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ABSTRACT

The role of direct radiative forcing of desert dust aerosol in the change from wet to dry climate observed
in the African Sahel region in the last half of the twentieth century is investigated using simulations with an
atmospheric general circulation model. The model simulations are conducted either forced by the observed
sea surface temperature (SST) or coupled with the interactive SST using the Slab Ocean Model (SOM). The
simulation model uses dust that is less absorbing in the solar wavelengths and has larger particle sizes than
other simulation studies. As a result, simulations show less shortwave absorption within the atmosphere and
larger longwave radiative forcing by dust. Simulations using SOM show reduced precipitation over the
intertropical convergence zone (ITCZ) including the Sahel region and increased precipitation south of the
ITCZ when dust radiative forcing is included. In SST-forced simulations, on the other hand, significant
precipitation changes are restricted to over North Africa. These changes are considered to be due to the
cooling of global tropical oceans as well as the cooling of the troposphere over North Africa in response to
dust radiative forcing. The model simulation of dust cannot capture the magnitude of the observed increase
of desert dust when allowing dust to respond to changes in simulated climate, even including changes in
vegetation, similar to previous studies. If the model is forced to capture observed changes in desert dust, the
direct radiative forcing by the increase of North African dust can explain up to 30% of the observed
precipitation reduction in the Sahel between wet and dry periods. A large part of this effect comes through
atmospheric forcing of dust, and dust forcing on the Atlantic Ocean SST appears to have a smaller impact.
The changes in the North and South Atlantic SSTs may account for up to 50% of the Sahel precipitation
reduction. Vegetation loss in the Sahel region may explain about 10% of the observed drying, but this effect
is statistically insignificant because of the small number of years in the simulation. Greenhouse gas warming
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seems to have an impact to increase Sahel precipitation that is opposite to the observed change. Although
the estimated values of impacts are likely to be model dependent, analyses suggest the importance of direct
radiative forcing of dust and feedbacks in modulating Sahel precipitation.

1. Introduction

The rainfall decrease and devastating droughts in the
Sahel region during the last three decades of the twen-
tieth century are among the largest recent climate
changes recognized by the climate research community
(e.g., Dai et al. 2004). The large temporal and spatial
coherence of the dry (and wet) conditions are the ex-
ceptional characteristics of rainfall variability in the Sa-
hel (Nicholson and Grist 2001). A number of studies
have investigated the possible causes or mechanisms of
the Sahelian drought in the last 30 yr. In general, the
studies examine either land—atmosphere interactions or
forcing from sea surface temperatures (SSTs). The land-
atmosphere investigators include Xue and Shukla
(1993), Xue (1997), Clark et al. (2001), Taylor et al.
(2002), and Xue et al. (2004), and they demonstrate that
land surface degradation leads to reduced precipitation
in North Africa using numerical simulations. The forc-
ing studies by Folland et al. (1986), Lamb and Peppler
(1992), Rowell et al. (1995), Bader and Latif (2003),
Giannini et al. (2003), and Hoerling et al. (2006) show
that large-scale sea surface temperature patterns are
closely related to precipitation patterns over North Af-
rica. Many of these studies have identified the role of
the interhemispheric SST contrast (i.e., SST difference
between Northern and Southern Hemispheres) in the
Atlantic basin as the most important mechanism, and
the dry condition in Sahel is associated with lower
North and higher South Atlantic SSTs compared to the
climatological mean. Xue and Shukla (1998), Zeng et
al. (1999), and Wang et al. (2004) argue that both the
land-atmosphere interaction and SST control are re-
quired to reproduce the magnitude and duration of ob-
served precipitation variability.

On the other hand, some authors such as Nicholson
(2000) and Prospero and Lamb (2003) hypothesize that
dust may play a role in the changes in Sahel climate.
They note that dust radiative forcing is significant in
this region and can modulate the interhemispheric SST
gradient that may be responsible to the precipitation
variability in the Sahel. Dust can also provide a mecha-
nism necessary for the interannual coherence since dust
entrainment into the atmosphere is limited by vegeta-
tion, which is correlated with precipitation in the pre-
vious year (e.g., Prospero and Lamb 2003). Miller and
Tegen (1998) and Miller et al. (2004, hereafter MTP04)
have examined the climatic effects of dust using general

circulation model (GCM) simulations and found pre-
cipitation reductions over the tropical North Atlantic
and adjacent continental areas including the Sahel and
Guinea Coast regions. They emphasize the importance
of surface radiative forcing in modulating hydrologic
cycles.

This study investigates the possible effects of direct
radiative forcing of dust on Sahel precipitation through
its impacts on the atmosphere and the surface. We also
characterize relative roles of dust and other processes
such as SSTs, vegetation change, and greenhouse gas
(GHG) warming using simulations with an atmospheric
general circulation model. This study represents the
first time that the relative importance of dust forcing
and other mechanisms for the changing Sahel precipi-
tation are examined in the same modeling framework.
The next section describes the model we use and the
experimental designs we have performed. Section 3
presents the radiative forcing of dust simulated in the
model and compares it with previous studies. Section 4
summarizes the responses of precipitation and SSTs to
dust radiative forcing at the global scale. Section 5 in-
vestigates the Sahel precipitation responses to SSTs,
vegetation change, greenhouse gas warming, and dust
radiative forcing, and evaluates their relative roles. Sec-
tion 6 summarizes our findings and concludes the study.

2. Methods

The National Center for Atmospheric Research’s
(NCAR’s) Community Climate System Model version
3 (CCSM3) is a coupled atmosphere, land, ocean, and
sea ice model (Collins et al. 2006a). This model is used
for simulating past, present, and future climate changes,
such as for Houghton et al. (2001). Here we describe
the mineral aerosol and surface vegetation changes in-
corporated in the Community Land Model version 3
(CLM3; Dickinson et al. 2006) and Community Atmo-
sphere Model version 3 (CAM3; Collins et al. 2006b) to
examine the effects of dust, sea surface temperature,
vegetation change, and greenhouse gases.

a. Dust modeling

The dust model used in this study is described in
more detail in Mahowald et al. (2006), including de-
tailed comparisons of the model simulations of dust to
available observations. The model resolution is about
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2.8° horizontally near the equator (T42) and 26 levels
vertically. The dust source mechanism follows the Dust
Entrainment and Deposition Module (Zender et al.
2003a) and work conducted in the offline Model of At-
mospheric Transport and Chemistry (MATCH; Ma-
howald et al. 2002, 2003; Luo et al. 2003; Mahowald and
Luo 2003). The sources of dust are assumed to be dry,
unvegetated regions subject to strong winds. The mag-
nitude of the dust source is calculated within the CLM3.
In the default version of the model, the satellite veg-
etation climatology of vegetation is the same as that
used for other land surface calculations in the model
(Bonan et al. 2002). Sensitivity studies using modified
vegetation data are described below. When the total
leaf area index plus the stem area index is below 0.1, the
area of the grid box available for dust generation is
assumed to increase linearly with decreasing vegetation
cover (Mahowald et al. 2006).

The source scheme parameterizing dust entrainment
into the atmosphere is described in detail in Zender et
al. (2003a). The model calculates a wind friction thresh-
old velocity based on the surface roughness and soil
moisture, and dust is entrained into the atmosphere
when the friction velocity exceeds this threshold. The
model assumes that the optimum size distribution of
soil particles is available for saltation and subsequent
vertical flux (~75 wm). However, after the dust flux is
calculated, the dust source magnitude is multiplied by a
soil erodibility factor to include the impact of differ-
ences in soil size and texture following the “preferential
source” concept (Ginoux et al. 2001). We use the geo-
morphic soil erodibility factor described by Zender et
al. (2003b). A wind friction threshold is calculated fol-
lowing Iversen and White (1982). This threshold is
modified for two different processes in the model. Fol-
lowing Fecan et al. (1999), the threshold wind friction
velocity increases with increasing soil moisture. The
fetch of the winds over this erodible surface is allowed
to modify the wind friction velocity threshold as well
(Gillette and Passi 1988). Once the wind friction thresh-
old velocity is calculated, the horizontal saltation fluxes
are calculated (White 1979); vertical fluxes are a small
fraction of the horizontal flux (Marticorena and Berga-
metti 1995). In this scheme, the effects of subgrid-scale
variation of wind in dust emission and drying of top soil
(affecting threshold velocity) by strong wind will not be
simulated.

We use four aerosol size bins with boundaries at 0.1,
1.0, 2.5, 5.0, and 10.0 wm in diameter. The transported
aerosols are assumed to have a subbin distribution
based on a lognormal distribution just like Zender et al.
(2003a; see Fig. 1) although we use a mass median di-
ameter (MMD) of 3.5 um as reported by Reid et al.
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(2003), which is larger than the value used in Zender et
al. (2003a; 2.5 um). Hand et al. (2004) have shown the
model using MMD of 2.5 um underestimates fine and
overestimates coarse particles (Hand et al. 2004, p. 16),
and Arimoto et al. (2006) recently reported even larger
MMD of 5.5 um for the long-range transported Asian
dust. Mass fractions at source in the four bins are 3.8%,
11%, 17%, and 67% as predicted in Grini and Zender
(2004) using the saltation-sandblasting model. This size
distribution tends toward larger particles than many
previous studies (e.g., Tegen and Fung 1994; Ginoux et
al. 2001; Mahowald et al. 2002; Zender et al. 2003a; Luo
et al. 2003; MTP04).

Deposition processes include dry gravitational set-
tling, turbulent dry deposition, and wet deposition dur-
ing precipitation events. Both dry depositional pro-
cesses are modeled using parameterizations described
in Zender et al. (2003a), with a mass flux advection
scheme in order to parameterize vertical fall rates cor-
rectly (Rasch et al. 2001; Ginoux 2003). Wet deposi-
tional processes are parameterized within the CAM3
similar to Rasch et al. (2001). The dust determined us-
ing the processes described above is referred to as the
prognostic dust (prescribed dust is described below).

Shortwave radiative effects are calculated within
CAMS3 every hour. A delta-Eddington approximation
is adopted for the shortwave using 19 discrete intervals
(Collins 1998) for each vertical layer in the model (Col-
lins et al. 2004). Longwave effects are calculated every
12 h in CAM3, which uses an absorptivity/emissitivity
formulation for longwave heating (Ramanathan and
Downey 1986). A broadband approach with seven
bands is used, which accounts for the water vapor win-
dow regions (Collins et al. 2002). The indices of refrac-
tion have been derived from Patterson (1981) for the
visible wavelengths, Sokolik et al. (1993) for the near
infrared, and Volz (1973) for the infrared. The imagi-
nary part of indices of refraction in the visible wave-
length were scaled to match the new estimates of
Sinyuk et al. (2003) and Dubovik et al. (2002) for the
region 0.33 to 0.67 wm. These estimates are based on
satellite- and surface-based field observations and may
still be susceptible to biases due to measurement errors
and contaminations. Scattering of longwave radiation
by dust is neglected in radiative calculations. This may
lead to underestimates of longwave radiative forcing by
up to 50% at top of the atmosphere (TOA) and 15% at
the surface (SFC; Dufresne et al. 2002).

b. Vegetation change

We do not include the Dynamic Global Vegetation
Model (DGVM) version of the CLM3 because when
coupled to the CAMS3, it produces unrealistically large
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FIG. 1. (a) Annual (top) mean optical depth and meridional cross sections of extinction
cross section at (bottom left) 40°W and (bottom right) at the prime meridian of prognostic
dust at 670 nm (case SOM.SP). (b) Same as in (a), but for the Sahel rainy season (JJAS).

dust plumes (not shown) due to dry biases in both sions. Vegetation itself is controlled by precipitation
CAM3 and CLM3 (Collins et al. 2006a; Dickinson et al. ~ during previous months and years. For example, the
2006). However, vegetation dynamics is thought to observed increase of dust in the Atlantic since the 1970s
have a strong control on precipitation and dust emis- may be partly due to vegetation loss near the Sahara
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TABLE 1. List of simulations.

AMIP: CAM3 coupled with CLM3 and forced by historical SST.

AMIP.ND No dust radiative forcing: 1951-93.

AMIP.NDV Same as AMIP.ND, but with wet-period vegetation: 1951-70.

AMIP.S Dust SW radiative forcing and feedback: 1951-93.

AMIP.SL Dust SW and LW radiative forcing and feedback: 1951-93.

AMIP.SLV Same as AMIP.SL, but with wet-period vegetation in 1951-70 combined with AMIP.SL with normal vegetation in
1971-93.

AMIP.SLVH Same as AMIP.SLV, but dust in the wet period is reduced by half.

AMIP.F Forced by historical SST only. All other forcings are fixed at 1990s levels. Climatological dust is prescribed and
prognostic dust is not calculated: 1951-2000; five ensemble members.

AMIP.H

Forced by historical SST, GHG, aerosols, and solar forcings. Climatological dust is prescribed and prognostic dust

is not calculated: 1951-2000; five ensemble members.

SOM: CAM3 coupled with CLM3 and coupled with the Slab Ocean Model.

Dust SW radiative forcing to and response of prescribed monthly mean annually cyclic dust just as the default

version of CAM. Prognostic dust is calculated but it does not affect the simulation in any way. Used to derive

SOM.ND No dust radiative forcing: 30 yr.
SOM.S Dust SW radiative forcing and feedback: 30 yr.
SOM.SL Dust SW and LW radiative forcing and feedback: 30 yr.
SOM.SLV Same as SOM.SL, but with wet-period vegetation: 30 yr.
SOM.SP

dust radiative forcings: 30 yr.
SOM.SP2

Same as SOM.SP, but with doubled CO,. Used to estimate the effects of increased greenhouse gasses: 9 yr.

desert boundary that has been inhibiting dust emission,
and this vegetation change is considered to be a result
of the well-known drought in the sub-Saharan transi-
tion zone called the Sahel (Prospero and Nees 1986;
Tegen and Fung 1995; Mahowald et al. 2002; Prospero
and Lamb 2003). To evaluate the role of vegetation
change in the Sahel on precipitation through changing
surface heat and moisture fluxes and surface albedo as
well as through changing dust sources, Sahelian vegeta-
tion in the predrought (or wet) period (1950s through
mid-1960s) is deduced using observed rainfall record
and estimated intensity of cultivation in that period as
explained below. The dry period is represented as the
default vegetation in the model, since the CLM3 uses
vegetation from the 1990s. This is the only variation in
the vegetation considered in this study. The simulation
using doubled CO, uses the same dry period vegetation
in order to isolate the effect of CO, although in the real
world a higher level of CO, has a significant impact on
the vegetation.

Tucker and Nicholson (1999) argue that annually av-
eraged precipitation in the Sahel has a constant gradi-
ent and is relatively zonally uniform. They also show
that changes in the location of the southern boundary
of the Sahara Desert correlate with interannual rainfall
anomalies. Using a linear regression model fitted to the
latitudes of the Saharan boundary and rainfall anoma-
lies given in Tucker and Nicholson (1999; R* = 0.82)
and using decadal rainfall change from Nicholson
(1995), we estimate that the desert boundaries have
been shifted about 2° southward during the dry period

relative to the wet period. We have constructed the
distribution of natural vegetation in the wet period in
the transition zone by shifting the default natural veg-
etation in CLM (derived from observation in 1992) be-
tween 10° and 20°N northward by 2° while expanding
the vegetation between 8° and 10°N into the band be-
tween 8° and 12°N with reducing the gradient by a half.
If we use the rainfall data of Dai et al. (2004), we get a
smaller vegetation shift of 1.4 degrees but the variance
explained by the linear model is lower (R* = 0.58).

The fraction of cultivated land in 1950s—60s is esti-
mated based on two scenarios. Ramankutty and Foley
(1999) have obtained an increasing intensification of
agriculture but found little increase in the area of crop-
lands (25%) from 1950s—60s to 1992 in the Sahel (data
are available at http://www.sage.wisc.edu/). On the
other hand, extrapolating the model simulation of
Stephenne and Lambin (2001) in Burkina Faso, we es-
timate an almost fourfold increase in the area of crop-
land in the Sahel. Despite the large difference, how-
ever, vegetation cover based on these two scenarios
produces little change in dust emissions in our model
simulations (not shown). We chose to use the Sahelian
wet-period vegetation incorporating cultivated land
based on Ramankutty and Foley (1999) for the simula-
tions in this study.

c. Simulations

The cases of simulations are listed in Table 1. The
GCM simulations are conducted either forced by ob-
served SSTs or coupled with a Slab Ocean Model
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(SOM; Collins et al. 2006b). The configuration forced
by observed SSTs is called the Atmospheric Model In-
tercomparison Project (AMIP) case below since this is
the model configuration used for the Atmospheric
Model Intercomparison Project (Gates 1992). When
SOM is coupled to CAM3, it simulates SST changes in
response to dust radiative effects and atmospheric
changes, although changes in ocean circulations are not
included in an SOM simulation. In its default configu-
ration, CAM3 includes the radiative effects of exter-
nally given (i.e., prescribed) aerosol climatology in the
calculation of radiative fluxes and heating rates in the
shortwave but not in the longwave (Collins et al.
2006b). The climatology has been derived from a
chemical transport model constrained by assimilation
of satellite retrievals of aerosol optical depth (Collins et
al. 2001; Rasch et al. 2001). The SOM.SP and AMIP.SP
cases use the default shortwave radiative forcing of the
prescribed dust. Although it calculates prognostic dust,
prognostic dust has no effect on the atmosphere and the
surface. The default aerosol forcing is also used in the
SOM.SP2 case to estimate the effects of doubled CO,
concentration in this study.

Radiative forcing is obtained by conducting one year
of simulation in the SOM.SP case where at each time
step the calculations of radiative fluxes and atmo-
spheric heating are repeated for three conditions: the
default radiative effects (shortwave forcing of the pre-
scribed dust), no dust radiative effects, and shortwave
and longwave radiative effects of prognostic dust cal-
culated using the instantaneous dust distribution from
the dust source, transport, and deposition schemes de-
scribed above. Radiative forcing is calculated as the
difference in radiative flux or heating rate calculated
with radiative effects of prognostic dust and that with
no dust radiative effects. The values calculated with the
default radiative effects are passed to the next time step
to continue the simulation. Because this computation is
expensive we only conduct this calculation for one year,
similar to previous studies (e.g., Miller et al. 2006).

This study analyzes simulations with radiative effects
and feedback of prognostic dust. Both AMIP and SOM
simulations are conducted with no dust radiative effect
(ND), dust shortwave forcing and feedback (S), and
dust shortwave and longwave forcing and feedback
(SL). Simulations with shortwave and longwave forcing
and feedback are also performed using the vegetation
cover in the wet period described in the previous sec-
tion (SLV). Additionally, AMIP simulations are also
conducted with wet-period vegetation without radiative
forcing (NDV) and with radiative forcing of a half of
the simulated strength of dust. In addition, five member
ensembles of the AMIP.F and AMIP.H simulations are
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also analyzed. AMIP.F simulations use the default
model configurations and are forced by the historical
SST field only while all other external forcings are in-
terannually invariant. AMIP.H is similar to the AMIP.F
but also includes time-varying forcing by volcanoes,
greenhouse gases, aerosols, and solar variability. In
these cases, climatological monthly dust is prescribed as
in the SOM.SP case but prognostic dust is not calcu-
lated. All AMIP and SOM simulations except AMIP.H
and SOM.SP2 use external forcings fixed at the levels of
1990 except SSTs.

All SOM simulations are conducted for 31 yr, and all
but the first year of the simulations are used for analy-
ses because global average temperature reached the
equilibrium after the first year. AMIP cases are simu-
lated from 1950 to 1993 or longer, and the period be-
tween 1951 and 1993 is used for analyses. The excep-
tions are the AMIP.NDV, AMIP.SLV, and AMIP.SLVH
simulations, which are performed for only 1950-70, and
the latter two are combined with AMIP.SL after this.
These simulations thus use the wet-period vegetation
for the appropriate time period.

d. Statistical significances and uncertainties of the
estimates

The statistical significance of differences between
two groups of data values is quantified using the Stu-
dent’s ¢ test using a significance level of 99% in sections
3 and 4. However in section 5, we estimate precipitation
changes due to different processes, where each of the
steps involves uncertainty and these uncertainties
propagate through the calculations. To evaluate the sta-
tistical significance of the final estimates, we use confi-
dence intervals. The confidence interval of a mean is
defined as mean plus and minus 1.96 times the standard
error. Here, 1.96 is the 97.5 percentile value of the stan-
dard normal distribution and hence gives a probability
of 0.95 in a two-tailed test. The standard error of a
mean is given as standard deviation divided by square
root of the sample size (Anderson and Finn 1996).

Standard errors for derived quantities, such as differ-
ence between two groups of data and product or ratio
of two variables with uncertainties, are calculated using
the propagation of errors. Based on the formulas for
standard deviation (e.g., Bevington 1988), formulas for
standard errors can be derived; 8,7 = §,” + 8,” = 25,8,
for y = x;, * x,, and (8,/y)* = (8,/x,)* + (8,/%,)°
2r(8,/%,)(8,/%,), plus for y = x,x, and minus for y =
X,/x,, where X, X,, and y are the means and §,, §,, and
3, are the standard errors of x;, x,, and y, respectively,
and r is correlation coefficient between x; and x,. The
last term diminishes when two datasets (x; and x,) are
independent. For example, the last term needs to be

I+



15 APrIL 2007

included to evaluate the uncertainty in the difference in
annual precipitation between two AMIP simulations,
both of which are forced by the same SST and hence
considered correlated to each other, while it can be
neglected for difference of SOM simulations. A value
estimated using multiple sets of data is considered sta-
tistically significant at a 95% level if the estimate is
larger than the confidence interval (i.e., standard error
times 1.96) determined using this method.

3. Dust distribution and radiative forcing

Mahowald et al. (2006) show that the model is able to
capture the observed annually averaged optical depth
and deposition patterns well. Figures 1a,b show annual
and Sahel rainy season [June-September (JJAS)] aver-
ages, respectively, of optical depth and extinction cross
section at 670 nm at West Africa and Central Atlantic
for prognostic dust simulated in the SOM.SP case. An-
nual mean dust optical depth (DOD) is up to 30%
higher in the AMIP.SL and SOM.SL simulations and
5% lower in the AMIP.SLV and SOM.SLV simulations
over regions of heavy dust loading including North Af-
rica and the tropical North Atlantic than the case
shown in Fig. 1a. The annual average dust optical depth
is high over the Sahel region (10°-20°N over Africa) in
general and it maximizes over the central to eastern
Sahel. Dust optical depth tends to be high over the
northern Sahel in summer (Fig. 1b) and the southern
portion in winter (not shown). It also tends to be high
over eastern North Africa in summer compared to
other seasons (Fig. 1b). Optical depth of North African
dust is highest in spring and lowest in fall (not shown).
A large part of dust loading is in the lower to middle
troposphere, but in summer over the Atlantic dust
loading maximizes between 900 and 600 hPa, which
corresponds to the Saharan air layer (SAL) men-
tioned in the literature (e.g., Carlson and Prospero
1972; Karyampudi et al. 1999).

Figure 2 shows shortwave (Fig. 2a), longwave (Fig.
2b), and net (shortwave + longwave; Fig. 2c) radiative
forcings at the TOA, in the atmosphere (ATM), and at
the SFC in the SOM.SP case. Figure 2a represents ra-
diative forcings similar to those in the AMIP.S and
SOM.S cases whereas Fig. 2c represents those similar to
those in the AMIP.SL and SOM.SL cases. Table 2 sum-
marizes the forcings averaged over the globe, the North
Atlantic (0°-30°N, 50°-20°W), and North Africa (5°-
35°N, 18°W—40°E). These show that the shortwave ef-
fects of dust are reduced downward fluxes at TOA and
SFC and enhanced absorption within ATM, and the
longwave effects are the opposite. The relative magni-
tude of shortwave and longwave effects are different
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over land and ocean. At the surface and within the
atmosphere, the shortwave forcing dominates over the
ocean, but the longwave forcing is comparable to or
even larger than the shortwave forcing over land. There
are several reasons for this. The TOA and SFC short-
wave forcings are larger over ocean than over land (es-
pecially bright surfaces like desert) because dust has
higher albedo than the ocean surface and reflects more
light back into space (Coakley and Chylek 1975). The
ATM shortwave absorption is more effective over land
because solar radiation reflected at the bright surface
has more chance to be absorbed by dust (Coakley and
Chylek 1975). There are several reasons that the long-
wave forcing is more effective over desert. The hotter
desert surface emits more longwave radiation. The
longwave radiation interacts more efficiently with
larger particles, while the shortwave radiation interacts
more efficiently with smaller particles. Since larger par-
ticles have shorter lifetimes and can travel shorter dis-
tances, the longwave forcing is larger near dust source
regions while the shortwave forcing has smaller gradi-
ents. Also, the vapor path between the surface and dust
is small over deserts. This allows the relatively cold dust
to interact with the longwave radiation from the surface
and results in reduced outgoing and increased down-
welling longwave radiation. As a result, the shortwave
forcing is greater than the longwave forcing over the
North Atlantic, but shortwave and longwave forcings
have similar magnitudes over North Africa.

Table 2 also compares our simulation results in dust
radiative forcing with existing calculations and simula-
tions. Globally, our shortwave forcing is more negative
at TOA and smaller within the atmosphere than Wood-
ward (2001) and MTP04, while it is comparable at the
surface. Also, our longwave forcing is much larger than
in these studies, and so our model even has opposite
signs of net forcing over the Sahara from their simula-
tions (see figures in their studies). These differences in
the shortwave can be explained by our higher single-
scattering albedo (i.e., less absorbing), which is due to
our smaller imaginary part of the indices of refraction
in the shortwave range following Sinyuk et al. (2003).
As a result, our single-scattering albedo is several per-
cent (~7% at 495 nm) higher than MTPO4. Our larger
longwave forcing can be explained by our larger par-
ticle sizes. Our dust model has about 4 times as much
silt (>1 um) and about 1/3 of clay particles (<1 um)
compared to MTP04, in order to compare better with
new observations (Reid et al. 2003). Also, as mentioned
earlier, smaller particles interact with shortwave radia-
tion more effectively than larger particles do, and larger
particles do exactly the opposite. There may also be
effects of differences in surface albedo and vertical dis-



1452

(a)

Dust SW TOA forcing [W/m2] (+d

= ; o] <.-}

ownward):

JOURNAL OF CLIMATE

allsky, annual mean, SOM.SP, global average

VOLUME 20

= -0.92

SOM.SP, global average = —1.59

-25.0 —17.5 -12

0 =250

250 750 125 17.5 250

F1G. 2. (a) Annual mean shortwave radiative forcing by prognostic dust (case SOM.SP).
[(top), (bottom) Net fluxes (positive downward) at the top of the atmosphere and the surface.
(middle) Atmospheric absorption (W m~2).] (b) Same as in (a), but for longwave radiative
forcing. (c) Same as in (a), but for net (shortwave + longwave) radiative forcing.

tribution of dust. Our surface albedo averaged over the
Sahara is 0.27 while the value in MTP04 is 0.33 (R. L.
Miller 2004, personal communication).

In a more recent study, Miller et al. (2006) have re-
vised dust optical properties to be similar to those used
in this study, based on the updated refractive indices
obtained from Sinyuk et al. (2003). In global average,
their particle size distribution is similar to but a little on
the larger side compared to ours. They have also in-
creased their longwave radiative forcing by 30% to ac-
count for the effect of longwave scattering, which our
radiative calculations do not include. Their results (also
shown in Table 2) are much closer to ours compared to
the studies considered above, although our longwave
forcing is still stronger even without longwave scatter-

ing. We hypothesize that the differences in longwave
between this model and Miller et al. (2006) are due to
the differences in the radiative transfer models as well
as simulated vertical distribution of dust and interac-
tions with other factors such as clouds and water vapor,
but testing the relative importance of these mechanisms
is beyond the scope of this study.

Carlson and Benjamin (1980) show calculations of
Saharan radiative forcing over ocean surface with no
cloud condition using two methods: their own method
(first numbers) and the more detailed Wiscombe
model. The discrepancies are large at a small optical
depth although they agree well at larger optical depths.
The differences between their results and ours are
again consistent with the difference in the aerosol
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model; their dust has lower single-scattering albedo and
more large particles than ours.

Comparisons show that our results are more similar
to available observations. Li et al. (2004) report diurnal
mean shortwave forcing efficiency of —32~-38 W m ™2
per unit optical depth at 550 nm in June-August (JJA)
and —23~-29 W m 2 per unit optical depth in Novem-
ber-January (NDJ) based on satellite observation of
Saharan dust over the Atlantic Ocean. Our TOA short-
wave forcing efficiencies averaged over the North At-
lantic (0°-30°N, 50°-20°W) of —24.8 W m 2 per unit
optical depth (3.0 W m 2 for DOD = 0.12) in JJA and
—29.8 W m ™2 per unit optical depth (-6.3 W m ™ for
0.21) in NDJ are approximately in this range.

Zhang and Christopher (2003) report a TOA long-
wave forcing efficiency of +11~+20 (area average of
+15) W m™? per unit optical depth of dust over the

Sahara in September in satellite measurements in
cloud-free conditions. Haywood et al. (2005) show a
similar range of TOA longwave forcing efficiency for
surface temperatures between 300 and 320 K from
theoretical calculations. We obtain cloud-free longwave
forcing efficiencies averaged over the Sahara (20°-
30°N, 10°W-30°E) of +19.1 W m~? per unit optical
depth in July (+9.3 W m ™2 for DOD = 0.49) and +16.7
W m~? per unit optical depth in September (+7.0 W
m ™2 for DOD = 0.42).

Therefore, our shortwave and longwave radiative
forcing calculations are quite reasonable in terms of
comparisons with observations. The differences with
other studies are within the uncertainties of the obser-
vations since dust size distributions and optical proper-
ties are both poorly constrained (Reid et al. 2003; Soko-
lik and Toon 1999).



1454

(c)

Dust NET TOA forcing

= :

SEEy

[W/m2] (+Fjownworfj):

JOURNAL OF CLIMATE

allsky, annual mean, SOM.SP, global

VOLUME 20

average = —0.60
== 1

=,

Dust NET SFC forcing

[/mZ] (+downward):

allsky, annual mean, SOM.SP, global

average = —0.46

l |

Sy S
=25.0 =17.5 =12.5 ~,50 =2.50

250 750 125 17.5 250

F1G. 2. (Continued)

4. Atmospheric responses to dust radiative forcing

a. Precipitation responses

Figure 3 shows JJAS mean precipitations from ob-
served estimates (Xie and Arkin 1997) and the differ-
ence between observed estimates and AMIP-simulated
precipitation without dust radiative forcing. Only dif-
ferences statistically significant at a 99% level are
shown. Data are averaged for 1979-93, a period in
which both observation-based estimates and simulated
precipitation are available. The model tends to under-
estimate precipitation near the ITCZ and distributes
precipitation over a broader latitude band leading to
overestimates north and south of ITCZ. The exceptions
are the western Indian Ocean and Arabian Peninsula,
where the model largely overestimates precipitation.
Additionally, the model has a double ITCZ-like feature
over global oceans. Over West Africa, the model over-

estimates rainfall to the north of the ITCZ and under-
estimates over and to the south of the ITCZ. These
features are generally in common in all seasons; the
latitudinal bands migrate toward north and south with
the course of seasons (not shown). Precipitation pat-
terns between AMIP and SOM simulations are similar
(not shown), while relatively large differences appear
over tropical oceans.

Figure 4 shows precipitation differences due to dust
radiative forcings in AMIP (Fig. 4a) and SOM (Fig. 4b)
simulations. On global average, dust radiative forcing
acts to reduce precipitation: annual precipitation is re-
duced statistically significantly by 0.83% in SOM
(SOM.ND versus SOM.SL) but insignificantly by
0.10% in AMIP (AMIP.ND and AMIP.SL). This re-
duction is much larger when longwave forcing is ne-
glected (case S) in both AMIP and SOM simulations.
The net (shortwave plus longwave) radiative forcing in
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TABLE 2. Areal and annual averaged radiative forcing of prog-
nostic dust in the SOM.SP simulation (top four rows) and from
other studies (bottom four rows). TOA = top of atmosphere,
ATM = within atmosphere, SFC = surface, DOD = dust optical
depth at 670 um (W m~?). Positive downward at TOA and SFC
and positive for absorption in ATM.

SW LW Net
Globe; DOD = 0.0381
TOA -0.92 +0.31 —0.60
ATM +0.67 —0.81 -0.14
SFC -1.59 +1.13 —0.46
North Atlantic Ocean (0°-30°N, 50°-20°W); DOD = 0.198
TOA —5.85 +1.06 —4.79
ATM +3.22 —1.98 +1.25
SFC -9.07 +3.04 —6.03
North Africa (5°-35°N, 18°W-40°E); DOD = 0.390
TOA —8.08 +3.35 —4.73
ATM +7.38 -11.39 —4.00
SFC —15.47 +14.74 -0.73
West Indian Ocean (10°S-15°N, 50°~70°E); DOD = 0.040
TOA -1.17 +0.26 -0.90
ATM +0.67 —0.34 +0.34
SFC -1.84 +0.60 -1.23
Woodward (2001); Globe
TOA —-0.16 +0.23 +0.07
ATM +1.06 -0.17 +0.89
SFC -1.22 +0.40 -0.82
Miller et al. (2004); Globe
TOA -0.33 +0.15 -0.18
ATM +1.49 —0.03 +1.46
SFC -1.82 +0.18 -1.64
Miller et al. (2006); Globe
TOA —0.62 +0.22 —0.40
ATM +0.67 -0.23 +0.44
SFC -1.29 +0.45 —0.84

Carlson and Benjamin (1980); Saharan dust over ocean when
DOD = 0.2; cloud free

TOA -5/-10 +5/+30 0/+20
ATM +10/+5 +5/-10 +15/-5
SFC —15/-15 +10/+40 =5/+25

MTPO04 is similar to our shortwave forcing due to their
small longwave forcing, and their precipitation re-
sponse is similar to our response in the SOM.S simula-
tion. They show a small increase of precipitation over
the western Sahara that we do not obtain. This may be
due to the difference in dust optical properties. Our
single-scattering albedo is several percent higher than
their values (not shown), and their simulation using
10% higher single-scattering albedo does not yield a
precipitation increase over the Sahara (see Fig. 16a in
MTPO04).

The precipitation response to dust radiative forcing is
much larger, more consistent, and statistically more sig-
nificant in SOM than AMIP simulations throughout the
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globe and especially in the Tropics, although the dust is
largely confined to the North Africa and North Atlantic
regions (Fig. 1). This is consistent with other studies
that have shown that regional forcings in the Tropics
have responses through the Tropics and into the extra-
tropics, such as seen with El Nifio (e.g., Neelin et al.
2003). Over North Africa, however, the precipitation
response is only slightly stronger in SOM simulations.
These results imply that precipitation responds indi-
rectly through changes in sea surface temperature, but
also directly to dust, especially over North Africa.

The response to dust radiative forcing in SOM simu-
lations (SOM.S-SOM.ND and SOM.SL-SOM.ND) is
to reduce precipitation at the peak precipitation over
0°-20°N and enhance precipitation south of this band
including the erroneous second ITCZ (15°-5°S), which
is pronounced in the Pacific as seen in Fig. 4b and Fig.
5. This pattern can be seen in all seasons and migrates
with the course of seasons (not shown). This is the di-
rection toward enhancing the double ITCZ feature, a
bias present in all CAM3 simulations. The smaller
double ITCZ enhancement in the SOM.SL than in
SOM.S means that including longwave forcing im-
proves this bias compared to the case with shortwave
forcing alone. The same characteristics can be seen with
prescribed shortwave forcing [SOM.SP-SOM.ND; Fig.
4b (bottom)] although the smaller response due to the
smaller forcing compared to the case of shortwave forc-
ing of prognostic dust (SOM.S-SOM.ND). This implies
that including the longwave radiative forcing of pre-
scribed dust in the base CAM3 should slightly improve
the double ITCZ bias.

Previous studies (e.g., Nicholson and Grist 2001; Xue
et al. 2004) mention the “dipole” pattern, which refers
to the fact that the dry mode in the Sahel tends to
accompany greater precipitation along the Guinea
Coast. Our simulations show small increase in the
Guinea region, which is statistically barely significant in
a few spots in the rainy season (JJAS) with SL cases of
SOM and AMIP simulations (Figs. 4a,b). However, this
does not appear in the annual means since precipitation
is decreased in spring and fall in the Sahel (not shown).
Such precipitation increase cannot be seen in simula-
tions with cases where longwave forcing is not included
(S and SP).

b. Responses in the atmosphere and the surface

Dust radiative forcing has a cooling effect on the
surface temperature over most ocean areas of the
Northern Hemisphere in SOM simulations, and this ef-
fect is strongest in the shortwave only case (S; not
shown). Over land, however, including longwave forc-
ing turns cooling into warming over North Africa, the
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F1G. 3. (top) Observed JJAS precipitation and (bottom) difference between observed and
AMIP.ND precipitations (1979-93) (mm day~'). The bottom panel shows statistically signifi-

cant differences at 99% level only.

Arabian Peninsula, and central Asia (not shown).
These are consistent with surface forcing in Fig. 2. Land
surface temperature changes in AMIP simulations are
similar over North Africa. There is no SST change in
AMIP simulations by definition.

In section 4a, it is shown that the sign of the precipi-
tation response over Africa is the same in S and SL
cases despite the fact that surface temperature re-
sponses over North Africa are opposite as a result of
the opposite signs of the forcings at the surface (see
bottom panels of Figs. 2a and 2c). Atmospheric forcing
of dust is also opposite between S and SL forcings (see
middle panels of Figs. 2a and 2c). The fact that these
are true not only in SOM but also in AMIP simulations
eliminates the possibility of a decisive role of SSTs in
precipitation response in North Africa. So let us now
look at the responses in atmospheric temperature and
circulations for a possible pathway through which the
Sahelian rainfall responds to dust radiative forcing.

Figure 6a shows the meridional cross section of the
40-yr European Centre for Medium-Range Weather
Forecasts (ECMWF) Re-Analysis (ERA-40; Simmons
and Gibson 2000) atmospheric temperature and depar-
ture of simulated temperature in the AMIP.ND case.
The model has a cool bias over the Sahel in the lower
troposphere and warm bias in the upper troposphere of

North Africa. The Climate System Model (CSM) simu-
lation reported by Kamga et al. (2005) also shows a
negative surface temperature bias over the Sahel com-
pared to the National Centers for Environmental Pre-
diction (NCEP) reanalysis, although it shows larger
negative bias over the Sahara (20°-30°N). Figure 6b
shows the simulated temperature responses averaged
over the longitudes of West Africa in the Sahel rainy
season to net (SL) dust radiative forcing in SOM and
AMIP simulations. The troposphere cools over and
north of the Sahara because of the net radiative forcing
in both SOM and AMIP simulations. A stronger cool-
ing occurs when longwave forcing is excluded (not
shown). The reason for the tropospheric cooling could
be the dust radiative forcing at TOA since it is negative
with both S and SL forcings. Therefore, the TOA forc-
ing is considered more important in modulating Sahel
precipitation than the surface forcing, in contrast to
what is argued in MTPO4.

Figure 7a shows the cross section of atmospheric cir-
culation in ECMWF and the AMIP.ND simulation.
The simulation shows stronger westerly flow of the
West African monsoon (WAM) in the lower tropo-
sphere in 10°-25°N and weaker African easterly jet
(AEJ) centered at 20°N and 600 hPa than ECMWEF.
Kamga et al. (2005) have also shown the weaker AEJ in
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FiG. 4. (a) Differences in AMIP precipitations (1951-93) due to dust radiative forcing
(JJAS). [(top) AMIP.S-AMIP.ND and (bottom) AMIP.SL-AMIP.ND. Solid curves show a
statistical significance of differences between cases at 99% level.] (b) Same as in (a), but for
SOM simulations. [(top) SOM.S-SOM.ND, (middle) SOM.SL-SOM.ND, and (bottom)

SOM.SP-SOM.ND |

the simulation compared to NCEP reanalysis. The
simulated response in the atmospheric circulations to
the dust radiative forcing in Fig. 7b shows the reduced
westerly flow of the WAM, which is consistent with the
warming (Fig. 6b) and drying (not shown) near the sur-
face around 20°N since the WAM brings cool and hu-
mid oceanic air. As a result, in the lower troposphere
the meridional temperature gradient reduces (in-
creases) to the north of 20°N (south of 15°N; see in Fig.
6b). It is also shown that the AEJ is weakened (inten-
sified) to the north (south) of the jet core although this
effect is not strong enough to appear as a southward
displacement of the AEJ (not shown). Since the AEJ
owes its existence to the meridional temperature gra-
dient in the lower troposphere (e.g., Grist and Nichol-
son 2001), this change in AEJ is consistent with the
lower-tropospheric temperature change due to the
weakened monsoon and dust radiative cooling. The
vertical shear is reduced in 20°-30°N to reduce the pos-
sibility for baroclinic instability as a result of reduced
monsoon flow and weakened AEJ in this latitude band.
The tropical easterly jet (TEJ) located at 0°-20°N and
200 hPa is also weakened in the north of the jet core.
All of the weaker WAM, southward displacement (al-

though not clearly visible) of AEJ, smaller vertical
shear over the Sahel, and weaker TEJ are features ob-
served in dry years in the Sahel region (Grist and
Nicholson 2001).

Although the tropospheric temperature response is
much smaller in the AMIP simulations because of the
fixed SSTs, the sharper meridional temperature gradi-
ents appear to compensate the absolute magnitude of
cooling to create the circulation anomalies over North
Africa.

5. Impacts of dust on Sahel precipitation relative
to those of SSTs, vegetation, and GHGs

Figure 8 shows time series of observed (OBS) and
AMIP-simulated precipitation over the Sahel. The
April-October precipitation anomaly data are calcu-
lated for 10°-20°N and 18°W-20°E from Dai et al.
(2004) since the global 2D data (Xie and Arkin 1997)
are not available in the wet period (1950s-60s). Simu-
lated precipitation is also averaged for the same region.
Ten-year running means have been calculated to elimi-
nate variability on shorter time scales. The uncertain-
ties are estimated using standard errors in the maxi-
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mum and minimum 10-yr periods using the method de-
scribed in section 2d. The difference in the Sahel
precipitation between the driest (1981-90) and the wet-
test (1951-60) 10-yr periods in the observed record is
—0.49 = 0.11 mm day ', and this is the change in pre-
cipitation we use as a benchmark to evaluate the model
results.

In the following sections, we analyze the impacts of
changes in SSTs, vegetation, GHGs, and dust radiative
forcing on Sahel precipitation by comparing different
simulation cases and different periods as summarized in
Table 3. Impacts of SSTs are evaluated using wettest
and driest 10-yr periods since SSTs vary continuously
(not shown), and we are most interested in the maxi-
mum magnitude of precipitation change. However, our
model only includes fixed vegetation distributions for
wet and dry periods and vegetation has by far the larg-

est control on dust emission and loading (Table 3).
Therefore, effects of vegetation and dust are evaluated
in terms of the differences between wet (1951-70) and
dry (1971-93) periods. This makes little changes in the
results from the analyses based on wettest and driest
10-yr periods, but the uncertainties decrease due to the
larger number of years used.

a. Impacts of the sea surface temperatures

In the AMIP.ND simulation where there is no dust
and all forcings other than SSTs are fixed, the differ-
ence in precipitation between the driest and wettest
10-yr periods in the model is —0.18 + 0.13 mm day ' or
36% = 27% of the observed changes (Table 3). Includ-
ing dust radiative forcing does not change this number
when dust loading does not change very much from wet
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(bottom) 15°W-15°E. Observations are averaged for 1979-2001 and the simulation mean is

for all 30 yr.

to dry period (3% increase in AMIP.SL). Using the five
ensemble members of the AMIP.F simulations that in-
clude radiative forcing by climatologically fixed dust,
the maximum precipitation change from wet to dry pe-
riods is —0.23 + 0.05 mm day ' or +47% *+ 15% of the
observations.

Hoerling et al. (2006) have confirmed the association
of interhemispheric SST contrast in the Atlantic basin
with the North African monsoon rainfall, which has
been identified by previous studies (e.g., Folland et al.
1986; Lamb and Peppler 1992; Rowell et al. 1995). The
role of Indian Ocean SST in the Sahel precipitation
variability is more controversial. Although Giannini et
al. (2003) and Bader and Latif (2003) have identified a
strong association between Indian Ocean SST in the

Sahel precipitation variability, Hoerling et al. (2006)
concluded that Indian Ocean SST is not a leading
source of North African precipitation variability in
their multimodel approach including models used in
Giannini et al. (2003) and Bader and Latif (2003).

In our study, 10-yr running mean Sahel precipitation
in observations and AMIP simulations strongly corre-
lates with both the interhemispheric contrast of the At-
lantic SSTs (r = 0.86~0.89 in observation as well as
AMIP.ND, AMIP.SL, and AMIP.SLV simulations)
and West Indian Ocean SST (r = —0.73~-0.95). How-
ever, since the interhemispheric contrast of the Atlantic
SSTs and West Indian Ocean SST are also highly cor-
related with each other (r = —0.85), we cannot separate
the effect of one from the other.
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FIG. 6. (a) Meridional cross section of JJAS air temperature in (top) ECMWF and (bottom)
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(top) AMIP (AMIP.SL-AMIP.ND) and (bottom) SOM (SOM.SL-SOM.ND) simulations

averaged over 15°W-15°E (abscissa is latitudes).

b. Impacts of Sahel vegetation change

The AMIP.SLV is a simulation using the wet period
vegetation for 1951-70 combined with results from the
AMIP.SL for 1971-93 using dry period vegetation. Us-
ing the wet period vegetation increases the precipita-
tion in this period to make the precipitation trend in the

AMIP.SLV more similar to the observations than in the
AMIP.SL, but the precipitation decrease is still too
small (Fig. 8). The precipitation trend in the AMIP.SLV
simulation includes effects of vegetation loss as well as
an increase of dust source in the Sahel region. The
Sahel precipitation response to the vegetation change
between the wet and dry periods is estimated using the
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FI1G. 7. (a), (b) Same as in Figs. 6a,b, but for atmospheric circulation (shading shows zonal
wind component and arrows meridional and vertical components).

difference between the AMIP.ND and AMIP.NDV
simulations in the wet period (1951-70). It is obtained
to be —0.05 = 0.07 mm day ' or 10% * 14% of the
observed changes in Sahel precipitation, but this is sta-
tistically insignificant.

c. Impacts of greenhouse gas warming

Another process that might be causing the change in
Sahel precipitation is GHG warming. In the equilib-

rium doubled CO, case (SOM.SP2), the model simu-
lates more Sahel precipitation by +0.13 = 0.09 mm
day ™! compared to the SOM.SP simulation. This sug-
gests the effect of GHGs of the opposite direction from
the observed precipitation change. The GHG impacts
in this case contain effects through the sea surfaces, the
land surfaces except vegetation change, and the atmo-
sphere. On the other hand, the difference between
AMIP.F and AMIP.H in the wet period should give the
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precipitation change due to changes in GHGs and aero-
sols from the wet to the dry period because in AMIP.F
GHGs and aerosols are fixed at the level at 1990 while
AMIP.H uses time-varying forcings. In this case the
response is through changes of atmosphere and land
surface only. The Sahel precipitation response is ob-
tained as +0.06 = 0.03 mm day'. In both the SOM and
the AMIP simulations, increased GHGs cause in-
creased precipitation in the Sahel, which is opposite to
the available observations and consistent with Hoerling
et al. (2006).

d. Impacts of dust radiative forcing

The model predicts less Sahel precipitation with dust
radiative forcing than without it by —0.20 = 0.05 mm
day ' or 41% + 16% of observed precipitation change
in the Sahel without SST feedback and —0.22% = 0.06
mm day ' or 46% * 16% with SST feedbacks. These
are calculated as differences between AMIP.SL and
AMIP.ND over the entire period (1951-93) and be-
tween SOM.SL and SOM.ND over all 30 yr, respec-
tively. The optical depths of dust at 670 um averaged
over North Africa (8°-35°N, 17°W-30°E) are 0.47 =
0.01 um and equal down to the second decimal in both
cases. The small difference of the magnitudes of pre-
cipitation responses with and without SST feedbacks

suggests that the large part of the response in Sahel
precipitation from dust radiative forcing is not through
SST changes. This is consistent with our hypothesis of
importance of the tropospheric cooling over North Af-
rica due to dust TOA radiative forcing in modulating
the Sahel precipitation mentioned earlier. The long-
wave forcing of dust acts to increase the precipitation
significantly (AMIP.SL.ALL-AMIP.S.ALL and
SOM.SL.ALL-SOM.S.ALL). This means that the
longwave forcing considerably offsets the very large ef-
fect of shortwave forcing in reducing precipitation.
Including a similar amount of dust in wet and dry
periods does not affect the magnitude of the Sahel pre-
cipitation change caused by SST changes (AMIP.SL).
The AMIP.SLV simulation shows a precipitation de-
crease of —0.19 + 0.09 mm day ' or +39% + 21% of
observed precipitation change due to the Sahel vegeta-
tion reduction and the resulting increase of dust optical
depth by +0.13 + 0.01 mm day ' or +36% * 4%
relative to the wet period over North Africa. The im-
pact of the increased dust radiative forcing is isolated
by subtracting the vegetation impact obtained previ-
ously from this value. This results in —0.07 = 0.09 mm
day ! or +15% * 19% of the observation, and this is
statistically insignificant. However, our model likely un-
derestimates the increase of dust between the 1950s and
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TABLE 3. Differences of Sahel precipitation in different simulations and periods. D10 (W10): average for driest (wettest) 10-yr period;
DP (WP): average for dry (wet) period [1971-93 (1951-70)]; ALL: average for the whole period of simulation: 1951-93 in AMIP, 9 yr
for SOM.SP2, and 30 yr for all other SOM simulations. OD: dust optical depth at 670 nm averaged over North Africa; AOD: change

in dust optical depth.

Relative to

Difference observed
(mm day ™) change Factors and processes involved
OBS.D10-OBS. W10 —0.49 = 0.11 +100% Fourfold dust increase, SST, vegetation, and other changes
AMIP.ND.D10-AMIP.ND.W10 —0.18 =0.13 +36 =27% SST changes
AMIP.S.D10-AMIP.S. W10 —0.20 =011 +41 =25% SST changes and small change in dust (AOD = +0.03 = 0.03),
SW only
AMIP.SL.D10-AMIP.SL. W10 —0.18 £ 0.14 +37 =29% SST changes and small change in dust (AOD = +0.02 = 0.02)
AMIP.F.D10-AMIP.F.W10 —0.23+0.05 +47 =15% SST changes (fixed dust included)
AMIP.NDV.WP-AMIP.ND.WP —0.05=0.07 +10*=14% Vegetation change
SOM.SP2.ALL-SOM.SP.ALL +0.13 = 0.09 —27=20% Doubled CO,
AMIP.F.WP-AMIP.H.WP +0.06 £0.03 —12=*=7%  Changes in GHGs and other forcings (fixed dust included)
AMIP.SLV.DP-AMIP.SLV.WP =0.19 £0.09 +39 =21% Changes in SSTs, vegetation, and dust (AOD = +0.13 + 0.01
or +36 = 4%)
AMIP.SLVH.DP-AMIP.SLVH.WP —0.25*£0.09 +51 =21% Changes in SSTs, vegetation, and dust (AOD = +0.30 =+ 0.01
or +173 = 6%)
AMIP.SL.ALL-AMIP.ND.ALL =020 =0.05 +41 *=13% Addition of dust (OD = 0.47 = 0.01)
SOM.SL.ALL-SOM.ND.ALL —0.22 £0.06 +46 =16% Addition of dust (OD = 0.47 = 0.01) with SST feedback
AMIP.SL.ALL-AMIP.S.ALL +0.20 = 0.06 —42 *=16% Addition of dust LW forcing (OD = 0.47 = 0.01)
SOM.SL.ALL-SOM.S.ALL +0.39 £ 0.05 —81 =21% Addition of dust LW forcing (OD = 0.47 = 0.01) with SST
feedback
AMIP.SL.WP-AMIP.SLV.WP —0.12 £0.06 +25*13% Changes in vegetation and dust
(AMIP.SL.WP-AMIP.SLV.WP)- —0.07 =0.09 +15+19%  Change in dust (AOD = +0.13 * 0.01)
(AMIP.NDV.WP-AMIP.ND.WP)
AMIP.SL.WP-AMIP.SLVH.WP —0.18 = 0.05 +37 =13% Changes in vegetation and dust
(AMIP.SL.WP-AMIP.SLVH.WP)- —0.13 =0.08 +27 =18% Change in dust (AOD = +0.30 * 0.01)
(AMIP.NDV.WP-AMIP.ND.WP)
SOM.SL.ALL-SOM.ND.ALL scaled  —0.06 =0.02 +12*4%  Change in dust (AOD = +0.13 = 0.01) with SST feedback
for simulated change of dust optical
depth in AMIP.SLV
SOM.SL.ALL-SOM.ND.ALL scaled —0.14 £0.04 +29 =10% Change in dust (AOD = +0.30 = 0.01) with SST feedback

for simulated change of dust optical
depth in AMIP.SLVH

1980s by a large degree. The increase of surface dust
concentration in the tropical West Atlantic (10°-20°N,
60°-50°W) is estimated as 34% = 10% in this simula-
tion (not shown), which is much smaller than the re-
ported fourfold increase from late 1960s to 1980s over
Barbados (13°N, 60°W; Prospero and Nees 1986; Pros-
pero et al. 1996). This underestimate could be due to
many factors, including changes in sources from
changes in vegetation or land use (e.g., similar to
Mahowald et al. 2002) or other problems in the model.
In the AMIP.SLVH simulation, dust emission from
North Africa is reduced by a half in the wet period and
the resulting increase of dust optical depth from wet to
dry period over North Africa is by close to threefold
(173% increase between wet and dry periods and
183% increase between least and most dusty 10-yr pe-
riods). In this case, the impact of the increased dust
radiative forcing is obtained as —0.13 = 0.08 mm day "

or +27% = 18% of observed precipitation reduction in
the Sahel and this is statistically significant. The pre-
cipitation responses to unit optical depth of dust are
-0.45 = 0.15, =0.57 = 0.71, —0.43 = 0.28 mm
day '(optical depth)™! in AMIP.SL-AMIP.ND,
AMIP.SLV(dry period)-AMIP.SLV(wet period), and
AMIP.SLVH(dry period)-AMIP.SLVH(wet period),
respectively, and so linearity between impacts and re-
sponses roughly holds. As seen above, the SST feed-
back adds the Sahel precipitation response to dust by a
small degree. The values are estimated by scaling the
difference of precipitations between the AMIP.SL and
AMIP.ND simulations with the ratios of optical depths
of dust averaged over North Africa. The obtained
estimates are —0.06 + 0.02 mm day ' or +12% *+ 4%
or an estimated 34% increase of optical depth and
—0.14 + 0.04 mm day ! or +29% =+ 10% for the near-
threefold increase.
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In summary, our model results suggest that up to
50% of the observed precipitation change can be due to
sea surface temperature changes, ~10% from vegeta-
tion changes, and up to 30% due to dust radiative forc-
ing and feedbacks. Other factors may include the ra-
diative forcing by changed aerosol loading from bio-
mass burning due to the regional climate change and
increased population pressure, which is not considered
in this study. This may act through affecting the atmo-
sphere itself and/or the land and sea surface tempera-
tures.

6. Conclusions

This study investigates the role of dust radiative forc-
ing in the Sahelian drought observed in the last three
decades of twentieth century using simulations with an
atmospheric general circulation model (GCM). Our
model shows smaller shortwave and larger longwave
forcing of dust than other studies. This is mainly due to
the differences in the refractive index and the particle
size distribution of dust; compared to many existing
studies, we use less absorbing dust and more large par-
ticles and fewer small particles than previous modeling
studies (e.g., Woodward 2001; Miller et al. 2004) fol-
lowing suggestions from recent observations (Grini and
Zender 2004; Hand et al. 2004). As a result, we get net
surface warming over the Sahara desert, which is op-
posite in sign to other studies (e.g., Woodward 2001;
Miller et al. 2004).

Our model simulations suggest that radiative forcing
of dust acts to reduce the global average precipitation.
The precipitation response to dust radiative forcing is
generally larger and more consistent when the GCM is
coupled with the Slab Ocean Model (SOM), where sea
surface temperature (SST) varies in response to radia-
tive forcing, than with AMIP simulation, which is
forced by observed SST. A large part of the reduced
precipitation occurs over the intertropical convergence
zone (ITCZ) around the globe. The CAM3 model is
known to have the double ITCZ bias. In our modeling
study, the predominantly Northern Hemisphere plume
of dust makes the ITCZ weaker and the erroneous
Southern Hemisphere ITCZ stronger, and hence effec-
tively increases the double ITCZ bias. This bias is
stronger when longwave forcing is neglected as in the
default version of the CAM3 model. Over North Af-
rica, contrary to other tropical regions, the difference in
the precipitation response between SOM and AMIP is
small. This is probably because the tropospheric cool-
ing due to dust radiative forcing at the top of the at-
mosphere plays an important role in reducing the pre-
cipitation over North Africa. The responses of the at-
mospheric circulation over North Africa are weaker
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West African monsoon flow, southward displacement
of African easterly jet, smaller vertical shear over the
Sahel, and weaker tropospheric easterly jet, all of which
are features observed in dry years in the Sahel region.

The AMIP simulations with or without dust radiative
forcing do produce a drying trend in the Sahel, but the
magnitude of this trend is smaller than in the observa-
tions. The magnitude of Sahel precipitation reduction is
better simulated when dust is increased and vegetation
is decreased from the wet 1950-60s to dry 1980-90s.
Impacts of SSTs, dust radiative forcing, greenhouse gas
(GHG) warming, and vegetation change on Sahel pre-
cipitation are isolated by comparing simulations under
different scenarios. A large part of the precipitation
change is attributed to the observed change in the in-
terhemispheric contrast of the Atlantic SSTs, which
may account for up to 50% of the observed precipita-
tion reduction in the Sahel. These SST changes do not
appear due to the dust radiative forcing and the GHG
warming. The simulated 36% increase in optical depth
of dust over North Africa may explain about 15% of
the observed precipitation reduction in the Sahel. How-
ever, measurements of desert dust at Barbados have
suggested a fourfold change in concentration between
the 1980s and the 1960s. One of the possible reasons for
this large underestimate of the increase of dust is that
the model does not include the efficient dust source
from the areas under vegetation loss or human land
use. If dust emissions in the 1950-60s are reduced by
half, which is approximately equivalent to a threefold
increase of dust loading in the North Africa and North
Atlantic regions, the Sahel precipitation response is es-
timated to be about 30% of the observed precipitation
change between the 1950s and 1980s. The contribution
of the Sahel vegetation change is estimated to be about
10% of the observed decrease but is statistically insig-
nificant. The GHG warming acts to increase Sahel pre-
cipitation and hence does not explain the observed dry-
ing. The radiative forcing by changed aerosol loading
from biomass burning, which is not considered in this
study, may also have an effect on the Sahel precipita-
tion.

These results are sensitive to the models and meth-
odologies that are used. However, the results are im-
portant because they show that the direct radiative
forcing of dust has played a role in the observed
droughts in the Sahel comparable to the roles played by
the sea surface temperatures and vegetation, which
have been studied extensively. These results also pro-
vide a mechanism whereby drought in the Sahel region
can cause increased dust, which then feedbacks to cause
a further precipitation reduction.
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