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Abstract. Aerosol optical depth (AOD) values from
17 CMIP5 models are compared with Moderate Resolution
Imaging Spectroradiometer (MODIS) and Multiangle Imag-
ing Spectroradiometer (MISR) derived AODs over India. The
objective is to identify the cases of successful AOD simula-
tion by CMIP5 models, considering satellite-derived AOD
as a benchmark. Six years of AOD data (2000–2005) from
MISR and MODIS are processed to create quality-assured
gridded AOD maps over India, which are compared with cor-
responding maps of 17 CMIP5 models at the same grid res-
olution. Intercomparison of model and satellite data shows
that model-AOD is better correlated with MISR-derived
AOD than MODIS. The correlation between model-AOD
and MISR-AOD is used to segregate the models into three
categories identifying their performance in simulating the
AOD over India. Maps of correlation between model-AOD
and MISR-/MODIS-AOD are generated to provide quantita-
tive information about the intercomparison. The two sets of
data are examined for different seasons and years to examine
the seasonal and interannual variation in the correlation co-
efficients. Latitudinal and longitudinal variations in AOD as
simulated by models are also examined and compared with
corresponding variations observed by satellites.

Keywords. Atmospheric composition and structure
(aerosols and particles)

1 Introduction

Knowledge of aerosol concentration, type, and physical and
chemical properties is necessary to understand their role in
Earth’s climate system (Boucher et al., 2013). This infor-

mation can be obtained from in situ measurements, satellite
and ground-based remote sensing, and model simulations. In
situ measurements are carried out either in campaign mode
(ship-cruises, land campaign, or short-term observations of
any event) or long-term observations over any monitoring
site. Remote sensing provides means of long-term routine,
unmonitored measurements of global aerosol concentration,
with limited accuracy (King et al., 1999). Models provide
aerosol concentration based on emission inventories as ini-
tial conditions, and simulate their evolution considering vari-
ous changes in atmospheric conditions (Ghan and Schwartz,
2007).

Being point observations, in situ measurements cannot
provide global coverage of aerosol properties. This can be
obtained from satellite observation which, due to the large
swath and near-polar orbits of satellites, can provide more
frequent aerosol map throughout the globe (King et al.,
1999). The retrieval of aerosol properties from satellite-
measured radiances involves several assumptions mainly per-
taining to aerosol type and underlying surface features (Kauf-
man et al., 1997). The satellite-derived values are mod-
elled results, and their accuracy is assessed with the help of
ground-based observations (Chu et al., 2002; Liu et al., 2004;
Kahn et al., 2005; Levy et al., 2010).

On the other hand, models also provide forecast on how
the present aerosol climatology would evolve after a certain
period of time. This helps in planning the mitigation mea-
sures to limit the effect of aerosols on climate and environ-
ment. The hindcast obtained by models aids in understanding
the variation in aerosol properties over a long timescale ex-
tending to several years and decades (Ghan and Schwartz,
2007).
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However, in order to make use of these applications of
model data in studying the aerosol properties in past and
future, it is imperative to successfully model the existing
aerosol scenario (Ghan and Schwartz, 2007). Any error in
the initial conditions of the model run will affect the derived
values. This level of accuracy can be assessed by comparing
with satellite-derived values (Pan et al., 2015; Sanap et al.,
2014; Ganguly et al., 2009). Note that the satellite-derived
AOD values are themselves modelled results, and not the
“truth” values per se against which the model data could be
“validated”. Still, as mentioned previously, the accuracy of
satellite-derived values is assessed based on validation using
ground-based observations. Hence, while comparing model-
derived aerosol concentration with satellite-derived aerosol
properties, we have a limit of accuracy up to which the two
data sets can be expected to match. Model and satellite both
provide global coverage, and it is logical to compare them on
a global scale. However, such comparison requires detailed
information about geographical and meteorological features
throughout the world to explain the differences between the
two data sets.

Hence, in the present work, we have focused our attention
on the Indian subcontinent, and examined the performance
of the models over India, where we have sufficient knowl-
edge of geography and meteorology. Satellite-derived AOD
has been extensively validated over different regions of In-
dia using ground-based observations (for example, Tripathi
et al. (2005), Prasad and Singh (2007), Jethva et al. (2007a,
b), Choudhry et al. (2012), Misra et al. (2008, 2014b) have
validated different versions of the MODIS aerosol product).
Hence, the accuracy of MODIS-derived AOD is understood
over several, though not all, locations of India. In addition,
aerosol properties have been studied over India using a vari-
ety of in situ and remote-sensing measurements (Sagar et al.,
2004; Dey et al., 2005; Devara et al., 2005; Ganguly et al.,
2006; Krishna Moorthy et al., 2007; Srivastava et al., 2008;
Kuniyal et al., 2009; Kaskaoutis et al., 2009; Vinoj et al.,
2009; Pathak et al., 2010; Niranjan et al., 2011; Kumar et al.,
2012; Lodhi et al., 2013; Verma et al., 2014). The aerosol sce-
nario over India, study of anthropogenic and natural aerosols
(Verma et al., 2011; Ramachandran et al., 2012), identifica-
tion of pollution hot-spots (Di Girolamo et al., 2004), and
the evolution and increase and/or decrease of pollution lev-
els (Krishna Moorthy et al., 2013) over different timescales
have also been studied. Several studies have investigated the
aerosol climatology and explained it on the basis of prevail-
ing meteorological variables (for example, Ganguly et al.
(2006)). Thus, we know what type of aerosol pattern must
be expected from the model results. The effect of local mete-
orology, which explains the aerosol climatology encountered
over a region, should also be reflected in the modelled results.

In this paper, we have examined 17 models within the
framework of CMIP5 (Coupled Model Intercomparison
Project Phase 5) (Taylor et al., 2012) to evaluate their relative
efficiency in simulating the aerosol concentration over the In-

dian subcontinent. The distinction of this work from previous
studies such as Shindell et al. (2013) and Pan et al. (2015) is
in the quantitative comparison of models with satellite data.
In addition, a comparison of the spatial and temporal varia-
tion in aerosol properties from models and satellites are pre-
sented and discussed.

2 Study region

We have done the comparison of model-derived AOD with
satellite-derived AOD over the whole Indian territory (5–
30◦ N, 68–95◦ E). This study region encompasses large het-
erogeneity in aerosol properties, meteorology, and geogra-
phy.

The high-altitude mountains, Himalayas and Hindu-Kush,
being snow-covered during most part of the year, have fewer
data from satellites. Similarly, desert region in western In-
dian states of Rajasthan and Gujarat pose difficulty to satel-
lite remote sensing of aerosols (Misra et al., 2008, 2014b)
due to the high surface reflectance. Accuracy of satellite-
derived AOD is high over the Bay of Bengal and Arabian
sea due to the dark background provided by the ocean sur-
face (Tanré et al., 1997). There are mountains of low altitudes
over the western and eastern coasts of India, which pose no
difficulty to satellite remote sensing of aerosols over these
regions. However, large variations in surface features and to-
pography pose difficulty because proper account of pressure
variation with altitude should be made. Land cover in most of
India encompasses agricultural fields, which have high mois-
ture content due to the large number of rivers, their tribu-
taries, canals, and irrigation projects. The MODIS over-land
algorithm (dark target) has high accuracy over such regions.
Highest pollution levels are usually noted along the Indo-
Gangetic Basin (IGB), which is also a region of high pop-
ulation density. This region is affected by dust storms during
pre-monsoon season (Dey et al., 2004), and dense fog dur-
ing winter (Tripathi et al., 2006; Tare et al., 2006; Das et al.,
2008). North-east India is a mountainous region of the Hi-
malayas and receives the highest amount of rainfall in the
country. Central India is a plateau with variable land usage –
low-altitude mountains, agriculture and forest.

3 Data sets used

As mentioned in the previous sections, the accuracy of
satellite-derived AODs are usually known, albeit over se-
lected locations of the study region. In addition, in most of
the cases, the retrieval error can be attributed to surface re-
flectance or improper aerosol model assumption. The vali-
dation of satellite-derived AOD using ground-based sunpho-
tometer measurements should ideally result in linear corre-
lation, with slope as 1 and intercept as 0. Improper aerosol
model and inadequate surface reflectance parameterisation
lead to deviation of slope and intercept from their corre-
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sponding ideal values. This is usually the simplest case.
There could be additional sources of error arising out of com-
plex nature of atmospheric radiation processes. Their effect
depends on the nature of terrain and aerosol climatology. For
example, earlier simulation studies had identified that ne-
glecting polarisation in radiative transfer calculations (Levy
et al., 2004), and angular and seasonal variation of surface
reflectance ratios (Gatebe et al., 2001; Remer et al., 2001)
would have additional effect on the accuracy of AODs re-
trieved by MODIS. These parameters were accordingly in-
corporated in the subsequent versions of the MODIS algo-
rithm. Besides, cloud contamination is the biggest source of
error in satellite-based remote sensing of aerosols.

Terra MODIS Level 3 monthly averaged quality-assured
data were used. This product uses the QA (quality assurance)
weighted mean to obtain the monthly average values, with
the constraint that the number of daily data in the month
should be greater than 5. As this product is available sepa-
rately for land and ocean, we have created a merged data set,
by filling the over-ocean AOD values in the corresponding
grid cells. Note that the global validation of MODIS-derived
AOD has shown that the accuracy of over-ocean AOD is
greater than over-land AOD. Though collection 6 of the Terra
MODIS aerosol product has been released, at the time of
writing this paper, the full data from collection 6 are not
available. Hence, we have used collection 5.1 of the Terra
MODIS aerosol product.

We have calculated the monthly averaged gridded MISR
AOD from the level 2 swath data using similar constraint on
the number of days in the month as used for MODIS Level 3
product. The satellite data sets (MODIS and MISR) and mod-
elled simulations were brought to equivalent grid resolution
of 2.48 longitude by 1.99 latitude. The CMIP5 modeled sim-
ulations are available at a different and much coarser grid res-
olution. In order to perform correlation studies between satel-
lite data and model simulations, the grid resolution was made
consistent with the highest grid resolution available from the
model (e.g. NOAA-GFDL-ESM2M, Table 1). Data sets were
re-gridded using a cubic convolution interpolation method in
Interactive Data Language (IDL) version 7.0.

We have examined 17 models within the framework of
CMIP5. The model names and the various forcings consid-
ered by them are given in Table 1, and their spatial resolu-
tions and references are presented in Table 2. Nor-ESM1-
M and Nor-ESM1-ME differ in that the latter includes an
interactive biogeochemistry (Bentsen et al., 2013); CSIRO-
BOM-ACCESS1.0 and CSIRO-BOM-ACCESS1.3 differ in
the land and atmosphere components that these models con-
sider (Bi et al., 2013); NASA-GISS-E2-H and NASA-GISS-
E2-R differ from each other in the ocean model (Schmidt
et al., 2014); NOAA-GFDL-ESM2G and NOAA-GFDL-
ESM2M differ in the ocean component (Dunne et al., 2012);
MOHC-HadGEM2-ES considers all earth system compo-
nents, whereas MOHC-HadGEM2-CC excludes gas phase
tropospheric chemistry (Collins et al., 2011). The present

study spans the duration 2000–2005 due to the availability
of consistent satellite and model data during this period. In
this study we have compared only the total columnar AOD
from satellites and models.

4 Methodology

We have studied the annual and seasonal average AOD of the
models mentioned in Table 1 vis-a-vis MODIS- and MISR-
derived AOD. Through this approach, we are able to examine
the extent to which the various models are able to reproduce
the aerosol climatology observed by the satellite during the
study period. A correlation map was also obtained to quanti-
tatively examine the relative performance of the models un-
der diverse geographical and meteorological environments.
In addition, we have classified the 17 models into three cate-
gories based on their correlation with MISR-derived AOD.
The basis of classification is the correlation coefficient of
the models with MISR-derived AOD because, as will be
discussed in Sect. 5, the comparison of models is, in gen-
eral, better against MISR as compared to MODIS. The three
classes are R2

≥ 0.4;0.2≤ R2 < 0.4;R2 < 0.2, and repre-
sent the cases of very good, intermediate, and poor com-
parisons, respectively (Table 2). R2 values correspond to the
spatially averaged R2 between the model-MISR correlations
over each pixel. In order to arrive at these categories, we have
divided the range of R2 values obtained into three classes of
nearly same values (viz., 0.2). However, this categorization
has a limitation that the number of models in different cate-
gories are not the same. Two models show very good com-
parison (R2

≥ 0.4), 12 models show intermediate compari-
son (0.2≤ R2 < 0.4), whereas three models show poor com-
parison (R2 < 0.2) with MISR-derived AOD (Table 2).

5 Results and discussion

Table 2 gives correlation coefficients of 17 CMIP5 mod-
els with MODIS- and MISR-derived AODs. These correla-
tions were performed over the spatial domain of 5–30◦ N and
68–95◦ E. Overall, model AODs are better correlated with
MISR-derived AODs than MODIS. It can also be noted that
whenever the correlation between model and satellite data
is good, MISR has even better correlation. This is an im-
portant result for the studies comparing model-derived AOD
with satellite observations as it shows that the correlation
results are better when AOD data from MISR sensor are
used for the intercomparison. Another noticeable feature is
that differences in the correlations exist between the mod-
els. Among all the CMIP5 models considered, only IPSL-
CM5A-MR and CISRO-Mk3.6.0 had overall correlation
with MISR greater than 0.4. IPSL-CM5A-MR showed the
best correlation with both MISR (R2

model-MISR = 0.47) and
MODIS (R2

model-MODIS = 0.4). It was followed by CISRO-
Mk3.6.0 which was found to be well-correlated with MISR
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Table 1. Summary of forcings considered by the various models examined in this study. Ant= anthropogenic forcing, Nat= natural forcing,
SD= anthropogenic sulphate aerosol (direct effect), SI= anthropogenic sulphate aerosol (indirect effect), GHG=well-mixed greenhouse
gases, SA=SD+SI, SO= stratospheric ozone, TO= tropospheric ozone, Oz=TO+SO, Sl= solar irradiance, LU= land-use change,
Vl= volcanic aerosol, Ds=Dust, OC= organic carbon, BC= black carbon, MD=mineral dust, SS= sea salt, AA= anthropogenic aerosols
(CMIP5 data reference syntax document).

CMIP5 Model Forcings

CSIRO-Mk3.6.0 Ant, Nat (all forcings)
IPSL-CM5A-MR Nat,Ant,GHG,SA,Oz,LU,SS,Ds,BC,MD,OC,AA
CSIRO-BOM-ACCESS1.0 GHG, Oz, SA, Sl, Vl, BC, OC
MIROC-MIROC5 GHG, SA, Oz, LU, Sl, Vl, SS, Ds, BC, MD, OC
MOHC-HadGEM2-CC GHG, Oz, SA, LU, Sl, Vl, BC, OC
MOHC-HadGEM2-ES GHG, SA, Oz, LU, Sl, Vl, BC, OC
MRI-CGCM3 GHG, SA, Oz, LU, Sl, Vl, BC, OC
NASA-GISS-E2-H GHG, LU, Sl, Vl, BC, OC, SA, Oz
NASA-GISS-E2-R GHG, LU, Sl, Vl, BC, OC, SA, Oz
NCC-NorESM1-M GHG, SA, Oz, Sl, Vl, BC, OC
NCC-NorESM1-ME GHG, SA, Oz, Sl, Vl, BC, OC
NOAA-GFDL-ESM2G GHG,SD,Oz,LU,Sl,Vl,SS,BC,MD,OC
NOAA-GFDL-ESM2M GHG,SD,Oz,LU,Sl,Vl,SS,BC,MD,OC
NSF-DOE-NCAR-CESM1-CAM5 Nat, Ant, GHG, SD, Oz, LU , Sl, Vl, SS, Ds, BC, OC, MD, AA
MIROC-MIROC4h GHG, SA, Oz, LU, Sl, Vl, SS, Ds, BC, MD, OC
CSIRO-BOM-ACCESS1.3 GHG, Oz, SA, Sl, Vl, BC, OC
NOAA-GFDL-CM3 GHG,SA,Oz,LU,Sl,Vl,SS,BC,MD,OC

Table 2. The CMIP5 models examined in this study along with their grid resolutions. The correlation coefficients of the comparison of model-
derived AOD with MODIS and MISR AODs are also given. The various models are segregated into three groups based on the performance
of their correlation with MISR AOD. Details are given in the text.

CMIP5 Model Longitude Latitude MISR vs. CMIP5 MODIS vs. CMIP5 Reference

CSIRO-Mk3.6.0 1.87 1.85 0.41 0.26 Rotstayn et al. (2010)
IPSL-CM5A-MR 2.48 1.26 0.47 0.4 Dufresne et al. (2013)

CSIRO-BOM-ACCESS1.0 1.87 1.24 0.21 0.21 Bi et al. (2013)
MIROC-MIROC5 1.40 1.39 0.3 0.3 Watanabe et al. (2010)
MOHC-HadGEM2-CC 1.87 1.24 0.32 0.27 Collins et al. (2011)
MOHC-HadGEM2-ES 1.87 1.24 0.32 0.25 Collins et al. (2011)
MRI-CGCM3 1.12 1.11 0.28 0.28 Yukimoto et al. (2012)
NASA-GISS-E2-H 2.48 1.98 0.35 0.28 Schmidt et al. (2014)
NASA-GISS-E2-R 2.48 1.98 0.29 0.22 Schmidt et al. (2014)
NCC-NorESM1-M 2.48 1.88 0.31 0.27 Bentsen et al. (2013)
NCC-NorESM1-ME 2.48 1.88 0.3 0.27 Iversen et al. (2013)
NOAA-GFDL-ESM2G 2.48 1.99 0.35 0.19 Dunne et al. (2012)
NOAA-GFDL-ESM2M 2.48 1.99 0.37 0.19 Dunne et al. (2012)
NSF-DOE-NCAR-CESM1-CAM5 1.25 0.94 0.3 0.36 Meehl et al. (2013)

MIROC-MIROC4h 0.56 0.56 0.12 0.09 Sakamoto et al. (2012)
CSIRO-BOM-ACCESS1.3 1.87 1.24 0.08 0.09 Bi et al. (2013)
NOAA-GFDL-CM3 2.48 1.98 0.14 0.08 Donner et al. (2011)
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(R2
model-MISR = 0.41), but not with MODIS (R2

model-MODIS =

0.26).
Figure 1 shows the AOD climatology over India derived

by averaging the AOD data for the period 2000–2005. In
this way, AOD maps from MODIS, MISR, and the CMIP5
model defined groups are obtained. The AOD climatology
from CMIP5 models is averaged according to the three cat-
egories described previously. Note that differences exist be-
tween MISR and MODIS derived AOD also. This is mainly
due to the different procedures followed by the two sensors
for retrieval of AOD (Prasad and Singh, 2007; Cheng et al.,
2012; Wong et al., 2013).

The spatial distribution of aerosols and demarcation of
regions with particular value of AOD is more explicit in
MISR-derived AOD maps than in MODIS where it is more
chaotic. Thus, in MISR-derived AOD map, peninsular India
has lower AOD (< 0.25), with AOD over Maharastra even
lower (∼ 0.15) than the states in the extreme south (∼ 0.25).
This is interesting, since several centres of high industrial
activity like Mumbai, and developing centres of economic
activity like Pune lie in this region. AOD over north-west
India, and Pakistan is high (> 0.55). This region is the Thar
desert, and the dust aerosols result in the highest AOD among
the whole study domain. IGB also shows AOD comparable
(> 0.5) to that over Thar desert. IGB is prone to dust storms in
pre-monsoon season (Dey et al., 2004) and extreme fog dur-
ing winter (Tripathi et al., 2006; Tare et al., 2006). The dust
encountered in this region can be locally generated, or trans-
ported from neighbouring countries (Misra et al., 2014a).
Far beyond the coastal regions, AOD gradually decreases on
moving southwards, so that AOD over northern Indian Ocean
is very low (< 0.15). However, AOD over coasts is large –
this is the case for both eastern and western coasts (∼ 0.3).
This is noteworthy especially over the western coast where
high AOD is observed between the two regions of low AOD
over Maharastra and Arabian Sea. The region to the north of
the Himalayas has extremely low AOD (< 0.1) – the lowest
among the whole study domain. This is due to the fact that the
Himalayas presumably put a hindrance to northward move-
ment of aerosols from the IGB. In general, these features are
consistent with several studies conducted over the subcon-
tinent for characterisation of aerosols from in situ measure-
ments (refer to the papers cited in Sect. 1).

MODIS-derived AOD plot also shows very high AOD over
Thar desert and IGB (> 0.6) – even higher than that shown
by MISR. The AOD over southern India is seen to be lower
than northern India. AOD over the north Indian Ocean is still
lower (< 0.1) than other regions. Higher AOD along east-
ern and western coasts (∼ 0.3) as compared to neighbouring
continental and oceanic region is noticed in MODIS-derived
AOD plot also. However, the distinct pattern of AOD dis-
tribution and explicit identification of different AOD regions
that was discernible in MISR-derived AOD plot is not seen in
MODIS-derived plot. Pixels of high and low AODs are seen
in nearly all the regions. AOD over north-east India and north

Indian ocean are nearly similar from MODIS and MISR. An-
other noteworthy feature is the presence of a large amount of
missing data in MODIS-derived plot, especially to the north
of the Himalayas.

The explicit demarcation of regions of different AODs ob-
served by MISR is reproduced well by group 1 models. Thus,
we see very high AOD over north-west India and southern
Pakistan (> 0.5), which are the regions encompassing Thar
desert. AOD over southern India is lower than northern In-
dia in group 1 models derived AOD maps also. However,
AOD over peninsular India (< 0.25) is nearly uniformly dis-
tributed; and the lower AOD over Maharastra than extreme
south, which was clear in MISR-derived map, is not observed
in group 1 plot. AOD over IGB is high (∼ 0.5), and over
western IGB is comparable to Thar desert. However, higher
AOD over central IGB as observed by MISR is not seen in
AOD maps produced by group 1 models. Group 1 models
also fail to reproduce the high AOD along coasts which is
conspicuous in both MISR and MODIS derived maps. Grad-
ual decrease of AOD while moving away from coasts, and
low AOD over north Indian Ocean is well simulated by group
1 models. Besides, extremely low AODs to the north of the
Himalayas (< 0.1) are also seen.

Group 2 and group 3 models fail to reproduce most of the
features observed in MISR or MODIS plots, and simulated
by group 1 models. However, extremely low AOD (< 0.1)
over the north Indian Ocean and Himalayan region are well
simulated by group 2 and 3 models also. The only addi-
tional feature that is successfully simulated by group 2 and
3 models is the high AOD over the IGB (0.3–0.4). However,
the higher AOD over central IGB observed in MISR-derived
AOD map is not seen in group 2 or group 3 simulations. In
fact, group 3 shows higher AOD over the eastern IGB (0.3–
0.5) which implies an exactly opposite variation over IGB
than that observed by MODIS and MISR. An interesting fea-
ture is the region of high AOD over the India–Bangladesh
border which is simulated extremely well by group 3 mod-
els, and is also observed in MODIS-derived AOD map.

Figure 2 shows the maps of correlation of the three model
groups with MODIS and MISR separately. Such correlation
maps provide a quantitative perspective to the intercompari-
son, and help in identifying regions and cases of very good or
bad comparisons, and the degree of good or poor correlation.
Figure 2 also shows the correlation map between MODIS and
MISR derived AODs for comparison. Regional dependence
of correlation is observed in these maps.

The best correlation of group 1 models with MODIS as
well as MISR is seen over Thar desert, north Arabian Sea,
and Pakistan (R2

group1-MISR ∼ 0.8; R2
group1-MODIS ∼ 0.7). In

MISR-group 1 model comparison, the correlation is also
good over north Bay of Bengal (R2

∼ 0.6), and the region
to the north of the Himalayas. Worst correlation is observed
over north Indian Ocean (R2 < 0.2) and eastern coast. Simi-
lar correlation is seen for group 2 models also. The best cor-
relation is maintained over north Arabian Sea, Thar desert,
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Figure 1. AOD climatology for 2000–2005 derived from MISR, MODIS, and the three model groups defined in the text.

Figure 2. Spatial correlation map (2000–2005) for three model groups defined in the text with MISR and MODIS. The map of correlation
between MISR and MODIS derived AODs is also shown.

and Pakistan. This is followed by north Bay of Bengal, and
region to the north of the Himalayas. The north Indian Ocean
and eastern coast have poor correlation in the case of group 2
models also. It is noted that the spatial extent of good correla-
tion has increased in the case of group 2 models as compared
to group 1 models. Further, over the northern Arabian Sea,
the fraction of good correlation has increased in the case of
group 2 models. Similar correlation pattern is observed with
MISR as well as MODIS. The satellite-model correlation in
the case of group 3 models is poor over the whole subcon-
tinent. Only over the region to the north of the Himalayas,
MISR-group 3 correlation is ∼ 0.6.

It is interesting to note that, in spite of different retrieval
procedures, MODIS and MISR have very good correlation

over the landmass of the subcontinent. The correlation coef-
ficient is ∼ 0.6 over eastern India and along east coast. Over
the north Arabian Sea, north Maharastra, Madhya Pradesh,
Rajasthan, western IGB, north-east India, R2 reaches as high
as∼ 0.8; and over north Bay of Bengal upto∼ 0.7. Only over
the north Indian Ocean and Tibet, MODIS-MISR correlation
is poor with R2 < 0.4. Over Thar desert, the good correla-
tions between MISR/MODIS and model-derived AODs for
groups 1 and 2 indicate a proper characterization of dust in
these models; whereas the poor correlation for group 3 mod-
els implies an improper input related to dust aerosols.

Figure 3 shows that the anomaly (difference between satel-
lite and model derived AOD) for group 1 models with respect
to MISR is positive over Arabian Sea, north Indian Ocean,
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Figure 3. Anomaly in AOD climatology for 2000–2005 from MISR
and MODIS, for the three model groups defined in the text.

and the Himalayan region, implying AODMISR > AODmodel.
Over the rest of the landmass, i.e., peninsular India, central
India, and western India, anomaly is negative (AODMISR <

AODmodel). This is different in the case of MODIS where
anomaly is negative over the Arabian Sea, Bay of Bengal,
and north Indian Ocean also. The only regions of positive
anomaly, i.e., where AODMODIS > AODmodel are over the
Himalayas, and a few patches in western India. In the case of
group 2 and 3 models, the anomaly for both MODIS as well
as MISR is positive implying underpredicted model-derived
AOD. The underprediction is large (0.1) along the coasts. In
the case of group 3 models, the simulated AOD is less by
more than 0.15 over north-west India due to their failure in
simulating the AOD climatology over Thar desert.

Figure 4 shows the seasonal variation in the aerosol cli-
matology derived by MISR, MODIS, and the three model
categories. The highest AOD over the whole subcontinent is
encountered during monsoon (June, July, August). However,
during this season, the satellite-derived AOD has a higher
likelihood of cloud contamination as compared to other sea-
sons. As we have put a condition on the minimum num-
ber of days for computing monthly average AOD, this im-
plies fewer data during monsoon than other seasons. Similar
condition arises during winter (December, January, Febru-
ary) when MODIS has difficulty retrieving AOD over snow-
covered areas in the north of the Himalayas resulting in a
scarcity of data over that region.

Seasonal variation is noted in AOD over different regions
in the MISR-derived AOD maps. However, the pattern and
magnitude of the change in AOD is region-specific. In the
study region, AOD over eastern IGB and Bangladesh is high-
est during winter (∼ 0.4) and pre-monsoon (∼ 0.5), and min-
imum during post-monsoon (∼ 0.25). During both these sea-
sons, the AOD over this region is the highest among all re-
gions of the whole subcontinent. AOD over Thar desert is
highest during monsoon (∼ 0.8), and is also high during pre-
monsoon (∼ 0.4) – second only to eastern IGB. This is inter-

esting, since being dominated by desert dust aerosols, much
less variation in AOD with relative humidity would be ex-
pected over this region. AOD over the north Indian Ocean
is comparatively stable with much less variation in its value
with seasons. However, large variation in AOD are noted
over Arabian Sea and the Bay of Bengal. The AOD values
over these regions are maximum during monsoon, followed
by pre-monsoon.

Seasonal variation in AOD is observed in MODIS-derived
plots also. However, as noted previously, the distinction of
different AOD regions is not explicit in MODIS maps. Nev-
ertheless, the seasonal variation in AOD over the subconti-
nent observed by MISR is corroborated by MODIS. AOD
is highest during monsoon, followed by pre-monsoon. Dur-
ing post-monsoon and winter, AOD over the subcontinent is
very low (< 0.25), with high AOD located only over IGB and
southern Pakistan, due to hazy conditions prevailing during
these seasons.

CMIP5 models in group 1 are comparatively more suc-
cessful in reproducing the seasonal variation in AOD as com-
pared to group 2 and 3 models. The extremely high AOD dur-
ing monsoon season over the whole subcontinent, and high
AOD over western India during pre-monsoon and monsoon
seasons, is well reproduced. The lower AOD over southern
India than northern India, especially during pre-monsoon,
monsoon, and winter, is also reproduced. However, the mod-
els fail to reproduce the high AOD over eastern IGB. Besides,
as noted previously, there is heterogeneity in aerosol con-
centration over peninsular India as observed by MISR. Thus,
AOD over Maharastra is lower than regions further towards
the south, especially during pre-monsoon and post-monsoon.
Though this heterogeneity is reproduced by group 1 mod-
els during post-monsoon, these models show nearly uni-
form aerosol concentration over peninsular India during pre-
monsoon. AOD over the Arabian Sea, Bay of Bengal, and
north Indian Ocean is well simulated by group 1 models, and
the seasonal variation is similar to that shown in MODIS and
MISR maps especially during winter, monsoon, and post-
monsoon seasons. High AOD along the eastern and western
coasts are observed in MISR and MODIS maps, which are
not simulated by group 1 models.

Performance of group 2 and group 3 models is very poor
as compared to group 1 models. The magnitude of simu-
lated AOD during all seasons is much lower than satellite
and group 1 models. Group 2 models are able to show the re-
gions of high AOD. Thus, high AOD over western India dur-
ing monsoon, and higher AOD over IGB during all seasons is
discernible in group 2 plots. On the other hand, group 3 mod-
els completely fail in simulating the high AOD over western
India, especially over Thar desert which is so conspicuous in
all other data sets. This implies an inadequate provision of
desert dust aerosol in group 3 models. The group 3 consists
of three models: CSIRO-BOM-ACCESS1.3, NOAA-GFDL-
CM3, and MIROC-MIROC4h. CSIRO-BOM-ACCESS1.3
does not consider dust aerosols in their simulations (Bi et al.,
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Figure 4. Seasonal variation of AOD for 2000–2005 derived from MISR, MODIS, and the three model groups defined in the text. The
seasons have been defined as monsoon (June, July, August), post-monsoon (September, October, November), winter (December, January,
February), and pre-monsoon (March, April, May).

2013). In fact, the underlying atmospheric physics has not
yet been thoroughly tested in the CSIRO-BOM-ACCESS1.3
model (Bi et al., 2013). Dust emissions in the NOAA-GFDL-
CM3 model are based on the parameterization given by Gi-
noux et al. (2001). However, in a recent study, Kumar et al.
(2014) found Ginoux et al. (2001) parameterization to un-
derestimate the dust emissions over Thar desert (R. Kumar,
personal communication, 2016). Hence Kumar et al. (2014)
in their study readjusted the dust emissions using AERONET
observations. Thus, for both CSIRO-BOM-ACCESS1.3 and
NOAA-GFDL-CM3, the poor simulation of AOD is due to
inadequate dust characterization in these models. Besides,
there is a variation in soil type in the north Indian region,
leading to difference in dust flux observed over various lo-
cations (Desouza et al., 2015). Improvement of the dust
emission used in the model simulations based on ground-
based measurements would lead to better estimates of AOD.
The cause of poor performance of MIROC-MIROC4h could
not be ascertained. Although this model does consider dust

aerosols in the simulations, the accuracy of dust emissions
is not clear (T. Sakamoto, personal communication, 2016).
There is a possibility of some bias because of surface wind
and surface condition, but these factors have not been exam-
ined systematically (T. Sakamoto, personal communication,
2016). To examine the performance of this model over differ-
ent regions, we examined its correlation with MISR derived
AOD over different regions of India. The various values of
the correlation coefficient are as follows – all data: 0.12, Thar
desert: 0.40, central India: 0.005, southern India: 0.03; IGB:
0.10; Arabian sea: 0.003, Bay of Bengal: 0.02. Thus, we no-
tice that MIROC4h model has the best correlation over Thar
desert, and its overall poor correlation is due to its inferior
performance over all other regions. Nevertheless, the ability
of group 3 models is superior to group 1 and group 2 models
in simulating high AOD over eastern IGB during winter and
post-monsoon seasons.

Figure 5a shows the time series of AOD from MODIS,
MISR, and the three groups of CMIP5 models. The respec-
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1

 

Figure 5. (a) Time series of AOD for 2000–2005 derived from
MISR, MODIS, and the three model groups defined in the text.
(b) Variation of AOD from different data sets with latitude. (c) Vari-
ation of AOD from different data sets with longitude.

tive AODs are obtained by averaging over the Indian domain.
The average AODs for the three CMIP5 model groups are
obtained by further averaging over the corresponding mod-
els. There is a known seasonal variation of AOD over differ-
ent locations of the Indian subcontinent as reported by Mehta
(2015). Using 13 years (2001–2013) data from MODIS and
MISR sensors, Mehta (2015) has studied the spatial and tem-
poral variation in AOD over the Indian territory. Maximum
aerosol content over the country is observed during monsoon
season, mainly due to wind and relative humidity (Mehta,
2015). Lowest aerosol content is observed during winter sea-
son. Besides, different parts of India have different processes
leading to high aerosol content during particular seasons.
Over northern India, agricultural waste burning leads to high
aerosol content during post monsoon. Over west India, long-
range transport leads to high AOD during monsoon season.
The peculiar topography and meteorology, in addition to an-
thropogenic emission, aid in building up high aerosol con-
centration over east India. Comparatively lower values of
AOD are observed over southern India (Mehta, 2015).

From Fig. 5a, we see that the seasonal variation in AOD
is reproduced by all the three model groups. The magnitude
of AOD is well reproduced by group 1 models; however, it is
very low for group 2 and 3 models. A perfect match in AOD
observed by group 1 models, MISR, and MODIS is noted
during 2001 and 2004. During post-monsoon and early win-
ter, when AODs are low, MODIS and MISR derived AODs
compare well. There is negligible difference during “decreas-
ing AOD” months of August to December, which include the

post-monsoon season. The differences exist for January to
May months. An increase in minimum AOD and a decrease
in maximum AOD is observed in MODIS and MISR data
during 2002–2005. However, such changes are not reflected
in group 1 model data. The differences in AOD from differ-
ent data sets are seen to exist mostly in the January to May
period (Fig. 5a).

Figure 5b shows the variation of AOD with latitude for
MODIS, MISR, and the three model groups. Some interest-
ing features can be noted from this figure. The peculiar varia-
tion of AOD vs. latitude is characteristic of this region. There
is a remarkable variation in AOD with latitude – it increases
upto the Himalayan foothills (∼ 27◦ N), then drops sharply
(till ∼ 34◦ N), and slowly increases again. This feature is
marked in AOD data from both MISR and MODIS, and is
reproduced by all models with varying degrees. The slow in-
crease in AOD from the equator to the Himalayan foothills
could be due to the fact that in this latitude range, the ocean
area continuously decreases with latitude in the domain con-
sidered, so that for lower latitudes, there is more contribu-
tion from oceans whereas for higher latitudes there is higher
contribution from land mass. The latter is more polluted due
to the dominance of anthropogenic aerosols resulting from
the high population density. Gautam et al. (2010) found high
AOD over northern Arabian Sea during May–June as com-
pared to April, which was attributed to long-range trans-
port of dust aerosols. Latitudinal gradient in aerosol radiative
forcing was also found by Satheesh et al. (2010). The region
in the domain that falls to the north of the Himalayas can be
considered to be pristine as very less anthropogenic activity
takes place in that region.

The AOD values from group 2 and group 3 models are
lower than AOD from group 1 models, MODIS, and MISR,
for all latitude values. However, the AOD from group 1 mod-
els is comparable to those from MODIS and MISR, with
over/under-estimation for a distinct latitude range. For 0–
12◦ N, MISR derived AOD is observed to be higher than
group 1 model AOD, whereas for 12– 25◦ N, group 1 is
higher than MISR-AOD. Beyond 25◦ N, MISR derived AOD
is again higher than group 1 AOD. One possible reason could
be the presence of ocean in the 0–25◦ N latitude range. The
separation can be interpreted in terms of land vs. ocean; or
highly polluted vs. comparatively cleaner environments (e.g.,
oceans, southern tip of India, Himalayas and northern India).
Largest variation in AOD is shown by MODIS, its values are
lower than those from MISR for 0–18◦ N, and higher beyond;
lower than group 1 models for 0–24◦ N and higher beyond.
AOD magnitude from MODIS over 26–35◦ N is very large
as compared to MISR and group 1 models. Fewer data from
MODIS are available from the region to the north of 30◦ N
due to snow-covered Himalayan region, where MODIS has
limitation with aerosol retrieval. In summary, the variation
in AOD with latitude is reproduced well by all three cat-
egories, though there are numerical differences, which get
larger over the north of IGB. Dumka et al. (2014) have re-
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cently shown the latitudinal variation in aerosol properties
over the IGB based on ground-based remote-sensing data
from AERONET. They observed an increase in AOD from
the central Himalayas to IGB.

Figure 5c shows the variation of AOD with longitude.
AOD from MISR and group 1 models match perfectly well
for 72–82◦ E. For longitude < 72◦ E, and longitude > 82◦ E,
MISR-derived AOD is marginally high. A kink is observed
at exactly 70◦ E. A decrease of about 0.1 in AOD is ob-
served with longitude; not all models are able to reproduce
this variation. Only group 1 reproduces the slightly decreas-
ing trend in AOD with longitude. Variation in AOD simulated
by group 2 and group 3 models is similar for longitudes to the
east of 83◦ E. These are the longitudes dominated by oceans
(Bay of Bengal) and pristine hills of Himalayan range. This
shows that the performance of the models in group 2 and
group 3 is same under such geographical conditions. How-
ever, for western India, with high AOD, the variation in AOD
observed by these categories is different. This is most prob-
ably due to the provision of dust aerosols in the group 2 and
group 3 models. The variation of AOD with longitude is sim-
ilar to the amount of dust aerosol present, i.e. the area of dust
dominated region. However, both group 2 and group 3 mod-
els have very low AOD as compared to MODIS, MISR, and
group 1 models.

MODIS-derived AOD are very high in the 66–76◦ E re-
gion, which encompasses the Thar desert dominated by
desert dust aerosols. Regions to the east of 87◦ E have com-
paratively low AOD. These are the regions receiving higher
rainfall. Contribution from oceans is also largest in this longi-
tude range. Whatever land mass is present in the domain cor-
responding to this longitude range, is dominated by moun-
tainous region, which are comparatively pristine. However,
Gogoi et al. (2011) have shown that the aerosol properties
at Dibrugarh in north-east India are affected by the aerosol
climatology in the IGB. Gogoi et al. (2011) had observed
AOD at Dibrugarh to vary between 0.21± 0.03 in October
and 0.63± 0.09 in March. Pathak et al. (2010) have shown
that the BC concentration at Dibrugarh is lower than Kanpur
in central IGB, but is comparable to that over other locations
in India. A sharp decrease in MODIS AOD is observed to
the east of 87◦ E, which is not observed in other data sets
(Fig. 5c). MODIS-derived AOD are similar to those from
MISR and group 1 models in the longitude range 77–83◦ E.
A slight increase is observed in MODIS-derived AOD be-
tween 83 and 87◦ E. Srivastava et al. (2011) had found AOD
at Gandhi College in eastern IGB to be higher than at Kan-
pur in central IGB during pre-monsoon season. They infer a
positive gradient in AOD over the region. Thus, the longitu-
dinal variation in AOD observed by satellites and simulated
by models (Fig. 5c) is consistent with ground-based observa-
tions. The role of low AOD over the Arabian Sea and Bay of
Bengal in producing the latitudinal and longitudinal variation
in AOD observed in our study is corroborated by the studies
of Vinoj et al. (2008) and Naseema Beegum et al. (2012). Vi-

Figure 6. The various sub-regions in the study area over which 8 se-
lected models were examined in further detail.

noj et al. (2008) had observed AOD at Minicoy in southern
Arabian Sea to vary between 0.15 and 0.5. Naseema Beegum
et al. (2012) found AOD between 0.15 and 0.4 over Port Blair
in the Bay of Bengal. Note that the AOD values obtained by
Vinoj et al. (2008) and Naseema Beegum et al. (2012) corre-
spond to southern remote Arabian Sea (Minicoy) and eastern
BoB (Port Blair), respectively.

In order to further explore the model-satellite compar-
ison, we examined the correlation coefficients of some
of the models: IPSL-CM5A-MR (Dufresne et al., 2013),
CSIRO-BOM-ACCESS1.0 (Bi et al., 2013), NOAA-GFDL-
ESM2M, NOAA-GFDL-ESM2G (Dunne et al., 2012),
MIROC-MIROC5 (Watanabe et al., 2010), MRI-CGCM3
(Yukimoto et al., 2012), NCC-NorESM1-M (Bentsen et al.,
2013), NCC-NorESM1-ME (Tjiputra et al., 2013) over se-
lected regions (Fig. 6). The regions considered are the fol-
lowing: Thar desert (25◦ N, 70◦ E) to (27.5◦ N, 72.5◦ E), cen-
tral India (20◦ N, 77.5◦ E) to (22.5◦ N, 80◦ E), southern In-
dia (11.5◦ N, 76.5◦ E) to (14◦ N, 79◦ E), Indo-Gangetic Basin
(25◦ N, 79◦ E) to (27.5◦ N, 81.5◦ E), Arabian Sea (15◦ N,
65◦ E) to (17.5◦ N, 67.5◦ E), the Bay of Bengal (13◦ N, 85◦ E)
to (15.5◦ N, 87.5◦ E) (Fig. 6).

Few interesting features are noted in the correlation co-
efficients with MISR (Table 3). IPSL-CM5A-MR has good
correlation with MISR over all of India, and also over Thar
desert, central India, IGB, Arabian Sea and the Bay of Ben-
gal. Only over southern India the IPSL-MISR correlation is
inferior (0.3).

Considering the specific regions, over Thar desert, ex-
cept MIROC-MIROC5, all models have modest to good cor-
relation (greater than 0.35). Over Arabian Sea, only MRI-
CGCM3 and NCC-NorESM1 (both versions) have poor cor-
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Table 3. Summary of correlation results over the sub-regions depicted in Fig. 6.

India Thar Central India Southern India IGB Arabian Sea BoB

MODIS MISR MODIS MISR MODIS MISR MODIS MISR MODIS MISR MODIS MISR MODIS MISR

MISR 0.61 1.0 0.88 1.0 0.68 1.0 0.51 1.0 0.68 1.0 0.81 1.0 0.52 1.0
IPSL-CM5A-MR 0.40 0.45 0.63 0.69 0.42 0.61 0.45 0.30 0.30 0.63 0.76 0.76 0.46 0.58
CSIRO-BOM-ACCESS1.0 0.21 0.21 0.42 0.45 0.51 0.05 0.22 0.02 0.02 0.01 0.67 0.57 0.12 0.11
NOAA-GFDL-ESM2M 0.21 0.37 0.55 0.68 0.25 0.18 0.09 0.14 0.13 0.35 0.77 0.76 0.06 0.06
NOAA-GFDL-ESM2G 0.21 0.35 0.60 0.71 0.18 0.11 0.02 0.02 0.17 0.31 0.80 0.78 0.004 0.02
MIROC-MIROC5 0.29 0.29 0.05 0.22 0.14 0.51 0.06 0.15 0.25 0.26 0.64 0.75 0.29 0.15
MRI-CGCM3 0.28 0.30 0.19 0.35 0.42 0.44 0.17 0.10 0.14 0.15 0.28 0.26 0.21 0.33
NCC-NorESM1-M 0.27 0.31 0.11 0.38 0.08 0.29 0.14 0.21 0.25 0.27 0.31 0.18 0.004 0.001
NCC-NorESM1-ME 0.27 0.30 0.38 0.51 0.07 0.35 0.17 0.41 0.16 0.42 0.22 0.30 0.008 0.02

relation. Thus, over these two regions the performance of var-
ious models is good. It should be noted that these two regions
are affected by desert dust presence and transport.

Over IGB and southern India, only IPSL-CM5A-MR and
NCC-NorESM1-ME have good and moderate correlation, re-
spectively. Over the Bay of Bengal, performance of all mod-
els, except IPSL-CM5A-MR, is poor.

The better performance of NCC-NorESM1-ME over
NCC-NorESM1-M model based on correlation with MISR-
derived AOD is observed over different regions – Thar desert,
central India, southern India, IGB Arabian Sea, the Bay of
Bengal. These two models are the same in all aspects other
than the inclusion of biogeochemical cycle, particularly the
carbon cycle in the model NorESM1-ME. Though some tun-
ing was also done in NorESM1-ME for low-level cloud pa-
rameterization (J. Tjiputra, personal communication, 2016),
in our study we did not find any significant difference be-
tween the low-level cloud concentration from these two mod-
els. Hence, the biogeochemical cycle is the most probable
cause for the better performance of NorESM1-ME model.
Further detailed study is required to ascertain how including
an interactive carbon cycle improves the simulation of atmo-
spheric aerosols by models.

Similarly, in the two versions of the NOAA-GFDL model,
viz., NOAA-GFDL-ESM2M and NOAA-GFDL-ESM2G,
the former uses Modular Ocean Model V4.1 with vertical
pressure layers, whereas the latter uses generalized ocean
layer dynamics with a bulk mixed layer and interior isopy-
cnal layers. The correlation coefficient of these models with
MISR over all of India is similar and also nearly similar over
the different regions considered, except over southern India.
One could argue that, as the aerosol climatology over south-
ern India is influenced by oceans to a great extent, need of a
proper account of ocean properties is understandable. How-
ever, we do not observe such differences over the Bay of Ben-
gal and the Arabian Sea.

6 Conclusions

We have performed quantitative evaluation of 17 CMIP5
models using MISR and MODIS derived AOD. Overall,
the models correlate better with MISR-derived AOD as
compared to MODIS-derived AOD. Among all the mod-
els that were examined, CSIRO-Mk3.6.0 and IPSL-CM5A-
MR showed overall correlation greater than 0.4. IPSL-
CM5A-MR showed the best performance with overall R2

greater than 0.4 for correlation with both the satellite sen-
sors (R2

MISR = 0.47; R2
MODIS = 0.40). Regional and seasonal

dependence of the correlation between model and satellite-
derived AOD was observed. Models were observed to per-
form poorly over oceans and east coast of India; and com-
paratively better over land, especially over Thar desert and
western India.

Seasonal variation observed in satellite-derived AOD was
reproduced by all model groups. The magnitude of AOD was
well reproduced by CSIRO-Mk3.6.0 and IPSL-CM5A-MR
models; however, it was very low for other models. The vari-
ation of AOD with latitude was well reproduced by all the
three model categories, with numerical differences, which
got larger over the north of the Indo-Gangetic Basin. Correla-
tion of selected models with MISR over various sub-regions
showed that in general IPSL-CM5A-MR shows the best per-
formance among all models even for different sub-regions
also, except for southern India. Importance of biogeochem-
ical cycle in the simulation process is also noticed. Results
of this study would help in identifying the regions and sea-
sons where an improvement in various models is required.
This would result in better simulation of present-day global
aerosol climatology. It will have further implications on the
accuracy of studies on future climate.

7 Data availability

CMIP5 model aerosol data product is available from Cen-
tre for Environmental Data Archival (CEDC) incorporating
BADC, NEODC, UKSSDC, SPARC and IPCC-DDC data
centres (http://www.ceda.ac.uk). MISR Level 2 AOD data
is obtained using Reverb Tool from Atmospheric Science
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Data Centre at the NASA Langley Research Centre. MODIS
Level 3 AOD data is available from Level 1 and Atmosphere
Archive and Distribution System (LAADS) (http://ladsweb.
nascom.nasa.gov/). All data analyses are performed in Inter-
active Data Language (IDL) version 7.0 software.
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