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Abstract Exposure to unhealthy air causes millions of premature deaths and damages crops sufficient to
feed a large portion of the South Asian population every year. However, little is known about how future air
quality in South Asia will respond to changing human activities. Here we examine the combined effect of
changes in climate and air pollutant emissions projected by the Representative Concentration Pathways
(RCP) 8.5 and RCP6.0 on air quality of South Asia in 2050 using a state-of-the-science Nested Regional Climate
model with Chemistry (NRCM-Chem). RCP8.5 and RCP6.0 are selected to represent scenarios of highest and
lowest air pollution in South Asia by 2050. NRCM-Chem shows the ability to capture observed key features
of variability in meteorological parameters, ozone and related gases, and aerosols. NRCM-Chem results show
that surface ozone and particulate matter of less than 2.5 μm in diameter will increase significantly by
midcentury in South Asia under the RCP8.5 but remain similar to present day under RCP6.0. No RCP suggest
an improvement in air pollution in South Asia by midcentury. Under RCP8.5, the frequency of air pollution
events is predicted to increase by 20–120 days per year in 2050 compared to the present-day conditions, with
particulate matter of less than 2.5 μm in diameter predicted to breach the World Health Organization
ambient air quality guidelines on an almost daily basis in many parts of South Asia. These results indicate that
while the RCP scenarios project a global improvement in air quality, they generally result in degrading air
quality in South Asia.

1. Introduction

South Asia, comprising Afghanistan, Pakistan, India, Nepal, Bhutan, Bangladesh, Sri Lanka, and Maldives, is
home to about 1.7 billion people, with 33% of the population located in growing megacities (World Bank,
2014). South Asia is an economically dynamic region with significant emissions of greenhouse gases, aerosols,
and other pollutants that pose a serious threat to the human health (Ghude et al., 2016; Greenstone et al., 2015)
and food security (Ghude et al., 2016; Sinha et al., 2015). The World Health Organization (WHO) estimates that
10 out of the world’s 20 most polluted cities are located in South Asia (WHO, 2016). Poor air quality in South
Asia is currently estimated to shorten the lifespans of about 660 million people by about 3 years (Greenstone
et al., 2015) and damage crops enough to feed approximately 94 million people every year (Ghude et al.,
2014). Air pollutants, particularly aerosol particles, are also suggested to influence water resources in the
region by affecting the Indian summer monsoon (Lau et al., 2006; Ganguly et al., 2012; Ramanathan et al.,
2005; Vinoj et al., 2014) and Himalayan glaciers (e.g., Menon et al., 2010; Yasunari et al., 2015).

In light of deteriorating air quality, many efforts have been made to monitor air pollutants in South Asia and
especially in India. Such monitoring attempts date back to 1950s (Dave, 1957; Ramanathan, 1956), but they
have accelerated over the last two decades and grown into widespread ozone and aerosol monitoring net-
works (e.g., Lal, 2007; Moorthy et al., 2016). These observational networks have yielded important information
about absolute level, diurnal and seasonal variability of air pollutants, aerosol chemical composition (e.g.,
Beig et al., 2007; David & Nair, 2011; Decesari et al., 2010; Dumka et al., 2010; Lal et al., 2000; Marcq et al.,
2010; Naja et al., 2003; Naja & Lal, 2002; Ram & Sarin, 2010; Sarangi et al., 2014; Sinha et al., 2014), and enabled
calculation of local-scale aerosol radiative perturbations (e.g., Babu et al., 2002; Kumar et al., 2011;
Ramachandran & Kedia, 2010; Tripathi et al., 2005) and long-term trends in aerosol optical depth (AOD) over
India (e.g., Babu et al., 2013; Kaskaoutis et al., 2012; Moorthy et al., 2013; Ramachandran et al., 2012). In addi-
tion to in situ monitoring, intensive field campaigns have been conducted to address specific science issues
such as the export of pollutants from South Asia to the adjacent oceanic (e.g., Moorthy et al., 2008;
Ramanathan et al., 2001) and Himalayan (Moorthy et al., 2016; Sarkar et al., 2016) regions, and the role of
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aerosols in enhanced/prolonged fog events in the Indo-Gangetic Plain (IGP) (Nair et al., 2007; Ram & Sarin,
2010; Tripathi et al., 2006). A few measurements of surface ozone and related gases with complete seasonal
cycle have also been reported from Pakistan (Rasheed et al., 2014), Nepal (Pudasainee et al., 2006; Putero
et al., 2015), and Bangladesh (Sikder et al., 2013).

Despite accelerated monitoring efforts, the observational networks are not dense enough to examine spatial
distribution of air pollutants in South Asia. Satellite retrievals of trace gases and aerosols in conjunction with
chemistry transport models have been utilized to fill this gap. Satellite-based observations of tropospheric
column nitrogen dioxide (NO2), carbon monoxide (CO), and AOD show that air pollution is highest over
the IGP in South Asia (e.g., Di Girolamo et al., 2004; Ghude et al., 2008; Girach & Nair, 2014; Jethva et al.,
2005). Satellite observations also show an increasing trend in NO2 loadings (Ghude et al., 2008, 2009) and
AOD (Dey & Di Girolamo, 2011; Ramachandran et al., 2012) but a decreasing trend in lower tropospheric
CO (Girach & Nair, 2014) in India. Analysis of tropospheric NO2 and formaldehyde retrievals showed that
ozone production is mostly limited by nitrogen oxide (NOx) emissions in India (Mahajan et al., 2015).

Many efforts have focused on establishing the credibility of different models for use in scientific analysis by
comparing model simulations with observations. Both global- and regional-scale models capture the seaso-
nal variability of surface ozone and related gases over South Asia. They agree reasonably well with observa-
tions at some sites but are biased high or low at other sites (e.g., Ali et al., 2009; Beig et al., 2007; Chandra et al.,
2016; Engardt, 2008; Kumar et al., 2010, 2012; Kumar, Naja, Pfister, Barth, Wiedinmyer, Brasseur, 2012; Mittal
et al., 2007; Naja, 1997; Ojha et al., 2012; Roy et al., 2008; Saraf et al., 2003; Surendran et al., 2015). Aerosol
simulations based on coarse resolution (0.5° × 0.5°) emission inventories show large discrepancies between
model and observations (e.g., Ganguly et al., 2009; Moorthy et al., 2013; Nair et al., 2012; Pan et al., 2015;
Reddy et al., 2004), but recent advances in emission inventory development are shown to significantly reduce
biases in model simulations (Kumar, Barth, Pfister, et al., 2015). The evaluated model configurations have
been employed to show that ozone production is mostly limited by NOx emissions in South Asia (Kumar,
Naja, Pfister, Barth, Wiedinmyer, Brasseur, 2012), to quantify the contribution of regional sources and long-
range transport to carbon monoxide (Kumar et al., 2013) and black carbon (Kumar, Barth, Nair, et al., 2015;
Kumar, Barth, Pfister, et al., 2015) pollution, and to study the interaction of dust aerosols with tropospheric
chemistry (Kumar et al., 2014).

While the integration of in situ and satellite observations with chemistry transport modeling has significantly
advanced our understanding of present-day air quality issues in South Asia, little is known about how future
air quality will change in South Asia. Previous modeling studies predict an increase in surface ozone and
particulate matter of less than 2.5 μm (PM2.5) diameter by 2050 under the business as usual scenario (e.g.,
Chatani et al., 2014; Lelieveld et al., 2015; Wild et al., 2012), but those studies might underestimate the pro-
jected changes because they do not take into account the effect of climate change. Future climate change
has been shown to contribute to air quality degradation over the United States (e.g., Pfister et al., 2014).
Thus, the main objective of this study is to understand the combined effects of climate change due to
increases in long-lived greenhouse gases and changes in anthropogenic emissions of air pollutants from
present-day (2000) to future (2050) time conditions on air quality of South Asia. We examine whether the
Representative Concentration Pathways (RCPs) that project a large global decrease in anthropogenic emis-
sions of air pollutants also improve air quality in South Asia. The manuscript is organized as follows.
Section 2 provides details of themodel configuration used to project future changes in South Asian air quality
and observations used for model evaluation. Projected changes in air quality drivers (emissions and
meteorology) are discussed in section 3. Future changes in the surface ozone and PM2.5 relative to
present-day conditions are discussed in section 4, and results from the study are summarized in section 5.

2. Data and Methods
2.1. The Nested Regional Climate Model With Chemistry

Weuse a state-of-the-scienceNested Regional ClimateModel coupledwith Chemistry (NRCM-Chem) based on
version 3.6.1 of the Weather Research and Forecasting (WRF) model (Skamarock et al., 2008) coupled
with Chemistry (Fast et al., 2006; Grell et al., 2005) at horizontal grid spacing of 60 and 12 km to project changes
in South Asian air quality from present-day (1995–2004) to future conditions. The NRCM-Chem configuration
includes climate relevant processes and feedbacks such as future changes in greenhouse gas concentrations,
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aerosol direct and indirect effects, dry andwet deposition of trace gases
and aerosols, and changes in stratospheric ozone. The NRCM-Chem
configuration employed here is described in detail below.

2.1.1. Model Domain and Static Geographical Fields
We define two domains on the Mercator projection centered at (20°N,
80°E) (Figure 1). The parent domain covers the entire South Asian
region, including the Himalayas and the adjoining oceanic regions of
the Bay of Bengal and the Arabian Sea, at a horizontal grid spacing of
60 km2, while the nested domain is designed to resolve the urban
sources in the IGP with a horizontal grid spacing of 12 km2. There are
90 and 80 grid points in the parent domain, and 246 and 136 for the
nested domain, in the longitudinal and latitudinal directions, respec-
tively. There are 51 vertical levels in the model from the surface to
~30 km (10 hPa), 7 of which are placed within 1 km above the model
surface. The nested domain is driven by the parent domain using
one-way nesting. The static geographical fields such as the terrain
height, soil properties, vegetation fraction, land use/vegetation, albedo
and erodible land fraction, etc. are interpolated from the United States
Geological Survey data to both the WRF domains using the WRF
preprocessing system.

2.1.2. Physical and Chemical Parameterization
The resolved-scale cloud physics is represented by the Morrison double moment scheme, which predicts the
mixing ratios and number concentrations of cloud droplets, cloud ice, snow, rain, and graupel (Morrison et al.,
2009). The subgrid-scale effects of convective and shallow clouds are parameterized according to the scale
and aerosol aware Grell-Freitas schemewith a simple closure that relates cloud basemass flux to the low level
vertical velocity (Grell & Freitas, 2014). The long- and short-wave radiation processes are parameterized using
the Rapid Radiative Transfer Model developed for General Circulation Models (Iacono et al., 2008). The aero-
sols are allowed to affect the meteorology via interaction with the Rapid Radiative Transfer Model developed
for General Circulation Models scheme. To account for the climate change inside the NRCM-Chem domains
due to changes in concentration of long-lived greenhouse gases (carbon dioxide (CO2), methane (CH4),
nitrous oxide (N2O), trichlorofluoromethane, and dichlorodifluoromethane, the model is compiled in the
climate mode that allows the radiation schemes to read in annually varying concentration of greenhouse
gases for different RCPs. The surface processes are represented by the NOAH land surface model (Tewari
et al., 2004) and MM5 similarity scheme (Beljaars, 1994). The vertical subgrid-scale fluxes due to eddy trans-
port in the planetary boundary layer (PBL) and free troposphere are parameterized according to the Yonsei
University (PBL) scheme (Hong et al., 2006).

The gas phase chemistry is represented by the Model for Ozone and Related Tracers chemical mechanism
(Emmons et al., 2010; Knote et al., 2014). This mechanism contains 143 gas phase species with 347 reactions
out of which 49 are photolysis reactions. The photolysis of trace gases is represented by the Fast Troposphere
Ultraviolet Visible (Tie et al., 2005) scheme with updates from Kumar et al. (2014) that allow aerosol to affect
the photolysis rates. Dry deposition of trace gases follows Wesely (1989), while the wet deposition of trace
gases is based on Neu and Prather (2012). Aerosol processes are represented by the Model for Simulating
Aerosol Interactions and Chemistry (Zaveri et al., 2008) using four discrete size bins. Model for Simulating
Aerosol Interactions and Chemistry assumes black carbon aerosols as internally mixed with other major tro-
pospheric aerosol species such as sulfate, nitrate, ammonium, organic carbon, calcium, carbonate, sodium,
chloride, methanesulfonate, liquid water, and other inorganics (including dust) within each size bin. The aero-
sol particles are assumed to be hydrophilic and can activate to form cloud droplets following Abdul-Razzak
and Ghan (2002). Thus, aerosol number concentrations affect cloud drop number concentrations and subse-
quent cloud processes. Aerosol particles are removed by both dry and wet deposition (in-cloud and impac-
tion scavenging). The dry deposition of aerosols is parameterized according to Binkowski and Shankar (1995),
and the wet deposition is calculated following Easter et al. (2004). Aerosol optical properties (AOD, single
scattering albedo, and asymmetry parameter etc.) are calculated for volume-averaged aerosols using Mie
theory in conjunction with Chebyshev expansion coefficients to reduce computational cost (Fast et al., 2006).

Figure 1. The NRCM-Chem simulation domains used in this study. The outer
domain is at 60 km2 resolution, while the nested domain (represented by the
white box) is at 12 km2 resolution.
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2.1.3. Initial and Boundary Conditions
The meteorological initial and boundary conditions for the NRCM-Chem simulations are taken from bias-
corrected global climate simulations conducted by version 1 of the Community Earth System Model
(CESM) (Hurrell et al., 2013) that participated in phase 5 of the Coupled Model Intercomparison Experiment
in support of the Intergovernmental Panel on Climate Change Fifth Assessment Report. The European
Center for Medium-Range Weather Forecasts Interim Reanalysis (Dee et al., 2011; Simmons et al., 2006) fields
for 1981–2005 are used to bias-correct the CESM output following Bruyère et al. (2014). The bias-corrected
global CESM fields at a horizontal grid spacing of 1.25° × 0.942° and temporal resolution of 6 h are available
freely at http://rda.ucar.edu/datasets/ds316.0/. CESM simulations are available for all the RCP scenarios
except RCP2.6 that were found to be erroneous (http://rda.ucar.edu/datasets/ds316.0/). The NRCM-Chem
physics does not predict sea surface temperature (SST), and thus, we use monthly varying CESM output to
update SST in NRCM-Chem. The boundary width is set to 10 grid points, and NRCM-Chem predictions are
relaxed toward the CESM fields using combined linear-exponential decay in the relaxation zone. We also used
buckets for precipitation and energy accumulation with limits of 100 mm and 109 J to prevent loss of preci-
sion due to addition of very small amounts to large numbers in long simulations as is the case here. The use of
these buckets is recommended by the WRF developers for simulations running for months to years (http://
www2.mmm.ucar.edu/wrf/users/docs/user_guide_V3.9/users_guide_chap5.htm#bucket). Further details of
using the CESM output with NRCM-Chem are described by Bruyere et al. (2015).

Chemical initial and boundary conditions for trace gases and aerosols in NRCM-Chem are based on global
simulations conducted using the Community Atmosphere Model with Chemistry (CAM-Chem) (Lamarque
et al., 2012). The CAM-Chem simulations consider the effects of both changes in climate and anthropogenic
emissions. The CAM-Chem simulations, initialized with an 1850–2000 CAM-Chem simulation, have been con-
ducted for the period of 2000–2100 for all the RCP scenarios with tropospheric and stratospheric chemistry
on a 1.9° × 2.5° grid and a time step of 30 min (Lamarque et al., 2010). The CAM-Chem output of the necessary
reactive species and aerosols is available as monthly averages, and these fields are linearly interpolated in
time to the 6 h NRCM-Chem boundary conditions. The NRCM-Chem model does not simulate stratospheric
chemistry, and stratospheric species are generally controlled by initial and boundary conditions. An adequate
representation of present and future stratospheric conditions is especially important for long-term simula-
tions. Therefore, this study imposes upper chemical boundary conditions to keep key species (e.g., ozone,
NOx, N2O, HNO3, N2O5, H2O, CO, and methane) to values representative of stratospheric levels in NRCM-
Chem (Barth et al., 2012). The climatological fields for these species are generated from monthly-averaged
output of the global Whole Atmosphere Community Climate Model that includes full stratospheric chemistry
including heterogeneous ozone depletion (Marsh et al., 2013).
2.1.4. Emissions
Emissions of short-lived trace gases and aerosols are one of the most important input data sets required for
air quality modeling. For the present-day conditions, we use emissions of trace gases and aerosols developed
for the year 2000 under the Atmospheric Chemistry and Climate model Intercomparison Project (ACCMIP)
(Lamarque et al., 2011). The RCP scenarios describe assumed global economic development pathways, and
their associated emissions, and are used in the Intergovernmental Panel on Climate Change model intercom-
parisons. However, the RCPs are developed and ranked based on net radiative forcing at the end of the cen-
tury as opposed emissions of short-lived air pollutants. Air pollution emissions for 2050 in different RCP do
not rank according to their associated radiative forcing values. For example, RCP4.5 shows higher values
for total CO, NOx, and nonmethane volatile organic compound (NMVOC) emissions over South Asia in
2050, while RCP6.0 has the lowest emissions for total CO, NOx, NMVOC, and OC emissions (supporting infor-
mation Figure S1).

To identify RCP scenarios leading to highest and lowest air pollution scenarios in South Asia, we analyze CAM-
Chem output. We find that surface ozone values in RCP8.5 are higher compared to RCP4.5 in South Asia
except over a few parts of central and eastern India where RCP8.5 ozone values are lower by about 1–2 ppbv
(supporting information Figure S2). Higher ozone values in RCP8.5, despite lower emissions of ozone precur-
sors than RCP4.5, are likely due to much higher background ozone in RCP8.5 resulting from temperature and
higher methane (CH4) mixing ratios. CH4 mixing ratios are projected to be about 2,739 ppbv and 1,833 ppbv
under RCP8.5 and RCP4.5, respectively. Higher emissions of aerosols and precursor species (BC, OC, SO2, and
NMVOC) in RCP8.5 lead to higher PM2.5 levels than RCP4.5. CAM-Chem includes both primary and secondary
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aerosols. The primary aerosols are black carbon, organic carbon, dust, and sea salt; and the secondary
aerosols are sulfate, ammonium nitrate, and secondary organic aerosols (Lamarque et al., 2011). The
formation of secondary aerosols also depends on emissions of SO2 and NMVOC. Thus, increase in
secondary aerosols is also driven by increase in emissions of SO2 and NMVOC. Thus, we select RCP8.5 as
our scenario leading to high air pollution in South Asia by 2050. We select RCP6.0 as the scenario leading
to lower air pollution levels in South Asia mainly because RCP6.0 represents the lowest emissions for many
of the short-lived species (supporting information Figure S1), and it was not possible to simulate RCP2.6
scenario because the meteorological forcing data required to drive NRCM-Chem simulations are not
available as previously mentioned in section 2.1.3. A comparison of surface ozone mixing ratios for RCP6.0
and RCP2.6 scenario shows lower ozone values over most parts of South Asia under RCP6.0 (supporting infor-
mation Figure S3).

Both the ACCMIP and RCP emissions are available at a spatial resolution of 0.5° × 0.5° and are mapped to the
outer NRCM-Chem domain (60 km grid spacing) using a mass conserving mapping algorithm. For the inner
NRCM-Chemdomain, we developed the anthropogenic emissions at high spatial resolution by regridding the
ACCMIP and RCP emissions from 0.5° × 0.5° to 0.1° × 0.1° using the finer 0.1° × 0.1° spatial information from
version 2 of the Emission Database for Global Atmospheric Research (Janssens-Maenhout et al., 2015) created
as a part of Hemispheric Transport of Air Pollution (EDGAR-HTAP v2) project. The anthropogenic emissions
are emitted at the lowest model level, and a sector-wise diurnal cycle based on Olivier et al. (2003) is applied
to anthropogenic emissions of trace gases and aerosols. Emissions from power generation sector are not
limited to surface layer only but a vertical distribution could not be assigned here due to lack of relevant infor-
mation. ACCMIP and RCP emissions do not include emission of PM2.5 and particulate matter of less than
10 μm (PM10) diameter. To estimate PM2.5 and PM10 emissions for our domains, we used the relationship
between CO and PM2.5/PM10 emissions from EDGAR-HTAP v2 emission inventory and applied this relation-
ship to ACCMIP and RCP CO emissions to calculate the corresponding particulate matter emissions. The
correlation coefficient (r) between CO and PM emissions in the EDGAR-HTAP emission inventory is estimated
to be 0.7–0.9 over South Asia (60°–100°E, 0°–40°N).

Anthropogenic NOx and PM2.5 emissions for the present-day and future time periods over the parent domain
are shown in Figure 2. The IGP is the region of highest emissions in South Asia and will remain so in 2050 irre-
spective of the RCP scenario. The emissions of all trace gases and aerosols in South Asia are projected to
increase by 15–75% under RCP8.5 in 2050 (Table 1). This is in contrast to the emission trends over the

Figure 2. Annual averaged total anthropogenic emissions of NOx and PM2.5 over the outer model domain for present-day
(ACCMIP, 2000) and future (RCP8.5 and RC6.0, 2050) time periods.
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United States and Europe where emissions of short-lived trace species
are expected to decrease in 2050 (e.g., Pfister et al., 2014; Wild et al.,
2012). Under RCP6.0, carbon monoxide (CO) emissions are expected
to decrease by ~30%, while sulfur dioxide (SO2) and ammonia (NH3)
emissions are expected to increase by more than 60% by 2050. The
emissions of NMVOCs are expected to decrease marginally (2%), while
NOx, black carbon (BC), and organic carbon (OC) emissions are
expected to increase slightly (4–11%) under RCP6.0.

For open biomass burning emissions, we created an annual hourly
climatology based on fire emissions for 2000–2014 from the Fire
Inventory from NCAR (Wiedinmyer et al., 2011). Fire Inventory from
NCAR uses satellite-derived fire counts to calculate global fire emissions
for gas and aerosol species at 1 km × 1 km resolution. The fire emissions

are fed to an online plume-rise module (Freitas et al., 2007) in the NRCM-Chem, which estimates the emission
injection height and distributes fire emissions vertically. However, aerosol species emitted by fires were inad-
vertently limited to the first model level. Fire emissions are kept constant between present-day and future
simulations to reduce the number of drivers affecting air quality. We also do not expect fire emissions to play
a large role in South Asian air quality because fire emissions are much smaller in magnitude compared to the
anthropogenic emissions except during spring over Myanmar, and northeastern parts of India (supporting
information Figure S4).

Natural emissions are parameterized in the WRF-Chem model. Biogenic emissions of trace gases are calcu-
lated online using the Model of Emissions of Gases and Aerosols from Nature (Guenther et al., 2006).
Biogenic emissions are influenced by changes in temperature and solar radiation, but we do not account
for the effects of changing land cover or changing CO2 concentrations (Guenther et al., 2006) where the
latter could lead to a slight overestimation or increase in biogenic emissions under a warmer future
climate (Heald et al., 2009). Emissions of dust and sea-salt aerosols are also calculated online following
Ginoux et al. (2001) and Gong et al. (1997), respectively. We assign 20% of dust emissions to calcium carbo-
nate (CaCO3) emissions in our model setup based on the findings of Peterson (1968), who documented the
mineralogy of Indian dust aerosols. The lightning NOx emissions are not included in this study because
previous studies show that lightning NOx has a small effect on surface ozone (Allen et al., 2012; Kaynak
et al., 2008).
2.1.5. Simulation Details
The parent domain uses a time step of 6 min for both the meteorological and chemistry simulations, while
the nested domain uses a time step of 1 min for meteorology and 3 min for chemistry calculations to reduce
computational cost of the simulations. Ten years of NRCM-Chem simulations are conducted for both present-
day (1995–2004) and future (2045–2054) time periods to examine statistical significance of differences
between the present-day and future air quality. We output all relevant NRCM-Chem surface layer concentra-
tion of key trace gases and aerosols, aerosol optical properties, and meteorological variables (temperature,
precipitation, winds, PBL height, solar radiation) every hour and the full three-dimensional atmospheric con-
centrations every 6 h to reduce storage requirements. Hourly surface layer model output is used to examine
future changes in air quality of South Asia, and statistical significance of changes between present and future
conditions is calculated using the standard student t test at 99% confidence level. The total output produced
by these simulations is ~50 TB.

2.2. Observations

This study uses a variety of in situ and satellite observations to evaluate the NRCM-Chem-simulated
meteorological parameters and trace gases and aerosol concentrations. The evaluation focuses on examining
the ability of NRCM-Chem in capturing the variability of meteorological and chemical fields at monthly to
seasonal scale because the NRCM-Chem was run in “free-running” mode and is not expected to capture
the day-to-day variability.
2.2.1. Meteorological Parameters
This study uses radiosonde observations of temperature obtained from the Indian Meteorological
Department from 1995 to 2004 at 21 sites (Table S1). The radiosondes are launched around 00 and 12 UTC

Table 1
Projected Changes in Emissions (Tg/yr) of Short-Lived Trace Species Over South
Asia Under RCP8.5 and RCP6.0 Scenarios

Species 2000 2050 (RCP8.5) 2050 (RCP6.0)

CO 100.7 115.6(15%) 72.1(�28%)
NOx 3.9 5.6(41%) 4.4(11%)
NMVOCs 12.2 18.1(48%) 11.9(�2%)
OC 2.1 2.6(24%) 2.3(8%)
BC 0.65 0.77(18%) 0.68(4%)
SO2 6.2 10.3(67%) 10.0(61%)
NH3 5.0 8.6(74%) 8.3(66%)

Note. Percentage changes in RCP8.5 and RCP6.0 emissions relative to present-
day (2000) conditions are given in parentheses.
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each day and are quality checked for climatological limits following Schwartz and Govett (1992) before
archival. These radiosonde observations allow model evaluation in a variety of environments such as urban,
rural, and coastal, and have been used previously in evaluation of satellite retrievals (Divakarla et al., 2006) as
well as WRF-Chem model simulations (Kumar, Naja, Pfister, Barth, Brasseur, 2012).

This study uses monthly total accumulated precipitation products from the Tropical Rainfall Monitoring
Mission (TRMM algorithm 3B42) (Adler et al., 2000) and “Asian Precipitation - Highly-Resolved
Observational Data Integration Towards Evaluation of Water Resources” (APHRODITE) (Yatagai et al., 2012)
at spatial resolution of 0.25° and 0.5°, respectively, to evaluate NRCM-Chem-simulated precipitation. The
TRMM product is available from 1998 onward while the APHRODITE is a long-term (1951 onward) product
and is available for the entire duration of present-day NRCM-Chem run. The TRMM precipitation product
has been shown to accurately capture the climatology of rainfall variability over India (Nair et al., 2009)
and has been used previously to evaluate WRF-predicted precipitation over India (Kumar, Naja, Pfister,
Barth, Brasseur, 2012; Kumar, Barth, Pfister, et al., 2015; Rakesh et al., 2009). The APHRODITE precipitation pro-
duct is found to have a higher accuracy compared to other fine-resolution products available including
TRMM (Qi et al., 2016) and has been used along with WRF and TRMM to understand the mechanism of heavy
precipitation events observed in northeastern India (Sato, 2013).
2.2.2. Trace Gases and Aerosol Observations
This study uses surface ozone observations reported from 14 sites in South Asia that are representative of
different chemical environments ranging from urban, semiurban, rural to coastal, and clean high-altitude
sites. Surface ozone observations are carried out using ultraviolet photometry-based online analyzers that
have an absolute accuracy within 5% (Kleinman et al., 1994). Surface CO and NOx measurements are also
obtained at some of these sites using online CO and NOx analyzers based on nondispersive infrared spectro-
scopy and chemiluminescence techniques, respectively (e.g., Lal et al., 2000; Naja et al., 2003; Naja & Lal,
2002). NOx values reported in these studies could be slightly higher than actual values due to the use of
molybdenum converters in the analyzers (Steinbacher et al., 2007). In addition to in situ observations, we also
use the CO mixing ratios retrieved at 900 hPa by the Measurement of Pollution in the Troposphere (MOPITT)
(Deeter et al., 2003). We use version 6 Level 3 MOPITT joint retrieval product that provides COmixing ratios at
10 pressure levels between the surface and 100 hPa.

We use surface PM2.5 measurements reported from seven sites in India that are representative of rural and
urban environments in India. This study uses version 2, level 2 cloud-screened and quality-assured AOD
(500 nm) and Angström exponent (440–870 nm) retrieved by the Aerosol Robotic Network at six South
Asian sites: Kanpur, Gandhi College, Jaipur, Karachi, Lahore, and Nainital. The uncertainty of Aerosol
Robotic Network AOD measurements is reported to be about ±0.01 for AOD at wavelengths greater than
440 nm (Holben et al., 1998).

3. Model Evaluation
3.1. Meteorological Parameters

Accurate simulations of air temperature are crucial for a variety of processes controlling air quality such as
rates of gas phase chemical reactions, biogenic emissions, gas-particle partitioning of semivolatile com-
pounds, and dry deposition of pollutants. The seasonal cycle of surface temperature over the Indian region
is reproduced very well by NRCM-Chem as indicated by correlation coefficient (r) of more than 0.8 at 19
out of the 21 sites considered here (Figure 3). At most of the sites, NRCM-Chem is biased cold by 0–3 K.
The cold bias in NRCM-Chem simulations could be attributed to a number of factors such as errors in the
representation of surface forcing physics, topography, and land surface characteristics associated with coar-
ser model resolution. We calculated the altitude of all these sites in the model and compared with real alti-
tude (Table S1) and found that the differences between the true and the model topography are
particularly significant (>50 m) for Dibrugarh, Siliguri, Guwahati, Bhopal, Ranchi, Vishakhapatnam, Panjim,
Panambur, Bengaluru, and Thiruvananthapuram (supporting information Table S1). All these sites show cold
bias of more than 1 K except Bhopal and Ranchi, indicating that errors in model topography are likely one of
the main contributors to the NRCM-Chem cold bias. We find a similar model performance for the inner
domain with correlation coefficient of more than 0.86 at 13 sites located in the nested domain and largest
bias of �2.1 K (supporting information Figure S5).
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This cold bias of 0–3 K in our NRCM-Chem simulations can lead to underestimation of ozone by up to 6 ppbv
as a recent study estimated that ozone increases at a rate of about 2 ppbv/°C using observational data, WRF-
Chem simulations, and idealized box modeling simulations representative of maximal ozone chemical
production (Coates et al., 2016). The NRCM-Chem-simulated PM2.5 might be overestimated due to this cold
bias as previous studies suggest that PM2.5 concentrations generally increase with decrease in temperature
(Jacob & Winer, 2009, and references therein).

Since wet scavenging plays an important role in controlling the distribution of several trace gases and aero-
sols, we examine the ability of NRCM-Chem in simulating the seasonal total accumulated precipitation by

Figure 3. Seasonal variation in observed and NRCM-Chem-simulated surface temperature for outer domain. The correla-
tion coefficient and MB (NRCM-Chem – Observation) are also given for each station.
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comparing the modeled precipitation with APHRODITE and TRMM precipitation (Figure 4). For this
comparison, both APHRODITE and TRMM precipitation are regridded to the NRCM-Chem outer domain
resolution, that is, 60 km using “conserve” method of the Earth System Modeling Framework. The seasonal
variability of precipitation patterns is simulated fairly well by the NRCM-Chem. The NRCM-Chem captures
the wintertime precipitation bands in northern Indian Ocean and influences of westerly disturbances in
the western Himalayas. The winter to spring increase in precipitation over southern India, northern Bay of
Bengal, Myanmar, and northeastern India is also simulated well by NRCM-Chem. Among the summertime
precipitation patterns well captured by the NRCM-Chem, we notice the precipitation bands along the west
coast of India and southern Himalayan range, relatively high precipitation over the northern Bay of Bengal,
along east coast of India, in Bangladesh, and coastal Myanmar. The model also simulates the summer to
autumn decrease in precipitation. The precipitation bias with respect to both the TRMM and APHRODITE is
generally within ±10 mm d�1 over most parts of the domain during all the seasons except during summer
when the bias exceeds 10 mm d�1 along the west coast of India, southern Himalayan range, Myanmar,
and parts of the Arabian Sea (supporting information Figure S6). The seasonal cycle of precipitation is also
captured by the inner domain (supporting information Figures S7 and S8). The precipitation biases for the
inner domain during winter and spring season are also similar to the outer domain. During October–
November, the NRCM-Chem underestimates the TRMM and APHRODITE precipitation. The precipitation
biases in NRCM-Chem simulations are consistent with previous WRF-based studies in this region (e.g.,
Kumar, Naja, Pfister, Barth, Brasseur, 2012; Kumar, Barth, Pfister, et al., 2015; Rakesh et al., 2009). Accurate
simulations of precipitation over South Asia have shown to be challenging not only for WRF but also for other
regional climate models because important processes and feedbacks related to the Asian monsoon circula-
tion are not well understood and poorly represented in state-of-the-art regional climate models (Lucas-Picher
et al., 2011). However, we have previously found that probability of detecting a rainfall event in South Asia is
greater than the false simulation of a rainfall event in WRF (Kumar, Naja, Pfister, Barth, Brasseur, 2012).

Figure 4. Comparison of seasonal total NRCM-Chem simulated, APHRODITE and TRMM retrieved precipitation over the outer model domain. APHRODITE and TRMM
precipitation is regridded to the NRCM-Chem resolution for this comparison.
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3.2. Trace Gases

This section evaluates the ability of NRCM-Chem in reproducing the observed seasonal cycles of surface
ozone, CO, and NOx reported in literature. The observations used in this study are representative of the
1993–2015 period, and thus, this comparison is a better indicator of the model’s skill in capturing the
seasonal variability of trace gases. The mean bias (MB) reported in the model-simulated values can be
partly affected by differences between the observations and simulation period, “free-running” mode
of NRCM-Chem simulations, and lack of interannual variability in anthropogenic and biomass
burning emissions.

The comparison of NRCM-Chem-simulated monthly average surface layer ozone mixing ratios with
observed values at 14 sites in South Asia shows that the seasonal cycle of surface ozone is reproduced fairly
well (r > 0.6) by the model (Figure 5) including the different ozone seasonality between northern India (e.g.,
Nainital, Kullu, Pantnagar, Kanpur, and Delhi) and the rest of India. Surface ozone levels in northern India
show a continuous increase from January to May, decrease sharply during June, and remain low until
August–September increasing again during the autumn season. In contrast, surface ozone in the rest of
India generally peaks between late autumn (November) and early spring (March) and shows lowest levels
during the monsoon (June–September) season. These regional differences in surface ozone seasonality over
South Asia are attributed to latitudinal differences in the start of the monsoon and late arrival of pristine
marine air masses in northern India compared to the rest of India (Kumar, Naja, Pfister, Barth,
Wiedinmyer, Brasseur, 2012). Another important feature that is very well reproduced by NRCM-Chem
is the magnitude of summertime ozone levels over this region, which have been substantially

Figure 5. Seasonal variation in observed and NRCM-Chem-simulated surface ozone for outer domain. The correlation coef-
ficient and MB (NRCM-Chem – Observation) are also given for each station. The thin lines represent individual years from
1995 to 2004.
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overestimated by several regional and global chemistry transport models with biases of up to 20 ppbv (e.g.,
Chatani et al., 2014; Engardt, 2008; Kumar et al., 2010; Ojha et al., 2012; Roy et al., 2008).

The model also captures the magnitude of surface ozone fairly well over most of South Asia as 10 of the 14
sites considered here show MB values of less than ±7 ppbv. NRCM-Chem shows large MB values at Kullu
(11 ppbv), Kanpur (14 ppbv), Delhi (16 ppbv), and Pantnagar (22 ppbv). The possible reasons for biases at
these sites are the following. Kullu is located in a high-altitude narrow (0.5–2 km wide) valley in the
Himalayan region that is difficult to reproduce at the horizontal grid spacing (60 and 12 km) used in this
study. The actual altitude of the Kullu site is 1,155 m while the model has put Kullu at altitudes of 3,024 m
and 1,942 m in the 60 km and 12 km domains, respectively. The model does not have any problem in resol-
ving the topography around the urban sites of Delhi and Kanpur but is not able to resolve the emission
sources around these sites. The MB decreases from 15 ppbv to 2 ppbv at Delhi, and from 13 ppbv to 9 ppbv
at Kanpur with increase in model grid spacing from 60 km to 12 km (supporting information Figure S9). At
Pantnagar we do not find an improvement with increased model resolution. Pantnagar is a semiurban site
located close to the Himalayan foothills, and such large discrepancies between the models and observations
at this site have also been reported in previous global model-based study. These differences have been attrib-
uted mainly to the inability of the models to capture the low nighttime ozone concentrations at Pantnagar
(Ojha et al., 2012).

The NRCM-Chem also captures (r > 0.8) the seasonal cycle of observed surface CO at four sites in South Asia
with highest levels during winter and lowest levels during summer (supporting information Figure S10a).
However, the model underestimates the observed CO levels with MB between �80 and �270 ppbv. The
increase in model grid spacing from 60 km to 12 km reduces the magnitude of the MB values at Kanpur
and Ahmedabad (supporting information Figure S10b) likely due to better resolution of urban areas in
12 km domain. However, the model does not show improvement at Udaipur indicating that uncertainties
in other processes such as emissions and photochemistry play an important role as well. NRCM-Chem-
simulated NOx levels are also compared with observations from urban sites of Kanpur and Ahmedabad using
results from both 60 and 12 km domain (supporting information Figures S11a and S11b). The seasonal cycle
of NOx is captured by the NRCM-Chem with correlation coefficient of more than 0.6 at both these sites, and
simulated values agree with the observed values within one standard deviation. However, the 12 km domain
simulates larger variability in NOx levels as indicated by larger standard deviation in average values.

We use MOPITT CO retrievals to examine the ability of NRCM-Chem in simulating the seasonal large-scale dis-
tributions of lower tropospheric CO (Figure 6). The model results are convolved with MOPITT averaging ker-
nels and a priori profiles before comparison following Kumar, Naja, Pfister, Barth, Wiedinmyer, Brasseur
(2012). Over the Indian region, both the model and MOPITT data show highest CO values in winter that
decrease during spring, attain minimum values during summer, and increase again during autumn. CO mix-
ing ratios peak over Myanmar during spring season due to intense springtime biomass burning activity over
this region. NRCM-Chem captures the spatial distribution of MOPITT-retrieved CO mixing ratios very well
(r > 0.8) during all the seasons. However, the model underestimates MOPITT-retrieved CO levels everywhere
during winter and over most parts of South Asia in autumn by up to 40%. The model underestimates CO
levels over most parts of India in spring as well but overestimates the MOPITT-retrieved values over eastern
India, Myanmar, and northern part of the Bay of Bengal in spring, and over parts of northern India, the Bay of
Bengal, and the Arabian Sea in summer. The overestimation areas over the land generally coincide with bio-
mass burning emission regions indicating that the climatological fire emissions used here are likely overesti-
mated, while underestimation during winter and autumn seasons indicates that anthropogenic emissions are
likely underestimated. The underestimation of CO levels by chemical transport models is a well-known
problem and has been documented in several modeling studies (e.g., Monks et al., 2015; Strode et al.,
2015; Stein et al., 2014; Tilmes et al., 2015).

3.3. Aerosol Particles

This section evaluates the ability of NRCM-Chem in reproducing themonthly variability of surface PM2.5, AOD,
and Angström exponent at different sites in India. AOD is an indicator of the columnar aerosol loading, while
Angström exponent provides information about particle size with higher values corresponding to smaller
particles and vice versa. NRCM-Chem captures the seasonal cycle of surface PM2.5 at Hyderabad, Jabalpur,
Pune, and Delhi very well (Figure 7). The model shows moderate performance in capturing the seasonal
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cycle of PM2.5 at Anantapur and Patiala but shows large MB values. The large bias at Patiala can be attributed
to post harvest crop residue burning in spring and autumn that leads to higher PM2.5 levels in May and
October–November at this site (Singh et al., 2015). NRCM-Chem shows a slight increase in PM2.5 at Patiala
during the crop-residue burning periods, but biomass burning emissions included in our model are likely
not sufficient to produce the observed large increase. Patiala is also affected by fog events during
wintertime that can enhance secondary aerosol production via aqueous phase chemistry, but it is difficult
for the model to capture such events in free-running mode. The model resolution is another important
factor affecting the simulations as demonstrated by a better agreement between wintertime observed
and simulated PM2.5 values at Delhi with 12 km compared to 60 km grid spacing (supporting information
Figure S12). The uncertainties in PM2.5 emissions could be playing a bigger role at Anantapur, while lower
correlation coefficient at Trivandrum could be due to inability of the model to adequately resolve the
coastal environment of Trivandrum with 60 km grid spacing. Another possible factor contributing to the
model observation discrepancy is the scaling of PM2.5 emissions to CO emissions in our simulations. PM2.5

Figure 6. Comparison of seasonal average NRCM-Chem-simulated COmixing ratios with MOPITT retrievals at 900 hPa. The
spatial correlation coefficient is also given for each season, and percentage difference between NRCM-Chem and MOPITT
retrievals is shown in the rightmost panel.
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can also be derived from other species such as OC, but we selected CO because PM2.5 emissions were better
correlated spatially with CO emissions compared to OC emissions for transport (rCO-PM2.5 = 0.97, rOC-
PM2.5 = 0.71) and energy production (rCO-PM2.5 = 0.92, rOC-PM2.5 = 0.21) sectors. Both OC and CO were found
to be strongly correlated with PM2.5 emissions from the residential sector (rCO-PM2.5 = 0.93, rOC-
PM2.5 = 0.95), while OC emissions were somewhat better correlated for the industrial sector (rCO-
PM2.5 = 0.94, rOC-PM2.5 = 0.92).

NRCM-Chem captures the variations in AOD at 500 nm at Jaipur, Karachi, Lahore, and Nainital fairly well
(Figure 8) but fails to capture the wintertime high in AOD at Kanpur and Gandhi colleges, both of which
are significantly affected by fog/haze events during winter (Tare et al., 2006; Tripathi et al., 2006). The model
captures the variations in AOD very well from March to October even at Kanpur and Gandhi colleges. A good
correlation between NRCM-Chem and observed Angström exponent means that NRCM-Chem is capable of
reproducing the observed dominance of small particles during wintertime and larger particles during spring
and summer (supporting information Figure S13).

4. Results

The evaluation of NRCM-Chem results against observations in the previous section showed that the model
successfully reproduced the key features of observed spatial and temporal variability in meteorological para-
meters, trace gases, and aerosols. In this section, we use the model output to quantify changes in future
meteorological air quality drivers and air quality of South Asia.

4.1. Projected Changes in Meteorological Air Quality Drivers

We analyze future changes in relevant climate variables, such as temperature, precipitation, PBL height, solar
radiation, winds, and water vapor, that can affect air quality through changes in atmospheric chemistry
kinetics, natural emissions of trace gases and aerosols, ventilation (mixing, advection, and convection), dry
deposition, wet scavenging, and background concentrations. The dry (October–May) and wet (June–
September) seasons are analyzed separately since dry-season conditions are conducive to air pollution
buildup while wet-season conditions minimize air pollution.

The limited number of simulations conducted here makes it difficult to quantify the contribution of these
individual meteorological drivers to air quality changes. We use the results from previous studies (Jacob &

Figure 7. Seasonal variation in observed and NRCM-Chem-simulated surface PM2.5 mass concentrations for outer domain.
The correlation coefficient and MB (NRCM-Chem – Observation) are also given for each station. The thin lines represent
individual years from 1995 to 2004.
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Winer, 2009) to qualitatively relate changes in meteorological variables with those in air quality. Surface
ozone is expected to increase with increases in temperature and solar radiation, decrease with increases in
wind speed, and not change substantially with changes in precipitation, mixing depth, or humidity.
Surface PM2.5, in contrast, is expected to decrease with increases in temperature, precipitation, mixing
depth, and wind speed and increase with higher humidity (Jacob & Winer, 2009). The expected impacts
of future changes in meteorological variables on ozone and PM2.5 are summarized in Table 2 and
discussed below.

Surface temperature is expected to increase by 2050 under both the RCPs during both the dry and wet sea-
sons due to the increase in long-lived greenhouse gases (Figure 9). This temperature increase is expected to
increase surface ozone but decrease PM2.5. The warmer atmosphere will increase moisture in the atmosphere
in South Asia under both RCPs (supporting information Figure S14), which in turn will tend to increase the
surface PM2.5 levels by increasing aerosol water content and will subsequently increase uptake onto aerosols
of semivolatile components such as nitrates and possibly organics. The future precipitation changes are
mixed during both the dry and wet seasons, with robust (statistically significant at 99% confidence level)
increases over some regions while decreases over other regions of South Asia (Figure 10). The dry-season pre-
cipitation is predicted to increase over many parts of India, Nepal, Bangladesh, and Sri Lanka under both the
RCPs but decrease over parts of Pakistan and Afghanistan. During the wet season, NRCM-Chem predicts a
robust increase in precipitation over the IGP, northeastern India, northern Bangladesh, and Sri Lanka, and a
decrease over parts of Pakistan and western and central India. Surface PM2.5 is also expected to exhibit mixed

impacts to these changes in precipitation, with decreased concentra-
tions over regions of increased precipitation and vice-versa.

Predicted changes in future dry-season PBL height, downward solar
radiation reaching at the surface (SWDOWN), and 10 mwind speed also
increase in some regions and decrease in other regions of South Asia
(supporting information Figures S15–S17). The increase in PBL height
is expected to reduce dry-season surface PM2.5 levels in several regions
of Afghanistan and Pakistan, but a decrease in PBL height is expected
to increase surface PM2.5 in many parts of Nepal and Bangladesh and
a few regions of India. The changes in wet-season PBL height are robust
in more areas with deeper PBL expected to reduce surface PM2.5 levels
over Afghanistan, a few parts of western Pakistan, southern and eastern
India, and southern Bangladesh, but shallower PBL expected to
increase PM2.5 levels in the IGP, northeastern and western India,
Nepal, and northern Bangladesh. The simulated decrease in future

Figure 8. Seasonal variation in observed and NRCM-Chem-simulated AOD for outer domain. The correlation coefficient
and MB (NRCM-Chem – Observation) are also given for each station. The thin lines represent individual years from 1995
to 2004.

Table 2
Future Changes in the Meteorological Air Quality Drivers and Their Expected
Impact on Surface Ozone and PM2.5 Inferred Qualitatively From Previous Studies
(Jacob & Winer, 2009)

Meteorological
parameter

Future
changes

Expected impact
on ozone

Expected impact
on PM2.5

Temperature Increase Increase Decrease
Specific humidity Increase Weak/variable Increase
Precipitation Mixed Weak/variable Mixed
PBL height Mixed Weak/variable Mixed
Solar radiation Mixed Mixed Mixed
Wind speed Mixed Mixed Mixed

Note. Mixed change indicates that some regions experience increase in the
meteorological parameters while others experience a decrease in future.
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SWDOWN is expected to reduce both surface ozone and PM2.5 over most regions of South Asian countries
except Afghanistan under RCP8.5, and over parts of eastern, western, and southern India and Bangladesh
under RCP6.0. Future changes in wet-season SWDOWN are expected to increase ozone and PM2.5 in south-
western Pakistan, parts of southern and eastern India, and Afghanistan (only under RCP6.0) and reduce ozone
and PM2.5 levels in the IGP, northeastern and western India, Nepal, and northern Bangladesh. Among the
robust changes noted in future wind speed, we find an increase in 10 m winds over the Thar Desert in both
seasons for both RCPs, which will enhance dust emissions in the future period. A decrease in dry-season
winds over Nepal, Bangladesh, and some parts of India is expected to increase both surface ozone and
PM2.5 levels in these regions. An increase in future wet-season winds over many parts of India and
Pakistan is expected to reduce both surface ozone and PM2.5 levels.

Figure 9. Dry- and wet-season average 2 m temperature for (first column) present-day conditions. Future changes in 2 m
temperature during the dry and wet seasons under (second column) RCP8.5 and (third column) RC6.0. Black dots in future
scenarios indicate that changes are robust (statistically significant at 99% confidence level) relative to present-day
conditions.

Figure 10. Same as Figure S9 but for daily total precipitation.
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4.2. Present-Day and Future Air Quality in South Asia

We compare seasonal averages of the maximum daily 8 h average (MDA8) ozone and 24 h average (DA24)
PM2.5 with their corresponding WHO limits of 50 ppbv and 25 μg/m3

, respectively, to identify areas of
South Asia where air pollutants regularly exceed the WHO thresholds. Such areas are referred to as excee-
dance areas. At present, both ozone and PM2.5 exceed their corresponding WHO limits throughout large
areas of South Asia during the dry season (Figure 11). Frequency distribution analysis shows that surface
ozone and PM2.5 levels during the dry season exceed the WHO limits for 50% and 73% of the South Asian

Figure 11. Dry- and wet-season daily 8 h average (MDA8) ozone and 24 h average (DA24) PM2.5 over the parent model
domain for present-day and future (RCP8.5 and RCP6.0) scenarios. Green shows areas where MDA8 ozone and DA24
PM2.5 are below the WHO limits of 50 ppbv and 25 μg/m3, respectively, while yellow-red depict the areas of exceedance.
Black dots in future scenarios indicate that changes are robust (statistically significant at 99% confidence level) relative to
present-day conditions.
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land area, respectively (Figure 12). During the wet season, 15% of the land area exceeds the standard for
ozone and 69% for PM2.5. Ozone pollution is mostly a dry-season problem, whereas particulate pollution is
a year-round problem, although PM2.5 concentrations are also higher in dry season.

By midcentury under RCP8.5, dry-season ozone and PM2.5 will increase on average by ~11 ppbv and
~13 μgm�3, respectively, but will changemarginally by ~2 ppbv and ~1 μgm�3 under RCP6.0. The predicted
increase in surface ozone under both RCP8.5 and RCP6.0 is partly driven by the increase in future NOx emis-
sions as surface ozone production in South Asia is currently NOx limited (Kumar, Naja, Pfister, Barth,
Wiedinmyer, Brasseur, 2012; Mahajan et al., 2015). We notice similar changes in magnitude for both the
RCPs during the wet season. These results indicate that ozone and PM2.5 will increase across South Asia
due to the combined effects of changing climate and air pollutant emissions under RCP8.5 and remain similar
to present-day conditions under RCP6.0. This is in sharp contrast to future air quality projections over the
United States (Pfister et al., 2014) and Europe (Wild et al., 2012), where air pollution is expected to decrease
under all RCP scenarios. The shift of both ozone and PM2.5 distributions toward levels above the WHO limits
and an increase in the range spanned by 5th and 95th percentiles indicates that air pollution events will
become more frequent in the future under RCP8.5 (Figure 12).

To quantify changes in the frequency of air pollution events and identify the areas of highest ozone and PM2.5

concentrations in South Asia, we calculate the average number of exceedance days per year for surface
ozone and PM2.5 in each South Asian country (Figure 13). An exceedance day for ozone is defined as a day
with MDA8 ozone exceeding the WHO limit of 50 ppbv, and for PM2.5 when the DA24 PM2.5 exceeds the
WHO limit of 25 μg/m3. At present, ozone levels exceed the WHO limit most frequently in Nepal (191 days)
and least frequently in Sri Lanka (7 days). The high frequency in Nepal can be partly attributed to the fact that
Nepal has high-altitude areas that have higher background ozone levels. In other South Asian countries,
ozone levels exceed the WHO limit for 60–180 days per year. PM2.5 levels exceed the WHO limit much more
frequently than ozone as indicated by a higher number of exceedance days (Figure 13). PM2.5 levels exceed

Figure 12. Frequency distributions of MDA8 ozone and DA24 PM2.5 for the South Asian land areas during dry and wet sea-
sons. Maldives and other islands are not included in this analysis because of inability of 60 km grid spacing to resolve
these areas adequately. Mean, standard deviation (SD), median, 5th and 95th percentiles, and percentage of exceedance
(PEA) areas in South Asia where MDA8 ozone and 24 h average PM2.5 that exceed the WHO limits are also listed.
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the WHO limit most frequently in Bangladesh (~300 days) and least frequently in Bhutan (~70 days). By mid-
century, the number of annual exceedance days for ozone will increase significantly by 70–120 days in all
South Asian countries under RCP8.5 except Sri Lanka where the increase is less than 30 days. Exceedance
days for PM2.5 increase only by 20–40 days. We estimate a small increase (1–28 days) in future ozone excee-
dance days over all countries under RCP6.0 except Afghanistan, which is projected to have fewer ozone
exceedance episode. A small increase in future PM2.5 episodes is predicted over Bangladesh and Pakistan
and a small decrease over other countries under RCP6.0. (Figure 14)

Although the spatial distributions clearly show that areas of highest ozone and PM2.5 levels are located in
India (Figure 11), the country-level analysis yields a lower number of annual exceedance days for both ozone
and PM2.5 over India compared to some neighboring countries. To better evaluate the impacts in India, we
conduct a state-level analysis to identify the areas that have highest ozone and PM2.5 levels (Figure 13).
The state-level analysis shows that ozone but not PM2.5 exceeds the WHO limit frequently in the Indian states
consisting largely of high-altitude areas (Arunachal Pradesh (AR), Himachal Pradesh (HP), Jammu and Kashmir
(JK), Sikkim (SK), and Uttarakhand (UK)) due to higher background ozone concentrations at higher altitude. In
contrast, PM2.5 but not ozone exceeds the WHO limit frequently in the South Indian states of Goa (GA), Kerala
(KL), Karnataka (KA), and Tamil Nadu (TN). Both ozone and PM2.5 exceed their WHO limits in the remaining
Indian states, particularly the states in the IGP (Punjab (PJ), Delhi (DL), Haryana (HR), Uttar Pradesh (UP),
Bihar (BR), Jharkhand (JH), and West Bengal (WB)), where PM2.5 exceedances occur almost daily, and ozone
exceeds the WHO limit 180–260 days per year.

We estimate a large increase in the number of ozone exceedance days in all Indian states under RCP8.5, espe-
cially in the IGP where ozone is predicted to exceed theWHO limit for about 270–345 days per year. The num-
ber of exceedance days due to PM2.5 levels increases only slightly: PM2.5 concentrations are already above the
WHO limit in the IGP throughout the year and further increases in PM2.5 levels do not affect the calculation of
exceedance days. Under RCP6.0, the number of ozone exceedance days increases slightly in most of the
Indian states by 2050, while those for PM2.5 decrease slightly. The calculation of exceedance days is

Figure 13. Number of days during which MDA8 ozone and DA24 PM2.5 exceed their correspondingWHO limits in different
South Asian countries and Indian states. Vertical bars denote standard deviation and represent spatial variability for
countries and states. The following codes are used for different countries: AFG-Afghanistan, BGD-Bangladesh, BTN-Bhutan,
IND-India, LKA-Sri Lanka, NPL-Nepal, and PAK-Pakistan. The codes for different Indian states are given in Table S2.
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sensitive to the threshold used here. India follows the WHO threshold (50 ppbv) for ozone but uses a
higher threshold (60 μg/m3) than the WHO (25 μg/m3) for PM2.5. Using a threshold of 60 μg/m3, the number
of PM2.5 exceedance days changes to 11–350 days per year for the present-day conditions, 32–359 days
under RCP8.5, and 5–349 days under RCP6.0 for the future period in different Indian states (supporting infor-
mation Figure S18).

4.3. Sensitivity to Grid Size

To learn how sensitive our conclusions are to model grid size, we compare simulated projected changes in
dry-season MDA8 ozone and DA24 PM2.5 for the IGP at the 60 km resolution domain of South Asia and the
12 km grid resolution domain over the IGP (Figure 14). The spatial features are better resolved at fine resolu-
tion; however, the average concentrations and spatial distributions of both ozone and PM2.5 are similar in
both the domains suggesting that processes responsible for future changes in air quality under both RCP sce-
narios occur on scales that can be resolved with 60 km grid spacing. Frequency distributions of MDA8 ozone
for the IGP states are similar for both domains. There is a slight shift of DA24 PM2.5 toward higher levels in the
12 km domain (supporting information Figure S19a and Table S3). However, this shift to higher PM2.5 does
not substantially change the percentage of exceedance areas. At Delhi-like city scale, there is a slight shift
in the frequency distribution of ozone toward lower levels because higher NOx levels in smaller grid cells
titrate more ozone (supporting information Figure S19b). We also note a small reduction in the percentage
of exceedance areas (supporting information Table S4). At 12 km grid spacing, PM2.5 levels shift slightly
toward higher concentrations with increased grid resolution. These results indicate that the essential conclu-
sions derived above based on the analysis of 60 km grid simulations are not strongly sensitive to grid spacing
that is in contrast to the findings over the United States (Pfister et al., 2014), but they compared regional

Figure 14. Dry-season MDA8 ozone and 24 h average PM2.5 over the domain 1 (D01) and domain 2 (D02) for present-day
and future (RCP8.5 and RCP6.0) scenarios. Green shows areas where MDA8 ozone and 24 h average PM2.5 are below the
WHO limits of 50 ppbv and 25 μg/m3, respectively, while yellow-red depict the areas of exceedance.
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model (NRCM-Chem) simulations at 12 km grid spacing with a global model (CAM-Chem) simulations at 2°
grid spacing and focused on a region with high emissions surrounded by cleaner background.

5. Summary

Air pollution has been emerging as a serious environmental threat to both human health (Ghude et al., 2016;
Greenstone et al., 2015) and food security (Ghude et al., 2014) in South Asia over the past few decades. We
use a state-of-the-science NRCM-Chem to understand how combined effects of changes in climate and emis-
sions of short-lived trace species will affect air quality in South Asia by 2050. The NRCM-Chem showed that it
is capable of reproducing key features of the observed spatial and temporal variability in meteorological
parameters, trace gases, and aerosols over South Asia. Our NRCM-Chem projections show that present-day
ozone pollution is mostly a dry-season problem, while PM2.5 pollution persists throughout the year in
South Asia. Despite projections of improved air quality elsewhere, our model projections show that air quality
in South Asia will either worsen by midcentury (RCP8.5) or remain similar to the present-day conditions
(RCP6.0). For present-day conditions, ozone and PM2.5 levels exceed their corresponding WHO limit for up
to ~6 and ~10 months, respectively. Such exceedances are projected to increase by 70–120 days and
20–40 days in most parts of South Asia by 2050 under RCP8.5 compared to present-day conditions. The
Indian states located in the IGP and Bangladesh experience the largest number of exceedance days. We
did not find significant differences in future projections of air quality in South Asia between 60 km and
12 km grid spacing. However, 12 km resolution may still not be fine enough to represent complex topogra-
phy in South Asia especially in the Himalayas and its foothills, and future studies should examine the sensi-
tivity of air quality simulations to grid size when even finer resolution (≤ 4 km) emission inventories
become available for this region.

This study did not incorporate future changes in land use and land cover, but a previous global modeling
study showed that future changes in land use and land cover lead to an increase of less than 5 ppbv in
boundary layer ozone over South Asia (Ganzeveld et al., 2010). Additionally, we did not include future
changes in biomass burning emissions; however, their effects are expected to be very small since they are
orders of magnitude smaller than anthropogenic emissions over South Asia (Kumar, Barth, Pfister, et al.,
2015). Nevertheless, this study is a first attempt to provide policy makers and air quality managers with
information about the response of future South Asian air quality to the combined effect of changes in climate
and anthropogenic emissions of air pollutants.

Despite the fact that several RCP emission scenarios project a large decrease in global future anthropogenic
emissions of short-lived air pollutants and improved future air quality in other parts of the world (Pfister et al.,
2014; Wild et al., 2012), air quality in South Asia will not improve with the RCP scenarios studied here. In light
of the deteriorating air quality, the governments such as India are already taking initiatives to control
emissions of air pollutants. Such initiatives include transitioning to renewable energy production (http://
www.mnre.gov.in/) and cleaner cooking fuels (e.g., Ujjawala scheme; http://www.pmujjwalayojana.in/).
Furthermore, the Shared Socio-economic Pathways representing the underlying socio-economic assump-
tions behind the RCP have been developed and related to the RCP (e.g., Riahi et al., 2016). Future modeling
studies should investigate the evolution of air pollution (ozone and PM2.5) for different Shared Socio-
economic Pathways and include the impact of already implemented and planned government policies on
air quality to develop better understanding of future AQ in South Asia and develop more realistic emission
mitigation strategies.
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