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Abstract Coupling of the Community Land Model
(CLM3) to the ICTP Regional Climate Model (RegCM3)
substantially improves the simulation of mean climate over
West Africa relative to an older version of RegCM3 cou-
pled to the Biosphere Atmosphere Transfer Scheme
(BATS). Two 10-year simulations (1992-2001) show that
the seasonal timing and magnitude of mean monsoon
precipitation more closely match observations when the
new land surface scheme is implemented. Specifically,
RegCM3-CLM3 improves the timing of the monsoon
advance and retreat across the Guinean Coast, and reduces
a positive precipitation bias in the Sahel and Northern
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Africa. As a result, simulated temperatures are higher,
thereby reducing the negative temperature bias found in the
Guinean Coast and Sahel in RegCM3-BATS. In the Reg-
CM3-BATS simulation, warmer temperatures in northern
latitudes and wetter soils near the coast create excessively
strong temperature and moist static energy gradients, which
shifts the African Easterly Jet further north than observed.
In the RegCM3-CLM3 simulation, the migration and
position of the African Easterly Jet more closely match
reanalysis winds. This improvement is triggered by drier
soil conditions in the RegCM3—-CLM3 simulation and an
increase in evapotranspiration per unit precipitation. These
results indicate that atmosphere—land surface coupling has
the ability to impact regional-scale circulation and pre-
cipitation in regions exhibiting strong hydroclimatic
gradients.

Keywords African monsoon - Land surface modeling -
Soil moisture - Land surface—atmosphere coupling -
RegCM3 - Regional climate modeling

1 Introduction

The land surface represents the lower atmospheric bound-
ary condition for approximately 30% of the Earth’s surface.
The transfer of energy, mass and momentum between the
biosphere and the atmosphere occurs at this interface, and
the coupling between these two systems is known to impact
local, regional and global climate. Regions where soil
moisture anomalies cause large changes in regional circu-
lation and climate have been termed ‘“land-atmosphere
hotspots” (Koster et al. 2004). These hotspots are often
found in transition zones between wet and dry regimes. The
seasonal monsoon in West Africa causes a strong gradient
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between wet and dry regions, providing a trigger for the
close coupling between the land and atmosphere. As a
result, the timing and magnitude of the monsoon play a key
role in the land-atmosphere feedbacks.

There are several mechanisms that allow soil moisture to
impact land-atmosphere interactions. First, soil moisture
can affect the precipitation recycling ratio (ff), which is
defined as the ratio of precipitation derived from the local
evapotranspiration (ET) to the total moisture source (ET
and moisture advected into a region (IN)):

ET

F=fr N

(1)
The value of f indicates the “strength” of the coupling
between the land surface and the atmosphere. For example,
high values of f§ indicate that the majority of precipitation
is due to local evapotranspiration and is recycled, whereas
low f values suggest that the precipitation is derived from
the moisture advection from outside the local region (Schir
et al. 1999). Second, increased soil moisture can increase
the efficiency of precipitation processes (Betts and Ball
1995; Betts et al. 1996). These two effects establish a
positive feedback loop between soil moisture and precipi-
tation. These soil moisture feedbacks are apparent in
models (e.g., Schir et al. 1999) as well as observations
(e.g., Koster et al. 2003) and can occur across a range of
time-scales. For instance, soil moisture can influence the
position of storm systems (Pal and Eltahir 2003; Taylor
et al. 2005), as well as rainfall in future seasons (Pal and
Eltahir 2001). Because of this soil moisture “memory” in
the climate system (Vinnikov et al. 1996), accurate simu-
lation of soil moisture processes is crucial for short-term
precipitation forecasts, seasonal-scale predictions, and
long-term climate projections.

Many factors can influence the formation, duration, and
movement of the monsoon, including sea surface tempera-
tures (SSTs) in the Atlantic, Indian, and Pacific Ocean
basins (e.g., Janicot et al. 2001; Rowell 2001; Vizy and
Cook 2001; Giannini et al. 2003; Messager et al. 2004;
Paeth and Friederichs 2004; Joly et al. 2007), current and
antecedent soil moisture conditions (Philippon and
Fontaine 2002; Fontaine et al. 2002, 2007; Douville et al.
2007), inflow air mass characteristics (Chou and Neelin
2003), and vegetation feedbacks (Charney et al. 1977;
Zheng and Eltahir 1998; Wang and Eltahir 2000; Abiodun
et al. 2007). The feedback cycles between the land surface
and the atmosphere in West Africa are described and
diagnosed in detail in Philippon and Fontaine (2002), who
highlight two main features that increase the efficiency of
precipitation processes in the region. The first feature, the
Bowen ratio effect, suggests that wetter soils cool and add
more moisture to the near-surface atmospheric layers,
effectively decreasing the Bowen ratio. This increases the
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moist entropy flux and the amount of convective available
potential energy in the relatively shallow boundary layer
(Schir et al. 1999; Pal and Eltahir 2001). The resulting
vertical thermodynamic profile tends to become unstable,
increasing the frequency and magnitude of convective
rainfall events (Pal and Eltahir 2001). Lower temperatures
cause a decrease in outgoing longwave radiation, while a
moister atmosphere causes an increase in incoming long-
wave radiation, leading to an overall increase in net
longwave radiation. The second feature, the albedo effect,
is caused by wetter soils that are darker in color and allow
more solar radiation to be absorbed at the surface. Both the
Bowen ratio effect and the albedo effect lead to an increase
in the total net surface radiation, which then increases the
heat flux (sensible and latent) to the boundary layer. These
increases in heat flux act to increase the moist static energy
(MSE), defined as:

MSE = ¢Z 4 ¢,T + Lg (2)

where g is the gravitational acceleration, Z is geopotential
height, ¢, is the specific heat capacity at constant pressure,
L is the latent heat of vaporization, and ¢ is the specific
humidity. MSE can account for the transformation of
sensible and latent heat fluxes from the lower troposphere
into geopotential energy in the upper troposphere, and its
meridional gradients can drive the monsoon circulation
(Emanuel 1995). During the West African monsoon, an
increase in heat flux caused by wetter soils can then lead to
an increase in MSE in the boundary layer. Additionally,
lower temperatures cause a decrease in boundary layer
height, further increasing the MSE per unit depth of the
boundary layer (Pal and Eltahir 2001). Depending on the
magnitude and spatial pattern of MSE, the MSE meridional
gradients can influence the timing of the monsoon pene-
tration into the African continent, the occurrence of deep
convection, and the magnitude of precipitation (Philippon
and Fontaine 2002).

These land surface and atmospheric changes in tem-
perature and MSE can also impact the large-scale
circulation. For instance, meridional gradients of tempera-
ture and MSE affect the formation and development of the
African Easterly Jet (AEJ), a midtropospheric jet located at
approximately 600 hPa. This jet occurs over western
Africa in the boreal summertime and migrates in a north—
south direction with the monsoon circulation (e.g., Parker
et al. 2005). The position and strength of the AEJ can
influence the large-scale circulation in the region (Cook
1999). The AEJ forms as a result of a positive meridional
surface temperature gradient over western Africa, with
higher surface temperatures over the Sahara and cooler,
moister air near the coast; this gradient reverses in the mid-
troposphere near the vertical position of the AEJ (Burpee
1972; Cook 1999; Thorncroft and Blackburn 1999). Near
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the surface, warmer temperatures over the Sahara create
the Saharan Heat Low (SHL) and cyclonic circulation in
the lower troposphere. Higher in the atmosphere, the
descending branch of the Hadley cell creates subsidence
aloft, causing the Saharan High to occur at approximately
600 hPa. Outflow from the Saharan high is deflected to the
right due to the Coriolis force, creating the AEJ. The jet is
partly maintained by an ageostrophic thermally direct cir-
culation, where dry convection from the SHL induces a
diabatic meridional circulation that induces a negative
temperature gradient aloft (Thorncroft and Blackburn
1999). These dynamical mechanisms lead to the strong
coupling between the land surface and atmosphere over
western Africa, indicating that small perturbations in
the land surface conditions can propagate vertically in
the atmosphere and impact the regional atmospheric
circulation.

This complex timing, spatial pattern and magnitude of
the monsoon precipitation have traditionally been difficult
for global and regional climate models to replicate (e.g.,
Cook and Vizy 2006; Meehl et al. 2006; Sijikumar et al.
2006), although some regional models have successfully
simulated the monsoon precipitation in select years (Gallée
et al. 2004; Messager et al. 2004). Previous RegCM3-
BATS simulations of the African monsoon employing the
convection scheme of Grell et al. (1994) capture the overall
advance and retreat of the African monsoon, but overesti-
mate the magnitude of the precipitation along the Guinean
Coast and slightly underestimate precipitation in the Sahel
(Afiesimama et al. 2006; Konaré et al. 2008). However, the
magnitude of precipitation is reduced when the radiative
effects of dust are included (Konaré et al. 2008). In addi-
tion, sensitivity experiments have shown that the location
and intensity of the simulated monsoon band depends on
the RegCM convection scheme (Pal et al. 2007; Abiodun
et al. 2008).

In this study, we investigate the impact of different land
surface parameterizations (LSPs) on the climate of the
West Africa land-atmosphere hotspot, as simulated by a
regional climate model. In fact, past studies have noted the
importance of the LSP in this region (Diedhiou and
Mahfouf 1996; Sijikumar et al. 2006). Here, we upgrade
the land surface package of the regional climate model
RegCM3 (Pal et al. 2007) from the Biosphere-Atmosphere
Transfer Scheme (BATS; Dickinson et al. 1993) to the
more advanced Community Land Model (CLM3; Oleson
et al. 2004). In this paper, we compare the two LSP
experiments in terms of the simulation of the West African
monsoon and the dynamical mechanisms underlying its
evolution. Specifically, we evaluate how the change in LSP
affects the mean simulation of precipitation (Sect. 3), how
the changes in the LSP affect soil moisture and the surface
energy and water budgets (Sect. 4), and how these changes

in surface properties alter to the atmosphere via MSE and
the general circulation of the region (Sect. 5).

2 Methods
2.1 Description of RegCM3 and experiment design

The Regional Climate Model version 3 (RegCM3) is an
evolution of the model originally developed at the National
Center for Atmospheric Research (NCAR) and currently
maintained at the International Centre for Theoretical
Physics (ICTP) (Pal et al. 2007). RegCM3 is a grid-point
limited area model with a hydrostatic dynamical core
(similar to the NCAR/PSU MMS5; Grell et al. 1994), a full
radiation package (CCM3; Kiehl et al. 1996) allowing for
the effects of greenhouse gases and atmospheric aerosols, a
non-local planetary boundary layer scheme (Holtslag et al.
1990), and multiple convection schemes (e.g., Emanuel
1991; Grell 1993). It has been tested in a variety of
domains throughout the world (c.f., Giorgi et al. 2006 and
references therein), and has been shown to simulate climate
in various mid-latitude and tropical regions with reasonable
accuracy (Pal et al. 2007). Further details about RegCM3
can be found in Pal et al. (2007) and references therein.
We select a model domain spanning a range of climatic
zones from the tropics to midlatitudes. Our initial focus of
analysis is western Africa, a region that is expected to have
strong land-atmosphere coupling. The full domain
encompasses equatorial and northern Africa along with
continental Europe, ranging from approximately 5°S to
55°N, and from 20°W to 40°E (Fig. 1). The horizontal
resolution is 60 km, with 18 atmospheric layers from the
surface to 100 hPa. Three-dimensional atmospheric
boundary conditions are provided by the ECMWF 40-year
Reanalysis (ERA-40; Uppala et al. 2005) at 2.5° spatial
resolution and 6-h temporal resolution. Weekly SSTs are
obtained from the NOAA optimum interpolation (OI) SST
analysis (Version 2; Reynolds et al. 2002) and are linearly
interpolated to daily values in the model. Land cover data
is derived from 1 km Global Land Cover Classification
data (GLCC) version 2 data provided by the U.S.
Geological Survey (USGS) Earth Resources Observation
Center (Loveland et al. 2000), where the GLCC Interna-
tional Geosphere-Biosphere Programme (IGBP) land cover
categories are matched to BATS land cover categories. Our
experiments use the MIT-Emanuel scheme (Emanuel
1991) to simulate convective precipitation, which is the
same scheme used by Pal et al. (2007), and the SUBEX
scheme to simulate large-scale precipitation (Pal et al.
2000). We note that RegCM3 has the option of different
convective schemes, which are known to produce different
results over this region (Afiesimama et al. 2006; Abiodun
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et al. 2008; Konaré et al. 2008). We perform two 10-year
simulations from 1992 to 2001: one with RegCM3-BATS
and the second with RegCM3-CLM3.

In order to evaluate the progression of the monsoon in
our simulations, we focus on three western Africa regions:
the Guinean Coast (4-10°N, 10W-10°E), the Sahel
(10-20°N, 10W-30°E) and Northern Africa (20-30°N,
10W=-30°E) (regions shown in Fig. 1). As the monsoon
progresses northward over land (moving from the equator
to 15°N), the magnitude of precipitation increases with
time successively in each of these regions until the mon-
soon retreats in autumn.

2.2 Land surface models: BATS and CLM3

The current LSP in the standard version of the RegCM3—
the Biosphere-Atmosphere Transfer Scheme (BATS;
Dickinson et al. 1993)—has been a component of the
RegCM system since the 1990s (Giorgi et al. 1993). BATS
is a “second-generation” land surface model, which uses a
force-restore method to calculate soil temperature, has
three soil layers for interactive soil moisture calculations,

one bulk snow layer, a one-layer vegetation scheme and a
simple description of surface runoff. As part of the com-
munity effort to develop RegCM3, we coupled the NCAR
version of the Community Land Model (CLM3) to the
RegCM3 atmosphere. The CLM3 is a state-of-the-science
LSP developed and supported by NCAR (Oleson et al.
2004). CLM3 represents a “third-generation” land surface
model, meaning that it includes a physical representation of
the coupling between the water, energy and carbon cycles
(Sellers et al. 1997). A detailed description of the differ-
ences between BATS and an earlier version of CLM,
CLMO, is presented in Dai et al. (2003) and Steiner et al.
(2005).

Earlier coupled versions of RegCM and CLMO (Steiner
et al. 2005) indicate that the updated land surface scheme
improves the agreement between simulated climate and
ground-based observations, primarily because of an
improved representation of root zone soil moisture and its
impact on the surface energy and water budgets. The
CLM3 uses a series of biogeophysical parameterizations to
describe the exchange of energy, momentum, water and
carbon between the land surface and the atmosphere.

Fig. 1 Soil texture for (a)
BATS % sand, (b) BATS %
clay, (¢) CLM3% sand, and (d)
CLM3% clay. BATS soil
texture data from land cover
type and the FAO Soil Map of
the World (FAO/UNESCO
1974) and CLM3 soil texture
data from the Global Soil Data
Task (2000). The three regions
of analysis (Guinean Coast,
Sahel and Northern Africa) are
outlined in (a)
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Within each atmospheric model grid cell, CLM3 treats land
surface heterogeneity using the “mosaic” method (Koster
and Suarez 1992), which divides each cell into a subgrid
hierarchy composed of land units (representing glacier,
wetland, lake, urban, and vegetated land cover), and a
second and third hierarchy for vegetated landunits,
including different snow/soil columns (for different vege-
tation fractions), and plant functional types (PFTs) (Oleson
et al. 2004). Biogeophysical processes are simulated for
each landunit, column and PFT separately, and then aver-
aged for return to the atmospheric model. CLM3
biogeophysical properties add additional detail, including a
coupled photosynthesis-stomatal conductance model,
in-canopy radiation schemes, revised snow parameteriza-
tions and hydrology, and a river runoff scheme (Oleson
et al. 2004).

2.3 Soil properties and soil moisture initialization

One of the primary differences between the two land
surface models is the description and physical parameteri-
zation of the soil water column. BATS describes the soil
column with three layers: a surface layer (the top 10 cm), a
root zone layer (the top 1-2 m of soil depending upon the
land cover type), and the total soil column (3-5 m and
specified to 3 m in this study). CLM3 explicitly solves a
ten-layer soil model. Because BATS has a simpler
description of the soil column, we convert the 10 CLM3
layers into each of the three BATS soil layers in order to
make a direct comparison between the two models. The
BATS surface layer corresponds to the first three layers of
CLMS3 soil layers. In CLM3, the root zone includes the first
eight to nine layers of the CLM3 soil column, depending
on the land cover type. In the following analysis, we focus
on the surface and root zones, as these two portions of the
column will exhibit the strongest influence on the surface
evaporation fluxes. In general, the surface soil moisture
affects ground evaporation, while the root zone soil
moisture has a greater influence on the transpiration by
vegetation. Therefore, the greatest impact of the deep
reservoir of soil moisture will be found in regions with high
tree cover, such as the Guinean Coast.

The treatment of the land surface hydrology in the two
schemes has numerous differences. For instance, hydraulic
properties such as porosity, hydraulic conductivity and soil
matric potential in CLM3 are based on the soil texture
(percent sand and percent clay), which has greater detail
than the limited soil texture description in BATS (based on
12 specified soil texture categories, see further discussion
below). CLM3 calculates a groundwater table depth to
determine saturated and unsaturated zones in the soil,
which in turn influences subsurface runoff (Oleson et al.
2004). In contrast, runoff in BATS is a simple function of

precipitation rate and soil water content relative to satu-
ration. The CLM3 hydrology has the ability to account for
both liquid water and ice in the soil, while BATS only
accounts for liquid water.

In addition to revised model physics, different soil tex-
ture input datasets are used in the two models (Fig. 1). In
the standard RegCM version, BATS assigns one of twelve
soil texture categories based on the FAO Soil Map of the
World (Wilson 1984; FAO/UNESCO 1974) and land cover
type. CLM3 uses sand and clay contents from the 5-minute
resolution IGBP soil dataset (Global Soil Data Task 2000)
to develop a depth-variant soil texture dataset (Bonan et al.
2002). As a result, the CLM3 soil texture dataset has a
higher resolution of data in both the horizontal and vertical
dimensions. The soils in CLM3 have a higher sand content
of up to 20% than those in BATS in the Sahel and Northern
Africa (Fig. 1). Clay content in CLM3 (20-50%) is slightly
higher than in BATS (20-40%) in sub-Saharan Africa and
slightly lower in the Sahara (up to 10%).

Additionally, the soil moisture initialization strategies
vary between the two land models. BATS initializes soil
moisture by prescribing the soil water content relative to
saturation as a function of land cover type (Giorgi and
Bates 1989). This leads to an initial total soil water
column of about 700-1000 mm H,O over the majority of
the land domain, with a lower initial soil water column
of 100-300 mm H,O over the Sahara. In contrast, CLM3
is initialized in our experiments with its default setting
of 0.3 mm® mm™> , or 30% of the soil column for
approximately 1000 mm H,O over all land regions. As a
result, the CLM3 simulation is initially wetter than the
RegCM3-BATS simulation, particularly in the Sahara
region. We conduct 2 years of additional model simula-
tion (1990-1991) prior to the full 10-year simulation
(1992-2001) to allow the soil moisture to equilibrate,
and these two spinup years are not included in the
subsequent analysis. Depending on the geographic loca-
tion and precipitation regime, soil moisture initialization
has varying importance (Koster and Suarez 2003) and
can take months to years to reach equilibrium (Cosgrove
et al. 2003; de Goncalves et al. 2006). In our ten year
simulations, continued drying was noted in the Sahel and
Northern African regions by about 20 mm H,O over the
ten year period (about 10% and 18% reductions,
respectively), particularly in the CLM3 simulation.
However, no substantial effects in the simulated preci-
pitation and temperature were noted when comparing the
first two years of the simulation (1992-1993) and last
two years of the simulation (2000-2001) with observa-
tions (results not shown). Therefore, the 2-year spinup
appears to be sufficient for most regions of the domain
to reach an equilibrium of soil moisture—atmosphere
interactions.
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2.4 Observations

Simulated precipitation and temperature are evaluated
using gridded monthly datasets derived from observations,
including gridded station data from the Climate Research
Unit at the University of East Anglia (CRU) at 0.5° lati-
tude/longitude resolution (Mitchell et al. 2004). Because
station data are sparse over some areas of our domain, we
also employ the Climate Prediction Center Merged Ana-
lysis of Precipitation (CMAP) gridded data set at 2.5°
latitude/longitude resolution (Xie and Arkin 1997), which
is a blended product of global satellite and gauge data.
Due to the lack of soil moisture and surface flux
observations over western Africa during our simulation
time period, we compare the average root zone seasonal
soil moisture cycle and the surface latent and sensible heat
fluxes with data from the AMMA Land Surface Model
Intercomparison Project (ALMIP). The ALMIP study is a
multi-model comparison of eleven land surface models
forced by a combination of NWP and satellite-based
observations including TRMM 3B24 V6 precipitation
(Boone et al., The AMMA Land Surface Model

Intercomparison Project (ALMIP), submitted to the Bul-
letin of the American Meteorological Society). The ALMIP
regional domain ranges from 20°W to 30°E and from 5°S
to 20°N for the years 2004-2007 (Boone and deRosnay
2007), comparable to our Guinean Coast and Sahel regions.
The ALMIP model output is therefore akin to a reanalysis
product and provides the best available soil moisture and
surface flux data on a broad spatial scale over the region
(Dirmeyer et al. 2006). Despite the different years of
simulation (1992-2001 for the RegCM simulations and
2004-2007 in ALMIP), we compare our RegCM3 results
with the ALMIP model results for representative wet and
dry years.

3 Impact of LSP on precipitation
3.1 Timing and magnitude of mean precipitation
The West African monsoon onset typically occurs in early

spring (March—April), with the largest precipitation
amounts along the Guinean Coast. In the boreal summer

September

CRU
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Fig. 2 Average monthly (May—September) precipitation (mm month™') over the 10 year simulation time period (1992-2001) for CRU
observations (top panel), BATS model simulations (middle panel) and CLM3 model simulations (bottom panel)

@ Springer



A. L. Steiner et al.: Land surface coupling in regional climate simulations of the West African monsoon

months (June—July—August (JJA)), the monsoon migrates
northward and inland, with maximum precipitation values
of 300-500 mm month™"' in August (Fig. 2). In fall, the
monsoon retreats south, passing over the Guinean Coast in

September—October (SO). In the following discussion,
biases are presented with respect to the CRU data only.
Figure 3 shows that the CMAP observations are very
similar to the CRU data over the three regions.
Comparison of the RegCM3-BATS simulation with
CRU observations shows the model simulates too much
precipitation in the monsoon band and produces an
excessively northward migration of the monsoon rain band
during May through September (Figs. 2, 3 and Table 1).
During the monsoon advance in May, biases of up to

Guinean Coast (4-10N,10W-10E)
500 1 1 1 1 1 1 1 1 1 1

Sahel (10-20N,10W-30E)

200 mm month~! (110%) occur in the Guinean Coast
region, and up to 100 mm month™" in the Sahel region
(Fig. 3). As the monsoon progresses northward in June,
RegCM3-BATS exhibits a negative precipitation bias in
the Guinean Coast region. This is due to an excessive
northward displacement of the monsoon front in the Reg-
CM3-BATS simulation. The premature advance yields a
spurious bimodal seasonal distribution of precipitation over
the Guinean Coast, with a first peak occurring when the
monsoon advances over the region in March—April-May
(MAM) and a second peak occurring when the monsoon
retreats in October and November. This bimodal distribu-
tion is not evident in the CRU or CMAP observations
(Fig. 3). This accelerated advance also causes a positive

N Africa (20-30N,10W-30E)
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[
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Fig. 3 Average seasonal precipitation (mm month™') for the three
West African regions (Guinean Coast, Sahel and Northern Africa)
over the 10 year simulation period (1992-2001) for CRU (Mitchell

et al. 2004; gray solid line) and CMAP (Xie and Arkin 1997; gray
dotted line), RegCM-CLM3 (black solid line) and RegCM3-BATS
simulations (black dashed line)

Table 1 Seasonal observed temperature and precipitation data (CRU; Mitchell et al. 2004) and RegCM3-BATS and RegCM3-CLM3 modeled
biases (model-observations). Precipitation biases are shown in reference to the CRU dataset only

Temperature (°C)

Precipitation (mm H,O month™!)

DJF

MAM

JJA

SON

DJF MAM JJA SON

Guinean Coast

CRU 27.1 28.1 254 26.0 224 136.0 229.4 161.9

Bias BATS —-13 —1.8 —1.7 —1.6 23.8 180.1 —25.2 140.7

Bias CLM 0.1 -0.7 —1.8 —1.3 -9.5 —134 —66.4 —11.6
Sahel

CRU 21.9 30.0 31.2 28.6 0.6 8.0 67.5 19.9

Bias BATS —1.5 -0.9 -29 24 —0.04 36.4 146.6 96.2

Bias CLM -0.9 -1.0 —-1.9 —-0.8 -0.4 5.5 27.5 8.0
Northern Africa

CRU 14.3 23.1 31.8 24.5 54 3.8 1.5 3.0

Bias BATS —1.2 1.3 0.7 —14 —-2.6 3.1 38.7 25.2

Bias CLM —-19 —-04 -0.5 —1.3 2.7 0.2 8.6 34
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bias of 150 mm month™' in the Sahel region and
50 mm month™ " in northern Africa. (We note that the low
number of observing stations over this particular region
creates high uncertainty in the observed regional precipi-
tation.) The RegCM3-BATS simulation indicates a slow
retreat of the monsoon that stretches into October, leading
to a bias of 110 mm month ™" in the Sahel region and over
220 mm month™! (120%) in the Guinean Coast region. It
should be noted that the precipitation overestimate in this
simulation is at least partially related to the use of the
Emanuel scheme, which tends to produce higher precipi-
tation amounts than the Grell scheme over tropical regions
(Pal et al. 2007).

The change to the CLM3 land surface scheme has a
strong effect on the simulated monsoon precipitation pat-
terns. In the RegCM3-CLM3 experiment (Figs. 2, 3), the
magnitude and timing of precipitation are substantially
improved. During the advance of the monsoon in April and
May, biases in the Guinean Coast region are slightly nega-
tive (on the order of 10-20 mm monthfl, or 10%;
Table 1) and biases in the Sahel region are positive
(approximately 10 mm month™', or 50%). In the Guinean
Coast region, the bimodal distribution of precipitation
predicted by the RegCM3-BATS simulation is much less
pronounced in the RegCM3-CLM3. While the RegCM3—
CLM3 simulation underestimates precipitation slightly
(bias of 50-80 mm month_l, or about 30%) in June and
July, the magnitude and timing of the spring and fall pre-
cipitation improve. In the Sahel region, RegCM3-CLM3
has a slight positive bias during most of the monsoon
season (Table 1), but the magnitude of excess precipitation
is reduced compared to RegCM3-BATS. In the Northern
Africa region, RegCM3-CLM3 substantially lowers the
bias to a seasonal maximum of 10 mm month™' compared
to the observations. Overall, the monsoon timing improves
in the RegCM3-CLM3 compared to the RegCM3-BATS.

3.2 Simulation of interannual precipitation variability

In addition to the simulation of mean precipitation, Reg-
CM3-CLM3 also improves the simulation of interannual
precipitation variability. Using the 1992-2001 time period
as a baseline, both the CRU and CMAP observations show
large interannual variations in precipitation (Fig. 4). For
example, in the Sahel region, observed precipitation indi-
cates that certain years are drier (1992-1993, 2000-2001)
or wetter (1998-1999) than the 10-year climatological
average. While these wet and dry anomalies do not occur
simultaneously in all three regions, the years 1994 and
1999 are consistently wetter in two out of three regions,
while years 1992, 2000 and 2001 are consistently drier in
all three regions. In general, the RegCM3—CLM3 produces
this variability with higher fidelity than RegCM-BATS.
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Correlation coefficients with CRU and CMAP observations
for RegCM3-CLM3 are typically twice those of RegCM-
BATS, with similar coefficients for the model simulations
when using either the CMAP or CRU dataset (Fig. 4).

Overall, these results show that RegCM3-CLM3 con-
siderably improves the simulation of the monsoon
precipitation over West Africa relative to RegCM3-BATS
for the present model configuration. In the following sec-
tions, we analyze the mechanism underlying the effects of
the LSP on the model’s climatology, by investigating the
impact on surface properties such as soil moisture (Sect.
4.1.1), the surface water and energy budgets (Sects. 4.1.2
and 4.1.3), and the influence of these changes on the
atmosphere via the effect of moist static energy on the
atmospheric circulation (Sect. 5).

4 Impact of LSP change on surface properties
4.1 Surface water balance
4.1.1 Soil moisture

Large differences in simulated precipitation are likely to
cause substantial differences in soil moisture. As described
in Sect. 2.3, the soil description and moisture representa-
tions are quite different between the two LSPs. The surface
zone soil moisture is higher in RegCM3-BATS than in
RegCM3-CLM3 over the full annual cycle in most regions,
with the exception of the dry season (December—January—
February (DJF)) in the Sahel and the Northern Africa
regions (Fig. 5). In the Guinean Coast region, the seasonal
pattern of soil moisture in the RegCM3-BATS simulation
follows that of precipitation, with an increase in MAM as
the monsoon advances, a decrease in JJA as the monsoon
moves further north, and a second peak in SO as the
monsoon retreats. The RegCM3-CLM3 simulation exhibits
a similar cycle, although the bimodal seasonal distribution
in soil moisture is suppressed following the precipitation
cycle. In the Guinean Coast region, RegCM3-CLM3 sur-
face soil moisture is approximately 40-50% lower than in
RegCM3-BATS over the full seasonal cycle. Similar pat-
terns occur in the Sahel region, where the RegCM3-CLM3
has a much smaller seasonal amplitude than the RegCM3—
BATS and lower soil moisture of up to 60% during the
peak monsoon season (JJA). In the Northern Africa region,
RegCM3-CLM3 has a damped seasonal soil moisture
cycle relative to RegCM3-BATS, which shows a strong
peak in the boreal summer (JJA) that is approximately 70%
greater than in the RegCM3—-CLM3 surface soil moisture.
Due to the lack of a strong seasonal cycle in precipitation
over Northern Africa in the RegCM3-CLM3 simulation,
soil moisture varies little seasonally.
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As with surface soil moisture, the root zone soil mois-
ture is consistently greater in RegCM3-BATS than in
RegCM3-CLM3 over the full seasonal cycle. This differ-
ence is clear in the comparison of a representative dry year
of our simulation time period (1992) with a representative
wet year (1999) (Fig. 6). In the Guinean Coast region, the
root zone soil moisture in RegCM3-BATS is 15-20%
higher than in RegCM3-CLM3, with a damped bimodal
seasonal peak associated with the advance and retreat of
the monsoon. Root zone soil moisture differences between
RegCM3-BATS and RegCM3-CLM3 reach up to 30% in
the Sahel (Fig. 6) and up to 15% in northern Africa (not
shown).

1995 1996 1997 1998 1999 2000 2001 2002

Figure 6 shows the ALMIP multi-model mean root zone
soil moisture from this experiment, along with the inter-
model standard deviation for a representative dry year
(2005) and representative wet year (2007), compared with
the RegCM3 dry year (1992) and wet year (1999). Note
that the large spread of data across the models is partly due
to the different definitions of root zone soil moisture
between models. The ALMIP TRMM precipitation forcing
is also shown, and indicates a good agreement with the
RegCM3-CLM3 simulated precipitation. In the Guinean
Coast region, the RegCM3-CLM3 simulation shows less
seasonal amplitude than the ALMIP multi-model mean
root zone soil moisture in both dry and wet years. In the
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Guinean Coast (4-10N,10W-10E)
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Sahel (10-20N,10W-30E)
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Fig. 5 Average seasonal surface soil moisture (first 10 cm from the surface) (mm H,0O) for the three West African regions over the 10 year
simulation period (1992-2001) for the RegCM3-CLM3 simulations (black solid) and RegCM3-BATS simulations (black dashed)

Fig. 6 Average seasonal
precipitation (black) and root
zone soil moisture (blue; first 1—
2 m from the surface) (mm
H,O0) for the three West African
regions over the 10 year
simulation period (1992-2001)
for the RegCM3-CLM3
simulations (solid line) and
RegCM3-BATS simulations
(dashed line). The TRMM-
derived precipitation forcing for
the AMMA Land Model
Intercomparison Project
(ALMIP) experiments (black
dashed line) is shown to
compare the driving
meteorology for the ALMIP
land surface simulations. Root
zone soil moisture for the
ALMIP multi-model mean
(2004-2006) is shown in the
dotted blue line, with &+ one
standard deviation (shaded
blue)

Sahel region, both RegCM3-BATS and RegCM3-CLM3
have more root zone soil moisture than the ALMIP model
mean, but RegCM3-CLM3 is more similar to the ALMIP
data in both dry and wet years. This comparison of
RegCM3 root zone soil moisture with the ALMIP data
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suggests that the seasonal cycle of soil moisture in Reg-
CM3 may be damped compared to other LSPs.

As noted in Sect. 2.3, the use of varying soil boundary
conditions may have an impact on the soil moisture and
precipitation results. In order to evaluate the impact of soil
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texture on soil moisture and precipitation, we conducted
sensitivity tests in which the CLM3 soil texture dataset was
implemented in the BATS model configuration. In these
tests, RegCM3-BATS simulates the root zone soil mois-
ture to be about 5-20% drier than in the RegCM3-BATS
simulation, a difference slightly lower than in the original
RegCM3-CLM3 simulation (about 15-30%). However
with the revised soil texture, precipitation does not change
more than 20% (results not shown). This suggests that
these changes in soil moisture do not translate into the
substantial precipitation change that is seen in the Reg-
CM3-CLM3 simulation (Fig. 3). Thus, while the soil
texture may be a trigger for the land—atmosphere coupling
differences between the two models, the physical param-
eterizations in RegCM3-CLM3 allow those soil moisture
changes to be communicated more effectively to the
atmosphere.

4.1.2 Runoff and soil water storage

Within each region, the seasonal cycle of precipitation and
soil moisture has a strong influence on the surface water

Guinean Coast (4-10N,10W-10E)

Sahel (10-20N,10W-30E)

budget components (including surface runoff, evapotrans-
piration, and storage of water in the soil). Therefore, we
display the three components normalized to precipitation
(Fig. 7). The fraction of precipitation contributing to run-
off—or the runoff coefficient—is similar between the two
models (Fig. 7; i.e., runoff/precipitation). On a per unit
precipitation basis, RegCM3—-CLM3 shows slightly higher
runoff in the Guinean Coast region, and slightly less runoff
in the Sahel. Runoff in the Northern Africa region is nearly
identical between the two simulations.

The increased water input in the RegCM3-BATS simu-
lation increases the soil water storage in all regions and all
seasons (Table 2). Even when normalized to precipitation,
RegCM3-BATS still tends to store more water in the soil
than the RegCM3-CLM3, with the exception in the
Guinean Coast region during the spring (advance) and fall
(retreat) months due to an underestimate of precipitation
during JJA. This greater storage in the RegCM3-BATS
soil is likely due to the revised soil texture classification. In
contrast, the sandier soils in RegCM3-CLM3 lead to
greater infiltration and base flow runoff and reduced soil
water storage.

N Africa (20-30N,10W-30E)

Water (unitless)

Recycling Rate
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Fig. 7 Surface water balance. Top panel: Average seasonal normal-
ized water balance terms, including evapotranspiration (blue), surface
runoff (black), and calculated storage (red) for RegCM3-CLM3
(solid lines) and RegCM3-BATS (dashed lines) simulations for the

three regions. Normalized components are divided by the total
monthly incoming precipitation (unitless). Bottom panel: Precipita-
tion recycling factor (/) as calculated from Eq. 1 for RegCM3-BATS
(black dashed line) and RegCM3-CLM3 (black solid line)
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Table 2 Summer season (JJA) surface energy and water balances

Energy terms (W m~?)

Water terms (mm H,O month™})

SW In SW Abs Net LW SH LH Precip ET Srf RO Storage

Guinean Coast

BATS 170.9 147.6 33.8 9.0 110.6 6.6 3.6 1.4 1.6

CLM 197.5 153.7 36.1 4.9 79.3 5.3 2.6 1.3 14
Sahel

BATS 236.3 187.3 59.4 40.3 98.3 6.9 3.1 1.2 2.6

CLM 288.3 214.3 82.6 44.1 62.9 3.1 2.1 0.4 0.6
Northern Africa

BATS 319.6 232.7 116.6 924 253 1.3 0.8 0.1 0.4

CLM 344.6 249.9 135.1 86.9 10.5 0.3 0.3 0.02 —0.02

4.1.3 Evapotranspiration and precipitation recycling

Total evapotranspiration (ET) is also substantially greater
in the RegCM3-BATS simulation than in the RegCM3-
CLM3 simulation (Table 2). However, the normalized ET
(Fig. 7) shows that over most time periods and locations,
RegCM3-CLM3 returns more water to the atmosphere via
ET per unit precipitation than RegCM3-BATS. In the
Sahel and Northern Africa regions, the RegCM3-CLM3
normalized ET is consistently greater than in RegCM3—
BATS over the monsoon season. In the Guinean Coast
region, the RegCM3—-CLM3 produces more ET than Reg-
CM3-BATS during the dry season. During the peak
monsoon months, the normalized ET is enhanced in Reg-
CM3-BATS due to the reduction in precipitation and cloud
cover from the passage of the monsoon front. For most
months and regions, however, the greater ET per unit
precipitation in RegCM3—-CLM3 returns more water to the
atmosphere, thereby contributing to the drier soils in the
RegCM3—-CLM3 simulation.

An analysis of precipitation recycling (f; Eq. 1) over the
regions further elucidates the relationship between the
surface water balance and precipitation over the region
(Fig. 7). The ET component of f§ varies seasonally fol-
lowing precipitation (Fig. 3), and is greater in RegCM-
BATS in all regions and seasons. The difference in f
between the two simulations is primarily due to a change in
moisture advection. In RegCM-BATS, more moisture is
advected into the Guinean Coast and Sahel regions along
the western boundary during the monsoon season than in
RegCM3-CLM3, which leads to lower S values in Reg-
CM3-BATS during the monsoon season. In RegCM3-
CLM3, the f peak in ASO is due to a greater contribution
of ET, consistent with the increased contribution to the
normalized ET shown in the top panel of Fig. 7. In the
North Africa region, moisture advection is similar between
the two simulations, yet total ET is greater in RegCM-
BATS (Table 2), leading to an increased f value in this
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region. Overall, RegCM3-BATS has greater moisture
advection along the western boundary during the monsoon
season, resulting in lower recycling rates in the Guinean
Coast and the Sahel. In contrast, RegCM3-CLM3 has a
greater recycling rate during the monsoon season due to the
increased importance of the ET component. The differ-
ences in moisture advection are described below in greater
detail (Sect. 5).

4.2 Surface energy balance
4.2.1 Surface radiation balance

In all cases, incoming solar radiation is greater in Reg-
CM3-CLM3 than in RegCM3-BATS (Fig. 8), due to
reduced precipitation (Fig. 3) and cloud cover. This
increase in the RegCM3-BATS precipitation leads to
greater cloud liquid water content, increasing the amount
of outgoing radiation (Fig. 9). This effect is particularly
clear in the Sahel and Northern Africa regions, where the
differences between the two simulations occur mainly
during the wet season (March—October in the Sahel region,
and April-September in the Northern Africa region).
However, the increase in incoming solar radiation in
RegCM3-CLM3 does not lead to the same increase in the
amount of absorbed solar radiation (Fig. 8). This discre-
pancy suggests that the wetter soils in RegCM3-BATS
lead to lower albedos and increased absorption of solar
radiation (Fig. 8). This effect is known as the “soil-wetness
feedback™ or “enhanced albedo effect.” Figure 10 shows
the seasonal evolution of the surface albedo for the two
simulations, with greater albedos in the RegCM3-CLM3
simulation south of 15°N. In the Guinean Coast region (4—
10°N), RegCM3-BATS albedos are consistently lower
than RegCM3-CLM3, where the soil tends to be saturated
throughout the year and has a damped seasonal cycle. In
the Sahel (10-20°N) and Northern Africa (20-30°N), the
RegCM3-BATS albedos show a strong seasonal cycle that
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Fig. 8 Average seasonal surface radiation balance (terms in W m72)
for the three African regions for RegCM3-CLM3 (solid lines) and
RegCM3-BATS (dashed lines) simulations, including incoming

Fig. 9 Seasonal JJA average

shortwave radiation (black), absorbed shortwave (blue), net longwave
(red), and total net radiation (green)
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follows the soil moisture content. In contrast, the Reg-
CM3-CLM3 simulation is less influenced by the seasonal
cycle of soil moisture; the albedos change less than 0.04
over the course of the year.

RegCM3-BATS and RegCM3-CLM3 soil moisture—
albedo relationships are parameterized in the same manner,
where bare soil albedo is reduced by up to half of the dry
soil value when precipitation occurs. Particularly in the
Sahel and Guinean Coast regions, the RegCM3-BATS
albedos are more sensitive to changes in soil wetness. This
is likely creating a secondary feedback in RegCM3-BATS,
where wetter soils further reduce the soil albedo, causing
an enhanced feedback to absorbed solar radiation. This
effect is particularly evident in the Guinean Coast region,
although it is also noted in the Sahel and Northern Africa

20°E  30°E

i I i i i ‘. ‘.
10°W 0° 10°E 20°E 30°E

100 150 200 gm 75 -60 -45 -30 -15 0 15 30 45 60 75 Wm?

regions during the rainy season. The albedo effect’s impact
on the general circulation is discussed further in Sect. 5.
The net longwave radiation is also consistently greater
in RegCM3-CLM3 than in RegCM3-BATS (Fig. 8). In
general, the net longwave radiation budget is predomi-
nantly a balance between the changes in surface
temperature and atmospheric moisture. An increase in the
net longwave radiation (positive upwards) can be due to
changes in downward longwave radiation (e.g., from
atmospheric water vapor and clouds) or the amount of
outgoing longwave radiation (e.g., from a change in surface
temperature). In the Guinean Coast, net longwave radiation
is typically greater in RegCM3-CLM3 than RegCM3-
BATS, with the exception of the peak monsoon months
when the values are similar. This is due to greater
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Fig. 10 Average seasonal meridional albedo (averaged from 10W to 10E and over the 10 year simulation period) for (a) RegCM3-BATS, (b)
RegCM3-CLM3, and (c) the difference between these two simulations (CLM3-BATS)

downward longwave radiation in RegCM3-BATS
(~10 W m™?), and can be explained by the larger amount
of cloud liquid water content in RegCM3-BATS (Fig. 9).
In the Sahel and Northern Africa regions, the net longwave
radiation in the RegCM3-CLM3 simulation is consistently
greater than in RegCM3-BATS due to lower downward
longwave radiation and greater outgoing longwave
radiation.

Overall, the total net radiation (shortwave absor-
bed + net longwave) is greater in RegCM3—-CLM3 over all
regions in all seasons due to more absorbed shortwave
radiation and greater net longwave radiation.

4.2.2 Sensible and latent heat fluxes

The sensible and latent heat fluxes are substantially dif-
ferent in the two simulations, with lower latent heat fluxes
in RegCM3-CLM3 due to lower soil moisture and reduced
total ET. These fluxes are compared with sensible and
latent heat fluxes from the ALMIP experiment for repre-
sentative dry and wet years (Fig. 11). In the Guinean Coast,
RegCM3-CLM3 shows good agreement with the latent
heat fluxes during the monsoon season, while RegCM3—
BATS overestimates the latent heat flux due to increased
precipitation. Both simulations underestimate the sensible
heat fluxes in the Guinean Coast region, likely due to soils
that are too wet and cool in the region (see discussion
below). In the Sahel region, the latent heat fluxes from
RegCM3-CLM3 show good agreement with the ALMIP
fluxes, and an improved agreement of sensible heat flux. In
contrast, the latent heat fluxes are too high in RegCM3-
BATS.

This apparent overestimation of latent heat fluxes in
RegCM3-BATS is important because higher latent heat
fluxes increase the moist entropy flux and the amount of
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convective available potential energy in the boundary
layer, likely increasing the frequency and magnitude of
convective rainfall events (e.g., Pal and Eltahir 2001). Not
surprisingly, the seasonal pattern of the latent heat flux
differences between the two simulations matches that of
precipitation and soil moisture. As a result of drier soils
and reduced latent heating, sensible heat fluxes are gener-
ally higher in RegCM3—CLM3 than in the RegCM3-BATS
simulation. One exception occurs during JAS in the
Guinean Coast region, where the RegCM3-BATS simu-
lation erroneously simulates a precipitation minimum when
the monsoon front has incorrectly passed completely to the
north. This precipitation minimum dries the RegCM3-
BATS soils in July and August, leading to enhanced sen-
sible heat fluxes.

4.2.3 Surface temperatures

Changes in the soil moisture and surface water and energy
budgets impact surface temperatures (Fig. 12). In the
tropical Guinean Coast region, monthly averaged tempera-
tures vary only slightly during the year, ranging from
23°C to 29°C in the CRU observations. The RegCM3-
BATS simulation is cooler than the CRU observations by
1-3°C over the course of the full seasonal cycle in the
Guinean Coast region, likely due to relatively wet soils in
RegCM3-BATS. The agreement between simulated and
observed temperatures is improved in the RegCM3-CLM3
simulation during the dry season months (October through
May). However, during the peak monsoon season (JJA),
there is a negative temperature bias in both simulations
likely due to an underestimate of sensible heat fluxes
(Fig. 11).

Over the Sahel, drier soils in the RegCM3-CLM3
simulation are associated with a reduced cold bias



A. L. Steiner et al.: Land surface coupling in regional climate simulations of the West African monsoon
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Fig. 12 Average seasonal 2 m surface temperature (°C) for the three
West African regions (Guinean Coast, Sahel and Northern Africa)
over the 10 year simulation period (1992-2001) for observations

throughout the seasonal cycle. These drier surface soils
lead to lower surface evaporation rates and latent heat
fluxes, causing higher temperatures in RegCM3-CLM3
that are closer to observations. In the Northern Africa

(CRU; Mitchell et al. 2004; gray solid), RegCM—-CLM3 simulations
(black solid), and RegCM3-BATS (black dashed) simulations

region, the RegCM3-BATS simulates a warm bias of about
1°C during the monsoon months (March—August) and a
cold bias in the remainder of the year. RegCM3-CLM3
temperatures show a cold bias of up to 2°C in the dry
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seasons months of October—February (less than that
noted in CCSM-CLM3 simulations of Northern Africa,
Dickinson et al. 2006), but an improved match to obser-
vations in the monsoon months.

Surface temperature can be important for the regional-
scale circulation, as the meridional temperature and soil
moisture gradients are known to contribute to the monsoon
dynamics in western Africa (Emanuel 1995; Eltahir and
Gong 1996; Sultan and Janicot 2003; Ramel et al. 2006).
Figure 13 shows a meridional temperature cross section for
the RegCM3-BATS and RegCM3-CLM3 simulations,
respectively, averaged over longitudes from 10°W to 10°E.
In both simulations, the seasonal migration of the tem-
perature maximum moves from around 10°N in the spring
to approximately 30°N in the wet season, and then moves
south to approximately 10°N in SON. Because of drier
soils and clearer skies, RegCM3-CLM3 is warmer in the
monsoon band (5-20°N) over most of the seasonal cycle
(Fig. 12). Additionally, the RegCM3-CLM3 simulation
shows a temperature maximum dipole, with the first
maximum occurring in May—June at 15-20°N, and a sec-
ond maximum occurring in July at 25°N (Fig. 13b). This
dipole is similar to that simulated by Ramel et al. (2006),
and has been shown to control the position of the SHL and
influence the inland progression of the monsoon. If the
temperature maximum is located too far to the north, as in
the RegCM3-BATS simulation, this could force the mon-
soon to travel further northwards.

Previously, the location of the temperature maximum
has been strongly linked to the surface albedo (Sultan and
Janicot 2003; Ramel et al. 2006). In our simulations, the
surface albedo differs between the two simulations due to
(1) changes in the soil classification (Sect. 2.3) and (2)

40N A} 40N

30N 30N

20N 20N

10N 10N

changes in soil moisture (Sect. 4.1.2). As shown in Fig. 10
and discussed in Sect. 4.1.2, RegCM3-BATS has higher
albedos throughout the Guinean Coast and Sahel regions,
leading to less solar radiation absorbed and cooler tem-
peratures. It is likely that the improvements in the surface
temperature simulated by RegCM3-CLM3 are related to
the improvement of the soil boundary conditions and their
impact on soil moisture and albedo.

Triggered by changes in soil wetness and albedo, the
surface meridional temperature gradient differs between
the two simulations. Here we calculate the gradient using a
centered finite difference algorithm. As a result of the
temperature differences described above, the RegCM3-
BATS simulation has a stronger surface temperature gra-
dient than the RegCM3—-CLM3 simulation (Fig. 14), with
differences of up to 0.01°C/60 km beginning at the onset of
the monsoon season (April) and continuing until Septem-
ber. The RegCM3-CLM3 temperature gradients are about
half the values of the RegCM3-BATS gradients, peaking at
0.005°C/60 km. This meridional gradient is important for
the formation and location of the African Easterly Jet and
the northward penetration of the monsoon (see Sect. 5).

5 Impact of LSP on land surface-atmosphere
interactions

As described above, the change in LSP causes a reduction
in soil moisture in RegCM-CLM3, leading to a reduced
amount of total evapotranspiration. In this section, we
investigate how these land surface property changes
propagate into the atmosphere via the MSE, causing a
change in the monsoon circulation.

282 286 290 294 298 302

2-10123 K

Fig. 13 Average seasonal meridional surface temperature (averaged from 10°W to 10°E and over the 10 year simulation period) for (a)
RegCM3-BATS, (b) RegCM3-CLM3, and (c) the difference between these two simulations (CLM3-BATS)
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Fig. 14 Meridional surface
temperature gradient (deg K

(60 km)~") for (a) RegCM3— 40N
BATS simulations and
(b) RegCM3-CLM3
simulations. Gradients are 30N
calculated using a centered
finite difference scheme
between model grid cells in the 20N
meridional direction

10N

-0.015 -0.01 -0.005 0

5.1 Moist static energy

Moist static energy (MSE) is an indicator of convection
(Polcher 1995), with greater MSE leading to increased
convection and precipitation. This increased precipitation
can cause wetter soils and lower air temperatures at the
surface, resulting in more precipitation. MSE values reach
up to 350 kJ/kg over western Africa during the monsoon
season (Fontaine et al. 2002), and the location of this
maximum moves meridionally following the seasonal
evolution of the monsoon (Fig. 15). Typically, MSE values
tend to be higher during the monsoon onset than the
monsoon retreat, leading to a seasonal asymmetry. In our
simulations, the seasonal evolution of the zonally averaged
surface MSE shows that the RegCM3-BATS MSE is
greater than the RegCM3-CLM3 MSE over the monsoon
belt throughout the full seasonal cycle (Fig. 15).

40N 40N

30N 30N
20N 20N

10N 10N

0.005 0.01 K (60 km)"

Three components contribute to MSE: the geopotential,
sensible and latent energies (Eq. 2). Sensible energy pro-
vides the dominant component, followed by the geopotential
energy (with increasing importance away from the surface),
and small contributions from the latent energy (with
decreasing importance away from the surface). Among these
three components, the latent energy is the main contribution
to the difference between RegCM-BATS and RegCM-
CLM3 (Fig. 16). In JJA, wetter soils and increased moisture
advectionin RegCM-BATS north of 15°N lead to an increase
in the release of water vapor to the atmosphere, increasing
the amount of latent energy from the surface up to 300 hPa.
South of 15°N, RegCM—-CLM3 has a greater latent energy
term due to the slower advance of the monsoon. Following
the latent energy contribution, the sensible energy also
contributes to the MSE due to drier and warmer conditions in
RegCM-CLM3 near the surface.

30N

20N

10N

JFMAMJJASOND

300 310 320 330 340

348 kJkg' -8-6-4-202 46 8 klkg"

Fig. 15 Average seasonal meridional moist static energy (kJ kg™ ') (averaged from 10°W to 10°E and over the 10 year simulation period) for (a)
RegCM3-BATS, (b) RegCM3-CLM3, and (c) the difference between these two simulations (CLM3-BATS)
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In addition to the magnitude of MSE, the MSE gradient
from the Guinean Coast to Northern Africa is known to
influence the position and penetration of the monsoon from
the Guinean coast into Northern Africa (Eltahir and Gong
1996). The gradient of MSE gives an indication of the
location of baroclinic zones and the likelihood of potential
energy generation, which can be converted to kinetic
energy and drive the monsoon circulation (Emanuel 1995;
Fontaine et al. 2002). Wet soil anomalies in the Guinean
Coast region, particularly in the preceding winter, tend to
lead to strong springtime surface MSE gradients (Philippon
and Fontaine 2002). A strong MSE gradient yields deep
convection and enhances the monsoon circulation, which is
evident in the RegCM3-BATS experiments. The greater
MSE in the RegCM3-BATS simulation tends to trigger
more convection and precipitation, strengthening the
monsoon and driving it further inland than in the RegCM3—
CLM3 simulation.

5.2 Position of AEJ and large-scale circulation
To evaluate the AEJ, we first compare the JJA 600 hPa

winds from the two RegCM3 simulations with the ERA40
reanalysis data (Fig. 17). In ERA40, the center of the

Sahara high is located at approximately 30°N and 5°W,
with strong westerlies to the north over Europe and
easterlies to the south over southwestern Africa. The
RegCM3-CLM3 circulation compares well with
the ERA40 reanalysis, and reproduces the position of the
Sahara high and the easterly outflow from the Guinean
Coast region, although at a slightly weaker (2-3 m s~ ")
strength. However, there are large differences between the
RegCM3-BATS simulation and ERA40. In the RegCM3—
BATS simulation, an anomalous cyclonic circulation is
present over the Sahel region, centered at 10°N and
between 0 and10°E.

Near the surface (850 hPa), the SHL is evident in both
simulations at approximately 20°N and 0-10°W. In the
RegCM3-BATS simulation, the SHL is much stronger
than in the ERA40 reanalysis, and it is positioned at about
22°N (Fig. 17). In the RegCM3-CLM3 simulation, a
weaker low is present at about 20°N; this position is in
better agreement with ERA40. The strong SHL in Reg-
CM3-BATS creates a strong westerly circulation from 8°
to 15°N, which accounts for the increased inland moisture
advection and reduced precipitation recycling noted in
Sect. 4.1.3. In contrast, the RegCM3-CLM3 850 hPa
winds indicate less moisture influx from the western

Fig. 16 Difference in the MSE 100 p4—-~—-———r—1 -l 100 +———b—p—~_t—
and MSE components between A \/ B
the RegCM3-CLM3 and 150 150 - L
RegCM3-BATS simulations —
(spatially averaged from 10°W C(L“ 200 E 200 -
to 10°E during JJA) as a £ o250 < 250 - L
function of latitude and pressure o 300 E)’ 300 - L
levels for (a) total MSE, (b) the 5 =
geopotential contribution to $ 400 3 400 -/’\’/’\-
MSE, (c) the sensible energy © 500 3 500 - -
contribution to MSE, and (d) the o a
latent energy contribution to 700 700 - -
MSE. Units in kJ kg™’ 850 850 - L
1000 1000 ——T————————T1
0 10N 20N
100 100 Lt
D
150 150 -
& 200 & 200 | -
< 250 £ 250 | -
o 300 @ 300 - L
S >
% 400 &% 400
L 500 L 500
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Fig. 17 Mean JJA wind vectors for RegCM3-BATS simulations, RegCM3-CLM3 simulations, and the driving ERA-40 Reanalysis data at the
850 hPa, 600 hPa and 200 hPa vertical heights. Geopotential heights for the model simulations are shown in color contours (m)

boundary, accounting for greater precipitation recycling in
RegCM3-CLM3.

As with other circulation features, there are substantial
differences in the simulation of the AEJ in the two Reg-
CM3 simulations. The latitudinal position of the AEJ
depends upon the location of the strongest surface tem-
perature gradient via the thermal wind balance (e.g.,
Burpee 1972; Cook 1999; Thorncroft and Blackburn 1999;
Sultan and Janicot 2003; Thorncroft et al. 2003), and is
found at the height where the positive meridional tempera-
ture gradient becomes negative in the mid-troposphere at
~ 600 hPa. The surface temperature gradient relationship

is seen in the simulated position of the jet (Fig. 18) relative
to the simulated surface temperature gradient (Fig. 14).
The surface temperature gradient is stronger and displaced
northward in RegCM3-BATS simulation compared to
RegCM3-CLM3. In May, the RegCM3-BATS surface
temperature gradient maximum is at about 12°N, with the
strongest portion of the AEJ at ~ 15°N. In June, the surface
temperature gradient peaks at 15°N, with the AEJ maxi-
mum at 18°N. In July, the surface temperature gradient
moves to ~ 18°N and the position of the AEJ peaks at
19°N. However, in August, the AEJ disappears in the
RegCM3-BATS simulation. Throughout the monsoon
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Fig. 18 Monthly averaged zonal winds (m s™') (spatially averaged
from 10°W to 10°E) as a function of latitude and pressure levels for
the ERA-40 Reanalysis (Uppala et al. 2005), RegCM3-BATS, and

season, the RegCM3-BATS AEJ is weak and located too
far northward compared to the ERA40 driving fields.

The weakening and disappearance of the AEJ in the
RegCM3-BATS simulation appear to be associated with the
strengthening of the SHL between 20 and 30°N (Fig. 17 at
850 hPa). The SHL increases in height from May to August
(Fig. 18), reaching up to 500 hPa in the RegCM3-BATS
simulation. The northward penetration of the monsoon front
likely changes the SHL from a dry, shallow thermal low to a
deeper, moister system (Peyrillé and Lafore 2007; Patricola
and Cook 2008). The moist equatorial westerlies extend into
the midtroposphere, which is characteristic of wet years in
the Sahel (Grist and Nicholson 2001). This increase in
moisture at higher altitudes can be seen via the Lq term of
MSE in Fig. 16d. In addition, the Saharan High is weakened
compared to the ERA40 driving fields (Fig. 17; 600 hPa).
The net result of these changes is that RegCM3-BATS
maintains a positive meridional temperature gradient
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RegCM3-CLM3. The African Easterly Jet is located at approximately
650 hPa at 0-20°N, depending upon the month

throughout the troposphere as shown in Fig. 19, and the AEJ
is weakened or absent throughout the monsoon season. In
contrast, RegCM3-CLM3 has a reversal in sign of the
meridional temperature gradient at ~600 hPa, and the
strength of the jet is maintained at 5-10 m s~ throughout
the monsoon season (Fig. 18). At upper levels, the Tropical
Easterly Jet (TEJ) is stronger in RegCM3-BATS (Fig. 17) as
a result of this positive temperature gradient throughout the
troposphere.

These RegCM3-BATS results are consistent with
observational studies that find a weaker, northward-dis-
placed AEJ and stronger TEJ when rainfall is above
average over the Sahel (Newell and Kidson 1984; Grist
and Nicholson 2001). In addition, model sensitivity
studies show similar dynamical changes when soil mois-
ture is increased over the Sahel, or when grassland is
replaced with forest (e.g., Xue and Shukla 1996; Patricola
and Cook 2008). Indeed, in the RegCM3-CLM3
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simulation, the monsoon does not penetrate as far north-
ward, and the position, magnitude, and temporal evolution
of the AEJ and the SHL more closely match the ERA40

reanalysis (Fig. 18). This result appears to confirm again
that land surface properties have an important effect on
the location and strength of the AEJ.
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6 Discussion and conclusion

We have compared two simulations of regional climate
over West Africa, focusing on the impact of the LSP on the
regional monsoon circulation. The difference in land sur-
face model physics greatly affects the simulation of the
West African monsoon precipitation, leading to a sub-
stantial improvement in performance for the RegCM3—
CLM3 model configuration. The precipitation difference
between the RegCM3-CLM3 and RegCM3-BATS simu-
lations is triggered by changes in the physical description
of the land surface, which yields drier soils and increased
evapotranspiration per unit precipitation in the RegCM3—
CLM3.

The mechanism of these land—atmosphere interactions is
summarized in Fig. 20. In RegCM3-BATS, wetter soils
lead to a stronger meridional surface temperature and MSE
gradient (Fig. 20a). The excess surface heating in Reg-
CM3-BATS deepens the SHL, inducing an anomalous
circulation around 10°N in JJA, bringing additional mois-
ture in from the west and into the lower troposphere,
thereby weakening the AEJ. The changes in the latitudinal
profiles of temperature and MSE over the span of the
monsoon season lead to a weakening and northward shift
of the AEJ. Comparatively, the drier RegCM3-CLM3
simulation has weaker temperature and MSE gradients that
lead to a more southerly position of the jet (Fig. 20b). The
RegCM3—-CLM3 simulation does not produce this errone-
ous circulation, and as a result the 600 hPa winds are
qualitatively similar to the ERA40 reanalysis winds and
show continued outflow of air over the Guinean coast.

One key difference between the two LSPs is the soil
texture boundary condition, with a more detailed distribution
of the sand and clay content in the RegCM3-CLM3 con-
figuration. Additionally, these differences in soil texture
combined with the hydrologic treatment of the soil column
lead to greater infiltration, less water storage in the soil,
and drier soils in western and northern Africa in the
RegCM3-CLM3. Differences are also evident between the
evapotranspiration components of the water cycle. Reg-
CM3-CLM3 returns less total water to the atmosphere than
BATS, yet more per unit precipitation, thereby increasing the
precipitation recycling during the monsoon season. The net
result is drier soils in RegCM3—-CLM3 that trigger strong
land surface—atmosphere feedbacks involving the monsoon
circulation and precipitation. This improvement reinforces
the concept that changes in land surface conditions can cause
substantial changes in the atmospheric circulation over West
Africa. From our decadal-scale simulations, it is impossible
to separate the influence of the soil texture boundary con-
dition from the influence of the hydrologic treatment of the
soil column. However, our additional sensitivity studies
indicate that the soil texture may be a trigger for the land—
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atmosphere coupling differences between the two models,
with the physical parameterizations in RegCM3-CLM3
allowing those soil moisture changes to propagate more
effectively into the atmosphere.

Prior studies have shown that the land surface is an
important component in simulations of the West African
monsoon and the regional climate dynamics. The results
presented here indicate that regional monsoon precipitation
is highly sensitive to the selection of LSP and land surface
boundary conditions. Changes in these boundary condi-
tions can in fact propagate throughout the atmosphere to
affect the simulation of dynamical features such as the SHL
and AEJ. This sensitivity highlights the importance of the
land surface processes in accurately forecasting regional
precipitation, particularly in regions of land-atmosphere
hotspots such as West Africa.
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