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Monitoring the extent and pattern of snow cover in the dry, high altitude, Trans Himalayan region (THR) is
signi � cant to understand the local and regional impact of ongoing climate change and variability. The freely
available Moderate Resolution Imaging Spectroradiometer (MODIS) snow cover images, with 500 m spatial
and daily temporal resolution, can provide a basis for regional snow cover mapping, monitoring and
hydrological modelling. However, high cloud obscuration remains the main limitation. In this study, we
propose a � ve successive step approach „ combining data from the Terra and Aqua satellites; adjacent
temporal deduction; spatial � ltering based on orthogonal neighbouring pixels; spatial � ltering based on a
zonal snowline approach; and temporal � ltering based on zonal snow cycle „ to remove cloud obscuration
from MODIS daily snow products. This study also examines the spatial and temporal variability of snow cover
in the THR of Nepal in the last decade. Since no ground stations measuring snow data are available in the
region, the performance of the proposed methodology is evaluated by comparing the original MODIS snow
cover data with least cloud cover against cloud-generated MODIS snow cover data, � lled by clouds of another
densely cloud-covered product. The analysis indicates that the proposed � ve-step method is ef � cient in cloud
reduction (with average accuracy of N91%). The results show very high interannual and intra-seasonal
variability of average snow cover, maximum snow extent and snow cover duration over the last decade. The
peak snow period has been delayed by about 6.7 days per year and the main agropastoral production areas of
the region were found to experience a signi � cant decline in snow cover duration during the last decade.
55583099.
v.paudel@gmail.com
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1. Introduction

Snow and ice cover play an important role within the global heat
budget ( Bates et al., 2008; Berry, 1981; Lemke et al., 2007; Robock,
1980). Its variation in space and time is the result of variability in
earth's climate system, as well as being one of the important
controlling parameters for global to regional climate variability
(Barnett et al., 1989 ). Moreover, the extent and dynamics of snow
and ice cover affect many hydrological, physical, chemical and
biological processes ( Robinson et al., 1993). Thus, change and
variability in the Himalayan cryosphere, popularly referred to as
•the water tower of Asia •, have signi� cant local, downstream and
global feedback effects ( Erikson et al., 2009). In popular environmen-
tal narratives, the main focus has been on retreating glaciers, while
snow cover has received less attention. In the high altitude snow/
glacier fed basins of the Himalayan region ( Singh & Bengtsson, 2005),
the local agropastoral production relies heavily on snow cover
dynamics. Thus, information of spatial and temporal pattern of
snow/ice cover in the region is important for a wide variety of
scienti � c studies, management applications and the sustainable
development of the region.

The Himalayan region of Nepal is considered to be one of the most
critical regions in terms of global warming. Studies indicate that the
warming rate in the region has been 0.06 °C to 0.12 °C per year, much
greater than global average of 0.74 °C over the last 100 years ( Shrestha
et al., 1999; Solomon et al., 2007 ), and it has increased progressively
with elevation ( Liu & Chen, 2000; Shrestha et al., 1999). As a result, the
Himalayan region has experienced the highest glacial retreat in the
world ( Cruz et al., 2007; Dyurgerov et al., 2005 ) and the greatest
decline in snow cover and ice mass. However, there is a substantial
data and knowledge gap concerning the snow cover dynamics in the
region ( Erikson et al., 2009; Messerli et al., 2004; Xu et al., 2009 ).

There are no snow-monitoring observation stations in the
Nepalese Himalaya. Mapping and monitoring the snow cover with
� eld measurements is costly and almost impossible for large
catchments. The freely available Moderate Resolution Imaging
Spectroradiometer (MODIS) snow cover products ( Hall et al., 2002 ),
with 500 m spatial and daily temporal resolution, can provide a basis
for regional snow-cover mapping, monitoring and hydrological
modelling ( Liang et al., 2008; Tekeli et al., 2005 ). The accuracy of
MODIS snow-cover data, under clear sky conditions has been tested
by researchers in different parts of the world and shows a very high
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agreement (overall agreement of N93%) (cf. Hall & Riggs, 2007; Hall
et al., 1998; Liang et al., 2008; Maurer et al., 2003; Parajka & Blöschl,
2006; Wang et al., 2008; Zhou et al., 2005 ). However, high cloud
obscuration in MODIS snow-cover data is the main limitation in many
applications. Several methods have been developed to reduce the
cloud cover pixels from MODIS products. They include one or a
combination of different approaches, such as combining Terra and
Aqua MODIS data, spatial � ltering, temporal � ltering, eight days'
maximum snow-cover extent, and time series of thresholds of snow
accumulation and melt. Considering the local crossing time difference
between the Terra and Aqua satellites, most of the studies imple-
mented the combination of both MODIS products successfully, to
reduce cloud cover ( Gafurov & Bárdossy, 2009; Parajka & Blöschl,
2008; Wang et al., 2009 ), since it is possible to have different cloud
coverage within a difference of three hours (as local equatorial
crossing time of Terra is 10:30 a.m. in a descending node, and of
Aqua is 1:30 p.m. in ascending node). The spatial � lter based on
neighbouring 4 or 8 pixels is another procedure ( Gafurov & Bárdossy,
2009; Parajka & Blöschl, 2008; Tong et al., 2009; Xie et al., 2009 ).
However, there is the possibility of sacri � cing some of the spatial
resolution by replacing cloud pixels with the majority class of
neighbouring pixels ( Gao et al., 2010). Instead, spatial � ltering
based on only orthogonal neighbouring pixels can maintain better
spatial resolution; for example, Gafurov and Bárdossy (2009) found
very low level error using this procedure.

Fixed day or � exible composite maximum snow-cover product,
which is produced by compositing the daily images of the prede � ned
temporal window, is used as a temporal approach to maximize the
number of snow pixels while minimizing the number of cloud pixels
(Gao et al., 2010; Liang et al., 2008; Parajka & Blöschl, 2008; Riggs
et al., 2006; Xie et al., 2009 ). The MODIS 8-day Snow Cover Products,
MOD10A2 and MYD10A2, which combine two to eight days of the
snow-cover products, are the representatives of such a � xed-day
combination. These approaches can largely reduce the cloud cover,
but minimize the temporal resolution. Temporal � ltering as the direct
replacement of cloud pixel, by the most recent preceding non-cloud
observations at the same pixel, is another commonly used temporal
approach ( Parajka & Blöschl, 2008; Zhao & Fernandes, 2009).
However, without incorporating the snowfall accumulation (expan-
sion of snow cover) and ablation period in such � xed-day combina-
tions, there is a risk of losing temporal resolution. Recently, some
studies have shown that temporal deduction using the information
from preceding and following days on the same pixel can remove the
cloud, while preserving temporal resolution (cf. Gafurov & Bárdossy,
2009; Gao et al., 2010). Gafurov & Bárdossy's threshold day of snow-
accumulation start and complete melt is based on time series
information per pixel, and attempts to reclassify cloud pixels to
snow or land, according to their relative position to the seasonal cycle
of snow accumulation and ablation. However, their method assumes
only one snow cycle, that is continuous days of snow cover from � rst
snow appearance (accumulation start) day to complete snowmelt
day, in a given pixel in a year. This does not fully represent the multi-
snow cycle pattern within a year, which is the most common pattern
in the drier THR, and thus their method ignores the intraseasonal
variability of snowmelt and accumulation.

In mountain regions, slope, aspect and elevation affect the snow
accumulation and snowmelt owing to the lapse rate of temperature,
energy balance and windward/leeward effects. Incorporation of these
topographic effects can further improve the cloud removal
approaches. Recently,Parajka et al. (2010) have developed a snowline
approach, reclassifying pixels assigned as clouds to snow or land,
according to their relative position to the regional snowline elevation.
Similarly, Gafurov and Bárdossy (2009) have also incorporated
elevation in spatial � ltering based on eight neighbouring pixels, as
well as in their snow transition elevation approach. However, they
have not considered the illumination and shadowing effects as the
function of topography. Thus, considering the effects of aspect, the
zonal (sub-basin further divided in to local landscape unit based on
aspect and land cover) snowline can truly represent the topographic
effect on snow accumulation and melting rather than the assumed
regional •snow transition line •.

This paper aims to remove cloud obscuration from snow cover
data and improve some current cloud-reducing approaches, based on
a � ve successive steps approach, combining data from the Terra and
Aqua satellites, adjacent temporal deduction, spatial � ltering based on
orthogonal neighbouring pixels, spatial � ltering based on zonal
snowline, and temporal � ltering based on the pattern of snow
accumulation and melting. Subsequently, this study also examines the
spatial and temporal variability of snow cover in the THR of Nepal
during the last decade.

2. Study area

The Trans Himalayan region, in the rain shadow of the great
Himalaya, lies between the Himalayan range and the Tibetan plateau.
The study area, located approximately between 28°25 � to 29°20 �N and
83°25� to 84°35 � E, covers two Trans Himalayan districts of Nepal,
Mustang and Manang ( Fig. 1). The total land area is 5819 km 2 with the
elevation ranging from about 1830 m to 8167 m above sea level (asl).
Topographically, 96% of the area lies in the elevation zone above
3000 m asl, with 43% of the area above 5000 m asl. Rangeland is the
dominant land resource covering 42.1%, followed by forest (4.5%) and
cultivated land (1.3%). The valley � oor of Lower Mustang and Lower
Manang, at altitudes below 3000 m asl, is characterized by a cold
temperate climate with mean annual precipitation of 880 mm. The
elevation zone 3000 to 5000 m asl has an alpine semi-arid to arid
climate with mean annual precipitation of 220 mm and tundra
climate above ca. 5000 m asl. Upper Mustang is the driest region,
and has 164 mm average annual precipitation with 35% coef � cient of
variation between 1973 and 2008. In the lower parts, most of the
precipitation occurs during the monsoon (Jun …Sep) as rainfall, and
during the winter (Dec …Feb) as snowfall. At very high altitude, all
precipitation occurs in the form of snow, and the main snowfall is
assumed to fall during the monsoon. Mean maximum/minimum
temperatures in 1950 …2007 in the study area were 20.9/11.3 in the
monsoon months, 15.9/4.3 in the post-monsoon period (Oct …Nov),
17.7/4.5 in the pre-monsoon months (Mar …May) and 11.2/ � 1.2 in the
winter. The maximum temperature recorded in Mustang is 25.9 °C
and in Manang 24.5 °C and, according to the records, temperature
freezes to as low as � 20 °C in Mustang and � 12.4 °C in Manang.
Strong winds and intense sunlight are the common climatic features
in both Manang and Mustang districts. The study area is the head-
water environment of the Marshyangdi and Kali Gandaki Rivers. Both
are tributaries to the Gandaki (also known as Narayani, Gandak) River,
one of the major rivers of Nepal and the tributary to the Ganges River.

Agropastoral production is the primary source of livelihood for the
area. In the arid/semi-arid areas, cultivation is primarily dependent on
snowmelt and, to a lesser extent, on glacier fed irrigation. Non-
irrigated � elds depend on moisture from in situ snowmelt and
precipitation including runoff from snowmelt/precipitation from the
local catchments. The signi � cant role of snow cover duration and
pattern in rangeland production in high land pastures of the region as
perceived by local people, has been discussed elsewhere ( Paudel,
2006; Paudel & Andersen, 2010 ).

3. Methods

3.1. Data

MODIS is an optical instrument installed on the Terra and Aqua
satellites of the NASA Earth observation system. It uses a cross-track
scanner and acquires the imagery of the earth's surface and cloud



Fig. 1. Location of the study area: Upper Mustang and Lower Mustang lie in Mustang district and Nar Phu; Lower Manang and Lower Manang region lie in Manang distr ict.
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through a set of 36 discrete spectral bands, covering the visible and
thermal infrared parts of electromagnetic spectrum, from about 0.4 to
14.0 � m (cf. Barnes et al., 2002; Guenther et al., 2002; Hall et al., 1995;
Hall et al., 2002 ). The spatial resolution at the nadir of the MODIS
sensor varies, and ranges from 250 m to 1 km, with spectral band. The
� rst MODIS satellite Terra was launched in December 1999 and
started to deliver data in February 2000, and the second Aqua satellite
was launched in May 2002. Both Terra and Aqua have a sun-
synchronous, near-polar, circular orbit. The MODIS snow product is
based on the normalized difference snow index (NDSI) and set of
thresholds and decision rules (cf. Hall et al., 2001; Hall et al., 2002;
Riggs et al., 2006; Salomonson & Appel, 2004). Generally, November
to March is considered to be the snow season in the rangelands of the
region. However, considering some events of early and late snowfall,
as evidenced from local oral history, we selected October to April as
the snow season (window of analysis) in this study. All the available
MODIS daily snow cover products, MOD10A1 and MYD10A1 (MODIS
Terra/Aqua Snow Cover Daily L3 Global 500 m SIN GRID V005), for the
period 1 October to 30 April, 2000 …2010, were used in this study
(Table 1). However, since the Aqua satellite started to deliver snow
cover data from July 2002, we only used Terra snow cover daily data
for the period 2000 …2002. The study area lies within the MODIS tile
H25V06. The MODIS Reprojection Tool ( MRT, 2008) was used to
project MODIS images into Universal Transverse Mercator (UTM)
projection and to convert to GEOTIFF.

The MODIS snow cover image has six observed land cover
characteristics that include snow, no snow (or land), lake, ocean,
snow-covered water body (lake ice), cloud and � ve missing, unusable
data or other condition classes that include missing sensor data,
no decision, night (darkness, terminator or polar), saturated MODIS
sensor detector, and � ll (no data expected for pixel). In the total
MODIS recorded data, the classes missing, no decision and saturated
were less than 0.8%, while the � ll class were 2.4% and 3.5%, respectively,
for Terra and Aqua images in the study area. The occurrence of � ll and
other unusable pixel data was sporadic temporally and spatially
through the study period, so replacing such � lled or unusable pixel
data with good observation is a reasonable approach to handling that
data. So during the cloud removal processing, these were treated as
•cloud•. We reclassi� ed snow cover images into three categories: that
is, original snow and lake iceclasses into •snow•category; no snow and
lake classes into •no snow • category; and cloud and all other missing/
unusable classes into •cloud• category. In the algorithm used in this
paper, snow, no snow and cloud were coded as 200, 25 and 1,
respectively. After reclassi � cation, 52.3% of the available Terra images
and 72.7% Aqua images had a cloud cover larger than 10%.

The NASA Shuttle Radar Topographic Mission (SRTM) digital
elevation model (DEM) data with 90 m spatial resolution was
obtained from the CGIAR Consortium for Spatial Information
(CGIAR-CSI) (http://srtm.csi.cgiar.org ). The resolution of DEM was
resampled to match the 500 m spatial resolution of snow-cover data.
An aspect and slope map of the study area was derived from the DEM.
Additionally, a land-cover map generated in 2000 by the Survey
Department, Nepal Government, was obtained and updated with a
land-cover map prepared by the authors using supervised classi � ca-
tion method from SPOT 4 (XI), 20 m resolution images (16 Oct, 2008).

3.2. Cloud removal methodology

We propose a set of � ve steps, based on a combination of different
spatial and temporal information, to reduce cloud obscuration from

http://srtm.csi.cgiar.org


Table 1
MODIS snow cover images used in this study.

Snow season Terra (MOD10A1) images Aqua (MYD10A1) images

Total
images

Missing date Mean
cloud
(%)

Frequency (%) of images with
cloud cover larger than

Total
images

Missing
date

Mean
cloud
(%)

Frequency (%) of images with cloud
cover larger than

10% 25% 50% 75% 90% 10% 25% 50% 75% 90%

1 Oct 00…30 Apr 01 211 27 Oct 00 23.9 48.8 32.2 17.1 9.5 6.2 … … … … … … … …
1 Oct 01…30 Apr 02 201 6 Nov 01, 20 …28 Mar 02,

15 Apr 02
26.14 47.3 27.9 15.9 8.0 5.0 … … … … … … … …

1 Oct 02…30 Apr 03 211 1 Feb 03 25.99 57.3 35.1 17.5 10.4 5.7 212 36.87 74.5 52.4 30.7 16.5 11.8
1 Oct 03…30 Apr 04 204 17 …24 Dec 03, 19 Feb 04 24.03 49.5 32.8 19.6 9.3 5.9 213 34.72 67.9 48.1 31.1 13.7 7.5
1 Oct 04…30 Apr 05 212 36.78 61.6 47.9 30.8 22.7 14.7 212 47.96 77.4 63.7 44.8 31.1 20.8
1 Oct 05…10 May 06 222 25.08 50.7 31.8 21.3 11.4 6.2 222 41.63 69.8 48.1 32.1 17.5 9.0
1 Oct 06…30 Apr 07 212 26.35 54.3 36.2 21.0 10.0 5.2 212 39.61 75.9 57.1 33.5 20.3 10.8
1 Oct 07…30 Apr 08 213 26.82 57.6 37.1 20.5 10.5 7.1 212 21 Dec 7 36.99 78.3 50.5 31.1 18.4 9.4
1 Oct 08…30 Apr 09 208 20 …23 Dec 08 19.59 45.7 29.8 10.1 4.8 2.9 212 31.85 67.5 48.1 26.4 12.3 4.7
1 Oct 09…30 Apr 10 211 6 Mar 10 26.01 50.2 32.5 14.8 9.6 5.3 212 35.06 70.6 50.2 31.3 14.7 10.0
Total 2105 27 1707 1
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MODIS snow-cover images. Each step, explained in the following
subsections (from 3.2.1 to 3.2.5), was performed in sequence and the
output from each step was the input for the next step. The analysis
was done in Arc GIS using the Python programming language.

3.2.1. Terra–Aqua snow-cover image composites
The � rst step combines observations (from Terra and Aqua) on the

same day with about three hours time difference. The compositing
rules are similar to the MOD10A2 generation algorithm and are based
on the following prioritization scheme: snow …no snow …cloud ( Gao
et al., 2010; Xie et al., 2009 ). If snow cover was found in any satellite
image pairs, the pixel was assigned as snow. If the pixel was observed
as •no snow •by one satellite and cloud by another, the cell is assigned
as •no snow • as true pixel cover. Since the assigned code integers of
snow (200), no snow (25) and cloud (1) are in decreasing order, the
maximum function was used to compute Terra …Aqua snow cover
image composite as:

S y;x;tð Þ= max S T
y;x;tð Þ; SA

y;x;tð Þ

� �
ð1Þ

where, y and x are the indices for row and column, and t is the
index for day of pixel S. S T and SA denote Terra and Aqua pixels
respectively.

In the case of missing observation by one satellite on any day
(Terra or Aqua), the product of the other is used directly as the output
of the � rst step. For the period 2000 …2002 when only Terra data was
available, the original Terra data is used directly as the output of the
� rst step.

3.2.2. Adjacent temporal deduction
This step deduces the surface condition of cloud-covered pixel

based on the one day forward and one day backward information of
same pixel ( Gao et al., 2010). It is based on the assumption that if both
the previous and the next day of the cloud pixel have the same surface
condition (either snow or no snow), the surface cover stayed constant
in cloudy weather conditions ( Gafurov & Bárdossy, 2009). Hence, if the
corresponding pixel of both the previous and the next day of observed
day are snow, the cloud cover pixel (S (y,x,t)

c ) is set as snow (Eq. (2) ).
Similarly, a cloud pixel is deduced as no snow if the corresponding
pixel of both the previous and the next day has •no snow • cover
(Eq. (3) ). In other conditions, the cloud pixel remains as cloud.

if S y;x;t� 1ð Þ= 200 and S y;x;t + 1ð Þ= 200
� �

; Sc
y;x;tð Þ= 200 ; ð2Þ

if S y;x;t� 1ð Þ= 25 and S y;x;t + 1ð Þ= 25
� �

; Sc
y;x;tð Þ= 25 ð3Þ
3.2.3. Spatial� ltering based on orthogonal neighbouring pixels
This approach assigns the cloud covered pixel as •snow• if the

majority of its orthogonal neighbours are •snow• covered. Similarly,
cloud pixel is set as •no snow •when at least three out of its four direct
neighbour pixels are of the •no snow • class.

3.2.4. Zonal snow transition line approach
Previous studies have shown that snowfall and snow-cover

distribution and depletion pattern in mountainous regions are largely
in � uenced by topography, basin orientation and land-cover classes
(cf. Baral & Gupta, 1997; Mitchell & DeWalle, 1998; Seyfried & Wilcox,
1995). Thus, we can assume that in a given zone, a landscape unit
within a sub-basin further subdivided by a combination of aspect and
land-cover classes, snow at a higher elevation accumulates earlier and
melts later than at a lower elevation, owing to the lapse rate of
temperature and energy balance. Hence, based on relative altitudinal
characteristics of snow and no snow cover pixels, it is possible to
deduce snow transition elevation for a day in a given zone. The
concept is to � nd the elevation of lowest snow-cover pixel and
the snowline of the day, above which there is continuous snow cover.
The effectiveness of this approach depends upon two factors. First, on
the precise delineation of zone; that is, the effect of basin orientation,
land-cover class and topographic factors other than elevation on
snow-cover distribution and depletion should be homogenous in all
pixels in a zone. Second, on the amount of the cloud free pixels in the
given zone resulting from the previous three steps. We � rst divided
the study area into sub-basins based on the DEM and drainage map.
Subsequently, we subdivided all sub-basins by major aspect classes
(north, south, east and west) and land-cover classes (vegetation cover
and bare rock), amounting to 316 zones in total ( Fig. 2a). In order to
make sure that snow-covered pixels were correctly reclassi � ed, at
least 25% cloud-free pixel was used as the minimum threshold of
cloud-free in a given zone.

In this study, the snowline threshold for a given zone was de � ned
as the minimum snow-cover elevation if that elevation was greater
than the maximum elevation of no snow cover pixels. Based on this,
all cloud pixels above the snowline threshold were assigned as snow
(Eq. (4) ). However, when this condition was not met (in this study,
we found only 4.3% cases where this assumption was not met), we
de� ned the snowline threshold as the zonal mean of snow-cover
pixels (Eq. (5) ), similar to Parajka et al. (2010) 's regional snowline. In
our case it was computed for the zone, not for the whole study area. At
this point we considered that snow cover could be absent or sporadic
on very steep slopes (slope N60°) ( Guglielmin et al., 2003 ). Similarly,
the elevation of cloud pixel of the given zone was compared with the
zonal mean elevation of no snow cover pixels (zonalmean (H z

NS)) and
the zonal minimum elevation of snow cover pixel. Subsequently, it



Fig. 2. Zone used for: a) zonal snow transition approach; and b) zonal snow cycle step.
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was assigned no snow cover if it was lower than both of them
(Eq. (6) ).

if H c
y;xð Þ N zonalmin H S

z

� �
Nzonalmax H NS

z

� �
and Czb 75 and Sb 60

� �
; Sc

y;x;tð Þ= 200

ð4Þ

if H c
y;xð Þ Nzonalmean H S

z

� �
Nzonalmax H NS

z

� �
and Czb 75 and Sb 60

� �
; Sc

y;x;tð Þ= 200

ð5Þ

if H c
y;xð Þb zonalmean H NS

z

� �
b zonalmin H S

z

� �
and Czb 75

� �
; Sc

y;x;tð Þ= 25

ð6Þ

where, S(y,x,t)
c is the cloud cover pixel and H c

(y,x) is the elevation of that
pixel. zonalmin(H z

S), zonalmean(H z
S) and zonalmax(H z

NS) are the
minimum elevation of all snow-covered pixels, the mean elevation
of all snow pixels and the maximum elevation of all •no snow • class
pixels in the given zone, respectively. C z is the percentage of cloud
cover in the given zone and S is the slope of the pixel in degrees.

3.2.5. Zonal snow cycle
This step is based on a time series analysis of snow cycle(s) „

accumulation and melt pattern „ of each •snow zone• over the snow
season. Snow zone (SZ) in this step is considered as the homogenous
unit in terms of snow cycle that is having similar pattern of snow
occurrence (snow accumulation and melt). In zones delineated in step
four, a group of adjacent zones can have a similar snow cycle pattern.
In order to derive effective and feasible numbers of SZ, we merged
adjacent zones which showed homogenous patterns of snow cycle in
the last ten years, based on correlation analysis. We � rst computed
total snow cover for each day in a zone from the output of step four.
Adjacent zones having a correlation greater than 0.8 in terms of snow-
cover duration in the last 10 years were merged. As a result, 36 SZ
were derived altogether ( Fig. 2b), and used for further analysis.

A snow cycle of a given SZ is de� ned as the period from the snow
accumulation start day (D a

s) to the minimum snow extent day (D min
s ),

the day before the next D a
s, is considered as a snow cycle of the given

SZ (Fig. 3a). Snow accumulates either in a single day or over a few
continuous days of snowfall. The maximum snow cover extent day
(Dmax

s ) of the given SZ in this study is de � ned as the day of snowfall in
the former case and the last day of the snowfall in the latter case, in a
snow cycle. In the case of single effective snowfall, both D a

s

and Dmax
s will be the same. In order to identify threshold days of D a,

s

Dmax
s and Dmin

s of each snow cycle, we � rst plotted the graph of the
time series of total snow cover area against Julian days for each snow
zone, for each snow season (for instance, see Fig. 3b). From the visual
inspection of the graph and comparing it with the cloud percentage of
the day in the given SZ, we identi � ed threshold days of the cycle. The
� uctuation of snow cover equal to, or smaller than, the cloud
percentage of the given day in the given SZ were considered as the
� uctuation owing to cloud, so only larger � uctuations (greater than
cloud percentage) were considered to identify snow cycles. Based on
the temporal position of cloud pixel in a snow cycle, the following
rules were employed to reclassify the cloud pixel as •snow• or
•no snow •:

(a) If the pixel has •no snow • cover on the maximum snow cover
extent day (it may happen for lower elevation pixel if there is
snowfall only in higher elevation in the given zone) and the
cloud in following days, the cloud pixels are reclassi � ed as •no
snow cover • till D min

s .
(b) In the time series from D min

s to Dmax
s of a snow cycle, if the

pixel has •snow• on the day t and cloud in the preceding days
(t � 1 ƒ t � n), the pixel of the preceding days is de � ned as
snow. Similarly, in the descending order of Julian days from
Dmax

s to Da,
s the cloud pixel of the previous days (t � 1ƒ t � n)

is de� ned as •no snow • if the pixel has •no snow • on the day t.
In both cases, we followed backward processing; that is, the
image of the day t � 1 was � rst processed based on the image
of day t, and then the image of the day t � 2 was processed
based on the corrected image of t � 1 and so on.

(c) In the time series of a snow cycle from D a
s to Dmax

s , if the pixel
has •snow• cover on the day •t•, and cloud in following days
(t+1, ƒ t+n), the cloud pixel of the following days was
assigned as•snow•. While, in the time series of Julian day from
Dmax

s to Dmin
s of the given snow cycle, the cloud pixel in the

following days (t+1 ƒ t+n) is assigned as •no snow •, if the
pixel has •no snow •cover on the day t. In both cases, we followed
forward processing.

The missing data day was treated as 100% cloud cover and was
� lled, based on the temporal position of the day in a snow cycle, and
the above-mentioned decision rules (a to c).

3.3. Accuracy assessment of cloud removal methodology

Since no ground station snow data is available in the region, we
followed the Gafurov and Bárdossy (2009) procedure. This procedure
is based on the comparison of original MODIS snow-cover data with
least cloud cover as a •ground truth • data against cloud-generated
MODIS snow-cover data as an •observed•, to evaluate the performance
of the proposed methodology. At � rst, we randomly selected ten
MODIS snow cover data which met two criteria: a) that have least
cloud cover ( b5%); and b) the cloud cover differences between two
satellite data in that day is at least 40% ( Table 2). The 40% threshold for
cloud-cover difference between the two satellites was used, since the
implementation of the � rst step alone could remove the most of the
cloud of •observed data• (cloud- � lled data used in the validation
process) if the difference between the two satellite images is very low.
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Fig. 3. Snow cycle: a) an ideal snow cycle; b) snow-cover pattern (showing many snow cycles) after step 4 in a zone located in upper Mustang in the snow season 200 3/04.
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The selected images were then � lled by clouds of another dense
cloud-cover product. The dense cloud-cover products, used to � ll
clouds in the selected least cloud-covered images, were also randomly
selected from other years than the •ground truth • image. The resulting
snow-cover data with assigned cloud-cover pixels were used as input
( •observed• image) for proposed methodology, and their respective
original images were used as the •ground truth • data. The resulting
•observed• images have cloud cover greater than 70% ( Table 2). Since
for the period 2000 …2002, when only Terra data was available and the
original Terra data was used directly as input for the second step, the
validation of proposed methodology was done in two parts : with all
steps; and excluding the � rst step to examine the effect of the � rst
step.

The agreement of the resulting classi � cation from the proposed
method was calculated by comparing it with the original images. A
confusion matrix, which measures agreement in classi � cation and
misclassi� cation (underestimation error „ classify snow as no snow;
and overestimation error „ classify no snow cover as snow) ( Gao
et al., 2010; Parajka & Blöschl, 2008), was used to estimate the
accuracy of the proposed methodology. The overall degree of
agreement (O A), underestimation error (E U) and overestimation
error (E O) was calculated as (all in percentages):

OA =
Cs

s + Cns
ns

Tc
× 100 ð7Þ

EU =
Cs

ns

Tc
× 100 ð8Þ

EO =
Cns

s

Tc
× 100 ð9Þ

where, Cs
s and Cns

ns are the sum of pixels correctly classi � ed as snow and
no snow cover respectively from cloud (in the � lled image); Cns

s is the
sum of the snow pixels incorrectly classi � ed as no snow; Cs

ns is the sum
of no snow pixels incorrectly classi � ed as snow, and Tc is the total
number of cloud pixels in the � lled image.
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Table 2
Images used for validation process.

Original Terra (used as ground truth for validation) Cloud cover � lled by
(Terra image)

Cloud cover % after
cloud assigned
(used as observed data
for validation)

Cloud % in
Aqua image

Image date Cloud cover (%)

13 Mar 2004 2.57 30 Jan 2008 89.42 53.34
22 Nov 2004 3.29 18 Feb 2002 70.31 67.73
19 Dec 2004 3.14 7 Nov 2002 79.65 94.70
21 Mar 2005 1.24 26 Jan 2004 84.99 81.98
12 Mar 2006 4.93 17 Jan 2008 83.62 64.60
30 Mar 2006 3.84 28 Apr 2003 71.84 58.09
5 Jan 2007 3.95 20 Feb 2001 81.20 54.77
12 Dec 2009 5.0 15 Apr 2001 84.36 66.50
7 Feb 2010 4.56 15 Mar 2002 76.32 73.85
27 Mar 2010 1.58 5 Mar 2001 86.35 51.63

Fig. 4. Performance of � ve subsequent steps when applied together: a) performance to
remove cloud (in %); b) mean percentage (monthly) snow coverage of the Terra MODIS
(MOD10A1), Aqua MODIS (MYD10A1) and after implementation of step I, step II,
step III, step IV and step V; the distance between two successive steps' line graph shows
the increase mean monthly snow cover % at higher order step. The results are means of
the entire study area during 2000 …2010.
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3.4. Spatial and temporal variability assessment

In order to examine the variability and trend of snow-cover
duration in the study area, we computed anomalies of maximum
snow-cover extent, simple statistical measure •coef� cient of variance •
for each month of the snow season and an annual linear trend per
pixel. The signi � cance of trend was evaluated using the Student's t test.

4. Results

4.1. Effectiveness of cloud removal methodology

The � ve-step cloud removal method applied in this study produced
almost cloud-free daily images, leaving only 1.82% cloud cover on
average, where the highest cloud remaining was 3.91%. On average,
the combination of Terra and Aqua products, the adjacent temporal
deduction, a spatial � lter based on orthogonal neighbouring pixels,
zonal snowline and snow cycle methods, respectively, reduced cloud
cover by 21.03, 12.69, 1.02, 38.28 and 25.16% in the last 10 years' snow
season data. Depending on the relative spatial and temporal position of
cloud-cover pixels, with reference to non-cloud pixels, different steps
perform differently for each day's image ( Fig. 4a). Monthly average
snow-cover percentages after implementation of each step are
presented in Fig. 4b. The combination of Terra and Aqua performed
well when the cloud-cover pattern in both products was different.
Similarly, the temporal deduction approach, based on one day forward
and one day backward images' information, performed well when
both previous and the next day images were cloud-free or had
relatively low cloud coverage. The performance of the zonal snowline
method was better when there was cloud cover at very high and very
low elevations, and the respective zone had a low cloud-cover
percentage. Theoretically, the zonal snow cycle method largely
depends upon the precise identi � cation of the snow cycle for the
given zone. Its performance is highly in � uenced by the relative
temporal position of the cloud pixel in the snow cycle. During
backward processing (rule •b• in Section 3.2.5), the performance was
better if the days closer to the end of snow cycle were cloud-free.
However, during the forward processing (rule •c• in Section 3.2.5), the
cloud removal performance was better if the days at the beginning of
the snow cycle had relatively low cloud cover. Fig. 5shows an example
of cloud fraction removed after each step for 20 February, 2005.

The validation test, based on a comparison of the results of the
cloud removal methods applied in •cloud- � lled images• with respec-
tive original images, shows the successful and ef � cient performance
of the proposed methodology ( � ve steps), as more than 99% of cloud
was removed with a disagreement error of less than 8% ( Tables 3 and 4),
while the implementation of the second to � fth steps, excluding
the � rst step, can remove 98.83% of cloud, with a disagreement error
of less than 9%. As expected, the inclusion of the � rst step removes
more cloud with low disagreement error. However, the difference in
total cloud elimination and error percentage is not so high between
including and excluding the � rst step. Moreover, excluding the � rst step
performs better with a low level of error, with higher cloud cover
removal on two validation test days: 13 March, 2004, and 12 March,
2006 ( Table 4). Hence, the use of Terra data directly as the input in the
second step for the period 2000 …2002 „ when Aqua data was not
available, which could result in low cloud removal (i.e. 0.41% less) and
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Fig. 5. Cloud cover of original MODIS images and after implementation of � ve steps for 20 Feb, 2005: a) original MODIS Aqua; b) Original MODIS Terra; and c …e) after implementation
of successive steps (I…V).
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slightly higher disagreement error (1.25%) „ do not signi � cantly affect
the result.

4.2. Spatial temporal variability of snow cover

Although average annual snow cover percentage in the last decade
shows a declining pattern (0.53%yr � 1), the signi � cance test shows
that the trend is not statistically different from zero. However, the
Table 3
Validation result for each step (in %).

Steps With all steps (step I to V)

Total cloud
elimination

Agreement Disagreement

OE UE T

Step 1 48.31 45.84 0.80 1.66 2
Step 2 9.27 8.71 0.35 0.21 0
Step 3 0.70 0.63 0.03 0.03 0
Step 4 12.62 11.19 0.87 0.56 1
Step 5 28.34 25.37 1.95 1.01 2
Total 99.24 91.75 4.02 3.47 7.

Table 4
Validation result for different days (in %).

Test date With all steps

Total cloud
elimination

TRUE Disagreement error

UE OE T

13 Mar 2004 99.09 89.30 6.97 2.82 9.7
22 Nov 2004 99.24 91.49 3.81 3.94 7.7
19 Dec 2004 99.53 93.95 2.91 2.68 5.
21 Mar 2005 99.78 90.81 3.78 5.19 8.9
12 Mar 2006 99.42 96.23 2.85 0.33 3.1
30 Mar 2006 98.50 88.72 3.70 6.08 9.7
5 Jan 2007 99.68 93.50 2.32 3.85 6.
12 Dec 2009 99.47 92.30 1.70 5.48 7.
7 Feb 2010 99.12 91.82 1.93 5.37 7.
27 Mar 2010 98.59 89.40 4.76 4.43 9.1
Average 99.24 91.75 3.47 4.02 7.
time series of snow-cover anomalies shows very high interannual and
intra-seasonal variability ( Figs. 6 and 7). For instance, the average
annual snow cover in the region during the snow season of 2005/06
was about 50%, while in 2008/09 it was only 29%. One of the striking
features observed in the region was the signi � cant delay of the
maximum snow extent day in the snow season (R 2 =0.52, p=0.019),
with an annual delay of 6.7 days yr � 1 (Fig. 7). The maximum snow
extent day in a year in the snow season represents the peak snowfall/
Excluding step I

Total cloud
elimination

TRUE Disagreement

otal OE UE Total

.47

.56 41.51 40.50 0.59 0.42 1.01

.07 0.60 0.54 0.04 0.02 0.06

.43 15.50 13.52 1.74 0.24 1.98

.97 41.22 35.54 3.60 2.08 5.68
49 98.83 90.09 5.96 2.77 8.74

Excluding step 1

Total cloud
elimination

TRUE Disagreement error

otal UE OE Total

9 99.02 90.70 4.49 3.83 8.32
5 96.15 87.43 1.94 6.78 8.72

58 99.37 87.66 2.03 9.68 11.71
7 99.69 87.56 5.99 6.15 12.14
8 99.85 97.31 2.18 0.37 2.54
8 98.63 86.07 1.35 11.22 12.56
17 98.78 92.15 0.65 5.98 6.63
17 97.01 90.40 1.64 4.96 6.60
30 99.93 91.82 0.97 7.14 8.11
9 99.89 89.84 6.53 3.52 10.05

49 98.83 90.09 2.77 5.96 8.74
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Fig. 6. Snow-cover variability during last decade: a) average snow cover; b) snow-cover anomalies.
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accumulation of the year. Comparing the peak snow accumulation
days, the average peak snow accumulation in the � rst half of the
decade occurred around the second week of January, while in the
second half of the decade it occurred around the end of February.
Similarly, the second half of the decade was also characterized by a
continuous decline in average snow cover. It con � rms the shift in the
snow season and the recent decline in snow as frequently perceived
by the local people. 1 In terms of average snow cover and maximum
snow extent, 2008/09 was found to be the most snow-poor
hydrological season in the last decade. The minimum snow cover
day during the snow season, that represents the peak snowmelt
period in the year, occurred between 20 and 27 April in 2003/04,
2007/08, 2008/09 and 2009/10, while in the remaining years it
occurred within second week of October. The occurrence of the
minimum snow extent day in October (at the beginning of snow
season) in these years indicates the late snowmelt, that is in May or in
the summer months. However, in order to draw a de � nitive
conclusion about the shifting pattern of the minimum snow extent
day or the complete snowmelt in the study region, the data for the
whole year needs to be analysed.
1 First author conducted three group discussions and semi to unstructured
interviews with 74 persons during March to May 2009 about their experience and
perception of climate change and snow cover dynamics.
The comparison of average snow cover by month revealed that not
only was the peak snow time delayed, but also the maximum snow-
covered month (having the highest average snow cover in the snow
season) shifted forward by about one month. Consequently, Feb/
March appeared as the snow months compared to Dec/Jan, which are
considered as the ideal snow months in the region, and local
agropastoral activities (calendar) have been structured accordingly.
Within the last decade, March has had the highest average snow cover
in 2000/01, 2005/06, 2006/07 and 2008/09. Similarly, February has
had the highest average snow cover in the remaining years except
2003/04. Contrary to the general perception, December has lower
average snow cover than April, as portrayed by the line graph of the
monthly average snow-cover percentages after step � ve in Fig. 4b. The
early and late snow was the main reason behind this.

Long-term (2000/01 to 2009/10) average snow-cover duration in
the snow season ranges from about 5 days, on the valley � oor of
Lower Mustang in the south, to 213 days in the high-altitude,
perennial snow-cover area. As expected, annual average snow-cover
duration was found to be strongly correlated with elevation (r=0.83,
p b0.0001). Fig. 8 shows the spatial distribution of average seasonal
snow-cover duration. Similar to the annual average, seasonal average
snow-cover duration was also found to correlate strongly with
elevation, with r N0.8 in all three observed months of post-monsoon,
winter and pre-monsoon seasons. Most of the northern and central
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