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ABSTRACT. India Meteorological Department (IMD) established in 1875 has a long legacy of monitoring climate
and environmental parameters. IMD was the first institution in India to start systematic long-term observation of Solar
Radiation, Ozone, Precipitation Chemistry and optical, physical, and physical proprieties of aerosol. The solar radiation
measurement started for the first time at Kolkata as early as November,1879. However, a series of coordinated and
systematic observations of various geophysical phenomena started all over the globe after International Geophysical Year
(IGY) 1957-58. Post-independent IMD rose up to meet the demand for enhancing the density of observing systems through
a self-reliant approach of total indigenization of the manufacture of meteorological instruments. IMD started manufacturing
meteorological, radiation and ozone measurement instruments to the specified accuracy at par with the internationally
established manufacturers. IMD has long history of measurement of all the three components of Ozone i.e. Total Columnar
Ozone, Vertical Distribution and Surface Ozone measurement. Total Columnar Ozone measurements in India were first
made during September 1928 to August 1929 at Kodaikanal observatory of IMD. The air quality forecast is relatively recent
initiative in IMD compared to digital weather and climate forecasts generation. The Air Quality Early Warning System
(AQEWS) provide real-time forecast products for early warning of changing profile of Air Quality Index (AQI) across the
National Capital Region (NCR) of Delhi to designated air quality management/regulatory authorities in order to moderate
anticipated high AQI levels through enforcing various sector targeted emission reduction actions specified under graded
response action plans (GRAP). This paper reviews emerging trends in environment meteorology and IMD’s pivotal role in
monitoring and prediction of atmospheric environment.

Key words — Precipitation chemistry, Ozone, Solar radiation, Aerosol, AQEWS.

1. Introduction that transformed early sporadic measurements into regular
observations. This programme ensured adequate collection

In the 1950s, World Meteorological Organization of such data and analysis of its anthropogenic impact on a
(WMO) formally started a programme on atmospheric global scale. The programme harmonized by expressing the
chemistry and the meteorological aspects of air pollution atmospheric composition in the same units and on the same
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scale, so that measurements carried out by different
countries could be comparable. WMO assumed
responsibility for standard procedures for uniform ozone
observations and established the Global Ozone Observing
System (GO30S) during the International Geophysical
Year, 1957. The GO30S was responsible for ozonesonde
inter-comparisons, preparation of the ozone bulletins and
ozone assessments and support of the Ozone Data Centre
in Toronto, Canada (now World Ozone and Ultraviolet
Radiation Data Centre, WOUDC). The Organization also
coordinated the Dobson and later Brewer, spectro-
photometer network to measure total columnar ozone. In
the late 1960s, the Background Air Pollution Monitoring
Network (BAPMoN) was established by WMO, focusing
on precipitation chemistry, aerosol and carbon dioxide
measurements. The Network included regional and
background stations and a WMO World Data Centre was
established in the United States of America. IMD joined the
BAPMOoN efforts during 1970s with the establishment of
ten stations of precipitation chemistry in India.

IMD, established in 1875, has always been playing a
pioneering role in meteorological and atmospheric
observations and associated research studies in India.
Initially focused on weather forecasting and seismology,
the department gradually expanded its scope to include
climate research, disaster management, and environmental
monitoring & air quality forecasting. Recognizing the
importance of atmospheric composition, IMD became an
active participant in global atmospheric observation
programs like BAPMoN. Over the years, IMD has
established itself as a global partner for implementing
atmospheric environment monitoring systems expansion
and thereby contributing towards sustained measurement of
solar radiation, atmospheric aerosols, ozone and
precipitation chemistry over India

During the 1970s, three important atmospheric issues
were addressed by WMO through GO30S, BAPMoN and
meteorological ~ network: (i) the  threat  of
chlorofluorocarbons (CFCs) to the ozone layer, (ii) the
acidification of lakes and forests, caused principally by the
conversion of sulphur dioxide into sulphuric acid by
precipitation processes in the atmosphere, and (iii) global
warming caused by the build-up of greenhouse gases in the
atmosphere. Each of these issues have become now the
subject of international treaties or conventions such as
Viena Convention, UNFCCC etc. The initial development
of these agreements and the subsequent assessments of the
mitigation measures relied on the information derived from
the WMO atmospheric composition observations and
analysis programme. In 1989, the two observing networks,
BAPMOoN and GO30S, were consolidated into the current
WMO Global Atmosphere Watch (GAW) Programme. As
the networks evolved and grew, so did the community
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involved in atmospheric composition observations and
analysis. Recognizing the critical role of aerosols in climate
systems, IMD initiated systematic long-term measurements
of aerosol optical properties using broadband optical filters.
The introduction of sun-photometers at multiple locations
in India in campaign mode marked advancement in aerosol
monitoring. Key studies during this period identified high
aerosol concentrations over the Indo-Gangetic Plain and
their impact on the regional climate.

IMD has been continuously expanding and
integrating its programs with the WMO’s GAW, focusing
on harmonized atmospheric composition measurements. It
expanded its observational network to include advanced
instruments such as nephelometers, aethalometers, and
skyradiometers for detailed characterization of aerosols and
black carbon. IMD’s studies on black carbon have revealed
its significant role in regional climate warming and
monsoon variability. Long-term trends analyzed by IMD
have shown a declining trend in black carbon
concentrations, indicating the success of certain mitigation
measures. In 2012, IMD established a nationwide 12-nation
network of Sky Radiometers that was subsequently
expanded to 20-stations in 2020 to enhance the
understanding of aerosols' impact on weather, climate, air
quality and public health. The program established a
continuously operating observational network across India
and thereby enabling advanced research on aerosol-
radiation interactions.

Concurrently, IMD has been leveraging satellite data
for real-time atmospheric composition monitoring. Its
collaborations with ISRO and other agencies have
enhanced India’s capabilities in tracking aerosols,
greenhouse gases, and ozone levels. IMD has been
instrumental in monitoring urban air quality in partnership
with its sister organization, Indian Institute of Tropical
Meteorology (IITM), particularly in megacities like Delhi,
Pune, Ahmedabad and Pune where it provides air quality
forecasts and real-time data to policymakers and the public.
Such efforts have contributed to the formulation of various
public health safety initiatives by disseminating
information on air quality for minimizing adverse
implications over public health.

IMD's collaboration with WMO's programs like
GAW further strengthened its capacity to study and address
atmospheric  composition. Leveraging its historical
expertise and infrastructure, IMD has undertaken numerous
initiatives, including the establishment of advanced
monitoring networks, to study aerosols, greenhouse gases,
and other critical atmospheric parameters. This historical
progression underscores the vital role of IMD in
contributing to the global understanding of atmospheric
processes while addressing region-specific challenges.
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2. Advances in atmospheric monitoring

2.1. Ozone monitoring

The first network for daily ozone measurements was
initiated by G. M. B. Dobson from Clarendon Lab of the
University of Oxford. Utilizing a UV quartz spectrograph
based on Fabry and Buisson's (1913) method, Dobson built
six ozone spectrographs with support from the Royal
Society London (Dobson and Harrison, 1926; Féry, 1911).
These spectrographs were dispatched to various
meteorological agencies worldwide between 1925 and
1930 to study atmospheric ozone variations and explore its
potential for weather forecasting. Observations were
collected from locations such as in 1926-27 Abisko (SW),
Lerwick (UK), Valentia (IR), Oxford (UK), Lindenberg
(GE), Arosa (CH) and Montezuma (Chili); in 1928-30 from
Oxford (UK), Arosa (CH), Table Mountain (USA), Helwan
(EG), Kodaikanal (IN) and Christchurch (NZ). These
foundational measurements analyzed ozone variations by
latitude, seasons, and weather, forming the basis of global
ozone studies until the International Geophysical Year
(IGY) when regular systematic ozone observations were
started on a global basis.

IMD has a long history of measuring all three
components of ozone: Total Columnar Ozone (TCO),
Vertical Distribution, and Surface Ozone. The first TCO
measurements in India were conducted between September
1928 and August 1929 by Dr. Royds and Dr. Narayan at
Kodaikanal, as part of Dobson's global ozone measurement
program using his spectrograph and the method of
photographic photometry (Dobson et al., 1930).
Subsequently, Chiplonkar (1939) utilized the same
photographic instrument for daily ozone measurements at
the Colaba Observatory, Bombay (now Mumbai), from
October 1936 to September 1938, confirming seasonal
variation patterns consistent with the Kodaikanal results.
These early studies established the existence of low total
columnar ozone values over the tropical region. The
introduction of Dobson's photo-electric spectrophotometer
marked a significant advancement in 0zone measurement,
offering greater sensitivity, accuracy and ease of use
compared to photographic methods. This instrument also
enabled measurements of vertical distribution of ozone
using the Umkehr Effect. G6tz (1931) found that the ratio
of zenith sky radiances of two wavelengths in the Sun’s
ultraviolet radiation, one strongly and the other weakly
absorbed by ozone, increases with increasing solar zenith
angles but suddenly decreases at zenith angles close to 900.
This is known as Umkehr effect and such measurements
contain information about the vertical distribution of ozone
in the stratosphere (G6tz et al., 1934). IMD acquired its first
Dobson spectrophotometer in 1940, initiating regular
ozone measurements. Observations with the new
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instrument began at Poona (Pune) in February 1940 by
Ramanathan, Ananthakrishnan and Venkateshwaran, who
obtained Umkehr curves over six clear days during
February and March. However, these measurements were
interrupted until 1945 due to 2" world wartime constraints.
Systematic observations resumed in Delhi between
November 1945 and March 1947 (Karandikar, 1948),
yielding 35 Umkehr curves despite challenges posed by the
summer haze in northwestern India. The study provided
results on vertical profile of ozone using Umkehr Effect
despite of the fact that in low latitudes the height of the sun
changes rapidly when it is near the horizon making it
difficult to take accurate and many observations at sunset
or sunrise; still, the observations were good enough to
indicate the existence of the ‘Umkehr Effect’. In April
1947, the instrument was moved to Shimla to compare its
performance under reduced haze and dust conditions. At
Shimla, 15 Umkehr curves were recorded during April-
May and an additional 9 curves were obtained in November
1947. The instrument was then relocated back to Poona,
where further measurements were conducted during
February-March 1948 under clear skies. Professor
Ramanathan made significant contributions in the studies
of atmospheric ozone. Ramanathan, (1963) discovered the
bi-annual variation of atmospheric ozone over the tropics
using the observations of total ozone over Mt. Abu/
Ahmedabad, Kodaikanal, Tateno, Rome, Aspendale and
Brisbane. He showed that there is a bi-annual variation of
atmospheric ozone over equatorial, subtropical and lower
middle latitude stations, a year of high ozone being
followed by one of low ozone. A high ozone year in the
sub-tropics and lower middle latitudes corresponds to a
year of low ozone near the equator.

In subsequent years, IMD established a network for
boosting ozone research, focusing on all the components
i.e. surface ozone, TCO and vertical distribution of ozone
(Fig. 1). IMD expanded ozone network by deploying
Dobson spectrophotometers to cover different latitudes
across India. These instruments facilitated long-term
monitoring of total ozone levels and contributed to the
study of seasonal and spatial ozone variations over the
Indian subcontinent. The data from this network are also
archived at World Ozone and Ultraviolet Radiation Data
Centre (WOUDC). IMD also acquired more advanced
instruments, such as Brewer spectrophotometers and ozone
sondes, for improved accuracy in measuring ozone
concentration and its vertical distribution in India
(Ramanathan, 1961; Ramanathan et al., 1965; Rangarajan,
1963; Peshin et al., 2000, 2003; Sharma et al., 2011; Sinha
et al., 2016) and also in Antarctica (Kumar et al., 2023a;
Lal and Ram, 2013; Peshin et al., 1997; Soni et al., 2017;
Tiwari, 1999). Pathakoti et al., (2021) studied the TCO
trends indicating increasing trend of TCO values
over Delhi. Using long - term data, Pathakoti et al. (2018)
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Fig. 1. IMD network for Ozone monitoring

observed a quantitative rate of TCO increase per decade
respectively over New Delhi (1.41%), Pune (1.96%) and
Kodaikanal (1.53%) and decreasing trend over Varanasi
(-1.61%).

Total column ozone values at all the monitoring
stations are greatly influenced by the solar radiation, having
higher values during summer months and lower values in
winter months in Northern Hemisphere. This implies, in
general, that the dominant factor controlling the
concentration of total Ozone is photochemistry. The daily
averaged total column ozone for Delhi, Kodaikanal,
Varanasi, Pune, Srinagar and Maitri ranges from 196 - 368,
210 - 286, 227 - 304, 226 - 290, 209 - 300 and 113 - 348
DU respectively. The monthly mean values of TCO at
different stations are depicted in Fig. 2.

IMD tested the first successful ozone-sounding from
Pune in September 1964 using IMD make Ozonesonde.
The first Indian balloon-borne electrochemical ozonesonde
was developed under the supervision of Ms. Anna Mani in
1964 and the first surface ozone recorder in 1970 at the
Instruments Division of the Meteorological Office at Poona
(now Pune). The IMD make ozonesonde is a modified
version of the Brewer electrochemical sonde. The ozone
sensor transmits values of air temperature, air pressure,
relative humidity, detector current, detector temperature,
and pump speed to a ground receiving station. The air
containing the ozone sample is pumped through Potassium
lodide solution which is oxidized by ozone producing an
electrical current. The electrical current is proportional to
the flow of ozone. The instrument became operational at
the India Meteorological Department in 1971. During the
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Fig. 2: Monthly variation of Total Column Ozone at Delhi, Srinagar,
Varanasi, Kodaikanal and Pune using  Dobson
Spectrophotometer

next five years the sonde was improved to such an extent
that  systematic  soundings were started from
Thiruvananthapuram, Pune and New Delhi. In 1970 the
Indian ozone-sonde was inter-compared in the International
Ozone-sonde inter-comparisons held in Germany. IMD
started ozone monitoring over Antarctica since second
expedition (1982-83) during which Ozonesonde ascents
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were taken to obtain the vertical profile of ozone at the
Indian station using IMD make electro-chemical
ozonesonde. IMD further strengthened the ozone
observations at Dakshin Gangotri to join the international
efforts for Antarctica Ozone-Hole Investigation. In 1974,
Molina and Rowland published their theory about catalytic
destruction of ozone involving CFCs. In 1985, Joe Farman,
Brian Gardiner and Jonathan Shanklin reported large
decreases in stratospheric ozone levels over the Antarctic
stations of Halley and Faraday which led to the discovery
of Ozone Hole. Global efforts were mobilized for the
systematic measurement of atmospheric ozone. The ozone
soundings had become a routine part of the Indian scientific
expeditions to Antarctica from second expedition (1982-
83) onwards almost three years before discovery of ozone
hole. The Indian ozone sounding clearly showed the ‘0zone
hole' over Antarctica and corroborated Farman's discovery.
The soundings have yielded an accurate assessment of the
vertical distribution of ozone in the tropics and its temporal
and spatial variations. The soundings over Antarctica
provided clear evidence of the dramatic ozone depletion.
Subsequently, Montreal Protocol, came in to existence in
1987, to protect the stratospheric ozone layer by phasing
out the production and consumption of ozone depleting
substances. Regular ozone profile measurement continued
at Dakshin Gangotri till it was abandoned in 1989. The
surface and profile ozone observations started at second
station Maitri. Brewer Spectrophotometer was operated at
Maitri, from 1999 to 2011 for the measurement of TCO.
The ozone measurement programme started at third Indian
Antarctic stations Bharati from 2015. The Indian ozone
soundings assume special significance because India is the
only country conducting systematic 0zone measurements
from the tropical and Antarctic region. All other countries
that make ozone soundings do it from the middle and high
latitudes. Surface ozone is also measured at Indian stations
in Antarctica. As anthropogenic pollution is almost
negligible at Maitri, the in-situ photochemical production
of ozone may not be very significant. Depletion in the
stratospheric ozone during ozone hole period gives way to
highly energetic UV radiation to reach to the surface layer
and initiate photolysis of oxygen and NOx molecules in the
surface boundary layer leading to production of surface
ozone. The NOXx is produced from surface snow pack.
Moreover, the surface ozone concentrations can also be
increased by the downward transport of stratospheric ozone
rich air during deep convection and stratosphere-to-
troposphere exchange event. Episodes of high surface
ozone in the Antarctica region associated with stratospheric
intrusion have been reported at Maitri.

From 1999 to 2011, a Brewer Spectrophotometer
(Mark 1V, No. 153) operated at Maitri measured total
column ozone (TCO), as well as total column densities of
NO: and SO. and UV-B flux. Peshin (2011) reported
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increased SO: during ozone-hole events, attributed to UV-
B penetration into the troposphere, which dissociates in the
upper atmosphere, enhancing SO: production. NO: column
densities also increased during spring, linked to longer
daylight hours as austral summer approached. Surface
ozone at Maitri is measured using the Electrochemical
Conductivity Cell method. Diurnal variation is minimal (~5
ppbv) during October-February due to consistent solar
radiation, with smaller variations during polar nights
compared to polar days. Ali et al. (2017) observed daily
surface ozone levels of 13-20 ppbv at Larsemann Hills
(average ~16 ppbv) and 16-21 ppbv at Maitri (average ~18
ppbv). Surface ozone, a secondary pollutant, forms through
oxidation of precursor gases (e.g., CO or hydrocarbons) in
the presence of NOy. At Maitri, anthropogenic pollution is
negligible, limiting photochemical ozone production.
However, stratospheric 0zone depletion during ozone-hole
periods allows UV radiation to reach the surface, triggering
photolysis of oxygen and NO,, with NOy primarily
produced from snowpack nitrate photolysis. Stratosphere-
to-troposphere exchange and deep convection also
transport ozone-rich air downward, occasionally causing
high surface ozone episodes in Antarctica (Ganguly, 2013).

2.2. Precipitation chemistry over Indian region

Atmospheric deposition has been a major research
focus in national and international programs. The
phenomenon of acid rain dates back at least three centuries.
As early as 1692, Robert Boyle identified sulfur
compounds and acids in air and rain, which he described as
"nitrous or salino-sulfurous spirits." In 1853, Robert Angus
Smith coined the term "acid rain" after studying rain
chemistry in Manchester, UK published in Air and Rain:
The Beginnings of Chemical Climatology in 1872. By the
late 19th century, sulfur dioxide emissions from industrial
sources in the United Kingdom were recognized as
contributors to the long-range transport of pollutants, which
caused the bleaching of dyed cloth in France (U.S. NAPAP,
1991).

In India, concerns about airborne pollution and its
impact on ecosystems gained prominence in the mid - 20"
century. Precipitation chemistry studies began in the 1950s,
prior to the WMO BAPMOoN program. Mukherjee (1978,
1964, 1957, 1956) found that monsoon rainwater pH in
Calcutta, Bombay and the Bay of Bengal ranged between
6.0 and 7.0 which are the earliest studies in India.
Mukherjee (1956) derived an equation correlating salt
concentration in rainwater with rainfall amount, aligning
with global research findings. Handa, 1969 reported pH
values ranging from 4.8 to 7.15 for monsoon rainwater in
Calcutta, including the first recorded instance of acid rain
in India, with a pH of 4.4 observed in September 1967 for
the samples collected during 1967-68 at Calcutta. The first
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study of monsoon rainwater pH over the Bay of Bengal was
conducted by (Mukherjee, 1978) aboard the USSR research
ship Akademic Shirshov during Monex-1977.Other early
studies byMukherjee, (1964), Handa (1968, 1969, 1971),
Verma et al. (1970), Sadasivan, (1979, 1980), Das et al.,
(1981) and Handa et al. (1982) reported the chemical
composition of rainwater across different regions,
revealing localized trends due to meteorological and
anthropogenic factors.

With the commencement of the GAW (formerly
BAPMOoN) program, IMD achieved broader spatial and
temporal coverage of precipitation chemistry network in
1970s as depicted in Fig. 3. The GAW network consists of
10 stations (e.g., Allahabad/Prayagraj (ALB), Jodhpur
(JDP), Kodaikanal (KDK), Minicoy (MNC), Mohanbari
(MHB), Nagpur (NGP), Port Blair (PBL), Pune (PNE),
Srinagar (SRN), Visakhapatnam (VSK)), maintained
according to WMO standards. One more station
Ranichauri, Uttarakhand was added to this network in
2009. Rainwater chemistry has been extensively studied
using observed data from IMD’s precipitation chemistry
network (Maske and Nand, 1982; Mukherjee et al., 1986;
Nand, 1984, 1986; Mukhopadhyay et al., 1992, 1993;
Sarkar et al., 2006; Soni et al., 2006; Vizaya Bhaskar and
Rao, 2017; Bhaskar et al., 2022) over the past decades,
Maske and Nand (1982) identified Cl-, Na*, SO+>", NOs",
Ca?" and K* as major rainwater constituents, with maritime
air and anthropogenic sources as key contributors. Soil-
derived aerosols influenced pH, especially in Jodhpur.
Mukherjee et al., (1986) found that maritime air was a
dominant source of CI~ and Na* at Minicoy and Port Blair,
with basic pH values indicating limited influence of HNOs
and H.SO4. Most GAW stations, except Jodhpur, show a
decreasing pH trend, with values dropping from around 7.0
in the 1980s to 5.0-6.0 by 2000. The pH values vary
geographically, Jodhpur (6.6-7.8), Allahabad (5.2-7.6) and
Mohanbari (4.5-6.8). Marine aerosols govern rainwater
acidity at coastal stations, while soil-derived aerosols in
arid regions like Jodhpur maintain higher pH levels.
Organic acids from vegetation significantly influence
rainwater pH at stations like Kodaikanal and Mohanbari.
Industrialization and urbanization have led to increased
sulfate and nitrate concentrations in rainwater, with
significant impacts observed in cities like Pune and
Visakhapatnam. Wind-blown soil particles, ammonium,
and maritime sources buffer pH levels in many non-
polluted areas. Sensitive regions like northeastern India and
the west coast of the southern peninsula exhibit lower pH
values (4.0-5.0) due to acidic soils and occasional pollution
stagnation. Decadal analysis indicates rising sulfate and
nitrate concentrations, though India remains better off
compared to many countries in terms of acid rain threats.
Chemicals present in the atmosphere influence the
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Fig. 3. IMD network for Precipitation Chemistry

chemical characteristics of rainwater whereas the material
deposited by the rain affects soil, surface water and
vegetation. In view of this, IMD has planned to strengthen
the existing precipitation chemistry network by inducting
modern technology in sample collection and chemical
analysis of rainwater. IMD also has planned to augment the
network by establishing more stations at background
locations in all climatic zones of India. The data generated
will significantly contribute to the limited knowledge
available on chemical composition of precipitation over
Indian region.

The pH of rainwater is influenced by ion
concentration of nitrates, sulphate and carbonate as the
increase in atmospheric concentration of gases (SO2, NOX)
causes to decrease the pH of rainwater due to increase in
quantity of nitric acid, sulphuric acid and carbonic acid in
the rainwater. The acidic pH reveals the presence of strong
acids while neutral or alkaline pH indicates neutralization
of acids by carbonates, mineral dust or by ammonium. Fig.
4(a) highlights the decadal mean concentrations of nitrate
(NOs") and sulphate (SO4*") at monitoring stations. The
data are segmented into three decades: 1991-2000, 2001-
2010 and 2011-2020 to discern the trend. For nitrate (top
panel), a significant spatial and temporal variability is
evident. The mean concentration of nitratein rainwater
increased at stations JDP, KDK, MHB, PNE and SRN in
later decade 2011-2020 during wet season. The increase in
nitrate levels in rainwater can be attributed to emissions
driven by anthropogenic activities such as fossil fuel
combustion and vehicular emissions. The sulphate
concentration in rainwater showed marginal rise or decline
at most of the stations, indicating potential sources like
industrial emissions or increased urbanization. Fig. 4(b)
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Figs .4 (a&b). Decadal Trends in (a) Nitrate, Sulphate and (b) Rainwater pH across Precipitation Chemistry Network of IMD (1991-2020)

illustrates the decadal mean pH values of precipitation at
the same stations for the corresponding decades. The pH
values are largely neutral or slightly acidic at all the ten
stations. The decadal mean pH values show marginal
decline at most of the stations except Jodhpur, Srinagar and
Visakhapatnam in later decade 2011-2020.

The decadal trends in precipitation pH across the IMD
network (Table 1) indicate a gradual reduction in acidity of
rainwater over time, with notable differences between
seasons and locations. The Table 1-3 presents pH, Sulphate
and Nitrate in rainwater during wet (June -September) and
dry seasons (October, November, December, January,
February and March). The stations ALB, JDP, KDK, MHB,
NGP and SRN show increasing trend in pH during the
decade 2011-2020 for wet season. This indicates a gradual
decline in acidic character of rainwater in later decade. The
sulphate concentrations declined or marginally increased at
all the stations, especially in recent years, whereas
nitrate levels were somewhat stable or increased
slightly. The  stations  Minicoy, Port Blair and
Visakhapatnam showed non-significant declining trend
during wet season. These findings  suggest
that emission controls and local meteorological conditions
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play a key role in modulating acidity of rainwater.

The trends in sulfate concentrations highlight distinct
patterns across the IMD precipitation chemistry network,
influenced by anthropogenic and natural sources.
During the wet season, substantial reductions in sulfate
levels are evident in urban or semi-urban areas
(Table 2), such as Jodhpur (-5.07 in 1991-2000),
reflecting the impact of sulfur dioxide emission
controls and cleaner fuel use. However, stations like
Mohanbari show marginal positive trends across
decades (e.g., 0.15 for 1991-2000), suggesting consistent
local or regional emissions, possibly linked to industrial
activity. In the dry season, significant reductions in sulfate
levels are observed at Srinagar (-11.09 in 1991-2000 to -
0.64 in 2011-2020), underscoring the success of pollution
mitigation strategies. The inconsistencies persist at remote
stations like Minicoy, where trends fluctuate due to variable
contributions from marine and local anthropogenic sources.
These results reveal the heterogeneous response of sulfate
concentrations to emission control measures, with urban
areas benefiting more, while remote locations reflect a mix
of regulated and unregulated sources.



MAUSAM, 76, 1 (January 2025)

TABLE1

Decadal trend of pH at stations in IMD precipitation chemistry network

WET SEASON DRY SEASON

Stations/Decade  1991-2000 2001-2010 2011-2020 1991-2000 2001-2010 2011-2020
Prayagraj -0.14 -0.07 0.03 -0.21 -0.09 -0.06
Jodhpur -0.09 -0.06 0.02 -0.05 0.02 0.22
Kodaikanal -0.09 0.00 0.06 -0.07 0.01 0.05
Mohanbari 0.04 -0.01 0.08 -0.04 -0.06 0.05
Minicoy -0.20 0.04 -0.01 -0.13 0.07 -0.06
Nagpur -0.10 -0.04 0.03 -0.10 -0.03 0.16
Port Blair -0.09 -0.02 -0.07 -0.04 0.02 -0.02
Pune -0.07 -0.04 -0.02 -0.05 -0.04 0.03
Srinagar -0.12 0.05 0.09 -0.19 0.12 0.05
Visakhapatnam 0.00 0.04 -0.05 0.02 -0.04 0.08

Significant values at 90 % confidence interval are in bold fonts.

TABLE 2
Decadal trend of Sulphate concentration (LEg/I) in rainwater over stations in IMD precipitation chemistry network

WET SEASON DRY SEASON
Stations/Decade ~ 1991-2000 2001-2010 2011-2020 1991-2000 2001-2010 2011-2020
Prayagraj 0.09 -8.84 -0.75 6.07 -5.36 -2.68
Jodhpur -5.07 -5.52 6.92 12.69 -7.00 -8.51
Kodaikanal -0.06 -0.89 0.07 0.53 -0.91 0.42
Mohanbari 0.15 0.13 0.13 0.72 1.68 1.25
Minicoy 0.73 -1.29 3.59 1.82 0.77 0.89
Nagpur 3.82 -1.72 0.21 6.44 -3.32 214
Port Blair 2.25 -0.57 -0.06 0.58 -0.37 0.18
Pune 1.18 -2.21 1.04 -0.26 3.89 8.87
Srinagar 9.24 7.60 -5.62 11.09 0.04 -0.64
Visakhapatnam  5.74 9.47 1.40 6.28 -1.58 -5.31

Significant values at 90 % confidence interval are in bold fonts.
TABLE 3

Decadal trend of Nitrate concentration (LEqg/I) in rainwater over stations in IMD precipitation chemistry network

WET SEASON DRY SEASON
Stations/Decade ~ 1991-2000 2001-2010 2011-2020 1991-2000 2001-2010 2011-2020

Prayagraj -23.13 -9.30 9.64 -44.58 -3.25 -0.11
Jodhpur 13.50 -9.26 42.59 -19.07 -8.17 -17.41
Kodaikanal 0.33 -1.01 2.87 0.59 -1.73 1.92
Mohanbari -5.15 6.61 194 -20.72 -2.27 12.46
Minicoy -7.49 0.25 10.79 -1.40 1.55 3.32
Nagpur 3.03 -2.33 6.15 -4.04 -2.77 -25.62
Port Blair 8.42 -1.12 4.05 7.87 -1.16 2.63
Pune -0.53 -0.36 4.39 -8.46 6.39 16.65
Srinagar -18.98 4.97 16.21 -21.01 0.93 17.89
Visakhapatnam -14.64 1.86 14.74 -1.02 2.95 -1.73

Significant values at 90 % confidence interval are in bold fonts.
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The nitrate trends over the decades (Table 3) exhibit
substantial variability, reflecting the complex interplay of
nitrogen oxides (NOy) emissions and environmental
processes. In the wet season, several stations, exhibit a
marked reduction in nitrate levels during earlier decades.
However, certain locations, such as Jodhpur, show an
increase in nitrate trends in the later decades, suggesting a
rise in industrial or agricultural activities contributing to
nitrogen emissions. During the dry season, an increasing
trend is noted at stations Srinagar and Mohanbari, with
consistent positive changes in the later decades. This
contrasts with significant reductions observed at Nagpur,
which point to the success of emission control efforts in
certain regions. The variability in trends reflects a
combination of anthropogenic influences, such as vehicular
emissions, industrial activities and agricultural sources,
coupled with local atmospheric conditions, which modulate
nitrate deposition across seasons and locations.

3. Atmospheric aerosols and climate impact
Aerosols consist of various forms of chemical
compounds which have different optical properties.
Atmospheric aerosols affect the Earth’s radiative balance
directly by scattering Charlson et al. (1991, 1992) and
absorption of solar radiation (Satheesh and Ramanathan,
2000) and indirectly by acting as cloud condensation
nuclei, thereby influencing the albedo (Twomey or cloud
albedo effect), lifetime (Albrecht effect or cloud lifetime
effect) and precipitation of clouds (Ramanathan et al.,
2001). Study of the optical and physical properties of
aerosol particles is important for assessment of their effect
on climate and for development of more accurate remote
sensing procedures of aerosols from satellite sensors. The
quantification of aerosol radiative forcing is highly
complex because aerosol mass and particle number
concentrations are highly variable in space and time. This
variability is largely due to the much shorter atmospheric
lifetime of aerosols (few hours to a week) and the numerous
ways they interact with other elements of the climate
system (Kaufman et al., 2002). The radiative effects of
aerosols have the largest uncertainties in global climate
predictions to quantify climate forcing due to man-made
changes in the composition of the atmosphere. A better
understanding of the formation, composition and
transformation of aerosols in the atmosphere is of critical
importance to better quantify these effects. Consequently,
quantification of this variability requires comprehensive
observations.

3.1. Atmospheric aerosol monitoring
Tropospheric aerosols are short-lived as a result their

properties show high variability in space and time. To
examine aerosol impact on the regional and global climate
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in addition to understanding and modelling the impact of
aerosol on radiation budget and precipitation efficiency, a
denser network of surface observatories located in different
geographic regions is required. The IMD was perhaps the
first institution in India to start systematic long-term
measurement of aerosol optical properties. Determination
of Angstrom’s turbidity coefficient and Schuepp’s turbidity
coefficient from spectral direct solar radiation measured
using broad band optical filters OG1, RG2 and RG8 started
in 1957 at a number of stations in India (Chacko and
Desikan, 1965; Mani and Chacko, 1963a). Angstrom’s
turbidity coefficient refers to wavelength of 1.0 um and
Schuepp’s turbidity coefficient to the wavelength 0.5 pm.
Later, turbidity coefficient measurement using Volz Sun-
photometer started at 14 locations in India. Mani et al.
(1969) found that north and central India during summer
are highly turbid compared to rest of the country. They also
found low values of wavelength exponent indicating
predominance of the dust during summer months in north
and central parts of India. Even though, aerosol properties
are measured by different institutions at many sites in
continuous and campaign modes, still there exists challenge
in adequately characterizing the nature and occurrence of
atmospheric aerosols and in including their effects in
models to reduce uncertainties in climate prediction. The
heterogeneity in aerosol optical and microphysical
properties varies substantially in spatial and temporal
scales over Indian subcontinent. Satellite-based remote
sensing for monitoring aerosol properties is indispensable
but not adequate component to acquire sufficient
information base upon which advancement in
understanding the role of aerosols in estimation of global
climate change can be built.

Significant increase in atmospheric turbidity has been
reported by several authors (Mani et al., 1977; Nand and
Maske, 1983; Srivastava et al., 1992; Soni and Kannan,
2003). The observed atmospheric turbidity values at all the
Indian GAW stations showed systematic seasonal as well
as long-term variation apart from random fluctuations.
However, the nature of variation is station dependent.
Annual mean values of the turbidity coefficients showed a
general increase of turbidity at all stations except
Kodaikanal. The increasing trend of the turbidity at short
wavelength (500 nm) indicates that it is caused more by
fine size range aerosol, which are the product of primary
and secondary production processes associated with
anthropogenic activities. On an annual basis, the lowest
turbidity was observed at Kodaikanal and Srinagar and
highest in the north and central India. Volcanic eruptions
across the globe in tropical latitudes have shown increased
turbidity over the Indian region. Soni and Kannan (2003)
and Singh et al. (1997) have reported a seasonal scale
anomaly to the extent of 10-15% increase from
mean values.
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Aerosols, tiny particles suspended in the atmosphere,
significantly influence climate, weather patterns, air
quality, and public health. IMD established ground-based
network for monitoring aerosol optical and physical
properties using advanced instruments such as
Aethalometers  (for black carbon  measurement),
Nephelometers (for scattering coefficient measurements)
and Sky Radiometers (for aerosol optical properties). The
established network and the studies conducted so far have
yielded new insights as presented below:

3.1.1. Aerosol optical properties monitoring: Sky
radiometer network

The Skynet-India network, established by IMD (Fig.
5a), uses advanced sky-radiometers to measure solar direct
and diffuse irradiances, enabling detailed analysis of
aerosol properties. It provides critical data for improving
climate models and understanding aerosol impacts. The
sky-radiometer (models POM-01 and POM-02; make
Prede, Tokyo, Japan) measures solar direct and diffuse
irradiances in ultraviolet, visible and near-infrared
wavelengths and these measurements are used for deriving
aerosol optical properties i.e. spectral aerosol optical depth,
single scattering albedo, normalized phase function or
asymmetry parameter (g) and physical volume size
distribution (Nakajima et al., 2007, 2020). The AOD is
highly variable in space and time over India. The presence
of north south gradient of AOD can be seen in all the
months (Sateesh et al., 2018b). The Indo-Gangetic Plain
(IGP) experiences large aerosol load because of diverse
emission sources, local and long-range transported dust,
regional meteorology and distinctive topography. Within
IGP also major cities show high aerosol load mainly
contributed by vehicular emissions. The mega city Delhi
shows higher AOD compared to Rohtak despite of the close
proximity and similar meteorological conditions (Mor et
al., 2017; Taneja et al., 2017). A large variation in AOD
from 0.23 to 1.89 with mean value 0.82 + 0.31 is observed
at Varanasi, indicating a highly variable aerosol load with
significant heterogeneity in aerosol sources, types and
properties (Tiwari et al., 2018). Short term extreme air
pollution events mainly dominated by aerosols and caused
by emissions from dust storms, stubble burning, festival
celebrations such as Diwali and Holi are commonly
experienced over Indian region (Kanawade et al., 2020;
Kulkarni et al., 2020; Sateesh et al., 2018a; Soni et al.,
2018; Srivastava et al., 2014a). The volcanic eruptions
depending on their magnitude can bring long term changes
in atmospheric aerosol loading affecting solar radiation and
surface temperature at local and global scale (Soni et al.,
2006; Soni and Kannan, 2003).

Diurnal and seasonal variations of radiative properties
of aerosols have been monitored during 2006-2007 in New
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Fig. 5. IMD network for (a) Skyradiometer (SKYNET), (b) Multi-
wavelength Integrating Nephelometers

Delhi using Sky-radiometer (POM-I) operating at
wavelengths 315, 400, 500, 675, 870, 940 and 1020 nm.
The results indicate that Aerosol Optical Depth (AOD)
remains lowest at all wavelengths during Monsoon season
while high values of Single Scattering Albedo (SSA) and
Alpha (o) represent the presence of small aerosols and
washout effect of large aerosols by rains. In Pre-monsoon
season, AOD was found as second minimum with SSA and
AOD lower than Monsoon season. However, AOD was
lower in winter season as compared to post-monsoon
season because of movement of westerly systems.
Measurements have also shown that AOD values were
higher at shorter wavelengths in comparison to the values
at longer wavelengths for all four seasons of the year.

The Fig. 6 depicts the monthly variation of Direct
Aerosol Radiative Forcing (DARF) at the surface (SFC),
top of the atmosphere (TOA) and within the atmosphere
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Fig. 6. Monthly variation of Direct Aerosol Radiative Forcing

(ATM) over selected Skynet-India stations monitored by
IMD. DARF quantifies the influence of aerosols on the
Earth's radiative energy balance, where negative values at
the surface indicate a cooling effect due to reduced solar
radiation reaching the ground, while positive values in the
atmosphere signify heating caused by aerosol absorption.
At stations like Delhi, Rohtak and Jodhpur, significant
surface cooling is observed throughout the year, with peak
negative forcing during summer months, attributed to high
aerosol loading and enhanced scattering effects.
Simultaneously, these stations exhibit positive atmospheric
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(DARF) over Skynet-India Stations of IMD (2012-2015)

forcing, indicating localized heating due to aerosol
absorption of solar radiation. The top-of-atmosphere
(TOA) forcing at these locations fluctuates between slight
positive and negative values, suggesting a near-neutral net
radiative impact. In contrast, eastern stations such as
Kolkata and Guwahati display moderate surface cooling
and consistent atmospheric heating, reflecting the
combined effects of local emissions and transported
aerosols. Similarly, central and southern stations, including
Nagpur, Pune and Thiruvananthapuram, exhibit relatively
stable forcing patterns, characterized by moderate cooling
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at the surface and atmospheric heating that follows seasonal
trends. Coastal and southern regions generally show lower
aerosol radiative forcing, likely due to cleaner atmospheric
conditions and sea breeze influences. Northern stations like
Varanasi and industrial regions such as Visakhapatnam
exhibit strong surface cooling, with atmospheric heating
effects increasing during specific months, indicating
variability —driven by seasonal emissions and
meteorological factors. Seasonal trends reveal enhanced
surface cooling during winter months (December-
February), particularly over northern regions, due to
increased aerosol concentrations and stable atmospheric
conditions. In summer and monsoon months (June-
September), the cooling effect intensifies in northern and
central regions due to elevated aerosol optical depth, while
atmospheric heating peaks in urban and industrial zones.
The analysis highlights the spatial and temporal
heterogeneity of aerosol radiative forcing across India.
Northern and urban regions experience the strongest
radiative forcing effects, driven by higher aerosol loading
and complex atmospheric interactions. In contrast, southern
and coastal stations show more moderate patterns,
underscoring the influence of local sources, regional
meteorology and aerosol composition on radiative forcing
dynamics. These findings emphasize the critical role of
aerosols in modulating regional climate and energy
balance.

3.1.2. Multi-wavelength
network

integrating nephelometer

The Integrating Nephelometer is a type of instrument
that measures the aerosol light scattering. It measures
aerosol optical scattering properties by detecting (with a
wide angular integration from 9° to 170°) the light scattered
by the aerosol (Charlson et al., 1969; Heintzenberg and
Charlson, 1996). Integrating nephelometers are widely
used for monitoring and research applications related to air
pollution and climate.

The Ecotech Aurora 3000 Integrating Nephelometer
(Chamberlain-Ward and Sharp, 2011) uses an innovative
LED light source to simultaneously measure light
scattering at three wavelengths: 525 nm (green), 450 nm
(blue) and 635 nm (red). This provides a wide and in-depth
analysis of the interaction between light and aerosols. The
Aurora 3000 includes backscatter measurement that allows
both standards integrating measurements of 9° - 170° and
also the back scatter 90° - 170°.

The Nephelometer are installed at 12 locations
throughout the country (Fig. 5b) that measures,
continuously and in real-time, light scattering in a sample
of ambient air due to the presence of particulate matter
(specifically, the scattering coefficient osp) at three
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wavelengths. These measurements are combined with
backscatter measurements that only sample 90° - 170°,
allowing a more in-depth analysis of particle scattering.
Forward scatter can be calculated by subtracting
backscatter from total scatter. The measured values are
adjusted automatically and in real-time by on-board
temperature and pressure sensors. Aurora 3000 measures
light scattering at three separate  wavelengths
simultaneously (525 nm (green), 450 nm (blue) and 635 nm
(red)). Aerosol particles in the atmosphere directly
influence the Earth's radiative balance by absorbing and
scattering solar radiation, and indirectly by changing the
microphysical properties of clouds. The amount of sunlight
reaching the Earth's surface rather than scattered back to
space is an important parameter for accurately modeling the
influence of aerosol scattering on the Earth's radiative
balance.

The Conditional Probability Function (CPF) at the
75" percentile for 450 nm scattering coefficients shows a
maximum probability of 0.35 (Fig. 7) for pollutants
originating from the northwestern direction overall, as
noted by Squizzato and Masiol (2015). However, seasonal
variations exhibit very low probabilities with mixed
patterns during the monsoon and pre-monsoon seasons,
while the post-monsoon and winter seasons display a
prominent peak in probability, reaching 0.421 (Fig. 7) from
both the northwestern and southeastern directions. CPF
probability for 525 nm indicates pollutant sources from the
northwestern direction, with probabilities ranging between
0.15 and 0.30 overall (Fig. 7). Seasonal variations reveal
contributions from both the northwestern and southwestern
directions, with the probability during the study period
peaking at 0.421. For 635 nm, the CPF probability of
scattering coefficients ranges from 0.15 to 0.35 from the
northwestern direction overall. During the post-monsoon
and winter seasons, the probability peaks at 0.421 from the
northwestern direction. In the pre-monsoon season, the
CPF probability reaches 0.3, likely influenced by dust
storms from the same direction. At all three wavelengths
(450 nm, 525 nm, and 635 nm), pollutant probabilities
consistently show dominance from the northwestern
direction during the post-monsoon and winter seasons

(Fig. 7).
3.1.3. Black carbon monitoring network

Initiated in 2016, the Black Carbon (BC) Monitoring
Network initially consisted of 16 aethalometers (AE-33
Model, Magee Scientific) installed nationwide which was
further augmented (Fig. 8). This initiative focuses on
understanding BC distribution, sources, and impacts.
Aethalometer works on light wavelength-dependence on
absorption principle using suitable mass absorption
cross — section values (Petzold et al., 2013). It uses seven
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Fig. 7: Overall and Seasonal Conditional Probability Function (CPF) plot for scattering coefficients at New Delhi 2017

wavelengths (370, 470, 520, 590, 660, 880 and 950 nm) that
allow spectral analysis for different purposes, such as
mineral dust detection and source apportionment (Drinovec
et al., 2015). It measures black carbon (BC) mass
concentration (ugm>) and biomass burning (BB, in
percent) black carbon, produced primarily from the
incomplete combustion of fossil fuels, biomass, and other
organic matter, is a significant pollutant with far-reaching
environmental and health implications. These aerosols
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absorb solar radiation over a wide spectral band from UV
to IR and contribute to the atmospheric warming (Bond
et al., 2013; Bond and Bergstrom, 2006; Jacobson, 2001;
Ramanathan and Carmichael, 2008). The global mean
radiative forcing of BC aerosol formed due to fossil fuel
and biofuel burning has increased from +0.20 Wm to
+0.40 Wm (Myhre et al., 2013). BC aerosols act to
increase lower tropospheric heating and reduce the amount
of solar radiation reaching the surface.
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Fig. 8. IMD Black Carbon Aerosol monitoring network

Indo-Gangetic plain is a densely populated region of
India and is termed a hotspot for BC emissions
(Ramanathan and  Carmichael, 2008). Improved
understanding in characteristics and spatial heterogeneity
of BC aerosols over India and in particular Indo-Gangetic
Plain would provide valuable information for guiding
measures to reduce emissionsand to air pollution
and climate change in the region. An analysis of the
absorption characteristics and source apportionment of BC
in western India was conducted by Sateesh et al. (2019).
The heterogeneity in spatial distribution of the BC aerosol
over India was studied by Kumar et al. (2020). Long-term
trends and variability in BC concentrations were examined
by Kumar et al. (2023), revealing an overall declining trend
in BC concentrations across India. The Fig. 9 illustrates the
seasonal and spatial variability of black carbon (BC)
aerosol concentrations (measured at 880 nm) across the BC
aerosol network of IMD for the period 2016-2021. The data
is presented for four seasons: Monsoon, Post-Monsoon,
Pre-Monsoon and Winter, with BC concentrations
represented by a color gradient from green (low
concentrations, ~5 pg/m?3) to red (high concentrations, ~20
pg/ms). Seasonal patterns reveal distinct variations, with
lower BC levels during the Monsoon season, likely
due to wet deposition by rainfall, and higher concentrations
in Winter, particularly in northern India, attributed to
increased  biomass  burning, reduced  boundary
layer height, and stable atmospheric conditions.
The Post-Monsoon and Pre-Monsoon seasons show
moderate to high BC concentrations, driven by
factors such as agricultural residue burning, industrial
emissions and dry weather. Spatially, northern India
consistently exhibits higher BC levels across seasons,
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Fig. 9. Long term seasonal mean variation of BC over India during 2016-2021

which can be linked to dense population, intense
anthropogenic activities and the impact of agricultural
practices in the Indo-Gangetic Plain, while southern and
coastal regions report lower concentrations due to better
ventilation and fewer emission sources. These findings
highlight the significant role of BC aerosols in air quality
degradation, particularly in northern India, where severe
pollution episodes during Winter and Post-Monsoon
seasons have serious implications for public health and
visibility. The role of BC aerosol as a climate forcer, with
its ability to absorb solar radiation, contributes to
atmospheric heating, alterations in monsoonal patterns, and
accelerated glacier melting in the Himalayas. Further
studies are currently underway to investigate the impact of
BC on monsoon breaks, heatwaves, and fog formation.

The BC aerosol network plays a crucial role in
addressing air pollution and climate change challenges. By
providing data on black carbon distribution and sources, it
helps policymakers design targeted mitigation measures.
Additionally, it enhances understanding the role of black
carbon in regional climate phenomena like monsoons and
glacier retreat. The initiative supports India's broader goals
of improving air quality, reducing carbon emissions, and
contributing to global efforts to combat climate change.

3.2. Estimates of indirect radiative impacts of
aerosols over India

Although, observations of aerosols have been ongoing
over Indian region since long (Parameswaran et al., 1984;
Devara et al., 1986), the attempts for quantitative estimates
of radiative forcing of aerosols have begun by the end of
1990’s. Such initial attempts are dated back to pre-Indian
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Ocean experiment (INDOEX) observations in 1996.
Jayaraman et al. (1998) had used a slope method (between
radiation and aerosol optical depth for different zenith
angles) and found reduction of 42 Wm-2 of radiation for
every 0.1 increase in aerosol optical depth during
pre-INDOEX experiments. Using a combined observation
and modeling approach, Satheesh et al. (1999)
estimated a reduction of 50 to 80 Wm-2 of radiation at the
surface during INDOEX. The introduction of user friendly
optical models and radiative transfer models has improved
the estimation of direct radiative impacts over Indian
region. Optical Properties of Aerosols and clouds (OPAC)
(Hess et al., 1998) was one of the optical models, which
have been popularly used over Indian region. This model
provides the essential aerosol optical parameters such as
AOD, SSA and asymmetry parameter (ASP), which are
necessary for forcing estimation using chemistry data sets.
Hence it became easy that one can obtain these optical
parameters much simply along with chemistry observations
than using sophisticated optical sun/sky scanning
instruments. The Santa Barbara Discrete ordinate
atmospheric radiative transfer (SBDRAT) (Ricchiazzi et
al., 1998) is one of the most popular radiative transfer
models being used in India for the estimation of radiative
forcing. OPAC model in conjunction with SBDART has
provided the estimates of radiative forcing over different
Indian terrains. The radiative forcings are typically
estimated for the short wave spectrum of solar radiation
(0.3-3um) at the surface and Top of the Atmosphere
(TOA), the difference of which yields the net atmospheric
absorption by aerosols. Vinoj et al. (2004) using a
combination of OPAC and SBDART has shown a
reduction of solar radiation by 15 to 24 Wm-2 over Bay of
Bengal. Further several studies used this combination of
models for estimating forcing over different Indian regions
(eg., Babu et al., 2002; Panicker et al., 2010; Srivastava et
al., 2014 etc.).

The uncertainty in aerosol direct forcing estimates has
been further reduced with the establishment of network-
based observations and usage of more accurate instruments
such as sun/sky radiometers. Using sun/sky radiometer
data along with SBADRT model, Pandithurai et al. (2004)
has quantitatively estimated the aerosol radiative forcing
over Pune. The results showed a reduction of solar radiation
by 33 Wm2 at the surface, 0 at the Top of the atmosphere
(TOA), yielding an aerosol atmospheric absorption of 33
Wm2 over the region. The trend over Delhi was found to
be much higher, where an enhanced atmospheric
absorption up to 22 Wm was observed in winter months
(Pandithurai et al., 2008). Table 4 depicts detailed results
of radiative forcing estimates over different regions in
Indian sub-continent.

Species segregated impact of aerosols on climate
(especially for carbonaceous aerosols) also has been
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estimated over Indian region. Organic carbon (OC),
elemental carbon (EC) and Black carbon (BC) are three
major identified climate forcing aerosols. While, OC in
general is a scattering species, BC and EC are strong
absorbents of radiation. Studies have shown that even
though BC contribution is less than 6% of total aerosol
mass, it contributes 55-75% of total aerosol absorption
(Panicker et al., 2010b; Sreekanth et al., 2007). Also in the
chemical composition, OC was found to have much larger
contribution by mass compared to EC. However, it is found
that EC contributes up to 10 times larger atmospheric
warming compared to OC, in spite of its meager presence
due to strong absorption efficiency (Panicker et al., 2019,
2018). While, the aerosol forcing estimations were mainly
concentrated in the shortwave, long wave forcing had
generally been ignored. However it is found that the aerosol
long wave forcing at the surface, neutralizes the forcing by
up to 8% (Panicker et al., 2008) and is an important
component of forcing estimates.

The establishment of federated observational
networks (AERONET and SKYNET) has considerably
reduced the uncertainty level in aerosol direct forcing
across the world. However, the uncertainty remains high
in the indirect radiative forcing estimation. The uncertainty
persists because of the lack of simultaneous observations of
aerosols and cloud microphysical parameters in different
regions. Aerosol Indirect effect (AIE) is typically predicted
to range between 0 to 0.33. However, negative values of
AIE also has been reported over Indian region, attributed
due to the source regions and hygroscopicity of aerosols.
Tripathi et al. (2007) have carried out an experiment to
determine AIE over Indo Gangetic plain and found a
significant positive AIE in 37-68% area for water clouds
and 35-53% for ice clouds. Abish and Mohanakumar
(2011) also observed a significant AIE over northern India.
Panicker et al., (2010a) using MODIS satellite observations
has quantitatively estimated the indirect effect over
different regions in India. Itis found that AIE values ranges
between -0.53 to 0.45 for ice clouds and -0.55 to 0.52 for
water clouds and plays pivotal role in contrasting monsoon
seasons. The negative values of AIE were attributed to the
enhanced presence of hygroscopic aerosols. The Cloud
aerosol interaction and precipitation enhancement
experiment (CAIPEEX) has been a major attempt to
unravel the complex aerosol-cloud interactions over Indian
region. The aircraft based CAIPEEX has measured all the
essential aerosol-cloud microphysical parameters to
estimate the indirect effect of aerosols (Kulkarni et al.,
2012). Pandithurai et al. (2012) has shown that the spectral
dispersion effect offsets the AIE by 39% (estimated AIE
0.07 to 0.13). Dipu et al. (2013) has studied how elevated
aerosol layer impacts cloud macrophysics. Several
CAIPEEX results have provided insight towards
the influence of cloud condensation nuclei (CCN) in



MAUSAM, 76, 1 (January 2025)

TABLE 4

Direct aerosol radiative forcing estimates (in Wm2) over different Indian regions

Location DRF (Wm) Reference
SFC TOA ATM
S -33 0 88 Pandithurai et al. (2004)
-19.5t0-38.7 -1.7t0-5.6 14.3t0 35.4 Bhaskar et al. (2017)
Delhi -39 to -99 2710123 63 to 222 Pandithurai et al. (2008)
Varanasi -38.6 t0 -76 -5.3t0 +5.8 33.2t081.8 Tiwari et al. (2018)
Bangalore -23 5 28 Babu et al. (2002)
Manora Peak -3 to -50 -2to+14 31065 Srivastava et al., (2014b)
Trivandrum -47.8t0 -56.1 18t04.1 46 to 52 Suresh Babu et al. (2007)
Nainital -4.2 0.7 49 Pant et al. (2006)
Ranichauri -26.9 -10.9 16 Nair et al. (2017)
Jaipur -22.59t0 -32.2 -5.6t0-11.4 14.04 to 22.47 Verma et al. (2017)
Kanpur -43 -13 30 Dey and Tripathi (2007)
Dibrugarh -37.1 -1.4 35.7 Pathak et al. (2010)
Ahmedabad 4510 -56 0tod 4510 60 Ramac“""?gg"l%;"”d Kedia
Rohtak -20t0 -34 -13t0 -16 71012 Mor et al. (2017)
Patiala -30t0 96.7 -19.4 t0 0.04 30to 77 Singh et al. (2016)
Dehradun -53.29 -14.49 38.8 Patel and Kumar (2015)
Jodhpur -24.06 to -44.15 -3.65t0-7.79 17.46 to 40.50 Bhaskar et al. (2015)
TABLE5
Aerosol Indirect effect (AIE) estimates over different Indian regions
Location AIE Source Reference

-0.53t0 0.45 (for Ice clouds)

Different Indian regions
9 -0.55 to 0.52 (for water clouds)

Central/South India -0.8t00.8
North-East India 0.32-0.48 (for BC)
Mahabubnagar 0.01-0.23
Mahabaleshwar 0.05-0.088
Mahabaleshwar 0.01-0.13

MODIS satellite Panicker et al., (2010a)

MODIS satellite Manoj et al. (2012)

modulating cloud microphysics (Padmakumari et al., 2017;
Prabha et al., 2012 etc.). While several studies have
estimated the AIE values, converting it to exact radiative
forcing remains a challenge. Panicker et al. (2016) has
made an attempt to quantitatively estimate the forcing
arising due to indirect effect. The estimated BC- AIE was
found to induce a reduction of radiation by 37 Wm at the
surface and TOA forcing values were found to be up to
+14.8 Wm2. Table 5 depicts Aerosol Indirect effect
estimates over different regions in Indian sub-continent.

4. Solar irradiance monitoring over India

The Sun is the dominant source of energy for the
Earth’s climate system (Kren et al., 2017) yet the full
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CAIPEEX Panicker et al. (2016)
CAIPEEX Harikishan et al. (2016)
HACPL Anil Kumar et al. (2016)
HACPL Ansari et al. (2020)
influence of solar variability on climate remains
quantitatively incomplete. Solar forcing influences

combined with other natural variabilities are complex in
both magnitude and phase. Broadly, the climate variations
originate from variations of the radiative balance at the top
of atmosphere. India is having a long history of radiation
measurement, dating back to November 1879, when the
first radiation measurements were made in Kolkata, though
the instrument details not clearly indicated. During 1883-
1887, radiation measurements were recorded at Mussoorie,
followed by Kodaikanal in 1895. More systematic
measurements began in 1930 at Pune, where an Angstrém
pyrgeometer was used for nocturnal radiation
measurements and an Angstrém pyrheliometer was
employed to measure direct solar irradiance.
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A significant expansion in solar radiation monitoring
occurred during the International Geophysical Year (1957—
58), when the India Meteorological Department (IMD)
established four radiation stations in Pune, New Delhi,
Kolkata, and Chennai. These stations initially measured
global and diffuse solar irradiance (using MG
pyranometers), direct solar irradiance (using Angstrém
pyrheliometers with three broadband filters), and nocturnal
net terrestrial radiant energy (using Angstrém
pyrgeometers). By 1976, the IMD network had expanded
to include 31 operational stations, and by 1986, 14
additional stations were added. IMD radiation network now
comprises 45 stations and includes UV-A and UV-B
radiation measurements. In 2011, the Ministry of New and
Renewable Energy (MNRE) initiated the Solar Radiation
Resource Assessment (SRRA) project and established 115
automatic meteorological stations, equipped with state-of-
the-art instruments to measure direct, diffuse, and global
irradiance. The SRRA aimed to assess and quantify solar
radiation, process data, ensure quality and model radiation
for the development of a solar atlas of India.

The World Meteorological Organization (WMO) has
designated the Central Radiation Laboratory at IMD Pune
as one of two Regional Radiation Centers for Asia, the
other being in Tokyo. The Central Radiation Laboratory at
Pune is equipped with a hierarchy of standard instruments-
primary, secondary, transfer, working, and travelling
standards to ensure measurement accuracy. The laboratory
adheres to the World Radiometric Reference (WRR) for
data generation, and one primary instrument regularly
participates in  the International  Pyrheliometer
Comparisons, held every five years at the World Radiation
Centre, Davos, Switzerland. The accuracy of field
instruments in the IMD network is summarized in Table 6.

TABLE 6

Accuracy of field instruments in the IMD network.

Instrument Accuracy Specified Accuracy Permitted

by WMO by IMD

Angstrém Pyrheliometer + 0.5% + 0.5%

Thermoelectric Pyrheliometer +1.0% +1.0%

Thermoelectric Pyranometer +3.0% +2.0%

Bimetallic Pyranograph +5.0% +5.0%

Net Pyrradiometer +7.0% +5.0%
Angstrém Pyrgeometer +1.0%

The first measurements of total radiation from the Sun
and sky in India, conducted in Pune in 1935, were
published by Raman (1938). Early studies, constrained by
a lack of a radiation network, estimated surface solar
radiation using sunshine duration and meteorological
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parameters (Ramdas and Yegnanarayanan, 1956; Mani et
al., 1962b; Yadav, 1965). Mani et al. (1962b) conducted
one of the earliest comprehensive studies, analyzing
sunshine duration and surface solar radiation across 15
Indian stations and finding good agreement between
observed and estimated values in major cities. Subsequent
research explored seasonal and diurnal variations (Mani et
al., 1962a), cloud transmission effects (Mooley and
Raghavan, 1963) and diffuse radiation (Mani and Chacko,
1963b; Desikan et al., 1969). Mani et al. (1967) prepared
radiation maps over the Indian Ocean, highlighting
radiation minima in equatorial and monsoon regions and
maxima in high-pressure zones. High urban pollution was
linked to increased diffuse radiation (Desikan et al., 1969).
Mani (1971) analyzed global radiation balance using
satellite data, showing good agreement with ground and
airborne measurements. High-altitude studies (Mani et al.,
1977) attributed low direct solar radiation to dust layers
during pre-monsoon months. Comprehensive works, such
as Handbook of Solar Radiation Data for India (1980)
(Mani, 1981) and Solar Radiation Over India (1982) (Mani
and Rangarajan, 1982), are considered reference material
for meteorologists and energy experts. Recent studies
address long-term variability, trends and pollution effects
on radiative fluxes (Desikan et al.,, 1994b, 1994a;
Padmakumari et al., 2017b; Soni et al., 2016, 2012).

India experiences significant levels of global solar
radiation annually, with distinct spatial and temporal
variations influenced by geography, weather conditions,
and seasonal changes. India receives high solar irradiance
annually at the surface ranging roughly from 1700 to 2200
kWhm~2 depending on geographical location (Mani and
Rangarajan, 1982; Soni et al., 2012). Annual bright
sunshine duration ranges from 2,000 to 3,200 hours,
depending on the location. The peninsular region receives
an average of 230 Wm 2, while the Rann of Kutch records
the highest annual solar radiation exposure, exceeding 250
Wm™2 (8,000 MJm™ annually). Long-term observations
indicate variation in annual global irradiance, from 189
Wm2 in Kolkata to 229 Wm™2 in Jodhpur.

Seasonal changes in solar irradiance are distinct
across India. In January, the northern plains receive
approximately 175 Wm™2 or less due to low solar
elevations, shorter daylight hours, and weather conditions
like fog and smog. The Kashmir Valley experiences the
lowest irradiance at less than 60 Wm 2, whereas the Deccan
Plateau receives nearly 230 Wm™=. By April and May,
irradiance rises significantly to over 230 Wm™ across most
regions, with Saurashtra and Rajasthan receiving more than
280 Wm™2. During the monsoon season, global irradiance
decreases significantly due to cloud cover, although
Northwest India and Kashmir continue to receive over 220
Wm™=, while areas like the Andaman Islands and
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Lakshadweep receive around 160 Wm™ and 185 Wm™2,
respectively. Post-monsoon months, such as October, show
relatively uniform irradiance ranging from 170 to 220
Wm™2, except for the Kashmir Valley, where levels drop
below 160 Wm™. During November and December,
irradiance in southern states, particularly South Andhra
Pradesh and Tamil Nadu, decreases further to below 175
Wm2 due to the northeast monsoon.

Diffuse radiation, which constitutes a significant
portion of global solar radiation, also shows spatial and
seasonal variations. Annual diffuse radiation under all-sky
conditions ranges from 80 to 100 Wm™2, with an average of
approximately 90 Wm™=. Coastal regions generally record
higher diffuse radiation due to increased cloud cover, with
values often exceeding 90 Wm™. During winter months
(December-January), when cloudiness is minimal, diffuse
radiation levels drop to 45-60 Wm™, constituting less than
30% of global radiation in most areas. However, during the
monsoon season, diffuse radiation increases significantly to
over 115 Wm™, accounting for more than 70% of global
irradiance in many regions. Post-monsoon months see a
sharp decline in diffuse radiation to 70-80 Wm™ across
most locations. Under clear skies, diffuse radiation levels
range between 56 and 72 Wm 2, mainly due to atmospheric
molecules and aerosols, making it a reliable indicator of
aerosol pollution levels across the country.

Observational records from solar radiation network
of IMD reveal significant multidecadal variations in
incident solar irradiance and indicate a decline in solar
radiation (dimming) (Padma Kumari et al., 2007; Soni et
al., 2012), without clear signal of a turnaround of this trend
(brightening) such as commonly seen in many other areas
of the globe (Soni et al., 2016). The dimming signal over
India is predominantly caused by increasing aerosol
loading. With these recent changes in the solar irradiance,
together with the foreseen strong growth in installed solar
energy capacity, it is of utmost importance to investigate
the future evolution of solar radiation conditions induced
by anthropogenic climate change over Indian region. The
turbidity coefficient is a critical parameter representing the
attenuation of solar radiation due to atmospheric aerosols,
water vapor, and other particulates. An increasing turbidity
coefficient indicates higher atmospheric pollution,
reducing the clarity of the atmosphere and altering solar
radiation's direct and diffuse components. Most Indian
cities analyzed for solar irradiance trends exhibit an
increasing turbidity coefficient over the long-term period
(1971-2010), with some showing more prominent trends
than others. Cities like Kolkata, Delhi, and Visakhapatnam
demonstrate significant reductions in global irradiance and
sunshine duration, which are consistent with elevated
atmospheric turbidity levels. These reductions are linked to
increasing aerosol concentrations from urbanization,
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industrial activities, and vehicular emissions. For instance,
the diffuse irradiance trends in cities such as Nagpur
(+2.2% per decade) and Chennai (+2.1% per decade)
suggest a higher scattering effect caused by aerosols.

A long-term analysis (1971-2010) of global irradiance
(G), diffuse irradiance (D), and daily sunshine duration (S)
under all-sky conditions across Indian cities (Table 7)
reveals notable spatial variations and trends. Global
irradiance ranged from 191.0 Wm™ in Shillong to 228.7
‘Wm 2 in Pune, while diffuse irradiance varied between 85.2
Wm ™ in Jodhpur and 101.1 Wm™2 in Trivandrum. Sunshine
duration ranged from 5.7 hours in Shillong to 8.5 hours in
Jodhpur. Statistically significant negative trends in global
irradiance were observed in most locations, with declines
of up to -4.1% per decade in Kolkata. Diffuse irradiance
generally showed slight increases, with the largest positive
trend of 2.2% per decade in Nagpur. Sunshine duration
exhibited consistent declines, with significant reductions in
cities like Delhi (-6.3% per decade) and Visakhapatnam (-
5.7% per decade). These trends highlight the potential
impact of atmospheric changes, such as increased aerosols
and cloud cover, on solar radiation and sunshine
availability.

Global irradiance derived from geostationary satellite
imagery, on the other hand, have temporal resolution
ranging from 5 min (GOES-17) to 1 h (Himawari-7) and
offer a large geographical coverage but has relatively large
uncertainties in GHI estimation mainly due to the spatial
resolution of satellite and satellite-to-irradiance modelling
uncertainties, especially in complex terrains (Ruiz-Arias et
al., 2010) and at low sun heights (Bright, 2019). The Indian
National Satellite (INSAT) series started the operation
since 1990s. INSAT-3D/3DR/3DS missions in 2013, 2016
and 2024 provide half-hourly global irradiance at 4 km
spatial resolution from visible channel radiance
(Bhattacharya and Nigam, 2015; Vyas et al., 2016).
Modern reanalysis products, such as the Modern Era
Retrospective-analysis for Research and Applications
(MERRA), offer advanced insights by isolating aerosol and
cloud effects. Developed by NASA, MERRA uses the
Goddard Earth Observing System (GOES) Data
Assimilation System (DAS) to provide datasets from 1979
to the present. These datasets include net downward
shortwave and long wave fluxes, sensible and latent heat
fluxes, and ground heat fluxes. Detailed documentation is
available on the MERRA website: http://gmao.gsfc.nasa.
gov/MERRA. While reanalysis datasets address gaps left
by observational networks, remote sensing has emerged as
a vital tool for obtaining global radiation data with temporal
continuity and spatial homogeneity. The widely used
satellite products of radiation include the Surface Radiation
Budget project (SRB), the Clouds and the Earth’s Radiant
Energy System (CERES) and the International Satellite
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TABLE7

Long-term mean values and trend analyses of global irradiance (G), diffuse irradiance (D) and daily bright sunshine duration
(S) in India under all sky conditions for 1971-2010. Trend values in bold are statistically significant.

Station Name

Long-term Mean (Standard Deviation)

Trend (% per decade)

G (Wm?) D (Wm?) S (Hours) G D S
Ahmedabad 226.2 (11.7) 87.6 (4.6) 8.2 (0.3) -3.3 0.4 -1.3
Jodhpur 228.4 (12.1) 85.2 (5.2) 8.5(0.4) -3.6 0.8 0.0
Delhi 216.2 (10.2) 93.4 (3.8) 7.5 (0.7) -3.4 0.4 -6.3
Kolkata 191.4 (10.5) 95.5 (5.0) 6.1 (0.6) -4.1 0.4 -35
Chennai 224.8 (7.7) 98.4 (6.8) 7.4 (0.4) -1.7 2.1 -3.6
Mumbai 215.4 (8.5) 92.7 (4.9) 7.3(0.4) 2.4 1.6 0.4
Nagpur 2146 (7.1) 88.1 (4.8) 7.5 (0.5) -2.0 2.2 2.4
Pune 228.7 (8.6) 88.6 (3.5) 7.8 (0.4) -15 -1.4 25
Panjim 228.3 (12.2) 95.7 (5.1) 7.6 (0.4) -2.0 1.7 -2.8
Shillong 191.0 (8.6) 90.6 (3.7) 5.7 (0.3) 0.1 0.5 2.4
Trivandrum 226.1 (11.4) 101.1 (3.6) 6.3 (0.4) -34 0.8 -3.0
Visakhapatnam ~ 218.5 (10.8) 94.3 (5.3) 7.2 (0.6) -3.9 1.0 5.7

Cloud Climatology Project (ISCCP). The satellite missions,
such CERES (Wielicki et al., 1996) and Solar Radiation
and Climate Experiment (SORCE) (Anderson and Cahalan,
2005), have significantly improved knowledge of Earth’s
radiation budget, especially at the Top of the Atmosphere
(TOA). These satellites enable  high-accuracy
determination of TOA radiative fluxes (Loeb et al., 2012).
Unlike TOA fluxes, surface fluxes cannot be directly
measured by satellites. While satellite-derived radiation
data are sufficiently accurate at global scales, their
regional-scale accuracy remains uncertain.

5. Air quality monitoring and forecasting

To protect citizens from unhealthy air, many countries
have real-time air quality forecasting programs in place to
forecast the concentrations of pollutants such as Oz, NO,
CO, SO,, PM35, PMsg. The air quality early warning alerts
allow pollution control authorities and people to take
precautionary measures to reduce air pollution and avoid or
limit their exposures. Accurate real-time air quality early
warning system therefore offer tremendous societal and
economic benefits by enabling advanced planning for
individuals, organizations, and communities in order to
reduce pollutant emissions and their adverse health
impacts.

Starting in the 1970s, various air quality forecast
techniques and tools which were largely based on empirical
approaches and statistical models trained or fitted to
historical air quality and meteorological data. These
methods included multiple linear regression, nonlinear
regression, neural networks etc. All such statistical
methods rely on the close relation of air
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pollutant concentrations with a small set of meteorological
and chemical predictors. The statistical guidance was then
used as a first guess for “expert” analysis leading to the
final forecast. The level of sophistication in models
increased considerably to overcome some of the limitations
and address non-linearity of the photochemical system
during the 1990s. With significant advances in
computational resources and development of sophisticated
3-D numerical air quality models (AQMSs) on urban,
regional, and global scales that account for meteorology,
emissions, chemistry, and removal processes led to a
significant leapfrog. The efforts to deploy 3D-AQMs first
begun in Germany in 1994, Japan in 1996, Australia in
1997, and Canada in 1998 and then expanded in the U.S.,
other countries in Europe and China (Zhang et al., 2012).
Learning from initial air quality forecast applications, more
sophisticated techniques such as 4-dimensional variational
method (4D-Var), Kalman-filtering and ensemble methods
have been used in conjunction with 3D-AQMs to improve
the accuracy. It is observed that the ensemble forecasts
often, but not always, perform better than individual
member forecasts and the weighting or bias correction
approaches may improve performance.

The operational air quality forecast service is
relatively recent in India compared to weather forecasting
services. Recognizing the need for air quality forecast
service during Commonwealth Games 2010, Ministry of
Earth Sciences (MoES), Government of India, introduced
the System of Air Quality Forecasting and Research
(SAFAR) for Delhi to provide location specific
information on air quality in near real time and its forecast
1-3 days in advance (Beig et al., 2013, 2015, 2021). The
SAFAR was the first operational air quality forecast service
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Fig. 10. Flow diagram of Air Quality Early Warning System.

introduced in India. The SAFAR was initiated by I'TM,
Pune in collaboration with IMD and National Centre for
Medium-Range Weather Forecasting (NCMRWF) under
the aegis of MoES. The Air Quality Monitoring and
Forecasting services were extended to Pune in 2013,
Mumbai in 2015 and Ahmedabad in 2017. Recognizing the
huge cost of air pollution to society as well as the scientific
advances to forecast and monitor air quality, Ministry of
Earth Sciences further introduced Air Quality Early
Warning System (AQEWS) in 2018 by bringing in more
sophisticated modelling framework and observations for air
quality forecast for all India level. The AQEWS is jointly
developed by the scientists of IITM, Pune, IMD and
NCMRWEF. Now, the operational air quality forecast
services are provided by IMD through AQEWS.

5.1. Air quality early warning system (AQEWS)

The Air Quality Early Warning System (AQEWS),
launched in 2018 by the Ministry of Earth Sciences,
represents a significant advancement in air quality
forecasting with its sophisticated modeling framework and
is widely used (Ghude et al., 2020; Govardhan et al., 2023;
Jena et al., 2021; Kalita et al., 2023). AQEWS utilizes two
primary models: WRF-Chem, an online coupled model that
simultaneously generates meteorological and chemical
forecasts, and SILAM, an offline coupled model that
separates meteorological forecasting from the chemistry
transport process. Key components of AQEWS include
meteorological and chemistry transport models (either
online or offline), emission models that project real-time
emissions based on energy or fuel consumption, and
meteorology-dependent emissions like biogenic, sea salt,
and erodible dust emissions. Regional-scale models rely on
initial and boundary conditions from General Circulation
Models (GCMs) and Global Chemistry Transport Models
(GCTMs). Operational steps in AQEWS involve initiating
forecasts using chemical conditions from GCTMs or
observations for the first day, with subsequent days using
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the previous day’s output. Bias correction techniques
further enhance accuracy by adjusting systematic biases
based on prior forecasts and observations. Urban
forecasting integrates detailed traffic emissions, urban
meteorology, and regional background concentrations to
produce accurate predictions.

The Air Quality Early Warning System (AQEWS) is
designed to provide timely air quality forecasts and alerts
to safeguard public health and guide decision-making. The
flow chart (Fig.10) above illustrates the key components of
the system:;

(i) Near Real-Time Observations: A leapfrog in India’s
real-time air quality monitoring came with the Central
Pollution Control Board (CPCB) developing a real-time
data  repository. This platform  facilitates the
communication of real-time air quality observations and
AQI to the public via its web portal (https://app.cpcbccr.
com). AQEWS incorporates continuous monitoring of air
quality and meteorological parameters using automated
monitoring systems. These real-time observations are
critical for initializing forecasting models and validating
outputs to ensure accuracy.

(ii). Multi-Model and Multi-Scale AQ Forecast: The
system utilizes advanced forecasting tools, including
multiple models (e.g., WRF-Chem, SILAM) at different
scales (urban, regional, and national). These models
integrate data on meteorology, emissions, and atmospheric
chemistry to simulate pollutant dispersion, chemical
transformations, and removal processes.

(iii). Air Quality Bulletin and Alerts: The forecasts are
converted into user-friendly formats such as air quality
bulletins and alerts. These include spatial and temporal
distributions of pollutant concentrations and AQI values,
which are disseminated to the public and authorities
through web platforms, display boards, and mobile alerts.

6. Air quality modelling system

The AQEWS has evolvedan extensive air quality
modelling program that develops, evaluates, and applies
models to support a wide variety of air quality management
needs. The AQEWS deployed two major air quality
modelling systems WRF-Chem and SILAM.

6.1. WRF-chem (MoES-UCAR joint activity): multi-
scale air quality prediction system

The multi-scale air quality prediction system
integrates global, regional and city-scale setups to provide
comprehensive air quality forecasts for Delhi, enhancing
decision - making and mitigation strategies. The global



RAMESH et al. :

» Completesystem that will provide
chemistry and air qualityforecast
from Global, National, Regionaland
city Scale.

Global setup

» Chemical dataassimilationfor
accuratenitial conditions.

» Analog-ensembleto provide both
deterministic and probabilisticair
qualitypredictions.

“&L‘V | —_—
;\‘r-. 7 Implementation of tagged tracers to

get source apportionment and
scenarios in forecast.

Bogenc
Emssions

Forecast:
» Alr Quality

» ExtremeAQ
events

» Dust
» Haze

1 { 7 Near-eal time fire emissions and 3-
e member ensemble predictorfor next
3 days for crop residue buming)

suroundng sates

City-scale setup

7 Real-time Emission processers

Fig. 11. Multi-scale air quality prediction system using WRF-Chem

setup utilizes HTAP-V2 anthropogenic emissions and the
Global High-Resolution Chemical Transport Model
(MOZART-4) at 0.5° x 0.5° resolution, alongside
GOCART aerosols and FINN fire emissions (Fig. 11). It
generates global chemical initial and boundary conditions
for regional-scale modeling, supported by meteorological
inputs from the IITM-IMD GFS forecast at 12.5 km
resolution. The regional setup operates at 10 km resolution,
incorporating HTAP-V2 emissions, FINN fire emissions,
biogenic sources and dynamic inputs from satellite data
(e.g., AOD, NO., CO). Chemical data assimilation
improves initialization accuracy through the Grid point
Statistical Interpolation (GSI) system, which assimilates
MODIS Aerosol Optical Depth (AOD) data from Terra and
Aqua satellites at 06 UTC and 09 UTC, respectively. A
background error covariance matrix is generated,
accounting for 100% uncertainty in both anthropogenic and
biomass burning emission sources, as supported
by literature. A custom preprocessor for MODIS
Collection 6.1 observations was also developed to
enhance data processing efficiency. More details of the
WRF-Chem and its skill can be found in Ghude et al
(2020), Govardhan et al (2023), Jena et al (2021) and
Kalita et al., 2023)

At the city scale, the setup focuses on high-resolution
(400 m x 400 m) emission inventories for Delhi and
surrounding regions, incorporating real-time emission
processors and near-real-time fire emission predictions for
up to three days. This setup leverages tagged tracers for
source apportionment and scenario forecasting, enabling
fine-grained air quality forecasts for air quality, extreme
events, dust and haze. Together, the system demonstrates a
robust capability to model air quality dynamics across
scales, improving the understanding of pollution sources

205

ENVIRONMENTAL METEOROLOGY AND AIR QUAL

SILAMv.5.5
Domains: from global to
beta-meso scale
Meteo input
ECMWF
HIRLAM, AROME,
HIRHAM, ECHAM, and
any other in GRIB-1 or
GRIB-2
WRF
ECHAM, other GCM /
RCM

Wind-blow.
dust emission'|

Modules ' —
9 chemical and physical OnlireAQ
transformation modules
(7 open for operational
Use),

8 source terms (all Global:EOMWF

Open), Regional: WRF

4aerosol dynamics (1 Meso-scale: WRF

open) Climate scenarios:

3D-40-Var EnkF ECHAM, RCA GROM
e 4

Fig. 12. Work flow chart of SILAM v5.5

and enabling targeted interventions. This comprehensive
framework is crucial for addressing air quality challenges
in urban environments, particularly in regions like Delhi
that face significant pollution-related risks.

6.2. FMI-IMD-SILAM

The System for Integrated Modeling of Atmospheric
Composition (SILAM) offline 3-D chemistry transport
model (Sofiev et al., 2015) is coupled with IMD-WRF
meteorological model to predict surface particulate matter
(PM2sand PM1g) and gaseous pollutant concentrations over
the Indian region with horizontal grid spacing of 3 km x 3
km. The current operational version is based on a
Lagrangian dispersion model that applies an iterative
advection algorithm and a Monte Carlo random-walk
diffusion representation. The schematic diagram of IMD-
SILAM model is shown in Fig. 12. The model has been
widely used to simulate the air quality in regional and
global scale (Brasseur et al., 2019; Kouznetsov et al.,
2020). For the initial and boundary conditions (ICs/BCs) of
meteorology are obtained from IMD-WRF Regional
Forecasting System at 3 km resolution every hour. The
chemical boundary conditions are obtained from the
SILAM global forecasting system every three hours. The
model uses CBM5 gas-phase chemistry supplemented with
secondary organics, DMAT_SULPHUR Sulphur oxidation
and simple equilibrium scheme for secondary inorganic
aerosols, Volatile Basis-Set (VBS) for secondary organics
of aerosol processor. The anthropogenic emissions of
aerosols and trace gases (OC, BC, CO, NOx, etc.) are based
on the CAMS-GLOB v2.1 0.1-deg supplemented with
EDGAR v4.3.2 for coarse and mineral-fine particles for the
year 2019 at 0.1° x 0.1° grid resolution. The dust and sea
salt emissions are calculated online SILAM dust and sea
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Fig. 13. Spatial distribution of average PM2.5 (ug/m®) concentrations at 3
km horizontal grid-spacing of SILAM model (from day 1 forecast)
over India during Dec 02, 2020 to Feb 28, 2021
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salt scheme respectively. Emissions from biogenic are
calculated online using the Model of Emissions of Gases
and Aerosols from Nature version 2.1 (MEGAN2.1)
(Guenther et al., 2006). The simulations are reinitialized
from the chemistry fields of previous day of simulation.

Performance verification of the operational SILAM
Model showed good skill over Indian region. Fig. 13 shows
the spatial distribution of averaged PM2s concentrations
from SILAM model day-1 forecast (3 km grid spacing) for
the period December 2, 2020 to February 28, 2021. It
highlights elevated PM2s concentrations over the Indo-
Gangetic Plain (IGP) during winter season. This pollution
hotspot region is characterized by high population density,
frequent stagnant winds, temperature inversions and
shallow boundary-layer heights during winter, fosters
pollutant accumulation. Fig.14 presents the comparison of
observed hourly mean values of PM2 s with SILAM model
PM.s values. The analysis reveals that SILAM model
effectively captures PM. s variability, including diurnal and
synoptic-scale patterns. The model also successfully
captures the sudden rise and fall in PM2s concentration
values due to meteorological factors such as variation in
wind speed and direction, rainfall etc. However, it
overestimates PMys, particularly in January during low-
concentration episodes. Ongoing efforts aim to address
uncertainties in meteorological data, emissions, and
chemical processes to improve model accuracy.

The skill scores (false alarm rate (FAR), probability
of detection (POD) or hit rate, critical success index (CIS),
bias and accuracy) for AQI categories (Unhealthy: AQI >
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201, PM2.5 > 91 pg/ms; Very Unhealthy: AQI > 301,
PM2.5 > 121 pg/m?3) have been determined. The skill scores
for Unhealthy pollution episodesindicate that the forecast
accuracy exceeds 75% across India and IGP cities (Delhi,
Agra, Lucknow, Patna). False alarm rates (FAR) are below
15%, while the probability of detection (POD) exceeds
80%, indicating reliable performance. For Very Unhealthy
Events, while the POD remains high (>78%), the critical
success index (CSI) is moderately lower (~0.65-0.71), and
FAR increases (~11-33%).

For Delhi/NCR, the Unhealthy category accuracy
exceeds 83%, with FAR ~5% and strong POD and CSI
(~0.8). Very Unhealthy forecasts show higher FAR (~11%)
but maintain good accuracy. For Agra, the Unhealthy
forecast accuracy exceeds 73%, with slightly lower CSI
(~0.68) and higher FAR (~13%). For Lucknow and Patna,
the forecasts exhibit over 80% accuracy for Unhealthy
Events and consistent performance for Very Unhealthy
Events, with FAR ranging from ~12% to ~33%.

6.3. High resolution street level air quality forecast
model environmental information fusion service
(ENFUSER)

ENFUSER (The Finnish Meteorological Institute’s
ENvironmental information FUsion SERvice), is an
operational, adaptive local-scale dispersion model.
Technically, the model is a combination of Gaussian Puff
and Gaussian Plume-style of dispersion modelling that
utilizes measurement data to perform data fusion. The long-
range transportation of pollutants are handled in the model
by nesting the local-scale modelling on a regional-scale
mode’s concentration fields The aim of the data fusion is to
adapt the dispersion modelling on an hourly basis to gain
higher level of agreement with measurements; technically
this is done by modifying emission factors for known
sources and adjusting background concentrations, while
simultaneously benchmarking measurement reliability.
Further, on a longer term analysis period more realistic
parametrization for emission sources can be obtained via
the data fusion process, which after a while begins to show
distinguishable trends and patterns for emission factors.

In addition to traditional dispersion model input, the
model uses and assimilates a large amount of Geographic
Information System data (GIS) to describe the modelling
area on a high resolution such as a detailed description of
the road network, buildings, land-use information, high-
resolution satellite images, ground elevation and
population data. The details of ENFUSER can be found in
Johansson et al. (2022) and references there in.

The overall configuration of FMI-IMD ENFUSER for
Delhiis illustrated in the Figure 15. The details of set up are
presented in Table 8.
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Fig. 15: The ENFUSER modelling conceptual framework
TABLE 8
ENFUSER set up details for New Delhi

Parameter Details
Domain range, Latitude 28.362N - 28.86N
Domain range, Longitude 76.901E - 77.56E
Spatial resolution 27m (inner areas with higher resolution can be added)
Temporal resolution 1h averages
Modelled species NO2, PMz.s, PMio, O3, coarse PM, SO,, CO
Modelling time span >48h per model run, updated several times a day
Main output formats netCDF, statistics as CSV
Secondary output formats animations (avi), GIF, Figures (PNG)
Output storage Local (compressed) and optionally AWS S3 cloud storing

207



MAUSAM, 76, 1 (January 2025)

7. Conclusions and future directions

Environmental meteorology is critical to the
protection of the environmental air quality and human
health. As the human population continues to grow, the
industrial development and energy use also continues to
expand. Consequently, pollution remains inevitable and
despite of significant advances in pollution control efforts.
IMD has a long legacy of monitoring climate and air quality
and environmental parameters such as precipitation
chemistry, solar radiation, atmospheric  ozone,
carbonaceous and non-carbonaceous aerosol optical and
physical properties and atmospheric chemistry. This review
underscores the advancements India has made in
addressing environment meteorology through
technological innovations, advanced forecasting systems,
and community engagement.

The air quality early warning system represents one of
the most far-reaching development and practical
applications of environment meteorology and numerical
prediction, poses unprecedented scientific, technical, and
computational challenges, and generates significant
opportunities for science dissemination and community
participations. The air quality forecast model SILAM
showcases robust capabilities in forecasting unhealthy air
quality events, particularly within the IGP region. Although
predictions for very unhealthy events require further
improvement, ongoing refinements are expected to
enhance accuracy and reliability in extreme pollution
episode forecasting. Challenges include simulating
boundary-layer dynamics, synoptic advection, and aerosol
processes, which can hinder predictions of extreme
pollution events. Future studies will focus on refining these
aspects for enhanced model performance.

IMD’s historical contributions have not only
improved the scientific understanding of atmospheric
environment but also played a critical role in global efforts
to combat air pollution and climate change. The
information generated from long-term  systematic
measurements from environment monitoring network
significantly contributed towards evidence based policy
decisions, on international treaties like the Montreal
Protocol and the Paris Agreement. Through sustained
efforts in atmospheric monitoring and research, IMD
continues to be a cornerstone in India’s environmental and
climatic resilience.

The continuous air quality monitoring systems are
often expensive and limited in coverage. Innovations in
low-cost, portable sensors are addressing this gap by
providing cost-effective  solutions for widespread
monitoring. However, low-cost sensors are extremely new,
and much research remains to be done to integrate these
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technologies. Special emphasis should be given to the
quality check of the sensor’s performance against
conventional methods. Rural regions in India remain under-
observed related to meteorological and air quality
monitoring, despite being significantly affected by biomass
burning and natural dust. Enhancing data collection from
these areas is essential for achieving a comprehensive
understanding of regional air quality.

The meteorology has a strong impact on air quality,
and in return atmospheric composition has potentially
strong feedback to weather and climate. There is a strong
need to integrate atmospheric composition, weather and
climate research to achieve a comprehensive description
and understanding of the Earth System (WMO, 2016).

Emission inventories are the key input to the air
quality modelling system, and many studies point to
emission inventories as the most uncertain factor among the
different components of air quality models. This
uncertainty can be especially large for some activity sectors
such as agriculture waste burning, fire crackers etc due to
the lack of knowledge on the activities producing
emissions. Most Representative emission inventories at the
street level are hence crucial to air quality early warning
system. A high-resolution dynamic emission inventory of
air pollutants with near real time update of sources will be
improve the accuracy of air quality forecast and effective
mitigation measures.
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