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Abstract. Black carbon (BC) aerosols emitted from natural
and anthropogenic sources induce positive radiative forcing
and global warming, which in turn significantly affect the
Asian summer monsoon (ASM). However, many aspects of
the BC effect on the ASM remain elusive and largely in-
consistent among previous studies, which is strongly depen-
dent on different low-level thermal feedbacks over the Asian
continent and the surrounding ocean. This study examines
the response of the ASM to BC forcing in comparison with
the effect of doubled greenhouse gases (GHGs) by analyz-
ing the Precipitation Driver Response Model Intercompari-
son Project (PDRMIP) simulations under an extremely high
BC level (10 times modern global BC emissions or concen-
trations, labeled BC×10) from nine global climate models
(GCMs). The results show that although BC and GHGs both
enhance the ASM precipitation minus evaporation (P −E; a
13.6 % increase for BC forcing and 12.1 % for GHGs from
the nine-model ensemble, respectively), there exists a much
larger uncertainty in changes in ASM P −E induced by BC
than by GHGs. The summer P −E is increased by 7.7 % to
15.3 % due to these two forcings over three subregions, in-
cluding East Asian, South Asian and western North Pacific
monsoon regions. Further analysis of moisture budget re-

veals distinct mechanisms controlling the increases in ASM
P−E induced by BC and GHGs. The change in ASM P−E

by BC is dominated by the dynamic effect due to the en-
hanced large-scale monsoon circulation, whereas the GHG-
induced change is dominated by the thermodynamic effect
through increasing atmospheric water vapor. Radiative forc-
ing of BC significantly increases the upper-level atmospheric
temperature over the Asian region to enhance the upper-level
meridional land–sea thermal gradient (MLOTG), resulting in
a northward shift of the upper-level subtropical westerly jet
and an enhancement of the low-level monsoon circulation,
whereas radiative forcing of GHGs significantly increases the
tropical upper-level temperature, which reduces the upper-
level MLOTG and suppresses the low-level monsoonal cir-
culation. Hence, our results indicate a different mechanism
of BC climate effects under the extremely high BC level:
that BC forcing significantly enhances the upper-level atmo-
spheric temperature over the Asian region, determining ASM
changes, instead of low-level thermal feedbacks as indicated
by previous studies.
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1 Introduction

Black carbon (BC) aerosols emitted from natural and an-
thropogenic sources absorb and scatter shortwave radiation,
heat the air, and act as the second largest contributor to the
current global warming after greenhouse gases (Hansen et
al., 2000; Jacobson, 2001; Forster et al., 2007; Ramanathan
and Carmichael, 2008; Mahajan et al., 2013; Bond et al.,
2013). In recent decades, with the explosive economic de-
velopment and rapid population growth in India and China,
large amounts of BC aerosols have been emitted to the atmo-
sphere and have significantly affected the global and regional
energy balance as well as climate, especially over South Asia
and East Asia (Ramanathan and Carmichael, 2008; Boucher
et al., 2013; Bond et al., 2013; Li et al., 2016).

Many global climate model (GCM) investigations have
indicated that BC aerosols can significantly influence the
Asian summer monsoon (ASM), including South Asian sum-
mer monsoon (SASM) and East Asian summer monsoon
(EASM). However, the effects of BC forcing on the ASM
remain elusive and largely inconsistent in previous stud-
ies as they are strongly dependent on different low-level
thermal feedbacks over the Asian continent and the sur-
rounding ocean (e.g., Menon et al., 2002; Ramanathan and
Carmichael, 2008; Bond et al., 2013; Boucher et al., 2013;
Wu et al., 2015; Li et al., 2016). For the SASM, Lau et
al. (2006) showed that BC aerosols combined with natural
dusts can increase precipitation over northern India and the
Himalayan foothills through an elevated heat pump (EHP)
effect during the premonsoon season. The EHP hypothesis
was corroborated by other modeling studies (Meehl et al.,
2008). In summer, BC aerosols cause an increased cooling
over the land surface relative to the adjacent ocean, decreas-
ing the land–sea thermal gradient, weakening the SASM cir-
culation and decreasing the associated precipitation over the
Indian subcontinent (Lau and Kim, 2007). On the other hand,
other GCM studies do not support the monsoon weakening;
instead they show that BC aerosols can enhance the atmo-
spheric meridional heating gradient by increasing the low-
level atmospheric temperature over South Asia, strength-
ening the monsoonal circulation with a stronger moisture
flux into South Asia and an increase in the monsoonal rain-
fall (Wang, 2004; Ramanathan et al., 2005; Chung and Ra-
manathan, 2006). Studies with coupled GCMs with an inter-
active ocean showed that the BC-induced sea surface tem-
perature (SST) change over the Indian Ocean also has sig-
nificant influences on the SASM (Ramanathan et al., 2005;
Chung and Ramanathan, 2006; Meehl et al., 2008). The de-
creased evaporation due to the cooling of the northern Indian
Ocean owing to BC dimming can decrease the water mois-
ture and the monsoonal inflow into South Asia as well as
the monsoonal precipitation (Ramanathan et al., 2005; Meehl
et al., 2008). This BC-induced dimming over the northern
Indian Ocean can yield a decrease in meridional SST gra-
dient, which acts to weaken the monsoonal circulation and

reduce the summer precipitation, as shown by numerous
studies (Ramanathan et al., 2005; Chung and Ramanathan,
2006). Additionally, there exist inconsistent results of the
EASM changes induced by BC aerosols, as reviewed by
Wu et al. (2015) and Li et al. (2016). Menon et al. (2002)
claimed, based on the GCM results with a high proportion of
BC aerosols (the single-scattering albedo, SSA, is given as
a constant of 0.85), that anthropogenic aerosols can enhance
the summer floods in southern China and increase the sum-
mer droughts over northern China (southern flood–northern
drought, labeled SFND). However, the results cannot be re-
produced with the higher and more realistic SSA of 0.9 as
derived from the satellite and surface observations (Lee et
al., 2007). By considering both the BC semidirect effect and
indirect effect, BC aerosols have been shown to result in a re-
duction in clouds and precipitation in southern China and an
enhancement in rainfall in northern China by enhancing the
western Pacific subtropical high (Zhang et al., 2009), which
is opposite to the SFND pattern. In general, the effects of BC
forcing on both the SASM and EASM remain largely incon-
sistent due to their strong dependency on differences in land
or sea low-level thermal feedbacks to BC.

Furthermore, the comprehensive assessment including the
vast majority of current GCMs shows that GCMs substan-
tially underestimate the surface BC mass concentration and
its scattering and absorption optical thickness (by a factor of
2 to 4 over South Asia and East Asia) and thus severely un-
derestimate the atmospheric heating and surface dimming of
BC forcing, mainly due to low biases of the regional emis-
sion inventory and inaccurate parameterizations of aerosol
processes (Bond et al., 2013; Shindell et al., 2013; Pan et
al., 2015; Fan et al., 2018). The underestimated BC concen-
tration in GCMs may be an important factor responsible for
inconsistent feedbacks of the ASM mentioned above. There-
fore, it is essential to investigate the feedbacks of the ASM
induced by BC using high BC concentration.

Therefore, the purpose of the present paper is to deter-
mine the effects on the ASM of BC forcing under the ex-
tremely high BC level in comparison with the effect of a dou-
bling of CO2 concentration by analyzing the simulations of
multiple GCMs in the Precipitation Driver Response Model
Intercomparison Project (PDRMIP). PDRMIP provides the
climate responses to individual forcers, including extremely
high BC level with 10 times the modern global BC emis-
sions or concentrations (Myhre et al., 2017). Previous studies
(Samset et al., 2016; Stjern et al., 2017) have shown the im-
portance of the globally averaged temperature and precipita-
tion responses to BC forcing. Another objective is to use the
PDRMIP data to see whether or not BC-induced changes in
the ASM result from a distinct mechanism different from the
abovementioned one about low-level thermally dominated
feedbacks of BC forcing.

The rest of this paper is structured as follows. Section 2
provides a brief description of the PDRMIP models, model
setups and experiments, data, and the definition of the Asian
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monsoon domain. Section 3 shows results on the evaluation
of the PDRMIP multimodel mean results and changes in the
ASM due to the BC and greenhouse gas (GHG) forcings, re-
spectively. In Sect. 4, the physical mechanisms of changes in
the ASM induced by BC and GHGs are discussed, includ-
ing their effective radiative forcing (ERF) and atmospheric
temperature changes at the surface and at higher altitudes.
Further discussions are shown in Sect. 5, and the summary
and conclusions are provided in Sect. 6.

2 PDRMIP data and Asian monsoon domain

2.1 Model description and PDRMIP data

In the PDRMIP project, global climate models coupled with
ocean have run several numerical simulations with similar
model configurations and forcing baselines as well as pertur-
bations with five climate drivers (Myhre et al., 2017). These
GCMs have simulated a baseline experiment with modern
aerosol emissions or concentrations and greenhouse gases
with the year 2000 (denoted BASE). The numerical exper-
iments of five perturbations were performed: a doubling of
CO2 concentrations (hereafter referred to CO2×2), 3 times
the CH4 concentrations (CH4×3), an increase in solar in-
solation of 2 % (Solar +2 %), 10 times the modern global
BC emissions or concentrations (BC×10), and 5 times the
modern global sulfate emissions or concentrations (SO4×5).
The nine GCMs with BASE and the perturbation exper-
iments are CanESM2, GISS-E2, HadGEM2, HadGEM3-
GA4, IPSL-CM5A, MIROC-SPRINTARS, NCAR-CESM1-
CAM4, NCAR-CESM1-CAM5 and NorESM1 for analyses,
described by Myhre et al. (2017). Table S1 in the Supple-
ment detailedly shows the model information about horizon-
tal and vertical resolutions as well as aerosol emissions for
the nine GCMs. Additionally, several GCMs in PDRMIP
from Liu et al. (2018) also simulated regional aerosol per-
turbation experiments, e.g., 10 times the modern BC or SO4
concentrations over the Asian region (labeled BC×10ASIA
and SO4×10ASIA, respectively).

Here, we analyze the PDRMIP data from BASE and the
two climate perturbations including CO2×2 and BC×10
based on the nine GCMs. In terms of the BASE and other
experiments with each perturbation, two kinds of numerical
simulations were performed: one using fixed SST (hereafter
referred to as fSST) and the other one using a fully coupled
ocean or a slab ocean (denoted coupled). The fSST experi-
ments of at least 15 years and the coupled experiments of at
least 100 years were run in these GCMs. In the following, the
effective radiative forcing (hereafter ERF) is calculated as the
net radiative fluxes changes (including shortwave and long-
wave radiative fluxes) at the top of the atmosphere (TOA)
between perturbation experiments and BASE from the last
10 years of fSST experiments (Forster et al., 2016). The feed-
back response of climate, including the ASM, was diagnosed

Figure 1. Spatial distribution of the Asian monsoon region (stip-
pled, blue) including East Asian, South Asian and western North
Pacific monsoon regions based on the CMAP data from 1979 to
2011.

as the difference between the perturbation simulations and
BASE based on the last 50 years of the coupled experiments.
All modeled climate data, including temperature, precipita-
tion and wind fields, as well as other physical variables were
regridded into 2.5◦× 2.5◦ horizonal resolution for use in the
present analysis in our study.

2.2 Definition of Asian monsoon domain

Based on the definition of the reference from Wang et
al. (2012), the monsoon domain was defined as the region
where the differences between summer and winter rainfall
are larger than 2 mm d−1, and the local summer rainfall ex-
ceeds 55 % of the total annual amount. In the Northern Hemi-
sphere, the local summer is defined as May–September (MJ-
JAS), and the winter is November–March (NDJFM) and
vice versa for the Southern Hemisphere. According to the
above definition of monsoon domain, Figure 1 shows the
spatial distribution of the Asian monsoon region based on
the observed precipitation from 1979 to 2011 of the Cli-
mate Prediction Center (CPC) merged analysis of precipi-
tation (hereafter referred to CMAP) according to Xie and
Arkin (1997). The defined Asian monsoon region is further
divided into three subregions, including East Asian monsoon
(25–42.5◦ N, 105–160◦ E), South Asian monsoon (0–25◦ N,
60–105◦ E) and western North Pacific monsoon (0–25◦ N,
105–160◦ E). We utilize the above-defined Asian monsoon
region and the subregions to calculate the regional average in
the following analyses.

3 Results

3.1 Evaluation of multimodel results

In this subsection, we first examine the veracity of the simu-
lated ASM by multiple models using the sea level pressure
(SLP), the low-level large-scale circulation, and the asso-
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ciated precipitation from the NCEP-DOE Reanalysis 2 (la-
beled NCEP2; Kanamitsu et al., 2002) and the CPC Merged
Analysis of Precipitation (CMAP) for 1979–2011 (Xie and
Arkin, 1997). Figure 2 compares the summer (MJJAS) SLP,
wind fields at 850 hPa, and the precipitation from observa-
tions and the multimodel mean (MMM) of the BASE exper-
iment. The summer SLP field features higher pressure over
the low-latitude ocean and the western North Pacific Ocean,
and it has relatively lower pressure over the Asian continent
(Fig. 2a and b), which leads to north–south and east–west
land–sea pressure gradients. This spatial pattern of SLP in-
duces a cross-equatorial flow at 850 hPa over low latitudes
near the Equator and a southwesterly flow over the Indian
subcontinent, the northern Bay of Bengal and the Arabian
Sea as well as southerly winds over eastern China (Fig. 2c
and d). Figure 2e and f show larger precipitation over the
coast of the Asian maritime continent and weaker precipita-
tion over the Asian inland. Note that the MMM of these sim-
ulations produces excessive rainfall over the southern slope
of the Tibetan Plateau compared to the CMAP precipitation,
mainly due to a relatively coarse horizontal resolution of the
models in Fig. 2f, as noted by Li et al. (2015). They also show
that spatial distribution of precipitation over and around the
Tibetan Plateau and high-altitude mountains becomes more
realistic for the higher resolutions (Li et al., 2015). Therefore,
the MMM of the BASE experiment can mainly capture the
most prominent features of the ASM in terms of the summer
SLP, the 850 hPa large-scale circulation and the precipitation
in Fig. 2.

Figure 3 shows the upper-level (200 hPa) geopotential
height, wind fields and westerly wind speeds from NCEP2
for 1979–2011 and the MMM of the BASE experiment. Fig-
ure 3a shows the South Asian High near 30◦ N (or Tibetan
High) in the upper level at 200 hPa, producing a continental-
scale anticyclonic outflow toward the low latitudes and the
ocean and driving the westerly upper-level jet near 40◦ N
in NCEP2 (Fig. 3c). This spatial pattern of the South Asian
High and the upper-level subtropical westerly jet is also de-
picted realistically in MMM of the BASE experiment, al-
though the center of the South Asian High is stronger than
that in NCEP2 (Fig. 3b), and the intensity of the westerly
jet is somewhat weaker (Fig. 3d). In general, the MMM of
the BASE run can capture most monsoon features, including
the low-level and high-level thermal structures and the large-
scale circulation associated with the monsoon as well as the
monsoonal precipitation as shown in Figs. 2 and 3.

3.2 Comparison of ASM changes induced by BC and
GHGs

Figure 4 shows the domain-averaged value and spatial dis-
tribution of changes in MJJAS precipitation minus evap-
oration (hereafter denoted P −E; unit: mm d−1) for BC
and GHG forcings over the Asian monsoon region. Evi-
dently, both BC and GHGs cause a substantial wetting over

the Asian monsoon region with an increase in MMM of
0.37±0.28 mm d−1 from BC forcing and 0.29±0.13 mm d−1

from GHGs. There is a 13.6 % increase for BC×10 and a
12.1 % increase for CO2×2 in this region (Table 1). More-
over, the increase in summer P −E due to BC forcing has
a wider range, from 0.01 (IPSL-CM5A) to 0.88 mm d−1

(HadGEM2), for the individual GCMs, whereas it has a nar-
rower range, between 0.10 (IPSL-CM5A) and 0.47 mm d−1

(NCAR-CESM1-CAM4), for GHGs. Therefore, the BC-
induced changes in summer P −E have larger uncertainty
in these models than that from GHGs according to the stan-
dard deviation of the MMM and the range of P −E changes
from the nine GCMs. This larger uncertainty is mainly due to
large uncertainty in BC-induced ERF as discussed in the next
section. The spatial distribution of BC- and GHG-induced
changes in MMM P −E shows that the summer P −E val-
ues are all significantly increased over the three subregions,
including the East Asian, South Asian and western North Pa-
cific monsoon regions in Fig. 4c and d. Domain-averaged cal-
culated values in Table 1 indicate an increase in MMM P−E

from 0.16 mm d−1 (7.7 %) to 0.48 mm d−1 (15.3 %), induced
by these two forcings over these three subregions.

In order to investigate the mechanism governing the sum-
mer P −E responses for BC and GHG forcings, we have di-
agnosed a moisture budget analysis assuming the linearized
formulation as follows (Seager et al., 2010; Seager and Naik,
2012):

1(P −E)=1TH+1DY+1Res. (1)

In the above equation, 1(P −E) represents the term in terms
of P −E changes between the sensitivity (perturbation) and
control (BASE) experiments. The thermodynamic term 1TH
and the dynamic term 1DY are the vertical integration from
the surface to the top of the atmosphere. 1TH is influenced
only by changes in specific humidity, with fixed large-scale
circulations, whereas 1DY involves changes in the large-
scale circulation assuming no changes in specific humidity.
The residual term 1Res includes transient eddy fluxes, sur-
face quantities and nonlinear terms (Seager et al., 2010; Sea-
ger and Naik, 2012). Figure 5 shows the domain-averaged
terms in the MMM and the spatial distribution of each term
in the moisture budget (Eq. 1) during the summer season over
the Asian monsoon domain. For BC forcing, the regional
wetting is dominated by the dynamic term in Fig. 5a, whereas
the thermodynamic term contributes to the increase in ASM
P−E slightly. From the spatial distribution of the thermody-
namic and dynamic terms in Fig. 5b and d, one can see a high
and statistically significant increase in the dynamic term but
a low and insignificant increase in the thermodynamic term
over the Asian monsoon region, which also indicates that the
P −E change due to BC is dominated by the dynamic term.
For GHG forcing, the increase in ASM P −E is controlled
by the thermodynamic term, whereas the dynamic term has
a negative value (Fig. 5a). Figure 5c and e also show a sig-
nificant increase in the thermodynamic term over the Asian
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Figure 2. Comparison of the climatological MJJAS sea level pressure (SLP; unit: hPa), the wind field at 850 hPa (UV850; unit: m s−1) and
precipitation (P ; unit: mm d−1) between (a, c, e) observations from 1979 to 2011 (NCEP2 wind field and CMAP precipitation) and (b, d, f)
multimodel mean of the BASE experiments.

Table 1. Multimodel mean of the MJJAS precipitation minus evaporation (P −E; unit: mm d−1) in the Asian monsoon region (AM) and the
subregions, including the East Asian monsoon (EAM), the South Asian monsoon (SAM) and the western North Pacific monsoon (WPM) for
BASE, BC×10 and CO2×2 experiments as well as corresponding differences between BC×10 (or CO2×2) and the BASE experiment.

Regions BASE BC×10 CO2×2 Difference (BC×10−BASE) Difference (CO2×2−BASE)

AM region 2.73 3.10 3.06 0.37 (13.6 %) 0.33 (12.1 %)
EAM region 2.07 2.23 2.30 0.16 (7.7 %) 0.23 (11.1 %)
SAM region 3.13 3.61 3.43 0.48 (15.3 %) 0.31 (9.9 %)
WPM region 2.60 2.95 2.88 0.35 (13.5 %) 0.28 (10.8 %)
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Figure 3. Comparison of the climatological MJJAS mean of 200 hPa geopotential height (GPH200; unit: geopotential meters, gpm), 200 hPa
wind field (UV200; unit: m s−1) and westerly wind speed (shaded; unit: m s−1) between (a, c) observations from 1979 to 2011 and (b,
d) multimodel mean of the BASE experiments.

Figure 4. Changes in the MJJAS precipitation minus evaporation (1(P −E); unit: mm d−1) under (a, c) increasing BC and (b, d) GHGs. (a,
b) Domain-averaged value over the Asian monsoon region and (c, d) spatial pattern of the multimodel mean (MMM). Error bars (a, b) of
the MMM represent the standard deviation. Dotted regions (c, d) indicate where the MMM is more than 1 standard deviation away from 0.
The areas within the blue line represent the Asian monsoon region.
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monsoon region and an insignificant decrease in the dynamic
term over most of the Asian monsoon region. Therefore, the
moisture budget analysis indicates that the ASM P −E in-
creases due to BC and GHGs are dominated by distinct dy-
namic and thermodynamic terms, respectively.

Due to the absolute differences in the above moisture bud-
get analysis between the BC and GHG forcings, we further
analyze the BC- and GHG-induced changes in the large-scale
circulation (Fig. 6) and specific humidity (Fig. 7). It can be
seen that BC forcing induces much more significant changes
in the large-scale circulation compared to GHG forcing, in-
cluding low-level and high-level horizontal wind fields and
vertical velocity. Figure 6a shows that BC forcing signif-
icantly increases the southwesterly flow over the Arabian
Sea and India and enhances the southerly winds over east-
ern China. It shows a significant increase in the upward ver-
tical velocity at 500 hPa induced by BC over the Asian mon-
soon region (Fig. 6c). These results indicate the significant
enhancement of the large-scale ASM circulation induced by
BC forcing. Additionally, changes in the large-scale circula-
tion due to BC forcing are also evident in the spatial pattern
of the upper-level westerly wind in Fig. 6e. It shows a sig-
nificant decrease in westerly wind speed over the regions be-
tween 20 and 40◦ N and an increase at higher latitudes, illus-
trating that BC forcing induces a northward movement of the
upper-level subtropical westerly jet. This northward move-
ment of the subtropical westerly jet is absolutely consistent
with the low-level ASM circulation enhancement (Fig. 6a).
Figure 6b, d and f show insignificant changes due to GHGs
in low-level and high-level wind fields and the vertical ve-
locity at 500 hPa. Furthermore, Fig. 7 shows the changes in
MMM of MJJAS vertically integrated water vapor due to
the BC and GHG forcings. This figure shows that both BC
and GHGs induce statistically significant increases in verti-
cally integrated water vapor due to BC- and GHG-induced at-
mospheric warming. However, the change in vertically inte-
grated water vapor due to GHGs is much larger than that due
to BC forcing. Therefore, BC yields a significant enhance-
ment of large-scale ASM circulation and a relatively smaller
increase in water vapor, implying that the dynamic term dom-
inates the ASM P−E increase, and the thermodynamic term
compensates its increase. However, GHGs induce a larger in-
crease in water vapor and insignificant changes in the large-
scale circulation, which suggests that the increase in ASM
P −E due to GHGs is dominated by the thermodynamic
term. These results indicate that the changes in the large-
scale circulation and the water vapor due to BC and GHG
forcings are consistent with the above moisture budget anal-
ysis.

4 Physical mechanisms

To seek physical mechanisms underlying the distinct re-
sponses of the ASM to BC and GHGs, Fig. 8 shows the spa-

tial distribution of MMM values of the MJJAS ERF (W m−2)
induced by BC (Fig. 8a) and GHGs (Fig. 8b) over the Asian
region, according to the corresponding fSST experiments in
PDRMIP. The BC-induced ERF yields a significant positive
value over the Asian continent, whereas it has an insignifi-
cant change over the surrounding oceans, including the In-
dian Ocean and Pacific Ocean (Fig. 8a). The much larger
positive forcings, particularly over the Indian subcontinent
(larger than +5 W m−2) and over eastern China (exceeding
+10 W m−2), are mainly due to the existence of high BC bur-
den over these two regions (Fig. S1 in the Supplement in ref-
erence to Stjern et al., 2017). In contrast, GHG-induced ERF
is significantly positive and uniform (below +7.5 m−2) over
the Asian continent and the surrounding oceans (Fig. 8b),
mainly because GHGs are well mixed on a global scale. Our
analysis suggests that there are obvious differences in the
spatial distribution between BC- and GHG-induced ERF, al-
though both of them induce positive radiative forcings at the
TOA.

Figure 9 shows the BC- and GHG-induced changes in
MMM of MJJAS surface atmospheric temperature and SLP.
It can be seen that BC induces a greater surface warming
over the Eurasian continent at middle and high latitudes and
a smaller surface warming over low-latitude ocean regions
(Fig. 9a). The increases in surface temperature are mainly
due to positive ERF in Fig. 8a in the coupled experiments
(Gregory et al., 2004; Myhre, 2013). Note that the MMM
surface temperature has insignificant decreases over the In-
dian subcontinent and increases with a smaller amplitude
over eastern China. However, there also exists a different sign
(increase or decrease) in surface temperature changes due to
BC over both these two regions under the extremely high
BC level for the individual models (Fig. S1 in the Supple-
ment), consistent with the previous PDRMIP study by Stjern
et al. (2017). These results are also consistent with previous
results based on present-day BC concentration level (Bond et
al., 2013; Wu et al., 2015; Li et al., 2016). Hence, there are in-
termodel differences in low-level temperature feedbacks due
to BC over South Asia and East Asia under not only present-
day but also extremely high BC concentration levels. Fig-
ure 9c shows that a significant decrease in SLP exists over
the Eurasian continent at middle and high latitudes due to the
BC-induced surface warming over this region. However, the
changes in SLP are small and insignificant over the Indian
subcontinent and eastern China because of smaller changes
in surface temperature. Hence, the BC-induced increases in
the surface thermal and pressure gradients between land and
ocean are insignificant (Fig. 9a and c). GHGs induce a sur-
face global warming with a greater warming over the whole
continent and a lesser warming over ocean in Fig. 9b due to
different heat capacity of land and ocean (Lambert and Chi-
ang, 2007; Lambert et al., 2011). Figure 9d shows a signifi-
cant decrease in SLP over the Eurasian continent and a sig-
nificant increase over the surrounding ocean, indicating in-
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Figure 5. (a) MJJAS domain-averaged changes (unit: mm d−1) in the multimodel mean (MMM) precipitation minus evaporation (1(P−E)),
the thermodynamic term (1TH), the dynamic term (1DY) and residual term (1Res) of the moisture budget equation under increasing BC
and GHGs. (b, c) Spatial distribution of the MMM MJJAS 1TH, (d, e) 1DY under increasing BC and GHGs. Error bars (a) of the MMM
represent the standard deviation. Dotted regions (b, c, d, e) indicate where the MMM is more than 1 standard deviation away from 0, and the
areas within the blue line represent the Asian monsoon region.

creased land–sea thermal and pressure gradients due to GHG
forcing at the surface.

In order to compare with the low-level thermal feed-
backs, Fig. 10 shows the BC- and GHG-induced upper-
level changes in MMM of MJJAS atmospheric temperature
(Fig. 10a, b) and geopotential height at 200 hPa (Fig. 10c, d).
Figure 10a shows that BC induces the significant increase in
the atmospheric temperature at 200 hPa over land and ocean.
However, the upper-level atmospheric temperature increases
are much larger over the Asian continent (especially over
midlatitude regions) compared to the tropics. The change

in upper-level atmospheric temperature leads to a significant
increase in 200 hPa geopotential height, especially at mid-
dle latitudes over the Asian continent (Fig. 10c). The sig-
nificant increases in upper-level temperature and geopoten-
tial height over the Asian continent result in the increase
in the upper-level meridional land–ocean thermal gradient
(MLOTG), which makes the northward movement of the
upper-level subtropical westerly jet (Fig. 6e) and enhances
the low-level ASM circulation (Fig. 6a and c). GHGs indicate
a more significant increase in 200 hPa atmospheric tempera-
ture over the tropics in Fig. 10b, resulting in a much larger
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Figure 6. Changes in (a, b) multimodel mean (MMM) of the MJJAS 850 hPa wind field (1UV850; unit: m s−1), (c, d) 500 hPa vertical
velocity (1Omega; unit: 0.01×Pa s−1) and (e, f) 200 hPa westerly wind speed (1U200; unit: m s−1) under increasing BC and GHGs. Black
arrows (a, b) and dotted regions (c, d, e, f) indicate where the MMM is more than 1 standard deviation away from 0.

Figure 7. Changes in multimodel mean (MMM) of the MJJAS vertically integrated water vapor (1Q; unit: g m−2) under (a) increasing BC
and (b) GHGs. Dotted regions indicate where the MMM is more than 1 standard deviation away from 0.
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Figure 8. Multimodel mean (MMM) of the MJJAS effective radiative forcing (ERF; unit: W m−2) under (a) increasing BC and (b) GHGs.
Dotted regions indicate where the MMM is more than 1 standard deviation away from 0.

Figure 9. Changes in (a, b) multimodel mean (MMM) of the MJJAS surface atmospheric temperature (1TAS; unit: ◦C) and (c, d) sea level
pressure (1SLP; unit: hPa) under increasing BC and GHGs. Dotted regions indicate where the MMM is more than 1 standard deviation away
from 0.

increase in 200 hPa geopotential height in Fig. 10d. This
spatial pattern of changes in atmospheric temperature and
geopotential height at 200 hPa induced by GHGs decreases
the upper-level MLOTG, leading to insignificant changes in
the low-level ASM circulation and the upper-level westerlies
(Fig. 6b, d and f). Pronounced warming in the tropical up-
per troposphere has been found from observational evidence
(Fu et al., 2004; Santer et al., 2005) and GCMs (Solomon
et al., 2007) with global warming, leading to decreases in
the upper-level MLOTG and the low-level ASM circulation
(Ueda et al., 2006; Endo et al., 2014). These changes in the

temperature of the tropical upper troposphere and ASM cir-
culation due to GHGs are the same as with our results.

Additionally, we also show the vertical profile of BC-
and GHG-induced changes in MMM of MJJAS MLOTG in
Fig. 11. MLOTG is defined as the difference between the
Asian region (10–42.5◦ N, 60–125◦ E) and low latitudes of
ocean (−10–10◦ N, 60–125◦ E). The MLOTG values have
insignificant changes due to BC forcing at the low levels and
notable increases with height and have a maximum at 200 to
300 hPa. The significant upper-level MLOTG increase due to
BC forcing determines changes in the upper-level and low-
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Figure 10. Changes in (a, b) multimodel mean (MMM) of the MJJAS 200 hPa atmospheric temperature (1TA200; unit: ◦C) and (c,
d) 200 hPa geopotential height (1GPH200; unit: gpm) under increasing BC and GHGs. Dotted regions indicate where the MMM is more
than 1 standard deviation away from 0.

Figure 11. Changes in multimodel mean (MMM) of the MJJAS
meridional land–ocean thermal gradient (1MLOTG; unit: ◦C) un-
der increasing BC and GHGs. The MLOTG is defined as the differ-
ence between the Asian region (10–42.5◦ N, 60–125◦ E) and ocean
(−10–10◦ N, 60–125◦ E). Error bars of the MMM indicate the stan-
dard deviation.

level large-scale circulation over the Asian monsoon region.
However, the GHG-induced MLOTG increase is evident at
the low levels, whereas it decreases with height and has a
minimum with negative values at 200 hPa. The decrease in
upper-level MLOTG induced by GHG forcing suppresses the
large-scale ASM circulation. Therefore, these changes in the
vertical profile of MLOTG due to BC and GHGs are abso-

lutely consistent with the above results at the surface and up-
per level as shown in Figs. 9 and 10.

5 Further discussions

The PDRMIP project also conducted the global sulfate
perturbation experiments (hereafter referred to SO4×5)
and the Asian aerosol perturbation experiments, including
BC×10ASIA and SO4×10ASIA (Myhre et al., 2017; Liu et
al., 2018). Figure 12 shows the domain-averaged value and
spatial distribution of changes in the summer P −E over the
Asian monsoon region due to increasing Asian BC (Fig. 12a,
d), global SO4 (Fig. 12b, e) and Asian SO4 (Fig.12 c, f). Fig-
ure 12a and d show that the Asian BC significantly increases
ASM P−E MMM by 0.18±0.13 mm d−1, with a large range
from 0.06 (IPSL-CM5A) to 0.37 mm d−1 (NCAR-CESM1-
CAM5). The moisture budget analysis shows that the dy-
namic term dominates the increase in ASM P −E for in-
creasing Asian BC, whereas the thermodynamic term almost
has nothing to contribute to the increase in Fig. S3a, b and
c. The Asian BC significantly enhances the low-level mon-
soon circulation (Fig. S3d and e) and makes a northward shift
of upper-level subtropical westerly jet (Fig. S3f). Hence, the
trends in the ASM P −E and low-level and upper-level cir-
culations due to the increasing Asian BC are very similar
to the response from global BC in Figs. 4 and 6. Note that
the increase in ASM P −E due to the Asian BC is much
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lower than that from the global BC (0.37± 0.28 mm d−1).
That is mainly because the thermodynamic term has no in-
significant increases induced by Asian BC due to smaller
increases in atmospheric water vapor (Fig. S3g) compared
to that of global BC (Fig. 7a). Additionally, the increasing
global (Fig. 12b and e) and Asian SO4 (Fig. 12c and f) both
significantly reduce the ASM P −E MMM by−0.41±0.18
and −0.56± 0.22 mm d−1, which have the opposite sign as
BC and GHGs (Fig. 4). The increasing SO4 yields a signif-
icant negative ERF over the Asian region (Fig. S4b and c),
which is reverse to that of BC (Figs. 8a and S4a). The nega-
tive ERF due to SO4 remarkably decreases the surface tem-
perature over the Asian region, which results in a reduction
in the land–sea thermal gradient and thus reduces the Asian
summer monsoonal circulations and the associated precipi-
tation (Liu et al., 2011; Xie et al., 2016). The decrease in
MMM of the ASM P −E due to the increasing Asian SO4 is
larger than that of the global SO4, which is mainly because
PDRMIP runs the Asian sulfate perturbation experiment with
10 times the modern SO4 over Asia and the global sulfate
perturbation experiment only with 5 times the modern global
SO4.

Relative to GHGs shown in Fig. 4b, the modeled BC-
induced change in MJJAS P −E has a much larger un-
certainty over the Asian monsoon region for the individual
GCMs (Figs. 4a and 12a), more likely due to intermodel dif-
ferences in the regional ERF. Figure 13 shows the global
and Asian BC-induced MJJAS domain-averaged ERF over
the Asian region for individual models and the MMM and
regression of the domain-averaged change in ASM P −E

versus ERF, also including that of the global and Asian SO4.
Figure 13a shows that the MMM of ERF over the Asian re-
gion is 5.00±1.71 and 4.75±2.31 W m−2 for the global and
Asian BC and −8.41± 2.95 and −12.81± 3.81 W m−2 for
the global and Asian SO4, respectively. Further analysis in
Fig. 13b illustrates that there exists a significant positive cor-
relation between ASM P −E change and the regional ERF
for global (R2

= 0.83) and regional aerosols, including BC
and SO4 (R2

= 0.90), respectively. This positive correlation
indicates that the aerosol-induced ERF over the Asian region
mainly dominates the ASM P −E changes for the individ-
ual GCMs, where larger positive (negative) ERF increases
(decreases) the ASM P −E more substantially. The corre-
sponding main reason is that larger positive ERF due to BC
over the Asian region more significantly heats the regional
atmosphere and increases land–ocean thermal gradient, lead-
ing to the ASM circulation enhancement and the monsoonal
P −E increase, and larger negative ERF induced by SO4 has
reverse results. Note that the slope of the regression line for
global aerosols is larger (0.058 mm d−1 per W m−2) than that
of regional aerosols (0.042 mm d−1 per W m−2), mainly be-
cause the thermodynamic term compensates the ASM P −E

changes for the increasing global aerosols. Additionally, we
also check the relationship between the ASM P −E and the
regional ERF over Asia (or the global ERF) for GHGs, in-

dicating that there are no positive correlations between them
(not shown). In general, accurate descriptions of physical and
radiative processes associated with BC climate forcing will
reduce the uncertainty of BC-induced ERF and ASM precip-
itation changes (Bond et al., 2013).

Menon et al. (2002) reported that BC forcing can induce
the SFND pattern over eastern China from GCMs, while
other GCM simulations do not support this spatial pattern of
summer precipitation changes (e.g., Lee et al., 2007; Zhang
et al., 2009; Wang et al., 2017). In Fig. 14, we also show the
spatial distribution of MMM MJJAS precipitation changes
due to the global (BC×10) and regional BC (BC×10ASIA),
which indicates a similar spatial pattern for these two forc-
ings. The results of the MMM show a tripole pattern of pre-
cipitation changes over eastern China: increase over northern
China, southern China and the adjacent ocean and a decrease
over the middle and lower reaches of the Yangtze River. This
tripole pattern of precipitation changes over eastern China
is mainly caused by the enhancement of the low-level ASM
circulation and the northward movement of the upper-level
westerly jet. Similar patterns have been shown to take place
in modern climate and paleoclimate based on observations
and models (Chiang et al., 2015, 2017; Kong et al., 2017).

Additionally, Fig. S1 shows the changes induced by BC
forcing in the MJJAS surface atmospheric temperature at
2 m for the individual models. BC forcing produces an in-
crease or a decrease in the surface temperature based on
the nine GCMs over both the Indian subcontinent and east-
ern China. The GCMs of MIROC-SPRINTARS, NCAR-
CESM1-CAM4, NCAR-CESM1-CAM5 and NorESM1 in-
dicate a significant decrease in surface temperature over the
Indian subcontinent, whereas other GCMs show an insignif-
icant reduction or increase in the surface temperature. The
GISS-E2, HadGEM2 and MIROC-SPRINTARS show a re-
duction in the surface temperature over eastern China, and
other GCMs show an increase in surface temperature, includ-
ing CanESM2, HadGEM3, IPSL-CM5A, NCAR-CESM1-
CAM4, NCAR-CESM1-CAM5 and NorESM1. Hence, the
sign of changes in surface temperature due to BC forcing is
strongly dependent on different GCMs over South Asia and
East Asia, which is absolutely consistent with previous inves-
tigations (Menon et al., 2002; Ramanathan and Carmichael,
2008; Boucher et al., 2013; Bond et al., 2013). It indicates
the complexity of low-level temperature feedbacks due to BC
over these two regions, which can lead to distinct responses
of the ASM (Bond et al., 2013; Wu et al., 2015; Li et al.,
2016). However, under this extremely high BC level, it shows
a more significant and larger increase in the high-level atmo-
spheric temperature over the Asian continent compared to
the surrounding ocean, which is true for all the nine mod-
els (Fig. S2). These upper-level thermal feedbacks due to BC
forcing result in a northward shift of upper-level subtropical
westerly jet and an enhancement of low-level monsoon cir-
culations in the individual GCMs (not shown), which is very
similar to the MMM results as shown in Fig. 6. Hence, un-
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Figure 12. Changes in the MJJAS precipitation minus evaporation (1(P −E); unit: mm d−1) under (a, d) increasing Asian BC, (b, e) global
SO4 and (c, f) Asian SO4. (a, b, c) Domain-averaged value over the Asian monsoon region and (d, e, f) spatial pattern of the multimodel
mean (MMM). Error bars (a, b, c) of the MMM represent the standard deviation. Dotted regions (d, e, f) indicate where the MMM is more
than 1 standard deviation away from 0. The areas within the blue line represent the Asian monsoon region.

Figure 13. (a) MJJAS domain-averaged effective radiative forcing over the Asian region with 10–42.5◦ N and 60–125◦ E (ERF; unit: W m−2)

under increasing global (BC×10 and SO4×5) and Asian aerosols (BC×10ASIA and SO4×10ASIA), where error bars of multimodel mean
(MMM) represent the standard deviation. (b) Regression of the domain-averaged change in MJJAS precipitation minus evaporation over the
Asian monsoon region (1(P −E); unit: mm d−1) versus the regional ERF for global aerosols (Reg.1) and for Asian aerosols (Reg.2).

der even more extremely high BC levels, the ASM changes
induced by BC forcing would be more consistent between
the individual GCMs due to pronounced high-level heating
of BC over the Asian continent.

6 Concluding remarks

This study examines the response of the ASM due to BC
forcing under the extremely high BC level (BC×10) from
the nine GCMs based on the PDRMIP project compared to

GHGs with CO2×2. Our analyses show that BC and GHGs
enhance the ASM P −E by 0.37± 0.28 mm d−1 (13.6 %)
and 0.29± 0.13 mm d−1 (12.1 %) from the nine-model en-
semble, respectively. These results show that there exists a
larger uncertainty in changes in ASM P −E induced by BC
than by GHGs. The summer P −E values are all increased,
with a range between 7.7 % and 15.3 %, induced by these
two forcings over the three subregions, including East Asian,
South Asian and western North Pacific monsoon regions.
It shows that distinct mechanisms determine the changes in
ASM P−E induced by BC and GHGs. The change in P−E
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Figure 14. Changes in multimodel mean (MMM) of the MJJAS precipitation (1P ; unit: mm d−1) under (a) increasing global (BC×10) and
(b) Asian BC (BC×10ASIA). Dotted regions indicate where the MMM is more than 1 standard deviation away from zero.

by BC is dominated by the dynamic effect due to the en-
hanced large-scale monsoon circulation, whereas the ther-
modynamic effect mainly determines the change by GHGs
through the increased atmospheric water vapor. BC forcing
significantly increases the upper-level temperature over the
Asian region to enhance the upper-level MLOTG, leading to
a northward shift of upper-level subtropical westerly jet and
an enhancement of low-level monsoon circulations, whereas
radiative forcing of GHGs significantly increases the upper-
level temperature over the low-latitude ocean, which reduces
the upper-level MLOTG and suppresses the ASM circula-
tion. Hence, our results reveal a new mechanism of BC cli-
mate effects: under the extremely high BC level, BC forcing
significantly heats the upper-level atmosphere and thus in-
creases the upper-level temperature over the Asian region,
which determines changes in the upper-level westerlies and
the ASM circulation and associated precipitation. Addition-
ally, further analysis shows that there exists a significant pos-
itive correlation between ASM P −E change and aerosol-
induced ERF from the individual models, indicating that
the aerosol-induced ERF mainly dominates the changes in
ASM P −E. Therefore, accurate descriptions of the associ-
ated physical and radiative processes of BC climate forcing
will reduce the uncertainty of BC-induced ERF and ASM
changes (Bond et al., 2013).

Two points are noteworthy. First, the impact of snow dark-
ening by deposition of BC and dust aerosols on snow cover
over the Tibetan Plateau (TP) indicates a significant positive
radiative forcing and regional surface warming (Flanner et
al., 2007; Qian et al., 2015), which then will enhance TP ther-
mal effects and affect the ASM circulation and precipitation
(Qian et al., 2011, 2015; Xie et al., 2018a, b; Shi et al., 2019).
In the PDRMIP project, there are two types of GCMs, in-
cluding the emission-driven models (CanESM2, HadGEM2,
MIROC-SPRINTARS and NCAR-CESM1-CAM5) and the
concentration-driven models (GISS-E2, HadGEM3-GA4
IPSL-CM5A, NCAR-CESM1-CAM4 and NorESM1) in the
experiments of BC×10 (Samset et al., 2016; Myhre et al.,
2007; Stjern et al., 2017). However, we cannot isolate the

effects of BC-induced snow darkening over the TP on the
ASM from the total effects under this extreme BC level based
on both the concentration-driven and emission-driven mod-
els. Hence, additional experiments considering BC direct and
snow-darkening effects separately are needed to solve this
problem in the future. Second, BC can serve as ice nuclei
(INs) and thus significantly affects the global and regional
climate via the interactions of BC with snow and ice, al-
though it accounts for a relatively small percentage of aerosol
mass in the atmosphere. However, there exists a larger uncer-
tainty in the aerosol indirect effect associated with aerosol–
cloud interactions (Bond et al., 2013). It is essential to accu-
rately parameterize these aerosol–cloud processes in GCMs
for further assessment of the BC climate effects, although
some GCMs (MIROC-SPRINTARS, NCAR-CESM-CAM5
and NorESM1) in PDRMIP include effects of BC on snow
and ice (Stjern et al., 2017).

Data availability. All the data about the PDRMIP project used
for our paper can be derived from the Norwegian NORSTORE
data storage facility for the public at http://www.cicero.uio.no/en/
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