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Abstract
Objectives: To find characteristics of Aerosol optical depth (AOD) at ultra-
violet (340-380 nm), visible (440-675 nm) and near-infrared (870-1020 nm)
wavelength spectrum. During estimation of the radiative effect of aerosol in
the atmosphere of earth radiation budget, it is important to study AOD. It
is the total disappearance of sun rays due to aerosols in atmospheric col-
umn by absorption and scattering. Methodology: AOD is being measured
using ground based sensor called CIMEL Sun photometer over Kanpur as it
is situated in the Indo-Gangetic Basin. Findings: The seasonal variations in
AOD as well as in various months of the year at 340nm, 500nm and 1020nm
under all clear days have been studied. The observations showed that AOD
was increasing from Pre-monsoon to Post-monsoon season at short wave-
lengths; whereas it was found to be decreasing at longer wavelengths regions.
Novelty: Area under study is surrounded by small to large scale industries.
Therefore, industrial emission is amajor source of anthropogenic aerosols. The
study of spectral and seasonal variations of Aerosol Optical Depth is important
because the accumulation of aerosol particularly mixing state of aerosols has
impact on atmospheric dynamics. Furthermore this work will also motivate the
researchers to develop aerosol climatologymap particularly for Indian regions.

Keywords: Aerosol optical depth (AOD); CIMEL sun photometer; solar
radiations
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1 Introduction

The small sized particles drifting between surface of earth and stratosphere (in solid, liquid or gaseous
phase) are called Atmospheric aerosols (1). These particles are created in the atmosphere or transported to
the atmosphere by various sources. (2–4) These aerosols may be primary or secondary. Primary aerosols are
released directly through atmosphere while secondary aerosols are created in the atmosphere fromprecur-
sor gases (5,6). The origins of primary aerosols are partial combustion of fossil fuels, burning of biomass,
mineral particles sea spray, volcanic eruptions, etc. (1–3,6) . The main components of secondary aerosols
are sulphate and nitrate (4–6). These are categorized as fine-mode (radius< 0.1µm), accumulation-mode
(0.1µm ≤ radius<1.0 µm) and coarse mode (radius ≥ 1.0 µm) aerosols (5) . The composition, structure
and the size of the particle changes with various atmospheric processes like coagulation, dry deposition,
evaporation and convection (6). During atmospheric transport, aerosol particles undergo diffusion pos-
sibly by collision in turbulent and Brownian processes. The process of coagulation happens due to the
collision among these particles.This process often increases the concentration of lager particles and simul-
taneously decreases the smaller particles. During their lifecycle, particles are appeared to be changed by
such processes.

There is a strong interaction between aerosols and solar radiations which cause a great effect on climate
change (7). So the radiative balance of earth is influenced (7,8). It alters hydrological cycle, effects weather
and influences major monsoons of the world (9–12). However it is rare to say whether aerosol influences the
cooling or heating of environment (7,8). Due to different processes there is an alarming increase in load of
aerosols in atmosphere with big threat to the world (10–12). This threat attracts the worldwide researchers
to get ample researches in this context. The some of the basic factors which affect the radiative effects
of aerosol particles are single scattering albedo (SSA, ω), aerosol optical depth (AOD, τ pλ ), asymme-
try factor (Assy, g), surface albedo, concentration of aerosols, composition, their size and structure (7).
Their spatial and temporal variations are of paramount importance may be due to diversified source ori-
gins (2–5) (13–16).

The Indian subcontinent comprised of inland plains, mountains, semiarid areas, coastal and plateau
areas and experience tropical and subtropical climatic conditions.The uneven heating of earth’s surface by
sun radiation results in temperature gradient in the atmosphere which forces the atmosphere into motion
and thereby plays a vital participation in influencing and regulating the spatial-temporal variability in the
features of aerosol (17–19). Source of such data is National Centre for Environment Prediction (NCEP).The
climate variables over Indian regions are average vector wind designs, velocity of wind, relative humidity,
air temperature, and condensation rates in different seasons. The highest wind speed on the surface is
normally found higher during pre-monsoon period, with a surface wind observed at more than 2 ms−1

in comparison to its normal speed (<2.0 ms−1). During monsoon, relative humidity is noticed greatest
(above 70%) and smallest during winter (55%). During all season large variation in latitudinal temperature
is observed.This latitudinal temperature variation is more pronounced in pre-monsoon season. Monsoon
season is the season when Indian region receive maximum precipitation.

The AERONET is an extensive ground-based remote sensing aerosol world-wide network, the CIMEL
sun/sky spectral radiometers are installed at different locations of the globe. In India, this instrument
became operational on January 22, 2001 after the agreement signed between IIT Kanpur and NASA and
since then providing high-quality data to public domain, which is used by the Indian as well as inter-
national scientists to analyze the optical features of aerosols and their impact on radiative forcing. The
CIMEL sun/sky spectral radiometer has been designed to make spectral measurements of solar radiation
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extinction studies at ultra-violet, visible and near infrared wavelengths. AERONET delivers constant data
of AOD and outcomes of inversion aerosols in various aerosols areas. The data taken from SUNY radi-
ation model for the period 2002-2008 showed the low value of direct irradiance in hazy area but high
value in Himalayas where AOD is remarkably lesser (20). The observations of aerosol optical characteris-
tics by AERONET installed at Gandhi College and Kanpur indicate a remarkable spatial comparison in
the properties of aerosols amid eastern and central Indo-Gangetic Basin (21).The study of spectral and sea-
sonal variations of Aerosol Optical Depth from this part of India is important because the accumulation of
aerosol particularly mixing state of aerosols has impact on atmospheric dynamics.This work will motivate
the researchers to develop aerosol climatologymap particularly for Indian regions and tomonitor aerosols
in different geographical regions This paper aims to find the characteristics of AOD at ultra-violet (340-
380 nm), visible (440-675 nm) and near-infrared (870-1020 nm)wavelength spectrumusing ground based
sensor called CIMEL sun photometer over Kanpur as it is located in the Indo-Gangetic Basin (IGB).

2 Study Area

Thework has been conducted to present regional aerosol characteristics and underlying aerosol transport
process using application of ground-based observations. The data in the present paper has been collected
from CIMEL sun photometer, which is situated in the campus of the IIT Kanpur (26.51ºN, 80.23ºE; 123
m amsl; period: 2001-2015) under AERONET programme (Source: http://aeronet.gsfc.nasa.gov).

Kanpur is situated in the Indo-Gangetic Basin (IGB) and is considered as an industrialized urban loca-
tion (22). This site is surrounded by small to large scale industries where, industrial emission is a major
source of anthropogenic aerosols (23).The synoptic wind pattern is observed from northwest to south-
west (24). The daily AOD retrieved by the MODIS Terra at the Indo- Gangetic Basin stations is also found
in good agreement with the AERONET measured AOD (25).The continuous measurements of direct sun
rays intensities arriving the surface of this region have also been done for long time.

3 Methodology

CIMEL sun photometer is an automatic instrument which runs without any operator assistance. During
sunrise its collimator is pointed towards the solar disc. The filter wheel rotates in sequence order to make
spectral solar radiation extinctionmeasurements at an interval of 10 seconds. To characterize the presence
of slim wispy clouds, which can be irregular, three measures of concatenation are carried out, which keep
going approximately 35 seconds. The measurements of direct solar irradiance are in sequence wise order
by the filter wheel assembly at every 0.5air-mass above an air-mass of 2 and, in any case, each 15 minutes.
The data of the almucantar sun (radiation at a constant angle of the sun’s zenith) is received twice a day
(depending upon weather conditions) at an angle of the sun’s zenith of about 60 degrees in four channels:
440, 670, 870 and 1020 nm, whereas the sky radiance of themain solar plane is received four times a day on
these channels. Observations on zenith radiation in cloud mode are obtained at regular interlude between
the observation-planes indicated above (if it may not rain). Whole records are saved in the control field of
the CIMEL solar photometer. The PC instrument receives data from the control unit within a few hours
and transfers it to AERONET for next rectification.

The AERONET is a worldwide sun photometer network (http://aeronet.gsfc.nasa.gov) for measuring
the aerosol optical properties. The associates of national establishments, organizations, universities, indi-
vidual researchers and partners have significantly extended the AERONET program.The program gives a
lasting and easily accessible publicly available database on the optical, microbiological and radiative prop-
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erties of aerosols for the study and characterization of aerosols, validation of satellite studies and synergies
with other databases. The network is known for standardizing, calibrating, processing and disseminating
data. The network gives data on aerosol optical properties such as AOD, single scattering albedo (SSA)
and aerosol size distribution (ASD).

AERONET provides worldwide observations of the optical properties of aerosols in different aerosol
modes, with high temporal resolution and three levels of data quality: level 1.0 (unshielded), level 1.5
(cloud screened) and level 2.0 (cloud screened and quality assurance) (26). Owing to its high precision
(accuracy:±0.01), long working history and global reach, the data of AERONET data has been utilized as
a reference level for AOD measurement and model validation of many aerosol sensors (2,26). The level 2.0
daily average monthly aerosol products have been used in this study.

This instrument is designed according to the principle described in Shaw et al. (1973). Usually, direct
sunlight is obtained during large air mass periods at 0.25 mass intervals while in smaller air masses; the
time between measurements is 15 minutes. . The optical depth is calculated from the spectral extinction
of the direct radiation at each wavelength according to Beer-Lambert-Bouger’s law:

Eλ = Eoi

(
dm

d

)2

exp(−mτλ )

where Eλ is the surface reaching solar radiation and, in the case of the CIMEL solar photometer, is the
signal measured from the instrument. Eo λ is the incident solar radiation at the top of the atmosphere
and, in the case of the CIMEL sun photometer, is the extraterrestrial signal (calibration constant) of the
instrument. Eo λ is obtained according to the average earth-sun distance ‘dm’, d is the distance on the day
of observation, m is the optical air mass which is a function of the angle of the solar zenith (SZA, z) and
τλ is the total columnar optical column.
The correction of earth-sun distance called eccentricity correction factor is computed by taking into

account the approximation: (
dm

d

)2

= 1+0.034cos
2πJ
365

where J is the total days in the year (27). The optical air-mass m is a function of the zenith angle z of the sun
and is found as:

m =
{

cos
π

180◦
+0.15× (93.885− z)−1.253

}−1

The raw data obtained by CIMEL sun photometer is reanalyzed to obtain AOD (τλ ) on the log scale
according to Langley techniques by taking a linear regression fit to the Lambert-Beer Law (28).

ln Eλ = ln Eoλ +2 ln
(

dm

d

)
−mτλ

We get the total columnar optical depth (τλ ) as a result of distinct atmospheric extinction processes such
as scattering by air molecules (τrλ ), aerosols (τ pλ ) and absorption due to gaseous andwater vapor (τα λ )
consisting τoλ and τwλ ; which are represented as :

τλ = τrλ + ταλ + τpλ
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The inversion algorithm also used to restore: (1) spectral characteristics of columnar aerosol which incor-
porates aerosol optical depth, single scattering albedo and phase function (2) aerosol size distribution and
refractive index (29). The relationship between the two sets of aerosol parameters can be obtained in the
following integrals:

τp, ext (λ ) =
2π
λ

∫ rmax

rmin
Kext (x,µ)V (r)d ln(r)

βp(Θ) =
2π
λ

∫ rmax

r min

K(Θ,x,µ)V (r)d ln(r)

where, β p(Θ) represents the single scattering component, x is the size parameter determined by 2πr/λ ,
µ is the aerosol complex refractive index of aerosol, Θ is scattering angle, V(r) is the columnar aerosol
volume distribution, rmin and rmax are the minimum and maximum values of aerosol radii respectively.
Kext( x, µ ) and K(Θ, x, µ ) are the kernel functions defined by:

Kext(x,µ) =
3
4

Qext(x)
x

K(Θ,x,µ) =
3
2

ii + i2
x3

Where, Qext represents the extinction efficiency factor whereas i1and i2 are the intensity functions. Mie
scattering theory (especially for spherical particles) and T-matrix method are used to find these func-
tions (30,31).

The phase function is the angular distribution of the intensity of light scattered by a particle at a par-
ticular wavelength. It is occurs at an angle φ corresponding to the incident beam. It is an infinite series of
orthogonal basis functions like Legendre polynomials:

P(cosφ) =
N−1

∑
i=0

βlPl(cosφ)

Where β l and Pl (cos φ) are the moments of the phase function and Legendre polynomials respectively.
The aerosol columnar volume size distribution can be described by using log-normal distribution:

dV
d lnR

=
V0

σ
√

2π
exp

− ln
(

R
Rm

)2

2σ2


where, dV/dlnR is the size distribution of aerosol volume and V0 is the particles volume column in unit
cross sectional area of atmospheric column. R andRm are the particle andmodal radii respectively.σ refers
to the standard deviation of the natural logarithm of particle radii. For particle retrieval in the size range
0.1< r< 7 µm, the error may increase up to 10% in maxima values whereas it may increase up to 35% in
theminimum values (32). However, for the particles having sizes less than 0.1 µmor greater than 7 µm, the
error can be large. Further, depending on the types and loading of the aerosols, the uncertainty in SSA is
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expected to have value between 0.03-0.05 (29). The retrieved parameters should be used when solar zenith
angle≥ 50 and AOD≥ 0.5 because in low aerosol loading conditions corresponding to small solar zenith
angle the inversion-based AERONET parameters may have greater uncertainty (32).

Finally, a link is established between the actual radiometric measurements and the output results of the
radiative transfer model (Eλ and Iλ (Θ)). The actual radiometric outcome are the raw voltages obtained
when the radiometer is directed towards the sun (direct solar component or S(z,φo)) and at various points
of the sky (sky diffuse component or S(z,φ)). The spectral sky radiance equation at a certain number of
azimuth angles is as follows

Iλ (Θ) = Em∆Ω[ωτP(Θ)+q(Θ)]

where,∆Ω is the value of solid view angle of the radiometer,ω represents the single scattering albedo, P(Θ)
refers to the phase function at scattering angle Θ, and q(Θ) the multi scattering contribution component.
As for as the sky diffuse component is concerned, the radiometer is taken along the solar almucantar plane,
taking the constant value of zenith angle which corresponds to solar zenith angle and the azimuthal angle
(φ) is changed to obtain the values of Eλ and Iλ (Θ).

3.1 Uncertainties in the aerosol depth

Theuncertainty in obtaining the AOD (τ pλ ) results from the uncertainties in total optical depth, Rayleigh
andoptical depth by gas absorption.Theuncertainties arises because ofRayleigh scattering by airmolecules
and due to ozone absorption related to wavelengths 320 and 670 nm can be ignored in comparison to the
uncertainty of the total optical depth (τλ ). Therefore, the chief uncertainty related to the total optical
depth results from the uncertainty of the measured irradiance Eλ and extraterrestrial irradiance Eo λ
(CIMEL sun photometer calibration factor). In CIMEL sun photometer, the uncertainty related with the
measured solar radiation is due to the uncertainty of calibration factor since other effects are ignored if
CIMEL sun photometer operates in a proper way. The error propagation theory is used to express the
absolute uncertainty in the aerosol optical depth (33).

∆τpλ =
1
m

[
τpλ ∆m+ ε (Eoλ )+ ε (Eλ )

]
+

p
po

∆τrλ +
∆p
po

τrλ + ταλ

where ∆ and ε are the absolute as well as relative uncertainties respectively.The absolute uncertainty relies
onm and hence changes with time.The optical air-mass ‘m’ changes from sunrise to sun set.Theminimum
value of absolute uncertainty obtained during sunrise and sunset and maximum at noon when the value
of m≈ 1.The relative uncertainty relies on the absolute value of AOD. If we consider only the uncertainty
due to measured irradiance, then uncertainty of 1% (5%) in the measured irradiance results ∆τ pλ = 0.01
(0.05) with m = 1, which gives rise to relative uncertainty of 10% (50%) for a certain AOD of 0.1. For
solar zenith angles SZA<60o,, the air-mass uncertainties ( ∆m) may be ignored if we consider plane flat
atmosphere. The uncertainty due to extraterrestrial irradiance may increase up to 1.7% (34). Thus, for air-
mass 1<m≤ 3, the absolute uncertainty in AOD may be between ±0.02 to ±0.05. AERONET considers
an absolute uncertainty in the range from 0.01–0.02 for the case of CIMEL sun photometer (26).

Ideally, the outputs taken from all the datasets are differentiated at common wavelength 0.55 µm. In
this case, linear interpolation technique was used to calculate AERONET AOD values obtained at 0.5 µm
at wavelength 0.55 µm (35):

AOD AERONET ,550nm = AODAERONET ,500nm
(

0.55
0.5

)−α
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where α is the Ångström exponent for AERONET in wavelength range between 0.44-0.87 µm and is a
quantitative indicator of fine mode fraction or aerosol particle size. α is positively correlated with AOD
over Kanpur (36).

4 Result and Discussion

4.1 Spectral variation of aerosol optical depth

Themeasurements of solar radiation extinction using CIMEL sun/sky spectral radiometer are made over
Kanpur from January 2001 toNovember 2015.Thesemeasurements are taken during clear sky days. Num-
ber of days available for daily average AOD (Level 2.0) and contribution of day to total record (Level 2.0)
are shown in Figure 1.

Fig 1. Average value of AODs.

Figure 2 shows the spectral variation of annual average of aerosol optical depths recorded during 2001-
2015. Figure also shows the dependence of AOD on wavelength. In the figure, the vertical bars indicate
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standard deviations. The standard deviations in the value of AOD are large at smaller wavelengths except
in the months of June and July which shows large variations in ultra fine particles (hourly/daily basis).The
AOD values are smaller during themonths February - April and July - September when compared to other
months of the year. The spectral slope in AOD stood different for different months of the year. The slope
in AODs fromMarch to June found rather flat, suggesting nearly independent behavior with wavelengths.
A decrease in AOD with increase in wavelength i.e., specific wavelength dependent feature can be clearly
observed for rest of the months (see Figure 2), that is found in good agreement with the theory of Mie
scattering. These are and characteristics features of continental aerosols. The spectral properties of AOD
are indicators of the spectral distribution of aerosol dimensions since they clearly show the differences
between the particle sizes at distinct months (28).

Fig 2. Annual Spectral variation of AOD over Kanpur (2001-2015), variation of AOD with wavelength (period:
January 2001 to November 2015).
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The monthly averaged (2001-2015) spectral variation of AOD is shown in Figure 3a. Figure 3b shows
annual mean spectral AODs and its variation with wavelength. There is a gradual decrease in AOD with
wavelengthswhich indicates a greater abundance of fine particles than coarse particles in the atmosphere (37).
A slight slope at shorter wavelengths may be due to increase in production of ultra fine particles.

Fig 3. (a)Spectral variation in monthly average AOD, (b) annual mean spectral AODs.

Figure 4 shows the spectral variation in monthly average AOD for every year: 2001 to 2015. This figure
reflects the varying characteristics of aerosol climatology in different regions. The vertical bars indicate
that in 2003 the variations in aerosol properties from month to month were quit large, suggesting that
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atmospheric dynamics have played a key role in modulating the aerosol properties. In general, the error
bars are large at shorter wavelength, indicating a significant contribution of anthropogenic emissions.The
length of error bars provides the indication about the stability of aerosol atmosphere, which can be readily
noticed in 2005.The small AODs at longer wavelengths and small error bars indicating no any considerable
influence of desert dust which can be readily noticed in 2015.

Fig 4. Spectral variation in monthly average AOD for each year from 2001 –2015.The vertical bars mentioned in the
figures represent standard deviations of AOD from the mean values.

4.2 Temporal variation of aerosol optical depth

Figure 5 shows temporal (month-wise) variations of spectral AODs over the entire study period (period:
2001-2015).
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Fig 5.Month-wise variation in spectral AODs over the entire study period (period: January 2001 toNovember 2015).

The spectral variations show that in April- May, the AOD values are large at (340-380 nm) UV region,
moderate at (440-675 nm) visible region of spectrumwhereas smallest near (870-1020 nm) IR wavelength
region.

Figure 6 shows themonthwise variation inAODat three representativewavelengths viz., 340nm, 500nm
and 1025nm. The concept of choosing these wavelengths is to represent the ultraviolet, visible and near
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infrared wavelength spectrumWith these wavelengths, one can estimate the aerosol size spectrum based
on scattering variations with range radius<0.1µm (3)because the effect of aerosol scattering can be easily
assessed corresponding to these wavelengths (3).

Fig 6.Variation in AOD at three representative wavelengths in differentmonths of year during the period: 2001-2015

The AODs at shorter wavelengths may be due to fine mode aerosols, while at larger wavelengths may
be attributed to coarse mode aerosols (38). Based on Kaskaoutis et al. (2013) study, we notice that there is
hardly any variation in fine- mode radii; in contrast we notice an enhancement in coarse mode part (39).
The results generalized that such restrictions are the properties of enhanced dust loading at larger AODs.

The vertical bars in Figure 6 represent standard deviations. Remarkable variations (mean ± standard
deviation) at representative wavelengths for the entire duration indicated monthly averaged highest AOD
values of 1.14±0.18 at 340 nm and 0.83±0.15 at 500 nm in November while 0.55±0.20 at 1025 nm in
June. The smallest AOD values recorded 0.61±0.09 at 340 nm and 0.44±0.09 at 500nm in March while
0.22±0.04 at 1025 nm in February. In entire period, the month wise mean AOD came out to 0.85±0.16,
0.63±0.13, 0.33±0.11 at 340, 500 and 1025 nm respectively. The values of AOD ranged from 0.28 - 1.46,
0.17 - 1.28 and 0.18 - 1.54 at wavelengths 340, 500 and 1025 nm respectively.

4.3 Characteristics of spectral aerosol optical depth on the Basis of Season

The seasons in which average and standard deviation values of AOD for Kanpur site are classified like:
pre-monsoon (March-May), monsoon (June-September), post-monsoon (October-November) and win-
ter (December-February) (40). Black carbon contributes to AOD from 5 to 14% with relative contribution
indicating veryminor reductionwith risingwavelengthswhereas dust particles contributes toAODgreater
than 55% (maxima) in the months May to June and less than 20% (minima) in November to January and
thereby possesses an increasing trend with increasing wavelengths (41). Depending on seasonal classifi-
cation, average aerosol optical depths are approximated with standard deviation. The measured values of
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AODs averaged over different seasons are shown in Figure 7 for seven CIMEL sun/sky spectral radiometer
wavelengths.

Fig 7. Seasonal characteristics of spectral aerosol optical depth averaged over different seasons namely: pre-monsoon
(Pre-M), monsoon (M), post-monsoon (Post-M) and winter (W)

Post-monsoon seasonwith reference to smaller wavelengths: the Figure 7 reveals that AOD attainsmax-
imum value in interval (λ :340-500 nm), less variation in interval (λ : 675-1020 nm), showing the pre-
eminence of anthropogenic aerosols above the natural aerosols. At smaller wavelengths (λ : 340-500 nm),
large values of standard deviation have been found which may be may be due to large variation in char-
acteristics of spectral aerosol optical depth. Whereas at longer wavelength spectrum (λ : 675-1020 nm)
standard deviation values are small, showing no significant variations in characteristics of spectral aerosol
optical depth, especially in winter and post-monsoon seasons.

The sharp increase in AOD at shorter wavelengths shows that the fine aerosol particles concentration
increases remarkably from pre-monsoon to post-monsoon seasons. The decrease in AOD at larger wave-
lengths represents that the concentration of coarse particles decreased during the same season. The post-
monsoon (October-November) is followed by winter (December-February) 0.68±0.18, monsoon (June-
September) 0.59±0.18 and pre-monsoon (March-May) 0.57±0.15 (refer to Figure 8).

The large value of AODs during post-monsoon and winter is attributed to high degree of anthropogenic
emissions (40). In contrast, the small AOD values noticed during the periods of pre-monsoon and mon-
soon are chiefly impacted on by the variability of the dust outbursts (40). The AODs are large in winter
season in the Indo- Gangetic Basin because of shallow boundary levels. The reasons for higher values of
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AODs are due to the increased amount of bio fuels and fossil fuel, resulting foggy and hazy conditions (42).
The AOD values lies between 0.40<AOD≤0.70 in months March to September, thereafter lies between
0.50<AOD≤0.80, no value of AOD lies below 0.30

Table 1. Frequency (%) distribution of AOD in different seasons.
AOD Pre-monsoon Monsoon Post-monsoon Winter
<0.10 0 0 0 0
0.10<AOD≤0.20 0 2 0 0
0.20<AOD≤0.30 0 0 0 0
0.30<AOD≤0.40 13 9 0 5
0.40<AOD≤0.50 24 22 3 17
0.50<AOD≤0.60 24 22 13 12
0.60<AOD≤0.70 20 33 31 22
0.70<AOD≤0.80 9 4 31 24
0.80<AOD≤0.90 4 3 0 10
0.90<AOD≤1.0 4 3 10 2
>1.0 0 2 13 7

Fig 8. Solar Seasonal variation in AOD at 500 nm.

Figure 9 shows the histograms of AOD at 500 nm for all four seasons with average ±standard devia-
tion.The frequency distribution for the post monsoon has got narrow profile and ranges from 0.7 and 0.8,
greater than 30% of the net month wise data in this bin. In winter the distribution widens and the maxi-
mum shifts to around 0.9.The distributions of pre-monsoon andmonsoon are carried to smaller amounts
of AOD.
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Fig 9. Seasonal frequency (%) histograms ofAODat 500 nmwithmean± standard deviation, for the period averaged
over: 2001-2015

4.4 Trend analysis

Figure 10 represents the linear trends in AOD at 500 nm (AOD500). We used monthly averaged for the
duration 2001–2015. In 2007, AOD data was not available for most of the months, possibly due to due
to inclement weather or technical problems. Limited observations from June to September cause large
variations from year to year due to the onset, intensity and duration of the monsoons (43). We conducted
statistical studies taking into consideration the whole period (2001–2015), which also incorporates data
gap. The slope, the intercepts on the Y – axis and coefficient of the determinants are given in Figure 10.

Inter-annual variability and trend of the AOD at 500 nm depending on monthly averaged observations
over Kanpur for all data sets i.e., AERONET (upper panel), MODIS (middle panel), MISR (lower panel).
The slope, Y-intercept and coefficient of determinants of the regression analysis are also mentioned in the
figure.

The percentage change (%) of aerosol properties is calculated using the formula:

x(%) =
aN
x̄

×100

where x represents variable, a represents the slope of the linear regression fit and N the whole number of
month (40).The variation in AERONETAOD permonth, the difference in% and the statistical significance
test are calculated by p-value.The AOD values show large monthly and seasonal variations in AOD500 for
all datasets, such as AERONET, MODIS and MISR. The local and regional meteorological and weather
conditions play a vital participation in modifying temporal variability in the AOD500 over different peri-
ods, especially in northern part of India (44). In India, the rainfall particularly in rainy season is main cause
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of modulating aerosol properties (43,45). In contrast, significant aerosol loading, particularly in northern
India, can affect precipitation and the water cycle (9,46).

Kaskaoutis et al. (2012), report that northern part is mainly influenced by mixed type of aerosols that
includes local anthropogenic emission as well as desert dust, which are carried from western India. Con-
sequently, the impact of rainfall in AOD trends over Kanpur is tough to quantify. For example, the lack
in rainfall during the 2002 rainy season provided space for the loading of dust aerosols, which gave rise to
high AOD values at the end of the pre-monsoon of 2003 (47).

AERONET observations manifest consistent results. The increase in AERONET AOD500 was statisti-
cally significant at the 95% confidence level (p <0.05). Analysis of trends and percentage change (%) in
the properties of aerosols are sensitive according to the averaged monthly observations (40). Therefore, the
estimation of trend analysis based on averaged monthly observations has certain limitations, especially if
there is a data gap. In such cases, observations may affect the averaged monthly values. Therefore, in this
study, there may be biases in the trends.

Fig 10. Inter-annual variability and trend of the AOD at 500 nm depending on monthly averaged observations over
Kanpur for all data sets i.e., AERONET (upper panel), MODIS (middle panel), MISR (lower panel). The slope, Y-
intercept and coefficient of determinants of the regression analysis are also mentioned in the figure
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5 Conclusion

Theoptical properties of aerosols have distinct spectral and temporal variations depending upon the types
and source of emissions over Kanpur region.The work investigated the spectral and seasonal variations of
AOD over Kanpur region (IGP) using AERONET data for the period 2001 -2015. The main points of the
conclusions of this study are:

1. The AOD at 340 nm and 500 nm consistently increased with effect from pre-monsoon (March-May)
to post-monsoon (October-November) with values 41% and 33% respectively because mostly the weather
remains raining and cloudy in this period and effects the measurements. On the other hand at 1020 nm,
there is the reduction in AOD having approximate value of 26%. The largest AOD at 500 nm record in
post-monsoon is 0.76±0.15.

2. At shorter wavelengths (340-500 nm), there is sharp increase in AOD whereas at longer wavelengths
(675-1020 nm), decrease in AOD has been noticed. The large standard deviations of AODs indicated
higher month-to-month changes in the features of aerosols.

3. Kanpur recorded overall an growing trends inAERONETAOD500 (14%), which found in good agree-
ment with Moderate Resolution Imaging Spectroradiometer (MODIS) . All data sets showed a consistent
increase in AOD at 500 nm, which indicates that the emission of anthropogenic aerosols continuously
increasing over Kanpur. However trends inMODIS AOD500 andMISRAOD500 are not statistically signif-
icant at the 95% confidence level.The trend obtained fromMODIS having no data-gap, found consistence
with AERONET and MISR observations, suggests that the all datasets deployed for the trend analysis are
reliable despite the lack of data during some months.
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