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Abstract. Many studies have shown that black carbon (BC) aerosols over Asia have significant impacts on
regional climate but with large diversities in the intensity, spatial distribution, and physical mechanism of re-
gional responses. In this study, we utilized a set of systematic regional aerosol perturbations (SyRAPs) using a
reduced-complexity climate model, FORTE2 (Fast Ocean Rapid Troposphere Experiment version 2), to inves-
tigate responses of the Asian climate to BC aerosols over East Asia only, South Asia only, and both regions at
once and to thoroughly examine related physical processes. Results show that regional BC aerosols lead to strong
surface cooling, air temperature warming in the low-level troposphere, and drying over the perturbed areas, with
seasonal differences in magnitude and spatial distribution. Atmospheric energy budget analysis suggests that
reductions in local precipitation primarily depend on the substantial local atmospheric heating due to shortwave
absorption by BC. Increases in dry-static-energy (DSE) flux divergence partly offset the reduced precipitation
over North China in summer and most of China and India in the other three seasons. Decreases in DSE flux
divergence lead to a stronger reduction in precipitation over South China and central India in summer. Changes
in DSE flux divergence are mainly due to vertical motions driven by diabatic heating in the middle and lower
troposphere. BC perturbations also exert non-local climate impacts through the changes in DSE flux divergence.
This study provides a full chain of physical processes of the local climate responses to the Asian BC increases
and gives some insights to better understand the uncertainties in model responses.
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1 Introduction

Black carbon (BC) aerosol, a short-lived pollutant and cli-
mate forcer, is emitted from the incomplete combustion of
biomass and fossil fuels and exerts significant effects on
global and regional climate (Ramanathan and Carmichael,
2008; Bond et al., 2013; Stjern et al., 2017; IPCC, 2021; Li
et al., 2022). Alongside the rapid economic developments of
China and India over the past few decades, East Asia and
South Asia have become the highest-BC-emissions hotspots
in the world. Despite BC emissions from China decreasing
substantially in the past decade, East Asia and South Asia are
expected to remain the sites of the highest BC loadings glob-
ally in the coming decades (Lund et al., 2019). Hence, the cli-
mate impacts of BC emissions from East Asia and South Asia
have been extensively investigated (e.g., Li et al., 2016; Lou
et al., 2019a; Xie et al., 2020; Westervelt et al., 2020; Her-
bert et al., 2022; Yang et al., 2022). Although many model
studies have shown that Asian BC aerosols are of great im-
portance for local climate (especially the Asian monsoonal
systems), considerable uncertainty exists regarding the inten-
sity and spatial distribution of the Asian climate responses to
BC forcings, as well as regarding the related physical mech-
anisms.

Menon et al. (2002) found that during summer, a large BC
forcing induced a “southern flooding and northern drought”
precipitation pattern in China based on a global climate
model (GCM). In contrast, some subsequent modeling stud-
ies have found that BC forcing acted to suppress precipitation
in South China and East China while strengthening it in the
north (Gu et al., 2006; Zhang et al., 2009; Liu et al., 2018).
Additionally, some studies have suggested that BC aerosols
cause a tripolar precipitation pattern with wetting–drying–
wetting from North China to South China (Mahmood and Li,
2014; Xie et al., 2020) or that there is no statistically sig-
nificant response in precipitation over East China (Jiang et
al., 2013; Guo et al., 2013; Wang et al., 2017).

Regional precipitation responses to BC aerosols can be at-
tributed to both surface cooling induced by aerosol–radiation
interaction (ARI) and atmospheric heating by aerosol ab-
sorption (Stier et al., 2024). However, the relative impor-
tance of the two effects is debated. Persad et al. (2017) have
shown that surface cooling dominates the reduction in the
East Asian summer precipitation due to the decreased land–
sea thermal contrast, whilst atmospheric heating partially off-
sets the reduction. Xie et al. (2020) have proposed that the
precipitation responses mainly result from the upper-level
atmospheric heating over Asia, which enhances the upper-
level meridional land–sea thermal gradient and subsequently
strengthens the low-level monsoon circulation.

Similarly, the South Asian summer monsoon (SASM) ex-
hibits inconsistent responses to BC forcings. Some model
studies have suggested that increased BC aerosols can lead to
a weakened SASM (Lau and Kim, 2007; Meehl et al., 2008),
while others have found that there should be a strengthened

SASM via increasing the atmospheric meridional land–sea
thermal gradient or an elevated heat pump effect (Lau et
al., 2006; Xie et al., 2020; Westervelt et al., 2020). West-
ervelt et al. (2018) conducted aerosol removal experiments
using three coupled GCMs (CGCMs) and found that Indian
BC decreases led to no change or a small decrease in precip-
itation in India.

In addition, Jiang et al. (2017) found that BC forcing can
lead to an intensification of the East Asian winter monsoon
(EAWM) northern mode via heating the Tibetan Plateau us-
ing the Community Atmosphere Model version 5 (CAM5).
On the contrary, Lou et al. (2019b) have suggested that
BC emitted from the North China can weaken the EAWM
through ocean, sea ice, and cloud feedbacks based on the
Community Earth System Model (CESM). BC aerosol can
also affect spring and autumn precipitation in China (Guo et
al., 2013; Hu and Liu, 2014; Deng et al., 2014).

By comparing the sum of Asian climate responses to in-
dividual responses over East Asia and South Asia with the
responses to simultaneous forcing, the regional linearity of
BC forcing has been investigated, but the results remain
unclear. Chen et al. (2020) and Herbert et al. (2022) sug-
gested that the responses are highly nonlinear due to inter-
actions of atmospheric circulation changes, based on a re-
gional climate model and an atmospheric general circulation
model (AGCM), respectively. In contrast, Recchia and Lu-
carini (2023) and Stjern et al. (2024) found that the responses
were almost linear in most Asian regions. The difference may
be related to the different spatial extents of the aerosol per-
turbation in the simulation design (Stjern et al., 2024).

These inconsistent results and the large uncertainty in the
simulated response of the Asian climate to BC changes are
partly related to differences in the modeling approach (e.g.,
AGCMs versus CGCMs/Earth system models (ESMs)) and
also the magnitude and location of the BC perturbation.
Atmosphere-only GCMs lack sea surface temperature (SST)
feedbacks, which are crucial in influencing the Asian mon-
soon (Dong et al., 2019), while CGCMs or ESMs involving
more and more complex physical processes make it difficult
to identify the key physical processes behind impacts of re-
gional BC aerosols on Asian climate. The inconsistency may
also be associated with model-specific differences. Different
models that include different physical processes, combined
with different experiment designs that can influence the at-
mospheric circulation response, make it challenging to un-
derstand the causes of differences between studies.

Hence, reduced-complexity models, such as FORTE2
(Fast Ocean Rapid Troposphere Experiment version 2), pro-
vide an alternative and useful tool for such studies, given that
such models not only include all the main mechanisms of
aerosol–climate interactions, but also allow fast speeds of
integration and longer simulations with lower cost. Stjern
et al. (2024) have utilized FORTE2 to perform a series of
systematic regional aerosol perturbation (SyRAP) simula-
tions, employing regionally realistic aerosol forcing for the
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period 2003–2021 from the Copernicus Atmosphere Moni-
toring Service (CAMS) reanalysis (Inness et al., 2019). The
core simulations include (1) baseline simulations forced by
greenhouse gas (GHG) concentrations in different climate
states (i.e., pre-industrial, present-day, and future CO2 levels)
and no aerosol; (2) perturbation simulations forced by added
absorbing aerosols (BC and organic carbon, OC) or scatter-
ing aerosols (sulfate, SO4) over East Asia only, South Asia
only, and both regions simultaneously with only ARI effects
and GHG concentrations in different climate states; and (3)
aerosol–cloud interaction (ACI) simulations forced by added
SO4 in the combined region of East Asia and South Asia in
which ACIs were turned on. The SyRAP–FORTE2 frame-
work enables comprehensive analysis of climate effects of
different regional aerosol perturbations and aerosol species,
as well as of ARI versus ACI, and allows comparison of their
relative importance and interactions (Stjern et al., 2024).

In this study, considering that BC aerosols mostly impact
climate through ARI, we aim to address the following two
questions focused on BC ARI effects based on the simula-
tions of the regional BC perturbations in SyRAP–FORTE2:
(1) what are the responses of Asian climate to East Asian BC
perturbations, South Asian BC perturbations, or both regions
simultaneously? (2) What are the key physical processes in-
volved in these responses?

The rest of the paper is organized as follows. Section 2
describes the FORTE2 model, SyRAP simulations, and anal-
ysis methods and datasets; Sect. 3 briefly evaluates the cli-
matology of SyRAP simulations, examines responses to the
regional BC perturbations in SyRAP–FORTE2, and investi-
gates the underlying physical processes; Sect. 4 compares the
results of the atmospheric energy budget in SyRAP–FORTE2
with those in the Precipitation Driver Response Model Inter-
comparison Project (PDRMIP) models; and finally, a sum-
mary and discussion are provided in Sect. 5.

2 Methods

2.1 The FORTE2 model

FORTE2 is an intermediate-complexity coupled
atmosphere–ocean general circulation model (Blaker et
al., 2021). The atmospheric component is the Intermediate
General Circulation Model 4 (IGCM4) with a horizontal
resolution of approximately 2.8° (T42) and 35σ levels
extending up to 0.1 hPa (Joshi et al., 2015). IGCM4 includes
schemes for radiation, land-surface properties, convection,
precipitation, and clouds (Zhong and Haigh, 1995; Betts and
Miller, 1993). The oceanic component is the Modular Ocean
Model Array (MOMA) with horizontal grid spacing 2°× 2°
and 15 z-layer levels increasing in thickness with depth from
30 m at the surface to 800 m at the bottom (Webb, 1996).
Sea ice is represented by a barrier to heat fluxes between the
ocean and atmosphere components. FORTE2 runs without
flux adjustments (Blaker et al., 2021). Blaker et al. (2021)

have thoroughly evaluated FORTE2’s skill in simulating the
atmosphere, ocean, and major climatic modes, suggesting
that FORTE2 can satisfactorily simulate a climate state and
climate variability.

2.2 Regional BC perturbation simulations in
SyRAP–FORTE2

SyRAP–FORTE2 used the global gridded monthly aerosol
optical depths (AODs) and vertical distributions from the
CAMS reanalysis (CAMSRA) for 2003–2021 (Inness et
al., 2019) rather than the aerosol gas emissions/concentra-
tions employed by most CMIP6 models. CAMSRA incor-
porates anthropogenic BC emissions from the MACCity in-
ventory (Granier et al., 2011) for 2003–2010, transitioning
to Representative Concentration Pathway 8.5 emissions (Ri-
ahi et al., 2011) post-2010. The simulations were idealized
with monthly AOD climatologies prescribed as repeating an-
nual cycles. The regional annual mean BC AOD perturba-
tion is about 0.015 for East China and about 0.01 for In-
dia (Fig. S1 in the Supplement). Aerosols were distributed
vertically uniformly from the second-lowest model layer (σ
or p/psurface= 0.88, approximately 950 m above the surface)
up to a pressure level pmin. For each grid box, pmin was de-
rived from CAMSRA as either 850 hPa or the lowest pres-
sure level where the 2003–2021 mean BC+OC+SO4 mix-
ing ratio falls below 5× 109 kg kg−1, whichever value is
lower. In topographic regions, additional constraints require
σmin< 0.75 and pmin> 300 hPa. The seasonal changes in the
regional mean pmin over China and India are illustrated in
Fig. S2. Aerosols are not transported in FORTE2. The appli-
cation of aerosol distributions from a reanalysis means that
the simulations include a realistic aerosol spatial distribu-
tion, but the lack of aerosol transport means that there are
no feedbacks between the climate response and the aerosol
distribution (e.g., increased precipitation leading to increased
aerosol removal). For more details on aerosol implementa-
tion in FORTE2, see Stjern et al. (2024).

There is no significant difference in Asian climate re-
sponses to BC aerosols between the pre-industrial and
present-day climate conditions in the SyRAP–FORTE2 sim-
ulations (Stjern et al., 2024). Hence, in this study the base-
line simulation (piC) and the BC perturbation simulations
of three different regions in the pre-industrial climate condi-
tions (280 ppmv) were performed to explore potential phys-
ical processes of Asian BC aerosols influencing the local
climate (Table 1). Given that BC primarily influences cli-
mate through the direct scattering and absorption of radiation
(Bond et al., 2013), only climate impacts due to ARI (includ-
ing the semi-direct effect of BC) were considered here. All
simulations were run for 200 years, with years 51–200 used
for analysis.

https://doi.org/10.5194/acp-25-7647-2025 Atmos. Chem. Phys., 25, 7647–7667, 2025
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Table 1. Summary of SyRAP–FORTE2 simulations used in the study.

Experimenta Name Aerosol Region GHG Years

Baseline piC No aerosol – Pre-industrial

200BC_CHI East China (95–133° E, 20–53° N) climate

Perturbation BC_IND Added BCb India (65–95° E, 5–35° N) conditions

BC_CHI+IND Both East China and India region (280 ppmv)

a Only the ARI effect is considered. b CAMSRA monthly climatology of BC AOD for 2003–2021.

2.3 Analysis methods and datasets

The response to a particular regional forcing is estimated
by the mean difference between the perturbation simulation
and the baseline simulation. Statistical significance of the re-
sponse is assessed using a two-tailed Student’s t test.

The atmospheric energy budget is applied to understand
the precipitation responses (Muller and O’Gorman, 2011;
Richardson et al., 2016; Liu et al., 2018). The energy asso-
ciated with precipitation can be separated into a thermody-
namic component with only changes in diabatic cooling (Q)
and a dynamic component with only changes in dry-static-
energy (DSE) flux divergence (H ), as shown in Eq. (1):

LcδP = δQ+ δH , (1)

where Lc is the latent heat of condensation, P is precipita-
tion, and δ denotes a perturbation.

Then,

δQ= δLWC− δSWA− δSH , (2)

where LWC is atmospheric longwave cooling, SWA is atmo-
spheric shortwave absorption, and SH is sensible heat flux
from the surface.
δH is calculated as a residual between LcδP and δQ. Fur-

thermore, H can be seen as the sum of the changes in mean
(Hm) and eddy (Htrans) components. δHm can be decom-
posed into four components associated with dynamic and
thermodynamic effects on vertical and horizontal advection
of DSE, as shown in Eq. (3):

δHm = δHDyn_v+ δHThermo_v+ δHDyn_h+ δHThermo_h

=

∫
δω
∂s

∂p

dp
g
+

∫
ωδ

(
∂s

∂p

)
dp
g

+

∫
δu · ∇s

dp
g
+

∫
u · δ (∇s)

dp
g
, (3)

where ω is vertical velocity, s is DSE, p is pressure, g is
the gravitational acceleration, u is the horizontal wind vec-
tor, ∇ is the horizontal gradient, and an overbar indicates cli-
matological monthly means. Therefore, HDyn_v is related to
changes in vertical velocity, HThermo_v is related to changes
in vertical DSE gradients, HDyn_h is related to changes in

horizontal winds, and HThermo_h is related to changes in hor-
izontal DSE gradients. δHtrans is calculated as a residual be-
tween δH and δHm.

Monthly precipitation, surface temperature (Ts), and hori-
zontal wind components were used from the NOAA-CIRES-
DOE 20th Century Reanalysis V3 (20CR) on a 2°× 2° grid
spanning 1806 to 2015 (Compo et al., 2011) to evaluate the
skill of FORTE2 in simulating observed climate variables.
The 20CR data are only based on surface observations of the
synoptic pressure of NOAA’s Physical Sciences Laboratory.
Monthly sea level pressure (SLP) data were from the Hadley
Centre (HadSLP) at a horizontal resolution of 5°× 5° (Allan
and Ansell, 2006).

To compare the response of FORTE2 to BC perturbations
with those of CMIP class models, we used the perturbation
simulations of PDRMIP at 10 times the modern Asian BC
concentrations/emissions and their corresponding baseline
simulations with modern aerosol concentrations/emissions
and greenhouse gases under year-2000 conditions from five
GCMs (CESM1-CAM5, GISS-E2-R, HadGEM3, MIROC,
and NorESM1; Table S1 in the Supplement). More details
of the PDRMIP design can be found in Myhre et al. (2017),
and an overview of the Asian monsoon response is given in
Liu et al. (2018).

3 Results

3.1 Evaluation of baseline climate in SyRAP–FORTE2

Blaker et al. (2021) present a detailed overview of the
FORTE2 climatology. The model simulates the Asian cli-
mate well, and the more focused evaluation presented by
Stjern et al. (2024) demonstrates that FORTE2 is an ap-
propriate tool to study the effects of local aerosol perturba-
tions on Asian climate. Here, for completeness, we assess
an overview of the skill of FORTE2 in simulating the Asian
climate. The seasonal evolutions of precipitation and surface
temperature (Ts) in East China and India and the climatol-
ogy of lower-tropospheric circulation (SLP and 850 hPa hor-
izontal wind) in the baseline experiment (piC) are compared
with those in the reanalyses from 1851 to 1896. FORTE2
reproduces the seasonality of precipitation in East China rea-
sonably well but slightly overestimates the averaged magni-
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tude by about 1 mm d−1 in summer (Fig. 1a). However, the
model underestimates the magnitude of South Asian summer
monsoon precipitation by approximately 4 mm d−1 during
June–September relative to 20CR. Dry biases in Indian sum-
mer precipitation of similar magnitudes are found in many
CMIP5 and CMIP6 models (Sperber et al., 2013; Wilcox et
al., 2020; Liu et al., 2024). Differences between reanalyses
and observational datasets can also have similar magnitudes
(Wilcox et al., 2020). Hence, we conclude that the FORTE2
representation of monsoon precipitation is suitable for our
study. The model performs fairly well in terms of the sea-
sonality of temperature and the magnitudes in both regions
(Fig. 1b).

The simulated SLPs are generally lower than those in Had-
SLP in all four seasons, especially for the Siberian High
in winter and the western North Pacific Subtropical High
(WPSH) and the Indian Low in summer (Fig. 1c–j). Com-
pared to the reanalyses, the simulated Indian Low is overly
strong, and its eastern fringe and the westerlies from the In-
dian Ocean extend too far east into the western North Pacific;
so does the Indian summer monsoon trough (Fig. 1g and h).
This corresponds to the model dry bias over the Indian sub-
continent (Figs. 1a and S3e–f). Meanwhile, the WPSH is too
weak to expand sufficiently far west, corresponding to the
very weak easterlies along the southern fringe of the WPSH,
which leads to less rainfall over the Philippines (Fig. S3e–
f) and underestimates the effects of the WPSH on the East
Asian summer monsoon (Fig. 1g–h). Despite these defi-
ciencies, the model captures the essential features of lower-
tropospheric circulation, precipitation, and temperature over
Asia and is consistent with the results of Stjern et al. (2024).

3.2 Temperature and precipitation responses

Figure 2 shows spatial patterns of Ts responses to increased
Asian BC aerosols in four seasons. First, there is substantial
land cooling over the perturbed regions in all four seasons
but with distinct seasonal differences in distributions and val-
ues. Under BC_CHI, cooling is observed in most of China
in winter and spring (Fig. 2a–b), with area-averaged val-
ues of−0.9± 1.2 K (mean value± 1 standard deviation) and
−1.1± 0.9 K, respectively (Fig. 3a). The large standard devi-
ations indicate the large spread of distributions of responses
(Fig. S4). There is slight warming of sea surface temperatures
near China in spring. In summer and autumn, cooling is seen
mainly in the region to the north of the Yangtze River val-
ley, especially in North China, while there is weak warming
to the south (Fig. 2c–d). The area-averaged values are there-
fore relatively small compared to those in winter and spring,
with values of approximately −0.7± 0.7 K for summer and
autumn (Fig. 3a).

Under BC_IND, the strongest cooling occurs in the
whole of India in spring, with an area-averaged value of
−1.4± 1.4 K but with weak warming in the tropical Indian
Ocean (Figs. 2f and 3b). The significant cooling is concen-

trated in northern India in the other three seasons, with the
area-averaged Ts decreased by 0.9± 1.3 K for winter and au-
tumn and 0.6± 1.1 K for summer (Figs. 2e, g, h and 3b). The
ocean surrounding the Indian subcontinent shows smaller
cooling in the three seasons.

Secondly, the BC perturbations cause not only the lo-
cal responses, but also non-local responses through atmo-
spheric circulations. The increased BC over East China leads
to a dipolar pattern in India, with warming to the north
and cooling to the south in summer and autumn and sig-
nificant warming in Central Asia in summer and Southeast
Asia in autumn (Fig. 2c–d). BC emissions over India can
induce cooling in Southeast Asia in all seasons, with the
strongest responses occurring in summer (averaged value of
about 1.15 K). Meanwhile, there is significant cooling in cen-
tral and southern China in summer and autumn, with tem-
perature decreases of 0.3± 0.7 and 0.2± 0.7 K, respectively
(Figs. 2g–h and 3a). These added impacts lead to a stronger
East Asian cooling response under BC_CHI+IND than un-
der BC_CHI in summer and autumn (Figs. 2k–l and 3a).
Moreover, comparison between the combined regional re-
sponses and the sum of individual regional responses shows
nearly insignificant differences, suggesting that the impact of
Asian BC aerosol on the Asian Ts is regionally linear in all
four seasons (Fig. S5).

In contrast to Ts responses, the responses in air temper-
ature (Ta) at 850 hPa show significant warming over much
of the perturbed regions (Figs. 3c–d and 4). Cooling occurs
over a few perturbed regions, such as central China under
BC_CHI and BC_CHI+IND in winter (Fig. 4a, i). The verti-
cal distribution of the temperature response is characterized
by cooling at the surface and warming in the lower tropo-
sphere. This is a result of atmospheric absorption of solar
shortwave (SW) radiation by BC aerosols and is consistent
with many previous studies (e.g., Li et al., 2016). Outside the
perturbed regions, the Ta responses are in line with the Ts re-
sponse, for example cooling over China and Southeast Asia
under BC_IND in summer and autumn (Figs. 3c and 4g, h).

Increased BC over East China primarily induces robust
drying over most of China in all four seasons (Figs. 3e
and 5a–d). Specifically, the spatial distribution in summer
shows a substantial decrease over southern China (up to
40 %), a relatively weak decrease over North China, and a
weak increase over Northwest China, with the area-averaged
precipitation decreasing by 0.5± 0.5 mm d−1 (Figs. 3e, 5c,
and S6c). In spring and autumn, the decreased precipita-
tion is mainly located in South China and Northeast China
by up to about 40 % (Fig. 5b and d). Although the absolute
change is the weakest in winter (−0.2± 0.3 mm d−1), the rel-
ative change in central China decreases by up to about 60 %
(Figs. 3e, 5a, and S6a). Under BC_IND, the response over the
Indian subcontinent is only statistically significant in sum-
mer, with a decrease of 0.5± 1.1 mm d−1 (∼ 21 %) (Figs. 3f
and 5g).

https://doi.org/10.5194/acp-25-7647-2025 Atmos. Chem. Phys., 25, 7647–7667, 2025
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Figure 1. (a) Seasonal evolutions of the regional mean precipitation (unit: mm d−1) of 20CR (solid lines) and the baseline simulation of
FORTE2 (dashed lines) for East Asia (95–133° E, 20–53° N; the solid white box in panel c) (light-blue and blue lines), and India (65–95° E,
5–35° N; the dashed white box in panel c) (pink and red lines). (b) The same as panel (a) but for surface temperature (unit: K). (c–j) The
climate state of SLP (unit: hPa) and 850 hPa horizontal winds (unit: m s−1) in (left) 20CR and HadSLP and (right) the baseline simulation of
FORTE2 in four seasons.

Additionally, under BC_CHI there is increased rainfall
over India in summer and autumn, which can counteract the
local decrease due to the Indian BC forcing (Figs. 3f and 5c–
d). Hence, when considering the simultaneous BC forcing
in the two regions (BC_CHI+IND) in summer and autumn,
there is no significant change in the regional mean, show-

ing a dipolar pattern with more rainfall over northern India
and less rainfall over southern India (Figs. 3f and 5k–l). On
the other hand, BC_IND can induce a significant precipita-
tion increase over China and Southeast Asia in spring and
summer (Fig. 5f–g), partially offsetting the decrease in re-
sponse to BC_CHI over China. Hence, the responses un-

Atmos. Chem. Phys., 25, 7647–7667, 2025 https://doi.org/10.5194/acp-25-7647-2025
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Figure 2. Spatial patterns of Ts responses in (a–d) BC_CHI, (e–h) BC_IND, and (i–l) BC_CHI+IND for four seasons. The green grid lines
indicate the regions where the responses are statistically significant above a 95 % level based on a two-tailed Student’s t test. The black boxes
in panels (a), (e), and (i) highlight the regions where BC aerosols are perturbed. Unit: K.

der BC_CHI+IND are weaker for China than those under
BC_CHI (Fig. 3e). For regional linearity, the responses are
almost linear (Fig. S7). Only a few regions exhibit nonlin-
ear responses, such as a decrease over southern Thailand in
winter and an increase over northeastern India in spring and
summer. The above analysis regarding the summer part has
been presented in Stjern et al. (2024) but is included here as
a precursor to the detailed mechanistic analysis that follows.

3.3 Energy balance response

The following analysis mainly focuses on summer for clarity;
the results for the other three seasons are in the Supplement
(Figs. S9–S12, S14–S18). The spatial patterns of net top-of-
atmosphere (TOA) and surface energy responses to regional
BC aerosols in summer are illustrated in Fig. 6. As expected,
there are increases in net downward TOA shortwave (SW)
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Figure 3. Area-averaged land responses of (a–b) Ts, (c–d) Ta at 850 hPa, and (e–f) precipitation over East China (CHI: 95–133° E, 20–53° N)
and India (IND: 65–95° E, 5–35° N) for four seasons (DJF: blue bars; MAM: light-blue bars; JJA: red bars; SON: yellow bars). Solid bars
indicate the responses are statistically significant above a 95 % level based on a two-tailed Student’s t test. Error bars represent ±1 standard
deviation of the response.

radiation, with area mean responses of 7.3 to 9.6 W m−2 as-
sociated with decreases in convective clouds over the per-
turbed regions (Figs. 6a–c and S8j–l). Decreases in net sur-
face downward SW radiation can be seen with area mean
responses of −22.6 to −27.8 W m−2 due to SW absorption
by BC aerosols (Fig. 6d–f). Significant increases in low and
middle clouds also contribute to the reduced surface SW ra-

diation (Fig. S8d–i). Hence, there is warming in the tropo-
sphere and cooling at the surface in these perturbed regions.
The enhanced net surface upward longwave (LW) radiation
makes a small contribution to the local surface cooling, with
area mean responses from −3.2 to −5.8 W m−2 (Fig. 6g–i),
which is related to the decreased convective clouds (Fig. S8j–
l). On the contrary, the positive changes in downward sensi-
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Figure 4. Spatial patterns of Ta responses at 850 hPa in (a–d) BC_CHI, (e–h) BC_IND, and (i–l) BC_CHI+IND for four seasons. The green
grid lines indicate the regions where the responses are statistically significant above a 95 % level based on a two-tailed Student’s t test. The
black boxes in panels (a), (e), and (i) highlight the regions where BC aerosols are perturbed. Unit: K.

ble heat (SH) (8.1 to 9.8 W m−2) and latent heat (LH) (9.5
to 12.9 W m−2) cause a warming effect that partly offsets the
cooling in the perturbation regions (Fig. 6j–o). The reduced
SH is caused by the weakened vertical temperature differ-
ences between the surface and lower atmosphere. The de-
crease in upward LH is associated with upper-level heating
through atmospheric stabilization that suppresses moisture
transport and with reduced soil moisture availability due to

decreased rainfall. Outside the perturbation regions, the neg-
ative changes in SW radiation, LW radiation, and LH are re-
sponsible for the cooling in Southeast Asia and South China
induced by the increased BC in India (Fig. 6e, h, n). Similar
results can be seen in the other three seasons (Table S2).

Figure 7 shows area-averaged atmospheric column en-
ergy budget terms (see Eq. 1) over East China and In-
dia in summer. For the drying in East China/India under
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Figure 5. Spatial patterns of precipitation responses in (a–d) BC_CHI, (e–h) BC_IND, and (i–l) BC_CHI+IND for four seasons. The green
grid lines indicate the regions where the responses are statistically significant above the 95 % level based on a two-tailed Student’s t test. The
black boxes in panels (a), (e), and (i) highlight the regions where BC aerosols are perturbed. Unit: mm d−1.

BC_CHI/BC_IND, the substantial reductions in the diabatic
cooling (δQ) are the prime driver of the decreases in the en-
ergy of precipitation (LcδP ), while the increases in the DSE
flux divergence (δH ) offset the effect of δQ to a large extent.

The enhanced precipitation in China under BC_IND and
in India under BC_CHI is the result of increased δH (the
blue and green bars in Fig. 7 are almost identical), with a
negligible contribution of δQ. Hence, the local precipitation

response to local BC increases is largely driven by δQ, while
the remote precipitation response is largely driven by δH .
Consequently, it can be found that the larger changes in δH
lead to the smaller responses in LcδP over China and India
under BC_CHI+IND, relative to the changes under BC_CHI
and BC_IND. It should be mentioned that the relatively large
uncertainties (error bars in Fig. 7) of LcδP mainly depend on
δH . The other three seasons show similar results (Fig. S9).
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Figure 6. Spatial patterns of net TOA and surface energy responses in summer in BC_CHI, BC_IND, and BC_CHI+IND. (a–c) TOA SW
radiation, (d–f) surface SW radiation, (g–i) surface LW radiation, (j–l) surface SH, and (m–o) surface LH. Positive values mean downward
for radiation and flux changes. Area-averaged values over East China and India are given in the lower-right corners and lower-left corners,
respectively. The green grid lines indicate the regions where the responses are statistically significant above a 95 % level based on a two-tailed
Student’s t test. The black squares highlight the regions where BC is perturbed. Unit: W m−2.
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Figure 7. Summer area-averaged responses of the atmospheric en-
ergy budget terms over East China (CHI: 95–133° E, 20–53° N)
and India (IND: 65–95° E, 5–35° N) in BC_CHI, BC_IND, and
BC_CHI+IND. Error bars represent ±1 standard deviation of the
response. Unit: W m−2.

Spatially, δQ shows a significant decrease throughout all
the perturbed regions in the three simulations, with large
decreases located over North China and northern India
(Fig. 8d–f). Under BC_CHI, δH exhibits a dipolar pattern
with positive changes north of the Yangtze River and nega-
tive changes in the south (Fig. 8g). Hence, δH and δQ cancel
each other out in North China and Northeast China, while
they combine with each other south of the Yangtze River.
As a result, there is the strongest precipitation decrease in
South China and a relatively weak decrease in North China
(Fig. 8a). Under BC_IND, significant positive δH can be
found along the southern edge of the Himalayas and the
southern tip of the Indian subcontinent, and weak and non-
significant negative changes can be found in central India
(Fig. 8h). δH can therefore offset the negative changes in
δQ in northern and southern India. The substantial LcδP re-
duction in central India is mainly driven by δQ (Fig. 8b).

In addition, δH is the dominating factor for LcδP be-
yond the perturbation regions, for example positive changes
in northeastern India under BC_CHI and from Southeast
Asia to the tropical western Pacific and central China under
BC_IND (Fig. 8g–h). Under BC_CHI+IND, the extent and
magnitude of δH are larger than those in the simulations of
individual regions (Fig. 8i), which indicates greater balance
between δH and δQ, corresponding to relatively weak pre-
cipitation over East China and India (Figs. 7 and 8c). Relative
to summer, δQ and δH have negative and positive changes,
respectively, throughout the perturbation regions in the other
three seasons (Figs. S10–S12). In winter and spring, there is
a marked seesaw pattern of δH between Asia and the tropical
Indian Ocean and maritime continent under BC_CHI+IND,
reducing precipitation in the latter regions (Figs. S10c, i
and S11c, i). Overall, the combined effect of δH and δQ

shapes the spatial pattern of precipitation responses to the
regional BC.

The reductions in δQ (see Eq. 2) are dominated by the
strong atmospheric heating due to SW absorption by BC
aerosols (−δSWA) and also contributed to by the small
decreases in the atmospheric longwave cooling (δLWC)
(Fig. S13a–f). The sensible heat flux from the surface
(−δSH) slightly increases δQ (Fig. S13g–i).

3.4 Dynamic processes responsible for responses

Due to storage constraints, 3D atmospheric output from
FORTE2 was archived on three pressure levels, 250, 500,
and 850 hPa, to capture key aspects of the tropospheric cir-
culation response. While this precludes quantitative analy-
sis of the component terms of Hm and Htrans, it is sufficient
to identify the main contributor to Hm. We now examine
the four terms of δHm (see Eq. 3), comprising the dynamic
components with changes in vertical and horizontal atmo-
spheric circulations (δHDyn_v and δHDyn_h) and thermody-
namic components with changes in vertical and horizontal
DSE gradients (δHThermo_v and δHThermo_h). Figure 9 dis-
plays spatial patterns of the four components in summer in
the three simulations. In general, δHDyn_v highly resembles
δH in all simulations, and the magnitudes in δHDyn_v are
far greater than those in the other three terms, suggesting
that the dynamic effect of vertical circulation is the primary
contributor to δH (Fig. 9a–c). δHThermo_v and δHDyn_h show
minimal anomalies in all regions for all experiments. Larger
anomalies are seen in δHThermo_h, where negative anomalies
offset some of the influence of δHDyn_v over Southeast Asia
in the BC_IND and BC_CHI+IND experiments. However,
these anomalies are insufficient to influence the sign of δH ,
which is still primarily driven by δHDyn_v in this region. In
the other seasons, δHDyn_v remains the most important fac-
tor (Figs. S14–S16), although it is more strongly offset by
δHDyn_h and δHThermo_h in winter. The effects of horizontal
circulation are relatively weak in spring and autumn.

Based on the above analysis, we conclude that vertical
movement is the primary contributor to δHm. As expected,
the spatial patterns of responses in vertical velocity (ω) at
500 hPa correspond well to those in δHDyn_v (Fig. 10a–c).
Anomalous ascent corresponds to the increase in δHDyn_v,
leading to more precipitation, which offsets the precipitation
reduction driven by decreased δQ, while anomalous descent
amplifies precipitation suppression caused by the reduced
δQ.

Why does the vertical velocity exhibit such changes?
It seems to be related to the tropospheric temperature re-
sponses, reflected by a good corresponding relationship be-
tween the ω and Ta responses at 500 hPa (Fig. 10a–f). The
warm anomalies favor a divergence in the middle tropo-
sphere, which in turn is associated with anomalous ascent.
The cold anomalies are associated with a convergence and
descending motion. The abovementioned relationship also
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Figure 8. Summer spatial patterns of responses of the atmospheric energy budget terms in BC_CHI, BC_IND, and BC_CHI+IND. (a–
c) LcδP , (d–f) δQ, and (g–i) δH . The green grid lines indicate the regions where the responses are statistically significant above a 95 % level
based on a two-tailed Student’s t test. The black squares highlight the regions where BC is perturbed. Unit: W m−2.

exists in the other seasons, and it is more pronounced at
850 hPa (Figs. 4 and S17).

From the transects of zonal-mean diabatic heating over the
perturbation regions, changes to tropospheric heating can be
seen more clearly (Fig. 11). Under BC_CHI, the responses in
diabatic heating show a meridional dipolar structure through
the whole troposphere over East China, with cooling over the
region to the south of 32° N (the Yangtze River basin), and
warming to the north (Fig. 11a). The dipolar pattern corre-
sponds well to the meridional distributions of precipitation,
vertical velocity, and Ta at 500 hPa. The cooling center lo-
cated in the middle troposphere is due to the reduced latent
heat release caused by the substantial decrease in precipita-
tion over South China. The heating center in the lower tro-
posphere in the north mainly results from SW absorption by
increased BC aerosol. The difference between South China
and North China is associated with the larger AOD perturba-
tion imposed north of the Yangtze basin in SyRAP–FORTE2
(Fig. S1). In BC_CHI+IND, there is a similar dipolar pat-
tern, except for warming in the lower troposphere to the south

of 30° N (Fig. 11b). The warming is related to the increased
precipitation over South China because of the BC aerosols
over India.

For India in BC_IND, there is also a cooling center associ-
ated with the reduced precipitation in the middle troposphere
(Fig. 11c), corresponding to a cold anomaly and descend-
ing motion at 500 hPa (Fig. 10b, e). In the lower troposphere,
warming can be seen south of the Tibetan Plateau. Compared
with BC_IND, the cold anomaly is weaker, but the warm
anomalies are strengthened under BC_CHI+IND (Fig. 11d).
Hence, a significant ascending motion can be found in north-
eastern India resulting from the effect of increased BC over
East Asia (Fig. 10c) and is consistent with that in Herbert
et al. (2022). In the other three seasons, however, unlike in
summer, there is no cooling center in the middle troposphere,
and the heating centers are situated in the lower troposphere
(Fig. S18). Overall, the diabatic heating induced by the in-
creased BC aerosols in the lower troposphere leads to an as-
cending motion, explaining the increased δH over the pertur-
bation regions.
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Figure 9. Summer spatial patterns of responses in the four terms decomposed by δHm in BC_CHI, BC_IND, and BC_CHI+IND. (a–c) The
dynamic components with changes in vertical atmospheric circulations (δHDyn_v), (d–f) the thermodynamic components with changes in
vertical atmospheric circulations (δHThermo_v), (g–i) the dynamic components with changes in horizontal DSE gradients (δHDyn_h), and
(j–l) the thermodynamic components with changes in horizontal DSE gradients (δHThermo_h). The black squares highlight the regions where
BC is perturbed. Unit: W m−2.

Considering that the dynamic and thermodynamic effects
of horizontal atmospheric circulations make some contribu-
tions to δH , we look at the changes in lower-tropospheric
horizontal circulation in response to changes in regional BC
aerosols (Fig. 10g–i). Under BC_CHI, the cyclone anomaly
over East China leads to anomalous easterly wind over North
China, with the cutoff of the moisture supply from the south
(Fig. 10g). Under BC_IND, the westerly anomalies associ-
ated with the cyclonic circulation over India favor strength-
ening the Indian summer monsoon, which corresponds to the

increase in δHDyn_h (Fig. 10h). The responses in the cir-
culations to both regions at once can be seen as the sum
of responses to the two separate regions (Fig. 10i). Ad-
ditionally, there is a cyclonic circulation over East China
and an anticyclonic circulation over central China in winter
under BC_CHI (Fig. S19), leading to anomalous northerly
wind across central China and then suppressed precipitation
over the region, which is in agreement with the decrease in
δHDyn_h (Fig. S14g). The changes in horizontal circulations
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Figure 10. Summer spatial patterns of responses in (a–c) ω at 500 hPa (unit: Pa s−1), (d–f) Ta at 500 hPa (unit: K), and (g–i) SLP (unit: hPa)
and horizontal wind at 850 hPa (unit: m s−1) in BC_CHI, BC_IND, and BC_CHI+IND. The green grid lines indicate the regions where the
responses are statistically significant above a 95 % level based on a two-tailed Student’s t test. Wind vectors are only shown for grid boxes
where at least one component of the wind significant above the 95 % level is shown. The black squares highlight the regions where BC is
perturbed.

are related to the changes in Ta and ω in the lower tropo-
sphere (Figs. 4 and S17).

3.5 Energy budget analysis in other coupled models

To evaluate the precipitation response and the mechanisms
in FORTE2, we compare the results of energy budget anal-
ysis (see Eq. 1) in the PDRMIP simulations forced by
10 times the present-day Asian BC concentrations/emis-
sions in five CMIP-class models to those in the SyRAP–
FORTE2 BC_CHI+IND experiment. Spatial patterns of
summer energy budgets in the PDRMIP and FORTE2 mod-
els are illustrated in Fig. 12. There are significant de-
creases in δQ over most of Asia in all of the PDRMIP
models, which is generally consistent with the results un-
der BC_CHI+IND (Fig. 12g–l). Three models (CESM1-
CAM5, GISS-E2-R, and NorESM1) have similar distribu-

tions of δQ to BC_CHI+IND, showing a maximum cen-
ter in North China and northern India. δH increases sig-
nificantly in India and most of East China in these models
(Fig. 12m, n, q), again roughly resembling the changes in
BC_CHI+IND (Fig. 12r), while the other two models show
a significant increase in northern India and North China with
weaker magnitudes (Fig. 12o–p). The PDRMIP multi-model
mean changes in δH (Fig. 7 in Liu et al., 2018) are also sim-
ilar to the changes in BC_CHI+IND. In addition, GISS-E2-
R and MIROC show evident decreases in δH and precipi-
tation in Southeast Asia, while the other three models show
no significant changes. This is contrary to the significant in-
creases seen in FORTE2. There are large differences in the
total LcδP responses across these models (Fig. 12a–f). How-
ever, some precipitation changes are consistent in most of the
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Figure 11. Zonal mean of diabatic heating responses averaged over (a, b) East China (95–133° E, the black square in Fig. 10a) for BC_CHI
and BC_CHI+IND and (c, d) India (65–95° E, the black square in Fig. 10b) for BC_IND and BC_CHI+IND in summer. The green grid
lines indicate the regions where the responses are statistically significant above the 95 % level based on a two-tailed Student’s t test. The
white part indicates a symbol of topography. Unit: K d−1.

models, such as decreases over South China and increases
over North China and northern India.

Figure 13 shows the regional means of each energy budget
term over East China and India in summer under the PDR-
MIP and FORTE2 models. There is a weak and insignificant
reduction in LcδP from −0.6 (HadGEM3) to −7.2 W m−2

(NorESM1) for East China, which is comparable to the value
of −3.8 W m−2 under BC_CHI+IND (Fig. 13a). Hence, the
increased BC perturbations over Asia lead to slight decreases
in precipitation over East China in all of the models. The
regional means range from −1.2 (MIROC) to 13.7 W m−2

(NorESM1) for India (Fig. 13b). Except for MIROC, LcδP

in the other models has stronger increases than that un-
der BC_CHI+IND, about 0.6 W m−2, which may be related
to the larger drying bias of Indian summer precipitation in
FORTE2 or the much larger BC perturbation in PDRMIP.

The effect of δQ decreases LcδP , with a large range
from −4.7 (HadGEM3) to −29.8 W m−2 (GISS-E2-R), for

East China, while δH has an opposing effect, from 2.1
(MIROC) to 24.4 W m−2 (GISS-E2-R) (Fig. 13a). Similarly,
δQ changes from−5.7 (HadGEM3) to−25.8 W m−2 (GISS-
E2-R) for India and δH from 4.9 (MIROC) to 36.5 W m−2

(GISS-E2-R) (Fig. 13b). The magnitudes in δQ and δH un-
der the PDRMIP models are much smaller than those in
FORTE2 in both regions, except for in relation to GISS-
E2-R. The negative effect of δQ and the positive effect of
δH can also be seen in the PDRMIP multi-model mean for
the whole Asian region (Liu et al., 2018). There are sub-
stantial differences in the magnitudes and spatial patterns
of precipitation responses between FORTE2 and the PDR-
MIP models, which are to be expected from their large range
of aerosol radiative forcing and climatological precipitation
values. However, these precipitation responses among these
models are overall consistent qualitatively, indicating that
thermodynamic processes dominantly decrease precipitation,
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Figure 12. Summer spatial patterns of responses of the atmospheric energy budget terms in the five PDRMIP models and the BC_CHI+IND
simulation in FORTE2. (a–f) LcδP , (g–l) δQ, and (m–r) δH . The green grid lines indicate the regions where the responses are statistically
significant above a 95 % level based on a two-tailed Student’s t test. Unit: W m−2.

while dynamic processes increase precipitation and partially
offset the effects of δQ.

4 Conclusion and discussion

In this study, we have investigated the Asian climatic re-
sponses to adding BC aerosols to two separate regions (East
China and India) and both regions at once, and we have
examined the associated physical processes with SyRAP
simulations based on the reduced-complexity climate model
FORTE2. Our main findings are as follows.

BC increases over East Asia or South Asia lead to a lo-
cal strong surface cooling and lower-tropospheric air tem-
perature warming in all four seasons, with seasonal differ-
ences in magnitude and spatial distribution. The responses
in temperature are dominated by the substantial decreases in
surface SW radiation due to SW absorption by BC aerosols.
BC over East Asia causes significant drying in South China
and Northeast China in spring, summer, and autumn. In win-
ter, there is a significant reduction in central China. BC over
South Asia induces a substantial decrease in rainfall in India
in summer. Also, South Asian BC induces significant tem-
perature decreases and precipitation increases in Southeast
Asia during summer and autumn.

Responses in temperature and precipitation to Asian BC
forcing are mostly linear regionally in all four seasons. There
are relatively small decreases in precipitation responses to
adding BC over both regions simultaneously, compared to
the local reductions in precipitation responses to BC in-

creases over East Asia and South Asia separately. This is be-
cause BC over East Asia increases precipitation in northeast-
ern India, while BC over South Asia increases precipitation
over southern and central China.

Using an energy budget analysis, we find that reductions
in the energy of local precipitation (LcδP ) over the pertur-
bation regions result from decreases in net atmospheric di-
abatic cooling (δQ). The increases in the dry-static-energy
(DSE) flux divergence (δH ) play a role in offsetting the ef-
fects of δQ to a large extent. Consequently, the responses
in precipitation to Asian BC can be considered the result
of interactions between thermodynamic and dynamic pro-
cesses. For δQ, the reductions are mainly due to the strong at-
mospheric heating (−δSWA). For δH , the increases depend
mainly on the positive changes in the dynamic processes
associated with vertical atmospheric circulations (δHDyn_v).
We find that δHDyn_v patterns correspond well to vertical ve-
locity change patterns in the middle and lower troposphere.
Anomalous ascent is primarily triggered by the warming in
the middle and lower troposphere over North China in sum-
mer and in most of Asia in the other seasons. However, there
is anomalous descent in southern China and central India in
summer, which is a result of cool anomalies in the middle
troposphere due to the reduced latent heat release caused by
the substantial decrease in precipitation. The difference in di-
abatic heating at the middle and lower troposphere is related
to the difference in spatial distributions of AOD in the differ-
ent seasons.
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Figure 13. Summer area-averaged responses of the atmospheric en-
ergy budget terms over (a) East China (CHI: 95–133° E, 20–53° N)
and (b) India (IND: 65–95° E, 5–35° N) in the five PDRMIP models
and the BC_CHI+IND simulation in FORTE2. Error bars represent
±1 standard deviation of the response. Unit: W m−2.

It is well known that the East Asian summer monsoon
(EASM) and SASM underwent weakening trends during the
second half of the 20th century (Wang, 2001; Bollasina et
al., 2011). Although the variations in the Asian summer mon-
soon (ASM) have been attributed to many factors, including
internal variability and external forcing, the strong increases
in BC emissions from East Asia and South Asia (Lund et
al., 2019) could, according to this study, have played a role
in weakening the ASM over the past decades. The increased
BC could also alleviate the enhanced precipitation over South
China due to GHG increase since the mid-1990s (Tian et
al., 2018). Since the early 2010s, anthropogenic aerosols (in-
cluding BC and sulfate) have been decreasing in East China,
while they have continued to rise in India; these are trends
which are expected to continue over the coming decades
(Lund et al., 2019; Samset et al., 2019). Hence, there is a
new dipole pattern characterized by decreasing aerosols over

East China and increasing aerosols over India. Given that
responses to Asian BC forcing are linear regionally in the
SyRAP–FORTE2 simulations, the impacts of the dipole pat-
tern on the Asian climate can be roughly estimated by the
sum of responses to BC over China multiplied by −1 and
responses to BC over India. The result shows that there are
warm anomalies in North China and cold anomalies in South
China, Southeast Asia, and most of India, and there are posi-
tive precipitation anomalies over most of China (especially
South China) and Southeast Asia and negative anomalies
over India (Fig. S20). This is overall consistent with the re-
sult in Xiang et al. (2023), although their result involves the
combined effect of BC and sulfate.

Comparative analysis with the CGCM/ESM results from
PDRMIP has elucidated the key physical mechanisms of
Asian climate responses to regional BC perturbations. The
thermodynamic process dominates the precipitation reduc-
tion, while the dynamic process provides partial compen-
sation. The SyRAP–FORTE2 experiment series allows sys-
tematic comparison of impacts of different Asian subregions,
aerosol species, and climate backgrounds within a consistent
modeling framework. Notably, FORTE2 includes a param-
eterization of ACI, enabling direct comparison of the rel-
ative contributions of ARI and ACI. Related work will be
conducted in a next step and may provide new insights into
regional aerosol impacts.

Large differences in the magnitude and spatial pattern
of precipitation responses to BC exist across all the mod-
els. These discrepancies may partly be due to the much
larger BC perturbation in PDRMIP and partly due to model-
specific differences. The FORTE2 simulation only accounts
for ARI effects, incorporating the semi-direct effect of BC,
while PDRMIP models exhibit varying treatments of indi-
rect effects. The models with all aerosol indirect effects (par-
ticularly CESM1-CAM5 and NorESM1) increase precipita-
tion over India, contrasting with the reduced precipitation in
FORTE2. Additionally, despite the much weaker BC forc-
ing in FORTE2, it produces larger thermodynamic (δQ) and
dynamic (δH ) responses than most PDRMIP models (ex-
cept for GISS-E2-R). This may arise from the absence of
wet-deposition feedbacks in FORTE2 (Stjern et al., 2024).
Further work to understand the mechanisms behind model
differences in the response to BC would help to reduce un-
certainties and improve confidence in future Asian climate
change projections.

Data availability. The NOAA-CIRES-DOE 20th Century Reanal-
ysis V3 (20CR) datasets are obtained from https://psl.noaa.gov/
data/gridded/data.20thC_ReanV3.html (Compo et al., 2011). Had-
SLP is provided by the UK Met Office Hadley Centre and
can be downloaded at http://www.metoffice.gov.uk/hadobs/hadslp2/
(Allan and Ansell, 2006). The PDRMIP data can be accessed
through the World Data Center for Climate (WDCC) data server
at https://doi.org/10.26050/WDCC/PDRMIP_2012-2021 (Andrews
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