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Abstract. Recent satellite observations show efficient ver-
tical transport of Asian pollutants from the surface to the
upper-level anticyclone by deep monsoon convection. In this
paper, we examine the transport of carbonaceous aerosols,
including black carbon (BC) and organic carbon (OC), into
the monsoon anticyclone using of ECHAM6-HAM, a global
aerosol climate model. Further, we investigate impacts of en-
hanced (doubled) carbonaceous aerosol emissions on the up-
per troposphere and lower stratosphere (UTLS), underneath
monsoon circulation and precipitation from sensitivity simu-
lations.

The model simulation shows that boundary layer aerosols
are transported into the monsoon anticyclone by the strong
monsoon convection from the Bay of Bengal, southern slopes
of the Himalayas and the South China Sea. Doubling of
emissions of both BC and OC aerosols over Southeast Asia
(10◦ S–50◦ N, 65–155◦ E) shows that lofted aerosols produce
significant warming (0.6–1 K) over the Tibetan Plateau (TP)
near 400–200 hPa and instability in the middle/upper tropo-
sphere. These aerosols enhance radiative heating rates (0.02–
0.03 K day−1) near the tropopause. The enhanced carbona-
ceous aerosols alter aerosol radiative forcing (RF) at the sur-
face by −4.74± 1.42 W m−2, at the top of the atmosphere
(TOA) by +0.37± 0.26 W m−2 and in the atmosphere by
+5.11± 0.83 W m−2 over the TP and Indo-Gangetic Plain
region (15–35◦ N, 80–110◦ E). Atmospheric warming in-
creases vertical velocities and thereby cloud ice in the up-
per troposphere. Aerosol induced anomalous warming over

the TP facilitates the relative strengthening of the monsoon
Hadley circulation and increases moisture inflow by strength-
ening the cross-equatorial monsoon jet. This increases pre-
cipitation amounts over India (1–4 mm day−1) and eastern
China (0.2–2 mm day−1). These results are significant at the
99 % confidence level.

1 Introduction

Southeast Asia (10◦ S–50◦ N, 65–155◦ E) is one of the
fastest-growing regions in terms of population and econ-
omy, and it contributes significantly to the emission of global
aerosol particles (Ramanathan and Crutzen, 2003; Lin et al.,
2013). India and China are the two main contributors in Asia
(Carmichael et al., 2009; Lin et al., 2014; Butt et al., 2016).
Black carbon (BC) and organic carbon (OC) are the impor-
tant aerosol species as they substantially contribute to the cli-
mate forcing (Penner et al., 1998; Chung and Seinfeld, 2002;
Ramanathan and Carmichael, 2008; Hodnebrog et al., 2014)
and alter the energy balance in the atmosphere and the global
water cycle (Solomon et al., 2007). Recent studies show that
their impacts on local meteorology and monsoon circulation
are large (Ackerman et al., 2000; Ramanathan et al., 2001a,
b; Lelieveld et al., 2001; Menon et al., 2002; Manoj et al.,
2011). BC and OC together account for more than 60 % of
the aerosol optical depth (AOD) (Chin et al., 2009; Streets et
al., 2009).
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Figure 1. Distribution of emission mass flux (kg m−2 s−1) averaged for the monsoon season (June–September) for (a) BC and (b) OC
aerosols.

There is ever-growing concern for rapidly increasing an-
thropogenic emissions of carbonaceous aerosols, namely BC
and OC. Global emissions of BC have almost doubled dur-
ing the past century (Baron et al., 2009). Developing coun-
tries in Asia, e.g., India and China, produce BC emissions at
high growth rates. These countries together produced about
40 % of total world BC emissions from combustion (Kopp
and Mauzerall, 2010). The estimated growth of BC is 46 %
(33 % in OC) over China and 41 % (35 % in OC) over In-
dia during 2000 to 2010 (Lu et al., 2011). On a regional
scale, their emissions are high over the densely populated
Indo-Gangetic Plain in India and in eastern China (Kumar et
al., 2011; Lelieveld, 2001; Gautam et al., 2011; Fadnavis et
al., 2013; Zhang et al., 2015). Over the Asian region (here
specifically the Indo-Gangetic Plain and northeastern China)
emission of OC is almost twice that of BC (Fig. 1).

The majority of BC and OC aerosols are formed by
incomplete combustion (Satheesh and Ramanathan, 2000;
Carmichael et al., 2009). The important emission sources
of BC aerosols are diesel vehicles, exhaust from coal-based
power plants, exhaust from industries, forest fires and resi-
dential bio-fuel and fossil-fuel combustion. The OC aerosols
are emitted from fossil fuel and biofuel burning and natural
biogenic emissions. Biogenic carbonaceous aerosols are pro-
duced from plant debris, pollen, fungal spores, and bacteria
(Jacobson et al., 2000; Bond et al., 2004) and secondary or-
ganic aerosols are produced through the oxidation of volatile
organic compounds (VOCs) (Solomon et al., 2007).

Recent satellites, Cloud Aerosol Lidar and Infrared Path
Finder Satellite Observation (CALIPSO) (Vernier et al.,
2011; Thomason and Vernier, 2013), Stratospheric Aerosol
and Gas Experiment II (SAGE) (Thomason and Vernier,
2013) and balloon sonde (Vernier et al., 2015) observa-
tions show the Asian tropopause aerosol layer (ATAL) near
the tropopause persisting during the monsoon season (June–
September). Satellite observations reveal transport of trace
gases (CO, PAN, H2O, HCN) into the upper-level mon-
soon anticyclone by deep monsoon convection (Park et al.,
2009; Randel et al., 2010; Kunze et al., 2010; Ploeger et al.,
2011, 2012, 2013; Fadnavis et al., 2014, 2015; Govardhan
et al., 2017). Moreover, both back trajectory analysis based
on CALIOP observations (Vernier et al., 2015) and modeling

studies (Fadnavis et al., 2013) indicate that deep monsoon
convection transports boundary layer aerosols into the upper
troposphere and lower stratosphere (UTLS). Measurements
from the Civil Aircraft for Regular Investigation of atmo-
sphere Based on an Instrument Container (CARIBIC) cam-
paign show aerosols at the lower levels in the ATAL contain
higher levels of carbonaceous and sulfate aerosols. The ratio
of carbon to sulfur is ∼ 4.0, with concentrations of carbon
∼ 36 ng m−3 and sulfur ∼ 13 ng m−3 in the Asian upper tro-
posphere during August 2006, 2007 and 2008 (Vernier et al.,
2015). Carbonaceous aerosols in the upper troposphere lead
to atmospheric heating due to their absorptive properties,
which may subsequently alter the atmospheric thermal struc-
ture and cloud amounts. Higher concentrations of carbona-
ceous aerosols in the ATAL may significantly alter the ther-
mal structure of the UTLS and therefore the underneath mon-
soon circulation (Meehl et al., 2008; Kloster et al., 2009).
The ATAL may affect the radiative forcing (RF) regionally.
Vernier et al. (2015) reported that the ATAL had exerted a
short-term regional forcing at the TOA of ∼−0.1 W m−2

during the past two decades.
BC and OC aerosols absorb and scatter radiation, resulting

in heating of the atmosphere, and a layer of aerosols in the
UTLS may reduce solar radiation reaching the Earth’s sur-
face (Penner et al., 1998). The global mean estimated cumu-
lative (since 1970) BC radiative effect is +0.3 W m−2, while
OC emitted from fossil fuels is estimated to be −0.1 W m−2

(Myhre et al., 2013). The presence of BC aerosols can
change the sign of forcing from negative to positive (Hay-
wood and Shine, 1997). Studies pertaining to BC/OC RF
are sparse over the Indian region. Sreekanth et al. (2007) re-
ported BC RF at the top of the atmosphere (TOA) +2.36
and −9.9 W m−2 at the surface at Visakhapatnam (17.7◦ N,
83.3◦ E) during the monsoon season 2006. Babu et al. (2002)
obtained BC RF +5 W m−2 at the TOA and at the surface
−23 W m−2 at Bangalore (13◦ N, 77◦ E) during November–
December 2001. Badarinath and Latha (2006) reported BC
RF of +9 W m−2 at the TOA and −33 W m−2 at the sur-
face at Hyderabad (78◦ E, 17◦ N), India, during January–
May 2005.

The Asian summer monsoon (ASM) has a major impact
on agriculture, water resources, and economy and society.

Atmos. Chem. Phys., 17, 11637–11654, 2017 www.atmos-chem-phys.net/17/11637/2017/



S. Fadnavis et al.: Potential impact of carbonaceous aerosol 11639

Therefore it is important to study the impact of fast-growing
Asian emission of carbonaceous aerosols on monsoon pre-
cipitation. However, there are a few studies reporting the
impacts of carbonaceous aerosols on precipitation over In-
dia (Meehl et al., 2008; Wang et al., 2009; Ganguly et al.,
2012) and China (Guo et al., 2013, 2015). Since convec-
tive transport (during the monsoon season) inter-links tropo-
spheric processes with the UTLS (Randel et al., 2010; Vogel
et al., 2011, 2015; Fadnavis et al., 2013), it is essential to un-
derstand impacts of boundary layer emissions on the UTLS.
To our knowledge, transport of carbonaceous aerosols from
the boundary layer to upper troposphere and their impacts
on the UTLS and connecting monsoon circulation are not
explored in detail. In this study we address the question of
the impact of rapidly growing Asian emissions of carbona-
ceous aerosols (BC and OC) on the thermal structure of the
UTLS, monsoon transport processes and rainfall over India
and China. We perform control and sensitivity simulations
using the ECHAM6-HAM aerosol climate model. In sen-
sitivity experiment, we have doubled anthropogenic emis-
sions of both BC and OC over Southeast Asia (10◦ S–50◦ N,
65–155◦ E). The paper is organized as follows. In Sect. 2
model simulations and satellite observations are described.
The transport processes are discussed in Sect. 3. The impacts
of enhanced carbonaceous aerosol emissions on the UTLS
and monsoon precipitation are described in Sect. 4, and con-
clusions are given in Sect. 5.

2 Model simulations and satellite data analysis

2.1 Experimental setup and model simulations

The fully coupled aerosol–climate model ECHAM6-HAM
(version echam6.1.0-ham2.1-moz0.8) used in this study
comprises the general circulation model ECHAM6 (Stevens
et al., 2013) coupled to the aerosol sub-module Hamburg
Aerosol Model (HAM) (Stier et al., 2005; Zhang et al.,
2012). HAM predicts the evolution of sulfate (SU), black
carbon (BC), particulate organic matter (POM), sea salt
(SS), and mineral dust (DU) aerosols. The size distribution
of aerosol population being described by seven lognormal
modes with prescribed variance as in the M7 aerosol module
(Vignati et al., 2004; Stier et al., 2005; Zhang et al., 2012).
Moreover, HAM uses the two-moment cloud microphysics
scheme in which the nucleation scavenging of aerosol parti-
cles by acting as cloud condensation nuclei (CCN) or ice nu-
clei, freezing and evaporation of cloud droplets and melting
and sublimation of ice crystals is treated explicitly (Lohmann
and Ferrachat, 2010; Neubauer et al., 2014). The anthro-
pogenic and fire emissions of SO2, BC, and OC are based
on the AEROCOM-ACCMIP-II emission inventory. The an-
thropogenic emissions are based on Lamarque et al. (2010).
The biomass burning emissions are from GICC (1850–1950;
Mieville et al., 2010), RETRO (1960–1990; Schultz et al.,

2008) and GFED v2 (1997–2008; van der Werf et al., 2006).
Biogenic emissions are derived from MEGAN (Guenther et
al., 1995), and fossil fuel sources are provided by the AC-
CMIP inventory (Lamarque et al., 2010). In the model, bio-
genic OC is directly inserted via emissions. Secondary or-
ganic aerosol (SOA) emissions are as described by Dentener
et al. (2006). The emissions of sea salt (Guelle et al., 2001;
Stier et al., 2005) and dust (Tegen et al., 2002; Cheng et al.,
2008) are computed interactively.

The model simulations are performed at the spectral reso-
lution of T63. This spectral representation is associated with
a horizontal resolution of 1.875◦× 1.875◦ on a Gaussian grid
and a vertical resolution of 47 levels spanning from the sur-
face up to 0.01 hPa. The simulations have been carried out at
a time step of 20 min. AMIP sea surface temperature (SST)
and sea ice cover (SIC) are used as lower boundary con-
ditions. Note that our base year for aerosol and trace gas
emissions is 2000. Each simulation was performed for the
30 years from January 1979 to December 2009. We ana-
lyze simulated data for 20 years (1989–2009) considering
initial 10 years as spin-up time. Emissions are the same in
each simulation, and meteorology varied because of differ-
ent monthly sea surface temperature (SST) and sea ice (SIC)
data. The interactive aerosols change the meteorology and
feedback to aerosol variations. Most of the models underes-
timate BC and OC mass concentrations observed over Asia
(Bond et al., 2013; Butt et al., 2016; Winiger et al., 2016).
Bond et al. (2013) have suggested that global atmospheric
absorption attributable to black carbon is too low in many
models and should be increased by a factor of 3. Butt et
al. (2016) obtained better predictions when residential car-
bonaceous emissions were doubled. We performed a control
experiment (CTRL) with baseline emissions (for the year
2000) and three sensitivity simulations for doubling of car-
bonaceous aerosols over the Asian region: (1) Demiss, in
which emissions of both BC and OC are doubled; (2) DB-
Conly, in which emissions of only BC aerosols are doubled;
and (3) DOConly, in which only OC aerosols are doubled.
We compare the CTRL simulation with Demiss scenario to
analyze the impacts of doubled carbonaceous emissions (BC
and OC together) on the UTLS and rainfall during the ASM
season (June–September). We also provide the contribution
of BC and OC aerosols separately from comparison of CTRL
with DBConly and DOConly simulations.

2.2 Satellite measurements

2.2.1 The Tropical Rainfall Measuring Mission
(TRMM)

The Tropical Rainfall Measuring Mission (TRMM) is a joint
National Aeronautics and Space Administration (NASA) and
Japan Aerospace Exploration (JAXA) satellite mission to
monitor the tropical and subtropical precipitation and esti-
mate its associated latent heat. TRMM was launched in 1997
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from Tanegashima space center in Japan. The rainfall mea-
suring instruments on the TRMM satellite include an elec-
tronically scanning radar Precipitation Radar (PR) (operat-
ing at 13.6 GHz); the TRMM microwave imager (TMI), a
nine-channel passive microwave radiometer (which records
radiation at the 10.65, 19.35, 37.0, 85.5 (V and H) and 21.3
(V) GHz); and the Visible and Infrared Scanner (VIRS), with
five operating channels (Kummerow et al., 1998). The 3B42
algorithm produces TRMM-adjusted merged infrared precip-
itation rate and root mean square (RMS) precipitation er-
ror estimates (Huffman et al., 2007). The algorithm com-
bines multiple independent precipitation estimates from the
TMI, Advanced Microwave Scanning Radiometer for Earth
Observing Systems (AMSR-E), Special Sensor Microwave
Imager (SSMI), Special Sensor Microwave Imager/Sounder
(SSMIS), Advanced Microwave Sounding Unit (AMSU),
Microwave Humidity Sounder (MHS), and microwave-
adjusted merged geo-infrared (IR). The final 3B42 precipita-
tion (in mm h−1) estimates have a 3-hourly temporal resolu-
tion and a 0.25◦ by 0.25◦ spatial resolution. TRMM precipi-
tation can be obtained from https://disc2.gesdisc.eosdis.nasa.
gov/data/TRMM_L3/TRMM_3B42.7/. Three-hourly precip-
itation data are averaged to obtain daily mean. Then, seasonal
mean (June–September) is computed from daily mean data.
Further, seasonal mean data are averaged for 20 years (1997–
2016) to obtain climatology of the monsoon season.

2.2.2 CloudSat and Cloud-Aerosol Lidar Infrared
Pathfinder Satellite Observations (CALIPSO)

Cloud–Aerosol Lidar and Infrared Pathfinder Satellite Ob-
servation (CALIPSO) and CloudSat are two A-Train con-
stellation satellites, launched together in April 2006. They
provide information related to the role of cloud and aerosol
in the Earth’s climate system and radiative imbalance of the
atmosphere. The Cloud Profiling Radar (CPR) onboard the
CloudSat satellite is a 94 GHz nadir-looking radar which
measures the power backscattered by clouds as a function
of distance. It provides information on cloud abundance,
distribution, structure, and radiative properties (Stephens et
al., 2008). The Cloud-Aerosol Lidar with Orthogonal Po-
larization (CALIOP) is an elastically backscattered active
polarization-sensitive lidar instrument onboard CALIPSO.
CALIOP transmits laser light simultaneously at 532 and
1064 nm at a pulse repetition rate 20.16 Hz. The lidar receiver
subsystem measures backscatter intensity at 1064 nm and
two orthogonally polarized components of 532 nm backscat-
ter signal that provide the information on the vertical distri-
bution of aerosols and clouds, cloud particle phase, and clas-
sification of aerosol size (Winker et al., 2010; Powell et al.,
2013). In this study, we use ice water content (IWC) dataset
from the combined measurement of CloudSat and CALIPSO
(2C-ICE_L3_V01) for the period 2007–2010. The 2C-ICE
cloud product is an ice cloud retrieval derived from the com-
bination of the CloudSat radar and CALIPSO lidar, using a

variational method for retrieving profiles of the IWC in ice
clouds (Deng et al., 2013). The details of the data retrieval
method are explained in Li et al. (2012). IWC data have been
averaged for the monsoon season and period 2007–2010 to
obtained seasonal climatology.

2.3 Comparison with in situ measurements

We compare CTRL simulated BC concentrations with
(1) aircraft measurements at Guwahati (26◦11′ N, 91◦44′ E)
on 30 August, 4 and 6 September 2009 from Rahul et
al. (2014) and (2) balloon-borne measurements at Hyder-
abad (17◦48′ N, 78◦40′ E) (Aethalometer installed on the
hydrogen-inflated balloon) on 17 March 2010 from Babu
et al. (2011). The model is not forced with meteorology;
therefore, daily variations are not reproduced. Hence, for
comparison, monthly mean simulated BC concentrations are
extracted at the grid centered at Guwahati and Hyderabad.
Figure 2a–d show the comparative analysis of model sim-
ulated BC and in situ measurements. It can be seen that
the model underestimates BC emissions; therefore, we ad-
ditionally compare in situ measurements with Demiss simu-
lations. The profiles of BC concentration obtained from the
Demiss simulation show reasonable agreement with obser-
vations at Guwahati in the lower troposphere below 3 km,
while differences are large between 3 and 6 km. Simulated
BC profiles (both CTRL and Demiss) show large differences
with observations at Hyderabad (Fig. 2d). These balloon-
borne measurements show a variation of BC between 1000
and 10 000 ng m−3 from surface to 8.5 km while simulated
BC concentration varies between 2 and 3000 ng m−3 for the
same altitudes. The differences between in situ measure-
ments (balloon-borne and aircraft) and model simulations
may be due to number of factors such as the uncertainty in
BC emissions in the model’s emission inventory, uncertainty
in the model’s transport processes, and its coarse spatial grid
(1.875◦× 1.875◦) compared to point measurement. More-
over, the meteorological conditions of each individual mea-
surement day cannot be captured by monthly average values
from the model output. The large differences at Hyderabad
may be due to uncertainty in measurements due to attach-
ment of the Aethalometer to the balloon. Although there are
differences in the troposphere, Demiss simulations show rea-
sonable agreement with measurements near the surface at
Guwahati (Fig. 2a–c) and Hyderabad (Fig. 2d). A similar
agreement is also observed with observations near the sur-
face (0–2 km) at Kanpur (80◦20′ E, 26◦26′ N) (Tripathi et al.,
2007). The BC concentrations at Kanpur obtained from De-
miss simulations∼ 7.5–3 µg m−3 are comparable with obser-
vations ∼ 8–4 µg m−3.

Figure 2e and f show the vertical distribution of cloud ice
obtained from CTRL simulation and climatology of the sea-
sonal mean from combined measurement of CloudSat and
CALIPSO (2C-ICE) (2007–2010), respectively, averaged for
the monsoon season (June–September) and the ASM region
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Figure 2. Vertical distribution of BC aerosols (ng m−3). (a) Aircraft measurements on 30 August 2009 at Guwahati (26◦11′ N, 91◦44′E)
(Rahul et al., 2014), CTRL and DBConly simulations for that month extracted at a grid centered at Guwahati. (b) Same as (a) but observations
for 4 September 2009 and simulations for the month of September. (c) Same as (a) but for observations on 6 September 2009 and simulations
for the month of September. (d) Balloon-borne measurement on 17 March 2010 at Hyderabad (17◦48′ N, 78◦40′ E) (Babu et al., 2011) and
CTRL and DBConly simulations for the month of March at a grid centered at Hyderabad. (e) Seasonal mean distribution of cloud ice mass
mixing ratio (mg kg−1) averaged for 20–40◦ N from CTRL simulations. (f) CloudSat and CALIPSO combined 2C-ICE L3 for the years
2007–2010. (g) Seasonal mean precipitation (mm day−1) obtained from CTRL simulations. (h) TRMM averaged for period 1998–2005.

(60–110◦ E, 15–40◦ N). It can be seen that simulated (3–
10 mg kg−1) and observed cloud ice (5–17 mg kg−1) both
show high amounts in the upper troposphere (450–200 hPa)
over the ASM region. The model simulations show a max-
imum (7–10 mg kg−1) at ∼ 350–250 hPa over 80–100◦ E,
while satellite observations (12–17 mg kg−1) show this at
∼ 450–200 hPa over ∼ 80–120◦ E. These differences may be
related to uncertainties in satellite observations (Deng et al.,
2010) and model biases; for example, the model does not
consider large ice particles unlike the cloud ice measurement
from CloudSat and CALIPSO. The total ice water mass esti-
mates from 2C-ICE combine measurements from CALIPSO
lidar depolarization, which is sensitive to small ice particles
(i.e., cloud ice represented in global climate models), and
CloudSat radar, which is very sensitive to larger ice parti-
cles (i.e., precipitating ice or snow). In most global climate
models, including all versions of CMIP3 and most of those of
CMIP5, only small particles (i.e., cloud ice) are represented
prognostically. The mass of large ice particles (about two-
thirds of total ice) and their radiative effects, however, are
not included (e.g., Li et al., 2012, 2013).

We compare simulated (CTRL) seasonal mean (June–
September) precipitation with TRMM climatology (1997–
2016). Figure 2g and h show the distribution of precipitation
as obtained from CTRL simulation and TRMM, respectively.
It can be seen that general spatial pattern of precipitation sim-
ulated by the model is in good agreement with TRMM. The
model could reproduce high amounts of precipitation over
the Bay of Bengal, the South China Sea, and the Western

Ghats, in agreement with a number of past studies (Wang
and LinHo, 2002; Hirose and Nakamura, 2005; Xie et al.,
2007; Takahashi, 2016). However, the model underestimates
the rainfall over northern India and the western coast of India
by ∼ 2–10 mm day−1 and overestimates it over the Tibetan
Plateau (TP) and the South China Sea by ∼ 5–12 mm day−1.
This may be related to uncertainties in emissions, transport
errors, and model coarse resolution.

3 Transportation of aerosol to the UTLS

Figure 3a depicts the vertical distribution of carbonaceous
aerosols averaged over northern India (75–100◦ E, 25–45◦ N)
during the annual cycle as obtained from CTRL simulation. It
shows elevated levels of aerosols (BC and OC together) from
the surface to the tropopause during pre-monsoon (March–
May) and monsoon seasons. It also shows a layer of carbona-
ceous aerosols (∼ 5 ng m−3) in the upper troposphere∼ 170–
100 hPa. A layer of aerosols in the upper troposphere is also
observed by satellite (SAGE II, CALIPSO) and lidar mea-
surements during the monsoon season (Vernier et al., 2011;
Thomason and Vernier, 2013; Fadnavis et al., 2013; He et
al., 2014). Over the TP this aerosol layer extends above the
tropopause (18–19 km) (He et al., 2014).

A prominent feature in the UTLS over the ASM region
during the summer season is a large anticyclone. Satellite ob-
servations show a persistent maximum in trace gases (CO,
H2O, PAN, HCN, CH4, etc.) (Li et al., 2005; Randel and

www.atmos-chem-phys.net/17/11637/2017/ Atmos. Chem. Phys., 17, 11637–11654, 2017
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Figure 3. Distribution of BC and OC aerosols (ng m−3) together from CTRL simulations: (a) monthly variations averaged for the region 70–
120◦ E, 25–45◦ E. Seasonal mean distribution of BC and OC aerosols (ng m−3) together from CTRL simulations: (b) at 100 hPa; (c) averaged
for 15–35◦ N; and (d) averaged for 80–110◦ E. Seasonal mean distribution of cloud ice+ cloud water (µg m−3) from CTRL simulations:
(e) averaged for 10–25◦ N and (f) averaged for 80–110◦ E. Black arrows indicate wind vectors. The vertical velocity field has been scaled
by 1000. A black line represents the tropopause. In panels (a, c, d, e, f) the tropopause is averaged over the same region where the field
parameter is averaged.

Park, 2006; Fu et al., 2006; Park et al., 2008, 2009; Randel
et al., 2010; Fadnavis et al., 2013, 2014, 2015) and aerosols
(Tobo et al., 2007; Vernier et al., 2011; Thomason and
Vernier, 2013; Yu et al., 2015) in the ASM anticyclone. Fig-
ure 3b exhibits the distribution of seasonal (June–September)
mean carbonaceous aerosols (BC and OC together) from
CTRL simulation in the anticyclone (∼ 100 hPa). In agree-
ment with previous studies (Tobo et al., 2007; Vernier et
al., 2011), Fig. 3b also shows confinement of high carbona-
ceous aerosols concentration (∼ 5.5 ng m−3) within the anti-
cyclone. The wind vector at 100 hPa depicts the extent of the
anticyclone (20–120◦ E and 15–40◦ N).

Previous studies from model simulations and trajectory
analysis show that rapid transport of trace gases and aerosols
from Asian boundary layer into the anticyclone is closely
linked with the deep ASM convection (Li et al., 2005;
Randel and Park, 2006; Park et al., 2007, 2009; Xiong
et al., 2009; Fadnavis et al., 2013, 2014, 2015). We plot
longitude–pressure and latitude–pressure cross sections of
carbonaceous aerosol from CTRL simulations to understand

their transport. Figure 3c displays seasonal mean longitude–
pressure variation of carbonaceous averaged over 15–35◦ N,
along with wind vectors. It indicates that they are lifted up
from the Bay of Bengal, Indo-Gangetic Plain (70–90◦ E) and
South China Sea (110–130◦ E) into the anticyclone increas-
ing the aerosol concentration to 4–6 ng m−3 in the UTLS
(above 200 hPa) across 40–110◦ E. Transport from southern
slopes of Himalaya is evident in Fig. 3d. The vertical distri-
bution of both BC and OC show transport from above men-
tioned regions into the UTLS (Fig. S1 in the Supplement).
The amount of OC (3–4 ng m−3) crossing the tropopause is
higher than BC (0.8–1 ng m−3). Figure 3e and f show the
condensed cloud water (both liquid and ice). Its maxima
point out areas of frequent deep convective activity over the
Bay of Bengal and the South China Sea (Fig. 3e) and the
southern flanks of the Himalayas (Fig. 3f). Thus, transport
of carbonaceous aerosols (seen in Fig. 3c and d) from these
regions into the upper-level anticyclone may be due to deep
monsoon convection. Pollution transport (CO, HCN, NOx ,
PAN) from the Asian region to the UTLS due to monsoon
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convection is also reported by Park et al. (2007), Randel et
al. (2010) and Fadnavis et al. (2014, 2015). Figure 3c and d
show that a fraction of aerosols crosses the tropopause and
enters into the lower stratosphere. It may be due to large-
scale upward motion within the anticyclone. Recently, tra-
jectory analysis has shown that air masses within the anticy-
clone are transported into the lower stratosphere in the north-
ern subtropics (Garny and Randel, 2016). We analyze the ver-
tical profile of anomalies of carbonaceous aerosols obtained
from a difference between Demiss and CTRL simulations.
Longitude–pressure and latitude–pressure cross sections of
the anomalies are shown in Fig. 4a and b, respectively. En-
hanced anomalies are seen along the transport pathways, e.g.,
from the Bay of Bengal, the South China Sea and southern
flanks of the Himalayas into the anticyclone. They show an
enhancement of nearly 4 ng m−3 relative mass of aerosol near
the tropopause and part of it (> 2 ng m−3) enters the lower
stratosphere. Comparisons of DBConly and DOConly sim-
ulations with CTRL show anomalies in BC 3–5 ng m−3 and
OC 8–12 ng m−3 in the lower stratosphere (not shown).

4 Impact of enhanced carbonaceous aerosol emissions

4.1 Impact on radiative forcing and heating rates

The convectively transported carbonaceous aerosols may al-
ter RF, heating rates, temperature, and vertical velocities in
the UTLS. The carbonaceous aerosol can affect the radiative
energy balance of the atmosphere directly by scattering and
absorbing solar radiation and indirectly by acting as CCN
(Rosenfield, 2000). Anomalies in aerosol RF estimated from
Demiss, DBConly and DOConly simulation against CTRL
are averaged for the monsoon season and region covering the
TP and Indo-Gangetic Plain (15–35◦ N, 80–110◦ E) (see Ta-
ble 1). The seasonal mean anomaly of aerosol forcing for
Demiss simulation is +0.37± 0.26 W m−2 at the TOA and
−4.74± 1.42 W m−2 at the surface. The estimated aerosol
forcing anomalies for DBConly (DOConly) simulation is
+0.31± 0.25 W m−2 (−0.51± 0.32 W m−2) at the TOA and
−4.20± 0.81 W m−2 (−1.96± 0.95 W m−2) at the surface.
In comparison, AR5 assessment of global mean BC RF at
the TOA is +0.4 W m−2 (Myhre et al., 2013). The atmo-
spheric RF is computed from the difference between forc-
ing at TOA and surface. It represents the energy trapped
in the atmosphere due to the presence of higher amounts
of carbonaceous aerosols. The resultant anomaly of atmo-
spheric aerosol RF for Demiss is +5.11± 0.83 W m−2, and
+4.52± 0.38 W m−2 (+1.45± 0.49 W m−2) for DBConly
(DOConly) . Table 1 indicates that, among the carbonaceous
aerosols, the major contribution in enhancing atmospheric
RF is due to BC aerosols, although emission of OC is higher
than BC aerosols over Asia. This may be due to scattering
and absorbing property of OC aerosols. From Aethalome-
ter observations, Sreekanth et al. (2007) reported BC RF at

Table 1. ECHAM6 HAM simulated total (shortwave and longwave)
radiative forcing (W m−2) along with 2 standard deviation values
averaged over the TP and Indo-Gangetic Plain (80–110◦ E, 15–
35◦ N) region.

Model run TOA Surface Atmosphere

Demiss-CTRL +0.37± 0.26 −4.74± 1.42 +5.11± 0.83
DBConly-CTRL +0.31± 0.25 −4.20± 0.81 +4.52± 0.38
DOConly-CTRL −0.51± 0.32 −1.96± 0.95 +1.45± 0.49

the TOA +2.36 and −9.9 W m−2 at the surface at Visakha-
patnam (17◦7′ N, 83◦3′ E) during the monsoon season of the
year 2006. These values are higher than anomalies of BC
RF (DBConly-CTRL) (TOA +1.3± 0.80 W m−2 and sur-
face −5.0± 1.31 W m−2) obtained at the grid centered at
Visakhapatnam. These differences may be due to a compari-
son of point observations at Visakhapatnam with model out-
put extracted over a grid (1.875◦× 1.875◦) centered at the
same location. Also, BC aerosols are underestimated in the
model (Fig. 2a–c). Pan et al. (2015) have shown that model
simulations with AEROCOM-ACCMIP-II emissions under-
estimate AOD over south Asia (15 to 44 %) in comparison
with Multi-angle Imaging SpectroRadiometer observations.

The resulting shortwave plus longwave atmospheric forc-
ing due to doubled carbonaceous aerosols will translate to
a significant atmospheric heating (Babu et al., 2002). We
obtain anomalies in total heating rates (HRs) due to car-
bonaceous aerosols (Demiss-CTRL). Figure 4c and d show
longitude–pressure (averaged for 15–35◦ N) and latitude–
pressure (averaged for 80–110◦ E) cross sections of HR
anomalies during the monsoon season. Enhanced carbona-
ceous aerosol emissions increase HR near the surface over
the Indo-Gangetic Plain, southern slopes of the Himalayas
and south China. High emissions from these regions cause
anomalous heating (0.08 K day−1) in the lower troposphere
(1000–600 hPa). Positive anomalies of HR can be seen along
the pathway through which carbonaceous aerosols are trans-
ported into the anticyclone. The carbonaceous aerosols have
increased HR by ∼ 0.02–0.03 K day−1 near the tropopause
in the ASM region in comparison with CTRL simula-
tions (0.006–0.01 K day−1). Figure S2 exhibits the latitude–
pressure cross section of HR anomalies for DBConly and
DOConly simulations. It can be seen that, in transport path-
ways, anomalies of HR for DBConly simulation are higher
than DOConly, although emissions of OC aerosols are higher
than BC over Asia. This heating may be attributed to the
high absorbing property of BC than OC. It can be seen
that HR obtained from Demiss-CTRL simulations is not
just arithmetic summation of HR from DBConly-CTRL and
DOConly-CTRL. This may be due to nonlinear dynami-
cal changes due to heating by BC and cooling/heating ef-
fects of OC (Penner et al., 1998). Radiative heating of the
tropopause region increases the vertical motion and trans-
port into the lower stratosphere (Gettelman et al., 2004).
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Figure 4. Distribution of seasonal mean (June–September) anomalies (Demiss-CRTL), of BC and OC aerosols (ng m−3) together averaged
for (a) 15–35◦ N and (b) 80–110◦ E. Black arrows indicate wind vectors (the vertical velocity field has been scaled by 1000). (c, d) Same as
(a, b) but for heating rate anomalies (K day−1). Distribution of anomalies in temperature (K) averaged for (e) 15–35◦ N and (f) 80–110◦ E.
A black line represents the tropopause. The tropopause is averaged over 15–35◦ N for panels (a, c, e) and over 80–110◦ E for panels (b, d,
f). Black hatched lines in panels (c, d, e, f) indicate the 99 % confidence level.

Carbonaceous aerosol anomaly enhancement (> 2 ng m−3)

in the lower stratosphere seen in Fig. 4a and b is due to an
increase in vertical motion in response to enhanced aerosol
HR. This indicates that aerosols induce a positive feedback
in vertical transport.

4.2 Impact on temperature, circulation and
precipitation

Further, we analyze changes in temperature induced by
doubled carbonaceous aerosol emissions. Figure 4e and f
show the longitude–pressure (averaged over 15–35◦ N) and
latitude–pressure (averaged over 80–110◦ E) cross sections
of temperature anomalies. These aerosols induce signifi-
cant warming in the mid-troposphere (500–300 hPa) over the
ASM region (Fig. 4e) and an anomalous warm core (warm-
ing∼ 1 K) in the middle–upper troposphere (∼ 400–300 hPa)
over the TP (Fig. 4f). This warming may be due to heating by
aerosol and water vapor together. The aerosol-induced warm-
ing may enhance water vapor transport in the middle/upper
troposphere (discussed in Sect. 4.3) in response to dynam-
ical changes. The enhanced water vapor would contribute
additionally to this warming and provide positive feedback

(Fig. 8a–b). The warming over the TP in response to dou-
bling of BC (DBConly) and OC (DOConly) aerosols indi-
vidually is shown in Fig. S3. Warming due to BC aerosols
is ∼ 0.3–1.2 K over the TP, while OC aerosols show cooling
(−0.3 K) over the central TP and warming (+0.6 K) over the
northern TP. This indicates that BC aerosols play a major role
in creating a warm core over the TP. This warm core extends
to midlatitudes. It is related to warming by BC aerosols and
partially by water vapor. Figure S4 shows that BC aerosols
are transported upward and northward from (latitudes 40–
48◦ N) regions of China, Mongolia, and southern Russia to
the midlatitude upper troposphere, which may contribute to
this warming. In addition, the negative water vapor anoma-
lies in the same region (in the UTLS of the midlatitudes) seen
in Fig. 8b imply a decreased radiative cooling, which might
have partially contributed towards the warming anomaly. The
warm core over the TP plays an important role in enhanc-
ing the ASM circulation (Flohn, 1957; Yanai et al., 1992;
Meehl, 1994; Li and Yanai, 1996; Wu and Zhang, 1998) (dis-
cussed later in this section). Figure 4e shows cooling near
the tropopause in the anticyclone region with a small patch
of positive anomalies over the TP (80–100◦ E). During the
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Figure 5. Vertical distribution of anomalies (Demiss-CTRL) averaged for the monsoon season. (a) Square of Brunt–Väisälä frequency
(s−1
× 10−5) averaged over 25–40◦ N and (b) vertical velocities (m s−1) averaged for 15–35◦ N. (c) Same as (b) but averaged for 80–

110◦ E. (d) Difference in the meridional circulation averaged for 70–90◦ E. Black arrows indicate wind vectors. (e) Distribution of outgoing
longwave radiation (OLR) (shaded) (W m−2) and winds (m s−1) at 850 hPa. In panels (b–d) the vertical velocity field has been scaled by
1000 and a thick black line shows the tropopause. Black hatched lines in panels (b, c) indicate the 99 % confidence level.

monsoon season, cold temperatures in the UTLS persist over
the warm mid-troposphere (Randel and Park, 2006; Park et
al., 2007). Our model simulations show that doubling of car-
bonaceous aerosol emissions amplifies the mid-tropospheric
warming and cooling near the tropopause. The middle–upper
tropospheric warming would enhance convective instability
(Defouw, 1970). The strong negative anomalies in Brunt–
Väisälä frequency (an indication of strong convective insta-
bility) in the middle–upper troposphere (300–200 hPa) con-
firm (Fig. 5a) positive feedback between warming and con-
vective instability in the middle–upper troposphere.

During northern hemispheric summer, heating over the
TP maintains a large-scale thermally driven vertical circu-
lation (Yanai et al., 1992). The analysis of simulated vertical
velocities shows that carbonaceous aerosols induce positive
anomalies over the southern slope of Himalayas and Indo-
Gangetic plains (Fig. 5b and c). Thus, carbonaceous aerosols
amplify warming (Fig. 4e and f) and enhance ascending mo-
tion over these regions. Previous studies (Rajagopalan and
Molnar, 2013; Vinoj et al., 2014) have reported that the warm
ascending air above the TP gradually spreads southward and
descends over the northern Indian Ocean. The southwesterly
winds at the surface, on the other hand, complete the mon-
soon Hadley cell. This local circulation system releases la-
tent heat and further maintains the Tibetan warm core. Thus,
heating over the TP leads to increased Indian summer mon-
soon rainfall by enhancing the cross-equatorial circulation

and concurrently strengthening both the Somali Jet (low-
level jet) and the westerly winds that bring rainfall to India.
Goswami et al. (1999) also reported that there is a strong cor-
relation between monsoon Hadley circulation and precipita-
tion. Figure 5d shows that carbonaceous aerosols strengthen
the monsoon Hadley circulation, ascending over 10–20◦ N
and descending over 0–10◦ S. These aerosols reinforce the
low-level monsoon jet (850 hPa) (seen in Fig. 5e and also
Fig. 5d) and outgoing longwave radiation (Fig. 5e). Figure 5e
shows enhanced convection (negative anomalies in outgoing
longwave radiation, OLR) is induced by the carbonaceous
aerosols over the Arabian Sea, Bay of Bengal, and the ma-
jority of the Indian subcontinent, Myanmar and the region of
eastern China.

The carbonaceous aerosols also indirectly affect precipita-
tion processes by altering the CCN and cloud droplet num-
ber concentration (CDNC) (Rosenfeld et al., 2000). In our
model simulations, doubling of carbonaceous aerosols and
the related indirect effect results in enhancement of CDNC
(8–12 m−3) and cloud water (5–20 µg m−3) in the region of
strong convection (the Bay of Bengal, southern slopes of the
Himalayas and South China Sea) in the lower troposphere
(Fig. 6a–d).

Figures 4–6 suggest that enhanced emissions of carbona-
ceous aerosols increase the HR and amplify warm anoma-
lies in the middle troposphere and cold anomalies near the
tropopause. Aerosol-induced warming creates enhancement
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Figure 6. Distribution of anomalies (Demiss-CTRL) averaged for the monsoon season. (a) CDNC (m−3) averaged for 15–35◦ N. (b) Same
as (a) but averaged for 80–110◦ E. (c) Cloud water (µg m−3) averaged for 15–35◦ N. (d) Same as (c) but averaged for 80–110◦ E. In
panels (a–d) a thick black line shows the tropopause and black hatched lines indicate the 99 % confidence level.

Figure 7. Distribution of anomalies in precipitation (mm day−1) averaged for the monsoon season obtained from (a) Demiss-CTRL,
(b) DBConly-CTRL and (c) DOConly-CTRL. Black hatched lines indicate the 99 % confidence level.

in vertical velocities. These aerosols induce an anomalous
warming over the TP which in turn strengthens the mon-
soon Hadley circulation, low-level monsoon jet and convec-
tion over the Indian subcontinent and eastern China. Previ-
ous studies (Meehl, 1994; Krishnamurthy and Achuthavarier,
2012) have explained the mechanism of strengthening of
the monsoon Hadley circulation facilitates enhance pre-
cipitation over the Indian region. Consequently, aerosol
(carbonaceous)-induced precipitation anomalies are positive
over the Indian region (1–4 mm day−1) (Fig. 7a). Strong pos-
itive anomalies (2–4 mm day−1) are located over northern In-

dia, the Bay of Bengal, the western coast of India and the
foothills of Himalaya. There is an enhancement in precip-
itation over northeastern China (0.2–2 mm day−1) and some
parts of central and south China (0.2–1 mm day−1). We show
anomalies in precipitation obtained from DBConly and DO-
Conly with respect to CTRL in Fig. 7b–c. These panels
show that BC aerosols induce positive precipitation anoma-
lies (∼ 1–5 mm day−1) over the Indian region by strength-
ening of monsoon Hadley circulation (Fig. S5a), while OC
aerosols induce negative precipitation anomalies over In-
dia (−1 to −5 mm day−1) and northeastern China (0 to
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Figure 8. Distribution of anomalies (Demiss-CTRL) averaged for the monsoon season. (a) Water vapor (%) averaged over 15–35◦ N.
(b) Same as (a) but averaged over 80–110◦ E. (c, d) Same as (a, b) but for cloud ice (µg m−3) and (e, f) for ice crystal number concen-
tration (ICNC) (m−3). A thick black line shows the tropopause while black hatched lines indicate the 99 % confidence level. The tropopause
is averaged for 15–35◦ N for panels (a, c, e) and 80–110◦ E for panels (b, d, f).

−1mm day−1) by producing subsidence over these regions
(Fig. S5b). In agreement with the present study, aerosol–
climate modeling studies by Wang (2004, 2007) also show
enhancement in precipitation over India due to black carbon
direct RF. An increase in the Indian summer monsoon precip-
itation due to the loading of absorbing aerosol (BC and dust)
has been reported in the past (Lau and Kim, 2006; Vinoj et
al., 2014; Fadnavis et al., 2016). In the current study, sim-
ulations are performed with prescribed SSTs. In the model
setup, interactive aerosols change the meteorology and feed-
back to aerosol variations. Other model studies using pre-
scribed SSTs (Chung et al., 2002; Menon et al., 2002; Lau
and Kim, 2006) also show an increase in precipitation over
India due to black carbon aerosols. These model simulations
did not take into account aerosol feedback with SSTs, unlike
coupled atmosphere–ocean general circulation model. How-
ever, atmosphere–ocean coupled models often need multi-
century simulations to take into account the slow response

of SSTs (Danabasoglu and Gent, 2009). The coupled atmo-
sphere slab ocean model by Ganguly et al. (2012) shows
a mix response of precipitation distribution on the climate
scale. It shows a reduction in precipitation over the west-
ern coast line of the Indian peninsula and an increase over
northwestern part of Indian subcontinent. Reduction in pre-
cipitation is attributed to anthropogenic aerosols from Asia
and remote locations. These differences are due to a differ-
ent model setup; the present study gives an impact of dou-
bled Asian carbonaceous aerosol emissions using an aerosol–
atmosphere–climate model. On the other hand, Ganguly et
al. (2012) show responses of all anthropogenic and biomass
burning aerosols in the context of climatic change (preindus-
trial and present day), also accounting for the slow response
of SSTs.
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4.3 Impact on water vapor and cloud ice

Recently from satellite observations, Park et al. (2007) have
shown that water vapor in the upper troposphere (∼ 216 hPa)
varies coherently with deep monsoon convection both tem-
porally and spatially. Transport of high water vapor in the
UTLS by the monsoon convection has been reported in the
past (Gettelman et al., 2004; Dessler and Sherwood, 2004;
Fu et al., 2006; Randel and Park, 2006; Braesicke et al.,
2011; Ploeger et al., 2013). We analyze the difference in
water vapor anomalies (Demiss-CTRL) to understand the
impact of doubled Asian carbonaceous aerosol emissions
on the transport of water vapor in the UTLS. Figure 8a
and b show an increase in water vapor in the upper tropo-
sphere and lower stratosphere 3–15 % (∼ 0.1–20 ppmv). Wa-
ter vapor anomalies 10–15 % (∼ 8–20 ppmv) are seen near
200 hPa and 1–5 % (∼ 0.1–0.8 ppmv) near the tropopause.
Fadnavis et al. (2013) reported an increase in water vapor
(∼ 0.1–10 ppmv) in the UTLS in response to the increasing
aerosols which are in agreement with the current study. In
the past, Gettelman et al. (2004), Fu et al. (2006), Fadnavis et
al. (2013), Garny and Randel (2016) also reported transport
of water vapor above the tropopause into the lower strato-
sphere during the monsoon season. Enhanced aerosol emis-
sions increase water vapor transport into the lower strato-
sphere by enhancing HRs, middle/upper tropospheric warm-
ing, and vertical velocities. These elevated levels of water va-
por will provide positive feedback by intensifying the HRs.

In addition to thermal and dynamical impact, aerosols in
the UTLS also largely influence the formation and micro-
physical properties of cirrus clouds. Cirrus clouds have a
great impact on radiation and intensity of the large-scale
tropical circulation (Randall et al., 1989; Ramaswamy and
Ramanathan, 1989; Liu et al., 2003). Figure 8c–f show
longitude–pressure and latitude–pressure cross sections of
anomalies of cloud ice and ice crystal number concentration
(ICNC). These figures show enhancement of anomalies of
cloud ice (by 0.4–2 µg m−3) and ICNC (by 0.001–0.01 m−3)
occurrence in the upper troposphere (350–100 hPa). Maxi-
mum increase (cloud ice by 2 µg m−3, ICNC by 0.01 m−3),
is seen in the 80–90◦ E, 20–30◦ N, where stronger upwelling
motion prevails (Fig. 8e and f). A fraction of the positive
anomalies of ICNC is seen near the tropopause indicating
entrainment into the lower stratosphere. Positive anomalies
in cloud ice and ICNC (in the upper troposphere) are due to
enhancement in ASM deep convection (increase in heating
rates, middle/upper tropospheric temperature, vertical veloc-
ity, and monsoon Hadley circulation) induced by the dou-
bling of carbonaceous aerosol emissions.

5 Summary and conclusions

In this paper, we investigated impacts of enhanced Asian
(65–155◦ E, 10◦ S–50◦ N) carbonaceous aerosols on the

UTLS, monsoon circulation and precipitation over India and
China using a state-of-the-art aerosol–climate model. We
performed sensitivity experiments for doubling of carbona-
ceous aerosol emission over the Asian region.

To validate the model simulations, we compare (1) a
simulated BC vertical profile with observations from air-
craft measurements at Guwahati (26◦11′ N, 91◦44′ E), In-
dia, during August–September 2009 and an Aethalometer
launched on a balloon sonde at Hyderabad (78◦ E, 17◦ N) on
17 March 2010 (pre-monsoon season), (2) the seasonal mean
of simulated cloud ice content with climatology of combined
measurements from CloudSat and CALIPSO (2007–2010),
and (3) simulated precipitation with climatology of TRMM
observations (1997–2016). The aircraft measurements show
reasonable agreement with BC concentrations obtained from
doubling of carbonaceous aerosol simulation (Demiss) in
the lower troposphere. In the troposphere, the difference be-
tween aircraft measurements and simulated BC varies with
altitude. Balloon sonde measurements at Hyderabad show
large differences to Demiss simulations in the troposphere.
The spatial patterns of the simulated season mean (June–
September) precipitation are comparable with climatology of
TRMM precipitation (1997–2016) and cloud ice with com-
bined measurements from CloudSat and CALIOP (2007–
2010), respectively. Simulated cloud ice is underestimated by
2–7 mg kg−1 in the UTLS (60–120◦ E, 15–40◦ N) during the
summer monsoon season.

Our model simulations show that monsoon convection
over the Bay of Bengal, the South China Sea and south-
ern flanks of the Himalayas transport Asian carbonaceous
aerosol into the UTLS. A persistent maximum of carbona-
ceous aerosols is seen within the anticyclone during the ASM
season, and a fraction of these aerosols enter the lower strato-
sphere. Doubling emissions of carbonaceous aerosol over the
Asian region leads to their enhancement (by 4–6 ng m−3)

in the UTLS. They alter aerosol RF at the surface by
−4.74± 1.42 W m−2, at the TOA by +0.37± 0.26 W m−2

and in the atmosphere by +5.11± 0.32 W m−2 over the TP
and Indo-Gangetic Plain. Positive anomalies of heating rates
are seen along the pathway through which aerosols are trans-
ported into the anticyclone. These carbonaceous aerosols in-
crease heating rates in the anticyclone (∼ 100 hPa) by 0.02–
0.03 K day−1. They induce significant warming (tempera-
ture increases by 1 K) in the middle/upper troposphere over
the ASM region. An anomalous warming within the atmo-
sphere enhances vertical velocities and thereby cloud ice
(2 mg m−3), ICNC (0.01 m−3). A significant increase in wa-
ter vapor transport in the upper troposphere 10–15 % (0.5–
10 ppmv) and 1–5 % (0.1–0.5 ppmv) near the tropopause is
apparently related to the middle/upper tropospheric warm-
ing. Doubling of carbonaceous aerosol emissions enhances
warming over the TP (∼ 1 K) and cold anomalies near the
tropopause. The warming over the TP may be partially
due to heating by water vapor creating a positive feedback.
The enhanced carbonaceous aerosols strengthen the mon-
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soon Hadley circulation by intensifying warming over the
TP. They strengthen the low-level monsoon jet and convec-
tion and induce precipitation enhancement over India (1–
4 mm day−1) and eastern China (0.2–2 mm day−1). In agree-
ment with the present study, aerosol–climate modeling stud-
ies by Wang (2004, 2007) also show enhancement in Indian
summer monsoon precipitation due to black carbon direct
RF.

The experiments with doubling of BC only (DBConly) and
OC only (DOConly) aerosols indicate that the HRs due to BC
is higher that of OC aerosols along the transport path ways
(the Bay of Bengal and southern slope of the Himalayas).
BC aerosol induces anomalous warming over the TP and
enhances positive precipitation anomalies (∼ 1–5 mm day−1)
over the Indian region by strengthening of monsoon Hadley
circulation. However, OC aerosol produces cooling over the
central TP and generates negative precipitation anomalies
over India (−1 to −5 mm day−1) and northeastern China (0
to −1 mm day−1) by producing subsidence over these re-
gions.

In the current study, simulations are performed with en-
hanced Asian carbonaceous aerosols and prescribed SSTs
where interactive aerosols change the meteorology and feed-
back to aerosol variations. Other modeling studies using pre-
scribed SSTs and an increase in global BC emissions also
show an increase in precipitation over India (Chung et al.,
2002; Menon et al., 2002; Lau and Kim, 2006). Observa-
tional evidence also shows that heavy loading of absorbing
aerosols (BC and dust) over the Indian subcontinent facili-
tates the enhancement of monsoon rainfall over India (Lau
and Kim, 2006; Vinoj et al., 2014).

We note that a realistic future emission scenario also in-
cludes the increasing emissions of sulfate aerosols and the
response of climate and circulation to increasing CO2 con-
centrations, which might have an effect on the presented re-
sults and lead to different dynamical and climatic responses.
Moreover, in future, we propose to re-evaluate the studies
by using the regional model with a better resolution of the
complex orography over, for example, the Himalayas/TP.
Notwithstanding this, the work provides valuable insight into
the influence of growing Asian carbonaceous aerosol emis-
sions on the UTLS, connecting monsoon processes and pre-
cipitation in the Asian summer monsoon region.

Data availability. We have provided reference for the satellite,
aircraft and balloonsonde data used in this paper in Sect. 2.3.
(1) TRMM data are obtained from: https://disc2.gesdisc.eosdis.
nasa.gov/data/TRMM_L3/TRMM_3B42.7/, (2) AEROCOM emis-
sions are obtained from: http://aerocom.met.no/emissions.html, (3)
Aircraft measurements for August–September 2009 at Guwa-
hati (26◦110 N, 91◦440 E) are adopted from Rahul et al. (2014).
(4) Balloon-borne measurements on March 2010 at Hyderabad
(17◦480 N, 78◦400 E) are adopted from Babu et al. (2011).
(5) CALIPSO and CloudSat measurements are obtaioned from:
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