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Recent progress in the availability of reanalysis data of Earth system variables with high spatial–temporal

resolution provides valuable information for estimating the impacts of atmospheric aerosols. However,

the aerosol module of reanalysis data has high uncertainty and must be validated with ground-based

measurements for better accuracy and precision. In the present study, carbonaceous aerosol (black

carbon and organic carbon) mass concentrations simulated by CAMS (Copernicus Atmosphere

Monitoring Service) and MERRA-2 (Modern-Era Retrospective analysis for Research and Applications,

version 2) were evaluated with ground-based measurements over different sites in the Indo-Gangetic

Plain (IGP). The discrepancies in the reanalysis data for Black Carbon (BC) and Organic Carbon (OC)

showed the influence of fresh and aged aerosols. Both CAMSRA and MERRA-2 reanalysis data

underestimated the BC mass concentrations over the NW-IGP while overestimated over the central-IGP.

These discrepancies were mainly due to inadequate knowledge about emissions and aging processes,

especially over the central-IGP. Although the error in BC simulations is less than that in OC simulations,

the inclusion/revision of local emissions will be helpful for accurate and precise simulations of

carbonaceous aerosols over the IGP. For OC, observed deviations were complex mainly because of

biases associated with complex atmospheric processes. At all four IGP study sites, CAMSRA

overestimated OC, while MERRA-2 underestimated OC. The results clearly showed that the

overestimation of CAMSRA simulated OC mass concentrations was due to the hygroscopic growth

scheme, besides the poorly constrained escaped semi-volatile species from the primary organic

aerosols. In contrast, the underestimation of MERRA-2 simulated OC was mainly due to existing

ambiguities related to emissions at the NW-IGP while it was due to the aging scheme at the central-IGP.

In addition, underestimation of organics could also be due to the formation of secondary organic

aerosols (SOA) in the atmosphere from the regionally transported gas-phase “pool” of efficient precursors.
Environmental signicance

The high-resolution measurement of carbonaceous aerosols is essential for the reduction of their uncertainty. The reanalysis of carbonaceous aerosol data has
gathered signicant attention because of its ne spatial–temporal resolution. These reanalysis data must be evaluated with ground-based measurements, as the
aerosol module has high uncertainty. In this study, Black Carbon (BC) and Organic Carbon (OC) concentrations retrieved from reanalysis data were evaluated
with ground-based observations over the Indo-Gangetic Plain. The results suggested that discrepancies in BC were mainly due to poorly constrained emissions
and aging. Besides emissions, discrepancies in OC were also associated with secondary organics, which are discussed in the manuscript. It is expected that the
results can be helpful for future parameterization for carbonaceous aerosol simulations over South Asia.
Center for Environmental Science and

hnology, Kanpur, 208016, India. E-mail:
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the Royal Society of Chemistry
1. Introduction

Atmospheric pollutants negatively impact our environment in
several different ways by deteriorating human health, climate,
and agricultural yield.1–4 Amongst atmospheric pollutants,
carbonaceous aerosols such as Black Carbon (BC) and Organic
Carbon (OC) have attracted attention from the scientic
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community due to signicant uncertainty associated with their
impacts.5 Atmospheric BC particles are emitted from primary
combustion processes, while OC particles originate from
primary and secondary processes. Furthermore, primary and
secondary organic aerosols undergo complex multistage
heterogeneous oxidation and evaporation–condensation
processes as they age.6–8 The relative contribution of primary vs.
secondary organic aerosols to the total organic aerosol budget is
uncertain.7 Carbonaceous aerosol concentrations and charac-
teristics vary signicantly with space and time due to their short
atmospheric lifetime compared with gases, source variability,
local meteorology, and characteristic transformation processes
in the atmosphere.9,10 Thus, for a better understanding of the
characteristics of carbonaceous aerosols, high-resolution
measurement is essential.

Across the globe, the Indo Gangetic Plain (IGP) is one of the
largest emitters of carbonaceous aerosols.5 Over the past few
decades, several researchers have studied carbonaceous aerosol
variability and its implications on climate and human health
over different IGP locations.11–17 However, these studies are
restricted to only a few urban and rural sites of the IGP. In terms
of economic feasibility, a limited approach can assess carbo-
naceous aerosols (or any other earth system variables) at the
ground level over the small grid across India or anywhere in the
world. In this regard, data assimilation has been a very active
eld of research over the past decade, and it utilizes both
ground-based in situ data and satellite data in atmospheric
chemistry modeling.18 The most crucial advantage of data
assimilation is its ability to generate complete time-window
data, even though real-time data are not available. If a data
assimilation approach is performed for past long-term or
retrospective data (a decade ormore), it is also called “reanalysis
data”.19,20

In recent times, satellite/model reanalysis data of CAMS
(Copernicus Atmosphere Monitoring Service) and MERRA-2
(Modern-Era Retrospective Analysis for Research and Applica-
tions, version 2) have gathered much scientic attention due to
a wide variety of atmospheric variables and ner resolution.21,22

However, the uncertainty associated with aerosol products of
these reanalysis data is generally high because of poorly con-
strained emissions and parameterization of the physical
process, such as hygroscopic growth, mixing, and aerosol–cloud
interactions.23–27 Moreover, the association of aerosol products
of reanalysis data varies with geographical regions mainly due
to the difference in constrained emissions and modeling
approaches of aerosol chemistry and transport.28 Therefore,
aerosol products should be validated locally or regionally with
ground-based observations before drawing any further insights
from them.

Earlier, several authors have reported the assessment of the
CAMSRA and/or MERRA-2 simulated aerosol optical depth with
AERONET observations.28–31 At the same time, limited studies
have stated the association of reanalysis data of aerosol mass
concentrations with ground-based observations.32 Previously,
Buchard et al.33 reported the comparison of ground-based
aerosol mass concentrations measured from approximately
300 sites across the United States with MERRA (version 1)
578 | Environ. Sci.: Atmos., 2021, 1, 577–590
reanalysis data. They have mentioned that MERRA under-
estimated BC and OC mass concentrations during the winter
months mainly due to variability in emission sources and their
strengths. Similar results were also reported for BC and OC
mass concentrations measured over 55 sites across Europe.34

They have also observed that inadequate estimation of
Secondary Organic Aerosols (SOAs) could also be an important
reason for underestimation of OC over Europe. In China, Ma
et al.35 reported the comparison of ground-based aerosol mass
concentrations measured from two different sites with MERRA-
2 reanalysis data. They have also stated that MERRA-2 over-
estimated BC mass concentrations, while OC was under-
estimated signicantly during the winter months. It is
noteworthy to mention that evaluation of these reanalysis data
in the context of secondary aerosols is rather noticed or studied,
although it contributes a dominant fraction of atmospheric
organic carbon. The recent validation report of CAMSRA prod-
ucts showed clear evidence that the aerosol module over-
estimated organic aerosols, which further underestimated the
dust fraction.36

Only a few studies have reported the association of reanalysis
data of carbonaceous aerosol mass concentrations with ground-
based observations over South Asia. For example, Saikia et al.37

and Pathak et al.38 reported the association of ground-based
measured BC with CAMS and MERRA-2 at Dibrugarh, located
in India's northeast region. Prabhu et al.21 reported the associ-
ation of ground-based measured BC with CAMS and MERRA-2
at Dehradun, located in the foothills of western Himalayas. To
the best of our knowledge, no prior study has attempted to
validate OC reanalysis data with ground-based observations
over South Asia. In addition, evaluation methods of carbona-
ceous aerosols (either BC or OC) derived from the reanalysis
data are scarce over the IGP regions.

Measurement of organic and elemental carbon (carbona-
ceous aerosols) in the past several years over different locations
of the IGP has been conducted in our laboratory. The main
objectives of this study utilizing the past data sets are: (1) to
compare CAMSRA and MERRA-2 simulated carbonaceous BC
and OC mass concentrations with the ground-based observa-
tions, and (2) to identify the possible reasons for error propa-
gations in the reanalysis data of BC and OC with particular
emphasis on fresh vs. aged aerosols. It is expected that the
output might be helpful to the scientic community for better
evaluation of reanalysis data over the polluted IGP region of
South Asia.

2. Methodology
2.1 Details of study sites

In the present study, in situ aerosol samples collected from four
distinct locations of the Indo-Gangetic Plain were studied
(Fig. 1). A brief description of the study sites is given below:

(1) S1-Beas (31.52� N, 75.29� E, and 238 m AMSL). Beas is
situated in the North-Western Indo Gangetic Plain (NW-IGP).
Agricultural residue burning is a common practice in the
surrounding regions of Beas. During the pre-monsoonmonth of
May, signicant emissions are from wheat-residue burning,
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ea00067e


Fig. 1 A map of India showing the study sites along with Indo-Gangetic Plain (IGP) region in grey shade.
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while paddy-residue burning emissions dominate during the
post-monsoon months of October and November.39 Moreover,
a detailed description of the study site, local meteorology, and
other emission sources during the sampling campaigns is pre-
sented elsewhere.13,17,40

(2) S2-Kanpur (26.50� N, 80.20� E, and 142 m AMSL). Kanpur
is situated in the central-IGP region. Measurement campaigns
were performed at the Indian Institute of Technology Kanpur
campus situated at about 17 km upwind of Kanpur city. The
dominant sources of carbonaceous aerosols in Kanpur city are
vehicular exhausts, biomass/biofuel burning, industrial emis-
sions, coal combustion, solid waste burning, heavy oil
combustion, leather waste burning, and secondary forma-
tion.41,42 A detailed description of the study site, local meteo-
rology, and other emission sources during the sampling
campaigns is presented in our previous studies.43,44

(3) S3-Allahabad (25.50� N, 81.86� E, and 98 m AMSL). Alla-
habad is situated in the central-IGP region located at approxi-
mately 200 km (aerial distance) downwind of Kanpur. The
major sources of carbonaceous aerosols in Allahabad are
automobile exhausts, biomass burning, small industrial
© 2021 The Author(s). Published by the Royal Society of Chemistry
activities, and railway traffic.45 A detailed description of the
study site, local meteorology, and other emission sources
during the sampling campaigns can be further explored in
a previous study.46

(4) S4-Lumbini (27.49� N, 83.30� E, and 150 m AMSL).
Lumbini is also situated on the northern edge of the central-IGP
region located at approximately 300 km (aerial distance)
upwind of Kanpur and 250 km (aerial distance) upwind of
Allahabad. The major sources of carbonaceous aerosols in
Lumbini are agricultural residue burning, unpaved road dust,
vehicular emissions, open burning (biomass and garbage),
house heating and cooking using the traditional method, and
industrial emissions.47,48 A detailed description of the study site,
local meteorology, and other emission sources during the
sampling campaigns has been demonstrated in our previous
studies.16,49
2.2 Ground-based measurement of carbonaceous aerosols

Atmospheric particulate matter (PM2.5 or PM1) was collected
onto pre-baked (400–600 �C for 6–8 hours) quartz ber lters
(Whatman, USA) using different high- to low-volume air
Environ. Sci.: Atmos., 2021, 1, 577–590 | 579
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Table 1 Detail about the sampling campaigns over the IGP

Study sites
No. of
samples Sampling month and year Sampling duration (times in IST) PM size

Instrument used
for EC and OC

S1-Beas 33 October-2016; May-2018; August-2018 9 hour (9:00 to 18:00 and 21:00 to 6:00); 7
hours (21:00 to 4:00 and 9:30 to 16:30)

PM2.5 DRI

S2-Kanpur 168 September-2014; October-2014;
December-2015; January-2016

1 hour (from 8:30 to 18:30); 4 hours
(21:30 to 1:30 and 2:00 to 6:00)

PM1 and PM2.5 DRI and Sunset

S3-Allahabad 42 January-2016, February-2016; November-
2016; December-2016

10 hours (21:00 to 7:00) PM2.5 DRI

S4-Lumbini 45 December-2017; January-2018 10 hours (10:00 to 20:00) PM2.5 DRI
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samplers for the carbonaceous aerosol measurements.50,51

Details about sampling campaigns and instruments utilized are
presented in Table 1. A small punch of quartz-ber lters (0.53–
1.5 cm2) was used to analyze Elemental Carbon (EC) and
Organic Carbon (OC) mass concentrations using the thermal
optical method. In the present study, quartz-ber lters were
analyzed using the Desert Research Institute (DRI) 2015 model
and a Sunset Lab EC/OC thermo-optical carbon analyzer. On the
DRI 2015 analyzer, samples were analyzed using the IMPROVE
(Interagency Monitoring of Protected Visual Environment)
thermal/optical transmittance protocol, while on the Sunset Lab
analyzer, samples were analyzed using the NIOSH (National
Institute for Occupational Safety and Health) transmittance
protocol. Some of the ground-based data at Kanpur (data of the
year 2014) were measured from the PM1 samples. We have
extrapolated these carbonaceous aerosol data of PM1 into PM2.5

to make the ground-based data homogeneous; details are
mentioned in Section S1 in the ESI.†

Further details about the lter handling, sampling proce-
dure, quality control, and quality assurance during the
sampling campaigns are reported elsewhere.13,16,43,44,46 In addi-
tion, information on the instrument's measurement principles
is reported in previous studies.52–54 For simplicity, Elemental
Carbon (EC) is written as Black Carbon (BC) throughout the
manuscript.
Table 2 Some basic details of used reanalysis products of Copernicus
Atmosphere Monitoring Service (CAMSRA) and Modern-Era Retro-
spective Analysis for Research and Applications, version 2 (MERRA-2)

CAMSRA MERRA-2 ERA5

Data type Grided Grided Grided
Spatial resolution 0.75� � 0.75� 0.5� � 0.625� 0.25� � 0.25�

Temporal resolution 3 hours 1 hour 1 hour
Vertical resolution 1000 hPa Surface Surface
Short name EAC4 M2T1NXAER ERA5
Version n.a. 5.12.4 n.a.
2.3 Reanalysis data of carbonaceous aerosols

The CAMS reanalysis data are produced by the European Centre for
Medium-Range Weather Forecasts (ECMWF) with the updated
Integrated Forecast System (IFS), which uses the new version of the
carbon bond mechanism developed in 2005 (CB05).55 In the
CAMSRA aerosol module, anthropogenic emissions of carbona-
ceous aerosols were utilized from the MACCity inventory.56

However the fraction of anthropogenic secondary organic aerosols
is calculated using a proxy by applying a scaling factor of 0.2 to the
MACCity (Monitoring Atmospheric Composition and Climate)
carbon monoxide emissions.57 The open biomass burning emis-
sions were constrained by using a Global Fire Assimilation System,
version 1.2 (GFASv1.2), dependent on the satellite-based re radi-
ative power.58 Moreover, employed emissions and detailed tech-
nical specications of CAMSRA are reported elsewhere in Inness
et al.55 The integrated forecast system simulates ve aerosol types
with a total of 12 prognostic tracers such as three size fractions of
sea salts (0.030–0.55, 0.55–0.9, and 0.9–20 mm), three size fractions
580 | Environ. Sci.: Atmos., 2021, 1, 577–590
of dust (0.030–0.55, 0.55–0.9, and 0.9–20 mm), hydrophilic and
hydrophobic components of organicmatter and black carbon (four
tracers), sulfate aerosol (SO4

2�), and the gas-phase sulfur dioxide
(SO2) precursor. In the aerosol module of CAMSRA, all prognostic
tracers are treated as externally mixed in the atmosphere. The
meteorological model component of the IFS was used further to
constrain the transportation of aerosols through advection,
convection, and diffusion.

The MERRA-2 reanalysis data are produced by the NASA's
Global Modeling and Assimilation Office.59 MERRA-2 uses the
updated version of the Goddard Earth Observing System (GEOS-
5) modeling system. Aerosols in MERRA-2 are simulated with
a radiatively coupled version of the Goddard Chemistry, Aero-
sol, Radiation, and Transport (GOCART) model.60,61 In the
GOCART aerosol module, the carbonaceous aerosol emissions
are derived from natural, anthropogenic, and biomass burning
sources. Natural sources include the formation of organics by
the oxidation of biogenic emissions of the terpenes reported by
Guenther et al.62 The anthropogenic emissions were utilized
from the AeroCom Phase II dataset (HCA0_v1), which is re-
ported in Diehl et al.63 The open biomass burning emissions
were constrained by using the Quick Fire Emission Dataset
(QFED) version 2.4-r6.64 Moreover, detailed discussion on con-
strained emissions in the MERRA-2 simulations of carbona-
ceous aerosols is mentioned in Randles et al.65 The GOCART
model simulates ve aerosol types with a total of 15 prognostic
tracers such as sea salts (ve size fractions of 0.03–10 mm), dust
(ve size fractions of 0.1–10 mm), hydrophilic and hydrophobic
components of organic carbon and black carbon (four tracers),
and sulfate aerosol (one tracer). In the GOCART model, all
prognostic tracers are treated as externally mixed in the atmo-
sphere. Some basic details of the used reanalysis products of
CAMSRA and MERRA-2 are shown in Table 2.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.4 Meteorological data

In the present study, basic meteorological data were retrieved
from ERA5. ERA5 is the latest h-generation reanalysis dataset
produced by ECMWF, which provides a wide range of
commonly used land-surface and atmospheric variables with
temporal coverage from 1950 to the present.66 The ERA5 version
provides improved reanalysis data compared to its earlier ERA-
interim version, which was used in several studies.66–69 ERA5 has
a spatial resolution of 0.25� � 0.25� and a temporal resolution
of 1 hour. Due to the unavailability of ground-based observa-
tions of meteorological data except for Lumbini, ERA5 rean-
alysis data such as u-wind, v-wind, temperature, relative
humidity, and pressure were utilized. Some basic details of
ERA5 reanalysis data used are also shown in Table 2.
2.5 Data analysis

All the reanalysis data were carefully downloaded from their
respective platforms. For the retrieval of reanalysis data, we
have chosen an approximately 25 km2 grid by keeping station
coordinates in the center. There is a possibility that the selected
grid (25 km2) falls under two different grids of reanalysis data.
In that case, the average of those two grids was taken into
consideration. The CAMSRA reanalysis data provide carbona-
ceous aerosols as mass mixing ratios (kg per kg of air) of
hydrophilic and hydrophobic components of black carbon and
Organic Matter (OM). These mass mixing ratios were converted
into mass concentrations by multiplying the mass mixing ratios
with air density at the ground (r ¼ p/R � T). A ground-based
study by Chakraborty et al.43 and Izhar et al.70 reported that
the OM/OC ratio is equal to 2.2 at Kanpur and Lumbini situated
in the central-IGP. This conversion factor was assumed for all
the study sites to convert CAMSRA simulated OM to OC mass
concentrations. Moreover, all the hydrophilic and hydrophobic
components of BC or OC mass concentrations were compared
with those of the carbonaceous aerosol mass concentrations
measured from the atmospheric PM2.5 samples.

The CAMSRA (temporal resolution 3 hours) and MERRA-2
(temporal resolution 1 hour) simulated carbonaceous aerosol
Table 3 Errors and biases with CAMSRA and MERRA-2 simulated BC a
Western IGP (NW-IGP), and central-IGP regiona

Study regions FAC2 MB

NW-IGP (CAMSRA) (n ¼ 33) BC 0.76 �3.00
OC 0.55 27.97
OC/BC 0.18 8.47

NW-IGP (MERRA-2) (n ¼ 33) BC 0.30 �5.65
OC 0.21 �21.89
OC/BC 0.88 �0.41

Central-IGP (CAMSRA) (n ¼ 206) BC 0.66 0.89
OC 0.17 64.51
OC/BC 0.36 9.88

Central-IGP (MERRA-2) (n ¼ 253) BC 0.76 0.21
OC 0.58 �9.58
OC/BC 0.70 �3.58

a FAC2: fraction of predictions within a factor of two; MB: mean bias; MPE:
bias; NMGE: normalized mean gross error; RMSE: root mean squared err

© 2021 The Author(s). Published by the Royal Society of Chemistry
mass concentrations were averaged for a respective period of
the measurement campaigns. Some of the available ground-
based and reanalysis data have a difference between starting
and ending times. In such a case, the nearest time for ground-
based campaigns was chosen to average BC or OC mass
concentrations, as it is difficult to interpolate BC and OC
aerosol mass concentrations on a temporal scale. The
maximum time difference between ground-based and rean-
alysis data is less than or equal to �30 minutes. The outliers
were eliminated very carefully to make sure that the removed
data points are less than 2% of the entire data set. A more
detailed discussion on performance statistics calculations is
reported in Section S2 in the ESI.†

3. Results and discussion
3.1 Comparison between CAMSRA and MERRA-2 data over
the IGP regions

The measurement sites were broadly divided into two regions
based on their geographical location in the IGP: (1) north-
western IGP and (2) central-IGP (Fig. 1). The different errors
and biases associated with CAMSRA and MERRA-2 simulated
BC and OC mass concentrations are mentioned in Table 3.
Broadly, the ground-based measured BC and OC mass
concentrations were moderately to strongly correlated with the
simulated BC and OC mass concentrations (R < 0.05). Despite
good correlations, the errors associated with the aerosol module
are relatively high and can be attributed mainly to the spatial–
temporal variation in emission sources and atmospheric pro-
cessing.23–27 Overall, the estimated Mean Percentage Error
(MPE) was signicantly highest for CAMSRA data compared
with the MERRA-2 data.

The concluding model/reanalysis data performance based
on the correlation coefficient (R) and MPE could be misleading.
In this regard, the Taylor diagram is one of the most critical
methods for evaluating the model performance or relative
merits concerning the true/ground-based values.71 Taylor
diagrams for the present study are shown in Fig. 2. The graph
shows the three complementary model performance statistics
nd OC mass concentrations along with OC/BC ratio over the North-

MPE MGE NMB NMGE RMSE R

�19 3.84 �0.38 0.49 6.39 0.70
114 33.03 0.85 1.01 47.51 0.70
189 8.47 1.53 1.53 8.74 0.52
�53 5.74 �0.72 0.73 8.56 0.75
�60 21.94 �0.67 0.67 29.78 0.81

8 2.11 �0.07 0.38 2.65 �0.03
62 2.58 0.20 0.59 3.66 0.51

250 64.77 2.08 2.09 79.31 0.72
155 9.89 1.24 1.24 10.45 �0.16
18 1.94 0.06 0.52 3.04 0.66

�34 11.40 �0.36 0.43 17.15 0.77
�39 3.65 �0.45 0.46 4.42 0.08

mean percentage error; MGE: mean gross error; NMB: normalizedmean
or; R: Pearson correlation coefficient.
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Fig. 2 Taylor diagramwith performance statistics of reanalysis data (correlation coefficient, the standard deviation, and the centered-RMSE). The
observed standard deviation in ground-based BC andOC is shownwith a purple color dot on the x-axis. The correlation is the cosine of the angle
from the horizontal x-axis, the centered-RMSE is the distance from the purple point and the standard deviation is the distance from the origin of
the plot. (a) and (b) represent the Taylor diagram for BC and OC at NW-IGP. (c) and (d) represents the Taylor diagram for BC and OC at central-
IGP.
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(correlation coefficient, the standard deviation, and the
centered RMSE) that vary simultaneously in a single diagram.
Earlier, several authors have utilized similar approaches to
evaluate the performance/relative merits of different models or
satellite data with measured or observed data of earth system
variables.72–75

In the NW-IGP, carbonaceous aerosol measurements were
performed at Beas village (S1), situated in India's Punjab state.
MERRA-2 derived BC and OCmass concentrations were strongly
582 | Environ. Sci.: Atmos., 2021, 1, 577–590
correlated with the ground-based values; however, standard
deviations were signicantly less than those of the ground-
based data (Fig. 2a and b). The standard deviations give infor-
mation on the amplitude of variations, and it is proportional to
the radial distance from the origin point of the graph.71 The
standard deviation of CAMSRA simulated BC data was close to
the standard deviation of ground-based data, as CAMSRA data
were close to the black-colored dashed arc (Fig. 2a). The above
observations suggest that the amplitude of variations in
© 2021 The Author(s). Published by the Royal Society of Chemistry
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CAMSRA wasmatching with the ground-based BC. In the case of
OC, MERRA-2 simulated OC data performed well (Fig. 2b).

In the central-IGP, carbonaceous aerosol measurements
were conducted at three different sites, including Kanpur (S2),
Allahabad (S3), and Lumbini (S4). At the central-IGP, all three
statistics observed for MERRA-2 simulated BC and OC data have
good agreement with the ground-based mass concentration
data, for instance, better correlation coefficients, less centered
RMSE, and identical standard deviations (Fig. 2c and d).
3.2 Overview of error propagation in the reanalysis data

The above results suggested that CAMSRA simulated better BC
mass concentrations over the NW-IGP, while MERRA-2 simu-
lated better mass concentrations over the central-IGP. In the
case of OC, MERRA-2 simulated better OC mass concentrations
over both the IGP regions. As both the IGP regions have
different dominant sources of carbonaceous aerosols, IGP
region-wise discussions are mentioned below:

(a) North-western IGP (NW-IGP). It is well documented that
the dominant emission sources of carbonaceous aerosols are
primary sources such as agricultural residue burning over the
NW-IGP.17,21,76,77 At the NW-IGP, both CAMSRA and MERRA-2
simulated BC mass concentrations were positively correlated
with the measured BC mass concentrations with a correlation
coefficient (R) of 0.70 (p < 0.05) and 0.75 (p < 0.05), respectively.
Overall, both the reanalysis products underestimated the mean
BC mass concentrations. The Mean Percentage Error (MPE) was
�19% and �53% for CAMSRA and MERRA-2, respectively.
Previously, several authors have reported the underestimation
of BC simulated by CAMSRA and MERRA/MERRA-2 over several
locations in India, Europe, and the United States.21,33,34 The
major reason reported for the underestimation was poorly
constrained emissions. In chemical transport models, local
emission inventories are generally interpolated from the
regional emissions,78 which is expected to increase biases in the
emission parameterization. In addition, biases in meteorology
simulation are also one of the critical reasons.35 For instance,
overestimating surface wind and the boundary layer height can
cause underestimation of aerosol mass concentrations because
of more robust diffusion in the atmosphere.79

Like BC, reanalysis data of OC mass concentrations were
positively correlated with the measured OC mass concentra-
tions with correlation coefficients (R) of 0.70 (p < 0.05) and 0.81
(p < 0.05) for CAMSRA and MERRA-2, respectively. The CAMSRA
overestimated the OC mass concentration with a MPE of
+114%. An earlier study by Robinson et al.7 gave clear evidence
that the semi-volatile species can be repartitioned and can
escape from the primary organic aerosols into the gas phase.
However, the CAMSRA simulates organic aerosols by assuming
that (1) they are non-volatile and (2) condense irreversibly onto
the existing aerosols.57 The observed results suggest that the
overestimation of OC could be due to poorly constrained
escaped semi-volatile and intermediate-volatile species from
the organic aerosols. Earlier, Christophe et al.36 also observed
overestimation of organic aerosols and the attributed major
reason was overestimation of emissions and secondary organic
© 2021 The Author(s). Published by the Royal Society of Chemistry
aerosols. Further, the overestimation of OC can also impact the
optical properties of the bulk aerosols, which may lead to biases
in the radiative forcing estimation.36

At the same time, MERRA-2 underestimated the OC mass
concentrations with a MPE of �60%, which is identical to that
observed for BC (�53%). The time trend of the relative error of
BC and OC was statistically signicant, pointing towards errors
mainly due to poorly constrained emissions. The results also
showed that the escaped semi-volatile and intermediate-volatile
species from the organic aerosols could be well constrained in
MERRA-2 simulations. Earlier several studies have reported
underestimation of MERRA/MERRA-2 simulated OC over the
United States, Europe, and China mainly due to the inability to
capture accurate emissions.33–35

(b) Central-IGP. Similar to the NW-IGP, both the reanalysis
data of BC mass concentrations were positively correlated with
the measured value with a correlation coefficient (R) of 0.51 (p <
0.05) and 0.66 (p < 0.05) for CAMSRA and MERRA-2, respec-
tively. However, the reanalysis products of CAMSRA and
MERRA-2 overestimated the BC mass concentrations with an
MPE of +62 and +18% for CAMSRA and MERRA-2. The over-
estimation of BC could be due to parameterization of emissions
and meteorology. Recently, Ma et al.35 also reported over-
estimation of MERRA-2 BC mass concentrations over central
and eastern China, mainly due to highly uncertain emission
type and strength.

In the central-IGP, organic aerosols conne a signicant
fraction of secondary organic aerosols.82,83 The simulated OC
mass concentrations were positively correlated with the
measured OC mass concentrations with correlation coefficients
(R) of 0.72 (p < 0.05) and 0.77 (p < 0.05) for CAMSRA andMERRA-
2, respectively. Like the NW-IGP, CAMSRA overestimated and
MERRA-2 underestimated the OC mass concentrations over the
central-IGP. The MPE was observed to be +250 and �34% for
CAMSRA and MERRA-2, respectively. In CAMSRA, the MPE for
OC was approximately four times higher than that observed for
BC. As discussed earlier, the overestimation of CAMSRA derived
OC could be due to poorly constrained escaped semi-volatile
species from the organic aerosols.

In the case of MERRA-2, the negative MPE value suggested
that the aerosol module of MERRA-2 simulations constrained
escaped semi-volatile species. Further, these repartitioned
semi-volatile species form a “pool” of SOA precursors in the
atmosphere, which may oxidize and form secondary organic
aerosols (SOAs).7 The negative MPE value could be due to the
inability to capture SOA formations from the “pool” of SOA
precursors. As mentioned earlier, several studies have reported
the underestimation of MERRA/MERRA-2 simulated OC mass
concentrations.33–35 However, detailed discussion in the context
of secondary OC is limited.

Overall, the error associated with the OC mass concentra-
tions was higher than that of BC over the IGP regions. Besides
the inuence of escaped semi-volatile and intermediate-volatile
species, the discrepancies in OC simulations could also be due
to poorly constrained (a) nocturnal NOx radical initiated
oxidation,84 (b) formation of secondary OC from the biogenic
volatile organic compounds,85,86 and (c) aqueous-phase
Environ. Sci.: Atmos., 2021, 1, 577–590 | 583
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processing.87 A more detailed discussion on the inuence of
atmospheric processes is mentioned in the next section.
3.3 Inuence of atmospheric processing on error
propagation in the reanalysis data

The estimated errors in reanalysis data were regressed with the
measured chemical markers of primary and secondary aerosols
(e.g., primary organic carbon, secondary organic carbon, SO4

2�,
NO3

�, NH4
+, Cl�, water-soluble organic carbon, and aerosol

liquid water content) to get more insights into the inuence of
different atmospheric processes. The Aerosol Liquid Water
Content (ALWC) measures the uptake of water by aerosol
constituents at the deliquescence relative humidity and
increases the size of aerosols,91 and can also be used as a proxy
for the hygroscopicity of aerosols.92 The ALWC was calculated by
using the thermodynamic ISORROPIA-II model in reverse
mode.88 The ALWC was calculated as a function of the
secondary inorganic species mass concentration, ambient
temperature, and relative humidity. The mass concentrations of
NO3

�, SO4
2�, and NH4

+ were taken as input inorganic aerosol
species.

The observed relative error was in both positive and negative
directions (Fig. S1 to S4 in the ESI†); therefore, the absolute
values of the relative error were regressed with the parameters
mentioned above. The correlation statistics for all four study
sites are shown in Table S1† and discussed below:

(a) North-western-IGP (NW-IGP). As discussed earlier, both
the reanalysis products underestimated the BC mass concen-
trations, while OC mass concentrations were overestimated by
CAMSRA and underestimated by MERRA-2. The FAC2 is
a rigorous index widely used to evaluate model-simulated data,
which falls within a factor of 2 for observed data.89 Such
a rigorous index can exclude the inuence of extreme values and
errors. The simulation performance is considered reasonably
good if the FAC2 value is greater than or equal to 50%.89 Overall,
the estimated error for CAMSRA was small compared with that
for MERRA-2 with a high FAC2 value above 55% (Table 3). The
inuence of different atmospheric processes on reanalysis data
is discussed below:

CAMSRA. It is a well-known fact that the BC particles undergo
an aging process and get coated with non-absorbing inorganic
and organic chemical constituents via coagulation with other
particles and condensation of vapor.90 For CAMSRA derived BC
data, the relationship of the absolute error with the chemicals
mentioned above (SO4

2�, NO3
�, NH4

+, and Cl� normalized with
BC) was insignicant. The insignicant association indicated
that the error propagation in BC reanalysis data is irrespective
of the aging or internal mixing of BC particles. The errors could
be due to poorly constrained emissions. During the sampling
campaigns in May and October, the dominant emission source
of BC is open agricultural residue burning.39 However, it is ex-
pected that open burning activities could be well noticed
because CAMSRA simulation utilizes satellite-based re radia-
tive power to constrain open emissions.55,58 Thus, rather than
open burning, some other active emission sources were ex-
pected to be poorly constrained. Based on the carbon isotope
584 | Environ. Sci.: Atmos., 2021, 1, 577–590
study, Singh et al.17 reported that household biofuel burning
was a vital emission source over the NW-IGP. Thus, emissions
from household biomass/biofuel burning were anticipated to be
poorly constrained in the CAMSRA simulations.

In the case of OC, the absolute relative error was statistically
signicant for the ALWC (R ¼ 0.80, p < 0.05). As mentioned
earlier, the ALWC can be used as a proxy for the hygroscopicity
of aerosols. The results suggested that the errors were due to the
hygroscopic growth scheme, besides the poorly constrained
escaped semi-volatile species from the primary organic aero-
sols. In the CAMSRA aerosol module, the optical properties and
mass of hydrophilic organics were assumed to change with
relative humidity changes.80 In CAMSRA, optical properties of
organic aerosols with respect to humidity are calculated using
the OPAC (Optical Properties of Aerosols and Clouds) dataset.80

The used basic assumptions for the simulations of organics are
based on the continental mixture described by Hess et al.,81

which is composed of 13% in-soluble species, 84% soluble
species, and 3% soot particles.80

MERRA-2. The absolute relative error in MERRA-2 derived BC
mass concentrations was negatively correlated with SO4

2�

normalized with the BC mass concentrations (R ¼ �0.57, p <
0.05). The observed negative correlation indicated that MERRA-
2 simulate well aging of BC particles with the secondary sulfate
ion. The SO4

2�/BC ratio also increases with the dominance of
fossil fuel combustion.93 The negative correlation also indicated
that the absolute relative error increases with an increase in BC
emissions from biomass/biofuel burning. Although agricultural
residue burning is the dominant emission source, open
burning is expected to be well constrained in MERRA-2 simu-
lations similar to CAMSRA because it also considers the re
radiative power approach.27,58 Thus, it is likely that the propa-
gated errors were mainly due to the household biomass/biofuel
emissions, as mentioned earlier.

In the case of OC, the absolute relative errors were not
signicantly correlated with these hydrophilic chemical ions
(SO4

2�, NO3
�, NH4

+, and Cl�). Interestingly, absolute relative
errors were negatively correlated with WSOC/OC. These results
showed that the underestimation of OC was mainly due to
hydrophobic constituents, which are mainly emitted from
primary combustion activities.61,94

(b) Central-IGP. As discussed earlier, both the reanalysis
products overestimated the BC mass concentrations, while OC
mass concentrations were overestimated by CAMSRA and
underestimated by MERRA-2. Overall, the estimated error for
MERRA-2 was small compared with that of CAMSRA with a high
FAC2 value above 60%, suggesting a better simulation of
carbonaceous aerosols. The inuence of different atmospheric
processes on reanalysis data is discussed below:

CAMSRA. At Kanpur (S2) and Allahabad (S3), the absolute
relative error of BC was moderately to strongly correlated with
SO4

2�, NO3
�, NH4

+, and/or Cl� normalized with BC, respectively
(R > 0.3, p < 0.05). The positive correlation depicted that the
error could be due to the aging of BC with secondary inorganic
aerosol species. Moreover, the concentrations of SO4

2�, NO3
�,

NH4
+, and Cl� increase with combustion activities. The poorly

constrained emissions could also be one of the reasons for the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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overestimation of BC. The Cl�/OC and Cl�/BC ratios were
studied to identify the most appropriate combustion sources
and compared with the values given by Andreae.95 The HCl/OC
and HCl/BC ratios for different emission sources are shown in
Table S2 in the ESI.† During the sampling campaigns at Kanpur
(Allahabad), the ratio of Cl�/OC and Cl�/BC was observed to be
in the range of 0.001–0.40 (0.03–0.15) and 0.01–4.79 (0.16–0.76),
respectively. The ratios showed a complex mixture of combus-
tion sources over Kanpur. A detailed discussion on all possible
emission sources over Kanpur is reported elsewhere.41,42 The
dominant sources are biofuel, open agricultural residue, and
garbage burning over Allahabad. In contrast, the association
between absolute relative errors of BC and the above-mentioned
chemicals was insignicant over Lumbini. These insignicant
associations could be due to prevalent foggy conditions, as
measurement campaigns focused on foggy days of cold winter
months. The foggy conditions can impair visibility and local
meteorology,96 negatively impacting satellite retrievals of aero-
sol products. We have collected the MODIS (Moderate Resolu-
tion Imaging Spectroradiometer) Terra and Aqua aerosol optical
depth data (collection 6.1 having 3 km spatial resolution)
Fig. 3 Diurnal variation of ground-based measured BC and OCmass con
and OC over the Kanpur. The shaded area represents the standard devia
variations of OC.

© 2021 The Author(s). Published by the Royal Society of Chemistry
during the sampling campaigns at Lumbini to check this
assumption. The MODIS aerosol optical depth information was
missing for approximately 80% of sampling days. This gave
strong evidence that the prevalent foggy conditions negatively
impacted the satellite retrievals. Thus, it is inferred that satellite
retrievals play an essential role in the reanalysis data.

Similar to the NW-IGP, the absolute relative errors of OC
were signicantly correlated with those of the ALWC (R¼ 0.62, p
< 0.05) over Kanpur. As mentioned earlier, the positive associ-
ation depicted that the discrepancies were mainly due to the
particle growth scheme regarding increasing relative
humidity.80 In contrast, an insignicant relation was observed
between absolute relative errors of OC and the ALWC over
Allahabad and Lumbini. The insignicant association gave
evidence that the particle growth scheme could not be an
important reason for the overestimation over Allahabad and
Lumbini. However, positive association with WSOC normalized
with OC (R > 0.40, p < 0.05) showed that the propagated errors
were due to hydrophilic fractions of organic aerosols. These
results suggested that the aging scheme of hydrophobic-to-
hydrophilic organics could also be one of the important
centrations along with MERRA-2 simulated mass concentrations of BC
tions. (a) represents diurnal variations of BC, and (b) represents diurnal

Environ. Sci.: Atmos., 2021, 1, 577–590 | 585
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reasons for the biases in CAMSRA data. It is worth mentioning
that the discrepancies in the aging scheme of OC could not
directly impact the total mass concentrations; however, indi-
rectly, it can have an impact through a wet deposition scheme.

MERRA-2. At Kanpur, the absolute relative errors of BC were
positively correlated with NO3

�, NH4
+, and Cl� normalized with

BC (R > 0.67, p < 0.05). The positive correlation depicted that the
overestimation of BC was due to uncertain quantication of the
aging of BC with secondary inorganic aerosol species. In addi-
tion, overestimated emissions could also be one of the impor-
tant reasons. The results were identical to those observed for
CAMSRA. In contrast, the correlation was insignicant over
Allahabad and Lumbini, either due to prevalent foggy condi-
tions that can impair the visibility, local meteorology, or satel-
lite retrievals.96 A similar trend was also observed for the OC
mass concentration data over Allahabad and Lumbini.

In Kanpur, the absolute relative error of OC was signicantly
correlated with WSOC/OC (R ¼ 0.33, p < 0.05), which depicted
that the induced error could be mainly due to hydrophilic
fractions of organic aerosols. The global models generally
parameterize the hydrophobic-to-hydrophilic carbonaceous
aerosols as an exponential turnover with an approximate e-
folding time of few days.97 For instance, the aerosol module of
MERRA-2 (or GOCART) simulations considers 50% of emitted
OC as hydrophobic, which undergo an aging process to become
hydrophilic in 1.2 days.27,61,94 This hydrophilic fraction of OC is
further assumed to be removed from the atmosphere through
dry and wet scavenging with an overall lifetime of ve days.61

The observed results suggested that the increase in hydrophilic
fractions of OC leads to an increase in the underestimation of
OC. Therefore, the most plausible reasons for the uncertainty
could be: (1) emitted OC could have a higher (>50%) fraction of
hydrophobic constituents, (2) e-fold time for the conversion of
hydrophobic-to-hydrophilic fraction could be lower, and (3) the
lifetime of OC could be higher over the central-IGP.

Moreover, earlier studies on organic aerosols over Kanpur
gave clear evidence of enhancement of SOA formation because
of (1) aqueous-phase processing, (2) nocturnal NOx radical
initiated oxidation, and (3) the acid-catalyzed reaction during
winter.82,83,98 It is expected that these processes could also lead
to uncertainty in the MERRA-2 reanalysis. The negative corre-
lation of the absolute relative error of OC with the ALWC and
acidic anions (SO4

2� and NO3
�) depicted that the processes

mentioned above did not signicantly affect the MERRA-2
simulations of OC.

The availability of hourly (from 8:30 to 18:30 IST) measured
BC and OCmass concentrations allowed us to study the diurnal
variation of measured and simulated carbonaceous aerosol
mass concentrations. The diurnal variations of MERRA-2 and
CAMSRA derived carbonaceous aerosols are shown in Fig. 3 and
S5,† respectively. Interestingly, the average MERRA-2 simulated
BC mass concentrations during different times showed good
agreement with the average BC mass concentrations compared
with the OCmass concentrations. MERRA-2 underestimates the
BC mass concentrations before noon while overestimates in the
aernoon. However, a direct comparison of the average
measured and simulated carbonaceous aerosol mass
586 | Environ. Sci.: Atmos., 2021, 1, 577–590
concentrations and articulating a strong association could be
misleading since the biases are positive and negative in both
directions. Therefore, the relative error was calculated for each
data point and is shown in Fig. S6 in the ESI.† The amplitude of
the relative error was observed to be the highest during the
aernoon when average BC and OC mass concentrations were
in good agreement with MERRA-2.

4. Conclusion

In the present study, two widely used CAMSRA and MERRA-2
reanalysis data sets of carbonaceous aerosol mass concentra-
tions were validated against ground-based measured data over
different IGP locations. Moreover, efforts were made to identify
possible reasons for error propagations in the reanalysis data of
BC and OC mass concentrations, emphasizing fresh vs. aged
aerosols.

Both CAMSRA and MERRA-2 underestimated the BC mass
concentrations over the NW-IGP while overestimated over the
central-IGP. The results suggested that primary emissions,
especially household biofuel/biomass burning, were under-
estimated over the NW-IGP. In contrast, primary emissions were
overestimated over the central-IGP. Emission sources over the
central-IGP are complex; therefore, it is difficult to quantify the
emission source/sources, which is/are responsible for the error
propagation in the reanalysis data. Besides poorly constrained
complex emissions, the aging of BC also led to the over-
estimation of BC sources over the central-IGP.

For OC, observed errors were complex mainly because of
biases associated with the local emissions and atmospheric
processes. Overall, CAMSRA overestimated the OC mass
concentrations over both the IGP regions with a mean bias
ranging from 28 to 84 mg m�3. The observed plausible reason
was the poorly constrained hygroscopic growth scheme in the
aerosol module, besides poorly constrained repartitioned semi-
volatile and intermediate-volatile species from the primary
organic aerosols. MERRA-2 underestimated the OC mass
concentrations throughout the sampling campaigns with
a mean bias range of �6 to �22 mg m�3. Over the NW-IGP,
underestimation was mainly due to hydrophobic constituents
of primary emissions, which are primarily due to household
biofuel/biomass burning.

In contrast, the underestimation of OC over the central-IGP
was due to the aging scheme in the aerosol module. Moreover,
underestimation of organics could also be due to the formation
of SOAs in the atmosphere from the regionally transported gas-
phase “pool” of efficient precursors. It is worth mentioning that
there is a lack of simultaneous and real-time ambient Volatile
Organic Compounds (VOC) and OC measurements in the IGP.
Besides the above mentioned possible reasons inuencing
reanalysis data of carbonaceous aerosols, satellite retrieval of
aerosol products also plays a crucial role in accurate simula-
tions of carbonaceous aerosols.

Although the above mentioned atmospheric processes
cannot directly be utilized for the current parameterization of
carbonaceous aerosols, it is expected that these mechanisms
might be helpful for the future parameterization of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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carbonaceous aerosols over South Asia. Further, there is also
a need to have better alternative ways to estimate secondary
organic aerosols in the absence of highly time-resolved mass
spectrometric measurements and the need to employ such
advanced tools to unravel novel aerosol processing mechanisms
is also suggested.
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A. Benedictow, A.-M. Blechschmidt, et al., The CAMS
reanalysis of atmospheric composition, Atmos. Chem. Phys.
Discuss., 2019, 19, 3515–3556.

56 C. Granier, B. Bessagnet, T. Bond, A. D'Angiola, H. D. van der
Gon, G. J. Frost, et al., Evolution of anthropogenic and
biomass burning emissions of air pollutants at global and
regional scales during the 1980-2010 period, Clim. Change,
2011, 109(1), 163–190.

57 D. V. Spracklen, J. L. Jimenez, K. S. Carslaw, D. R. Worsnop,
M. J. Evans, G. W. Mann, et al., Aerosol mass spectrometer
constraint on the global secondary organic aerosol budget,
Atmos. Chem. Phys., 2011, 11(23), 12109–12136.
© 2021 The Author(s). Published by the Royal Society of Chemistry
58 J.W. Kaiser, A. Heil, M. O. Andreae, A. Benedetti, N. Chubarova,
L. Jones, et al., Biomass burning emissions estimated with
a global re assimilation system based on observed re
radiative power, Biogeosciences, 2012, 9(1), 527–554.

59 R. Gelaro, W. McCarty, M. J. Suárez, R. Todling, A. Molod,
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