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Abstract

Mitigation of carbonaceous aerosol emissions is expected to provide climate and health co-
benefits. The accurate representation of carbonaceous aerosols in climate models is critical for
reducing uncertainties in their climate feedbacks. In this regard, emission fluxes and aerosol
life-cycle processes are the two primary sources of uncertainties. Here we demonstrate that
incorporating a dynamic ageing scheme and emission estimates that are updated for the local
sources improve the representation of carbonaceous aerosols over the Indian monsoon region
in a regional climate model, RegCM, compared to its default configuration. The mean BC and
OC surface concentrations in 2010 are estimated to be 4.25 and 10.35 pg m, respectively,
over the Indo-Gangetic Plain (IGP), in the augmented model. The BC column burden over the
polluted IGP is found to be 2.47 mg m-?, 69.95% higher than in the default model configuration

and much closer to available observations. The anthropogenic AOD increases by more than
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19% over the IGP due to the model enhancement, also leading to a better agreement with
observed AOD. The top-of-the-atmosphere, surface, and atmospheric anthropogenic aerosol
shortwave radiative forcing are estimated at -0.3, -9.3, and 9.0 W m-2, respectively, over the
IGP and -0.89, -5.33, and 4.44 W m, respectively, over Peninsular India. Our results suggest
that both the accurate estimates of emission fluxes and a better representation of aerosol

processes are required to improve the aerosol life cycle representation in the climate model.

1. Introduction

Carbonaceous aerosols (organic carbon, OC, and black carbon, BC) emitted from
incomplete combustion constitute 20%-50% of the total global aerosol mass (Kanakidou et al.,
2005; Putaud et al., 2010), causing substantial air quality degradation (Singh et al., 2021). Due
to their ability to absorb solar radiation, carbonaceous aerosols also contribute to global
warming (Ramanathan and Carmichael, 2008). Hence, they are considered to be key short-
lived climate pollutants (SLCPs) (UNFCC, 2015), and mitigating their emissions is expected
to result in both climate and health co-benefits (Tibrewal and Venkataraman, 2021). Climate
models are characterized by large discrepancies in simulating carbonaceous aerosol loadings,
their optical properties, and radiative forcing (Ajay et al., 2019), primarily due to uncertainties
in emission inventories and limitations in the treatment of aerosol processes in the models
(Bond et al., 2013). Unless the representation of the life cycle of carbonaceous aerosols in
climate models is improved, their role in climate impacts and air quality degradation cannot be
assessed accurately (Riemer et al., 2019).

A multi-institutional network program - Carbonaceous aerosol emissions, source
apportionment, and climate impacts (COALESCE) was launched by the Government of India
to address some of these issues for the Indian monsoon region (Venkataraman et al., 2020).
One of the scientific objectives of COALESCE is to understand and reduce uncertainties in
representing carbonaceous aerosol life cycle in global and regional climate models, focusing
on the Indian subcontinent. The regional climate model, RegCM4, developed at the
International Centre for Theoretical Physics (ICTP), Italy (Giorgi et al., 2012), is one of the
participating models in COALESCE. RegCM4 was extensively used to examine variability in
the Indian summer monsoon (Dash et al., 2006; Rai et al., 2019), to project climate change over
South Asia (Pattanayak et al., 2019), and to elucidate the dynamical impacts of aerosols on the
Indian summer monsoon in the present (Das et al., 2015; 2016) and future (Das et al., 2020)

climate conditions.
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The aerosol module in the RegCM4 (Solmon et al., 2006; Zakey et al., 2006) considers
various aerosol life cycle processes, such as emission (source), advection, horizontal and
vertical diffusion, transport, conversion of hydrophobic to hygroscopic species, and wet and
dry deposition (sink). Previous studies (Das et al., 2016) have pointed out that the RegCM4
underestimates the anthropogenic aerosol loading over the Indian subcontinent, and therefore,
the net aerosol impact over the region is dominated by natural aerosols (Das et al., 2020). We
recently implemented a dynamic ageing scheme in the RegCM aerosol module (Ghosh et al.,
2021), which converts carbonaceous aerosols from hydrophaobic to hygroscopic states based on
the aerosol number concentration. Compared to the constant conversion rate of 27.6 hours used
in the default version of the model, the scheme allowed a faster conversion in the polluted
regions than in the clean areas of the South Asia region. This, in turn, affected the aerosol
forcing due to the changes in aerosol loadings induced by the new hydrophobic-to-hygroscopic
conversion scheme. It was also found that implementing the dynamic ageing scheme alone is
not sufficient to fully improve the model performance and hypothesized that much of the model
uncertainty was due to the emission inventory.

In this work, we examine the changes in carbonaceous aerosol burden and their impact on
the radiation budget over the South Asia region due to the combined impact of the new dynamic
ageing scheme and a regional emission inventory (Venkataraman et al., 2018) replacing the
global emission inventory used in the default model version. We carry out four sets of
simulations for the year 2010 - (1) control simulation with the default (fixed) ageing scheme
and global inventory (hereafter Default_Sc), (2) simulation with the dynamic ageing scheme
and global inventory (Dyn_global), (3) simulation with the default ageing scheme and regional
inventory (Fix_Regio) and (4) simulation with the dynamic ageing scheme and regional
emission inventory (Dyn_Regio). We analyse and report the improvements in model
performance due to the combined impact of incorporating a better emission inventory and a
more realistic ageing scheme relative to the default model configuration and investigate these
performance changes in terms of the aerosol processes considered in the model.

2. Data and Methodology
2.1 Model configuration

In this work, we have used a regional climate model, RegCM version 4. It is a compressible,
hydrostatic, and primitive equation model with a sigma-p vertical coordinate and a dynamical
core from the NCAR Mesoscale Model Version 5 (MM5)(Grell, 1993). We have used the
Community Climate Model Version 3 (CCM3)(Kiehl et al., 1996) radiative transfer scheme

along with the changes mentioned in the literature (Giorgi et al., 2012). Interactive modules for
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both natural (dust and sea salt) (Zakey et al., 2006, 2008) and anthropogenic aerosols (Solmon
etal., 2006) are integrated into RegCM4. The model is also coupled with a gas-phase chemistry
module (Shalaby et al., 2012); however, for the current study, we have only considered the
anthropogenic module (Solmon et al., 2006). The choice of parameterisation schemes for our

experiments have been provided in the following table:

Land surface processes Biosphere-Atmosphere  Transfer Scheme
(BATS) (Dickinson et al., 1993)
Planetary boundary layer University of Washington (UW) scheme

(Grenier and Bretherton, 2001; Bretherton et
al., 2004; O'Brien et al., 2012)

Cumulus convection scheme Emanuel (Emanuel and Rothman, 1999) over
land and Tiedtke (Tiedtke, 1989) over the
ocean

Large scale cloud and moisture process SUBEX scheme (Pal et al., 2000)

Aerosol module SUCA (Solmon et al., 2006)

Emission inventories IIASA and IIT Bombay 2010

The model was simulated over the South-Asian CORDEX domain (Giorgi et al., 2009) [20°
S - 50° N and 10°-130° E] for the year 2010 at 0.25° x 0.25° resolution, while the results are
analysed over the Indian subcontinent [5°- 40° N and 65°-100° E] with special focus on the
IGP [Figure 1] and PI [8° - 20° N and 72° - 85° E]. The simulations consist of 18 vertical levels
with the model top pressure at 50 hPa. ERA-Interim 6-hourly reanalysis dataset, at 1.5°
resolution, has been used to generate the initial and lateral meteorological boundary conditions
for this study (Dee et al., 2011). The sea surface temperature was derived from the NOAA
Optimum Interpolated weekly 1° x 1° gridded data and the chemical boundary conditions from
MOZART 6-hourly data. The model was simulated from October 01, 2009, to December 31,
2010. The first three months are considered as spin-up and thus are not included in the analysis.

Aerosol atmospheric lifetime is governed by dry and wet deposition. The dry deposition
velocity depends on the type of surface, while the dry deposition flux variation varies directly
with the tracer concentration at the lowest level of the model (around 30 m above the surface).
Wet deposition in the RegCM4 is governed by the “in-cloud™ and "below-cloud" terms. When

the liquid water content exceeds the threshold level (0.01 g m=3) of the model layers where the
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cloud fraction is more than zero, the in-cloud removal process starts for large-scale clouds.
This is then expressed as a function of the fractional removal rate of liquid water (i.e., ratio of
precipitating rain over the atmospheric layer liquid water content) and the aerosol solubility.
The in-cloud removal rate in RegCM4 for cumulus clouds is fixed at 0.001 s™) while the aerosol
solubility differs with the species variants. Thus the in-cloud wet deposition rates for
hydrophilic and hydrophobic BC and OC are different. The below-cloud aerosol wet removal
is influenced by their respective effective diameters and densities. Aerosol effective diameter
and density, which are different for different species, are used to calculate the collection
efficiency for individual aerosol species.

2.2 Implementation of a dynamic ageing parameterisation (Ghosh et al. 2021)

The anthropogenic aerosol module in RegCM4 consists of sulphate, hydrophilic and
hydrophobic BC, and hydrophilic and hydrophobic OC. The sulphate scheme has been adapted
from Qian et al. (2001). These species are considered as externally mixed while tracking their
mass concentrations. During simulations, RegCM4 considers emitted carbonaceous aerosols to
be 80% hydrophobic and 20% hydrophilic for BC and equal proportions of hydrophobic and
hydrophilic OC. The rate of change of mass mixing ratios of hydrophobic and hydrophilic
tracers has been described by the chemical transport equation in Solomon et al. [2006].

The time taken by hydrophobic tracers to get converted into hydrophilic tracers is called
“ageing”. In the default model set-up, ageing is governed by a fixed e-folding time of 1.15 days
(27.6 h) (Cooke et al. 1999). In our recently published work (Ghosh et al., 2021) we have
replaced this fixed number with a dynamic ageing scheme (equation 1), where the e-folding
time (cmix) Changes as a function of coagulation and condensation. The parameterization has
been derived by Fierce et al. (2016) using least square regression on the output of the PartMC-

MOSAIC model (Riemer et al., 2009; Zaveri et al., 2008).
1

Q.

where lcond is the condensational flux and N is the total number concentration of all the

M T L ond keona*NKeoag
anthropogenic tracers. The detailed calculations of lcond and N in the jargon of RegCM4 have
been provided in Ghosh et al. (2021). Constant values, Keond (0.1 nm) and Keoag (6 X 106 cm?®
hr1) have been derived by implementing the least square regression method on the PartMC
model output considering the impact of condensation and coagulation separately (Fierce et al.
2016).

Implementation of the new dynamic ageing scheme in RegCM4 resulted in faster conversion

of the hydrophobic to hydrophilic BC and OC, particularly over the polluted IGP. This, in turn,
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increased column burden and surface concentrations of the carbonaceous aerosols over the
study region in the dry season. On the contrary, it decreased the burden in the wet season due
to a more efficient washout (Ghosh et al., 2021) everywhere except the polluted IGP, where
precipitation reduced as a result of radiative feedback.
2.3 Emission inventories

In this study, we replace a global emission inventory
[https://www.iiasa.ac.at/web/home/research/researchPrograms/air/Global_emissions.html]
with a regional emission inventory (Venkataraman et al., 2018). Figure S1 (see the
Supplementary Information, Sl) represents the seasonal variation of the emissions estimated
by the two inventories. The global emission inventory used in the experiments 'Default_Sc' and
'‘Dyn_global' was developed by the IIASA emission inventory at a resolution of 0.5° x 0.5°
[https://lwww.iiasa.ac.at/web/home/research/researchPrograms/air/Global_emissions.html].
The key emission sectors considered in this inventory are energy, industry, solvent use,
transport, domestic combustion, agriculture, open burning of agricultural waste, and waste
treatment. The emission estimates were available only at an annual scale with no seasonal
variation from 1990-2010.

The regional emission inventory used in experiments ‘Fix_regio’ and ‘Dyn_regio’ was
developed and reported by Venkataraman et al. (2018) at a horizontal resolution of 0.25° x
0.25°, that too at a monthly scale. Thus the regional emissions have a profound seasonal
variability (Figure S1). The key sectors included in the regional inventory are energy (coal +
oil + gas), heavy and light industry, brick production, residential cooking, solid biomass fuel,
residential cooking (LPG and kerosene), residential lighting (kerosene lamp), residential water
heating, residential space heating, informal industry, agricultural residue burning, on-road
gasoline, on-road diesel, railway, agricultural diesel pump, agricultural tractors. Among these
sectors, residential water heating, residential space heating, and agricultural residue burning
sectors have seasonality in emissions.

2.3 In-situ BC data

In-situ BC data for the year 2010 has been procured from 28 sites to evaluate the model
performance. Twenty-one of these sites is part of the Indian Space Research Organization's
Aerosol Radiative Forcing over India Network, ARFINET (Babu et al., 2013; Gogoi et al.,
2021). This network has been measuring columnar AOD and BC for many years. In addition
to the ARFINET, BC concentrations were also measured independently at Kanpur (Tripathi et

al., 2005) during the entire 2010 except the monsoon season, Gadanki (Gadhavi et al., 2015;
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Jain et al., 2018), and Delhi (October-December 2010) by individual institutions. In all the
sites, BC was measured by an Aethalometer, which measures the amount of attenuation of the
light beam passing through the filter where particles get deposited. BC mass concentration is
subsequently estimated by the change in optical attenuation given by the rate of BC deposition
on the filter tape (Hansen et al., 1984). Dataset from all the sites except Gadanki (monthly
values) are available on a daily scale and have been averaged to get the annual concentrations.
2.4 MERRA-2 data

Model simulated BC and OC columnar burden have been evaluated against MERRA-2
reanalysis data. MERRA-2 is an updated reanalysis of atmospheric data produced by the NASA
Global Modeling and Assimilation Office (Buchard et al., 2017). MERRA-2 consists of
parameters that are not available in its predecessor, MERRA. It includes updates of the
Goddard Earth Observing System model and analysis scheme in order to give a more realistic
view of the ongoing climate analysis beyond MERRA's jargon. This dataset addressed the
limitations of MERRA. Various improvements in MERRA-2 include assimilation of aerosol
observations and improved representation of stratosphere, including ozone and cryosphere.
MERRA-2 data products are freely accessible through the NASA Goddard Earth Sciences Data
Information Services Centre. We note that MERRA-2 data are also not observations and direct
validation of the MERRA-2 columnar BC and OC burden is not possible.
2.5 MISR aerosol data

MISR on-board Terra satellite crosses the equator around 10:30 hrs local time. It has a high
spatial resolution and a wide range of viewing angles. It views the Earth using four spectral
bands in each of the nine cameras and has a weekly global coverage between £82°. A detailed
description is provided in the literature (Diner et al., 1998). MISR-AOD has a correlation
coefficient of ~0.9 (for maritime sites) and ~0.7 (for dusty sites) w.r.t AERONET (Kahn et al.,
2005). In the absence of any direct measurement, we use MISR fine AOD (AQOD for particles
smaller than 0.35 um) as a proxy for anthropogenic AOD (Dey and Girolamo, 2010).
3. Results

3.1 Spatial distribution of carbonaceous aerosols

Figure 1 shows the spatial distributions of the annual surface concentration for BC and OC
using the default and augmented model along with their differences. Several key features are
notable. First, the OC concentration is almost three times higher than the BC concentration in
the augmented model, consistent with the literature (Priyadharshini et al., 2019). Secondly, the

concentrations are 2-3 times higher over the polluted IGP compared to the rest of India in the
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222 augmented model. High aerosol loading over the IGP is a result of the combined effects of
223 greater source strength, low topography surrounded by highlands to the north and south, and
224 unfavourable meteorology (Dey and Girolamo, 2010; Srivastava et al., 2012). Thirdly, the BC
225 and OC concentrations increase by >100% and >60%, respectively, over the IGP and by
226 smaller margins elsewhere in the augmented model relative to the default configuration. The
227  increase in the annual concentrations of surface BC and OC is mainly driven by the changes in
228  the concentrations during the winter (JF), and pre-monsoon (MAM) seasons (Figure S2) since
229  during the monsoon, precipitation removes large amounts of aerosols. The relative impact of
230 the switch from the global to regional emission inventory (Figure S2) is greater than the impact
231 of the implementation of the dynamic ageing scheme (Figure S1) on the observed increases in

232 BC and OC mass concentrations in the augmented model.
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234 Figure 1. Spatial distribution of surface mass concentration (ug m=) of BC (a, b) and OC (d,
235 e) in 2010 over the Indian subcontinent using (left) the default and (middle) the augmented
236 model configurations. Figures 1c and 1f represent the corresponding percentage differences
237  due to the augmented model set-up (positive values imply an increase in mass concentration).
238  The vertical distributions (shown in Figure 3) are analysed for the IGP and Pl sub-regions

239  marked by boxes in the panels of the left column.

240
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We evaluate the performance of the customized model against BC surface concentrations
measured at 24 sites across India (Figure S3). We note that the in-situ concentrations are point
measurements while the model grids containing these sites are representative of 25 km by 25
km areas. The default model severely underestimates the surface BC compared to the in-situ
observations (mean normalized bias, MNB = -69%). Previous model studies reveal that the BC
concentration is underestimated almost 2-5 times across various sites in India (Nair et al., 2012;
Ramachandran et al., 2021). Though the underestimation persists in the augmented model (by
varying proportions across the sites), the simulated concentration magnitudes are closer to the
observations (MNB = -51%), more so in the urban centres of the polluted IGP (e.g., Delhi,
Kanpur, Varanasi, Kharagpur). In some cities (e.g., Dehradun, Dibrugarh, Ahmedabad) where
the differences in global and regional emission inventories are small (Figure S1), the
improvement in simulated BC concentrations is also limited. This suggests that the problem
could be related to the emission fluxes. In several cities, especially in the North and South
Indian regions (e.g., Goa, Nainital, Ooty, Thiruvananthapuram), the simulated BC using the
augmented model shows an almost perfect match with the observations. Overall, the
augmented model (R?=0.66) performs better than the default model (R?=0.6) in simulating
surface BC concentrations, and the errors shown in Figure 2 could also be amplified by the fact

that the model data refers to a 25 km x 25 km area as a single grid.

North East West Sout
4o RMSE=17 RMSE=1.3 | RMSE =0.7 RMSE': 0.4
R2 = 0.82 R2=0.14 R2=0.61 R2=0.56

10

Surface BC Concentration (ug/m3)

VL O RO LR YRR & &
SEFETTET® &L £ &*e"e" SFTEEF LSS

® In-situ » Default DynReg

Figure 2. Comparison of simulated BC surface concentration (ug m-3) using the default and

augmented model with in-situ measurements from 24 cities across India. Locations of the cities
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are shown in Figure S2. RMSE (in pg m-®) and R? between the customized model simulations

and surface measurements are also provided.

Since there are no in-situ measurements of columnar burden available, we compare the
simulated columnar burden (Figure 3) with data from Modern-Era Retrospective Analysis for
Research and Applications, version 2 (MERRA-2) (Buchard et al., 2017). Similar to the surface
mass concentration, the BC burden shows a more pronounced change than the OC burden due
to the inclusion of the new model features. Though the simulated burden is still underestimated
relative to the MERRA-2 data, the values in the augmented model are much closer to the
reanalysis data. During the winter season (Jan-Feb), the percentage difference of model-
simulated column burden (w.r.t. MERRA-2) decreases from >70% to ~ 35% for BC and from
~63% to ~49% for OC in the augmented model (Figures S4 and S5). A similar improvement
is found in the pre-monsoon season (Mar-May). The higher loading results from higher
magnitudes of regional emissions coupled with faster ageing and slower removal rate. The
percentage difference increases for OC burden over northwest India, decreases over the IGP,
and is negligible over the rest of the country. A probable explanation for such OC distribution
relies on the emission inventories used since the OC emissions are slightly higher in the global
inventory than those in the regional inventory over northwest India and lower in the IGP.
Emissions over the Pl are roughly similar in the two inventories (Figure S2). We also note that
anthropogenic aerosol emissions vary on an annual basis in MERRA-2 (Buchard et al., 2017);
hence, there could be larger uncertainties at a seasonal scale.

During the monsoon season (Jun-Sep), the BC loading increases in magnitude in the
augmented model compared to the default set-up (Figure S4), mostly due to the implementation
of the regional inventory. The magnitude of the simulated BC column burden is comparable
between the Default_Sc and Dyn_sc experiments and between the Fix_Regio and Dyn_Regio
(Figure S4), with an opposite pattern found for the OC column burden (Figure S5). Two
possible reasons can explain this result. First, the OC emissions in the global inventory are
higher than in the regional ones (Figure S1). Second, the model assumes that OC is 50%
hydrophobic and 50% hydrophilic at the time of emission (for BC, it is 80% hydrophobic and
20% hydrophilic), and therefore the faster conversion to hydrophilic OC due to the dynamic
ageing enhances the hydrophilic OC burden, which is subsequently removed by rain. In the
post-monsoon season (Oct-Dec), an overall increase in column burden in the augmented model

is observed throughout India. Higher emissions (in the case of the regional inventory) result in

10
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higher concentrations of available condensing and coagulating particles, which in turn allows
faster ageing of hydrophobic to hydrophilic BC leading to accumulation of BC particles in the
atmosphere before their removal by dry deposition. The changes in the OC loading are

negligible in this season.

Merra-2 Default Setup Dynamic Regional

)

o
13
3
N
12

3.5 4 4.5 5

oc

Figure 3. Comparison of spatial patterns of annual (top panel) BC and (bottom panel) OC

column burden (mg m-).

3.2 Vertical distribution of carbonaceous aerosols

In this section, we analyse the effects of the model improvements on the vertical
distribution of aerosols over the IGP and compare the results with the contrasting PI region,
where the emissions are much lower. The two regions are indicated by the boxes in Figure 1
and Figure 4 longitude-altitude cross-sections of BC and OC mass concentration over the
regions.

The vertically distributed mass concentrations of both BC and OC increase due to the model
improvements up to 500 hPa. A larger increase is observed during the winter and post-monsoon
seasons over the IGP (Figures S6 and S7). Both the BC and OC concentrations are comparable
in the default and Dyn_global configurations, but they increase in the Fix_regio and Dyn_regio

set-ups (Figures S6 and S7). While the role of emissions is only predominant during the post-

11
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monsoon season, the highest increase due to the combined effect of the two improvements is
observed during the winter. In these two seasons, the BC remains confined mostly within the
lower troposphere while the OC is distributed up to the mid-tropospheric levels, which is
indicative of higher concentrations of OC vertical transport than that of BC. During the pre-
monsoon season, the vertical distributions of both BC and OC show responses similar to that
of their spatial distributions. In the monsoon season, the tracer concentration is mainly confined
to the surface levels, indicating a lower wet removal and slower ageing above 1000 hPa (Ghosh
etal., 2021).

Over the PI, the concentrations of carbonaceous aerosols are lower than over the IGP, which
limits the impact of dynamic ageing because of the lower availability of condensing and
coagulating particles (relative to the IGP). This results in a slower ageing and lower
accumulation of hydrophilic tracers in the troposphere. However, the vertical pumping effect
is quite prominent during the winter season in the augmented configuration (Figures S6 and
S7). During the pre-monsoon season, only the BC concentration shows an increment in the
lower troposphere, while the OC concentration remains more or less unchanged. The Pl
receives rainfall during the southwest and northeast monsoon; hence the tracer concentration
is further lowered during the monsoon and post-monsoon seasons.

Default Setup _Dynamic Regional

Default Setup Dynamic Regional
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Figure 4. Longitude (in °E)-altitude (in hPa) cross-sections of (top panel) BC and (bottom
panel) OC mass concentration (g m-3) over the IGP (a, b, e, f) and PI (c, d, g, h) for the default

and customized model.
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3.3 Optical and radiative properties of anthropogenic aerosols

We now examine the effects of the model improvements on the optical properties of
anthropogenic aerosols. In this regard, we note that the changes due to the implementation of
the dynamic ageing scheme can alter only BC and OC concentrations, while the changes related
to the emission inventory impact the sulphate concentration as well. We consider the AOD due
to small particles (radius<0.35 um) from MISR (Kahn and Gaitley, 2015), as a proxy for
anthropogenic AOD (hereafter AAOD) since direct measurement of AAOD are not available
to evaluate our model performance (Figure 5).

The simulated annual AAOD is >50% lower than the MISR small-AOD over the polluted
IGP and 30-50% lower over the PI in the default model. This is consistent with the previous
studies (Nair et al., 2012). These model underestimations improve by 25-35% over the IGP and
parts of PI in the augmented model. The seasonal plots (Figure S8) clearly show an increase of
AAOD in all seasons except during the monsoon. This increase in AAOD is due to both the
implementation of region-specific emission fluxes and the dynamic ageing scheme. The
AAOD still remains underestimated in some regions, which can possibly be addressed by
further improvements of the emission estimates, for example, the addition of missing sectors
(e.g., crematorium, municipal solid waste burning, etc.), improving sectoral methodologies for
informal activities and incorporation of regionally measured emission factors.

oass Default Setup Dynamic Regional

40N 40N
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Figure 5. Spatial distribution of (a) MISR small mode AOD (‘white' color implies 'no data’),

Latitude(°N)

(b) AAOD simulated by default_sc, and (c) percentage increase in AAOD simulated by the

augmented model w.r.t default_sc for 2010.

Spatial patterns of the annual top-of-the-atmosphere (TOA), surface, and atmospheric
radiative forcing associated with the anthropogenic aerosols for the augmented model are
shown in Figure 6. The TOA aerosol radiative forcing lies in the range -0.5 to -1.5 W m-2 over

most of the Indian landmass, except the IGP, where it is positive (0.25 to 1 W m-?) due to the
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higher concentration of carbonaceous aerosols (Figure 3), particularly BC. The TOA forcing is
also positive over the Indian desert and snow-covered regions even when the carbonaceous
aerosol concentrations are lower or comparable to the rest of India. The high surface albedo in
these regions allows for an enhanced interaction of the carbonaceous aerosols with solar
radiation, resulting in a warming effect (Ramachandran and Kedia, 2010). The surface radiative
forcing is found to be larger than -10 W m2 over the polluted IGP, which is consistent with
published results (Ramanathan and Carmichael, 2008). Over the rest of India, the surface
forcing values lie between -3 to -8 W m2. Due to the model improvements (forcing estimates
with the default model are shown in Figure S8), the TOA forcing changes by -72.75%, and the
surface dimming increases by 39.73% over the IGP and by -23.94% and 34.35%, respectively,
over PI. As a result, the atmospheric heating increases by ~9 W m-2 over the IGP. The
simulated surface shortwave radiation shows a statistically significant (p<0.05) correlation
with the observations from CERES (Su et al., 2005) all-sky and clear-sky radiation throughout
the year except in MAM and JJAS clear-sky conditions (Figure S9 and S10).

15
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Figure 6. Annual variation of SW radiative forcing (W/m?) at TOA (left column), at the surface
(middle column), and the resultant atmospheric heating (W/m?) (right column) for the

customized set-up.

4. Discussion and conclusions

Accurate estimates of emission fluxes and a better representation of aerosol processes are
required to improve the representation of aerosol life-cycle and radiative effects in climate
models. Here we augmented the regional climate model RegCM4 by implementing a dynamic
ageing scheme and a regional emission inventory and examined the combined impact of these

factors on the model performance over the Indian monsoon region. We note that though the
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aerosol simulations improve due to these model enhancements, some systematic biases persist
(underestimation of carbonaceous aerosol concentrations) and need to be further addressed.
For example, RegCM has a bulk scheme for anthropogenic aerosols, and thus the number
concentration is calculated from the bulk mass concentration (Ghosh et al. 2021). The
anthropogenic aerosol module can thus be improved by including a particle size-dependent
representation. In addition, the present dynamic ageing timescale depends only on the
anthropogenic aerosol number concentration, while it should, in fact, depend on the total
(anthropogenic + natural) number concentrations. The simulations presented in this work did
not include natural aerosols, which could have impacted the meteorology through dynamic
feedbacks, possibly affecting the carbonaceous aerosol burden. This aspect will be examined
in future work. Thirdly, though the emission fluxes of BC, OC, and SO: are higher in the region
than the global inventory, there may still be uncertainty related to missing sectoral sources.

Our work demonstrates that even the improvement of some aspects of the aerosol

representation can lead to substantial enhancements in the model performance. We also find
that over the South Asian monsoon region, particularly over highly polluted regions such as
the IGP, the default model significantly underestimates the surface dimming and atmospheric
heating, which can have implications for climate studies (Das et al., 2016, 2020) and this
problem is substantially ameliorated with our model augmentations.

The key conclusions of our work can be summarized as follows.

1. The conclusion in the model RegCM4 of a dynamic ageing scheme and a regional
emission inventory substantially improves the model performance over the Indian sub-
continent.

2. The BC and OC surface concentration and column burden increase due to the model
improvements, more so as a combined effect of the two factors than because of the
individual ones.

3. The TOA, surface, and atmospheric radiative forcing are estimated to be -0.3, -5.3, and
5.0 W m, respectively, over the polluted IGP using the augmented model, but they

could still be underestimated.

Data availability. The model RegCM4.6 code is freely available online from
https://zenodo.org/record/5729783#.YaDifbso-Uk. The anthropogenic aerosol emissions

considered for the simulations are taken from the IIASA inventory. The data used can be easily
accessed
online http://climadods.ictp.it/Data/RegCM_Data/RCP_EMGLOB_PROCESSED/iiasa/
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website. Input files for the RegCM4 model are archived in http://clima-
dods.ictp.it/Data/RegCM_Data/ website. MISR data is available freely from https://www-

misr.jpl.nasa.gov/ while MERRA-2 data is freely available from the NASA Giovanni site

https://giovanni.gsfc.nasa.gov/giovanni/ .
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