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ABSTRACT

In this study, the atmospheric component of a state-of-the-art climate model [the Hadley Centre Global
Environment Model, version 2-Earth System (HadGEM2-ES)] has been used to investigate the impacts of
regional anthropogenic sulfur dioxide emissions on boreal summer Sahel rainfall. The study focuses on the
transient response of the West African monsoon (WAM) to a sudden change in regional anthropogenic sulfur
dioxide emissions, including land surface feedbacks but without sea surface temperature (SST) feedbacks.
The response occurs in two distinct phases: 1) fast adjustment of the atmosphere on a time scale of days to
weeks (up to 3 weeks) through aerosol-radiation and aerosol-cloud interactions with weak hydrological cycle
changes and surface feedbacks and 2) adjustment of the atmosphere and land surface with significant local
hydrological cycle changes and changes in atmospheric circulation (beyond 3 weeks).

European emissions lead to an increase in shortwave (SW) scattering by increased sulfate burden, leading
to a decrease in surface downward SW radiation that causes surface cooling over North Africa, a weakening of
the Saharan heat low and WAM, and a decrease in Sahel precipitation. In contrast, Asian emissions lead to
very little change in sulfate burden over North Africa, but they induce an adjustment of the Walker circu-
lation, which leads again to a weakening of the WAM and a decrease in Sahel precipitation. The responses to
European and Asian emissions during the second phase exhibit similar large-scale patterns of anomalous
atmospheric circulation and hydrological variables, suggesting a preferred response. The results support the
idea that sulfate aerosol emissions contributed to the observed decline in Sahel precipitation in the second
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half of the twentieth century.

1. Introduction

Sahelian rainfall is controlled by the West African
monsoon (WAM). The region experienced severe
drought in the 1970s-1980s (e.g., Folland et al. 1986;
Zeng et al. 1999; Giannini et al. 2003; 2013; Held et al.

Denotes Open Access content.

Corresponding author address: Buwen Dong, Department of
Meteorology, University of Reading, Earley Gate, Reading RG6
6BB, United Kingdom.

E-mail: b.dong@reading.ac.uk

DOI: 10.1175/JCLI-D-13-00769.1

© 2014 American Meteorological Society

2005; Kawase et al. 2010; Mohino et al. 2011; Martin
and Thorncroft 2014; Dai 2013; Haywood et al. 2013;
Martin et al. 2014) that has been attributed to a number
of possible causes. These include decadal changes in
sea surface temperatures (SSTs) in the Indian Ocean
(e.g., Bader and Latif 2003; Biasutti et al. 2008;Lu 2009)
and Atlantic Ocean resulting either from natural vari-
ability such as changes in the Atlantic meridional
overturning circulation (Kerr 2000; Knight et al. 2006;
Zhang and Delworth 2006) or from externally forced
variability (both anthropogenic and natural) (Ackerley
et al. 2011; Booth et al. 2012; Haywood et al. 2013) and
changes in vegetation and African dust (Charney 1975;
Zeng et al. 1999; Yoshioka et al. 2007; Huang et al.


mailto:b.dong@reading.ac.uk

15 SEPTEMBER 2014

2009; Lau et al. 2009; Wang et al. 2012; Kucharski et al.
2013).

Many of the most recent studies have emphasized the
possible role of aerosols in producing both the drought
and the more recent recovery (Nicholson 2013). Rotstayn
and Lohmann (2002), Held et al. (2005), Ackerley et al.
(2011), Chang et al. (2011), Booth et al. (2012), and Hwang
et al. (2013) all suggested that an increase in the concen-
tration of sulfate aerosols over the Northern Hemisphere
in the 1970s-1980s cooled SSTs in the North Atlantic,
creating an interhemispheric SST gradient, subsequently
leading to a southward shift of the ITCZ in the Atlantic,
weakening the WAM and resulting in the drying of the
Sahel. Recently, Haywood et al. (2013) suggested that
explosive volcanic eruptions can shift the normal summer
monsoon rainfall in North Africa. This causes either a wet
or dry Sahel, depending on whether the volcanic aerosols
are loaded preferentially into the Southern or Northern
Hemisphere, respectively, since this affects the cross-
equatorial SST gradient and subsequently the northward
extension of African summer monsoon rainfall.

Many of these studies emphasized the link between
aerosol changes and SST feedbacks. However, aerosols
would also be expected to alter the surface and atmo-
spheric radiation balance on time scales much shorter than
SST response time scales. Aerosols can affect cloud and
precipitation through aerosol-radiation interactions and
aerosol—cloud interactions (e.g., Rosenfeld et al. 2008; Tao
et al. 2012). By scattering and absorption of solar radia-
tion, aerosols can change surface and atmospheric tem-
perature and further modulate cloud formation (e.g.,
Hansen et al. 1997). Aerosol interacts directly with cloud
by serving as cloud condensation nuclei (CCN) or ice
nuclei (IN), leading to changes in cloud droplet number
concentration (CDNC), cloud droplet size, cloud radiative
properties, and precipitation efficiency (e.g., Twomey
1977; Rosenfeld et al. 2008). The radiative and cloud
processes can interact with each other and produce com-
plex aerosol effects on clouds and precipitation, both lo-
cally and remotely (e.g., Chou et al. 2005; Tao et al. 2012;
Bollasina et al. 2014). Therefore, anthropogenic aerosols
might affect the WAM development and Sahel pre-
cipitation even without causing SST changes, since they
interact with both shortwave (SW) and longwave (LW)
radiation, and modify the radiative and physical proper-
ties of clouds in the absence of SST feedbacks.

In this study, we investigate the transient responses to an
abrupt change in sulfur dioxide emissions from specific
regions (Asia and Europe) in order to study physical pro-
cesses of the WAM changes using simulations with an
atmospheric general circulation model excluding SST
feedbacks. A similar approach was used in Dong et al.
(2009) to investigate the transient adjustment of
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atmosphere and land surface in response to an instan-
taneous doubling of CO,. By investigating the transient
evolution with daily time resolution we are able to disen-
tangle processes evolving on different time scales. In ad-
dition, we are able to investigate to what extent the
processes that govern responses to sulfur dioxide emissions
from different regions (Asia and Europe) are similar or
different.

The structure of the paper is as follows. Section 2 de-
scribes the model used and experiments performed.
Section 3 presents seasonal mean responses of the WAM
and Sahel rainfall. Section 4 discusses the time evolution
of responses and elucidates the physical processes in-
volved. Conclusions are in section 5.

2. Model and experiments
a. Model and experiments

The model used is the atmospheric component of the
Met Office Hadley Centre Global Environment Model,
version 2-Earth System (HadGEM2-ES) (Collins et al.
2011; Jones et al. 2011; Bellouin et al. 2011). The atmo-
spheric resolution is N96 (1.875° X 1.25°) with 38 vertical
levels and the model top at ~39km. HadGEM2-ES in-
cludes an interactive land and ocean carbon cycle as well as
a dynamic vegetation model. The model includes Earth
System components such as an interactive tropospheric
chemistry scheme and eight species of tropospheric aero-
sols considering the aerosol direct, indirect, and semidirect
effects. Detailed descriptions of the aerosol module of
HadGEM2 can be found inBellouin et al. (2011). The
historical emissions for tropospheric aerosols and aerosol
precursors are described by Lamarque et al. (2010).
Datasets required by HadGEM2-ES for tropospheric
aerosol modeling are emissions of sulfur dioxide (SO,),
land-based dimethyl sulfide (DMS), ammonia (NH3), and
primary black and organic carbon aerosols from fossil
fuel combustion and biomass burning. Emissions of sea
salt, mineral dust, and ocean-based DMS are computed
interactively so emission datasets are not required.
HadGEM2-ES participates in the Coupled Model In-
tercomparison Project phase 5 (CMIP5) simulations and
the validation of model aerosols and their radiative
forcing has been documented in Bellouin et al. (2011).

Figure 1 shows the annual mean emissions of SO, in
2000 (Lamarque et al. 2010). South and East Asia is one of
the three largest emission regions in the world, alongside
western Europe and the east coast of the United States. To
investigate the impacts of regional sulfur dioxide emissions
on Sahel precipitation, a set of experiments is performed
(summarized in Table 1). The CONTROL experiment is
forced by monthly climatological SST and sea ice averaged
over the period 1986-2005 from the Hadley Centre Global
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FIG. 1. Annual mean sulfur dioxide emissions (gm ™~ 2yr™ ') in year
2000 with the black and blue boxes highlighting Asia and Europe
where emissions are set to zero in sensitivity experiments (Table 1).

Sea Ice and Sea Surface Temperature dataset (HadISST)
(Rayner et al. 2003), with well-mixed greenhouse gas
concentrations and all species of aerosol and related
emissions as in 2000. The sulfur dioxide emissions have
seasonal cycles, but they are very weak (not shown). Two
sensitivity experiments, NO-EUROPE and NO-ASIA,
have been performed in which the emissions over Eu-
rope or Asia have been removed, respectively, with ev-
erything else remaining as in the control.

To separate externally forced variability from internal
variability and to study transient adjustment processes, an
ensemble of 30 integrations, each 3 months long starting
from 1 June with daily outputs, differing only in their initial
conditions, is performed for each experiment (e.g., Dong et
al. 2009). The same 30 sets of initial conditions are used for
each experiment, and they are from 1 to 30 June of the fifth
year of a spinup integration, which is forced with clima-
tological SST and sea ice, and with well-mixed greenhouse
gases concentrations and all species of aerosol emissions at
2000 values. The response to the European sulfur dioxide
emissions is estimated as the difference between the
ensemble means of the CONTROL and NO-EUROPE
experiments and the response to Asian emissions as the
difference between the CONTROL and NO-ASIA ex-
periments with an assumption that these forcings add up
linearly. The ensemble mean across 30 members to a large
extent removes the model’s internal variability and allows
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for an assessment of the daily adjustment of the atmo-
spheric circulation and land surface processes.

b. Model climate over North Africa

In this section some climatological features of the
CONTROL experiment are compared with observed
features. Figures 2a and 2b show the observed rainfall
from the Global Precipitation Climatology Project
(GPCP) (Adler et al. 2003), sea level pressure (SLP)
from the Hadley Center mean sea level pressure dataset,
version 2 (HadSLP2) (Allan and Ansell 2006), and 850-hPa
wind from the National Centers for Environmental
Prediction (NCEP) reanalysis (Kalnay et al. 1996). The
climatology of precipitation over the Sahel from the
Climatic Research Unit (CRU) time series, version 3.1.1
(TS3.1.1), dataset (Harris et al. 2013) is very similar to
Fig. 2a (not shown). Figures 2c and 2d show the corre-
sponding model climatologies in the CONTROL exper-
iment. Overall, the rainfall distribution is reasonably well
reproduced. For example, the regions where precipitation
is greater than 8.0 mm day ' at about 0°, 10°E and at about
5°N on the west coast of the Sahel are well captured by the
model. However, the model-simulated precipitation does
not extend northward enough in comparison with obser-
vations, with the 1.0mm day ' extent being at about 15°N
in the model while it is at about 18°N in observations.

The main features of the large-scale circulation are
reproduced reasonably well in comparison with observa-
tions and reanalysis (Figs. 2b,d). The large-scale North
Atlantic anticyclone and trade winds over the tropical At-
lantic are well captured by the model. The position of the
Saharan heat low and its strength also compare well with
observations. Associated with the Saharan heat low are
strong southwesterly monsoon winds around ~10°N, to the
south of the heat low, and northeasterly winds to the north
in observations. The model simulates well the northeast-
erlies to the north of the heat low, but underestimates the
southwesterly monsoon winds to the south.

c. Observed multidecadal change in Sahel rainfall

Sahel precipitation is well known to have undergone
large multidecadal variability over the past century with

TABLE 1. Summary of numerical experiments.

Transient experiments

Experiments Boundary conditions (for JJA)
CONTROL Monthly climatological SST and sea ice averaged over the period of 1986 to 2005 using 30 members
HadISST (Rayner et al. 2003). Sulfur dioxide, soot, biogenic aerosols, biomass-burning,
and fossil fuels and organic carbon at 2000 emissions. Greenhouse gases concentrations

at 2000. No natural forcing variation (e.g., solar, volcanic).
NO-EUROPE  Asin CONTROL, but without anthropogenic sulfur dioxide emissions over Europe 30 members
NO-ASIA As in CONTROL, but without anthropogenic sulfur dioxide emissions over Asia 30 members
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wet conditions in the 1940s and 1950s and severe drought
in the 1970s and 1980s (e.g., Folland et al. 1986; Martin
and Thorncroft 2014). To illustrate the switch to dry
conditions around the 1960s the difference in pre-
cipitation between two periods 1964-93 and 1931-60
from the CRU TS3.1.1 is shown in Fig. 2e. Associated
with the switch to the dry conditions around the 1960s is
a decrease in precipitation about 0.8-1.6mmday ' cen-
tered in the Sahel region. Farther to the south, there
is an overall increase in precipitation of about 0.4—
0.8mmday ! in the equatorial region. The area-averaged
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FIG. 2. The spatial patterns of June—-August (JJA) cli-
matology for precipitation (mmday '), SLP (hPa), and
850-hPa winds (ms~ ') in (a),(b) observations and (c),(d)
the model CONTROL experiment. (e) Precipitation dif-
ference (mm day ") between two periods (1964-93 minus
1931-60) based on the CRU TS3.1.1 dataset. The scale of
wind arrow is on the left bottom in (b) and (d). Red box in
(a), (c), and (e) is the Sahel.

precipitation change over the Sahel (5°-20°N, 20°W=35°E)
is —0.48 mmday !

3. Seasonal mean responses to regional sulfur
dioxide emissions

a. Seasonal mean changes of aerosol burden

The June-August (JJA) mean changes in aerosol
burdens in response to regional sulfur dioxide emissions
are illustrated in Fig. 3. European emissions induce large
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FIG. 3. The spatial patterns of (a),(b) changes in sulfate acrosol burden (mgm™?), (c),(d) percentage changes in
cloud droplet number concentration (CDNC), and (e),(f) percentage changes in cloud droplet effective radius
(CDER) in response to European and Asian sulfur dioxide emissions in JJA. The blue and black boxes in (a) and (b)
highlight Europe and Asia where emissions are perturbed.

increases in sulfate burden not only over Europe, but
also downstream over Asia, Africa, and the tropical and
subtropical Atlantic (Fig. 3a). Over Europe and the
Mediterranean the increases in sulfate burden are as-
sociated with increases in cloud droplet number con-
centration (by more than 80%) and decreases in cloud

droplet effective radius (CDER) (by 10%-20%). There
are also 10%-20% increases in CDNC over the tropical
Atlantic and African monsoon region, the Arabian Sea,
and South and Southeast Asia (Fig. 3c) and decreases in
CDER by 2.5%-10% over the same regions (Fig. 3e).
Asian emissions lead to more localized increases in
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FIG. 4. The spatial patterns of changes in (a),(b) surface air temperature (°C) and (c),(d) precipitation (mm day ')
in response to European and Asian sulfur dioxide emissions in JJA. Only changes that are statistically significant at
the 90% confidence level using a two-tailed Student’s ¢ test are shown. The blue and red boxes highlight North Africa

and the Sahel.

sulfate burden over the emission area and relatively
small increases downstream over the western North
Pacific (Fig. 3b) with associated increases in CDNC (Fig.
3d) and decreases in CDER (Fig. 3f).

b. Seasonal mean responses in surface air temperature
and precipitation over North Africa

The seasonal mean changes in surface air temperature
(SAT) and precipitation in response to European and
Asian sulfur dioxide emissions are illustrated in Fig. 4. Eu-
ropean emissions lead to a decrease in SAT (~0.2°-0.4°C)
over North Africa and over the Arabian Peninsula. Ac-
companying this cooling is a decrease (~0.2-0.3 mm day ')
in precipitation over the Sahel. Interestingly, Asian emis-
sions also lead to a surface cooling over North Africa and
reduced precipitation (~0.2-0.4mm day ') over the west-
ern Sahel despite the changes in sulfate burden, CDNC, and

CDER in response to Asian emissions being very small
over North Africa (Fig. 3). This suggests a remote re-
sponse of the WAM to Asian emissions. The patterns of
precipitation changes in response to both European and
Asian emissions show similar features with decreased
precipitation over the Sahel and increased precipita-
tion over the western tropical Atlantic, suggesting
a preferred mode of response. However, the decrease in
precipitation over the Sahel does not extend north-
ward enough in comparison with observed changes
(Fig. 2e) and this is presumably related to the model
deficiency that the simulated climatological preci-
pitation does not extend northward enough. The direct
responses to European and Asian sulfur dioxide
emissions without SST feedback give a change in Sahel
precipitation of —0.12 and —0.13mmday ' respec-
tively (Table 2).
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TABLE 2. Area-averaged responses in JJA for precipitation and column integrated water vapor transport convergence over the Sahel
(5°-20°N, 20°W-35°E). Area-averaged precipitation difference in observations between the two periods (1964-93 minus 1931-60) is

—0.48 mm day .

European impact Asian impact

Precipitation (mm day ™ ?)

Convergence of vertically integrated water vapor transport (kgm~2day ')
Convergence of vertically integrated water vapor transport due to change in

circulation (kgm*day ')

—0.123 —0.134
—0.116 —0.142
—0.117 —0.117

We now consider in more detail the mechanisms
leading to weakened WAM and reduced precipitation
by examining the time evolution of the response.

4. Time evolutions of WAM response

Transient time evolutions (5-day mean) of atmo-
spheric and land surface responses over North Africa to
a sudden change in regional sulfur dioxide emissions are
illustrated in Fig. 5 while the time evolutions of responses
in temperature and specific humidity with height are il-
lustrated in Fig. 6. These transient evolutions reveal two
distinct time scales of responses: 1) a very fast adjust-
ment of the atmosphere, without hydrological cycle
changes (up to 3 weeks), and 2) responses of the atmo-
sphere and surface with significant local hydrological cy-
cle changes and associated feedbacks (beyond 3 weeks).
Figure 6 shows that the second phase is associated with
drying of the troposphere (reduced specific humidity)
over North Africa in response to both European and
Asian emissions. Cooling also occurs in both experi-
ments, but there are differences in vertical structure: in
response to European emissions there is cooling at the
surface as well as in the upper troposphere, whereas in
response to Asian emissions, only upper tropospheric
cooling—corresponding to an increase in lapse rate—is
apparent.

a. Fast adjustment (up to 20 days)

The spatial patterns of time mean changes in sulfate
aerosol optical depth (AOD) during the first 20 days are
illustrated in Fig. 7. The very fast adjustment phase is
characterized by a very rapid increase in sulfate AOD
over North Africa in response to European emissions
with Asian emissions having no effect (Figs. 5Sa and 7a,
b). During this phase, the changes in column integrated
water vapor, as well as the atmospheric temperature and
specific humidity over North Africa, are very small (Figs.
5b and 6). However, there is an increase in high cloud
cover in response to European emissions; this increase is
not statistically significant in the area mean (Fig. 5f), but it
is significant locally (not shown). European emissions
lead to the increase in CDNC and the decrease in CDER
(Figs. 3c,e). The resultant large number of small

droplets leads to a decrease in precipitation efficiency
and an increase in high cloud cover (e.g., Twomey 1977,
Rosenfeld et al. 2008; Stevens and Feingold 2009; Tao
et al. 2012).

The aerosol-radiation and aerosol-cloud interactions
from European emissions lead to an increase in top-of-
atmosphere (TOA) upward SW radiation (Fig. 5d)
during the first 20 days. The increased high cloud cover
leads to a decrease in outgoing longwave radiation
(OLR) (Fig. 5e). Changes in atmospheric clear-sky SW
absorption and LW clear-sky radiative cooling are very
small. As a result, the decrease in surface SW and the
increase in surface LW (Figs. 5g,h) are similar to those
changes at the TOA. Thus, the reduction in surface SW
radiation cools the surface, only part of which is com-
pensated by an increase in downward LW from the in-
crease in cloud cover. The changes in turbulent heat
fluxes are small (Fig. 5i), and thus the surface cools and
the net surface LW decreases. Accordingly, European
sulfur dioxide emissions lead to changes in cloud prop-
erties and surface energy on the time scale of weeks.
However, these changes are relatively small and do not
induce significant changes in SAT, the Saharan heat low,
or the WAM circulation, and therefore Sahel pre-
cipitation, on this time scale (Figs. 5j-1).

Asian sulfur dioxide emissions do not affect the sul-
fate burden (Fig. 3b) or sulfate AOD (Figs. 5a and 7b)
over North Africa during the first 20 days. As a result,
the changes in upward SW radiation at TOA and OLR
(Figs. 5d,e) and surface SW and LW radiation (Figs. 5g,
h) are also small. Thus there is hardly any change in SAT
over North Africa, or in the Saharan heat low, the WAM
circulation, or Sahel precipitation in this initial phase
(Figs. 5j-1).

b. Second phase and time mean response

As illustrated in Figs. 5b and Sc, a rapid decrease in
column integrated water vapor and water vapor trans-
port convergence in response to both European and
Asian emissions occurs from days 21 to 30. During this
transition phase there are important changes in the
surface and TOA energy budgets over North Africa,
which are illustrated in Fig. 8.
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FIG. 5. The time evolutions of 5-day averaged ensemble mean changes over North Africa (15°-30°N, 20°W-35°E) induced by European
and Asian sulfur dioxide emissions in JJA. (a) Sulfate AOD at 0.55 um, (b) column integrated water vapor (kgm™?2), (c) water vapor
transport convergence (kg m~2day 1), (d) top of atmosphere (TOA) upward shortwave radiation (SW), (¢) outgoing longwave radiation
(OLR), (f) high cloud cover (%), (g) surface SW, (h) surface LW, (i) surface sensible and latent heat flux, (j) surface air temperature (SAT,
°C), (k) SLP (hPa), and (1) precipitation (mm day ') over the Sahel (5°~20°N, 20°W-35°E). Radiation and flux are in W m ™2 and positive
values mean downward for surface radiation and flux changes. The thin lines show the N~ 2 of internal standard deviation in the

CONTROL experiment with the number of integrations N = 30.
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FIG. 6. The time evolutions of 5-day averaged ensemble mean changes with height over North Africa (15°-30°N,
20°W-35°E) induced by (a),(c) European and (b),(d) Asian sulfur dioxide emissions in JJA for (top) temperature
(°C) and (bottom) percentage changes in specific humidity relative to the CONTROL experiment (% ). Only changes
that are statistically significant at the 90% confidence level using a two-tailed Student’s ¢ test are shown.

In response to European emissions, the TOA energy
budget in the transition phase is characterized by a de-
crease in clear-sky SW owing to aerosol scattering and
absorption that is partially offset by a decrease in clear-sky

(a) Sulphate AOD at 0.55um (Europe)
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OLR owing to surface and tropospheric cooling (Fig. 6),
with changes in SW and LW cloud radiative effect
(CRE) being small (Fig. 8a). The change in surface en-
ergy input is characterized by a decrease in surface SW

(b) Sulphate AOD at 0.55um (Asia)
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FIG. 7. Mean changes of sulfate AOD at 0.55 um (days 1-20 mean) in response to (a) European and (b) Asian
sulfur dioxide emissions. Only changes that are statistically significant at the 90% confidence level using a two-tailed

Student’s ¢ test are shown.
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FIG. 8. Time averaged changes in (a),(b) TOA and (c),(d) surface energy over North Africa (15°-30°N, 20°W-
35°E) for days (left) 21-30 and (right) 41-90. Changes in TOA are clear-sky shortwave (Clear SW), clear-sky
longwave (Clear LW), cloud radiative effect SW (CRE SW), CRE LW, and TOA total. Changes at surface are for
shortwave (SW) and longwave (LW) radiation, latent heat flux (LH), surface sensible heat flux (SH), and surface
total energy (Total). Radiation and flux (W m™~?) are positive downward.

radiation that cools the surface, leading to a decrease in
the net surface LW radiation, with changes in the tur-
bulent heat fluxes being small (Fig. 8c).

In contrast, in response to Asian emissions, anomalies
in TOA SW and LW fluxes are very small in the tran-
sition phase (Fig. 8a). At the surface, a decrease in net
LW radiation due to drying and cooling in the tropo-
sphere (Fig. 6) is partially offset by an increase in surface
downward SW radiation due to drying in the tropo-
sphere. The net change in turbulent heat fluxes is again
small, resulting in an overall small net cooling. The
processes responsible for drying in the troposphere will
be discussed in section 4b(2).

As indicated in Fig. 5a, the change in sulfate AOD in
response to European sulfur dioxide emissions reaches
values close to the equilibrium value during the second
phase (after day 30). Responses to both European and
Asian emissions during this phase are characterized by
significant changes in the local hydrological cycle, col-
umn integrated water vapor, cloud, and lapse rate over
North Africa (Figs. 5 and 6), and in atmospheric circu-
lation. These changes lead to substantial changes in the

TOA and surface energy budgets (Figs. 5 and 8b,d), in
comparison with the responses seen during the fast ad-
justment phase (up to 3 weeks) and the transition period
of days 21-30 (Figs. 8a,c).

Because of large magnitudes of the responses during
the second phase, the seasonal mean changes are dom-
inated by this phase. Therefore, we focus next on un-
derstanding the detailed mechanisms responsible for the
changes during the second phase.

1) RESPONSES TO EUROPEAN EMISSIONS

The spatial patterns of time mean changes of some
key variables for days 41-90 induced by European sulfur
dioxide emissions are illustrated in Fig. 9. The changes in
area-averaged energy budget over North Africa at TOA
and surface are shown in Figs. 8b and 8d with some area-
averaged variables being given in Table 3. The pattern in
sulfate AOD increase during this phase (Fig. 9a) is
similar to that seen during the fast adjustment phase
(Fig. 7a), but with larger magnitude. The scattering by
sulfate aerosols and the increase in cloud albedo related
to the decrease in cloud droplet effective radius lead to
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FIG. 9. Mean anomalies (days 41-90 mean) in response to European emissions. (a) Sulfate AOD at 0.55 um, (b) column integrated
water vapor (kgm2), (c) TOA clear-sky upward SW, (d) clear-sky OLR, (e) surface SW, (f) surface LW, (g) high cloud cover (%),
(h) surface air temperature (SAT; °C), (i) SLP (hPa) and 850-hPa wind (ms™"), (j) vertically integrated water vapor transport
(kgm ™~ 1's™1), (k) convergence of vertically integrated water vapor transport (kgm™~2day '), and (1) precipitation (mm day!). Radiation
is in Wm 2 and positive values mean downward for surface radiation changes. Only changes that are statistically significant at the 90%
confidence level using a two-tailed Student’s ¢ test are shown.
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TABLE 3. Area-averaged responses for various variables in days
41-90 over North Africa (15°-30°N, 20°W-35°E; land only). Posi-
tive values mean downward for radiation and flux changes.

European Asian

impact impact

Sulfate AOD at 0.55 um 0.039 —0.009
Column integrated water vapor —0.64 —1.08

(kgm™?)

High cloud cover (%) -0.34 —0.18
Medium cloud cover —0.07 —0.26
Low cloud cover —0.02 0.01
Surface latent heat (W m™~?) 0.52 0.54
Surface sensible heat (W m™2) 0.04 —0.03
Surface total flux (Wm™?) —0.06 —0.09
SW, LW SW, LW

TOA (Wm™?) —0.88, —0.98 0.34, —-1.91

TOA clear sky (Wm™?) —1.02, —0.61 0.01, —1.57

Cloud radiative effect 0.14, —0.37 0.33, —0.34

(CRE) (Wm™?)

Surface (Wm™?2) 0.09, —0.71 2.08, —2.68

Surface clear sky (Wm™?) —0.06, —0.62 1.74, —2.42
Atm: TOA-Surface (W m™?) —0.96, —0.27 —1.74,0.77
Atm: TOA-Surface clear -0.96, 0.01 —1.73,0.85

sky (Wm™?)

an increased TOA clear-sky upward SW radiation by
about 0.5-1.5 Wm ™ 2 over North Africa (Fig. 9c) with an
area mean net change of —1.0 Wm ™2 (Fig. 8b, Table 3).
Another important change during this phase is the pre-
viously mentioned decrease in column integrated water
vapor (Figs. 5b and 9b; Table 3) over North Africa and the
tropical North Atlantic (Fig. 9b). The decrease over North
Africa is related to the decrease in vertically integrated
water vapor transport convergence (Fig. 5¢). The reduction
in water vapor enhances radiative cooling to space and
therefore results in an increase in clear-sky OLR (negative
change in clear-sky LW radiation) (Figs. 8d and 9d; Table
3), in contrast to the transition phase (cf. Figs. 8a and 8b).
The cloud response during the second phase shows a de-
crease in high cloud cover (~1%-3%) over the Sahel (Fig.
9g). Consistent with the decrease in high cloud cover is
a positive SW CRE and negative LW CRE that partially
offset the change in clear-sky upward SW at TOA and
enhance the change in clear-sky OLR (Fig. 8b, Table 3).
The reduction in water vapor is also associated with
a decrease in SW absorption by the atmosphere (Table
3), so the anomaly in surface SW radiation in the second
phase is very small, even though the anomaly in TOA
SW radiation is substantial and very similar to that seen
in the transition phase. The change in net upward sur-
face LW radiation is very similar to that in the TOA
(cf. Figs. 8c and 8d) but has opposite sign to that found in
the transition phase (Fig. 8c) because reduced surface
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emission due to the cooler surface temperature is more
than offset by a larger decrease in downward LW
emitted by the atmosphere, due to the cooling and
drying of the troposphere. The change in surface sensi-
ble heat flux is small over North Africa (Table 3, Fig.
8d), but there are significant decreases in upward latent
heat flux in the south of the region (not shown) associ-
ated with reduced soil moisture availability related to
precipitation decrease (Table 3, Fig. 91). These changes
in surface and TOA energy budgets indicate the im-
portant role of the feedbacks associated with changes in
cloud and water vapor during the second phase.

The cold surface (Fig. 9h) leads to an increase in SLP
(Fig. 9i) over North Africa. Associated with this SLP
change is an anomalous anticyclonic circulation in the
lower troposphere (Fig. 9i), corresponding to a weakening
of the trade winds over the tropical North Atlantic and
a weakening WAM circulation. This in turn induces
anomalous vertically integrated water vapor transport (Fig.
9j) with anomalous divergence over the Sahel (Fig. 9k),
associated with a reduction in precipitation there (Fig. 91).

European emissions affect climate not only over the
Atlantic sector, but also remotely over the globe. The
teleconnection induced by European emissions is illus-
trated in Fig. 10 which shows the velocity potential at
250 hPa. The main features during the transition period
of days 21-30 in response to European emissions are the
anomalous upper tropospheric divergence over the
western tropical Atlantic and anomalous convergence
over Africa and the western Indian Ocean (Fig. 10a)
with some small-scale features over the tropical Pacific.
Associated with these anomalous divergent circulations
is increased precipitation over the Caribbean Sea and
decreased precipitation over the eastern tropical At-
lantic (not shown). Meanwhile, the anomalous upper
tropospheric convergence over Africa is associated with
lower tropospheric divergence (not shown), which in
turn is responsible for the reduced moisture transport
convergence (Fig. 5c), leading to the decrease in column
integrated water vapor (Fig. 5Sb and 6c¢).

The pattern of anomalous divergent circulation in the
second phase shows some evolution from the transition
phase (Fig. 10c). The pattern over the Atlantic and Af-
rica is consistent with an east—west dipole pattern in the
tropical precipitation in this region (Fig. 91). Meanwhile
there is anomalous upper tropospheric divergence (as-
sociated with increased precipitation, not shown) in the
western tropical Pacific, indicating an Atlantic—Pacific
connection (e.g., Wang 2006; Kucharski et al. 2009;
Dong and Lu 2013). However, detailed study of the re-
mote response to European emissions over the Pacific is
beyond the scope of this paper, and will be investigated
in another study.



7012

(a) 250 hPa VP (day 21 to 30) (Europe)

JOURNAL OF CLIMATE

VOLUME 27

(b) 250 hPa VP (day 21 to 30) (Asia)
m— 01—

== L= = = = =

-0.8 -0.2 0.1 0.4 1.2

=0T
Cre

-0.8 -0.2 0.1 0.4 1.2

FIG. 10. The spatial patterns of the changes in velocity potential (10°m?s™!) at 250 hPa in response to (a),(c) Eu-
ropean and (b),(d) Asian emissions, respectively, for averaged values of days (top) 21-30 and (bottom) 41-90.

In summary, in the first phase the responses to Euro-
pean emissions are predominantly through the aerosol—
radiation and aerosol-cloud interactions caused by the
direct impact of European emissions on the sulfate aerosol
burden over North Africa. It is the resulting decrease in
the net surface SW radiation that leads to surface cooling
during this phase. In the second phase, however, there are
important feedbacks—associated with the decrease in
column integrated water vapor and changes in clouds,
both related to the change in WAM—that lead to quite
different surface and TOA energy budgets.

2) RESPONSES TO ASIAN EMISSIONS

The spatial patterns of time mean changes of some key
variables for days 41-90 induced by Asian sulfur dioxide
emissions are illustrated in Fig. 11 (see also Table 3 and
Figs. 8b,d for area mean changes). In comparison with the
TOA and surface energy budgets during days 21-30
(Figs. 8a,c), the important differences are the large in-
crease in clear-sky OLR (negative change in clear-sky
LW at TOA) (Fig. 8b), the large decrease in surface net
LW radiation, and the large increase in surface SW ra-
diation (Fig. 8d). The large LW changes at both TOA and
surface are associated with significant decreases in col-
umn integrated water vapor (Fig. 11a) over North Africa
and the tropical North Atlantic. The reduction in water
vapor enhances radiative cooling to space, and therefore
results in an increase in clear-sky OLR (Figs. 8b and 11b;
Table 3). However, decreased water vapor concentration

also reduces the LW radiative cooling of the atmosphere
to the surface, leading to a decrease in downward LW
radiation at the surface (Table 3, Fig. 8d), and therefore
a decrease in net downward LW radiation (Figs. 8d and
11c; Table 3). Meanwhile, the cooling of the atmosphere
decreases the clear-sky LW cooling by decreasing the
emission to space and, to a greater extent, to the surface
(e.g., Allan 2006). The water vapor feedback may also
contribute to a strengthening in the upper tropospheric
cooling as demonstrated by previous studies (Gettelman
and Fu 2008; Minschwaner et al. 2006). As a result, the
decreased water vapor concentration and large upper
tropospheric cooling (Figs. 6b,e) reduce the LW radia-
tive cooling of the atmosphere to the surface, leading to
larger decrease in surface LW radiation than that at the
TOA. The change in TOA clear-sky SW is negligible
(Table 3) since Asian emissions do not change the sulfate
burden (Fig. 3b), sulfate AOD (Fig. 5a), or CDNC and
CDER (Figs. 3d.f) over North Africa. However, the de-
creased water vapor concentration leads to a reduction in
atmospheric heating by SW absorption (e.g., Mitchell et al.
1987), and this is associated with an increase in surface
clear-sky downward, and therefore surface net downward,
SW radiation (Figs. 8d and 11d; Table 3). The decrease in
high cloud (Fig. 11g) leads to a cloud radiative effect LW
cooling and SW warming, but these changes are quite
small (Table 3; Fig. 8b).

The latent heat flux over the Sahel shows a reduction
(Figs. 8e and 11e) related to surface feedbacks since the
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FIG. 11. Mean anomalies (days 41-90 mean) in response to Asian emissions. (a) Column integrated water vapor (kg m~2), (b) clear sky
OLR, (c) surface LW, (d) surface SW, (e) surface latent heat flux, (f) surface sensible heat flux, (g) high cloud cover (%), (h) SAT (°C), (i)
SLP (hPa) and 850-hPa wind (m s '), (j) vertically integrated water vapor transport (kg m ' s~ '), (k) convergence of vertically integrated
water vapor transport (kg m 2 day 1), and (1) precipitation (mm day !). Radiation and flux are in W m™2 and positive values mean
downward for surface radiation and flux changes. Only changes that are statistically significant at the 90% confidence level using a two-
tailed Student’s ¢ test are shown.
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decreased precipitation induces drying of soil (not shown).
The changes in upward sensible heat flux over North
Africa show a dipole pattern with a reduction in the north
and an increase over the Sahel (Fig. 11f) with little area
mean change (Fig. 8d) being related to dipole pattern of
SAT change (Fig. 11h). The decrease in surface LW (Fig.
11c) owing to the decrease in water vapor and tropo-
spheric cooling just overwhelms the increase in surface
SW radiation (Fig. 11d) and the decrease in surface LH
flux (Fig. 11e) to give a negative net surface energy change
(Fig. 8d; Table 3) and a modest cooling at the surface.

The cooling over North Africa is associated with an
anomalous high SLP and anticyclonic circulation anom-
aly in the lower troposphere (Fig. 11i), corresponding to
a weakening of the trade winds over the tropical North
Atlantic and a weakening WAM circulation. This, in turn,
is associated with anomalous vertically integrated mois-
ture transport (Fig. 11j) with anomalous divergence over
the Sahel (Fig. 11k), resulting a reduction in precipitation
there (Fig. 111).

Figures 5b and 6d show that the rapid decrease in water
vapor content occurs from day 21 to day 30, and associ-
ated with this decrease in the water vapor is the rapid
cooling in the upper troposphere (Fig. 6b). It is the de-
crease in water vapor transport convergence (Fig. 5c) over
North Africa that is responsible for the decrease in col-
umn integrated water vapor there, with the change in
evaporation being small (not shown). The change in water
vapor transport convergence is related to an adjustment
of the tropical Walker circulation, illustrated in Figs. 10b
and 10d. As in the response to European emissions, the
pattern of circulation change in response to Asian
emissions undergoes significant evolution between the
transition phase and the second phase. Detailed analysis
of this evolution is beyond the scope of this study, but
an interesting finding is that the final pattern in the sec-
ond phase shows notable similarities between the two
experiments—in particular, anomalous convergence over
the Indian Ocean and Africa and anomalous divergence
of over the Americas, western Atlantic, and much of the
Pacific Ocean. This similarity suggests the possibility of
a preferred response of the tropical circulation to quite
different perturbations. This preferred response involves
the weakening of the WAM, associated with reductions in
precipitation and cooling and drying over the Sahel. In-
terestingly, however, in spite of these dynamical and hy-
drological similarities, the anomalous energy budgets for
the North African region, at both the TOA and surface,
are quite different in the two experiments (Figs. 8b,d).

In summary, it is feedbacks associated with the de-
crease in column integrated water vapor over North
Africa that are responsible for the weakened WAM and
reduced Sahel rainfall in response to Asian emissions.
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The large water vapor feedbacks over North Africa are
likely to be related to the low climatological water vapor
content in the region since absorption of LW radiation
increases approximately with the logarithm of water va-
por concentration and therefore it is the fractional change
in water vapor concentration that governs its feedback
strength (Randall et al. 2007). The important role of
water vapor change in this study is in line with a recent
study (Liu et al. 2014) that suggested a teleconnection
between North Atlantic cooling and a weakened WAM
through tropospheric cooling and drying.

5. Conclusions

In this study, we have investigated the impacts of re-
gional sulfur dioxide emissions on Sahel summer (JJA)
precipitation through its impacts on the atmosphere and
the surface with an atmospheric general circulation
model, excluding SST feedbacks. We examined the
transient adjustment processes of the surface and tro-
posphere when either European or Asian sulfur dioxide
emissions are turned on suddenly. The adjustment pro-
cesses can be grouped into two phases: 1) the fast ad-
justment phase of the atmosphere mainly related to the
aerosol-radiation and aerosol-cloud interactions, with-
out hydrological cycle changes and surface feedbacks
(up to 3 weeks), and 2) the slower adjustment of the
atmosphere and surface with significant hydrological
cycle changes, nonlocal dynamical changes, and associ-
ated surface feedbacks (beyond 3 weeks). These pro-
cesses are summarized schematically in Fig. 12.

o The fast response to European emissions involves
a direct impact on the sulfate burden over North
Africa, with immediate consequences for the SW
energy budget. An increase in SW scattering leads to
a decrease in surface SW radiation that favors surface
cooling over North Africa. By contrast, the fast re-
sponse to Asian emissions has no significant impact on
the sulfate burden over North Africa. This response is
initially local and involves changes in precipitation
over Asia and the Maritime Continent (not shown),
which leads to an adjustment of the Walker circula-
tion. In response to both European and Asian emis-
sions, changes over North Africain SAT, SLP, and the
hydrological cycle are very small during the first phase.

o The responses during the second phase, which dominate
the seasonal mean (JJA) responses, are characterized by
significant changes in the local hydrological cycle, water
vapor, cloud, lapse rate, and atmospheric circulation
over North Africa. Changes in all these variables are
closely coupled. Surface cooling is associated with an
increase in SLP, a weakened Saharan heat low, and
a weakened WAM circulation, which is in turn related to
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FIG. 12. Schematic diagram illustrating the major processes of
the WAM and Sahel precipitation responses to European and
Asian anthropogenic sulfur dioxide emissions.

a decrease in moisture convergence and a reduction in
convection and precipitation. The decrease in convec-
tion is associated with a reduction in high cloud. These
feedbacks lead to very different anomalous energy
budgets at the top of the atmosphere (TOA) and surface
in comparison to those found during the first phase.
Cooling and drying of the troposphere over North Africa
plays a particularly important role in the energy budgets
in response to both European and Asian emissions.

o The responses to European and Asian emissions during
the second phase exhibit similar large-scale patterns of
anomalous atmospheric circulation and hydrological
variables, suggesting a preferred response even in the
absence of SST feedbacks. However, the anomalous
energy budgets for the North African region, at both the
TOA and surface, are quite different in the two exper-
iments (Figs. 8b,d). This finding highlights the
importance of dynamics over thermodynamics for
understanding regional climate change.

Our experiments were deliberately simplified to ex-
clude feedbacks involving changes in sea surface tem-
peratures (SSTs). Nevertheless it is interesting that the
responses we found show some similarities to observed
multidecadal change in precipitation across the 1960s
over the Sahel (Fig. 2e), supporting the idea that sulfate
aerosol emissions contributed to the observed decline in
Sahel precipitation from the 1940s—50s to the 1970s—80s
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(e.g., Held et al. 2005; Ackerley et al. 2011: Chang et al.
2011; Booth et al. 2012; Haywood et al. 2013; Hwang et al.
2013). Quantitatively, the reductions in Sahel pre-
cipitation simulated in our experiments are around 20%
of the observed change (—0.48mmday ') and the pat-
tern is somewhat different. It is highly likely that SST
feedbacks would both amplify the responses and modify
the pattern: as discussed in the introduction, several
studies have suggested that sulfate aerosol emissions
caused a cooling of Northern Hemisphere SST relative to
Southern Hemisphere SST, and a consequent southward
shift of the ITCZ (Held et al. 2005; Ackerley et al. 2011;
Chang et al. 2011; Booth et al. 2012; Haywood et al. 2013;
Hwang et al. 2013). The SST feedbacks are expected to
evolve on time scales of months to decades, longer than
those considered in this study. Also vegetation and soil
moisture feedbacks may evolve on longer time scales and
are not fully addressed in this study. Understanding how
these SST feedbacks modify the relatively fast processes
that we have identified is an important area for future
work. In addition, the experimental design employed in
this study precludes investigating the full impact of
aerosol emissions on premonsoon land surface condi-
tions, which might affect our results. To investigate pos-
sible sensitivity to the premonsoon conditions we
performed an additional set of experiments, each with 30
members, initialized on 1 May. These new experiments
show similar seasonal mean changes in Sahel rainfall in
response to a change in either European or Asian sulfur
dioxide emissions (not shown), and therefore demonstrate
that our major results and conclusions are not strongly
sensitive to the premonsoon land surface conditions.
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