
Vol.:(0123456789)1 3

Environmental Science and Pollution Research 
https://doi.org/10.1007/s11356-023-25319-8

RESEARCH ARTICLE

An evaluation of long‑term gridded datasets of total columnar ozone 
retrieved from MERRA‑2 and AIRS over the Indian region

Priyanshu Gupta1 · Swagata Payra2 · R. Bhatla3,4 · Sunita Verma1,4 

Received: 29 September 2022 / Accepted: 10 January 2023 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract
Accurately determining the spatiotemporal variability of ozone on a regional to intercontinental scale is essential for air 
quality studies. In the present study, a first systematic evaluation and analysis of long-term (2009–2020) gridded datasets 
(0.5° × 0.625°) of total columnar ozone (TCO) retrieved from Modern-Era Retrospective Analysis for Research and Appli-
cations, version 2 (MERRA-2TCO) is evaluated for the Indian region. The MERRA-2TCO is first validated with observations 
 (IMDTCO) and then further compared with the Atmospheric Infrared Sounder  (AIRSTCO) satellite datasets. For an in-depth 
comparison and statistical analysis, the dataset has been segregated into seven distinct regions, i.e., Western Himalaya (WH), 
North East (NE), North Central (NC), North West (NW), West Peninsula India (WPI), East Peninsula India (EPI), and South 
Peninsula India (SPI). Descriptive statistics (NMSE, FB, R, FA2, and d) reveals a significant correlation of MERRA-2TCO 
against  IMDTCO for Delhi with NMSE (0.0013), FB (− 0.029) and Varanasi NMSE (0.0008), FB (− 0.014). The results of 
simple linear regression analysis show an increasing TCO trend value of 0.31% and 0.44% per decade in both the cities, 
respectively. A comparison of MERRA-2TCO with  AIRSTCO shows a significant correlation of 0.62–0.87 in different regions 
of India. Furthermore, in support of Brewer’s circulation pattern, an increasing shift of columnar ozone from low (SPI) to 
high (WH) latitudinal regions is observed. Our results show that the MERRA-2 ozone dataset can be effectively used for 
ozone air quality studies over India and this analysis may strengthen the need for independent, high-quality, and consistent 
ozone measurements with small uncertainties.
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Introduction

Atmospheric ozone is one of the most studied gaseous con-
stituents, for determining the thermal structure of the atmos-
phere (de Forster et al. 1997) to participating in tropospheric 

photochemical reactions (Crutzen 1974). Ozone plays a wide 
role in different layers of the atmosphere. Lower tropo-
spheric ozone is considered as a potent air pollutant exert-
ing harmful impacts on the ecosystem, crops, and human 
health in the tropical regions, particularly over India (Lefohn 
et al. 2018; Lu et al. 2018). Being a greenhouse gas, ozone 
is capable of inducing alterations in the energy balance near 
the Earth’s surface and in tropospheric layer (McFarlane 
2008). The upper tropical stratosphere and the lower lati-
tudes are the zones receiving the strongest UV radiations 
across the globe and hence are the region producing the 
major amount of atmospheric ozone.

An important parameter used by the scientific commu-
nity to quantify the variation in ambient ozone concentra-
tion is the total column ozone (TCO). TCO can be defined 
as the total concentration of ozone present in a vertical 
air column having a 1  cm2 base area, at standard pressure 
and temperature. About 90% of this total columnar ozone 
is stratospheric ozone which is responsible for absorbing 
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the solar ultraviolet radiation (de Forster et  al. 1997). 
Around the year, the peak TCO values are reported in the 
mid-latitude and polar regions of the world except during 
the ozone hole period. Since the 1990s, positive trends 
were reported for global TCO, majorly resulting due to 
the implementation of the Montreal Protocol along with 
its amendments to curb ozone-depleting substances (ODS) 
emissions (Salby et al. 2011; Chipperfield et al. 2017). 
Using satellite-retrieved data and Dobson spectrophotom-
eter, climatological mean TCO values have been reported 
to be 275.02 ± 6.44 (New Delhi), 269.03 ± 7.34 (Varanasi), 
260.78 ± 5.07(Pune), and 258.71 ± 6.36 DU (Kodaikanal) 
respectively for the period 1957–2015 and a significant 
increasing trend in TCO seen over Pune, New Delhi, and 
Kodaikanal (Pathakoti et al. 2021). Several authors studied 
ozone distribution and evaluation over the India region 
(Londhe et al. 2003; Sahoo et al. 2005; Tandon and attri 
2011; Resmi et al. 2020). Chakrabarty et al. (1998) vali-
dated the TCO against ground-based Dobson spectropho-
tometer measurements for six stations from 1957 to 1996 
(23–45 years) and reported a negative trend in TCO at all 
stations except Varanasi.

The aforementioned results reveal that large variability 
exists in the spatio-temporal distribution of total colum-
nar ozone; thus, present analysis may strengthen the need 
for independent, high-quality, consistent, and long-term 
global measurement with small uncertainties. One of the 
key components to better understand the historical events 
and for validating models projecting future changes is utiliz-
ing good-quality ozone datasets. Additionally, quantifying 
trends and variability of ozone will also require the same. 
This is particularly important over the tropical region which 
covers a large fraction of the world and experiences upper 
troposphere to lower stratosphere exchange (Monahan et al. 
2007). However, the availability of long-term ozone data sets 
with high resolution is sparse with only a handful meeting 
all the prerequisites.

In this regard, useful observations can be acquired from 
space-borne instruments in order to achieve the required spa-
tio-temporal coverage. For the estimation, the TCO dataset 
can be acquired from sensors onboard polar-orbiting sat-
ellites. A few examples of such sensors are global ozone 
monitoring experiment (GOME), microwave limb sounder 
(MLS), ozone monitoring instrument (OMI), total ozone 
mapping spectrometer (TOMS), scanning imaging absorp-
tion spectrometer for atmospheric chartography (SCIAMA-
CHY), etc. Among this one, particularly useful high-quality 
observations are provided by AIRS, launched in the year 
2002, and are being utilized for monitoring global ozone 
variability and trends over a decade (Monahan et al. 2007). 
Nonetheless, these instruments can only aid in understand-
ing the global variability of the ozone and geographical or 
vertical distribution with limited temporal coverage.

To combat this setback, atmospheric reanalysis datasets 
were developed which produces long-term global records 
of atmospheric composition and meteorological fields with 
a high spatial and temporal resolution by employing the 
data assimilation methodology (Cohn 1997; Kalnay 2003) 
whereby ground-based observations and satellite-retrieved 
dataset are merged with general circulation model (GCM) 
simulations. In 2009, NASA’s Global Modelling and Assim-
ilation Office (GMAO) was the first released Modern-Era 
Retrospective Analysis for Research and Applications 
(MERRA-2), a reanalysis dataset created using the God-
dard Earth Observing System (GEOS) data assimilation 
system (DAS) covering the time period of 1979–2015. The 
accent of this paper particularly falls on MERRA-2 dataset 
(Bosilovich et al. 2015) which trailed the aforementioned 
reanalysis.

While the majority of the reanalysis incorporates assimi-
lated ozone fields, the widespread utilization of these data-
sets in scientific investigations is still lacking, primarily 
due to the uncertain quality of these fields and the overall 
lack of validation. Instead, scientists choose to make use of 
ground-based and satellite-retrieved ozone datasets along-
side assimilated climatological parameters.

Therefore, the focus of the present work is to fully analyze 
the TCO product from MERRA-2 regarding biases, random 
errors, and long-term constancy with respect to ground-
based TCO observations. In this context, the accuracy and 
long-term stability of total column ozone estimates from the 
MERRA-2 product will be examined via comparisons to 
already established spaceborne mission atmospheric infrared 
sounder (AIRS) on NASA’s aqua satellite, which have been 
collocated in space and time. Hence depending on the data 
availability, this study validates MERRA-2 columnar ozone 
with IMD observe datasets over New Delhi and Varanasi cit-
ies for a long-term period. Another objective is to compare 
MERRA-2 and AIRS products to determine monthly, annual, 
and seasonal variations of TCO datasets over selected regions 
of India, i.e., WH, NE, NW, NC, WPI, EPI, and SPI.

The paper is organized as follows. The “Materials and 
methods” section describes the dataset and different statis-
tical methodology used for the analysis. In the “Results” 
section, we present the comparative results of the total col-
umn ozone dataset, their associated bias, and errors. The 
conclusion and summary are drawn in the “Discussion and 
conclusion” section.

Materials and methods

The area of study has a latitudinal extent of 7°N to 38°N with 
a longitudinal range of 65°E to 99°E. It covers all the signifi-
cant geographic features, such as the Himalayan Mountain 
Region, Indo-Gangetic plains, deserts, and coastal regions, 
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except the oceanic region in the Indian subcontinent. For 
an in-depth comparison and statistical analysis, the dataset 
has then been segregated into seven distinct regions follow-
ing IITM criteria (Gupta et al. 2020), i.e., Western Himalaya 
(WH), Northeast (NE), North Central (NC), Northwest (NW), 
West Peninsula India (WPI), East Peninsula India (EPI), and 
South Peninsula India (SPI) as shown in Fig. 1.

Dataset description

The total columnar ozone dataset has been collected for 
Indian subcontinent regions from AIRS and MERRA-2 dur-
ing 12-year (2009 to 2020) period.

AIRS

The atmospheric infrared sounder (AIRS) launched in 
2002 aboard NASA/Aqua satellite, crosses the equator 
at approximately 13:15 LST (Aumann et al. 2003). The 
apparatus provides near-global coverage two times in 
a day with a swath of 1650 km. The AIRS instrumen-
tal suite comprises of atmospheric infrared sounder 
(AIRS), advanced microwave sounding unit (AMSU-
A1 and AMSU-A2), and humidity sounder for Brazil 
(HSB). AIRS is a grating spectrometer whose radiance 
spectra are utilized in determining the vertical profile of 
trace gases (water vapor, ozone, carbon monoxide, and 
methane) and temperature along with surface and cloud 

Fig. 1  Study area map repre-
senting India and its different 
regions
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properties. The AIRS sensor has four absorption channels 
in the visible wavelength range of 0.4–1.0 µm and 2378 
absorption channels in the infrared (IR) wavelength range 
of 3.75–15.4 µm (https:// airs. jpl. nasa. gov/ missi on/ overv 
iew/). Additionally, the advanced microwave sounding 
unit-A (AMSU-A) device onboard the Aqua satellite has 
15 microwaves (MW). Calculation of TCO values was 
achieved by merging the observed radiations in IR/MW 
wavelength, grounded on ascending (day) and descend-
ing (night) monitoring (Kim et al. 2021). Divakarla et al. 
(2008) validated the AIRS V4 and V5 algorithm total 
ozone amounts against global BD station and found a 
well-matched measurement with an RMS difference of 
8% and bias of less than 4%. However, AIRS level-2 
version-6 products produced at the Goddard DISC near 
real time have significant advancement in their retrieval 
algorithm compared to previously used version 5. The 
most important improvement is the physical retrieval 
methodology which determines information about surface 
spectral emissivity and surface skin temperature using 
cloud-cleared radiances in the shortwave window region 
of 2396 and 2664  cm−1 (Susskind et al. 2006), resulting 
in an upgradation in the quality of both land and ocean 
surface skin parameters during day and night time condi-
tions. In the current study, we have used Level 2, V006 
AIRS retrieved datasets (AIRS/Aqua L2 Standard Physi-
cal Retrieval, (AIRS2RET006) with a spatial resolution 
of 50 km × 50 km. It consists of the retrieved temperature 
profile, carbon monoxide, ozone, water vapor, and meth-
ane as well as retrieval estimates of cloud and surface 
properties. AIRS-only (AO) version-6 retrieve mode gen-
erated good results as those of the full AIRS/AMSU mode 
(Susskind et al. 2011). In this product, 6 min of AIRS 
granules has been set with 30 footprints cross track by 45 
lines along the track. A total of 240 granules per day are 
there, approximately with an orbit repeat cycle of 16 days.

MERRA‑2

Providing a dataset from the beginning of 1980, Modern-
Era Retrospective analysis for Research and Applications, 
Version 2 (MERRA-2) was introduced as a successor to 
the original MERRA dataset. Advancements were made 
in the assimilation system that enables the assimilation 
of microwave observations and hyperspectral radiances. 
The important component of the MERRA-2 model was 
the improvement in the grid point statistical interpolation 
analysis scheme (Kleist et al. 2009) and the Goddard Earth 
Observing System atmospheric model. NASA’s AURA 
MLS ozone profile observations were also taken into 
account from late 2004. Wargan et al. (2015) reported the 
good agreement of MERRA-2TCO against the ozonesonde 
in the lower stratosphere. The dataset is provided at a grid 

resolution of 0.5° × 0.625°. MERRA-2 columnar ozone is 
available at 1 h, 3 h, and monthly temporal resolution. 
This study uses the MERRA-2 (M2T1NXCHM_5.12.4) 
1-h columnar ozone for time period 2009–2020.

IMD observations

Dobson spectrophotometer is used to measure TCO and 
is monitored by India Meteorological Department (IMD) 
at New Delhi, Varanasi, Ahmedabad, Pune, Dum Dum, 
Kodaikanal, Mount Abu, and Srinagar stations. Observed 
daily TCO datasets for the study regions are acquired from 
the Dobson spectrophotometer and maintained by IMD. 
The Dobson spectrophotometer instrument is established 
in the early 1920s. It is based on the intensity measure-
ment principal of ozone-attenuated radiation in a number 
of narrow spectral bands. Dobson spectrophotometers 
play an important role in monitoring the total column 
ozone (Komhyr and Evans 1980; Komhyr et al. 1989). 
The reliability and accuracy of the Dobson spectropho-
tometer for different Indian stations have been discussed 
by Chakrabarty and Peshin (1997). India Meteorologi-
cal Department (IMD) has performed a widespread inter 
sensor calibration with the Dobson spectrophotometer 
network (Chakrabarty et al. 1998). Depending on data 
availability this paper utilizes ground-based TCO of New 
Delhi and Varanasi cities for time period of 2009–2018.

Methodology

The columnar ozone of MERRA-2 reanalysis product 
(https:// gmao. gsfc. nasa. gov/ reana lysis/ MERRA-2/ data_ 
access/) for the period 2009–2018 is validated against the 
observed data from Indian Metrological Department (IMD). 
It can also be accessed from World Ozone and Ultraviolet 
Radiation Data Centre (WMO-GAW/WOUDC; http:// www. 
woudc. org) over New Delhi and Varanasi city. Furthermore, 
for the comparative study, MERRA-2 at 0.5 × 0.625 grid res-
olution and AIRS retrieved datasets (AIRS/Aqua L2 Stand-
ard Physical Retrieval (AIRS-only) (AIRS2RET 006) with 
spatial resolution 50 km × 50 km have been extracted over 
the different regions in India. Since, AIRS passes through 
the equator at 13:30 LT in its descending and ascending 
orbit. While for MERRA-2, TCO data are available in every 
1 h. Hence both the datasets at 1:30 local time period have 
been taken to compare the MERRA-2 and AIRS TCO prod-
ucts. Furthermore, for the best grid matches, AIRS datasets 
(0.5 × 0.5) have been extrapolated to MERRA-2 (0.5 × 0.625) 
spatial grid, and analysis has been performed on a daily, 
monthly, annual, and seasonal basis. The details of compari-
son statistics can be found in Appendix 1.

https://airs.jpl.nasa.gov/mission/overview/
https://airs.jpl.nasa.gov/mission/overview/
https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/data_access/
https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/data_access/
http://www.woudc.org
http://www.woudc.org
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Results

In the present section, MERRA-2 columnar ozone has been 
compared with ground-based TCO for the period 2009–2018 
over the Indian cities.

Evaluation of MERRA‑2TCO against  IMDTCO

The monthly mean (2009–2018) variation of columnar 
ozone acquired from MERRA-2 and IMD over Delhi and 
Varanasi cities is depicted in Fig. 2. Both datasets follow 
the same pattern of TCO variation, with underestimation 
of MERRA-2TCO with respect to  IMDTCO. Maximum 
columnar ozone is noted in the months of March, April, 
May, and June, with TCO values of 300DU and 280DU 
for Delhi and Varanasi cities respectively. It might be 
linked to higher photochemical production due to high 
temperatures in summer. Additionally, a reduction in 
TCO concentration is observed in both cities from June 
to December as a result of an increase in cloud cover, 
heavy monsoon rainfall, and cooler temperatures. In 

addition, the long-term decadal TCO trend in both the 
cities from 2009 to 2018 is also examined using the SLR 
technique. In Delhi and Varanasi, respectively, a positive 
TCO trend value of 0.31% and 0.44% per decade is seen. 
An increase in anthropogenic activity may be the cause 
of this rising pattern. Due to anthropogenic activities, the 
combustion of fossil fuels in automobiles and stationary 
power plants has increased nitrogen oxide and volatile 
organics emissions into our atmosphere. Nitrogen oxides 
and hydrocarbons interact in sunlight, generating a rise 
in tropospheric ozone.

Descriptive statistical analysis

In order to compare columnar ozone of a reanalysis prod-
uct (MERRA-2) with observed TCO datasets of IMD, 
several descriptive statistics like normalized mean square 
error (NMSE), fractional bias (FB), correlation coeffi-
cient (R), factor of two (FA2), and index of agreement 
(d) have been used for monthly mean datasets of Delhi 
and Varanasi cities (Table 1). The normalized discrepancy 
value in the entire dataset is highlighted by the NMSE. 

Fig. 2  Monthly mean TCO 
of MERRA-2 and IMD 
observed during 2009–2018 for 
(i) Delhi and (ii) Varanasi city
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Over Delhi and Varanasi, lower NMSE values of 0.0013 
DU and 0.00082 DU were observed, indicating that 
the MERRA-2 product is performing more adequately. 
Additionally, FB has been calculated to assess whether 
datasets have been overestimated or underestimated. 
A reanalysis of MERRA-2 against observation data in 
Delhi and Varanasi shows FB of − 0.029 and − 0.0145, 
respectively. Comparatively, low FB and NMSE values of 
MERRA-2 columnar ozone reflect good quality of TCO 
data specially for Varanasi city. The factor of two or FA2 
has also been studied. The percentage of predictions that 
are within a factor of two of the observed values is indi-
cated by that. An FA2 value of 100% is reached in both 
stations, which satisfies the ideal value requirements. R 
and d, another significant statistical measure, shows a 
strong correlation between the datasets of the two cit-
ies. Delhi and Varanasi reported 0.94 and 0.88 R values, 

indicating how much the two TCO products correlate or 
move together, and 0.87 and 0.91 d values, showing how 
much the means and variances of the IMD and MERRA-
2TCO differ additively and proportionally (Legates and 
McCabe 1999).

Furthermore, The ECDF plot of MERRA-2 and IMD 
over Delhi and Varanasi from 2009 to 2018 is shown in 
Fig. 3 i and ii. An ECDF is an estimator of the cumulative 
distribution function. It denotes the number of observa-
tions in a collection that are below each distinct value. 
In order to determine whether the entire feature is spread 
across the data set, a sequence of data from least to great-
est has been shown. Over Delhi, there is a strong correla-
tion between MERRA-2 data and IMD in both the lower 
and upper TCO value distributions. In the 210–250 DU 
range, 1–20% of TCO was dispersed, and larger amounts 
were spread up to 310–350 DU. Between 25 and 90% of 
the TCO distribution, or between 270 and 300 DU, there is 
a difference between both datasets. Comparing MERRA-
2TCO to the IMD recorded in Delhi city, we find that it is 
generally underestimated. In contrast, both datasets in Var-
anasi showed a strong correlation across the entire TCO 
distribution, with only a slight discrepancy in 230–270 DU 
lying between 10 and 40% of the TCO. Overall, MERRA-
2TCO values are underestimated by the IMD over the Vara-
nasi station. Additionally, the boxplot also reveals that for 
both cities, the columnar ozone of observed datasets is 

Table 1  Descriptive statistical 
analysis of MERRA-2 columnar 
ozone against the observation 
datasets

Statistics MERRA-2 Vs. IMD

Delhi Varanasi

NMSE 0.00134 0.00082
R 0.94 0.88
FB  − 0.029  − 0.0145
FA2 100 100
D 0.88 0.91

Fig. 3  ECDF plot of MERRA-
2TCO and  IMDTCO over Delhi 
and Varanasi city for time 
period of 2009–2018
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spreading more widely and has a higher range of TCO 
value than the columnar ozone of MERRA-2.

Comparative assessment of MERRA‑2TCO 
with  AIRSTCO

Spatial variation of annual and seasonal mean TCO

A spatial comparison of MERRA-2 and AIRS satellite 
products has been explained annually and seasonally from 
2009 to 2020 after analyzing the MERRA-2TCO product with 
respect to observation datasets.

Distributions of annual mean TCO shown in Fig. 4 indi-
cate a similar pattern in both datasets, with TCO values 
ranging from 270 to 284 DU in northern regions (WH, NE, 

NW, and NC) and 260 to 274 DU throughout the southern 
Indian regions (WPI, EPI, and SPI). TCO is found to have 
a robust increasing pattern from low to high latitudinal 
locations. Additionally, a comparison of these two prod-
ucts shows an overestimation of  MERRA2TCO by 2DU for 
the northern and central regions of India and an underesti-
mation by 4DU to 1DU over most of the southern regions. 
Particularly in WPI, TCO values for MERRA-2 range 
from − 8 to − 1 DU, which indicates a significant degree of 
underestimation. Fluctuations in these atmospheric ozone 
distributions are caused by chemical and dynamical phe-
nomena (Randel 1988; Shepherd 2008; Mcconnell and Jin 
2008). One of the key factors that contribute to a greater 
TCO in the middle to high latitudes is the Brewer-Dob-
son circulation (Fioletov 2008; Shepherd 2008; Butchart 

Fig. 4  Spatial variation of annual mean TCO derived from MERRA-2 and AIRS datasets during time period of 2009–2020
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2014). Brewer (1949) and Weber et al. (2011) suggest that 
it is the stratospheric global-scale air circulation, which 
is characterized by air upsurges in low-latitude regions, 
poleward motion, and subsequent descent in the middle 
and high latitudes. TCO in this context, according to both 
MERRA-2 and AIRS, also denotes a high concentration 
toward higher and middle latitudinal regions. The TCO 
in WH, NW, and NC is between 270 and 284 DU, with 
a mean bias of 1 DU. In contrast, low latitudes, such as 
the southern part of India (EPI, WPI, and SPI), show 
a low distribution of TCO (260–274 DU for AIRS and 
260–266 DU for MERRA-2), indicating an underestimat-
ing of MERRA-2 TCO by − 4 to − 1 DU. Overall, the larg-
est mean bias (− 8 DU) between the two datasets is seen 
throughout all of the WPI regions, with an RMSE value 
of 102 DU. With correlation values of 0.80–0.88 in the 
northern and southern regions,  MERRA2TCO and  AIRSTCO 
show a strong agreement, although a moderate correlation 
coefficient (0.7–0.78) is seen in the middle region.

Seasonal variations of mean TCO retrieved from AIRS 
and MERRA-2 have been spatially depicted in Fig. 5. 
Analysis has been performed for the winter (DJF), pre-
monsoon (MAM), monsoon (JJAS), and post-monsoon 
(ON) season. Though columnar ozone is well distrib-
uted by both the products, depending on seasons, they 
slightly differ from each other. Based on different mete-
orological and topographical patterns, India has been 
divided into seven different regions, i.e., WH, NE, NW, 
NC, EPI, WPI, and SPI. Therefore, the TCO pattern 
may show significant variability according to different 
seasons and regions. Figure 5a shows the spatial dis-
tribution of TCO during the winter season. In winter, 
MERRA-2TCO and  AIRSTCO lie between 246 and 290 
DU. Both products agree well in the WH region, with 
TCO values ranging from 274 to 290 DU and a mean 
bias of 2 DU. MERRA-2 is overestimated by AIRS in 
the NW, NC, and NE regions, with a mean bias of + 1 
to + 8 DU, and TCO varies between 250 and 262 DU. 
During the winter season, the prevailing wind speed is 
low, and thus, stability is high; additionally, because it is 
an industrial and densely populated area, pollutants are 
emitted in greater quantities, and these are trapped. The 
high ozone value of MERRA-2 product may be due to 
the contribution of emission inventory specially over the 
IGP region (Ziemke et al. 2019). In the WPI region, TCO 
varies from 250 to 258 DU (AIRS) and (242–254 DU) in 
MERRA-2 with a mean bias of − 8 to − 3 DU. While in 
the EPI and SPI regions, both the datasets show the same 
pattern (242–248 DU) with a mean bias of − 4 to − 1 DU.

MERRA-2 and AIRS products (266–290 DU) show 
high TCO concentrations during the pre-monsoon season 
(Fig. 5b). Summer TCO values are higher due to the high 

photochemical production of ozone during this season. The 
summer month experiences higher solar radiation, tempera-
ture, and sunshine duration compared to other seasons (Soni 
et al. 2012). During this season, both the products follow 
the same spatial pattern with a slight difference in WPI (− 4 
to − 6 DU), upper NW, WH, and NE regions (4DU).

TCO concentrations in range of 254 to 290 DU (AIRS) 
and 262 to 282 DU (MERRA-2) are seen during the mon-
soon season (Fig. 5c). In this season, MERRA-2 undergoes 
underestimation almost over all of India with a mean bias 
of − 8 to − 1 DU. These significant bias results from the fact 
that MERRA-2 is an all-sky product, but AIRS, an infrared 
sensor, has a cloud filtering algorithm and does not take 
into account all cloudy scenarios. Though many factors 
cause the low tropospheric ozone during the monsoon sea-
son (Lal et al. 2013; Lu et al. 2018), like thick cloud cov-
ers that reduce UV radiation and lead to less net chemical 
production of ozone, south-westerly winds dominate and 
bring pristine marine air masses during the monsoon sea-
son. TCO ranged between 250 and 278 DU (AIRS) and 254 
and 278 DU (MERRA-2) post-monsoon (Fig. 5d). During 
this season, TCO remains moderate in almost all of the 
regions. AIRS reveals the maximum TCO concentration 
in the WPI region. MERRA-2 undergoes underestimation 
(− 7 to − 1 DU) almost in entire India.

Correlation analysis of MERRA‑2TCO and  AIRSTCO

Figure 6 presents the density scatter plot of MERRA-2 
and AIRS daily columnar ozone for seven different regions 
(WH, NE, NW, NC, EPI, WPI, and SPI) in India during 
2009–2020. The red dots correspond to regions with high 
densities of samples, and the dark blue to very low densi-
ties of samples. The performance of MERRA-2 columnar 
ozone is evaluated based on various statistics, like the fol-
lowing: NMSE, R, FB, FA2, and d against the AIRS data-
sets. This analysis suggests that MERRA-2TCO is showing 
good agreement with  AIRSTCO datasets for almost all the 
regions with low NMSE, FB, and high R statistics. All 
seven regions show a significant correlation with AIRS 
data and a low mean bias. The values of various statistical 
variables shown in Table 2 and Fig. 6 show that the WH 
region has the best overall validation metrics with R (0.87), 
FB (0.05), NMSE (0.0047), and d (0.86), followed by the 
NE regions with R (0.78), bias (0.021), NMSE (0.0029), 
and d of 0.85.

Monthly variation in Total column ozone

Figure 7 shows the monthly average TCO (2009–2020) 
retrieved from MERRA-2 and AIRS datasets over the 
study region. All the regions (NE, NW, NC, EPI, WPI, 
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Fig. 5  Seasonal distributions; 
a winter, b Pre-monsoon,  
c monsoon, and d post-mon-
soon season of MERRA-2 
and  AIRSTCO during 
2009–2020
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and SPI) except WH reveal maximum TCO concentration 
during the summer months, i.e., March, April, and May 
months. Maximum TCO in the WH region is seen during 
the months of January, February, and March, ranging from 
291 to 305 DU (AIRS) and 305 to 315 DU (MERRA-2). In 
northern India, Resmi et al. (2020) also reported maximum 

TCO during the February and March months. Ozone trans-
port from tropical to extratropical regions is dominant dur-
ing the winter (Fioletov 2008), and it is the primary reason 
for the annual maximum toward higher latitudes than the 
tropics. It has been seen that in the NE, NW, NC, EPI, 
WPI, and SPI regions, maximum average TCO values are 
seen in the months of March, April, May, and June, which 
are accompanied by high temperatures, sunshine hours, 
and low humidity, followed by monsoon months. A slight 
decrease in TCO concentrations is observed from July to 
November throughout the regions. Furthermore, the con-
centration of TCO in the whole region (except WH) was 
found to be very low during the months of November and 
January, which is accompanied by low photochemical pro-
duction. Then a rising trend was observed from December 
to March. In addition, this figure also shows a month-wise 
comparison of MERRA-2TCO and  AIRSTCO, which fluctu-
ate with different regions and months. During the WH 
and SPI regions, MERRA-2TCO undergoes overestimation 

Table 2  Statistical performances of MERRA-2TCO and  AIRSTCO in 
different regions of India

Regions NMSE FB R D

WH 0.0047 0.05 0.87 0.86
NE 0.0029 0.021 0.78 0.85
NW 0.0045 0.03 0.62 0.74
NC 0.0033 0.028 0.73 0.81
WPI 0.0023  − 0.075 0.76 0.84
EPI 0.0025 0.0033 0.72 0.82
SPI 0.0024 0.012 0.67 0.79

Fig. 6  Density scatter plot, 
comparing MERRA-2 and 
AIRS TCO over different 
regions of India
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during all the months. While in the NE region,  AIRSTCO 
overestimated in August and September. Furthermore, in 
the NW, NC, EPI, and WPI regions,  AIRSTCO is compara-
tively high during July, August, September, October, and 
November months.

Annual variation of total columnar ozone

The annual mean TCO acquired from the AIRS satellite 
and MERRA-2 reanalysis datasets is shown in Fig. 8. 
Annual trends are examined over seven different regions 

Fig. 7  Monthly average variations of  MERRA2TCO and  AIRSTCO in WH, NE, NW, NC, WPI, EPI, and SPI region from 2009 to 2020
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Fig. 8  Annual variation of columnar ozone from 2009 to 2020 over WH, NE, NW, NC, WPI, EPI, and SPI region
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of India for the period 2009–2020. In the WH region, 
TCO values in the range of 266–284 DU and 285–300 
DU are observed for AIRS and MERRA-2 products. 
Both the datasets follow the same pattern, the minimum 
value is seen in the year 2016, while the maximum is 
in 2015. In the NE region, TCO that lies in the range of 
258–274.8 DU(AIRS) and 265.5–280.4 DU (MERRA-
2) reported maximum column ozone in the year 2015 
and minimum in 2019. NW also recorded maximum 
TCO in the year 2015, AIRS (284 DU) and MERRA-
2(292 DU), while minimum values are reported 267DU 
(2016) and 271.56 DU (2010) for AIRS and MERRA-2 
respectively. Similarly, in the NC region, both datasets 
follow the same trend with minimum and maximum 
values of 263 DU and 272–288 DU in the years 2015 
and 2019 respectively. However, in the EPI region, both 
the datasets are well matched with a range of 249–275 
DU(AIRS) and 258–274 DU (MERRA-2).  WPI 
recorded a maximum TCO (280 DU and 270 DU) in 
the year 2015 for both datasets. Among all the regions, 
low columnar ozone is obtained for SPI region up to 
268 DU (AIRS) and 270 DU (MERRA-2). Overall, the 
columnar ozone of AIRS and MERRA-2 follows the 
same trend in each region. In the northern parts of India 
(WH, NE, NW, and NC), both products follow a similar 
trend, where MERRA-2 is overestimated almost over all 
the regions. Whereas the peninsular region (EPI, WPI, 
and SPI) exhibits minimum bias between the datasets. 
Interestingly, all regions recorded high TCO (DU) in 
the year 2015 that may be driven by the high tempera-
ture, leading to heat wave occurrence and variation in 
ENSO and quasi-biennial oscillation (QBO) pattern. 
Global/Regional temperatures in 2015 were the highest 
on record, owing in part to the El Nino phenomenon. 
Based on an investigation of satellite ozone observa-
tion and atmospheric circulation data, Han et al. (2001) 
explored the ENSO signal in the interannual variation 
of total ozone over Tibet. They discovered that ozone 
levels over Tibet rise during El Nino episodes and fall 
during La Nina events.

Taylor diagram of seasonal mean TCO analysis

The Taylor plot shown in Fig. 9 represents the seasonal 
variations of mean TCO retrieved from MERRA-2 and 
AIRS datasets. Green, yellow, red, and blue circles rep-
resent the DJF, MAM, JJAS, and ON seasons. It quan-
tifies the similarity between two datasets in terms of 
their standard deviation (SD), correlation coefficient, 
and centered root mean square difference (RMSD). The 
RMS (shown by the green contour) between MERRA-2 
and  AIRSTCO is proportional to the distance of the 

square sign on the x-axis remark as a reference value, 
while the radial distance from the origin indicates the 
SD of the MERRA-2TCO. In the WH region, it is seen 
that both products have a good correlation (0.8) and a 
low RMS (4.6) during DJF, MAM, JJAS, and ON sea-
sons. Whereas in the NE region, the correlation coef-
ficient ranges from 0.90 to 0.97 with a high correlation 
(0.97) and low RMS (~ 3.5) during the MAM season. 
In the NW region, seasonal correlation varies from 0.4 
to 0.9), and the highest correlation coefficient between 
both datasets is obtained during the DJF season (0.9) 
with a low RMS value of 4.0. Over southern regions, 
the correlation coefficient ranges from − 0.1 (SPI) to 0.9 
(WPI). In the EPI and SPI regions, both the products 
show a good correlation during the MAM season with a 
correlation of 0.8, while in the WPI region, a good cor-
relation is seen in the DJF season (0.9).

Overall, according to the statistics of four seasons, the 
MERRA-2TCO is in better agreement with AIRS, espe-
cially in winter and pre-monsoon seasons. During the win-
ter, columnar ozone from both datasets is highly matched 
across northern India (WH, NE, NW, and NC). Whereas 
in southern India (EPI, WPI, and SPI) high correlation 
is seen during the pre-monsoon season followed by the 
winter season.

Regional variation of total column ozone

The Violine plot in Fig. 10 depicts the MERRA-2 & 
AIRS retrieved long-term (2009–2020) average TCO 
over the selected study region. To visualize data distri-
butions and their probability density, a combination of 
box plots and density charts is utilized (Hintze and Nel-
son 1998), where the thick black bar in the middle indi-
cates the interquartile range and the middle white bar 
denotes the median value. In the NE region,  AIRSTCO 
and  MERRA2TCO lie in the range of 200–310 DU and 
210–350 DU, respectively, with maximum ozone occur-
ring in an approximately 260–290 DU value range. The 
TCO distribution in the WH region is 199–420 DU 
(AIRS) and 230–420 DU (MERRA-2), with a low prob-
ability density above 350 DU. In addition, TCO is higher 
in the NW and NC regions. Additionally, TCO is spread 
in the 210–340 DU(AIRS) and 240–350 DU(MERRA-2) 
value ranges in the NW and NC regions. Comparatively 
columnar ozone is spread in a modest range in south-
ern regions (EPI, WPI, and SPI), i.e., 230–290 DU 
(MERRA-2) and 210–320 DU (AIRS), with the greatest 
density being approximately 280 DU roughly.

The column graph (bottom panel (Fig. 10)) represents 
the comparative analysis of both the products for different 
regions of India. It is seen that MERRA-2 average TCO is 
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high in almost all the regions except WPI and EPI. In the 
EPI region,  AIRSTCO lies in close proximity to  MERRA2TCO 
with a slight overestimation of the MERRA-2 reanalysis 
dataset by + 0.6 DU. While in the WPI region, a high average 
 AIRSTCO is obtained compared to  MERRA2TCO. This sig-
nificant variation in columnar ozone measurements between 
MERRA-2 and AIRS is probably caused by topography or 

surface characteristics, such as land, desert, snow, or ice. 
Furthermore, region-wise comparative analysis reveals high 
12-year TCO in the WH region, i.e., 277 DU (AIRS) and 300 
DU (MERRA-2), followed by the NW region (AIRS (272 
DU), MERRA-2 (282 DU)), and the NC region (NOAA). 
While in the southern region, high TCO is obtained over 
the WPI region (AIRS = 272 DU, MERRA-2 = 270 DU), 

Fig. 9  Taylor diagrams of 
seasonal TCO, comparing 
MERRA-2 reanalysis with 
AIRS satellite in different 
regions of India for the period 
2009–2020
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followed by the EPI and SPI regions. Overall, it is seen 
that average TCO gradually increases from low to high lati-
tude, i.e., from SPI (263–266 DU) to WH regions of India 
(277–300 DU).

Discussion and conclusion

Comparative analysis of MERRA-2 columnar ozone 
with IMD observed and AIRS satellite datasets reveals 
that MERRA-2 is a righteous tool for temporal and 
spatial TCO study. In the current paper, the MERRA-2 
columnar ozone is systematically evaluated and vali-
dated with ground-based and AIRS satellite products 
over the Indian regions. Long-term (2009–2020) evalua-
tion with ground-based datasets over Delhi and Varanasi 
cities shows good agreement of the MERRA-2 product 
with low NMSE, FB, and high R, d values. The results 
of simple linear regression analysis show a positive TCO 
trend value of 0.31% and 0.44% per decade in Delhi 
and Varanasi, respectively. This increasing trend might 
be due to increasing anthropogenic activities. Further-
more, a comparative analysis of MERRA-2 with AIRS 
has been undertaken for seven regions (WH, NE, NW, 
NC, EPI, WPI, and SPI) in India on a daily, monthly, 
annual, and seasonal basis. The seasonal variation of 
columnar ozone shows maximum TCO concentration 
(305–315 DU) during the summer months, i.e., March, 
April, and May for all regions of India except WH. The 

spatial variation of annual average TCO in both data-
sets (MERRA-2 and AIRS) shows an almost identical 
distribution pattern, ranging from 270 to 284 DU in 
the northern regions (WH, NE, NW, and NC) to 260 
to 274 DU in the southern regions (WPI, EPI, and SPI) 
of India. Furthermore, the TCO distribution seems to 
show significant variability with different seasons and 
topography. The seasonal spatial pattern displays that 
high TCO concentrations are associated with high tem-
peratures and sunshine hours during the summer season 
(MAM). While low TCO is observed in the winter sea-
son (DJF) owing to less photochemical production dur-
ing the cold season. Furthermore, depending on seasons, 
MERRA-2TCO differs slightly from  AIRSTCO. During the 
winter and pre-monsoon seasons, MERRA-2 seems to 
be overestimated by (+ 1 to + 8 DU) almost in all the 
regions, while during the monsoon and post-monsoon, 
MERRA-2TCO is highly underestimated (by − 8 to − 1 
DU). Furthermore, 12 years of (2009–2020) annual vari-
ations of average TCO show MERRA-2 and AIRS fol-
low the same trends with large data differences in the 
WH region and low data differences in the EPI and SPI 
regions. Finally, region-wise comparison illustrates a 
good agreement between MERRA-2TCO and  AIRSTCO 
products, with NMSE values ranging from 0.0023 (WPI) 
to 0.0047 (WH) and FB of 0.05(WH) to − 0.0075 (WPI). 
In support of Brewer’s circulation pattern, an increasing 
shift of columnar ozone from low (SPI) to high (WH) 
latitudinal regions is also seen from both the datasets.

Fig. 10  Twelve year (2009–
2020) average TCO over differ-
ent regions of India (WH, NE, 
NW, NC, WPI, EPI, and SPI)
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Appendix 1

Comparison statistics

The statistical tools used to evaluate the MERRA-2TCO com-
prise the normalized mean square error (NMSE), fractional 
bias (FB), correlation coefficient (r), index of agreement (d), 
and a fraction of model predictions within a factor of two of 
observation (FA2) which are given by following equations.

FA2=Fraction of data which satisfy

where:

XM  MERRA-2TCO

Xo  observations/AIRSTCO

XOandXM  average of the dataset

σXM
andσXO

  standard deviation of the dataset

Simple linear regression (SLR) for TCO trend analysis

Trend analysis is used to study the TCO variation with 
respect to time. We have used simple linear regression 
(SLR) to compute the trend in the original time series 
of the TCO dataset for long-term period of 2009–2018. 
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−
(
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Monthly mean TCO data were derived from the IMD and 
MERRA-2 daily product. A linear regression statistical 
model is expressed as:

where:

X  monthly mean TCO.

a  slope coefficient in linear regression line.

t  time period in months.

c  intercept.

The least squares method (LSM) is used to determine the 
regression coefficients a and c to minimize the residual sum 
of squares (Jain et al. 2008; Toihir et al. 2018; Potdar et al. 
2018). The trend variation is calculated in % DU per decade 
by the equation:

Here, a  slope coefficien.

AvgTCO  average TCO value for the selected period.

Table 3
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