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Abstract The seasonal variability of black carbon (BC) aerosols in India is studied using high resolution
(10 km) BC simulations conducted using the Weather Research and Forecasting Model coupled with
Chemistry. The model reproduces the observed seasonality of surface BC fairly well over most parts of India
but fails to capture the seasonality in the Himalayas and deviates from the observed BC magnitude at
several sites. The errors in modeled BC are attributed to uncertainties in BC emissions and their diurnal
cycle, planetary boundary layer height underestimation, and aerosol processes. Model results show
distinct but opposite seasonality of BC in the lower (LT) and free troposphere (FT) with BC showing winter
maximum and summer minimum in the LT and vice versa in the FT. Our analysis shows that BC seasonality
is not driven by seasonality of the anthropogenic emissions but by changes in the regional meteorology
through weakening of the horizontal transport and strengthening of the vertical transport of BC during
summertime compared to winter. BC in both the LT and FT comes mostly from anthropogenic emissions
followed by biomass burning emissions except during winter when long-distant sources become more
important in the FT. BCin the FT is significantly affected by anthropogenic emissions from all parts of India.
The source-receptor relationship changes seasonally, but the regional transport remains a significant
contributor to BC loadings in the LT of India, highlighting the necessity of considering nonlocal sources
along with local emissions when designing strategies for mitigating BC impacts on air quality.

1. Introduction

The interest in black carbon (BC) aerosols has grown rapidly over the recent decades because of the ability of
BC to strongly absorb incoming solar radiation and thereby affect the Earth’s climate system [e.g., Jacobson,
2001; Ramanathan and Carmichael, 2008; Bond et al, 2013; Surendran et al, 2013], atmospheric
thermodynamics [e.g., Satheesh and Ramanathan, 2000; Menon et al., 2002], lifetime and optical properties
of clouds [e.g., Hansen et al, 1997; Koch and Del Genio, 2010], and freshwater resources [e.g., Menon et al,
2002, 2010; Jacobson, 2004; Lau et al., 2006; Lau and Kim, 2010; Yasunari et al., 2010]. In addition, BC-containing
particles are also suggested to adversely affect human health [e.g., Dockery and Stone, 2007; Janseen et al,
2012], lower crop yields [e.g., Chameides et al., 1999], and adversely affect terrestrial and aquatic
ecosystems [e.g., Forbes et al., 2006]. To better assess the magnitude of these effects of BC, we need to
understand seasonal variations of BC. The knowledge of seasonal cycle of BC at the surface will help
identify the periods when human health and ecosystems are at a greater risk due to BC pollution, while
such a knowledge for the free troposphere and atmospheric column will help us better understand the
implications of BC aerosols for the climate, atmospheric circulation, and the hydrological cycle.

BC is a by-product of incomplete combustion and is emitted from a variety of anthropogenic (industries,
automobiles, power plants, domestic cooking and heating, and agricultural residue burning) and biomass
burning (forests and savannas) sources [e.g., Bond et al, 2007, 2013]. The total global emissions of BC
aerosols estimated from bottom-up approaches are reported to be 7500 Gg yr~' for the year 2000 but
with a large uncertainty range of 2000-29000 Gg yr~' [Bond et al, 2013]. BC particles are almost
chemically inert under atmospheric conditions and are removed from the atmosphere primarily by wet
and dry deposition at the surface with the former representing 70-85% of the total loss globally [Péschl,
2005]. The average atmospheric lifetime of BC particles is about 1 week [Bond et al., 2013], enabling it to
undergo regional and intercontinental transport and making it a potential candidate for short-term global
warming mitigation [Ramanathan and Carmichael, 2008].
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Figure 1. Annual average anthropogenic and biomass burning emissions of BC over the model domain for the year 2011.
White spaces represent areas of zero BC emissions. Different regions from which anthropogenic BC emissions are tagged
are shown with the Bay of Bengal (BoB) and the Arabian Sea (AS) in the left panel. Black-filled circles in the right panel
denote the location of observation sites used in the model evaluation.

While understanding the characteristics and implications of BC particles has been a forefront area of research
globally, it has special significance in developing regions of the world such as South Asia, where BC emissions
and associated radiative perturbation are significantly higher than the globally averaged estimates
[Ramanathan and Carmichael, 2008]. Model results suggest that strong BC emissions in South Asia have
the potential to affect the major freshwater resources in this region, i.e., the Indian summer monsoon [e.g.,
Ramanathan et al., 2005; Lau et al., 2006; Lau and Kim, 2010] and Himalayan glaciers [e.g., Menon et al.,
2010; Yasunari et al.,, 2010]. The research on BC in South Asia, particularly in India, started nearly two
decades ago with the “Indian Ocean Experiment (INDOEX),” which revealed the presence of significant
amounts of BC over the tropical Indian Ocean and highlighted the impacts BC can have on the regional
climate and hydrology [Lelieveld et al, 2001; Ramanathan et al, 2001]. Soon after INDOEX, first
measurements of BC with a complete seasonal cycle were reported from a tropical coastal site
(Trivandrum) in India by Babu and Moorthy [2002]. The number of BC measurement stations has grown
rapidly since then, and year-round BC observations have been available for more than 20 locations in India
(see Figure 1).

BC measurements over India show that near surface BC mass concentrations exhibit a well-defined seasonal
cycle with the highest values during winter and lowest during the monsoon season. This seasonal cycle is
attributed to variations in the regional meteorology as well as the emissions of BC from a variety of
anthropogenic and biomass burning sources. However, the relative contributions of these processes to the
BC seasonality have not yet been quantified, and this forms the main objective of this study. The second
objective of this study is to establish the seasonality of source-receptor relationships and transport
pathways of black carbon (BC) aerosols in India.

We use the Weather Research and Forecasting Model [Skamarock et al., 2008] coupled with Chemistry
(WRF-Chem) [Grell et al., 2005] to address the above stated two objectives by applying an explicit emission
tagging technique [Kumar et al., 2015]. Previous regional and global modeling studies have also attempted
to simulate the BC seasonal cycle over the Indian region, but significant deviation (by a factor of 2 to 5) of
model results from the measurements inhibited such an analysis [e.g., Nair et al., 2012; Moorthy et al., 2013].
Adbhikary et al. [2007] successfully reproduced the observed BC mass concentration at Hanimaadhoo climate
observatory but could not capture the observed BC seasonal cycle at Kathmandu due to lack of brick kiln
emissions within Kathmandu valley in their emission inventory. Henriksson et al. [2011] studied the seasonal
cycle of aerosols in India and showed that their model qualitatively captures the differences in spatial
patterns of sulfate and carbonaceous aerosols, and spatial distribution of aerosol optical depth, but they did
not evaluate modeled BC quantitatively. The discrepancies between observations and models in these
studies were mainly attributed to errors in boundary layer mixing/parameterization, uncertainties in BC
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emissions estimates, and coarse spatial resolution of the models [e.g., Nair et al, 2012; Moorthy et al., 2013;
Michael et al.,, 2014; Joshi et al., 2014]. However, the knowledge of BC emissions since then has advanced
with recent developments of high resolution anthropogenic (0.1°) [Janssens-Maenhout et al,, 2015; Sadavarte
and Venkataraman, 2014; Pandey et al,, 2014] and biomass burning (1 km) [Wiedinmyer et al,, 2011] emission
inventories. Additionally, the increase in computational ability has allowed us to use models at much finer
resolution. In this study, we take advantage of these recent developments and conduct a year-long high
resolution (10 km) simulation for the Indian region.

The paper is organized as follows. We begin with a description of the experimental design followed by the
evaluation of the WRF-Chem simulated seasonal cycle with observations reported for the Indian region.
We then quantify the contribution of different processes that control the seasonal cycle of BC over the
Indian region and show how transport of BC changes with seasonal variations in meteorology. Finally, we
summarize our main findings.

2. Experimental Design
2.1. The Observational Database

In this study, we use monthly average BC mass concentrations reported from 21 South Asian surface sites,
listed in Table 1. These sites cover nearly the entire spatial extent of India (Figure 1) and represent a wide
range of environments ranging from urban (Delhi, Kanpur, Bangalore, Ahmedabad, Hyderabad, and
Kharagpur), semi-urban (Pantnagar and Nagpur), rural (Naliya, Dibrugarh, Anantapur, and Agartala), coastal
(Trivandrum and Bhubaneswar), island (Port-Blair and Minicoy), to high altitude (Nainital, Hanle, Ooty, and
NCO-P). BC measurements at all of these sites are made using multi-wavelength Aethalometers (Magee
Scientific, USA), which deploy a filter-based optical attenuation technique assuming a mass-specific
absorption cross section of 166 m? g~' at 880 nm [Hansen et al, 1984]. The filter-based optical
attenuation technique suffers from inherent uncertainties associated with shadowing and multiple
scattering effects, and these uncertainties are estimated to contribute up to ~20% uncertainty in the
measurements [Arnott et al, 2005; Nair et al, 2008]. Another source of uncertainty in Aethalometer
measured mass concentration could be due to variations in the assumed BC mass-specific absorption
cross section [Nair et al., 2012].

We also obtain the planetary boundary layer height (PBLH) derived for 31 sites (Table 1) within the model
domain from the Integrated Global Radiosonde Archive (IGRA) [Durre et al., 2006; Durre and Yin, 2008]
(available at http://www.ncdc.noaa.gov/oa/climate/igra/). The radiosonde observations, which form the
basis of this derived PBLH data set, are carried out by the Indian Meteorological Department. The
uncertainty in these PBLH estimates is estimated to be around a few 100 m [Seidel et al., 2010]. Radiosonde
observations are also available at some other sites in the domain, but those are not used here because of
the limited number of samples (less than 50 samples per year) available during 2011. In addition, we use
the monthly accumulated precipitation product (3B42 algorithm) from the Tropical Rainfall Monitoring
Mission (TRMM) for evaluating WRF-Chem. This precipitation product is available at a spatial resolution of
0.25°%x0.25° and has been shown to accurately capture the climatology and rainfall variability over India
[Nair et al., 2009]. This product has also been used previously for evaluation of WRF simulated rainfall over
the Indian region [Rakesh et al., 2009; Kumar et al., 2012al.

2.2. The WRF-Chem Description

We use version 3.5.1 of the WRF-Chem model to simulate the distribution of BC over the South Asian region.
In recent work, we have demonstrated the ability of WRF-Chem to capture important features of variations in
meteorology and the distribution of selected trace gases [Kumar et al., 2012a, 2012b, 2013, 2014b; Ghude
et al., 2013, 2014; Jena et al.,, 2014] and aerosols including BC [Kumar et al.,, 2014a, 2015] over the Indian
region. However, the model’s ability to simulate the complete seasonal cycle of BC has not yet been
tested. In this study, the model domain covers the South Asian region with a horizontal grid spacing of
10 km (Figure 1) and 36 levels from the surface to 10 hPa. The horizontal grid spacing is limited by the
resolution of anthropogenic emissions which are provided at 0.1° resolution.

Cloud microphysics is represented by the Thompson double moment microphysics [Thompson et al., 2008], and
subgrid convection is represented by the Grell-3D scheme [Grell and Devenyi, 2002]. The Yonsei University
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Table 1. List of Sites, Where BC and PBLH Observations are Available for Model Evaluation of BC Mass Concentration
and PBLH?

S.N. Site Name Lon (°E) Lat (°N) Data Data Source

1 Delhi 77.18 28.58 BC and PBLH Tiwari et al. [2013], IGRA
2 Kanpur 80.32 26.46 BC Kanawade et al. [2014]

3 Pantnagar 79.50 29.00 BC Joshi et al. [2014]

4 Dibrugarh 94.60 27.30 BC and PBLH Pathak et al. [2010], IGRA
5 Ahmedabad 72.60 23.03 BC and PBLH Ramachandran and Kedia [2010], IGRA
6 Nagpur 79.15 21.15 BC and PBLH Kompalli et al. [2014], IGRA
7 Bhubaneswar 85.25 21.25 BC and PBLH Mahapatra et al. [2014], IGRA
8 Pune 73.85 18.53 BC Safai et al. [2013]

9 Hyderabad 78.40 17.48 BC and PBLH Dumka et al. [2013], IGRA
10 Kharagpur 87.32 2233 BC Nair et al. [2012]

11 Trivandrum 76.90 08.60 BC and PBLH Moorthy and Babu [2006], IGRA
12 Anantapur 77.65 14.62 BC Reddy et al. [2012]

13 Bangalore 77.59 12.97 BC Nair et al. [2010]

14 Port-Blair 92.73 11.67 BC and PBLH Moorthy and Babu [2006], IGRA
15 Minicoy 73.04 8.30 BC and PBLH Vinoj et al. [2008], IGRA
16 Naliya 68.89 22.23 BC Gogoi et al. [2013]

17 NCO-P 86.82 27.95 BC Nair et al. [2013]

18 Agartala 91.26 23.76 BC Guha et al. [2015]

19 Nainital 79.45 29.36 BC Dumka et al. [2010]

20 Hanle 78.96 32.78 BC Nair et al. [2013]

21 Ooty 76.43 11.23 BC Udayasoorian et al. [2014]
22 Srinagar 74.83 34.08 PBLH IGRA

23 Jodhpur 73.02 26.30 PBLH IGRA

24 Lucknow 80.88 26.75 PBLH IGRA

25 Gorakhpur 83.37 26.75 PBLH IGRA

26 Siliguri 8837 26.67 PBLH IGRA

27 Gaubhati 91.58 26.10 PBLH IGRA

28 Patna 85.10 25.60 PBLH IGRA

29 Bhopal 77.35 23.28 PBLH IGRA

30 Ranchi 85.32 23.32 PBLH IGRA

31 Agartala 91.25 23.88 PBLH IGRA

32 Calcutta 88.45 22.65 PBLH IGRA

33 Raipur 81.65 21.23 PBLH IGRA

34 Mumbai 72.85 19.12 PBLH IGRA

35 Aurangabad 75.40 19.80 PBLH IGRA

36 Jagdalpur 82.03 19.08 PBLH IGRA

37 Visakhapatnam 83.30 17.72 PBLH IGRA

38 Machilipatnam 81.13 16.18 PBLH IGRA

39 Panjim 73.82 15.48 PBLH IGRA

40 Chennai 80.18 13.00 PBLH IGRA

41 Panambur 74.83 12.95 PBLH IGRA

42 Karaikal 79.83 10.92 PBLH IGRA

43 Cochin 76.23 09.93 PBLH IGRA

Data column shows whether a site has both BC and PBLH data available or only one of the two. Data source is given in
the rightmost column.

Scheme [Hong et al., 2006] is employed as the planetary boundary layer scheme, and the Noah land surface
model [Tewari et al.,, 2004] is used to provide heat and moisture fluxes over land. The short-wave radiation is
represented by the Goddard short-wave scheme [Chou and Suarez, 1994], while long-wave radiation is
represented by the Rapid Radiative Transfer Model [Mlawer et al., 19971.

We use the Goddard Chemistry Aerosol Radiation and Transport (GOCART) bulk aerosol scheme [Chin et al.,
2000, 2002] to represent aerosol processes in the model. This scheme does not simulate ozone chemistry, but
we chose this scheme because it is computationally efficient and able to address the objectives of this study.
The GOCART scheme simulates five major tropospheric aerosol types including black carbon, organic carbon,
sulfate, dust, and sea salt, assuming externally mixed aerosols. BC aerosols in GOCART are considered to be
present in hydrophobic and hydrophilic modes with a hydrophobic-to-hydrophilic conversion e-folding
lifetime of 2.5 days. All primary BC emissions are assumed to occur in hydrophobic mode. BC is removed
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Figure 2. (a) Diurnal and (b) seasonal variations of anthropogenic emissions used in this study. (c) Time series of percentage
difference between total simulated BC and sum of all the BC tracers (BCtrac = BC-ANT + BC-BB + BC-BDY) at the first, 10th, and
20th model levels. The fractions on the y axis in Figure 2a represent relative contribution of each hour to the total daily
emissions, while those in Figure 2b represent relative contribution to annual total emissions.

by dry deposition from both the hydrophobic and hydrophilic modes and by wet deposition from the
hydrophilic mode. The dry deposition of aerosols is computed using a series resistance approach [Walcek
et al,, 1986; Wesely, 1989], which assumes that deposition velocity of aerosols is inversely proportional to
the sum of three resistances called aerodynamic resistance, sublayer resistance, and surface (canopy)
resistance. These resistances are parameterized in terms of the friction velocity, Monin-Obukhov length
scale, and the planetary boundary layer height following the equations given in Walcek et al. [1986]. The
hydrophilic BC is subjected to in-cloud scavenging in both the resolved and nonresolved scale
precipitation by assuming that 80% of the hydrophilic BC can be incorporated in the cloud droplets. The
lack of impaction scavenging in the model may lead to errors in the simulated BC distribution especially
during the summer monsoon season, but it is difficult to quantify these errors at this stage due to lack of
relevant observations.

Anthropogenic emissions of BC and other trace species are taken from the Emission Database for Global
Atmospheric Research developed for the assessment of Hemispheric Transport of Air Pollutants (EDGAR-HTAP;
http://edgar.jrc.ec.europa.eu/htap_v2/index.php?SECURE=123). This database provides monthly varying global
anthropogenic emissions at a spatial resolution of 0.1°x 0.1° for the year 2010 and is based on a combination
of nationally reported emissions and region-specific inventories. The seasonal cycle is based on monthly
activity data for transportation, power generation, and industrial sectors, and on dependence of cooking
stove operations on regional monthly mean temperature for residential sector [Lu et al., 2011].

We introduced a diurnal cycle in the anthropogenic BC emissions following Olivier et al. [2003]. This diurnal
variation is based primarily on data from Western Europe and thus does not necessarily represent the
diurnal variation in anthropogenic activities over India. However, this represents the current state of
knowledge and is useful to assess the sensitivity of simulated BC to diurnal variation in anthropogenic
emissions until a comprehensive compilation and assessment of actual variations becomes available. The
diurnal and seasonal variations in anthropogenic BC emissions used here are shown in Figures 2a and 2b,
respectively. On a diurnal scale, anthropogenic emissions of BC from all the sectors are higher during
daytime and lower during nighttime. BC emissions from the residential sector show two distinct peaks in the
morning and evening, while those from other sectors show a broader daytime maximum of varying duration.
The seasonal cycle in BC emissions is characterized by higher values in the winter (December-February) and
lower values during monsoon season (June-September).

Daily varying biomass burning emissions of BC and other aerosol species are obtained from the Fire Inventory
from NCAR [Wiedinmyer et al., 2011] and are distributed vertically in the model following the online plume-rise
module [Freitas et al., 2007]. The spatial distributions of annual average anthropogenic and biomass burning
emissions are shown in Figure 1. The highest anthropogenic BC emissions occur along the Indo-Gangetic
Plain, while the highest biomass burning emissions are seen over Burma. Time series analysis of biomass
burning emission shows that the highest biomass burning activity generally occurs during March-May.

Total anthropogenic and biomass burning emissions over the model domain for the year 2011 are estimated
to be about 1354 Gg and 481 Gg, respectively. The annual total anthropogenic BC emission estimates are
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slightly higher compared to other regional inventories such as System for Air quality Forecasting And
Research-India (~1110 Gg), Regional Emission Inventory for Asia (~1170 Gg), and Southeast Asia
Composition, Clouds and Climate Coupling by Regional Study (~1195 Gg), but are significantly higher
compared to the Intercontinental chemical Transport Experiment Phase B inventory (~550 Gg).

Initial and lateral boundary conditions for meteorological fields are obtained from European Center for
Medium Range Weather Forecasts atmospheric operational model analyses and products available every
6 h at a fine horizontal grid spacing of 0.141°. Initial and boundary conditions for BC and other aerosols are
based on Model for Ozone and Related Tracers (MOZART-4) model output [Emmons et al., 2010].

We implemented 10 BC tracers on top of the standard BC particles in the WRF-Chem model to track BC
emitted from different source types and regions and to understand the relative importance of emissions
and meteorology in controlling the seasonal cycle of BC. BC tracers are artificial species added to the
simulation that experience the same atmospheric processes (emission, transport, aging, dry, and wet
deposition) like a standard BC particle. However, the tracers do not affect the standard model results. We
account for all sources of BC in the model by tracking BC emitted from anthropogenic (BC-ANT) and
biomass burning (BC-BB) sources within the domain, and BC inflow from the lateral domain boundaries
(BC-BDY). The BC-BDY tracer includes the contribution from all BC emission sources located outside the selected
domain, and therefore, its distribution will provide information about background BC levels for South Asia.

Four regional tracers track BC emitted from sources in North, West, East, and South India, respectively
(Figure 1a). Anthropogenic emissions of BC from outside these five regions are also tracked separately and
are classified as “other regions.” The initial and boundary conditions for all BC tracers are set to zero except
boundary conditions for BC-BDY, which are set equal to BC from MOZART-4. Two additional tracers are
defined as BC_NS and BC_ND to understand the sensitivity of simulated BC with respect to seasonal and
diurnal variations of anthropogenic BC emissions. BC_NS and BC_ND are similar to standard BC except that
anthropogenic emissions contributing to BC_NS and BC_ND do not have a seasonal and diurnal cycle,
respectively. BC-NS, BC_ND, and the four regional tracers are introduced as an emission type in the model,
while BC-ANT and BC-BB are determined from standard input anthropogenic and biomass burning emissions.

In this study, we do not tag BC by sector as we did in our previous study [Kumar et al., 2015] because we found
that the contributions of residential, industrial, transport, and power generation emission sectors to total
anthropogenic emissions and to the surface anthropogenic BC mass concentrations in North, West, East,
and South India are nearly identical [Kumar et al., 2015], although there is transport of air masses between
these regions. Therefore, we conclude that the contribution of different sectors to surface BC mass
concentration can be inferred by analyzing the contribution of different sectors to total BC anthropogenic
emissions, and we do not need separate tags for different sectors.

However, it should be noted that the nearly identical contribution of different sectors to BC emissions and
surface mass concentrations found in Kumar et al. [2015] is a result of several factors: (1) BC is a primary
pollutant, (2) BC is not affected by atmospheric chemistry, (3) the geographical regions (North, West, East,
and South India) do not differ significantly in terms of the relative contribution of different sectors to total
anthropogenic BC emissions, and (4) the loss processes do not change the percent contributions of
different sectors during transport of BC from one region to the other. If any one of these conditions is not
satisfied, then the contribution of different sectors to surface BC mass concentration cannot be inferred
directly by analyzing the contribution of different sectors to total BC anthropogenic emissions, and it
would become important to tag BC by sector to quantify the contribution of different sectors to surface BC
mass concentration in different regions. Such a situation may arise, for example, if people living in North
India start using a different fuel (e.g., LPG) for cooking, but people in East India continue using solid
biofuels for cooking.

In addition to the BC tracers, four BC tendency terms including net vertical mixing, convective transport, and
horizontal and vertical advection are monitored during the simulation. These tendency terms represent
different terms contributing to the time rate change of BC in prognostic equation of BC. The horizontal
and vertical advection tendency terms of BC are obtained from the fluxes calculated in the advection
scheme that are multiplied by the area of the grid cell face and time step. The convective transport and
vertical mixing tendency terms are found by differencing the mixing ratios of BC before and after each
process. This concept of tendencies has been used before in WRF-Chem to understand processes
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Figure 3. WRF-Chem simulated average wind vectors at 10 m during winter monsoon, summer monsoon, and monsoon
transition seasons. Wind vectors are shown every 15th grid point for clarity.

controlling selected trace gases [e.g., Barth et al,, 2012] but is being utilized for the first time for aerosols. We
also keep track of the accumulated dry and wet deposition amounts of BC.

The model simulations started on 01 Jan 2011 at 0000 UTC with a time step of 60 s and ended on 31 Dec 2011
at 23 UTC. The model results are saved every hour for further analysis. The tracers are assumed to be well
spun up when the sum of BC tracers (BCyac=BC-ANT + BC-BB + BC-BDY) approaches the total simulated
BC. The time series of the relative difference between domain-wide averaged BC and BCy,c (Figure 2c) at
the first, 10th, and 20th model level shows that the difference rapidly approaches 0% in the first 15 days of
the simulation and remains close to zero thereafter. Thus, all tracers are reasonably well spun up by 20 Jan
2011. For the standard model species including BC particles, a spin-up time of 48 h was used to minimize
the effect of initial conditions. The choice of spin-up time for standard species is based on previous studies
[e.g., Jimenez et al., 2005] and our past experience with WRF-Chem modeling.

2.3. Regional Meteorology of South Asia

In this section, we provide a brief description of the regional meteorology of South Asia because it plays an
important role in controlling the seasonal cycle of BC over this region. The regional meteorology of South Asia
is dominated by the Asian monsoonal circulation and can be broken down into three basic seasons: the
winter monsoon (WM) season, summer monsoon (SM) season, and monsoon transition (MT) seasons. The
exact timing of these seasons may vary each year, but WM generally occurs during November-March, SM
during June-September, and MT season during April-May for winter-to-summer transition and during
late September-October for summer-to-winter transition. In this study, we have defined WM season as
1 November to 31 March, SM season as 1 June to 30 September, and 1 April to 30 May and 1-31 October as
MT season.

The WRF-Chem simulated average wind vectors at 10 m during these three defined seasons are shown in
Figure 3. Average surface winds are weaker over land as compared to ocean for all seasons due to higher
surface roughness over land. The WM season is characterized by offshore winds, which leads to dry
atmospheric conditions and facilitates the transport of pollutants from land to ocean. In contrast, the SM
season is characterized by onshore winds which bring moisture from ocean over land, causing large-scale
rainfall leading to the washout of aerosols. The cleaner marine air masses associated with SM onshore
winds can also potentially dilute pollutants over land. The meridional monsoonal winds weaken during the
MT season, and the zonal transport becomes more important especially north of 20°N. The transport of
pollutants from land to ocean is also limited during the MT season due to the prevalence of northerly
winds over the Arabian Sea and southerly winds over the Bay of Bengal. Further details about the regional
meteorology of South Asia can be seen elsewhere [Asnani, 2005; Lawrence and Lelieveld, 2010; Kumar
et al, 2012a].

Since wet scavenging is an important removal process for BC, we evaluate the modeled precipitation by
comparing the WRF-Chem predicted accumulated precipitation with the TRMM retrieved accumulated
precipitation for the three defined seasons (Figure 4). WRF-Chem successfully captures the seasonal cycle
of precipitation as seen by TRMM over most of the model domain. Both WRF-Chem and TRMM show an
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Figure 4. Comparison of (top) WRF-Chem simulated and (bottom) TRMM retrieved total precipitation during winter monsoon,
summer monsoon, and monsoon transition seasons. For this comparison, a WRF-Chem value is derived for each TRMM grid
box by adding all WRF-Chem values falling in that grid box.

increase in precipitation from WM season to SM season and a decrease from SM season to MT season, but
there are some differences in the spatial distribution as well as absolute magnitude. In general, the model
overestimates the precipitation seen by TRMM during all seasons except during MT season when the
model shows an underestimation over several parts of the domain including Arabian Sea, southern India,
the Bay of Bengal, the Indo-Gangetic Plain, and the Himalayan foothills. Analysis of the modeled
precipitation shows that about 60% of the rainfall in the model results from the convective
parameterization. Note that accurate simulation of monsoonal rainfall over South Asia has been a
challenging task and limited ability of regional models (MM5 and WRF) in this regard has also been
reported in previous studies [e.g., Ratnam and Kumar, 2005; Rakesh et al, 2009; Kumar et al., 2012al.
However, Kumar et al. [2012a] showed that the probability of detecting a rainfall event is greater than the
false simulation of a rainfall event in WRF. Kumar et al. [2012a] also conducted a detailed evaluation of
other meteorological parameters (temperature, winds, water vapor, dew point temperature, and
tropopause pressure) over this domain and concluded that WRF simulated meteorology is of sufficient
quality for use in air quality simulations.

3. Results and Discussion
3.1. Model Evaluation

We first evaluate the performance of WRF-Chem in simulating the seasonal cycle of BC over the Indian region
by comparing model simulated surface layer BC mass concentrations with observed values reported in the
literature at 21 sites in the Indian region (Figure 5). The observed BC mass concentrations show the
highest values during the WM season at all the sites except at Bangalore, Nainital, NCO-P, and Hanle,
where the highest values are seen during the MT season (April-May). Lowest BC mass concentrations at all
the sites are observed during the SM season. The model reproduces the observed seasonal cycle in BC
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Figure 5. Comparison of observed and WRF-Chem simulated seasonal cycles of BC mass concentrations at 21 Indian sites.
The vertical bars represent standard deviation in average values. Standard deviations in observations for some of the sites
could not be retrieved from the literature and are not shown. The name of observation site and correlation coefficient
between model and observation are also shown in each panel.

mass concentrations fairly well (0.52 <r<0.95) at 17 of 21 sites considered here, and the magnitude of
simulated BC at several sites is much closer to the observations compared to previous studies. For
example, Moorthy et al. [2013] reported that the ratio of measured to modeled (GOCART and CHIMERE) BC
mass concentration at Delhi, Kharagpur, Trivandrum, Minicoy, Port-Blair, and Nainital ranged from 0.7 to 6,
while the corresponding ratios in our study range from 0.2 to 1.5. Further, Nair et al. [2012] reported a ratio
of about 10 for Hyderabad in the RegCM4 model, while the corresponding ratio in our simulations ranges
from 0.6 to 1.7. The model fails to capture the seasonality at four of the sites (Dibrugarh, Nainital, NCO-P,
and Hanle). In addition, differences in the absolute magnitude of BC between the model and observations
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are discerned at several sites, where ratio of measured to simulated BC mass concentration exceeds 2
especially for the nonsummer months. Possible reasons for discrepancy between the modeled and
observed BC mass concentration are discussed below.

Dibrugarh in northeast India is a rural site surrounded by tea gardens, rivers, and other water bodies, but BC
mass concentrations at this site are comparable to or even higher than those observed at urban sites (Delhi,
Bangalore, Hyderabad, Kanpur, Pune, Ahmedabad, etc.) in India due to presence of many oil refineries near
the measurement site (50-100 km) [Pathak et al.,, 2010]. Large differences between modeled and observed
BC mass concentration point toward underestimation of anthropogenic BC emissions from these oil
refineries. The peak in modeled BC at Dibrugarh during March-April is due to additional contribution from
biomass burning emissions.

Nainital, NCO-P, and Hanle are located in the Himalayan region and represent cleaner high altitude
environments. We also compared model predicted seasonal cycle of BC with two urban valley sites, namely,
Dehradun [Kant et al., 2012] and Kullu [Sharma et al., 2013] located in the Himalayan region (not shown), and
the model failed to capture the observed seasonal cycle of BC at these sites. The discrepancy at these
Himalayan sites could be associated with uncertainties in BC emissions along with errors in representation of
topography around these sites in the model and associated errors in the meteorological processes. Local
emissions should have minimal impact at Nainital and Hanle as these sites are located reasonably far from
major BC emission sources [Dumka et al,, 2010; Nair et al., 2013]. The altitudes of Hanle and Dehradun is
represented reasonably well by the model with differences of less than 50 m, but the model has put Kullu at
a higher elevation (2080 m compared to 1155 m) and Nainital at a lower elevation (1350 m compared to
1958 m). Note that the width (0.5-2 km) of the Kullu valley is much smaller than the model grid spacing
(10 km). The elevation of NCO-P is higher by about 500 m in the model. The elevation of Ooty, a high
altitude site in southern India, is also lower by about 600 m in the model.

We analyzed BC source tracers at all the sites to identify the most important BC sources and found that
BC mass concentrations at most of the sites are controlled by anthropogenic sources. This suggests that
uncertainties in anthropogenic emission estimates likely make an important contribution to the
discrepancies between model results and observations. We also examined the contribution of the diurnal
cycle of anthropogenic emissions to the differences between the model and observations by comparing
the diurnal variations of model simulated and observed BC mass concentrations at five sites (Delhi,
Kanpur, Bhubaneswar, Pune, and Anantapur; Figure 6). Diurnal variation of BC_ND is also shown to depict
the sensitivity of simulated BC mass concentration to diurnal variations in anthropogenic emissions. Note
that this comparison is presented for four seasons instead of three defined earlier because diurnal
variations in the literature have been reported for four seasons [Tiwari et al., 2013; Kanawade et al., 2014;
Mahapatra et al., 2014; Safai et al., 2013; Reddy et al., 2012]. It is seen that differences between the model
and observations are largest during nighttime. In fact, daytime modeled and observed BC mass
concentrations show fairly good agreement during all the seasons at Delhi, Bhubaneswar, and Pune and
during monsoon seasons at Kanpur and postmonsoon at Anantapur. A comparison of WRF predicted BC
and BC_ND shows that introducing a diurnal cycle in anthropogenic emissions of BC does not lead to a
great improvement in the diurnal concentration profile but reduces the absolute differences between
model and observations especially at Delhi and Pune. These model results indicate that comprehensive
research effort is required not only in improving the total amount of BC emitted in this region but also in
constructing the diurnal variability of anthropogenic emissions.

Larger differences in nighttime BC mass concentration between the model and observations might also be
related to uncertainties in the estimation of PBLH by the model. We made an attempt to evaluate the model
simulated PBLH through comparison with PBLH derived from radiosonde observations (Figure 7) at 00 UTC.
For this we compared annual averages because the number of available observations (51-136) is not
sufficient to produce reasonable statistics for individual seasons. Average observed and model simulated
PBLH at 00 UTC are 100-650 m and 50-500 m, respectively. The model underestimates the observed PBLH
by 20-450 m at all inland stations except at few coastal sites where the model shows an overestimation by
20-200 m. A shallow PBL in the model during nighttime will trap the pollutants in a smaller volume and lead
to a model simulated concentration that is higher than the observations. However, more observations of
PBLH covering the entire diurnal cycle are required to fully understand the role of boundary layer evolution
in the model-observation discrepancy.
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Figure 6. Comparison of observed and WRF-Chem simulated diurnal variation of BC mass concentrations at five Indian
sites during winter, premonsoon, monsoon, and postmonsoon. Indian standard time (IST) is 5.5 h ahead of UTC. The
black line represents the observed BC, while the red and green lines represent WRF-Chem simulated BC with and without
including diurnal variations of anthropogenic emissions, respectively.

Apart from uncertainties in anthropogenic and biomass burning emissions, and PBLH estimates, the inflow of
BC from the domain boundaries also contributes to model-observation discrepancy especially at Port-Blair
where it contributes about 50 +34% to the modeled BC mass concentrations. Another important factor
contributing to model-observation discrepancy could be uncertainty in the wet removal of BC in the
model. The overestimation of monsoonal rainfall by the model may enhance the wet removal of BC in the
model, while a slower aging of BC from the hydrophobic mode to the hydrophilic mode with an e-folding
lifetime of 2.5 days and lack of impaction scavenging in the model might slow down the wet removal of
BC [e.g., Barth and Church, 1999; Wang et al., 2014]. To examine the sensitivity of BC to the aging time and
impaction scavenging, we conducted three sensitivity simulations.

In the first simulation, we reduced hydrophobic-to-hydrophilic conversion time of BC from 2.5 to 1.2 days. In
the second simulation, we tested the sensitivity of the simulated BC distribution to impaction scavenging by
introducing a very simple parameterization of impaction scavenging by assuming that 10% of the aerosol
mass is removed by large-scale precipitation falling through the noncloudy model layers located below
the cloud. In the third simulation, we used the detailed aerosol model called “Model for Simulating Aerosol
Interactions and Chemistry (MOSAIC)" [Zaveri et al., 2008] to simulate BC distribution. MOSAIC treats BC as
internally mixed with all other aerosol components and includes both in-cloud and impaction scavenging.
The internal mixing assumption implies that there is no aging time from emissions of hydrophobic to
hydrophilic BC. Note that MOSAIC is computationally much more expensive than GOCART and was run at
20 km resolution. For the same reason, the sensitivity simulations were conducted for only 1 month.

The time series of daily average BC mass concentration from these three sensitivity runs along with base run
(presented in the manuscript) are compared to observations at Nainital (Figure S2 of the supporting information).
All the model runs capture the observed decrease in BC mass concentration with time. The reduction of aging
time from 2.5 to 1.2 days (GOCART_test_aging) does not make much difference compared to the base run
(GOCART_base). However, inclusion of impaction scavenging (GOCART_test_wetdep) does reduce BC mass
concentrations relative to the base case, but we are still too far from the observed values. MOZART-MOSAIC
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Figure 7. Comparison of observed (IGRA) and WRF-Chem simulated annually averaged PBLH at 00 UTC for 31 sites in the
domain. Mean bias in the model simulated PBLH is also shown in the rightmost panel.

simulations show a stronger decrease, but we are still far from the observations. These results show that BC
simulations are sensitive to parameterization of aging and removal efficiency, but we do not have enough
observations to constrain these parameterizations.

To demonstrate our limited understanding of these processes, we compare the parameterization of these
processes in WRF-Chem with those in GEOS-Chem [Liu et al.,, 2011 and He et al., 2014]. Both WRF-Chem
and GEOS-Chem consider BC aerosols to be present in both hydrophobic and hydrophilic mode, but BC
aging treatments in the two models are very different. WRF-Chem assumes all the primary BC emissions to
occur in the hydrophobic mode, while GEOS-Chem assumes 80% of the primary BC emissions in the
hydrophobic mode and 20% in the hydrophilic mode. The e-folding lifetime for hydrophobic-to-hydrophilic
conversion is set as a constant value of 1 day in GEOS-Chem and 2.5 days in WRF-Chem, while a recent
modeling study has shown that this time scale varies between day and night and can be between 0.068-11 h
during daytime and 6.4-54 h during nighttime for an urban plume [Riemer et al, 2010]. Since the
hydrophobic-to-hydrophilic conversion determines the amount of aerosol mass incorporated into the cloud
droplets, the errors in the aging parameterization lead to errors in the wet removal of aerosols on top of
other errors introduced by wet removal parameterization itself. Similar to BC aging treatment, the wet
scavenging treatment also differs between WRF-Chem and GEOS-Chem. WRF-Chem assumes that 80% of the
hydrophilic BC partitions into cloud water, while GEOS-Chem assumes 100% incorporation of hydrophilic BC
in the cloud water. In addition, complex topography of the Himalayan region makes it difficult to capture
mesoscale transport processes, especially the mountain valley winds, which have been found to play a major
role in controlling diurnal variability of trace species at these sites [e.g.,, Dumka et al., 2010; Nair et al., 2013].

In theory, we could perform a large number of sensitivity experiments to determine the best set of model
parameters which can reduce the discrepancies between the model results and observations. But we do
not want to follow this approach because such parameters will not have a strong scientific basis. We
would prefer to wait for some relevant observations such as those of refractory BC mass, mixing state, and
vertical distribution of BC aerosols to improve parameterization of these processes in the model.

The above discussion showed that discrepancy between the model and observations can be related to a
number of factors including uncertainties in anthropogenic and biomass burning emission estimates,
errors in model representation of landscape around high altitude sites, errors in model predicted
meteorology, aerosol processes, numerical model error, and uncertainty in boundary conditions of BC
mass concentrations provided from the global model. At this stage, it is not possible to validate model
simulated vertical distribution of BC, but we have some confidence in the model’s ability of simulating
seasonal changes in the vertical transport based on our previous studies [Kumar et al, 2012a, 2012b,
20174al. In those studies, we have compared WRF-Chem simulated vertical distribution of ozone, carbon
monoxide, water vapor, and dust plumes with available in situ and satellite based measurements. We have
also shown that WRF-Chem also reproduces the spatial distribution of BC observed over the Bay of Bengal
and the Arabian Sea [Kumar et al., 2015]. While there are weaknesses in the model performance especially
in representing the magnitude of observed BC and capturing BC seasonality in Himalayas, the ability of the
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Figure 8. Vertical distribution of the daily averaged BC mass concentration and the daily accumulated BC tendencies due
to horizontal and vertical advection, convective transport, and vertical mixing over the Indian region (68°-91°E, 7°-35°N).
The solid and dotted black lines represent daily averaged PBL and thermal tropopause heights over the Indian region,
respectively. White space indicates zero value of a tendency term.

model in capturing the observed seasonal cycle over most of the model domain provides confidence in
using the model to understand processes controlling the seasonality of BC mass concentrations over the
Indian region.

3.2. Processes Controlling the Seasonal Cycle of BC

To characterize the seasonal cycle of BC, we examined the vertical distribution of the daily averaged BC mass
concentration over the Indian region (68°-91°E, 7°-35°N) (Figure 8). BC mass concentration in the lower
troposphere (below 3 km) shows seasonal variation similar to the surface observations with the highest
and the lowest values during the WM and SM seasons, respectively. In contrast, BC in the free troposphere
(above 3 km) shows an opposite seasonal cycle with the highest and lowest values during the SM and WM
seasons, respectively. The free tropospheric seasonal cycle of BC reported here is consistent with satellite
retrievals of carbon monoxide [Girach and Nair, 2014] and peroxyacetyl nitrate [Fadnavis et al., 2014], and
global model simulation of aerosols including BC [Fadnavis et al., 2013].
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Figure 9. Spatial surface distributions of amplitude of seasonal cycle for BC and BC_NS for the year 2011. Frequency
distribution of (BC_NS-BC) is also shown.

This seasonal cycle is driven by seasonal changes in regional BC emissions and meteorology. As BC emissions from
anthropogenic sources (1354 Gg) are about three times higher than those from biomass burning (481 Gg) in our
model domain, biomass burning emissions should not have a large influence on the seasonal cycle of BC over the
larger Indian region (68°-91°E, 7°-35°N). However, biomass burning is very important over Burma where it
accounts for about 80% of the total biomass burning occurring in our model domain.

To examine the influence of seasonal changes in anthropogenic emissions on the seasonal cycle of BC at the
surface, we compare the spatial surface distributions of the seasonal amplitude of BC and BC_NS (Figure 9).
The amplitude of the seasonal cycle for both BC and BC_NS is calculated by subtracting the annual minimum
value from the annual maximum value in each grid box. The seasonal amplitude for both BC and BC_NS has
similar magnitudes as well as spatial distributions, and most differences are less than 20% (rightmost panel,
Figure 9). The average percentage difference between the amplitude of the seasonal cycle for BC and BC_NS
is estimated as 6+ 10%, indicating that anthropogenic emissions do not control the seasonality of BC and
therefore seasonal changes in meteorology must be the controlling factor.

To understand which meteorological processes are more important for the seasonal variability of BC over the
Indian region, we analyze the vertical distribution of BC tendencies due to horizontal and vertical advection,
convective transport, and vertical mixing (Figure 8, also see Figure S1 for details in the lowest 2 km). The BC
tendency due to horizontal advection shows large seasonal variation below 1 km as this process mostly
transports BC out of the Indian region during October-April (negative values) and brings BC into the
Indian region during May-September (positive values). The horizontal advection generally transports BC
out of the Indian region throughout the year between 1 and 8 km. Above 8 km, the horizontal transport
brings BC into the Indian region during October-May and transports BC out of the Indian region during
June-September. The vertical advection generally acts as a sink of BC in the PBL throughout the year
except at a few levels between the surface and 0.5 km during October-March. Above the PBL, the vertical
advection generally enhances BC in the lower to middle troposphere (up to 8 km) throughout the year.
Above 8 km, the vertical advection generally acts as a source of BC during the summer monsoon season
and as a sink during other times of the year. The convective transport lifts BC from the lower troposphere
(surface to about 4 km) to the middle and upper troposphere, and this lifting, as expected, is the highest
during the summer monsoon season. The vertical mixing always acts as a sink of BC at the surface and
source of BC at higher altitudes.

The seasonal mean BC tendencies due to the horizontal and vertical advection, convective transport, and
vertical mixing are estimated at the surface, and in the lower (0.1-3 km), middle (3-8 km), and upper
troposphere (8-15 km), respectively, to examine the relative strength of these processes (Figure 10). At the
surface, all the processes tend to remove BC except the horizontal advection during the SM season, but
the distribution of BC is governed mainly by the vertical mixing as the magnitude of the vertical mixing
term is 1-3 orders of magnitude higher compared to other processes. Note that the vertical mixing term
includes contributions from both the dry deposition and vertical diffusion, and thus, we can estimate the
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relative contributions of these processes
to the vertical mixing term at the sur-
face by subtracting the dry deposited
amount of BC from the surface layer ver-
tical mixing term. The contributions of
the dry deposition to the surface layer
vertical mixing term during the WM, SM,
and MT seasons over the Indian region
are estimated as 38+9%, 21+2%, and
24+6% respectively, while the corre-
sponding contributions of the vertical
diffusion term are estimated as 62 +9%,
79+ 2%, and 76 + 6%, respectively. These
results suggests that the observed
decrease in near surface BC mass con-
centrations from the WM to the SM
season is driven mainly by an increase
in the vertical diffusion of BC during the
summer monsoon season.

The vertical mixing brings BC from the
surface into the lower troposphere
(0.1-3 km) throughout the year and is
highest during the SM season. The
direction (vertical or horizontal) in
which BC is transported from the lower
troposphere is determined by a compe-
tition between the horizontal and verti-
cal advection. During the WM season,
the effect of horizontal advection on
BC is about 10 times stronger than the
vertical advection, indicating that most
of the BC from the lower troposphere
is advected horizontally out of the
Indian region and experiences very
small vertical transport. This scenario
reverses during the SM season when
the effect of vertical advection on BC is
about 10 times stronger than the hori-
zontal advection and most of the BC
undergoes vertical advection. The verti-
cal transport of BC during the SM season
is further enhanced by buoyant motions
as the effect of convective transport on

BC is also five times stronger than the horizontal advection. During MT season, BC is transported from the
lower troposhere by both the horizontal and vertical advection. Note that a part of BC transported vertically
is lost through wet deposition, which also shows a distinct seasonality with maximum in the SM season.

In the middle and upper troposphere, the BC distribution is governed mainly by the horizontal and vertical
advection, but they have opposite effects on BC. The vertical advection brings BC from the lower
troposphere into the middle troposphere throughout the year. The magnitude of the horizontal advection
is higher compared to the vertical advection in the middle troposphere during WM and MT seasons, and
thus, most of the BC is advected horizontally out of the Indian region during these seasons. In contrast, the
vertical advection dominates and transports BC further to the upper troposphere during the SM season.
The BC tendencies due to the horizontal and vertical advection are of similar magnitude in the upper
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Figure 11. Spatial distributions of the surface layer BC mass concentration over the model domain during WM, SM, and MT
seasons. The relative contributions of BC-ANT, BC-BB, and BC-BDY are also shown for each season. Note different color bars
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troposphere during the WM and MT seasons. However, the combined tendency of the vertical advection and
the convective transport is greater than the horizontal advection, indicating that some of the BC could be
transported from the upper troposphere to the stratosphere during the SM season.

In summary, the above analysis revealed opposite seasonal cycles of BC in the lower (below 3 km) and free
(above 3 km) troposphere. The analysis of BC tracers and tendency terms showed that the summertime
minimum in the lower troposphere and the maximum in the free troposphere are not driven by seasonal
changes in anthropogenic emissions but by a weakening of the horizontal transport of BC and a
strengthening of the vertical transport relative to the winter monsoon.

3.3. Source Contribution Analysis

To identify the most important sources of BC in South Asia, we analyze the spatial distributions of total BC
mass concentrations and the relative contributions of anthropogenic (BC-ANT), biomass burning (BC-BB),
and boundary inflow (BC-BDY) to the total BC during WM, SM, and MT seasons at the surface (Figure 11)
and in the free troposphere (3-15 km; Figure 12). Figure 11 shows that anthropogenic emissions are the
most important sources of near surface BC in most parts of South Asia during all seasons. Biomass burning
appears as the most important source over Burma and a significant source over other parts of South Asia
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Figure 12. Spatial distributions of free tropospheric (3-15 km) BC mass concentration over the model domain during WM,
SM, and MT seasons. The relative contributions of BC-ANT, BC-BB, and BC-BDY are also shown for each season. Note
different color bars for different rows.

during the WM and MT seasons. The inflow from domain boundaries is the most important source for the
southeast Bay of Bengal during all the seasons and for Arabian Sea during SM and MT seasons. The
distributions of total BC mass concentration and relative contribution of different sources in the lower
troposphere (0.1-3 km) are very similar to the surface (not shown).

BC mass concentrations in the free troposphere are highest over Burma during WM and MT seasons, and over
the eastern Indo-Gangetic Plain and central India during the SM season (Figure 12). The anthropogenic
emissions of BC significantly contribute to the BC mass concentrations even in the free troposphere;
however, their relative contribution decreases compared to the lower troposphere as BC inflow from the
domain boundaries becomes more important. In fact, majority of free tropospheric BC during SM and MT
seasons is due to anthropogenic sources. Similar to the lower troposphere, biomass burning is the major
source of free tropospheric BC over Burma during WM and MT seasons. Biomass burning also contributes
significantly (>25%) to the free tropospheric BC over the northern Bay of Bengal and eastern India during
WM and MT seasons.

The contributions of anthropogenic, biomass burning, and boundary inflow to total BC mass concentration at
the surface in the lower and free troposphere of the Indian region (68°-91°E, 7°~35°N) during WM, SM, and
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Table 2. Average * Standard Deviation in Mass Concentration (ug m_3) of Total BC, BC From Anthropogenic Sources
(BC-ANT), Biomass Burning (BC-BB), and Model Domain Boundaries (BC-BDY) Averaged Over the Indian Region (68°-91°E,
7°-35°N) During WM, SM, and MT Seasons®

Winter Monsoon Summer Monsoon Monsoon Transition
Surface
Total BC 240+2.34 1.02+1.18 1.67 £1.80
BC-ANT 2.14+2.20 0.99+1.17 141+1.62
BC-BB 0.21+0.25 0.01 +0.02 0.21+0.33
BC-BDY 0.06 = 0.05 0.02 +0.02 0.05+0.01
Lower Troposphere (0-3 km)
Total BC 1.09+0.78 0.55+0.57 0.88+72
BC-ANT 0.96 +0.74 0.52+0.57 0.75+0.66
BC-BB 0.07 £ 0.06 0.01+0.01 0.08 £ 0.08
BC-BDY 0.06 + 0.04 0.02 +0.01 0.05 £ 0.01
Free Troposphere (3-15 km)
Total BC 0.027 £0.014 0.071+0.038 0.070 £0.039
BC-ANT 0.009 + 0.009 0.049 £ 0.036 0.041 +£0.029
BC-BB 0.004 + 0.004 0.001 £0.001 0.009 + 0.009
BC-BDY 0.014 £ 0.004 0.021 £0.003 0.020 £ 0.005

*The standard deviation was calculated from all the BC values in the Indian region and thus represents the spatial
variability of modeled average BC values in South Asia.

MT seasons are given in Table 2. At the surface and in the lower troposphere, anthropogenic emissions contri-
bute about 95-97% of the total BC loading during the SM season, and about 88-89% and 84-85% during WM
and MT seasons. Biomass burning sources contribute about 6-9%, 1-2%, and 9-13% during the WM, SM, and
MT seasons, respectively. The inflow of BC from domain boundaries contributes only about 2-3% at the surface
and 4-6% in the lower troposphere during different seasons. These contributions are compared to those for the
March-May 2006 in Kumar et al. [2015]. In the free troposphere, the contribution of inflow from domain bound-
aries becomes significant (27-52%) with the highest contribution during the WM season and the lowest contri-
bution during the SM season. Anthropogenic sources contribute about 60-70% to the free tropospheric BC
during SM and MT seasons over the Indian region. The contribution of biomass burning to the free tropospheric
BC over the Indian region is not as high as it is over Burma and is about 13-15% during the WM and MT seasons.

3.4. Source-Receptor Relationships and Transport Pathways of BC

It was shown in the previous section that anthropogenic emissions are the main sources of BC not only in the lower
troposphere but also in the free troposphere over India. In this section, we examine how seasonal changes in
meteorology affect source-receptor relationships among different Indian regions in the lower troposphere and
which geographical regions contribute more to anthropogenic BC in the free troposphere of India.

3.4.1. Lower Troposphere

The spatial distributions of BC emitted from anthropogenic sources in North, West, East, and South India
during WM, SM, and MT seasons at the surface are shown in Figure 13. The spatial distributions of these
BC tracers for the lower troposphere are similar to the surface and thus are not shown. Large seasonal
changes in source-receptor relationships are seen as BC is transported from northern to southern parts of
India during WM and MT seasons, and from southern to northern parts during the SM season.

BC emitted from North India affects all other parts of India during WM season, and South India plays a similar
role during SM season. BC emitted from West India travels mostly to the Arabian Sea and some parts of South
and East India during WM season and to North and East India during SM season. BC emitted from East India is
transported to the Bay of Bengal, South India, and Arabian Sea during WM season and mostly to North India
during SM season. BC emitted from South India is transported mainly to the southern Arabian Sea during WM
season and to the Bay of Bengal, and East and North India during SM season. BC emitted from different regions
of India during MT season follow transport pathways nearly similar to WM season except that the spatial extent
of their influence is smaller compared to the WM season likely because of slower winds (Figure 3). However, BC
emitted from South India shows a stronger impact in the Bay of Bengal during MT season.

To quantify the contribution of regional transport to BC loadings in different regions of India, we estimate the
contribution of local and regional anthropogenic emissions to total anthropogenic BC loadings in different
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Figure 13. Spatial distribution of anthropogenic BC emitted from North, West, East, and South India during the WM, SM,
and MT seasons at the surface. White solid lines mark the geographical boundaries of different regions.

regions (Figure 14). The amount of BC due to sources located in a given region itself (e.g., North India) is
defined as the contribution from local sources, and BC coming from sources outside this region (e.g., sum of
BC coming from West, East, and South India, and other regions for North India) is defined as the contribution
from the regional sources. During WM and MT seasons, local sources contribute about 94-96% to the
anthropogenic BC loading in North India, while their contribution ranges from 68% to 81% in West, East, and
South India, indicating a significant contribution from regional transport (19-32%). In contrast, local sources
dominate anthropogenic BC loadings in South India with a contribution of about 95% during SM season,
while regional sources become important for North India with a contribution of about 28%. Regional sources
remain important for West and East India during SM season with a contribution of about 26-28%. The local
and regional source contributions for the MT season are comparable to those estimated for the March-May
2006 season by Kumar et al. [2015], who found that regional sources contribute up to 30% in West India and
25% in East India, respectively, during March-May 2006.

3.4.2. Free Troposphere

To understand the relative importance of anthropogenic emissions from different geographical regions of
India, we examined the spatial distribution of BC emitted from anthropogenic sources in North, West, East,
and South India in the free troposphere during the WM, SM, and MT seasons (Figure 15). Three features
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Figure 14. Contribution of local and regional emission sources to anthropogenic BC mass concentration in North, West,
East, and South India during WM, SM, and MT seasons of the year 2011.

stand out immediately from Figure 15. First, large seasonal changes are seen in the way BC emitted from
different Indian regions affects the free troposphere. Second, the influence of anthropogenic emissions in
the free troposphere during WM season is much smaller compared to SM and MT seasons. Third, BC
emitted from all the Indian regions affects a large area of free troposphere during the MT seasons.

The largest influence of BC emitted from North India on the free tropospheric BC is seen in eastern India
during the WM and MT seasons, and in North and West India during SM season. The influences of BC
emitted from North India reached into the free troposphere over the Himalayas, East India, central India,
and northern parts of the Bay of Bengal and the Arabian Sea during the SM season, and the influences
reach further south during the MT season. BC emitted from the West India has the largest effect on free
tropospheric BC in East India during WM, West India during SM, and West and South India during MT
season. The East Indian anthropogenic sources generally has the largest effect on the East Indian free
tropospheric BC itself, but significant influence reaches in the Himalayas and western part of the Indian
subcontinent during the SM season, and in the Bay of Bengal, South India, and the Arabian Sea during WM
and MT seasons. The largest influence of BC emitted from South India on the free tropospheric BC is seen
in South India during WM season, in East India during SM season, and in South India, the Arabian Sea, and
the Bay of Bengal during the MT season. The relative contributions of BC emitted from anthropogenic
sources located in North, West, East, and South India, and other regions to the free tropospheric BC mass
concentration during WM, SM, and MT seasons are given in Table 3. It is found that the highest
contributions to the anthropogenic BC mass concentration in the free troposphere over the Indian region
are from the anthropogenic sources located in North and South India during WM and MT seasons, from
those located in North, East, and South India during SM season.

4. Summary

This study identifies major processes controlling the seasonal cycle and their relative importance, source-receptor
relationship, and transport pathways of near surface black carbon (BC) aerosols over India using a
physically consistent and computationally efficient explicit emission tagging technique in WRF-Chem.
High resolution (10 km) WRF-Chem simulations are conducted for the year 2011 and evaluated against
BC observations for the first time over a network of 21 sites and planetary boundary layer height
estimates available at 31 sites in India. WRF-Chem reproduces the observed seasonal cycle of BC fairly
well (0.56 <r<0.94) at about 80% (17 out of 21) of the sites considered here but fails to capture
seasonality of BC at the sites located in the Himalayan region. A comparison of modeled and observed
diurnal variations of BC mass concentrations showed that larger differences between the model and
observations occur during nighttime, which could be related to an underestimation of the planetary
boundary layer height by WRF-Chem. Other sources of errors in model results include uncertainties in
BC emission estimate, errors in parameterization of aerosol processes, model simulated orography and
transport processes, boundary conditions from global model, and numerical errors.

WRF-Chem simulated and observed BC in the lower troposphere of India has the highest values during the
winter monsoon and the lowest values during the summer monsoon. In contrast, BC in the free
troposphere shows an opposite seasonal cycle with the highest values during the summer monsoon and
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Figure 15. Spatial distribution of anthropogenic BC emitted from North, West, East, and South India during the WM, SM,
and MT seasons in the free troposphere. White solid lines mark the geographical boundaries of different regions.

the lowest values during the winter monsoon. We estimate that the seasonality in anthropogenic emissions
contributes only 6+ 10% to the amplitude of the BC seasonal cycle at the surface, suggesting that the
seasonal cycle of BC in India is mainly driven by changes in regional meteorology. Model results show that
the summertime minimum in the lower troposphere and maximum in the middle and upper troposphere
in BC over the Indian region are driven by an increase in the strength of vertical diffusion, convection and

Table 3. The Relative Contributions of BC Emitted From Anthropogenic
Sources Located in North, West, East, and South India, and Other
Regions of the Domain to Free Tropospheric Anthropogenic BC
Mass Concentrations Over the Indian Region

Winter Summer Monsoon

Monsoon Monsoon Transition

North India 23 +£20% 26+ 12% 34+25%
West India 13£7% 14+4% 19+11%
East India 17 £ 10% 26+ 12% 14+12%
South India 40+21% 29 + 14% 25+21%
Others 7+£9% 5+3% 7+£11%

advection, and weakening of the hori-
zontal advection during the summer
monsoon. In the lower troposphere,
anthropogenic emissions account for
84-97% of BC mass concentration in
India throughout the year, while open
biomass burning emissions contribute
a maximum of 9-13% during the winter
monsoon and monsoon transition sea-
sons. The inflow of BC from domain
boundaries contributes only about
2-3% in the lower troposphere during
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different seasons. The BC inflow from the domain boundaries becomes important in the free troposphere and
is the most important source of free tropospheric BC in the Indian region during the winter monsoon, but it is
anthropogenic emissions which provide most of the BC loading (60-70%) in the free troposphere during the
summer monsoon and monsoon transition seasons.

We find large seasonal changes in source-receptor relationships in both the lower and free troposphere. In
the lower troposphere, BC is transported from northern to southern parts of India during winter monsoon
and monsoon transition seasons, while from southern to northern parts during the summer monsoon
season. Our results demonstrate that regional transport is a key process throughout the year and
contributes up to 32% of anthropogenic BC in different regions of India. These results highlight the
importance of considering nonlocal sources along with local emissions when designing strategies for
mitigating BC impacts related to air quality in this region. However, multi-year and statistical analysis
should be performed to lend more confidence in these results. We also find that BC in the free
troposphere over the Indian region is affected mostly by the anthropogenic sources located in North and
South India during the winter monsoon and monsoon transition seasons, and from those located in North,
East, and South India during the summer monsoon season.

While this study has provided important information about the processes controlling the seasonal cycle of
black carbon aerosols in atmosphere of the Indian region, several shortcomings of the model were also
identified. These include limited ability of the model in reproducing the absolute magnitude and diurnal
cycle of BC at several low altitude stations, underestimation of planetary boundary layer height, and failure
to capture seasonal cycle of BC in the Himalayas. This indicates that further research efforts are required to
improve BC emission estimates, their diurnal variability, and representation of subgrid scale processes. At
the same time, it is also imperative to expand the BC observational database to include long-term,
systematic, and colocated measurements of vertical distribution, refractory BC mass, mixing state of
aerosols and deposition of BC, and relevant meteorological parameters such as planetary boundary layer
height for further model evaluation.
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