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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 intensity, spatial
distribution and physical mechanism of regional responses. In this study, we utilized a
set of Systematic Regional Aerosol Perturbations (SyRAP) using a reduced complexity
climate model, FORTE2, to investigate responses of the Asian climate to BC aerosols
over East Asia only, South Asia only, and both regions at once, and thoroughly examine
related physical processes. Results show that regional BC aerosols lead to a 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 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 of model responses.
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1. Introduction

Black carbon (BC) aerosol, a short-lived pollutant and climate 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 rapid economic
developments of China and India over the past few decades, East 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 and South Asia are expected to
remain the highest BC loadings globally in the coming decades (Lund et al., 2019).
Hence, the climate impacts of BC emissions from East and South Asia have been
extensively investigated (e.g. Li et al., 2016; Lou et al., 2019; Xie et al., 2020;
Westervelt et al., 2020; Herbert et al., 2022; Yang et al., 2022). Although many model
studies have shown that Asian BC aerosols are of great importance for local climate
(especially the Asian monsoonal systems), considerable uncertainty exists regarding the
intensity and spatial distribution of the Asian climate responses to BC forcings, as well
as the related physical mechanisms.

Menon et al. (2002) found that during summer, a large BC forcing induced a

“southern flooding and northern drought” (SENDB)-precipitation pattern in China based
on a global climate model (CGCM );-and-meoderate-coolingin-China-andIndiabased-on

Goddard1n £ or—-Space—Studies (GISS)—¢eloba mate—mode GCMD. In

contrast, some subsequent modeling studies found that BC forcing acted to suppress

precipitation in H

preetpitation—n-southern and eastern China while strengthening it in the north (Gu et

al.. 2006: Zhang et al.. 2009: Liu et al., 2018). Additionally, some studies suggested that

BC aerosols caused a tripolar precipitation pattern with wetting-drying-wetting from

north to south China (Mahmood and Li, 2014; Xie et al., 2020), or there was no

statistically significant response in precipitation over East China (Jiang et al., 2013:

Guo et al., 2013; Wang et al., 2017).due-to—-warmingin-the-middleto-highlatitudes
3
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Regional precipitation responses to BC aerosols can be attributed to both surface

cooling induced by aerosol-radiation interaction (ARI) and atmospheric heating by

aerosol absorption (Stier et al., 2024). However, the relative importance of the two

effects is debated. Persad et al. (2017) have shown that surface cooling dominates the

reduction of the East Asian summer precipitation due to the decreased land-sea thermal

contrast, whilst atmospheric heating partially offset 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. Wang
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In—addittenSimilarly, the South Asian summer monsoon (SASM) exhibits

inconsistent responses to BC forcings. seme—Some AGEM/CGCMmodel studies

suggested that increased BC aerosols can lead to a weakened Seuth-Asian-summer
monseon{SASM) (Lau and Kim, 2007; Meehl et al., 2008), while others found that
there should be a strengthened SASM via increasing the atmospheric meridional land-
sea thermal gradient, or an elevated heat pump effect (Lau and-¥im-et al., 2006; Xie et
al., 2020; Westervelt et al., 2020). On-the-otherhand,-Westervelt et al. (2018) conducted
aerosol removal experiments using three CGCMs, and found that Indian BC decreases
lead to no change or a small decrease in precipitation 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 Tibetan Plateau

using the CAMS model. On the contrary, Lou et al. (2019) suggested that BC emitted

from the North China can weaken the EAWM through ocean, sea ice, and cloud

feedbacks based on CESM. BC aerosol can also affect spring and autumn precipitation

in China (Guo et al., 2013: Hu and Liu, 2014; Deng et al., 2014).
5
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By comparing the sum of Asian summerclimate responses to individual responses

over East 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) suggested that the responses were highly nonlinear due

to the-interactions of atmospheric circulation changes, based on a regional climate

model and an atmospheric general circulation modelthe—regional—elimate—model

respectivelysimulations;—respeetively. In contrast, Reccia and Lucarini (2023) and

Stjern et al. (2024) found that the responses were almost linear in most of Asian regions.
The difference may be related to the different spatial extend-extent of the aerosol

perturbation 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/ESMs) and also the magnitude and location of
the BC perturbation. Atmosphere-only GCMs lack SST feedbacks, which are crucial in
influencing the Asian monsoon (Dong et al., 2019), while CGCMs or ESMs involving
more and more complex physical processes make it difficult to identify the key physical
processes eof—behind impacts of regional 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 atmospheric circulation response, mean-thatmake it challenging

to understanding the causes of differences between studies-is—very-diffienlt,

Hence, reduced complexity models, such as FORTE2 (Fast Ocean Rapid
6
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Troposphere Experiment version 2), provide 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 speed of integration and longer simulations
with lower cost. Stjern et al. (2024) have utilized FORTE2 to perform a series of
Systematic Regional Aerosol Perturbations (SyRAP) simulations, employing

regionally realistic aerosol forcing for the period 2003-2021 from the Copernicus

Atmosphere Monitoring Service (CAMS) reanalysis (Inness et al., 2019). The core

simulations w4th-include: (1) baseline simulations forced by GHG concentrations at

different climate states (i.e. pre-industrial, present-day and future CO; levels) and no

aerosol; (2) perturbation simulations forced by added absorbing aerosols (BC, and

organic carbon, OC) or scattering aerosols (sulfate, SO4) over East Asia only, South

Asia only, and over both regions simultaneously with only ARI effects, and GHG

concentrations at different climate states; (3) Aerosol-cloud interactions (ACI)

simulations forced by added SO4 in the combined East Asia and South Asia region in

which ACI were turned on.abserbing-and-seatteringaerosol-speetesinEast Asta-only;
Setuth-Astaonty—and-both-restons—stnultaneonshy: ThetrresultshaveshownthatThe
SyRAP-FORTE?2 is-ahelpful-framework enables comprehensive analysis to-understand
and-decompose-the-loeal-and remeote—of climate effects of different regional aerosol

emisstonsperturbations and aerosol species, as well as ARI versus ACI, and allows

comparison of their relative importance and interactions (Stjern et al., 2024).

Thereforeln this study, considering that BC aerosols mostly impact climate

through ARIba
FORTE2, thisstudywe atmsaim to address the following two questions_focused on BC

ARI effects, based on the simulations of the regional BC perturbations in SyRAP-

FORTE2: (1) what are the responses of Asian climate to either—East Asian BC
perturbations, er—South Asian BC perturbationsemissions, or both regions

simultaneouslyat-enee, respectively? (2) What are the key physical processes involved

in these responses?
The rest of the paper is organized as follows: section 2 describes the FORTE2

model, the-SyRAP simulations, and the-analysis methods and datasets; section 3 briefly
7
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evaluates the climatology of SyRAP simulations, examines responses to the regional
BC perturbations in SyRAP-FORTE2, and investigates the underlying physical
processes-volvedin-theserespenses; section 4 compares the results of the atmospheric
energy budget in SYRAP-FORTE2 with those in the PDRMIP models; Finally, the

summary and discussion are provided in section 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 35 sigma 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 a 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 theskil-e£-FORTE2’s skill

in simulating the atmosphere, ocean and major climatic modes, suggesting that

FORTE?2 can satisfactorily simulate a climate state and climate variability. Henee;given

2.2 The-Regional BC perturbation simulations in SyRAP-FORTE2-simulations

8
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use—SyRAP-Iastead,FORTE?2 used the global gridded monthly aerosol optical depths
(AOD) and vertical distributions were—tsed-from the CAMSCopernicusAtmosphere

Moenitering-Serviee reanalysis (CAMSRA) (EAMSRA)duringfor 2003-2021 (Inness

et al,, 2019), rather than aerosol gas emissions/concentrations employed by most

CMIP6 models. The CAMSRA incorporates anthropogenic BC emissions from the

MACCity inventory (Granier et al., 2011) for 2003-2010, transitioning to

Representative Concentration Pathway 8.5 emissions (Riahi et al., 2011) post-2010.

The simulations were idealized with monthly AOD climatologies prescribed as

repeating annual cycles. The regional annual mean BC AOD perturbation is about 0.015

for East China, and about 0.01 for India, respectively (Fig. S1). Aerosols were

distributed vertically uniformly from the second lowest model layer (o, or p/psurface =

0.88 or approximately 950 m above the surface) up to a pressure level pmin. For each

oridboX, pmin Was derived from CAMSRA as either 850 hPa or the lowest pressure level

where the 2003-2021 mean BC+OC+SO4 mixing ratio falls below 5x10° kg/kg,

whichever value is lower. In topographic regions, additional constraints require Gmin <

0.75 and pmin > 300 hPa. The seasonal changes of the regional mean pmin over China

and India are illustrated in Figure S2. Aerosols are not transported in FORTE2. The

application of aerosol distributions from a reanalysis means that the simulations include
9
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a realistic aerosol spatial distribution, 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

aerosols implementation in FORTE?2. see Stjern et al. (2024).4

There is no significant difference in Asian climate responses to BC aerosols

between the pre-industrial and present-day climate conditions in the SYRAP-FORTE2

simulations (Stjern et al., 2024). Hence, iin this study the baseline simulation (piC) and

the BC perturbation simulations of three different regions at the pre-industrial climate

conditions (280 ppmv) were performed to explore potential physical processes of Asian

BC acrosols influencing the local climate (Table 1). Fhere-isno-sienificant-difference

Higuretam-Stjernetal52024)-Given that BC primarily influences climate through

direct scattering and absorption of radiation (Bond et al., 2013), Nete-that-only climate

impacts due to ARI (including the semi-direct effect of BC) were considered here.- All

simulations were run for 200 vears, with years 51-200 used for analysis.

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 response 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 associated with precipitation can be separated into a thermodynamic component
with only changes in the-diabatic cooling (Q), and a dynamic component with only
changes in the-dry static energy (DSE) flux divergence (H), as shown in Eq. (1):

L.6P =68Q+ 6H (1)
where L. is the latent heat of condensation, P is precipitation, 6 denotes a perturbation.

10
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Then,
6Q = SLWC — 6SWA — 6SH (2)
where LWC is atmospheric longwave cooling, SWA is atmospheric shortwave
absorption, and SH is sensible heat flux from the surface.
OH is calculated as a residual between L.6P and Q. Furthermore, H can be seen
as the sum of the changes in mean (Hm) and eddy (Hians) components. Hy, can be
decomposed into four components associated with dynamic and thermodynamic effects

on vertical and horizontal advection of DSE, as shown in Eq. (3):

SHp, = SHDyn_v + SHThermo_v + SHDyn_h + SHThermo_h

=f55%°;—p+faa(% C;—p+fsa-v5°;—p+fa-5(vg)°;—p(3)
where w is vertical velocity, s is DSE, p is pressure, g is the gravitational acceleration,
u 1s horizontal wind vector, V is the horizontal gradient, and an overbar indicates
climatological monthly means. Therefore, Hpyn v 1s related to changes in vertical
velocity, Hrnermo v 1S related to changes in vertical DSE gradients, Hpyn 1 is related to
changes in horizontal winds, and Hthermo n 1s related to changes in horizontal DSE
gradients. 8Hy 4,5 1S calculated as a residual between 6H and 6H,,,.

To evaluate the abiity-skill of FORTE2 to represent-simulate the-observed climate

variables, elimate-monthly -precipitation, surface temperature (Ts), and horizontal wind

components were used from the NOAA-CIRES-DOE 20th Century Reanalysis V3
(20CR) on a 2° x 2° grid spanning +836-1806 to 2015 (Compo et al., 2011). The 20CR
is only based on surface observations of synoptic pressure of NOAA’s physical Sciences
Laboratory. Monthly sea level pressure (SLP) data were from the Hadley Centre
(HadSLP) in a horizontal resolution of 5° x 5° (Allan & Ansell, 2006).

To compare the response of FORTE2 to BC perturbations te-the—+espenseswith
those offrom CMIP class models, we used the PDRMIP 10 times the modern Asian BC

concentrations/emissions perturbation simulations, and the—their corresponding

baseline simulations with modern aerosol concentrations/emissions and greenhouse

gases under year-2000 conditionswith—the—year2000, based—onfrom the 5 GCMs

(CESM1-CAMS, GISS-E2-R, HadGEM3, MIROC, and NorESM1; Table S1). More

11
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details of the PDRMIP design can be found in Myhre et al. (2017), while-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 climate well, and the more focused evaluation presented by
Stjern et al. (2024) demenstrated-demonstrates that FORTE2 is an appropriate tool to

study the Asian-elimate-effects of local aerosol perturbations on Asian climate. Here,

for completeness, we present-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 climatology of lower tropospheric circulation (SLP and
850 hPa horizontal 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 reasonably well, but slightly overestimates the averaged magnitude with
about 1 mm/day in summer (Fig. la). However, the model underestimates the
magnitude of South Asian Summer Monsoon precipitation by approximately 4 mm/day
during June-September relative to the 20CR reanalysis. Dry biases in Indian summer
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 FORTE?2 representation of monsoon precipitation
is suitable for our study. The model performs fairly well in the seasonality of
temperature and the magnitudes in both regions (Fig. 1b).

The simulated SLPs are generally lower than that-those in HadSLP in all four
seasons, especially the Siberian High in winter, the western North Pacific Subtropical
High (WPSH) and the Indian Low in summer (Fig. 1c-j). Compared to the reanalyses,
the simulated Indian Low is tee-overly strong, and its eastern fringe and the westerly
from the Indian 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

12
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over the Indian subcontinent (Fig. 1a and SteS3e-f). Meanwhile, the WPSH is too weak
to expand sufficiently far west, corresponding to the very weak easterly-casterlies along
the southern fringe of the WPSH, which leads to relatively less rainfall over the
Philippines (Fig. S+eS3e-f) and underestimates ofthe effects of the WPSH on the East
Asian summer monsoon (Fig. 1g-h). Despite these deficiencies, the model captures the
essential features of lower tropospheric circulation, precipitation and temperature over

Asia, which 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. Firstly, there is a substantial land cooling over the perturbed regions in all
four seasons, but with distinct seasonal differences in distributions and values. Under
BC_CH]I, a cooling ean-be-seenis observed in most of China in winter and spring (Fig.
2a-b), with the area-averaged values of -0.9+1.2 K (mean value + 1 standard deviation)
and -1.1+0.9 K, respectively (Fig. 3a). The large standard deviations indicate the large
spread of distributions of responses (Fig. S254). There is a slight warming of sea surface
temperatures near China in spring. In summer and autumn, a cooling is seen mainly in
the region to the north of the Yangtze River valley, especially in North China, while
there is a weak warming to the south (Fig. 2c-d). The area-averaged values are therefore
are-relatively smaller than those in winter and spring, shewingabeutwith values of
approximately -0.7+0.7 K for summer and autumn (Fig. 3a).

Under BC _IND, the strongest cooling occurs in the whole India in spring with the

area-averaged value of -1.4+1.4 K, but_with a weak warming in the tropical Indian

Ocean (Fig. 2f and 3b). The significant cooling is concentrated in northern India in the
other three seasons, with the area-averaged Ts decreased by 0.9+1.3 K for winter and
autumn, and 0.6+1.1 K for summer (Fig. 2e, g, h and 3b). The ocean surrounding the
Indian subcontinent shows a smaller cooling in the three seasons.

Secondly, the BC perturbations not only cause the local responses, but also non-
local responses through atmospheric circulations. The increased BC over East China

leads to a dipolar pattern in India with a warming to the north and a cooling to the south
13
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in summer and autumn, and a significant warming in Central Asia in summer and

Southeast Asia in autumn (Fig. 2c-d). BC emissions over India can induce a cooling in

Southeast Asia in all seasons, with and—in—summertheresponses—are-the strongest

responses occurring in summer (with-the averaged value of about 1.15 K). Meanwhile,

there is a significant cooling in central and southern China in summer and autumn, with
temperature decreases of 0.3+0.7 K and 0.2+0.7 K, respectively (Fig. 2g-h and 3a).
These addedse added-impacts lead to a strongers East Asian cooling response under
BC_CHI+IND than that-is-strengerthanthat-under BC_CHI in summer and autumn

(Fig. 2k-1 and 3a). Moreover, comparison between the combined regional responses and

the sum of individual regional responses shows nearly insignificant differencesby

separate regions. itis found that the ditferences are almost instenilicant, suggesting that

the impact of Asian BC aerosol on the Asian Ts is hrearregionally linear in all four

seasons (Fig. S3S5).

In contrast to Ts responses, the responses in air temperature (Ta) at 850 hPa show
a significant warming over much of the perturbed regions (Fig. 3c-d and 4). A cooling
occurs over a few perturbed regions, such as central China under BC CHI and
BC CHI+IND in winter (Fig. 4a, i). The vertical distribution of the temperature
response is characterized by cooling at the surface and warming in the lower
troposphere. This is a result of atmospheric absorption of solar shortwave radiation (SW)
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 response, for
example a cooling over China and Southeast Asia under BC_IND in summer and
autumn (Fig. 3c and 4g, h).

Increased BC over East China primarily induces robust drying over most of China
in all four seasons (Fig. 3e and 5a-d). Specifically, the spatial distribution in summer
shows a substantial decrease over southern China (up to 40%), a relatively weaker
decrease over north China and a weak increase over northwest China, with the area-
averaged precipitation decreased by 0.5+0.5 mm/day (Fig. 3e, 5S¢ and S4eS6c¢). In spring

and autumn, the decreased precipitation is mainly located in south and northeast China
14
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by up to about 40% (Fig. 5b and d). Although the absolute change is the weakest in
winter (-0.2+0.3 mm/day), the relative change in central China decreases by up to about
60% (Fig. 3e, 5a and S4aS6a). Under BC IND, the response over the Indian
subcontinent is only statistically significant in summer, with a decrease of 0.5+1.1
mm/day (~21%) (Fig. 3fand 5g).

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 (Fig. 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, showing a dipolar pattern with more rainfall over northern India and less rainfall
over southern India (Fig. 3f and 5k-1). On the other hand, BC IND can induce a
significant precipitation increase over China and Southeast Asia in spring and summer
(Fig. 5f-g), and-partiallyly offsetting the decrease in response to BC CHI over China.

Hence, the responses under BC_CHI+IND are weaker for China than those under

BC—CHI (Fig. 3e). For regional linearity, the responses are almost linear (Fig. S5S7).

Only a few regions exhibit nonlinear responses, such as a decrease over south Thailand
in winter_and; an increase over northeast India in spring and summer. The above
analysis regarding the summer part has been #ehaded-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 (Figures S7S9-S1268, S12514-S16S18). The
spatial patterns of net TOA and surface energy responses to regional BC aerosols in
summer are illustrated in figure 6. As expected, there are increases in net downward
TOA shortwave (SW). with area mean responses of 7.3~9.6 W/m? associated with
decreases in convective clouds over the perturbed regions (Fig. 6a-c and S63S8j-1).
Decreases in net surface downward SW can be seen with area mean responses of -

22.6~-27.8 W/m? due to SW absorption by BC aerosols (Fig. 6d-f). Significant

15
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increases in low and middle clouds also contribute to the reduction—ined surface SW
(Fig. S64S8d-1). Hence, there is warming in the troposphere and-while cooling at
surface in these perturbed regions. The enhanced net surface upward longwave (LW)
has a small contribution to the local surface cooling with area mean responses from -
3.2 to -5.8 W/m? (Fig. 6g-i), which is related to the deereases-decreased in-convective
clouds (Fig. $61S8&]j-1). On the contrary, the positive changes in downward sensible heat
(SH) (8.1~9.8 W/m?) and latent heat (LH) (9.5~12.9 W/m?) cause a warming effect
partly offsetting the cooling in the perturbation regions (Fig. 6j-0). The deereased
reduced SH is caused by the weakened vertical temperature differences between the
surface and lower atmosphere.; and-tThe decrease in deereased-upward LH is asseciated

withassociated with upper-level heating aleft-through atmospheric stabilization that

suppresses moisture transport, and reduced soil moisture availability due to decreased

rainfalland-preeipitation. Outside the perturbation regions, the negative changes in SW,
LW and LH are responsible 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 other three
seasons (Table S2).

Figure 7 shows area-averaged atmospheric column energy budget terms (see Eq.
1) over East China and India in summer. For the drying in East China/India under
BC_CHI/BC_IND, the substantial reductions of the diabatic cooling (6Q) are the prime
driver of the decreases in the energy of precipitation (L.8P), while the increases in the
DSE flux divergence (8H) offset the effect of 6Q to a large extent.

The enhanced precipitation in China under BC_IND, and in India under BC_CHI,
is the result of increased 6H (blue and green bars in Fig. 7 are almost identical), with
negligible contribution from §Q. Hence, the local precipitation response to local BC
increases is largely driven by 8Q, while the remote precipitation response is largely
driven by §H. Consequently, it can be found that the larger changes in 8H lead to the
smaller responses in L 8P 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 L.6P mainly depend on 8H. The other three

seasons show the similar results (Fig. S7S9).
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Spatially, 6Q shows a significant decrease throughout the entire perturbed regions
in the three simulations, with large decreases located over North China and northern
India (Fig. 8d-f). Under BC CHI, 6H is-eharacterized-byexhibits a dipolar pattern with
positive changes in north of the Yangtze River and negative in south (Fig. 8g). Hence,
6H and 8Q cancel each other out in North and Northeast China, ard-while combine with
each other in south of the Yangtze River. As a result, there is the strongest precipitation
decrease #-preeipitationin south China, and a relatively weaker decrease in north China
(Fig. 8a). Under BC IND, significant positive ehanges—in-0H can be found along the
southern edge of Himalayas and the southern tip of the Indian subcontinent, and weak
and nonsignificant negative changes in central India (Fig. 8h). 8H can therefore offset
the negative changes in 6Q in north and south India. The substantial L 8P reduction is
eoneentrated-in central India is mainly due-tedriven by 6Q (Fig. 8b).

In addition, 6H is the dominating factor for L.6P beyond the perturbation regions,
for example positive changes in northeast India under BC_CHI; and pesitivechanges
from Southeast Asia to the tropical western Pacific and central China under BC IND
(Fig. 8g-h). Under BC CHI+IND, itean-be-found-thatthe extent and magnitude of 6H
are larger than those in the simulations of individual regions (Fig. 81), which indicates
mere—greater balance between 8H and 8Q, corresponding to relatively weaker
precipitation over East China and India (Fig. 7 and 8c). Relative to summer, §Q and §H

has—have negative and positive changes, respectively, in—the—whelethroughout the

perturbation regions in the other three seasons;respeetively (Fig. S8510-126). In winter
and spring, there is a marked seesaw pattern of SH between Asia and the tropical Indian
Ocean and maritime continent under BC CHI+IND, leading—teo—ltessreducing
precipitation in the latter regions (Fig. S8eS10c, i and S9eSllc, i). Overall, the
combined effect of 6H and 8Q shape the spatial pattern of precipitation responses to the
regional BC.

The reductions in 6Q (see Eq. 2) are dominated by the strong atmospheric heating
due to SW absorption by BC aerosols (—6SWA), and also contributed by the small

decreases in the atmospheric longwave cooling (SLWC) (Fig. SHaS13a-f). The sensible

heat flux from the surface ( —8SH ) plays—a—role—inslightly increasesing
17



490
491
192
493
194
495

496
497

498
499

}500
501
502
}503
504
505

}506

507

509

510
511
512

513

514

0Q;butwithrelatively small- values (Fig. SHeS13g-1).

3.4 Dynamic processes responsible for responses

Due to storage constraints, 3D atmospheric output from FORTE2 was archived on
three pressure levels, 250 hPa, 500 hPa, and 850hPa, to capture three-key aspects of the
tropospheric circulation response. While this precludes a-quantitative analysis of the
component terms ef—of Hy and Hyans&HzEe—2, it is sufficient to identify the te-main
contributing—termor to Hy,. We now examine the four terms of 8H,, (see Eq. 3),

including the dynamic components with changes in vertical and horizontal atmospheric
circulations (8Hpyy, v and 8Hpyp 1), and thermodynamic components with changes in

vertical and horizontal DSE gradients (8Hrpermo v and 8Hrhermo n)- Figure 9 displays

spatial patterns of the four components in summer in the three simulations. In general,

the 6Hpyy y highly resembles the 8H in the-threeall simulations, and the magnitudes in

8Hpyn v are far greater than those in the other three terms, suggesting that dynamic
effect of vertical circulation is the primary contributor to 8H (Fig. 9a-c). SHrhermo v

and 8Hpyy  are-smalshow minimal anomalies in all regions for all experiments.

Larger anomalies are seen in Hrpermo h, Where negative anomalies offset some of the
influence of 8Hpy,, y over the Indo-China peninsula in the BC_IND and BC_CHI+IND
experiments. However, these anomalies are not-insufficient to influence the sign of §H,
which is still primarily driven by 8Hpyp,  in this region. In the other seasons, 6Hpyy,
remains the most important factor (Fig. S12S14-1416), although it is more strongly
offset by 8Hpyn n and 8Hrnermo n 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 mest

impertantprimary contributor to 8Hy,. As expected, the spatial patterns of responses in

Omega(vertical velocity (Omega)j at 500 hPa correspond well to those in Hpyp  (Fig.

10a-c). Anomalous ascent corresponds to the increase in 8Hpyy , leading to more
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precipitation, which offsets the precipitation reduction driven by decreased 6Q. While

aAnomalous descent amplifies suppresses—precipitation_suppressions—adding—to—the
preeipitationreduetion driven-caused by the reducetionind 6Q.

Why does the vertical velocity exhibit such changes? It seems to be related to the
tropospheric —temperature responses—in—the—troposphere, reflected by a good
corresponding relationship between the Omega and Ta responses at 500 hPa (Fig. 10a-
f). The warm anomalies favor a divergence in the middle troposphere, which in turn are
associated with anomalous ascent. The cold anomalies are associated with a
convergence and descending motion. The above-mentioned relationship also exists in
the other seasons, and it is more pronounced at 850 hPa (Fig. 4 and S15517).

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 a cooling over the region to south of 32°N (the
Yangtze River basin), and a warming to north (Fig. 11a). The dipolar pattern
corresponds well to the meridional distributions of precipitation, vertical velocity and
Ta at 500 hPa. The cooling center located at the middle troposphere is due to the reduced
latent heat release caused by the substantial decrease in precipitation over south China.
The heating center at the lower troposphere 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 perturbation imposed north of the Yangtze
basin in SYRAP-FORTE2 (Stjera—et-al;—2024Fig. S1). In BC_CHI+IND, there is a
similar dipolar pattern, except for a warming at the lower troposphere around 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 associated with the reduced
precipitation in the middle troposphere (Fig. 11¢), corresponding to a cold anomaly and
descending motion at 500 hPa (Fig. 10b, e). In the lower troposphere, a warming can
be seen at south of the Qinghai-Tibet Plateau. Compared with BC IND, the cold

anomaly is weaker, but the warm anomalies are strengthened under BC_CHI+IND (Fig.
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11d). Hence, a significant ascending motion can be found in northeast India resulted
from the effect of increased BC over East Asia (Fig. 10c), which 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 at the
lower troposphere (Fig. S+6S18). Overall, the diabatic heating induced by the increased
BC aerosols at the lower troposphere leads to an ascending motion explaining the
increased OH over the perturbation regions.

Considering that the dynamic and thermodynamic effects of horizontal
atmospheric circulations have some contributions to §H, we look at the changes in
lower tropospheric horizontal circulation in response to changes of regional BC
aerosols (Fig. 10g-1). Under BC CHI, the cyclone anomaly over East China leads to
anomalous easterly wind over North China with cutting off the moisture supply from
south (Fig. 10g). Under BC IND, the westerly anomalies associated with the cyclonic

circulation over India favor to strength the Indian summer monsoon, which corresponds
to the increase in 8Hpyy,  (Fig. 10h). The responses in the circulations to both regions

at once can be seen as the sum of responses to the two separate regions (Fig. 101).
Additionally, there is a cyclonic circulation over East China and an anticyclonic
circulation over central China in winter under BC CHI (Fig. S+7S519), leading to

anomalous northerly wind across central China and then suppress precipitation over
there, which is in agreement with the decrease in 6Hpy,  (Fig. SH0gS14g). The

changes in horizontal circulations are related to the changes in Ta and omega in the

lower troposphere (Fig. 4 and S+5517).

4 Energy budget analysis in other coupled models

To evaluate the precipitation response and the mechanisms in FORTE2, we
compare the results of energy budget analysis (see Eq. 1) in the PDRMIP simulations
forced by 10 times the present-day Asian BC concentrations/emissions 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 models are illustrated
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in Figure 12. There are significant decreases in 6Q over most of Asia in all of the
PDRMIP models, which is generally consistent with the results under BC_CHI+IND
(Fig. 42£12¢g-#l). Three models (CESM1-CAMS5, GISS-E2-R and NorESM1) have
similar distributions of §Q to BC_CHI+IND, showing a maximum center in North
China and northern India.- §H increases significantly in India and most of East China
in these models (Fig. +2k12m, In, eq), again roughly resembling the changes of
BC CHI+IND (Fig. 8#12r), while the other two models show a significant increase in
northern India and North China with weaker magnitudes (Fig. 12m120-ap). The
PDRMIP multi-model mean changes in 6H [figure 7 in Liu et al. (2018)] are also
similar to the changes in BC_CHI+IND. In addition, GISS-E2-R and MIROC show

evident decreases in 8H and precipitation in Southeast Asia, while the other three

models show no significant changes. This is contrary to the significant increases seen

in FORTE2. There are large differences in the total L.0P responses across these models

(Fig. 12a-f). However, some precipitation changes are consistent in most of the models,

such as decreases over South China and increases over North China and northern

Figure 13 shows the regional means of each energy budget term over East China

and India in summer under the PDRMIP and FORTE2 models. There is a weak and
insignificant reduction in L.8P from -0.6 (HadGEM3) to -7.2 W/m? (NorESM1) for
East China, which are-is comparable to the value of -3.8 W/m? under BC_CHI+IND

(Fig. 13a). Hence, theresultunder BCCHI+HIND-in FORTE2 isagreement-with-the
PDRMIP-medels;—suggesting—that-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? (NorESM 1) for India (Fig. 13b). Except
for MIROC, L.6P in the other models have stronger increases than that under

BC CHI+IND, about 0.6 W/m?, which may be related to the larger drying bias of Indian
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summer precipitation in FORTE2, or the much larger BC perturbation in PDRMIP.

The effect of 6Q decreases L. 0P with a large range from -4.7 (HadGEM3) to -29.8
W/m? (GISS-E2-R) for East China, while §H has an opposite effect from 2.1 (MIROC)
to 24.4 W/m? (GISS-E2-R) (Fig. 13a). Similarly, §Q changes from -5.7 (HadGEM3) to
-25.8 W/m? (GISS-E2-R) for India, and 8H from 4.9 (MIROC) to 36.5 W/m? (GISS-
E2-R) (Fig. 13b). The magnitudes in §Q and 6H under the PDRMIP models are much
smaller than those in FORTE2 in both the-twe-regions, except for GISS-E2-R. The
negative effect of 6Q and the positive effect of §H alse-can also be seen in the PDRMIP
multimodel mean for the whole Asian region (Liu et al., 2018). There are Despite

fargesubstantial differences in the magnitudes and spatial patterns of their responses,

which are to be expected from their large range of aerosol radiative forcing and

climatological precipitation. However, these precipitation responses among; the-results

of-these models are overall consistent qualitatively, indicating that thermodynamic

processes dominantly decrease precipitation, while dynamic processes increase

precipitation and partially offset the effects of 6Q.-

5 Conclusion and Discussion

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

1.  BCincreases over East Asia or South Asia lead to a local strong surface cooling
and lower tropospheric air temperature warming in all four seasons, with seasonal
differences 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 and northeast
China in spring, summer and autumn. In winter, 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 deereases—+in-temperature decreases

and precipitation increases in Southeast Asia #-during summer and autumn.
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ii.  Responses in temperature and precipitation to Asian BC forcing are mostly
linear regionally in all four seasons. There are relatively smaller decreases in
precipitation responses to adding BC over both regions simultaneously, compared to
the local reductions in precipitation responses to BC increases over East Asia and South
Asia separately. This is because BC over East Asia (BC over India) increases
precipitation in northeastern India, while BC over South Asia increases precipitation
over southern and central China.

iii.  Using an energy budget analysis, we find that reductions in the energy of local
precipitation (L.O0P) over the perturbation regions result from decreases in net
atmospheric diabatic cooling (8Q). The increases in the dry static energy (DSE) flux
divergence (O0H) play a role in offsetting the effects of §Q to a large extent.
Consequently, the responses in precipitation to Asian BC can be considered as the result
of interactions between thermodynamic and dynamic processes. For §Q, the reductions
are mainly due to the strong atmospheric heating (—8SWA). For 8H, the increases

depend mainly on the positive changes in the dynamic processes associated with
vertical atmospheric circulations (§Hpyn ). We find that 6Hpy,, , patterns correspond

well to vertical velocity change patterns at the middle and lower troposphere.
Anomalous ascent is primarily triggered by the warming in the middle and lower
troposphere over north China in summer 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
diabatic heating at the middle and lower troposphere is related to the difference in
spatial distributions of AOD in the different seasons.

It is well known that the EASM and SASM underwent weakening trends during
the second half of the 20" century (Wang et al., 2001; Bollasina et al., 2011). Although
the variations of ASM have been attributed to many factors including internal
variability and external forcing, the strong increases in BC emissions from East and

South Asia (Lund et al., 2019) could play a role in weakening the ASM over the past
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decades according to this study. The increased BC alse-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 (including 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-FORTE?2 simulations, the impacts
of the dipole pattern 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 positive precipitation anomalies over most of
China (especially south China) and southeast Asia, and negative anomalies over India
(Fig. S+8S20). It is overall consistent with the result in Xiang et al. (2023), although
their result involves the combined effect of BC and sulfate.

Comparative analysis with the CGCMs/ESMs results from PDRMIP has

elucidated the kev physical mechanisms of Asian climate responses to regional BC

perturbations. The thermodynamic process dominates the precipitation reduction, while

the dynamic process provides partial compensation. The SYRAP-FORTE?2 experiment

series allows systematic comparison of impacts of different Asian subregions, aerosol

species, and climate backerounds within a consistent modeling framework. Notably,

FORTE2 includes a parameterization of ACI, enabling direct comparison of the relative

contributions of ARI and ACI. These related works will be conducted in next step, and

may provide new insights into regional aerosol impacts.

Large differences in the magnitude and spatial pattern of precipitation responses

to BC ean-beexist across all the models. These discrepancies may partly be due to the

much larger BC perturbation in PDRMIP, and partly be 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 indirect

effects. The models with all aerosol indirect effects (particularly CESM1-CAMS5 and
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NorESM 1) increase precipitation over India, contrasting with the reduced precipitation

in FORTE?2. Additionally, despite the much weaker BC forcing in FORTE?2, it produces

larger thermodynamic (dQ) and dynamic (8H) responses than most PDRMIP models

(except for GISS-E2-R). This may arise from the absence of wet deposition feedbacks

in FORTE2 (Stjern et al., 2024). The-smalerpreeipitationresponses—overIndia—in

understand the mechanisms behind model differences in the response to BC would help
to reduce uncertainties and weuld-improve the confidence in future Asian climate

change projections.
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941  Table 1. Summary of SyRAP-FORTE2 simulations used in the study

Experiment® Name Aerosol Region GHG Years
No
Baseline piC aerosol N
Preindustrial
East China climate
BC CHI
- added _OS13FE20-5N)  conditions 20
) India 280

BC IND b (280 ppmv)
Perturbation _ BC (65-95°E, 5-35°N)

BC_CHI+IND both East China

and India region

942  a. only ARI effect is considered
943 b. CAMSRA monthly climatology of BC AOD for 2003-2021
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Figure 1. Seasonal evolutions of (a) the regional mean precipitation (unit: mm/day) of

20CR (solid lines) and the baseline simulation of FORTE2 (dashed lines) for East Asia
(95°E-133°E, 20°N-53°N, the solid, white box in (c)) (light blue and blue lines), and
India (65°E-95°E, 5°N-35°N, the dashed, white box in (c)) (pink and red lines). (b)
same as (a), but for surface temperature (unit: K). Climate state of SLP (unit: hPa) and
850 hPa horizontal winds (unit: m/s) in (left) 20CR and HadSLP and (right) the baseline

simulation of FORTE2 in four seasons (c-j).
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Figure 2. Spatial patterns of Ts responses in (a-d) BC_CHI, (e-h) BC IND, and (i-1)
BC_CHI+IND for four seasons. The green gridlines indicate the regions where the
responses are statistically significant above 95% level based on a two-tailed Student’s
t-test. The black boxes in (a), (¢) and (i) highlight the region where BC aerosols are
perturbed. Unit: K
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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°E-133°E, 20°N-53°N) and India (IND: 65°E-
95°E, 5°N-35°N) for four seasons (DJF: blue bars, MAM: light blue bars, JJA: red bars,
and SON: yellow bars). Solid bars indicate the responses are statistically significant
above 95% level based on a two-tailed Student’s t-test. Error bars represent +1 standard

deviations of the response.
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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-1) BC_CHI+IND for four seasons. The green gridlines indicate the regions where
the responses are statistically significant above 95% level based on a two-tailed
Student’s t-test. The black boxes in (a), (e) and (i) highlight the region where BC

aerosols are perturbed. Unit: K
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972  Figure 5. Spatial patterns of precipitation responses in (a-d) BC_CHI, (e-h) BC IND,

973  and (i-1) BC_CHI+IND for four seasons. The green gridlines indicate the regions where
974  the responses are statistically significant above 95% level based on a two-tailed
975  Student’s t-test. The black boxes in (a), (e) and (i) highlight the region where BC

976  aerosols are perturbed. Unit: mm/day
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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, respectively. (a-c) TOA SW, (d-f) surface SW,
(g-1) surface LW, (j-1) 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
gridlines indicate the regions where the responses are statistically significant above 95%
level based on a two-tailed Student’s t-test. The black squares highlight the regions

where BC are perturbed. Units: W/m?
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993  Figure 8. Summer spatial patterns of responses of the atmospheric energy budget terms
994  inBC CHI, BC IND, and BC_CHI+IND. (a-c) L.6P , (d-f) 6Q and (g-i) H. The green
995  gridlines indicate the regions where the responses are statistically significant above 95%
996 level based on a two-tailed Student’s t-test. The black squares highlight the regions
997  where BC are perturbed. Unit: W/m?
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Figure 9. Summer spatial patterns of responses in the four terms decomposed by dHm
in BC_CHI, BC IND, and BC_CHI+IND. (a-c) the dynamic components with changes
in vertical atmospheric circulations (§Hpyp y), (d-f) the thermodynamic components
with changes in vertical atmospheric circulations ( OHrpermo v ), (g-1) dynamic
components with changes in horizontal DSE gradients ( 8Hpynp ), and (j-1)

thermodynamic components with changes in horizontal DSE gradients (8Hthermo h)

The black squares highlight the regions where BC are perturbed. Unit: W/m?
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Figure 10. Summer spatial patterns of responses in (a-c) Omega at 500 hPa (Unit: Pa/s),
(d-f) Ta at 500 hPa (Unit: K), and (g-1) SLP (Unit: hPa) and horizontal wind at 850 hPa
(Unit: m/s) in BC_CHI, BC _IND and BC CHI+IND. The green gridlines indicate the
regions where the responses are statistically significant above 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 are shown. The black

squares highlight the regions where BC are perturbed.
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Figure 11. Zonal mean of diabatic heating responses averaged over (a-b) East China
(95°E-133°E, the black square in Fig.10a) for BC_CHI and BC_CHI+IND, and over
(c-d) India (65°E-95°E, the black square in Fig.10b) for BC IND and BC CHI+IND
in summer. The green gridlines indicate the regions where the responses are statistically
significant above 95% level based on a two-tailed Student’s t-test. The white part

indicates a symbol of topography. Unit: K/day
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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-e)

L.6P , (f)) 6Q and (k-0) 8H. The green gridlines indicate the regions where the
responses are statistically significant above 95% level based on a two-tailed Student’s

t-test. Unit: W/m?
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Figure 13. Summer area-averaged responses of the atmospheric energy budget terms
over (a) East China (CHI: 95°E-133°E, 20°N-53°N) and (b) India (IND: 65°E-95°E,
5°N-35°N) in the five PDRMIP models and the BC_CHI+IND simulation in FORTE2.

Error bars represent +1 standard deviations of the response. Unit: W/m?
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