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ABSTRACT

This study assesses the direct and indirect effects of natural and anthropogenic aerosols (e.g., black carbon and sulfate)
over West and Central Africa during the West African monsoon (WAM) period (June-July—August). We investigate the
impacts of aerosols on the amount of cloudiness, the influences on the precipitation efficiency of clouds, and the associated
radiative forcing (direct and indirect). Our study includes the implementation of three new formulations of auto-conversion
parameterization [namely, the Beheng (BH), Tripoli and Cotton (TC) and Liu and Daum (R6) schemes] in RegCM4.4.1,
besides the default model’s auto-conversion scheme (Kessler). Among the new schemes, BH reduces the precipitation wet
bias by more than 50% over West Africa and achieves a bias reduction of around 25% over Central Africa. Results from
detailed sensitivity experiments suggest a significant path forward in terms of addressing the long-standing issue of the
characteristic wet bias in RegCM. In terms of aerosol-induced radiative forcing, the impact of the various schemes is found
to vary considerably (ranging from —5 to —25 W m~2).
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1. Introduction

The large uncertainty in the assessment of aerosol—-cloud—
radiation interactions poses a significant challenge toward
better constraining climate sensitivity (IPCC, 2013). An im-
proved quantification of these interactions is necessary for
a better understanding of past and future climate change.
Changes in the concentrations and properties of aerosols al-
ter the Earth’s climate, since aerosols scatter and/or absorb
sunlight and directly affect the climate by modifying the ra-
diant energy distribution in the surface—atmosphere system.
Furthermore, through their critical role as cloud condensa-
tion nuclei and ice nuclei, aerosols can indirectly modify
cloud properties (e.g., Costantino and Bréon, 2013; Fan et
al., 2016). Increasing aerosol concentrations due to anthro-
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pogenic activities can lead to enhanced cloud droplet num-
ber concentrations with smaller radii, enhancing the cloud
albedo (first indirect or cloud albedo effect) (Twomey, 1977).
As the cloud droplets become smaller, the precipitation effi-
ciency decreases, consequently increasing cloud lifetime and
fractional cloud cover (second indirect or cloud lifetime ef-
fect) (Albrecht, 1989). In addition, absorbing aerosols such
as black carbon (BC) and some organic aerosols can induce
radiative heating, leading to modifications of atmospheric sta-
bility, cloud cover, and convection strength, i.e., the so called
semi-direct effect (Gu et al., 2006, 2012). The simulations of
these different effects of aerosols in climate models strongly
depend on their emission, mass, composition and size dis-
tribution (Seinfeld and Pandis, 2006), as well as the mixing
state of the particles (internal or external mixtures), and the
parameterization of nucleation processes in the models (Ko-
dros et al., 2015).

The sign and magnitude of different aerosol effects have
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strong regional dependence (Kodros et al., 2015). Aerosol ef-
fects in the West Africa region are complex due to the large
diversity of aerosol composition (and sources), including nat-
urally occurring desert dust, marine aerosols, anthropogenic
aerosols from urban areas, as well as biomass burning. Min-
eral dust from the Sahara and biomass-burning particles from
Equatorial and Central Africa are frequently transported to
the West African monsoon (WAM) region (Chiapello et al.,
2005), which ranges from 5°N to 20°N and 10°W to 20°E.
Therefore, it is critical toward an improved representation of
the complexity of aerosols in this region to carry out in-depth
studies of the effects of the various aerosol types, especially
in an effort to improve their representation and role in re-
gional aerosol-chemistry—climate model simulations.

Using satellite observations of aerosol and cloud proper-
ties from simultaneous MODIS and CALIOP measurements,
Costantino and Bréon (2013) showed that aerosols affect
cloud microphysics by decreasing the cloud droplet radius
and cloud liquid water path (CLWP). They hypothesized that
the observed reduction in CLWP is a consequence of dry air
entrainment near the cloud top. Using MODIS aerosol prod-
ucts and TRMM precipitation data, Huang et al. (2009) stud-
ied the relationship/feedbacks between African aerosols and
precipitation during the WAM. They suggested that both dust
and smoke contribute to precipitation suppression, with the
dust effect evident over the Gulf of Guinea and the smoke
effect evident over both land and ocean.

The relative roles of direct and indirect effects of aerosols
on the WAM are still poorly characterized; therefore, high-
resolution studies, such as regional climate model simula-
tions, can be useful for understanding the processes that drive
cloud—aerosol interactions in the region. For example, us-
ing RegCM, several studies have used parameterized aerosol
indirect effects to understand these processes over eastern
Asia (Qian and Giorgi, 1999; Huang, 2005; and Huang et
al., 2007), involving different auto-conversion parameteriza-
tions. While these simulations did not use a full cloud micro-
physical treatment, the auto-conversion parameterization was
a computationally efficient way to represent the formation of
raindrops by collision and coalescence of cloud drops.

As discussed in the aforementioned studies, the direct ra-
diative effect of aerosols could potentially contribute to the
suppression of precipitation in the WAM region; however,
from the microphysical point of view, the semi-direct and
indirect effects have been suggested to play a dominant role
toward precipitation suppression (Huang et al., 2009). There-
fore, in the present study, we implement different parameter-
izations of the aerosol indirect effects within RegCM4.4.1 to
investigate their impacts on cloud microphysics and precipi-
tation over tropical Africa during the WAM season. In addi-
tion, RegCM suffers from a long-standing wet bias problem
(relative to CRU, ERA-Interim and TRMM data), as docu-
mented in multiple studies of the West Africa and Sahel re-
gions (Sylla et al., 2010; Giorgi et al., 2012; Ji et al., 2016).
The overarching aim of our study is to determine the extent to
which the implementation of a new auto-conversion scheme,
involving the first and second indirect effects, might reduce
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this wet bias in RegCM.

A description of RegCM4.4.1 and the simulation experi-
ments is provided in section 2. Section 3 discusses the direct
effect, as well as the first and second indirect aerosol effects,
using three different auto-conversion parameterizations, over
the western and central parts of the African domain. In sec-
tion 4, we present a summary of the results and draw some
conclusions from the key findings.

2. Model description and experimental design

The regional climate model used in this work
(RegCM4.4.1) is a hydrostatic model with sigma vertical
levels that can be used to simulate long-term climate (Giorgi
et al., 2012). The radiative transfer processes are parame-
terized using CCM3 (Kiehl et al., 1996). The representation
of cloud optical/microphysical properties in RegCM depends
on three parameters of cloud: (1) CLWP, which is prognosti-
cally calculated by RegCM; (2) cloud cover fraction, which
is calculated diagnostically as a function of relative humid-
ity; and (3) cloud droplet effective radius (r.), defined as
the ratio of the third to the second moment of the size spec-
trum. For convective precipitation, the Grell (1993) scheme
is used in the implementation of Giorgi et al. (1993) with
Fritsch—Chappell closure (Fritsch and Chappell, 1980). Non-
convective clouds and precipitation are based on the Subgrid
Explicit Moisture Scheme (SUBEX) (Pal et al., 2000). The
Biosphere—Atmosphere Transfer Scheme (Dickinson et al.,
1993) is used for land surface processes, and the scheme of
Holtslag (Holtslag et al., 1990) represents boundary layer
processes.

The simulations presented here use the RegCM aerosol
scheme based on a simplified treatment of sulfur dioxide
(80y,), sulfate (SOﬁ’), organic carbon (OC) and BC, which
exist as hydrophobic and hydrophilic components, and are
treated as externally mixed. The emission fluxes of SO,
BC and OC are fed directly into the model from the global
emissions inventories. The wet deposition of the aerosols is
based on the parameterizations of large-scale (Giorgi, 1989)
and convective precipitation (Giorgi and Chameides, 1986);
in this scheme, the aerosols are not released by evaporation of
raindrops. The dry removal depends on fixed dry deposition
velocities for each tracer over land and ocean. The scatter-
ing and absorption of solar radiation are included based on
the aerosol optical properties as described in Solmon et al.
(2006).

2.1. First indirect effect in RegCM4.4

In RegCM4.4.1, all aerosols have only direct effects on
the climate, except SO?[, which has direct and first indirect
effects. The optical properties of the clouds depend on the
e, Which is calculated as a function of temperature and the
type of liquid-phase cloud (e.g., maritime versus continental)
(Giorgi et al., 2012). To represent the first indirect effect, r.
(um) is represented as a function of cloud droplet number
concentration (N,; cm™3), as in the formula of Martin et al.
(1994) [Eq. (1)], which is related to the total mass mixing ra-
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tio of SO%‘ using the empirical relationship derived by Hegg
(1994) [Eq. (2)]:

1
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where p, and p,, are the densities of air and water, respec-
tively (kg m™3); xi( is the mass mixing ratio of total aerosols
(kg kg‘l); wr, is liquid water content (kg m~3); and k = 0.80
for maritime air masses and 0.67 for continental air masses.
Although the above parameterization is for SO%‘ aerosol, we
assume it is equally applicable to hydrophilic BC and OC as
well. This parameterization has been tested in RegCM previ-
ously by Qian and Giorgi (1999) and Huang et al. (2007).

2.2. Implementation of the second indirect effect in
RegCM4.4.1

To represent the aerosol second indirect effect in
RegCM4.4.1, the parameterization of cloud microphysics in
the model is altered so that the rate of precipitation is af-
fected by the aerosol concentration. In RegCM4.4.1, SUBEX
(Pal et al., 2000) calculates the cloud cover fraction based
on the relative humidity. In the cloud fraction, a Kessler-
type bulk formulation (Kessler, 1969) is used to parameter-
ize the auto-conversion and accretion processes. The Kessler-
type formula (“KS” scheme) assumes that precipitation is
formed at any model level when the cloud water mixing ra-
tio (g = wL/pa) exceeds the threshold value (g ), as in the
following relation:

P=Cpp (q—L - qL,th)fc : 3)

where P is the rain drop formation rate (kg kg™ s71), 1/Cpp
is the characteristic time for which cloud droplets are con-
verted into raindrops, and f; is the cloud fraction. The thresh-
old value is obtained as a function of temperature according
to the following relation derived by Gultepe and Isaac (1997):

qL,th — CaCS10—0.49+0.013T , (4)

where T is temperature in °C, and C, is the auto-conversion
scale factor. Also, in SUBEX (Pal et al., 2000), the amount
of accreted cloud water (P,..) and evaporated precipitation
(Pevap) are expressed as follows:

Pyce = CaceqLPsum » ©)
1
Pevap = Ceva\p(1 _RH)Pszum s (6)

where C,c is the accretion rate coefficient, Py, is the accu-
mulated precipitation from above falling through the cloud,
and Ceyyp is the evaporation rate coeflicient.

Several prior studies have found that the second indi-
rect effect is very sensitive to the parameterizations of auto-
conversion and cloud cover in models (Lohmann and Fe-
ichter, 1997; and Huang et al., 2007). Here, we implement
three different auto-conversion schemes in RegCM4.4.1:
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The first parameterization depends on Beheng (1994) (re-
ferred to as the “BH” scheme), which is based on Lohmann
and Feichter (1997):

6x10%y1n™17(107°N) 33103 pagr / fo)*

P= . (D

Pa
where y; = 150 is a tunable parameter, and n = 10 is the width
parameter of the initial cloud droplet spectrum. All parame-
ters are in SI units.

The second parameterization depends on Tripoli and Cot-
ton (1980) (referred to as the “TC” scheme):

1~

4
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p=—EPN Ny —10%), ®)
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where g is gravity, E. = 0.55 is the collision/collection effi-
ciency of cloud droplets, u = 1.83x 107> kg m~! s7! is the
dynamic viscosity of the air, and H is the Heaviside function.
Since cloud droplets convert to rain drops when the N, of
larger than 20 pm in radius (Ncoo) is more than the 103 m~>
(Rogers and Yau, 1989), where

1, Neyo>10°

Ncoo is calculated assuming a gamma cloud droplet size dis-
tribution according to the Khrgian and Mazin distribution
(Pruppacher and Klett, 1997).

The third parameterization of auto-conversion (referred
to as the “R6” scheme), based on Liu et al. (2004), accounts
for the dispersion effect of cloud droplets (Liu et al., 2004,

2007):
b3 2 kofBS
- (47pr) N
where Rg is the mean radius of the sixth moment of the
droplet size distributions in Rotstayn and Liu (2005), k> =
1.9%x 10" cm™ s7! is a constant describing the increase in
the collection efficiency of cloud droplets with increasing col-
lector drop size, B¢ represents the dispersion effect of cloud
droplets assuming a gamma distribution for the cloud-droplet
spectrum,

w; H(Rs — Rec) , (10)

[a+3eHA+4eH)(1+5€?) 6
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and R is the critical radius in pm,
%
4.1 N,
Ree =4.09% 10 4[;5011—3 , (12)
W3
L

where e= 1 —0.7exp(—aN,), is the relative dispersion of the
droplet size distribution, @ = 0.003 (Rotstayn and Liu, 2005),
wr isin g m™3, N is in cm™, and Beon = 1.15x 105 571 is
the mean value of the condensation rate constant.

These three auto-conversion schemes differ in their de-
pendence on the total aerosol mixing ratio (xy), which re-
lates to the r. and wr, as shown in the following proportion-
alities. These are derived by eliminating N, with X and 7.
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using Egs. (1) and (2) in the raindrop formation rate (P) for
the BH [Eq. (7)], TC [Eq. (8)] and R6 [Eq. (10)] schemes:

. 47,15 14,99
BH : Pocwi " x 7 cw; g

. 2.3 .,-0.15 2
TC: Pocwy x> ecwire

. 3.-045 2
R6: P« WY X Wi

The precipitation rates simulated by the KS, BH, TC and
R6 auto-conversion schemes, with different values of r. and
qL are shown in Figs. la and b for r. = 10 and 7.5 wm, which
represent large and small cloud droplets, respectively. Be-
cause the auto-conversion rates depend on the f. in KS and
BH, we show the range of values for two f. values (f. =1
and f. = 0.5; Figs. 1a and b). The cloud fractional cover has
an effective influence on the KS auto-conversion rate at low
in-cloud liquid water (g < 0.6 g kg~!), where the lower f;
(fc = 0.5) increases the auto-conversion rate faster than the
one (f. = 1) (Figs. 1a and b). For larger droplets (r. = 10
pum), the auto-conversion rate is enhanced by the BH scheme
with more efficiency than TC, R6 and KS, respectively. On
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Fig. 1. Auto-conversion rates (P) (units: 10° kg kg_l sDasa
function of liquid water mixing ratio (gr,) (units: g kg’l) for the
different auto-conversion schemes of KS, BH, TC and R6. The
calculations assume an r. of (a) 10 wm and (b) 7.5 um. Note
that for the purpose of these figures, the calculations of the KS
and BH schemes assume a cloud fraction cover of f. =1 and
fe =0.5; KS is unaffected by changing the re, and its calcula-
tion for these figures assumes g, =0.2 g kg’1 in Eq. (3).
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the other hand, with smaller cloud droplets (r. = 7.5 wm), the
auto-conversion in the BH scheme is faster than in the R6
scheme only at extremely low g1, (< 0.2 g kg™!), whereas the
precipitation rate produced by TC is more than that of BH at
gL >0.1 gkg™!.

2.3. Experimental design

The simulations in this study are conducted over a region
extending from tropical Africa to northern Africa and the
Mediterranean, as shown in Fig. 2. This domain has a com-
plex mixture of aerosols from various origins, such as desert
dust, urban pollution and biomass-burning/smoke aerosol.
The model domain is centered at (19.0°N, 12.0°E), with a
grid of 84 x 116 points at a horizontal grid spacing of 60
km, and 18 vertical sigma levels with the model top at 10
hPa. For our analysis, the region extending from the equa-
tor to 15°N is divided into two sub-regions, referred to as the
western region (Domainl) and the central region (Domain?2),
as shown in Fig. 2a. In all simulations, the global data of
NCEP-2 provide the meteorological initial and lateral bound-
ary conditions. For the SST, OISSTv2 weekly data are used.
For the chemical boundary conditions, we use the global out-
put from the Model for Ozone and Related Chemical Tracers
(Emmons et al., 2010). We conduct a one-year simulation (1
October 2005 to 1 December 2006) with the first two months
used as model spin-up, and focus on the season of the WAM
(June—July—August; JJA).

We simulate online aerosols for the chemical species of
SOi_ and hydrophobic and hydrophilic BC and OC to inves-
tigate the effects of the aerosols from biomass and anthro-
pogenic sources. Aerosol emissions are based on the Emis-
sion Database for Global Atmospheric Research (EDGAR)
(Olivier et al., 2001) for anthropogenic and biomass-burning
BC and OC and biogenic SO;, and the Reanalysis of the
Tropospheric Chemical Composition Inventory (RETRO)
(Schultz et al., 2007) for anthropogenic SO;. Figures 2a—
¢ show the spatial distributions of emissions during sum-
mer for SO,, derived from the anthropogenic emissions of
RETRO and biomass-burning emissions of EDGAR, and the
BC and OC derived from the anthropogenic and biomass-
burning emissions of EDGAR. Figure 2a shows that the total
emission rates of SO, are concentrated around the Mediter-
ranean basin, especially in the large cities due to anthro-
pogenic activities, with emission rates of up to 4 x 10710 kg
m~2 s~!. Emissions are also high in West Africa near the Gulf
of Guinea, due to biomass burning and anthropogenic activ-
ities. The spatial distributions of the total BC emission rates
are similar to those of SO, as shown in Fig. 2b; the emissions
rate reaches 3 x 10713 kg m™2 s~! over the large cities in the
Mediterranean and Arabian Peninsula. The emissions of OC
(Fig. 2c) follow the same patterns as BC.

To validate and intercompare the simulations, we use
gridded (0.5° x 0.5°) observations from the CRU (Mitchell
and Jones, 2005) for the monthly surface air temperature and
precipitation data over land. The Level-3 (version 5) global-
gridded 1° x 1° data product retrieved from MODIS onboard
Terra is used to evaluate the total cloud cover distribution over
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Fig. 2. Emissions rate (units: kg m2s™ 1) of (a) SO, x 10710 de-
rived from the EDGAR and RETRO emissions inventories, and
(b) BCx 10713 and (c) OC x 1013 derived from EDGAR only.
The two selected domains are outlined by the dashed black lines
in (a): Domainl is West Africa and Domain2 Central Africa.
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the entire simulation domain. The Level-3 Terra/MODIS
AOD, retrieved using the Dark-Target (Levy et al., 2007) and
Deep Blue (Hsu et al., 2006) aerosol algorithms, is used to
evaluate the simulated regional AOD.

We conduct nine sensitivity simulations with varying
treatments of the aerosol indirect effect. Four control runs
(CTRL, CTRL_BH, CTRL_TC and CTRL_R®6) are performed
with the different auto-conversion schemes of KS, BH, TC
and R6, respectively. In the control simulations, the r. is
constant (at 10 wm) and no aerosol effects are considered.
The simulation called “DIRECT” includes the direct effect
of all types of aerosols in RegCM4.4.1 (SO%‘, hydrophobic
and hydrophilic OC and BC) with r, = 10 um. The first in-
direct effect of SOZ‘, hydrophilic OC and BC, and the di-
rect effect of all aerosols, are evaluated with the simulation
called “INDIR1”, in which the size of cloud droplets changes
according to the aerosol mass concentration. The effect of
the auto-conversion scheme is discussed in section 3.4, and
the combined effects of the aerosols (direct, first and second
indirect) are included in the runs of “ALL_BH”, “ALL_TC”
and “ALL_R6” with different auto-conversion schemes. A
description of all sensitivity experiments is provided in Table
1.

Here, we focus on the indirect effects of aerosols on the
regional climate by changing only the parameterization of the
large-scale precipitation processes without changing the con-
vective precipitation parameterizations, because the convec-
tive parameterizations implemented in RegCM4.4.1 do not
include cloud microphysics that can be directly connected
with cloud condensation nuclei and hence aerosols. In ad-
dition, we only consider warm cloud processes, as we do not
explicitly permit aerosols to act as ice nuclei in these simula-
tions. However, it is possible that the properties of ice cloud
can be affected through interaction processes between liquid
and ice phases.

3. Results and discussion

3.1. Control simulations with different auto-conversion
parameterizations

Figures 3a and b show the spatial distributions of the total
cloud cover from MODIS and total precipitation from CRU,
respectively, over the studied domain during JJA 2006. It can
be seen that the cloud and rainfall concentrated in the region
south of 15°N, especially in West Africa, are associated with
a cloud fraction greater than 80%, and precipitation rates ex-
ceeding 200 mm month™! in several regions across Central
and West Africa.

First, we examine the influence of changing the auto-
conversion scheme on the mean cloud cover and precipi-
tation in the control runs without including the effects of
aerosols. The area-averaged values of CLWP, cloud cover
(low, medium, high and total), and total precipitation, as well
as the ratio of convective to total precipitation, simulated by
different control runs with different auto-conversion schemes,
are described in Table 2. These mean values are calculated
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Fig. 3. Spatial distribution of (a) total fractional cloud cover
from MODIS/Terra, (b) total precipitation (units: mm month™)
from CRU, and (c) AOD at 550 nm from MODIS/Terra, during
JJIA 2006.

over West Africa (Domainl) and Central Africa (Domain2)
over land only. The CLWP of TC and R6 is greater than
that of KS by about 18% and 43%, respectively. This en-
hancement in cloud liquid water content results in higher val-
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ues of different cloud types [low (LCLD), medium (MCLD),
high (HCLD)] and total cloud, by 18% and 21% for TC and
R6, respectively. The surface air temperature (7') averaged
over Domainl with CTRL_R6 and CTRL_TC decreases by
approximately 1°C compared to CTRL and CTRL_BH. The
CTRL_R6 run produces higher total precipitation (Tprecip)
than CTRL by about 16%. In addition, the ratio of the pre-
cipitation produced by convection processes (Cprecip/Tprecip)
is over 80% of the total precipitation in all simulations.

In Domain2, the CLWP maximum is produced by the
R6 parameterization (CTRL_R6) and the minimum is sim-
ulated by the BH parameterization (CTRL_BH). The R6
scheme simulates a larger cloud fraction for all cloud types
(LCLD, MCLD, HCLD), and total cloud cover, than the other
schemes, with CTRL_R6 resulting in a 25% increase in to-
tal cloud with respect to the reference control run (CTRL)
(Table 2). Again, CTRL_R6 and CTRL_TC produce lower
surface air temperature than CTRL_BH and CTRL. This re-
duction can be attributed to the increased LCLD in these ex-
periments. These enhancements of CLWP and cloud cover
simulated by R6 result in a 10% increase in total precipitation
compared to CTRL. It is worth noting here that using differ-
ent auto-conversion parameterization schemes for large-scale
precipitation generally increases the percentage of convective
to total precipitation over the two domains compared to the
KS scheme. The exception to this is the BH scheme, which
reduced this ratio over Domainl, which may be attributable
to the enhancement in liquid water content in cloud with the
different schemes.

Figure 4a illustrates that, over Domainl, the CTRL,
CTRL_BH and CTRL_TC simulations underestimate the to-
tal cloud cover compared to MODIS by over 15% with
CTRL_BH, while CTRL_R6 overestimates the cloud cover by
less than 1%. In addition, over Domain2, the simulations of
CTRL, CTRL_BH and CTRL_TC show negative bias (greater
than Domainl) compared to MODIS, whereas CTRL_R6 re-
sults in lower positive bias than in Domainl.

By comparing the simulated total precipitation based on
the control runs with CRU data as shown in Fig. 4b, we find
that all the runs result in overestimations, ranging between
30% and 80% with CTRL_BH and CTRL_R6, respectively,
over Domainl, and > 50% and > 100% with CTRL_BH and
CTRL_RG6, respectively, over Domain?2.

3.2. AOD

The spatial distribution of the AOD over the studied do-
main during JJA 2006 observed from Terra/MODIS (Dark
Target and Deep Blue combined data) at the mid-visible
wavelength (550 nm) is shown in Fig. 3c. Here, the AOD
from Dark Target and Deep Blue is averaged using the
method of Gautam et al. (2011). Higher values of AOD,
mainly due to dust, are noted in Central Africa extending
to the west. Figure 4c shows the bias in AOD simulated by
the five different model sensitivity tests (DIRECT, INDIRI,
ALL_BH, ALL_TC, ALL_R6), relative to that detected from
Terra/MODIS. We note that these simulations do not include
dust emissions; however, these large differences in AOD are
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Table 1. List of the experiments performed in this study.
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Experiment Auto-conversion scheme Aerosols Effective radius of cloud droplets Aerosol effect
CTRL KS none Fixed (10 um) none

CTRL_BH BH none Fixed (10 um) none

CTRL_TC TC none Fixed (10 um) none

CTRL_R6 R6 none Fixed (10 um) none
DIRECT KS Alll Fixed (10 um) Direct?
INDIR1 KS All Predicted Direct + first indirect?
ALL_BH BH All Predicted Direct + first + second indirect
ALL_TC TC All Predicted Direct + first + second indirect
ALL_R6 R6 All Predicted Direct + first + second indirect

'All means (SO~ + hydrophobic and hydrophilic OC and BC);
2Direct effects, including all simulated aerosols;
3First and second indirect effects, including SO%’ + hydrophilic OC and BC.

Table 2. Mean CLWP (units: g m_z), LCLD, MCLD, HCLD, total cloud cover (TCLD), surface air temperature (7'; units: °C), total
precipitation (Tprecip; units: mm month~!), and percentage of convective to total precipitation (Cprecip/Tprecip)> Over the West and Central
Africa regions (over land only), during JJA 2006, simulated by different control runs (CTRL, CTRL_BH, CTRL_TC, and CTRL_R6) using
the different auto-conversion schemes of KS, BH, TC and R6, respectively.

CTRL CTRL_BH CTRL_TC CTRL_R6

Domainl CLWP 454.46 402.18 538.14 654.04
LCLD 0.67 0.68 0.73 0.73
MCLD 0.41 0.36 0.48 0.58
HCLD 0.47 0.48 0.76 0.82
TCLD 0.60 0.61 0.71 0.73
T 26.05 25.97 25.03 24.69

Toprecip 29275 256.00 278.697 339.674
Coprecip/ Tprecip 87.09 85.29 89.65 94.07

Domain2 CLWP 350.36 344.42 395.72 44128
LCLD 0.50 0.48 0.51 0.58
MCLD 0.38 0.41 0.40 0.40
HCLD 0.41 0.40 0.62 0.72
TCLD 0.54 0.55 0.64 0.68
T 26.20 26.57 25.65 24.71

Trecip 249.56 199.78 228.78 275.03
Corecip/ Tprecip 88.89 90.78 91.88 93.96

reduced significantly with the inclusion of the combination of
all aerosol effects, especially with using the auto-conversion
schemes of R6 and TC, respectively.

3.3. Aerosol direct and first indirect effects

Here, we discuss the changes in cloud cover and precipi-
tation due to the aerosol direct and first indirect effects, based
on the differences between DIRECT and INDIR1 from the
CTRL simulation during JJA 2006. Note that all these three
simulations use the same KS auto-conversion scheme, so the
differences in the simulations are due primarily to the treat-
ment of the aerosol direct (DIRECT) and first indirect effect
(INDIR1).

By focusing on the aerosol effects over Domainl and Do-
main2, the results (Table 3) show that, over Domainl, the
aerosol direct effect can be linked to a slight suppression
in the CLWP. Furthermore, by adding the first indirect ef-

fect, this suppression increases to more than —44 g m~2,

which is similar to the values published by Costantino and
Bréon (2013). Generally, it is found that the CLWP at all at-
mospheric levels decreases slightly in the direct simulations
(generally, < 0.02). The DIRECT run leads to an increase in
surface air temperature by 0.2°C relative to CTRL, and this
increase enhances in the INDIR1 run.

Over Domain2, the situation is slightly reversed; the
aerosol direct effect is also linked to the CLWP, where the
CLWP increases (> 1 g m™2). Small changes in LCLD are
found relative to CTRL, with a slight increase in the DI-
RECT run, and reduction of about 0.02, when adding the
first indirect effect. Also, the DIRECT simulation results
in a reduction of MCLD and HCLD, but the total fractional
cover increases; whereas, the INDIRI1 simulations suggest
an increase corresponding MCLD and a decrease associated
HCLD and total cloud cover. Also over Domain2, the IN-
DIR1 run leads to an increase in mean surface temperature
by 0.5°C compared to CTRL, but the DIRECT run leads to a
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Fig. 4. Relative errors in JJA 2006 (a) total fractional cloud cover and (b) total
precipitation (units: %), with respect to MODIS and CRU observations, respec-
tively, for the different simulations, averaged over Domainl (dark gray) and
Domain?2 (light gray). The average is calculated over land only. (c) Bias ratio of
AOD (units: %) calculated for the simulations with aerosols only, with respect

to MODIS. The error bars are plotted at 5%.
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Table 3. Differences in mean CLWP (ACLWP) (units: g m~2), LCLD (ALCLD), MCLD (AMCLD), HCLD (AHCLD), total cloud cover
(ATCLD), surface air temperature (AT'; units: °C), and total precipitation (AT precip; Units: mm month™!), over the West (Domainl) and
Central (Domain2) Africa regions (over land only), during JJA 2006, due to the aerosol direct, first indirect, and the combined aerosols
(direct, first and second indirect) effects. These changes are calculated by the difference between the runs of DIRECT and INDIR1 and the
control run (CTRL) with auto-conversion scheme of KS; also, between the runs of ALL_BH, ALL_TC and ALL_R6 and their control runs
(CTRL_BH, CTRL_TC, and CTRL_R6, respectively).

DIRECT minus INDIR1 minus ALL_BH minus ALL_TC minus ALL_R6 minus
CTRL CTRL CTRL_BH CTRL_TC CTRL_R6
Domainl ACLWP -15.92 -44.50 1.16 1.83 0.89
ALCLD -0.019 -0.021 0.003 0.020 0.065
AMCLD -0.015 -0.056 —-0.008 -0.015 -0.048
AHCLD -0.007 -0.029 -0.006 0.004 -0.007
ATCLD -0.004 -0.012 0.003 0.004 0.003
AT 0.19 0.26 -0.11 -0.14 -0.42
AT precip -8.90 -61.72 -9.28 2.72 -45.55
Domain2 ACLWP 01.03 -15.30 -01.98 -03.53 24.63
ALCLD 0.014 -0.023 0.003 0.015 -0.006
AMCLD —0.005 0.024 -0.006 -0.019 0.046
AHCLD —-0.005 -0.027 -0.001 0.006 -0.003
ATCLD 0.002 —0.008 0.000 0.008 0.009
AT -00.07 00.52 -00.07 -00.17 -00.15
AT precip -04.13 -41.98 -05.21 -09.73 -57.11
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slightly weaker decrease.

In terms of precipitation changes, results indicate a net re-
duction in total precipitation over Central Africa in both DI-
RECT and INDIR1, where AP is reduced by 4.0 and 42 mm
month~!, respectively. In summary, the reduction in precipi-
tation in West Africa (Domainl) is greater than that in Cen-
tral Africa (Domain2). This is primarily due to the greater
emissions of SO‘%‘ aerosols over Domainl. SO?“ aerosols
cause a reduction in the r., which results in an enhancement
of cloud albedo, in turn resulting in enhanced cooling at the
surface. It is well known that a cooler surface is associated
with suppressed convection processes that reduce the CLWP,
in turn reducing the overall precipitation (Lohmann and Fe-
ichter, 1997).

3.4. Combined effects (direct, first and second indirect)

To study the combined aerosol effects (direct, first
and second indirect), we quantify changes in cloud cover
and precipitation (as illustrated in Table 3) simulated by
ALL_BH, ALL_TC and ALL_R6, relative to their control
runs (CTRL_BH, CTRL_TC and CTRL_R6, respectively).
With the combined aerosol effects, and consistent with the
hypothesis of aerosol inhibition of precipitation (Albrecht,
1989), CLWP is found to increase over West Africa with
the three auto-conversion schemes relative to their control
runs, with the greatest positive change from the TC scheme
(ACLWP > 1.8 g m™?) (Table 3). The combined aerosol
effects increase the LCLD in all the sensitivity tests, with
the greatest change in the R6 scheme (an increase of 0.06).
The MCLD reduces consistently across all schemes, with
the maximum change in the R6 scheme (0.06); however,
there are some differences for HCLD among the different
schemes. Whereas the combined aerosol effects reduce the
HCLD in BH and R6 (-0.06), the TC scheme shows a slight
increase in cloud cover (by 0.004) compared to the cases
without aerosols. The mean total cloud cover increase over
Domainl was found to be small, by approximately 0.003, in
all schemes. Interestingly, the decrease in air temperature
at the surface seen in all experiments, especially ALL_R6
(AT = -0.4°C), is a characteristic resulting from the afore-
mentioned overall increase in total cloud cover. The com-
bined aerosol effects suppress the total precipitation over Do-
mainl with the schemes of BH and R6, with a reduction of
precipitation by 46 mm month~! with R6, whereas TC in-
creases the precipitation by less than 3 mm month™!. This
increase may be attributable to an enhancement in HCLD.

Over Domain2, the CLWP decreases with the two auto-
conversion schemes of BH and TC (ACLWP = -2 g m™2
and —4 g m~2, respectively), but the R6 scheme causes an
increase in CLWP to more than 24 ¢ m™2. The domain-
average changes in cloud are relatively small, with the great-
est changes for MCLD being an increase of 5% with the R6
scheme. Similar to Domainl, the total cloud cover increases
over Domain2 in each experiment, especially for the ALL_TC
and ALL_R6 simulations (ATCLD > 0.007 and 0.009, re-
spectively), albeit these changes are relatively small. Further-
more, the air temperature, averaged over Domain?2, is associ-
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ated with a decrease in the three experiments relative to their
control runs (AT = —0.2°C with ALL_TC and ALL_R6). The
total precipitation averaged over Central Africa decreases in
the three runs with different percentages, with the maximum
suppression in the ALL_R6 simulation (AT precip > —57%) rel-
ative to its control run (CTRL_R6).

3.5. Radiative forcing

The radiative forcing (RF) of aerosols represents the in-
fluence of aerosols on the Earth’s energy balance, where
a positive RF indicates that the energy of the surface—
atmosphere system increases, leading to a warming of the
system. In contrast, negative RF corresponds to a cooling
of the system. Here, the RF is estimated as the difference in
the net radiative flux (downward minus upward) between the
present-day total aerosol loading (natural and anthropogenic)
and the simulation with no aerosols (control simulations).

The net RF (shortwave and longwave) at the surface and
top of the atmosphere (NRF_SRF and NRF_TOA, respec-
tively) due to the different aerosol effects are averaged over
Domainl (Fig. 5a). There is a small positive NRF_SRF over
west Africa due to the DIRECT simulation (NRF_SRF = 1
W m~2; standard deviation of +2.5 W m_z), which becomes
negative (=7 W m~2) by including the first indirect effect
(INDIR1). Also at the TOA, the warming caused by the
direct aerosol effect is transformed to negative RF in the IN-
DIR1 simulation (NRF_-TOA =3+3 W m™ and -8.5+5 W
m~2, respectively). The ALL_BH run (combined aerosol ef-
fects with the BH scheme) further decreases the cooling at the

(@) DIRECT

INDIR1 ALL BH ALL_TC ALL_R6

& 0 1

|
E . 1

!I

[=NRF_SRF
NRF_TOA

(b) DIRECT INDIR1 ALL_BH ALL_TC ALL_R6

[ =NRF_SRF I
NRF_TOA

Fig. 5. Net RF (shortwave and longwave) at the surface (dark
gray) and TOA (light gray) during JJA 2006 simulated by the
different experiments (DIRECT, INDIR1, ALL_BH, ALL_TC,
and ALL_R6) averaged over (a) West Africa and (b) Central
Africa, with error bars of standard deviation.
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surface to —1 +2 W m~2 and leads to a warming at the TOA
of 0.8 +3 W m2. However, using the TC and R6 auto-
conversion schemes, the combined aerosol effects (ALL_TC
and ALL_R6) lead to a cooling of —4+2 W m~2 and —23 +2
W m2, respectively, at the surface, and -1 £0.9 W m~2 and
—21+1.5 W m™2, respectively, at the TOA.

The average NRF_SRF and NRF_TOA over Domain2 are
shown in Fig. 5b. The aerosol direct effect (DIRECT) causes
negative RF at the surface (=4 + 1 W m~2) and very low pos-
itive RF at the TOA (0.2 +1 W m~2). The RF over Domain2
could be due the low emissions of BC and OC over this do-
main, as shown in the spatial distribution of their emissions
in Figs. 2b and c.

After adding the aerosol first indirect effect, the aerosol-
induced cooling at the surface is found to be NRF_SRF =
-10+£2 W m™? and NRF_.TOA = —14+3 W m™2, at the
surface and TOA, respectively. With the combined aerosol
effects, the sign and magnitude of RF differ according to
the different auto-conversion schemes, since the three runs
keep the cooling at the surface, with the maximum caused
by the ALL_R6 run (NRF_SRF = —23+3 W m~2). How-
ever, the ALL_BH and ALL_TC runs cause very low warming
(<0.5+1 W m™2) at the TOA, with the ALL_R6 run cooling
reaching a large negative forcing of —25+3 W m™2.

3.6. Influence on WAM circulation

Here, we investigate the dynamic and thermodynamic
responses to the aerosol indirect effect in the cases of the
INDIR1 and ALL_R6 simulations, which show pronounced
change in precipitation, through analyzing the average WAM
circulation anomalies—namely, the changes in the mean SLP
(MSLP) and wind field at 850 hPa due to the indirect effect.
Figure 6 shows the change in the MSLP and wind field dur-
ing WAM for both simulations. The continental pressure in-
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creases in both schemes but to different degrees. Pressure
increases in West Africa and decreases over ocean, which re-
sults in a reduction in monsoon pump intensity (Konare et
al., 2008). The indirect effects weaken the monsoon’s circu-
lation, where the differential wind field has totally reversed
its direction (all inflow becomes outflow). ALL_R6 shows
a strong reduction in average monsoon circulation (Fig. 6a)
compared to the INDIR1 simulation (Fig. 6b). The manifes-
tation of pressure system reduction is shown in the reduction
in the wind field.

Intensification of continental pressure is only possible if
the atmospheric column has been cooled aloft. This hypoth-
esis can be shown by the analysis of the vertical heating rate
owing to latent heat due to convection. Figure 7 shows the
vertical zonal average convective heating rate. During JJA,
deep convection is inhibited at the middle and high levels of
the atmosphere. Comparison between vertical cloud cover
(not shown) and the convective heating rate shows that the
reduction in vertical cloud extension is due to cooling in the
middle and upper levels. Between 5°N and 15°N, the verti-
cal extension of the difference in the convective heating rate
shows a dipole structure, where a positive (negative) change
in the heating rate is observed in the lower (middle and up-
per) atmosphere up to 850 hPa (200 hPa). The strength of this
dipole is an indication of deep cloud suppression and hence
precipitation reduction. The dipole strength is very weak in
BH and TC, which agrees with the results in Table 3. The R6
auto-conversion scheme shows a strong reduction in the heat-
ing rate (0.9 K d~!) in the middle and upper troposphere.
This reduction in the convective heating rate is comparable to
the direct effect made by dust aerosol, as shown in Solmon et
al. (2012). On the other hand, the INDIR1 simulation shows
a strong yet different signal where the reduction in the con-
vective heating rate has a narrow meridional extension in the

30°N

20°N

10°N -

00

10°W  0°

10°E 20°E 30°E 40°E
[T [ T
0 02040608 1

Fig. 6. Effect of the first indirect effect and R6 auto-conversion scheme on monsoon circulation (JJA 2006):
(a) difference in circulation between the ALL_R6 and CTRL_R6 simulations at 850 hPa and the MSLP; (b)
difference in circulation between the INDIR1 and CTRL simulations at 850 hPa and the MSLP. The shading
shows the difference in the MSLP in units of hPa. Dark gray indicates positive anomalies and represents a
strengthening of the MSLP, while the lightest gray shows below-zero anomalies and presents a weakening of
the MSLP. Arrows represents the difference in circulation, i.e., the direction and relative intensity of the change
in the wind field (units: m s™!) due to the auto-conversion.
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Fig. 7. Effects of aerosols on convection with the different auto-conversion schemes. Specifically, the pan-
els show meridional cross sections of the heating rate due to convection (units: K d~1), where negative in
dashed lines (positive in solid lines) values indicate cooling (heating) of the atmosphere: (a) ALL_BH minus

CTRL_BH; (b) ALL_TC minus CTRL_TC; (c) ALL_R6 minus CTRL_R6; (d) the INDIR1 minus CTRL.

middle troposphere and, contrary to R6, the positive convec-
tive heating rate extends to the upper troposphere but north of
10°N. The first indirect effect reduces the CLWP, leading to a
reduction in LCLD and yet enhances cloud albedo. This path-
way results in a reduction in MCLD and a stabilization of the
atmospheric column. On the other pathway of the ALL_R6
that increases the low cloud cover, which results in reduction
in surface temperature, which in turn reduces monsoon circu-
lation and inhibits deep convection.

4. Summary and conclusion

In this work, we study the aerosol direct and indirect ef-
fects on the climate of tropical Africa, focusing on the west-
ern and central regions during the summer season of the
WAM, using RegCM4.4.1 implemented with three precipi-
tation auto-conversion schemes (BH, TC, and R6).

We find that, at low cloud liquid water mixing ratios with
relatively larger cloud droplets (re = 10 pm) or low aerosol
concentrations, the auto-conversion rate is accelerated by the
BH scheme, more so than in the TC, R6 and KS schemes, re-
spectively, when the f; is less than or equal to 50%. However,

as the cloud cover increases and reaches closer to 100%, the
BH and KS schemes produce less precipitation than the other
two schemes. Whereas, for extremely low in-cloud liquid
water (g <0.1 g kg™") with smaller cloud droplets (r. = 7.5
pm) or high aerosol concentrations, the TC and BH schemes
(with f; < 50%) result in larger precipitation than the other
schemes. Based on these detailed sensitivity simulations, we
note the importance of the implementation of aerosol proper-
ties (as the r.) in the parameterization of the auto-conversion
process, which can alter the precipitation rates in the model
(as in the cases of the first indirect and the combined aerosol
effects with the different auto-conversion schemes).

The inclusion of both the aerosol direct and first indi-
rect effects leads to cooling at both the surface and the TOA,
which results in suppression of precipitation over West and
Central Africa. The sign and magnitude of the RF of the
combined aerosol effects (direct, first and second indirect) are
influenced by the different auto-conversion schemes. At the
surface, the various schemes result in negative net RF, with
maximum values exceeding —20 W m™2, attaining its largest
reduction with the R6 scheme over West and Central Africa.
Whereas, at the TOA, the difference in the sign of RF be-
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tween the three schemes is more obvious, since the BH and
TC schemes cause a slight warming of the order of +1 W m™>
over the central domain, and cooling over the western domain
(=2 W m~2). However, the R6 scheme results in cooling over
both regions by less than —20 W m~2. Our simulations show
that the precipitation in West and Central Africa, during the
WAM period, is likely to be highly sensitive to the param-
eterization or treatment of the indirect effect in models, and
the inclusion of aerosol indirect effects helps significantly in
improving the agreement between measurements and model
results.

Finally, the analysis of the average WAM circulation and
convective heating rate under the influence of aerosols shows
that the first indirect effect and R6 scheme weaken the WAM
main circulation, which in turn suppresses precipitation due
to two different pathways.
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