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Aerosol Optical Depth Over the
Nepalese Cryosphere Derived From
an Empirical Model

Bikas Chandra Bhattarai*, John Faulkner Burkhart, Frode Stordal and Chong-Yu Xu

Department of Geosciences, University of Oslo, Oslo, Norway

In the Himalayan region, aerosols received much attention because they affect the
regional as well as local climate. Aerosol Optical Depth (AOD) observation from satellite
are limited in the Himalayan region mainly due to high surface reflectance. To overcome
this limitation, we have conducted a multivariate regression analysis to predict the AOD
over the cryospheric portion of Nepalese Himalaya. Prediction using three meteorological
variables from ERA-Interim: relative humidity, wind velocity components (U10 and V10)
were taken into account for model development as independent variables, while the
longest time series AOD observation at Pokhara station is used as dependent variable.
Model coefficients were found significant at 95 percent level with 0.53 coefficients
of determination for daily values. Correlation coefficients between model output and
AERONET observations were found to be 0.68, 0.73, 0.75, 0.83, and 0.82 at Lumbini,
Kathmandu Bode (KTM-BO), Kathmandu University (KTM-UN), Jomson, and Pyramid
laboratory/observatory (EVK2CNR) AERONET stations, respectively. Model overestimate
AOD at Jomsom, and EVK2CNR AERONET stations while slightly underestimates AOD
in Lumbini, KTM-UN, and KTM-BO AERONET station, respectively. Both model output
and MODIS observation showed that the highest AOD over Nepal is observed during
winter and pre-monsoon season. While lowest AOD is observed during monsoon,
and post-monsoon season. The result of this research supports that the use of linear
regression model yields good estimation for daily average AOD in Nepal. The model that
we have presented could possibly be used in other mountain regions for climate research.

Keywords: Himalaya, MODIS aerosol optical depth, AERONET aerosol optical depth, empirical model, cryosphere

1. INTRODUCTION

Aerosols are a focal point of climate research due to their role, and significant uncertainty,
in atmospheric processes. Atmospheric aerosol particles scatter, reflect, and absorb incoming
solar radiation (as a direct effect) (Chylek and Wong, 1995; Solomon et al., 2007), and modify
cloud properties (as an indirect effect) (Charlson et al., 1992; Kim et al., 2014). The uncertainty
associated with these processes thusly is considered as one of the huge gaps in current climate
prediction capabilities (Parry et al., 2007; Istomina et al., 201 1; Alexandrov et al., 2016). Considering
the significant role of aerosol in climate processes in the Himalaya (Ramanathan, 2001; Meehl
et al., 2008; Nair et al., 2013), different studies have evaluated this region (Ramanathan and
Ramana, 2005; Ramanathan et al., 2007; Srivastava et al., 2012) focusing on aerosol emissions,
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optical-physical properties, and its climatic implications
(Tripathi et al., 2007; Srivastava et al., 2012; Lau, 2014; Soni,
2015; Paliwal et al., 2016; Zhang et al., 2017) as well as impacts
for regional hydrology (Matt et al., 2018). These research showed
that the aerosols over the Himalayan region are in increasing
trend, which is mainly detected during the winter and post-
monsoon seasons and are forced by the high anthropogenic
emissions, composed of bio and fossil fuel combustions (Acharya
and Sreekesh, 2013). Ramanathan and Carmichael (2008)
state that aerosols (particularly black carbon) in the high
Himalayas likely play significant role in the snow and glacier
melt by increasing solar heating. Li et al. (2016) claim the
Himalayan region should be considered as the most vulnerable
due to the impact of black carbon. Aerosol deposition and its
transport over the Himalaya is attracting more attention due
to its impact on the transformation of hydrological processes,
and regional energy balance, affecting billions of people living
downstream (Nepal et al., 2014).

Satellites offer a global perspective on many atmospheric
variables, including AOD (Kaufman et al., 2002). Remotely
sensed data from satellites has potential to account the highly
variable black carbon aerosol properties on global as well
as on regional scales and to provide repeated observations
over long periods. A well-known example is the MODerate
resolution Imaging Spectroradiometer (MODIS) instrument
which can provide daily aerosol and its different properties
with nearly global coverage at the resolution of 10 and 3 km
(Remer et al., 2013). Several works provide an overview of
MODIS aerosol retrieval algorithms and products (Kaufman
et al., 1997; Chu et al,, 2002; Remer et al., 2005; Martonchik
et al., 2009; de Leeuw et al, 2011). The basis of MODIS
AOD retrievals is that two independent algorithms are used
to derive aerosol, one over ocean, and a second to derive
over land. The land algorithm is mainly based on the dark
target approach (Kaufman et al,, 1997; Remer et al, 2005).
However, there are some limitations over brighter surface. In
both Govaerts et al. (2010) and Mei et al. (2012) the snow
and glacier covered surfaces are identified as a great challenge
for aerosol retrieval from remote sensing due to the fact the
high surface reflectance makes it difficult to separate radiation
at the top of atmosphere due to reflection from the snow and
from atmospheric scattering by aerosol particles. As Mei et al.
(2012), indicate that the crucial issue with using satellite for
AOD retrieval over brighter surface is due to very high spectral
albedo of the brighter surface like snow at wavelengths in the
visible region.

To fully understand the effect of aerosols over the Himalayan
region, detailed knowledge regarding the spatio-temporal
distributions of aerosols, and their seasonal variability in the
atmosphere are required (Bonasoni et al., 2012). Several methods
have been used to retrieve AOD over pure snow (Istomina
et al., 2009; Mei et al., 2012, 2013), but all these algorithms are
restricted to the Arctic region in order to meet the requirement of
having a sufficient snow BRDF model (Mei et al., 2013). To date,
no algorithm exists to retrieve AOD products over Himalayan
cryospheric region (snow and ice surfaces). A more detailed
understanding of spatial, and temporal variations of aerosols

is required in order to quantify the dynamic influence on the
regional climatic conditions.

The objective of this research is to develop an empirical
proxy model by using multiple regression, to increase the present
understanding of spatio-temporal variability of AOD over the
cryospheric portion of Nepal. Three meteorological variables
from ERA-interim reanalysis dataset: relative humidity, wind
velocity components (U10 and V10) (describe in section 3.3)
and observed AERONET AOD from Pokhara AERONET station
are used to develop our proxy en empirical model. Our study
region is presented in section 2, while the dataset used in this
research, and the proposed methods to retrieve AOD is explained
in section 3. Results and discussion are presented in section 4, and
finally conclusions are presented in section 5.

2. STUDY AREA

The domain of our analysis is the country of Nepal (see Figure 1),
with our results applicable to the cryospheric portion of the
country. Nepal is between India and China, and extends 885
km east-west and 145-248 km north-south. Within this small
geographical range, the altitude varies from ~60 m above sea
level (m asl.) in the southern plain, tropical Terai, to the highest
peak on the earth in the northeast. Along a south-north transect,
Nepal is divided into three ecological belts: Mountain in the
northern range, the mid range is called Hill, and the low elevated
southern range called Terai (CBS, 2014). Area of the country
is 147,181 km?, out of which about 15% is comprised of high
Himalaya, 68% covers by mid hill regions, and the remaining 17%
flat valley floor Terai. Around 50% of the total population lives in
Terai region, 43% of country population lives in the Hill region,
and 7% in the Himalayan region (CBS, 2012). Predominant
economic (and aerosol producing) activities (farming, industrial
establishment) are conducted in Terai region.

Rapid changes in elevation within a short north-south
distance creates a wide range of climatic conditions, from
subtropical to alpine/arctic within a span of <200 km. The
temperature variation in Nepal is mainly related with the seasons.
Within a season temperature varies with topographic variations
along north to south direction. Eighty percent of the total
precipitation in Nepal occurs during the monsoon (June to
September) season (Nayava, 1974; Shrestha et al., 2000) with
winter (5%) (December to February) rains more common in the
western hills (Ichiyanagi et al., 2007). Pre-monsoon (March-May)
season receives about 10% of rainfall while 5% of rainfall occurs
during Post-Monsoon (October to November) (Nayava, 1974).

3. DATASETS AND METHODS

3.1. AERONET Data

The Aerosol Robotic NETwork (AERONET) is a federation
of ground-based sun photometers which derive total column
AOD and other aerosol characteristics based on a radiative
transfer inversion algorithm. The network requires standardized
instruments, calibration, and processing (Holben et al., 1998).
AERONET stations provide measurements every 15 min from
a spectral radiometer with a 1.2° field of view, and eight solar
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FIGURE 1 | Spatial average dry AOD from daily MODIS observation (2000-2015) over Nepal. Markers in map represent the location of AERONET station.
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spectral bands from 340 to 1020 nm are used to calculate, for
each wavelength, the AOD, with an accuracy of £0.01-0.02 (Eck
et al., 1999). There are eight AERONET stations in Nepal. The
longest time series data come from Pokhara (2010-2016) and the
EVK2CNR (2006-2015) station while data from other stations
are less comprehensive and for relatively short periods from
different years.

The mean AOD at 550 nm from the AERONET stations at
different locations is presented as boxplots in Figure 2. While
we note an elevation dependence of AOD, it must be recognized
some stations have limited data. Figure 2 shows that the Lumbini
station located in lowest elevation has highest AOD mean
followed by the Hetuda, while the lowest AOD mean value is
observed at EVK2CNR at the highest altitude. Systematically the
mean are greater than the median indicating that the positive
skewed distributions are characteristic of naturally occurring
phenomena as indicated by Sriram et al. (2004). Since the number
of observed data points are limited in Hetuda and Langtang
(up to 2016), further analysis does not include the data from
these stations. AERONET datasets were screened for outliers, and
these values were removed using a mean =+ 3 standard deviation
conventional approach (Miller, 1991; Leys et al.,, 2013). As in
prior studies, to provide an effective comparison and analysis,
AERONET data are interpolated from 500 to 550 nm using the
following computation (Kaskaoutis et al., 2007; Prasad and Singh,
2007; Alam et al., 2014).

AOD = AOD 5503 ™ (1)
5500m = 500um \ 500

where AODsy,,, in Equation (1) is the AOD measured in 500
nm wavelength. Here « is the Angstrom exponent from the

wavelength of 440-870 nm (Sayer et al., 2013):

_ _In(m/n)
S YS! @

where 71, and 7, are the AOD at wavelengths 41, and A,.

As explained below, in section 3.5, our empirical proxy aerosol
model performs better with dry than wet aerosols. To derive dry
AOD from wet AOD we use the approach of Zhang et al. (2017)
to account for hygroscopic growth.

AOD

AODin = 7 it

3)

where, RH is relative humidity, AODy;, represents the AOD with
a dehydration adjustment. f(RH), the hygroscopic growth factor,
denotes the ratio of the aerosol scattering coefficient in ambient
with a certain relative humidity to that in the dry air condition
(Lietal, 2014; Zheng et al., 2017). f(RH) can be expressed as:

1
f(RH) = (1 RH/100) (4)

We have tested the different hygroscopic factors given by Li et al.
(2014) to convert observed AOD in to a dry state and Equation
(4) performed best to yield a higher correlation of AODy,,
with meteorological parameters. Hereinafter, all references to
AERONET AOD denote AODg,, at 550 nm from AERONET,
unless otherwise indicated, and wavelength subscripts are not
assigned for conciseness.

3.2. MODIS Data
In this study we use 16 years (2000-2015) of AOD data obtained
from the MODIS instrument on-board, the NASA EOS satellites.
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FIGURE 2 | Box plots for AERONET AOD observation at 550-nm in Nepal. The blue number in the figure represents the total number of AOD observation at each
AERONET station. Along the abscissa numbers inside brackets after each name of the station are station elevation in m asl. Green triangle and lines inside boxplots
are the mean and median values, respectively.

The MODIS products provide three processing levels of data:
Level 1 (geolocated radiance, and brightness temperature), Level
2 (retrieved geophysical data products), and Level 3 (gridded
averages of geophysical retrievals) data. There are two MODIS
Aerosol data product files: MODO4_L 2, containing data collected
from the Terra platform; and MYDO4_L2, containing data
collected from the Aqua platform. Daily Level _2 (Collection
6) data produced at the spatial resolution of a 10 km x 10 km
(at nadir) from the Terra platform MODO4_L2 is used in this
study. The MODO4_L2 product provides global AOD from the
dark target (DT) (Kaufman et al., 1997; Levy et al., 2013), and
deep blue (DB) algorithms (Huss, 2013). The DT algorithm is
applied over the ocean and dark land surfaces, while the DB
algorithm is used for brighter surfaces. The data analysis that
follows uses AOD at 550nm to be consistent with the wavelength
used by many climate transport and chemistry models (Kinne
etal.,, 2013) and prior MODIS validation studies (Levy et al., 2007,
2010; Safarpour et al., 2014). MODIS scientific datasets (SDS) in
Level 2, collection 06 is used to retrieve AOD for this study.
Table 1 provides the names for the relevant scientific datasets
within the MODIS Level 2 aerosol products. In order to select the
optimal MODIS scientific dataset for our purposes, we conducted
a brief validation and evaluation of different scientific dataset
performance in relation to the Pokhara AERONET observations.
Validation of MODIS AOD with AERONET observed AOD (dry
AOD from both observation) is carried out to find the best
fit MODIS scientific dataset with AERONET datasets. For the
validation, we followed the procedure described by Ichoku et al.
(2002) and Li et al. (2009). Spatial and temporal variability of
AOD distributions were taken into account. MODIS retrieval
at 10 km x 10 km and AERONET measurement within £30
min of MODIS overpass time and atleast 3 out of 9 MODIS
retrieval in a square box of 30 x 30 km centered over AERONET
site were used. After that mean values of co-located spatial
and temporal values were used for calculating error statistics
(i.e., RMSE, correlation coefficient). Scatter plots between mean
AERONET and MODIS AOD for different scientific dataset are
shown in Supplementary Figure 1. Although different datasets

have different expected error (EE), £(0.05+0.15A0D4ERONET) is
used for direct comparison (Remer et al., 2005). Validation results
shows that the lowest RMSE (0.13), with highest correlation
coeflicient (0.75) and EE (71%) is found for aerosol optical depth
estimated from deep blue algorithm. The correlation coefficient
for the best estimate is higher (0.75), but MODIS has large
underestimation. Large AOD underestimation by MODIS in the
studied site does not affect the current study because MODIS
AOD is only used in a relative sense to determine gradient along
the mountain slope.

Using classical regression model evaluation statistics, we
also calculated at the Pearson Correlation coefficient (Adler
and Parmryd, 2010) for the different MODIS scientific dataset
in two forms (i.e, dry (converted by using Equation 3) and
normal) against the observations. The correlation coefficient
between AERONET AOD and MODIS AOD in normal (0.75)
as well as in dry form (0.87) are also highest for aerosol
optical depth estimated from deep blue algorithm (Table 1). We
selected this scientific datasets and hereinafter this is refers to as
MODIS AOD.

3.3. ERA-Interim Data

We use the daily average ERA-Interim global atmospheric
reanalysis dataset (Berrisford et al., 2011) to obtain the
meteorologic parameters over Nepal. The data of this reanalysis
are available from ECMWF website http:apps.ecmwf.int/
datasets/. Nine variables are included in the analysis: albedo,
10m wind velocity components (U10 & V10), total columnar
water vapor, total columnar water, 2m dew temperature,
2m surface temperature, sea level pressure, and surface level
pressure. Obtained datasets are linearly interpolated to the
resolution of 10 x 10 km. Additionally, we include relative
humidity in our analysis, which is calculated using the equation
given by Dingmann (2015):

17.625x TD
exp [ 243.04+ TD]

17.625x T]

Relative humidity(%) = 100 x
exp [243.04+T

©)
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TABLE 1 | Pearson correlation coefficients between daily average AERONET AOD with MODIS AOD in dehydrated (dry) and normal (without dehydration) form.

Pearson correlation coefficient (r)

S.N. MODIS scientific datasets Normal AOD Dry AOD
1 Opi tal _Dept h_Land_And_Ccean 0.68 0.85
2 ACD_550_Dar k_Tar get _Deep_Bl ue_Conbi ned 0.68 0.85
3 Corrected_Optical _Depth_Land 0.57 0.76
4 Deep_Bl ue_Aer osol _Optical _Depth_ 0.75 0.87

550 _Land_Best _Esti nate

where, T, and TD in Equation (5) are the 2 m air temperature,
and dew point temperature in °C, respectively.

3.4. Digital Elevation Model (DEM)

A detailed map of land surface elevation was obtained from
the Advanced Spaceborne Thermal Emission, and Reflection
Radiometer (ASTER) (Fujisada et al., 2005) with 30 m resolution.
The DEM is re-sampled to the ground resolution of 10 x 10 km
using a nearestneighbor interpolation technique available in the
re-sampling tools of spatial analyst in ESRI ArcGIS.

3.5. Regression Analysis
Multiple linear regression methods with Ordinary Least Square
(OLS) assumptions (i.e., the model is linear in the parameter
and error terms are identically and independently distributed)
(Kleiber, 2001) are applied to develop an empirical model
for dry AOD based on ERA-Interim predictors. Daily average
AERONET AOD in dry form at Pokhara station (see Figures 1,
2) is selected as the dependent variable, as the statistical
significance was greatly improved compared to the use of
the wet aerosols. We have selected Pokhara to develop our
model as it has the longest time series (2010-2016) with
consistent data quality. The nine aforementioned meteorological
variables from ERA-Interim are initially used as independent
variables and we conducted a step-wise multiple linear regression
analysis (Bendel and Afifi, 1977).

All the data were linearly de-trended (Tanabe et al., 2002)

and normalized (%) before doing the statistical analysis.
Scatter plots between the dependent and independent variables
are presented in Figure3 with the resulting correlation
coeflicients (r).

To maximize the estimation power of the model using the
minimum number of independent variables, forward step-wise
regression process (Bendel and Afifi, 1977; Khatibi Bardsiri
et al, 2014; Silhavy et al, 2017) is used to identify the
independent variables. The selected regression model from the
step-wise regression process, based on Pokhara AERONET data
as a dependent variables, and average daily ERA-interim as
independent variables is given by:

AODyjpy = —0.030 — 0.6035 x RH +0.2140 x V10+0.3140 x U10 + ¢
(6)

where, ¢ ~ N(0,02) is an error term that is associated with the
model prediction. AODy;y, is the simulated AOD in dry form.

We found that the coefficient of determination (R*) of
the model is 0.53 for daily values. Observed P-value for
all the regression coefficients are <0.05 indicating that the
model is statistically significant at 95% confidence level. In the
developed empirical model given by Equation (6) simulated
dry AOD (AODyjy,) is determinedly the relative humidity, and
wind components (U10 and V10). Higher relative humidity
is associated with removal of aerosols, reducing the AOD
(loss term, negative coeflicient), and aerosol sources are
predominantly to the south, and west of Nepal, so southerly (V10
> 0), and westerly (U10 > 0) winds should bring higher aerosol
content (source term, positive coefficients). Although Equation
(6) is a proxy model only (as we have not considered emission
flux and sources), this interpretation shows a relation to processes
controlling the AOD.

3.6. Model Correction

Possible biases in simulated AOD due to the altitudinal gradients
(see section 4.1) are corrected by three methods using:

e Model-1: average regression slope from MODIS,

e Model-2: monthly regression slope from MODIS data,

e Model-3: monthly regression slope calculated from the
AERONET station data,

abbreviated as M1, M2, and M3, respectively. Now the correction
equation for all models becomes Equation (7), except that the
value of regression slope will change according to the model.

AODorr = AODyjy, + AODyi, x Exp(E; — EB) x Slope  (7)

where, E; is the elevation of respective station, EB is the elevation
of base station i.e., elevation of AERONET station at Pokhara.

3.7. Model Evaluation Statistics

We briefly describe three standard statistical metrics which
were used throughout the analysis to evaluate the performance
model results: Root Mean Square Error (RMSE), Pearson
correlation coefficient (r), and percent bias (PBIAS). These are
described below.

e Root Mean Square Error (RMSE): is the standard deviation of
the residual (prediction errors). It is the distance, on average,
of the fitted line for a data point to the observed value. Hence
it is consistent in terms of measurement units and provides a
metric that is easy to interpret: the smaller an RMSE value, the
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FIGURE 3 | Scatter plots between aerosol optical depth with meteorological variables. “r” represents Pearson correlation coefficient between aerosol optical depth
and meteorological variables.

closer predicted values are to the observed. Mathematically it
is describe by Chai and Draxler (2014)

(8)

RMSE = \/(AODsim - AODaemnet)z
n

where n is the total number of observations, AODy;, is
the simulated AOD from the model, and AODgeoper is the
AERONET AOD, respectively.

e Pearson correlation coefficient (r): r (Pearson, 1896) measures
the strength and the direction of a linear relationship
between our observed and simulated AOD. The mathematical
formula for computing r given in Pearson (1895) is used.
The numerical value of the correlation coefficient can vary
numerically between —1, and 1. The closer the correlation is
to 1.0, the stronger the relationship between the two variables,
whereas a negative value defines an anti-correlation.

e Percent bias (PBIAS): measures the average tendency of the
simulated AOD to be larger or smaller than their observed
counterparts (Moriasi et al., 2007). The optimal value of PBIAS
is 0.0, with a low-magnitude value indicating accurate model
performance. Positive values indicate model underestimation
bias while negative values indicate overestimation bias.

(9)

PBIAS = [(AODaeronet — AODyjp) X 100]

Z(AODuenmet)

4. RESULTS AND DISCUSSION
4.1. Altitudinal Distribution of AOD

Shown in Figure 1 is the spatial distribution of average observed
AOD from MODIS over Nepal for the period of 2000-2015. It
is clear that the spatial gradients of AOD are inversely related
to the topography, i.e., higher AOD over the southern low land

and lower AOD over the mountainous regions of Nepal. Scatter
plots (Figure 4) show that the AOD non-linearly decreases with
the altitude (steep negative gradient) up to ~500 m asl. and
thereafter varying more smoothly with the altitude. We found
that the altitudinal distribution follows a semi-logarithmic form
with a slope and coeflicient of determination of —0.135 and
0.899, respectively (blue points in Figure 4 is the linear transfer
of elevation by taking natural log). Since the aerosol load over
the region varies greatly with the seasons (Acharya and Sreekesh,
2013), slope coefficient of the regression equation on the monthly
average MODIS and AERONET observations are calculated over
Nepal. In Figure 5 the blue points represent an average AOD per
each grid cell with respective elevation in semi-logarithmic scale.
The red triangles represent the monthly average AOD from the
AERONET stations. As compare to AERONET AOD, MODIS
underestimates AOD in all months. Monthly gradients from
MODIS and AERONET observations are different. But from
both observations, the strongest elevation gradients are observed
during the winter season, while the weaker gradients are observed
during the monsoon season.

4.2. Seasonal Variability and Spatial

Distribution of MODIS AOD

We calculated a spatial average (2000-2015) of the MODIS
AOD in the dry forms for each season to evaluate the seasonal
variability. These are shown in Figure 6. The maps show average
AOD retrievals over Nepal are concentrated toward lower
elevations (Terai) where a high density of data pixels exists, and
the retrievals are limited in higher elevation regions due to high
surface reflectance. However, the seasonal spatial distribution of
AOD over Nepal clearly shows typical cycle of AOD with high
AOD in winter and pre-monsoon, and low in monsoon and post-
monsoon seasons. We present a further discussion of the seasonal
dynamics of AOD over Nepal in section 4.5.3.
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4.3. Validation of MODIS AOD With
AERONET

Because of enormous altitude variation within a short south
to north distance, Nepal has remarkable climatic variability
(tropical to Arctic) (Li et al., 2017) which poses a challenge for
satellite remote sensing of aerosol. Validation of remotely sensed
AOD with ground based instruments (AERONET) is worthwhile
in a region where such studies have not yet been completed.
We followed the general way to validate MODIS AOD against
AERONET AOD and the detailed procedure that we followed
is explained in section 3.2. Scatter plots between mean AOD
from MODIS and AERONET for different stations are plotted
and shown in Supplementary Figure 2. The AERONET sites are
located in different elevations ranging from 110 to 5,050 (m
asl.) (Figure 2), but the validation is done in four AERONET
stations (i.e., Lumbini, Pokhara, KTM-BO, and KTM-UN) with
MODIS observations. The comparison is performed using co-
located points. Seasonal analysis of these co-located AOD data
shows that, most of these data points are from winter, and pre-
monsoon season in all stations. In Pokhara, KTM-BO, and KTM-
UN AERONET stations about 30, 55, and 41% of the co-located
data are from winter season, while 55, 29, and 25% of the co-
located data are from pre-monsoon season, respectively. The
linear correlation coefficient, with RMSE, and regression slopes
between AERONET, and MODIS observation over four station
are given in Table 2. The regression slope, and intercept from
Table 2 shows that AOD observations from AERONET in all
station are higher than from MODIS.

Chu et al. (2002) and Li et al. (2009) showed that the intercept
of linear regression different from zero represents the errors in
surface reflectance estimates, and the regression slope differing
from 1.0 represents a systematic bias of MODIS AOD retrievals.
We also tried to do similar comparison in our study. Table 2
shows good correlation (0.75-0.91) between MODIS derived and

AERONET observed average daily dry AOD with intercept values
between 0.29 and 0.44, and a regression slope between 0.62
and 1.65. About 43, 74, and 69% of the observations fall inside
expected error (EE) from KTM-BO, KTM-UN and Lumbini
AERONET station. Lower percentage inside EE from KTM-
BO might be due to fewer observation compared to KITM-UN
and Pokhara (Figure 2). However, in comparison with global
validation results (Levy et al., 2007), with intercept of 0.029, and
slope of 1.009, MODIS C005 AOD retrieval has higher errors
in Nepal. The relatively high positive offset of MODIS AOD
in Nepal (e.g., intercept 0.29-0.44) is indicative of the poor
estimates in surface reflectance (Li et al., 2009). Moreover, daily
MODIS, and AERONET derived AOD are not concurrent in
time. Therefore, the sampling time inconsistency for AERONET
and MODIS AODs is also a source of uncertainty.

4.4. Average MODIS AOD Distribution With
Inter Annual Variability, 2000-2015

Analysis of seasonal average dry AOD for Nepal shows the nature
of the dynamics of aerosol concentration during the study period.
Figure 7 shows inter annual variability and 16 years AOD trends
for each season from MODIS. It shows that the AOD exhibited
an increasing trend in all seasons except in winter, but only
the trend in monsoon season is statistically significant at 95%
significant level (faint dashed lines in Figure 7). The highest
average AOD throughout the period was in the pre monsoon,
whereas the monsoon season showed an increasing trend after
2012. Between 2002-2004, and 2007-2010, the post-monsoon
curves showed significant lowering of average AOD. The high
AOD in pre-monsoon during 2001-2005 may be attributed to
low rainfall over most parts of Nepal (Department of Hydrology
and Meteorology Government of Nepal, 2017), which caused
an increase in aerosol loading in the atmosphere. The winter
decline in AOD (0.36-0.16) from 2000 to 2003 (0.046-0.01),
and 2007 to 2010 (0.03-0.02) was possibly due to a reduction of
aerosol load through higher precipitation observed over Nepal.
Opverall, significant increasing trend with slope of 0.0006, and
p-value of 0.042 is observed for average AOD over Nepal. This
weak but significant increasing trend may be attributed to annual
decreasing trend in precipitation in Nepal (1.3 mm per year),
although this precipitation decreasing trend is not significant
(Department of Hydrology and Meteorology Government of
Nepal, 2017).

In order to see the average inter-annual variability of AOD
in Nepal, monthly average dry AOD from both MODIS and
AERONET data are plotted in Figure 8. Standard deviation about
the mean from corresponding nine cell MODIS observation is
plotted as shaded part in the plot. From the seasonal AOD
analysis, AERONET AOD is found higher than most of AOD
observation from the MODIS. Although the seasonal AOD
comparison between MODIS and multi wavelength radiometer
(MWR) by Guleria et al. (2012), and between MODIS, and
Multiangle Imaging Spectro-Radiometer(MISR) by Prasad and
Singh (2007) over Indian subcontinent shows that MODIS
is overestimating during summer, and underestimating during
winter. But we found that in four stations MODIS AOD is lower
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FIGURE 5 | Monthly average AOD at 550 nm from MODIS (blue) and AERONET (red) observation with log elevation. Blue and red lines show the best fit linear lines for
each datasets. Numbers in each subplots show the slope for each best fit lines, respectively.

than AERONET AOD (Figure 8). From MODIS and AERONET
observation, the highest AOD is observed during the period
of March-May when Nepal experiences heavy spring dust from
north-west a feature that might be attributed to the fact that
we use dry aerosol in this analysis. The scavenging effect of the
rain can be seen from both observations as the lowest AOD is
observed during the period of July-August when the monsoon
season initiates. The highest AOD observed is at Lumbini
during November and December, and likely results from biomass
burning for heating in the Terai region (Wang et al., 2013).

4.5. Model Result Analysis

The empirical model obtained from Equation (6) resulting
from the multiple linear regression is used to simulate daily
dry AOD at different AERONET stations in Nepal. Simulated
daily dry AOD values with observed data are plotted in
time in Figure9. The time series can be effectively used to

understand the predictability of the model. It is observed that
the simulated dry AOD values are similar to the measured
values except in Jomsom, and EVK2CNR station. The average
bias (difference between observed mean with simulated mean)
between simulated and observed value are found to be 0.0002,
0.034, 0.009, 0.013, —0.045, —0.043 for Pokhara, Lumbini, KTM-
BO, KTM-UN, Jomsom, and EVK2CNR station, respectively.
Results showed that the model underestimated when is used to
simulate AOD in lower elevation region than Pokhara station,
and overestimated AOD in Jomsom and EVK2CNR, which are
located in higher altitude. The correlation coeflicient between
observed and modeled dry AOD (presented inside each plot) are
found to be higher at stations in higher altitude indicating their
higher similarity between observed and simulated values.

We found that the disagreement (i.e., highest PBIAS and
RMSE) between the simulated, and observed AOD is due to the
altitudinal dependencies (Figure 5), as it follows the topography
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TABLE 2 | Different statistics calculated from daily average AERONET AOD and
daily MODIS AOD for each station.

Linear regression

Station RMSE Correlation coefficient Slope Intercept
Lumbini 0.33 0.91 0.62 0.44
Pokhara 0.13 0.75 1.34 0.31
KTM-BO 0.39 0.75 1.65 0.29
KTM-UN 0.39 0.84 1.29 0.29

with higher AOD values over the low land than over the
mountain area (Figure 1). Roux et al. (2008) showed that the
lower aerosol load in French mountains are because of high wet
deposition due to orographic effects, but in the case of Nepalese
mountainous region, lower AOD observed from MODIS and
AERONET might be lower anthropogenic activity in the region
in addition. As we discussed in sections 4.2 and 4.4 that the
aerosol distribution in Himalayan region are not only dependent
upon altitude, but also dependent upon seasons, because the
Hindu-Kush-Himalayan region is strongly influenced by large-
scale atmospheric circulation, which alternates between the
wet summer monsoon, and dry season. As the distribution of
aerosols over time and space is determined by its type, size,
and source (Cristofanelli et al., 2014), aerosols transported to
Himalayas mainly from Indo-Gangetic plain during the pre-
monsoon season (Ramanathan et al., 2007; Kopacz et al., 2011)
are deposited differently over the space. Dhungel et al. (2016)
mentioned that the different sources of AOD for the Himalayan

region (especially to Nepal) are from biomass burning (mainly
in mountain region) and fossil fuels combustion (in low land or
Southern parts of Nepal).

To overcome biases between the model and observed
AOD, monthly average regression slopes obtained from
the linear regression between log elevation and AOD
(Figures 4, 5) are used to correct the simulated AOD values
from the model over the different stations. Results from
three different methods (see section 3.6) are discussed in
section 4.5.1.

4.5.1. Model Performance Evaluation After Using
Different Regression Slope Values

The three different slope correction models M1, M2, and
M3 are compared with the daily average dry AOD values
observed from respective AERONET stations. Model
evaluation statistics were calculated, and presented in
Figure 10. AERONET stations in Figure10 are arranged
in such a way that the station elevations (Figure2)
are in increasing order from Lumbini to EVK2CNR in
anticlockwise direction.

From the calculated error statistics (Figure 10), the models
for the stations at the lower elevations are performing at a
very close PBIAS, if we compare the PBIAS among all. With
increasing station elevation, performance of the model decrease
for M2, and M3. Performance difference can be clearly seen at
EVK2CNR and Jomsom stations, where correlation coefficient
of 0.1, 0.5, 0.82, RMSE of 0.018, 0.01, 0.002 with PBIAS of
136.8, —62.8, 4.9 are observed for the models M3, M2, and
M1, respectively at EVK2CNR. Although a higher correlation
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coeflicient of 0.85 is observed in Jomsom station from the model
M2 than model M1 (0.83), but the PBIAS and RMSE are better for
model M1 (-68.2% and 0.014) compared to M2 (91% and 0.018).
M3 performs similar to M1 and M2, however, it also tends to
underestimate AOD with increasing elevation. Underestimation
of AOD at EVK2CNR station from the model M3, is mainly
due to the steeper regression slope obtained from the available
monthly average AERONET data compared to the monthly
regression slopes from the monthly MODIS AOD. Referring to
Figure 5, monthly regression slopes mainly in Oct, Nov, Dec,
April, May, and June are steeper when compared with monthly

MODIS slope as well as average slope. These steeper slopes
force the model M3 to predict relatively lower AOD values
resulting overall underestimation and low predictability of the
model M3.

Overall, our conclusion is that M1 performs the best of the
three. In addition to the improved performance the correction
is most simple, using an average regression slope from MODIS,
and therefore M1 is recommended for the extrapolation of AOD
in the Nepalese Himalaya region. But the selection of model
might be different for the different purpose of study. In a study
about seasonal patterns, model correction by monthly slope
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might be appropriate, although the difference between these two
models (M1 and M2) is not big. In Figure 11, observed and
predicted AOD from M1 is presented. The correlation coefficient
between the simulated AOD from model M1 and observed
AOD from AERONET stations, Pokhara, Lumbini, KTM-BO,
and KTM-UN are 0.7, 0.52, 0.72, and 0.67, respectively. We
found that PBIAS in Pokhara, Lumbini, KTM-BO, and KTM-
UN are 0.5, 34.4, 36.1, and 41.9%, respectively, indicating
a general underestimation from the model. Highest RMSE
(0.06) is calculated at Lumbini while the lowest is observed at
Pokhara (0.03).

To better understand the seasonal predictability of the
selected model, the longest time series of daily observed

and simulated dry AOD data at Pokhara (2010-2016) and
EVK2CNR AERONET stations (2006-2015) are taken in to
account. During the monsoon season, the simulation give results
that agree with measured dry AOD at Pokhara station where
correlation coefficient of 0.89, with 0.019 RMSE, and lowest
PBIAS of —0.6 were observed, and these values are better than
in other seasons. In EVK2CNR, higher correlation coefficient
between AERONET and simulated AOD were observed in
winter (0.92), and in post-monsoon (0.89) season with RMSE
of 0.002 and 0.0015, respectively. Low model performance
(i.e., low correlation coeflicient, large PBIAS and high RMSE)
during the winter season at Pokhara is due to local air
pollution. Since 87% of the energy requirement of the county
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FIGURE 11 | Plot between dry AOD from AERONET and predicted AOD from M1 at different AERONET stations in Nepal. Inside each plot “r” represents the Pearson

is fulfilled by traditional sources like firewood, animal dung,
and some paper residue leaves of trees to warm houses and
as a kitchen fuels (Ranabhat et al., 2015), producing human-
made aerosols in the form of smoke (Panday and Prinn,
2009). Higher model performance during the post-monsoon
and winter season at EVK2CNR is due to the absence of
local sources of pollution as compared to Pokhara station.
Observed higher performance during the post-monsoon and
winter season at EVK2VNR is also due to the number of sufficient
observations during that season as the percentage of data point
observations in post-monsoon and winter seasons are 35.63 and
26.24%, respectively.

4.5.2. AOD Simulation Compared With MODIS AOD
Since the simulation results from M1 is found better than the
other models, it is further used to simulate dry AOD over
all Nepal, and results are compared with the corresponding
MODIS AOD observations. Comparison is made by calculating
correlation coefficients between the simulated AOD with MODIS
AOD. We found that the most of the correlation grid (see
Figures 13A,B) shows that the values above 0.5 with some
exception. We observed that the correlation coefficient between
MODIS observation and model simulation is higher at lower
elevations in Nepal. As the model is developed by using
AERONET data, systematic error between MODIS observation
and AERONET observation also leads to lower correlation
coefficient. In addition to systematic errors between the two
observations, the impact of clouds and coarse spatial resolution
of MODIS (10 x 10 km) may also introduce other uncertainties.
Figure 12 shows the seasonal distribution of model AOD over
Nepal. It follows the same seasonal distribution as we found from
MODIS observation.

4.5.3. Seasonal AOD From MODIS and Model

Figures 6, 12 show the seasonal distribution of dry AOD from
MODIS and model. From both, highest AOD is observed
during winter and pre-monsoon season and lower AOD
during the monsoon and post-monsoon season. In winter
spatial distribution of dry AOD shows that for most of the
southern part of Nepal, moderate to high values prevail
Cold surface conditions in winter, mostly in the southern
plain region of Nepal, produces very dense mist, haze,
and fog, through water vapor condensation on carbonaceous
aerosol particles from biomass burning leading to elevated
AOD, which is well-captured by MODIS observation. Higher
average AOD values are observed over the Terai region
which may be attributed to biomass burning activity during
colder weather (Wang et al., 2013). Increased burning activity,
in association with emission from industrial and fossil fuel
burning (especially in Terai), also increases atmospheric
AOD loading.

In pre-monsoon season, the shifting of the inter tropical
convergence zone to Indo-Gangetic plain produces intense
heating of the surface resulting in moderate to strong westerlies
winds (Nayava, 1980). These westerlies are also associated with
strong dust storms (Acharya and Sreekesh, 2013) occurring
mostly over the southern part of Nepal, transferring large
amounts of dust to the air leading to higher AOD in
the atmosphere (Figure6). The spatial variability of AOD
is also controlled by the surface moisture content during
this period. Intense temperature, in association with strong
surface winds during pre-monsoon, plays an important role
in heating and lifting the loose soil. The onset of gusty
winds during the pre-monsoon (Shea et al, 2015) caused
by convectional instability, produces a large amount of dust
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FIGURE 13 | (A) Spatial average dry AOD (2000-2015) from daily model simulation over whole Nepal. (B) Correlation coefficient between M1 output and AOD from

aerosol locally leads to an increase in AOD during this season
(Flossmann et al., 1985).

The monsoon climate over Nepal controls the seasonal aerosol
concentration in the atmosphere. Lower AOD during monsoon
is observed from model and MODIS observation (Figures 6, 12).
The lower AOD is due to the significant amount of rainfall
which occurs during the monsoon, accounting for 60-90% of the
total annual rainfall (Nayava, 1980). Higher amount of rainfall
leads to higher relative humidity forcing model to predict lower
AOQOD value. Therefore, the concentration of aerosol particles is
reduced during this season as they are rapidly removed from
the atmosphere through wet deposition (Gongalves et al., 2010)
which is well-captured by model and MODIS. Despite a strong
dependence on the monsoon, interestingly the total average
MODIS AOD value over Nepal during the monsoon season

(0.02) is higher than during winter season (0.017). However,
this potentially arises by choosing a fixed date for the monsoon
season, rather than meteorological thresholds. Due to the fact
that the timing for onset of monsoon in each year is not
constant, the AOD values may be rather elevated if the monsoon
rains have not yet initiated, leading to higher average values
than in winter season. Figures6, 12 clearly show that the
AOD is higher in the western part than in eastern regions.
This is a result due to the onset of monsoon from the east
(Bhatt and Nakamura, 2005), and slowly moving toward the
western region.

By the end of the monsoon, aerosol levels start to rise again
during the post-monsoon seasons. It is the transition period
between the wet and dry seasons. Retreat of the monsoon
trough is accompanied by a high-pressure cell positioned over

Frontiers in Earth Science | www.frontiersin.org

13

July 2019 | Volume 7 | Article 178


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Bhattarai et al.

AOD Over Nepalese Cryosphere

the Tibetan plateau, generally called the Tibetan high. The
cold north-easterly wind from this high-pressure cell spreads
over southern Nepal, and makes the surface air relatively
dense, restricting the effective convection mechanism. As a
result, aerosols are closer to the surface, yielding a large
backscattering fraction that increases AOD levels in Terai
region (Figures 6, 12). The spatial variability seen in the post-
monsoon season shows typical AOD levels in the eastern
and south-western parts of Nepal, respectively. As the eastern
part of Nepal receives more precipitation compared to the
western part (Department of Hydrology and Meteorology
Government of Nepal, 2017), AOD distribution over this
region is also different, as can be seen in Figures1, 13.
Variability in weather patterns, as well as the nature, and
intensity of emissions, produces such dramatic variation in the
spatial profile.

After the simulated AOD from model are compared
with the MODIS AOD data, model is further used to
extrapolate AOD over the cryospheric portion of Nepal,
and presented in Figure 13A. It is evident that the model
is also able to predict relatively higher AOD value in
river valleys (line toward north at around N29, E83.5 in
Figure 13A) with settlements, as compared with surrounding
mountainous peaks with snow, which was not detected from
MODIS instrument, ascertaining its ability to predict with
ground reality.

4.5.4. Uncertainty in the Model Prediction

Effective AOD prediction is a complex issue that is easily
affected by various factors, including weather and climatic
conditions, and emission fluxes. Different input factors as an
independent variables also have different degree of impact
on the regression results used for dry AOD prediction. In
the studied region, AOD is highly seasonal and altitude
dependent, inclusion of altitudinal correction factor improves the
predictability of the model. However, this study only predicted
dry AOD for Nepal, but did not take into consideration any
regional differences in the atmospheric environment. Although
the results were good, few uncertainties are remained. First,
uncertainties in the AOD data sources: on the one hand,
this was a reflection of the uneven spatial distribution and
few monitoring AERONET station, which are mainly in lower
elevation region. Second, uncertainties in the ERA Interim
data which were more prone to generating random noise,
which affected prediction accuracies. And the third is the
uncertainties in the proposed model itself. This study only
assumed a possible linear relationship between AOD and three
meteorological variables but did not consider the emission fluxes
and sources, which would have an impact on the effectiveness
of the model. Depending on the region and time period,
significant differences exist in dry AOD. The good predictions
achieved by the model proposed here were limited to Nepal and
over short duration. Further examination would be needed to
determine whether the developed proxy model could be applied
to dry AOD predictions at other mountain region with longer
time periods.

5. CONCLUSIONS

This paper presented dry AOD retrieval methods over the
cryospheric portion of Nepalese Himalayas. Multivariate
regression analysis is carried out to develop proxy an empirical
model to predict AOD in dry forms. Three meteorological
variables (relative humidity and 10 m wind velocity components)
from ERA-Interim, and AOD observation at Pokhara AERONET
station (in dry forms) were taken into account for model
development. We have presented the results from the model
corrected using average regression slope from MODIS (MI).
Simulated dry AOD from developed empirical proxy model is
validated with AERONET observations. Results showed that
the presented model (M1) is able to simulate dry AOD over
the different regions of Nepal, indicating model adequacy and
establishing the model as an efficient AOD prediction model
for Himalayan region. From both MODIS and model, highest
dry AOD are observed during winter and pre-monsoon seasons.
There are some discrepancies between observed and model
values. The possible reason behind this discrepancies are because
of the observed AOD represent sample of the population whose
mean should correspond to the values predicted by the model.
In this empirical proxy model, emission flux and sources are
not considered while developing model. Therefore, prediction
from model have biases with observations, and also in the case
of few measurement data, it is very difficult to validate model
results with the fewer observation. With limited observed data,
presented proxy model shows sufficient number of grid cells
with higher correlation coefficients indicating its adequacy as
proxy AOD prediction model for Himalayan region. Identifying
the source of aerosol is beyond the scope of this study but as
mention in several studies, aerosols over Nepal are transported
from Indo-Gangetic plain. The repeated occurrence of forest
fires (especially in hilly plain region during pre-monsoon season)
contributed to AOD over Nepal. Thus, it can be concluded
that the spatial variability of AOD depends upon weather
condition, and emission sources, which are subject to change
with seasons.

The results of this paper confirms that the use of even
the simplest linear regression model will yield very good
estimation results for daily average dry AOD data in Nepal
These simple models are indispensable prediction tools for
scientist requiring AOD information in the data sparse
Himalayan region. It is evident that the model from multivariate
regression analysis has universality in statistics, and it can be
able to predict most of the spatial AOD variability in the
Himalayan regions. It is especially useful for the situation
where we do not have explicit knowledge about the AOD.
This includes modeling in very complex terrain where very
limited observed data sources exist. We tested the model on
a few available stations, but it can also be used for other
regions for AOD estimation. Our proxy model only uses ASTER
DEM and meteorological data from ECMWE, and therefore,
these models could be easily applied to other regions with
mountain environment, and in related climate research in
mountain region.
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