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Abstract

Accurate snow spectral albedo measurements from satellite data can essentially help to determine the changes over the snow
surface area. In the current study, spectral snow albedo is measured over the northern region of Pakistan using spatio-temporal
imagery datasets taken by Landsat satellite series equipped with TM and ETM+ sensors. An Automatic Cloud Cover Assess-
ment (ACCA) algorithm is used to mask cloudy pixels from further processing. Furthermore, an image independent model,
Second Simulation of the Satellite Signal in the Solar Spectrum (6S) is used in the current research work to atmospherically
correct the satellite data. The snow cover albedo of northern Pakistan is estimated using pixel values prior to correction,
ACCA output values, and 6S model output values. The results of the study show that highest albedo values are estimated
using Landsat band 4 data with albedo model. The results of the study also show that the albedo values measured (band 4)
in the year 1992 (0.989) are reduced in the year 2000 (0.931). It is expected that the results of the study could be utilized to

predict climatic variations for spring runoff estimation.
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1 Introduction

Surface albedo is an essential climate variable (Bhutiyani
et al. 2010; Schaaf et al. 2008) and is important to under-
stand the lower boundary for atmospheric radiative transfer
(Hu et al. 1999). For climate models, accurate global estima-
tions of terrestrial albedo for all surface types during all sea-
sons are required (Oleson et al. 2003; Ollinger et al. 2008;
Roesch et al. 2004; Tian et al. 2004). Graversen and Wang
(2009) reported that the surface-temperature response in the
Arctic area is amplified about 33% by surface albedo feed-
back. Fletcher et al. (2009) demonstrated that in projections
of the circulation response to climate change on average
5-10% of the intermodal spread is linearly related to the sur-
face snow albedo feedback strength. In another study, Yang
et al. (2001) reported that North American surface climate
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anomalies related to ENSO (El Nino—Southern Oscillation)
is greatly enhanced by local snow-albedo feedback. Simi-
larly, Déry and Brown (2007) showed that over northern
latitudes the increased poleward retreat of the spring con-
tinental snow cover is consistent with an enhanced snow
albedo feedback, whilst Souma and Wang (2010) has linked
snow albedo with variations in the Asian summer monsoon
rainfall. Earlier, scientists have used Radiation Budget
Experiment (ERBE) radiometer (Li and Garand 1994) and
Advanced Very High-Resolution Radiometer (Csiszar and
Gutman 1999) satellite to produce global albedo datasets.
The current albedo products are available from a number
of satellite systems including Multiangle Imaging Spectro-
Radiometer (MISR), Polarization and Directionality of the
Earth’s Reflectances (POLDER), Meteosat Second Genera-
tion (MSG) Spinning Enhanced Visible and Infrared Imager
(SEVIRI) and Moderate Resolution Imaging Specroradiom-
eter (MODIS).

Snow has the highest reflective nature combined with
its large surface coverage. As a result, snow reflects a very
high percentage of incoming solar radiations than snow-free
surfaces in the visible portion of electromagnetic radiation
(Srinivasulu and Kulkarni 2004). For fresh snow, the per-
centage reflectance of incoming solar radiation is more than
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90%, which drops to less than 40%, for the surface weathered
and dirty snow (Hall and Martinec 1985). In addition, snow
cover area affects the local and global climate and its behav-
ior is considered an indicative of climate change (Gupta
et al. 2007; Snehmani et al. 2016). The snow cover area
plays a vital role in regional climate over mid-latitudes (Xiao
et al. 2001). Current climate changes are mainly associated
with the variation in the air temperature. The mean annual
air temperatures rose dramatically in the 20th century (IPCC
2013). This trend intensified at the end of the last century
and the areas of glacial ice coverage strongly diminished
in many parts of the world (Haeberli 2004; Maisch 2000;
Kidb et al. 2002; Khromova et al. 2003; Paul et al. 2004a,
b; Robinson et al. 2014). Thus, the snow albedo has a strong
positive feedback in the surface—atmosphere system (Viterbo
and Betts 1999) whilst, high-quality global surface albedo is
needed to further explore snow-albedo feedback impacts (Qu
and Hall 2007). Snow covers are also responsible for more
than 80% of the total fresh water on Earth (Dozier 1989).
The resulting runoff from the snow and glacier melt supplies
water for irrigation, hydro-electrical power generation and
other human enterprises (Kaser et al. 2010; Joshi et al. 2015;
Shukla et al. 2017; Thayyen and Gergan 2010; Thayyen and
Dimri 2018). An ability to calculate snow albedo is there-
fore important for predicting seasonal snowmelt and runoff
rates (Stigter et al. 2017) as well as for understanding the
growth and decay of snowfields, which in turn affect not
only the global energy budget (Kukla and Kukla 1974) but
also very important for related disaster management issues
(Immerzeel et al. 2010; Haeberli et al. 2014). Ground-based
measurements can provide excellent temporal data on snow
albedo however, their spatial coverage is limited. Further-
more, due to the seasonal variation, snow albedo varies con-
siderably spatially (Knap et al. 1999) and thus ground-based
measurement of snow albedo is not suitable for larger areas
(Greuell and de Wildt 1999).

Satellite remote sensing has opened the possibility of
data acquisition as well as has offered a broad view of
surface albedo at the larger spatial and temporal scales as
compared with ground data (Dozier 1989; Parajka et al.
2010; Paudel and Andersen 2011; Snehmani et al. 2015;

Tekeli et al. 2016; Rathore et al. 2018). Snow albedo in the
visible wavelengths is sensitive to contamination but not
to grain size, whereas it is more sensitive to the grain size
than contaminants in the near-infrared wavelengths (Doz-
ier 1989). Cloud removal techniques and algorithms have
been developed for various satellite to improve remote
sensing data interpretation and application (Gao et al.
2010; Hall et al. 2010; Paudel and Andersen 2011; Lopez-
Burgos et al. 2013; Cheng et al. 2014; Li et al. 2014; Wang
et al. 2014). In Pakistan, some of the permanent snow
features in the form of glaciers exist in HKH (Hindukush,
Karakoram, and Himalaya) region. A very little research
has been done in the past to highlight the importance of
permanent snow features in the HKH region (Kulkarni
etal. 2011; Dobhal et al. 2013; Kasturirangan et al. 2013).
For example, Butt (2012) estimated snow characteristics
by applying Normalized Difference Snow Index (NDSI),
Snow Contamination Index (SCI), and Snow Grainsize
Index (SGI) on Landsat ETM+ data for the year 2003
over the HKH region. The results of the study indicate
that approximately 99.8% snow in the HKH region is least
contaminated with 94.5% area has fine snow grain size.
In another study, Butt (2013) prepared snow zonation of
HKH region using Landsat ETM+ data and classify snow
into six different classes, that is, clean surface of glaciers
(10.78%), ice with dust (10.02%), wet snow (15.15%),
snow area at high altitudes (26.87%), snow area at low
altitudes (28.01%), and debris covered ice (9.12%) near
peaks of the mountains.

The current study, therefore, focused to use satellite
data to measure the spectral albedo of snow in HKH
region of Pakistan. Satellite data from Landsat TM and
ETM+ sensors were acquired whilst meteorological data
was retrieved from Pakistan Meteorological Department
(PMD). Snow albedo is retrieved in this study by directly
using albedo model (Eq. 2) as well as after applying ACCA
and 6S models for the removal of clouds and atmospheric
correction, respectively. The ACCA algorithm eliminated
clouds and dark pixels using several consecutive filters
(Table 1).

Table 1 ACCA filters used with
threshold values

No. Filter

Function

1 Brightness threshold: B3 >0.08
Normalized Difference Snow Index (NDSI):

__ ([ Band2—Band5
NDsI = (Band2+Band5

~N O bW

Eliminates dark images
Eliminates many types of snow

>< 0.7
Temperature threshold: B6 <300 K

Band 5/6 composite: (1 — B5) x B6 <225
Band 4/3 ratio: B4/B3<2.0

Band 4/2 ratio: B4/B2<2.0

Band 4/5 ratio: B4/B5> 1.0

Eliminates warm image features

Eliminates numerous categories including ice
Eliminates bright vegetation and soil
Eliminates ambiguous features

Eliminates rocks and desert
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2 Study Area

The Northern area of Pakistan extends from 31.4°N to
36.8°N latitude and from 69.16°E to 74.7°E longitude. The
mountainous regions in northern Pakistan have the snow
covers for maximum periods (some of them are perma-
nent) of the year (Smith and Bookhagen 2018). The study
area in current research lies within the three mountainous
regions, that is, Hindukush, Karakoram, and Himalaya that
consists of the longest glaciers (outside polar zone) and the
world’s highest mountain peaks. It is the complexity of the
study area that require using satellite remote sensing tech-
niques (SAC 2016) for the measurements of snow albedo.
The main study area (approximately 5689.81 km?) used in
this research is the Indus catchments comprising the spa-
tial coverage of Mansehra, Batagram, Muzaffarabad, Swat
and adjoining regions as shown in Fig. 1. Climate of HKH
region experience temperate to alpine climate (winter and
summers are dominant seasons) from low to high elevation
(Griinewald et al. 2014; Gurung et al. 2017) and is highly
influenced by monsoon (Dimri and Chevuturi, 2016) with
heavy snowfall during the winter (November, December,
January) and spring (February, March, and April) months
(Dimri and Dash 2012; Negi et al. 2018). More than two-
third of the annual flow through the rivers of the Indus Basin
is derived from the melting of snow/glacier in the mountain-
ous catchments areas of northern Pakistan.

3 Materials and Methods
3.1 Data Acquisition

The main focus of the current study is to use satellite data
to measure the spectral albedo of snow in HKH region of

Fig.1 Selected study area of

Pakistan. The persistent bad weather condition in the region
is one of the major difficulty while acquiring the cloud-free
imagery of the study area. Therefore, an attempt was made
to use images in almost no cloud conditions. In addition, the
focus is made to use the near similar atmospheric and sea-
sonal condition of all the acquired scenes (Liang et al. 2001).
Thus, satellite data from Landsat TM and ETM+ sensors
were acquired for the years 1992, 1998, and 2000, whilst
meteorological data was retrieved from Pakistan Mete-
orological Department (PMD). There are 4 PMD ground
stations (Astore, Bunji, Chilas, and Gilgit) that are located
within the study area. These stations started to record mete-
orological data in different years. For example, PMD station
at Gilgit started recording data from the year 1947 whilst
the other stations started to record data from the year 1954.
Thus, historical meteorological data from four weather sta-
tions exist in the study area are obtained from PMD.

3.2 Image Processing

Geometric correction on all the Landsat images used in this
study was performed by re-projecting the images into WGS-
84 (World Geodetic System 1984) ellipsoid, using north
zone 43 of the UTM projection. The main advantage of the
process is that it does not deform the original image (Snyder
1987). Ground Control Points (GCP) of the study area were
acquired using Global Positioning System (GPS) device
to perform the accurate geo-referencing of all the Landsat
images. First order polynomial model and nearest-neighbor
re-sampling method were applied to minimize the geometric
and radiometric distortions in ERDAS imagine software.
The ability to detect quantified changes in the Earth’s
environment and its global energy balance depends on
the satellite sensors that can provide calibrated consistent
measurement of the Earth surface features (Chander and
Markham 2003). Each object reflects energy differently in

Northern Pakistan (red rectan-
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various parts of electromagnetic spectrum. This energy is
normally represented in digital number (DN) depending
on the calibration of the sensor (Srinivasulu and Kulkarni
2004). The pixel brightness values of TM and ETM+
bands 1, 2, 3, and 4 are converted into top of atmosphere
(TOA) reflectance. Chander and Markham (2003) described
detailed procedure for reflectance calculation. The image
data is needed to be converted into TOA radiance before
applying the actual algorithm. Equation 1 is used to convert
and calibrate DN values to radiance values (Chander and
Markham 2003):

Lﬂ = Grescale X Qcal + Brescale7 (1)
where L; = spectral radiance at the sensor’s aperture in W/
(m? sr um), Q.,;=quantized calibrated pixel value in DNs,

G and B =band specific rescaling factors given as;

rescale rescale

<LMAXA —LMIN, >
Grescale = ’

Qcalﬁmax

Brescale = LMIN/I’

where Q1 m.x =maximum quantized calibrated pixel value
corresponding to LMAX,, LMIN, = spectral radiance that is
scaled t0 Q .y iy in W/(m? sr um), LMAX, = spectral radi-

ance that is scaled t0 Q ;) a5 D W/(m? sr pm).

3.3 Methodology

A model is used to calculate planetary albedo on the mono-
chromatic basis for each Landsat TM and ETM+ visible and

near-infrared bands (bands 1, 2, 3, 4, 5, and 7). This model
is based on the conversion of digital satellite numbers to
radiance to be used for the albedo measurement. Addition-
ally, the outputs obtained from ACCA algorithm and 6S
models are also used to determine the snow albedo values.
The flow chart diagram of methodology is given in Fig. 2.
The results based on satellite images of three different dates
are then manipulated to understand the temporal status of
seasonal snow condition. In the current research, Mauro
Antunes 6S atmospheric model improved by Zhang et al.
(2012) has been used for atmospheric correction. This model
is applicable to the raw 8-bit images. Similarly, ACCA algo-
rithm that can successfully work to elimination cloudy areas
in an image is applied in the current study. The algorithm
constitutes a series of different filters with certain speci-
fied thresholds. This algorithm follows a continuous pattern
removing clouds from the images using different thresholds.
In the current research, it is intended to make the observation
cloud free as much as possible so that accurate estimation
of snow albedo can be attained. Therefore, cloud masking is
accomplished using seven filters with specific functions as
described in Table 1. In this assessment, the filter addressing
the separation of warm and cold clouds is not used in current
work. The reflectance values obtained after the implemen-
tation of filters were converted to spectral albedo for spec-
tral profile analysis. Spectral albedo (ratio of the upwelling
irradiance to the downward irradiance at the solar zenith
angle 8) model modified by Chander et al. (2009), as given
in Eq. (2), is used in this study. The model is independent
of viewing angle for upwelling radiance and is used only

Fig.2 Flow chart diagram of
methodology
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for the Landsat MSS, TM and ETM+ sensors data with no
correction of terrain.

Pa = ”LRZ//"sunSO’ (2)
where p, Planetary Albedo, 7 mathematical constant, L
spectral radiance at the satellite, y,, solar zenith angle on

the horizontal surface, S, mean exo-atmospheric solar irradi-
ance (Table 2), R Earth—Sun distance

4 Results and Discussion

Spectral albedo of visible bands and near-infrared bands
are calculated with the criteria defined by the model. The
albedo model is applied on the visible (band 1, band 2, and
band 3) and near-infrared bands (band 4, band 5, and band
7) of TM (two images) and ETM+ (one image) data sets.
The first TM image was captured on September 20, 1992
and the second image was taken on October 07, 1998 whilst
the only ETM+ image was taken on October 07, 2000. Due
to the non-availability of Landsat data for the same date
and month over the study region the difference of 17 days
in three images is compromised anticipating that it may
not make much difference in calculating spectral albedo of
snow. All images contain mix features including mountain
peaks, valleys, coniferous and deciduous forests, water bod-
ies and some extant of urban areas. Albedo ranges may vary

Table 2 Solar exo-atmospheric spectral irradiance (https://www.usgs.
gov/media/images/effective-exo-atmospheric-solar-irradiance-esun)

Band Landsat-2 Landsat-3 Landsat-5 (TM) Land-

(MSS) (MSS) sat-7
(ETM+)

1 1829 1839 1957 1969

2 1539 1555 1826 1840

3 1268 1291 1554 1551

4 886.6 887.9 1036 1044

5 215.0 225.7

7 80.67 82.07

sharply because different features on the Earth reflect dif-
ferent energy. Normalized Difference Snow Index (NDSI)
was applied to all images to extract snow bodies from other
land surfaces. Albedo values were selected only for the snow
cover area to analyze the reflectance difference within snow
over the whole study area.

Snow albedo values for all three Landsat images over
the study area are given in Table 3. First, we discuss the
albedo values of the 1992 TM image with different bands.
Band 3 shows maximum albedo value (0.736) among visible
bands, whilst band 4 shows maximum albedo value (0.981)
among infrared bands of TM. Similarly, for the year 1998
band 3 shows maximum albedo value (0.714) among visible
bands, whilst band 4 shows maximum albedo value (0.936)
among infrared bands of TM. Finally, for the year 2000 once
again band 3 shows maximum albedo value (0.673) among
visible bands, whilst band 4 shows maximum albedo value
(0.913) among infrared bands of ETM+. The higher values
of infrared band 4 for the entire dataset indicate the pres-
ence of fine grain size snow as well as the existence of non-
Lambertian surfaces in the study area. Higher value of snow
albedo in band 4 is also associated with minimum satura-
tion in the particular spectral region. In addition, both TM
and ETM+ visible bands are sensitive to small amount of
dust (Dozier and Marks 1987) thereby indicate a significant
decrease in albedo values. Results of the study also indicate
(Table 3) that the snow albedo values slightly reduced when
we apply ACCA algorithm as well as when we apply 6S
model. Although this decrease is insignificant, further study
is required to authenticate our findings. It is also evident
from Table 3 that the snow albedo value is reducing as we
move from the year 1992 to 2000 irrespective of bands and
sensors data.

Snow cover albedo measurements using infrared band
4 (highest albedo among all bands of Landsat) of TM and
ETM+ sensors for the years 1992, 1998, and 2000 are
shown in Figs. 3a—c, 4a—c and 5a-c, respectively. Fig-
ures 3a, 4a and 5a show snow albedo values estimated
directly from snow albedo model (Eq. 2) applied on TM
and ETM+data. Similarly, Figs. 3b, 4b, and 5b highlight

Table 3 Spectral albedo values retrieved from Landsat TM and ETM+ images

Band TM 20 Sep 1992 TM 07 Oct 1998

ETM+ 07 Oct 2000

Albedo Albedo Albedo (6S) Albedo Albedo Albedo (6S) Albedo Albedo Albedo (6S)
(Model) (ACCA) (Model) (ACCA) (Model) (ACCA)

1 0.563 0.544 0.532 0.434 0.427 0.418 0414 0.404 0.402

2 0.637 0.621 0.615 0.621 0.616 0.605 0.607 0.603 0.601

3 0.744 0.736 0.721 0.714 0.706 0.701 0.673 0.668 0.664

4 0.989 0.981 0.973 0.957 0.942 0.936 0.913 0.911 0.908

5 0.583 0.563 0.552 0.611 0.608 0.601 0.631 0.626 0.623

7 0.615 0.611 0.601 0.645 0.631 0.625 0.684 0.681 0.675
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snow albedo values estimated after applying ACCA algo-
rithm, whilst Figs. 3c, 4c and 5c illustrate snow albedo val-
ues estimated after applying 6S model on TM and ETM+

@ Springer

Fig.4 Albedo measurements in the infrared band 4 of TM sensor
a direct albedo model, b albedo model after applying ACCA, and ¢
albedo model after applying 6S for 07 October 1998

data. It is evident from Figs. 3a—c, 4a—c and Sa—c that
the snow albedo reflectance is highest when it is directly
estimated from model (Eq. 2) followed by after apply-
ing ACCA and 6S models. These results are also verified
by highest values of snow albedo estimation as given in
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Table 3. An interesting finding from Figs. 3, 4 and 5 is that
the snow surface area in the study region has markedly
reduced from the year 1992 to 1998, which further lost
a number of snow traces in the year 2000. This is a very
important finding both from climatological and hydrologi-
cal point of view. However, to assess our results further
we need to analyze meteorological data (temperature and

precipitation) retrieved from PMD stations in the vicinity
of the study area.

4.1 Results Validation

For the purpose of uniformity, we have used temperature
and precipitation data recorded in the study area (4 PMD
stations) from the year 1954 to 2000. Annual average of tem-
perature and precipitation from each station are used to cal-
culate the temperature (Fig. 6a) and precipitation (Fig. 6b)
anomalies in the study area. In the study area, the average
estimated temperature is 15.86 °C whilst the average esti-
mated precipitation is 246.8 mm. It is evident from Fig. 6a,
b that since 1954 to 2000 the temperature has a decreas-
ing trend whilst precipitation has an increasing trend in the
study area. The highest (lowest) temperature and precipita-
tion anomalies in the study area are observed for the years
1971 (1957) and 1996 (1977), respectively. In the current
study, since we have used Landsat data for the years 1992,
1998, and 2000 therefore, we have also analyzed tempera-
ture and precipitation anomalies from the year 1990 to 2000
(Fig. 7a, b). Our analysis indicates that in the study area
temperature (Fig. 7a) has an increasing trend whilst pre-
cipitation (Fig. 7b) has a decreasing trend during the said
period. The average estimated temperature from the years
1990 to 2000 in the study region is 15.87 °C whilst the aver-
age estimated rainfall is 262.6 mm. The highest (lowest)
temperature and precipitation anomalies in the study area
for the study period are observed for the years 1990 (1996)
and 1996 (2000), respectively. It is noted that temperature
shows negative anomaly for 4 years (1992, 1993, 1995, and
1996) and positive anomaly for the remaining 7 years in the
study area from years 1990 to 2000. Similarly, precipitation
shows positive anomaly for 5 years (1992, 1993, 1994, 1996,
and 1999) and negative anomaly for the remaining 6 years
in the study area from years 1990 to 2000. It is also noted
that temperature has a positive anomaly after the year 1996,
which is one of the most important reason that why the snow
area has been reduced in the study region (Figs. 4, 5) during
the study period.

5 Conclusions

The objective of this study is to analyze spectral albedo of
snow cover in the northern region of Pakistan using Land-
sat satellite data. Snow spectral albedo is estimated directly
as well as after applying ACCA and 6S models on Land-
sat data. One of the main advantages of using satellite data
for the estimation of spatially variable features like snow
cover is large area coverage (including physically unac-
cusable areas), near real-time, and low cost. However, the
rugged terrain pose some problems related to topography,
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Fig.7 Anomalies in the study region from the year 1990 to 2000 a temperature and b precipitation

such problems are overcome, in part by eliminating the dark
edges and shadows covering a nominal portion of the satel-
lite imagery.

The results of the study indicate that the snow spectral
albedo estimated by directly using Eq. 2 has the high-
est value for all bands of Landsat data while the values
slightly decreasing when we apply ACCA and 6S algo-
rithm (Table 3) for the study period. One reason for slightly
decreased spectra albedo values after applying ACCA algo-
rithm is the removal of cloud cover from the Landsat data.
Although the utmost care has been taken to choose only
cloud-free imagery but similar reflectance of snow and cloud
in an image can sometime hampered the visual interpreta-
tion to omit cloud cover, which consequently is removed
using ACCA algorithm. Since clouds are formed from fro-
zen droplet they contributed to the reflectance values and
thereby may give some erroneous results. It is recommended
that further research is needed to analyze the ACCA and 6S
model impacts in the study region. The results of the study
also show that irrespective of the measurement method of
snow spectral albedo, Landsat band 1 has the lowest value
of albedo followed by band 5, band 7, band 2, and band
3 whilst highest value is obtained using band 4. The per-
centage change in snow spectral albedo from lowest value
(band 1) to highest value (band 4) is 42.6% for the year 1992,

@ Springer

52.3% for the year 1998, and 49.9% for the year 2000. This
can clearly be associated with snow contamination as vis-
ible band is more sensitive to dust particles present in snow
surface and thereby reducing the spectral signature.

Another important finding of the current research is the
reduction of snow surface area in the study region. Although,
1992 Landsat image is earlier (20 September) as compared
to remaining two Landsat images (07 October) it is believed
that the difference of 17 days has no impact in the reduction
of snow surface area in the study region. Our analysis on
meteorological data reveals that due to the increase in aver-
age annual temperature and a decrease in average annual
precipitation the snow area has been reduced. This is very
alarming for climatologist as well as for hydrologists. How-
ever, further study is required to better understand the snow
behavior in the study region. It is concluded that the albedo
variations in snow cover region of Northern Pakistan are sig-
nificant and needed to be taken into considerations while cal-
culating surface radiation balance and developing regional
climate models. In addition, a timely prepared database on
snow albedo information can be very useful for predicting
snow melt runoff during spring and summer seasons.
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