October)
are shown in Fig. 10, where the Qle has been averaged
from —10° to 10°E longitude. The ALMIP Qle temporal

evolution is asymmetric, with considerably larger Qle rates
during the monsoon retreat than during any other period.
This results as water stored in the root zone is evaporated
after the precipitation rates have diminished. The large Qle
results from a combination of ample soil moisture, signi-
ficant incoming solar radiation and relatively large atmo-
spheric demand (i.e. relatively dry atmospheric conditions).
There is also a relative ALMIP Qle minimum transitioning
from July to August south of 10° N due to lower precipi-
tation and incoming radiation and humid conditions. In
contrast with ALMIP, most of the WAMME models have a
fairly symmetric Qle temporal evolution, with only COLA,
MOHC HadAM3, NCEP-GFS, NCAR CAM/CLM3 and
Cornell MM5 having maximum Qle rates occurring during
the monsoon retreat. NCEP2 has the best overall agreement
in terms of Qle meridional gradient and northward extent
and timing, but this is expected as the precipitation is not
from the atmospheric model (it is satellite based as for
ALMIP). Therefore for most of the models, the soil water
reserve does not seem to be greatly impacting the late
season Qle. In general agreement with ALMIP, most of the
models have a relative Qle minimum south of 10°N during
the monsoon period, but the exact position in time, mag-
nitude and spatial extent are quite variable.

Of key importance (as mentioned in the introduction) for
the monsoon intensity, is the meridional gradient of the
surface fluxes. The ratio of Qh to the Rnet is used in order
to explore the surface energetics in a relative sense. The
corresponding meridional gradient for each of the WAM-
ME models (averaged from —10° to 10°E longitude) for
three times (onset in June, peak monsoon activity in August
and post monsoon in October) are shown in Fig. 11 toge-
ther with the ALMIP values. Several WAMME models
have been highlighted (using thick curves) as a reference.
During the onset period for both years, ALMIP has more
energy going into sensible than latent heating compared to
WAMME. Again, this is probably mostly related to the
lower ALMIP precipitation rates. Also, quite a few models
already have the active monsoon region extending up to
approximately 13°N indicated by the inflection point in
many of the curves. Although there is considerable scatter,
most of the models are similar to ALMIP in August (except
for those which place rainfall north of 20°N, indicated by
the very low ratios north of 15°N). Ratios range from
approximately 0.3 to 0.7 from south to north. October has
the most inter-model scatter north of about 12°N, with
ratios ranging from 0.2 to nearly 1.0 at 20°N. In contrast,
the models have the best agreement with each other and
with ALMIP south of 10°N. This is probably because the
relatively low incoming solar radiation is preferentially
used for evaporation over the relatively wet and well
vegetated surfaces. One model of note is NCEP2, which
has a markedly different behaviour than all of the other
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Fig. 8 The WAMME latent heat flux averaged from June through September (JJAS) for 2004. The corresponding ALMIP field is shown in

panel w

models during October north of 15°N. In fact, NCEP2 has a
very high dessert albedo, and this contributes to a rather
low Rnet in this region. Despite the fact that this is
anomalous compared to the other models, owing to a lack
of observations north of about 17°N it is difficult to say
whether or not this behaviour is realistic or not. But the
magnitudes of the turbulent fluxes for all of the models are
fairly low in this region at this time of year, so the influence
on the WAM is likely to be low.

A comparison of the 6-month (May—October) mean
surface turbulent fluxes averaged from —10° to 10°E is
shown in Fig. 12 for 2004 and 2005. As noted before, the
differences between the same WAMME models for
the 2 years is far less then the inter-model differences. The
diagonal lines represent the value of the ALMIP Rnet, and
the boxes represent the range of the ALMIP fluxes.
The ALMIP inter-model standard deviation of the turbulent
fluxes (not shown) is approximately 5 W m~2 in 2004 and
4 W m~? in 2005 (the ALMIP averages are denoted using
A), while the corresponding value for the Rnet is approx-
imately 4 W m™2 for both years. The WAMME Rnet is
rather consistent with the ALMIP values for most of the
models, although a few models have lower values which
are mostly related to higher surface albedo. In terms of
partitioning this energy into turbulent fluxes, ALMIP uses
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slightly more of the available energy for latent heating
(approximately 60 W m™2 vs. about 45 W m ™~ for sensi-
ble heating). Consistent with the previous analyses (the
positive WAMME model precipitation bias), the WAMME
models use approximately twice the amount of available
energy for latent than sensible heating. So it is possible that
the coupling or feedback mechanism (via precipitation
recycling) is over-estimated in the WAMME models. This
question will need to be studied more thoroughly using
fully coupled models (Fig. 13).

Soil moisture has a direct influence on the surface tur-
bulent fluxes (and thus PBL development and convection),
but as evidenced by many authors, it is very difficult to
compare soil moisture diagnostics between different mod-
els (see Koster et al. 2009, for a recent comprehensive
review of this problem). In the end, since it is not actually
the soil moisture that matters to the atmospheric model, but
rather its impact on the partitioning of latent and sensible
heat fluxes, we have given a measure of SWI ((—) meaning
proxy in the Fig. 13) based on SWIp = Qle/Rnet. It will be
near zero when evaporation is negligible (where soils are
nearly completely dry), and it will be large when the soils
are relatively moist (above an effective field capacity), so
this ratio is directly related to the fluxes felt by the atmo-
sphere. NCEP2 has the most consistent spatial pattern
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Fig. 9 As in Fig. 4 except for the latent heat flux

compared to ALMIP (owing to rainfall); however, SWIp
values are nearly unity in a large area south of 10°N. In
fact, this is a common trait in most of the WAMME
models. In contrast, Kohler et al. (2009) showed that at a
site located in Burkina Fasso (approximately 10° and —3°)
during the special observing period in 2006, the daily
average Bowen ratio (ratio of sensible to latent heat flux)
tended to have minimum values after rainfall events no
lower than about 0.27, which corresponds to a maximum
SWIp as defined here of approximately 0.78 (consistent
with the ALMIP values, which are less than 0.8). This

indicates that significant sensible heating of the atmosphere
still takes place south of 10°N during the monsoon season
in contrast to what is seen in the majority of WAMME
models.

4 Conclusions and perspectives
Surface energy fluxes simulated by an ensemble of land

surface models from ALMIP have been used as a proxy for
the best estimate of the “real world” values in order to
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Fig. 10 WAMME model latent heat flux Hovmoller plots for 2004 averaged from —10° to 10°E for 2004. The ALMIP Hovmoller is shown in
panel w

Fig. 11 Meridional profiles of — NASA-FVGCMD
the ratio of the sensible heat flux w— NCEP2
to the net radiation for three — UCLA
different months averaged from &= ALMIP

—10° to 10°E. The thick black
curve corresponds to ALMIP.
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Fig. 12 A comparison of the latent and sensible heat fluxes averaged
from —10° to 10°E and from May through October. The WAMME
symbols are the same as those in Fig. 8. The A is used to indicate
ALMIP. Boxes represent the ALMIP range. Diagonal lines represent
the net radiation simulated by ALMIP

evaluate GCM and RCM simulations under the auspices of
the WAMME project, since such large-scale observations
do not exist. The ALMIP models have been forced in off-
line mode using satellite and gauge based precipitation

estimates from TRMM 3B42, downwelling satellite based
radiative flux products from OSI and LAND-SAF, and
atmospheric state variables from NWP.

An ensemble average is computed for all of the surface
energy and water budget components, and the inter-model
variability is examined for two annual cycles. The LSM
fluxes agree well with a coefficient of variation for latent
heat flux ranging from approximately 5—-15% over most of
West Africa, with the best agreement over the semi-arid
Sahel where precipitation recycling is most significant. The
ensemble signal to noise ratio of the surface turbulent
fluxes is fairly large over most of the region, with the
exception of the equatorial rain forest. This is related to the
fact that soils are deepest (impacting hydrology and water
storage) and vegetation processes (such as radiative trans-
fer and root zone water uptake) and interactions with the
under story are more complex. The simulated fluxes over
this region have a larger uncertainty (owing to more model
disagreement), however, the focus is on the WAM so that
the WAMME analysis is mostly done outside of this area.

The WAMME model simulated net radiation agrees
rather well with ALMIP for most of the WAMME models,
however, the partitioning of this energy into turbulent fluxes
is different from ALMIP and is quite variable. The main
reason for the difference with respect to ALMIP is that the
WAMME models have a positive precipitation bias com-
pared to ALMIP. Because there is ample energy, this leads
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Fig. 13 The WAMME Soil Wetness Index proxy (SWIp) averaged from June through September (JJAS) for 2004. The corresponding ALMIP

field is shown in panel w
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to larger latent heat fluxes and very little rainfall is being
stored or becomes runoff in the WAMME models. This
seems to be due, in part, to further northward placement of
monsoon in areas with larger potential energy for evapo-
ration or most of the WAMME models. Further research is
needed to determine how much the surface contributes to
this displacement of the WAM in the WAMME models.
NCEP2 is a special case. Surface latent heat fluxes agree
well with ALMIP compared to most of the WAMME
models, which is comforting since, like ALMIP, the pre-
cipitation is not based on NWP (but rather a mixed satellite-
gauge approach). But the surface net radiation is quite
different (primarily owing to albedo differences), so that
sensible heat fluxes are among the lowest of all the
WAMME models (and in contrast to ALMIP estimates).

In terms of the annual cycle over West Africa, ALMIP
produces the maximum latent heat flux during the monsoon
retreat as stored water is evaporated before solar radiation
reaches the boreal winter minima: only six of the WAMME
models have this feature, and it is generally rather weak.
Also, the starting point for the monsoon (in May) is further
north than ALMIP for all of the WAMME models except
for the two models which keep the monsoon too far south.
Thus before onset, the maximum low level MSE gradient is
further to the north than ALMIP for most of the WAMME
models.

The meridional ratio of sensible heat flux to the net
radiation during onset (June) (from 5° to 20°N) is larger in
ALMIP than in the WAMME models, mainly because the
monsoon starts further south and temrally lags most of the
WAMME models (the monsoon jump in TRMM is
generally more rapid than in the WAMME models). The
best general agreement with ALMIP is in August, when the
meridional gradient is generally the lowest. During
the monsoon retreat, most of the WAMME models agree
quite well with ALMIP south of 10°N (the aforementioned
ratio is between 0.1 and 0.2 for most models), while north
of 10°N there is the greatest dispersion of WAMME
models for the 3 months considered. This seems to be
related to large differences in soil water storage and it’s
extraction within the WAMME models.

In order to truly respond to questions regarding the
coupling between the land surface and the atmosphere
using GCMs and RCMs, special experiments in which
the models are constrained by offline soil moisture (e.g.
Douville et al. 2001) or offline surface fluxes (perhaps
using a flux replacement method, such as that presented by
Dirmeyer and Zhao 2004) should be done focusing on this
region using a multi-model GCM or RCM approach
together with ALMIP outputs. This effort would also be
complemented by the large unique dataset consisting in
both surface and atmospheric data measured during the
AMMA field campaign.
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