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Abstract

Pakistan is an arid to semi-arid country with rainfall contributing only ~10% to agriculture.
Agriculture of Pakistan thus depends on irrigation system constituted by a gigantic chain of
hydraulic structure. Pakistan is largely dependent on its frozen hydrological resources, i.e., snow
cover and glaciated ice on the mountains of Northern Pakistan. In mountain areas, where snow
melt runoff often makes up a large part of river discharge, the cryosphere is a key source of water.
In contrast to Global warming, the Karakoram Region is having a positive mass balance after the
late 20" century. Due to higher rate pf precipitation at elevation regimes, the ice cover is increasing
as contrast to melting snow caps over the world. This is termed as the ‘Karakoram Anomaly’
(Hewitt,2005). Snow cover assessment and Hunza river basin catchment delineation was carried
out in research and the results are contrary to the Karakoram Anomaly as snow cover is decreasing
from 2003-2011.Further relation was made with rainfall and temperature and it was concluded that

mean temperature is of inverse to the snow cover with no relation to rainfall.




Chapter 1

General Hydrogeological and climatic setup of the study area

1 Introduction

1.1 Hindu-Kush KARAKORAM-Himalaya

Mountains and oceans play a significant role in the global climate. The Hindu Kush-Himalayas
(HKH) is considered as third pole attributed to its vast spatial snow and glacial content. These

mountains can have their own unique climate and the details are often misunderstood.

The Hindu-Kush Karakoram Himalaya (HKH) region is the largest mountain ranges in the world,
encompassing parts of the entire countries of Bangladesh, Afghanistan, China, Bhutan, Nepal,
India, Pakistan, and Myanmar. HKH region feeds some of the main rivers in Southeast Asia (such
as the Ganges, the Indus the Brahmaputra, the Yang-Tze and the Yellow River,), which bring water

to more than 1.5 billion people[1].

Central Mountains have elevation between 2000 and 5000 m. The Siwalik range which is made up
of erosion material from the rising Himalaya which have about 1200 m elevation of. Critically
important geo-ecological asset the HKH region is the origin of 10 major river basins and covers

over 4.2 million km? area[2].

1.2 Geology of Hindu Kush-Himalaya

Pamir Mountains plateau at the border of the North-West Frontier Province of Pakistan and
Afghanistan, HKH region covers over some 3,500 km to its south eastern borderline in Bhutan,
Bangladesh, and Myanmar. Southward the Indo Gangetic plains border on the Hindu Kush-
Himalaya region, extend from the Indus valley in Pakistan to the Brahmaputra valley in India
(Assam) and the lowlands of Bangladesh. In the north the mountain ranges is bordered by the high

Plateau of Tibet[3].

The Himalaya region comprises of recent and continuing tectonic uplift which began less than 130
million years ago. Great areas of metamorphic rocks in the central core of the Himalayan have

been dated to the Tertiary which started before 65 million years and ended 1.6 million years ago[4].
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As a direct result of the great mountain building process. Crystalline, predominantly, and
metamorphic rocks make up this central Himalayan zone with gneisses, granites, schists, and
sediments. Nevertheless[5]. HKH ranges contain rock series from all major periods. Thus, the
eastern Himalayas there are examples of Archaean (more than 2.5 billion years old) basement
gneiss, the lower ranges along the southern flank comprise a composite set of younger Tertiary
sedimentary deposits which includes riverine deposits by rivers emergent onto the plains from the

Himalayas[6].

1.3 Upper Indus Basin

The mountain ranges surrounding the Tibetan Plateau are a complex highland-lowland hydrologic
system involves a range of water supply and use environments[1]. The importance of the Mountain
contribution to the total flow of the major rivers of Asia and the sources of runoff within individual
mountain catchment basins varies throughout the region. Additionally, to the limited studies of the
general hydrology of the mountain catchments of these rivers[7]. There are major issues of water
use as populations grow inexorably and many Asian countries begin a transition from agriculture-

based systems to more industrialized economies|[8].

While there is a long history of scientific visits to Karakoram Himalaya, most have been primarily
exploratory resulting more in description than analysis [9]. Much of the present understanding of
the hydrology, climate, and glaciers of these mountains is based on a few analyses of a very limited
data base. Archer et al. discussed in 2010 that the extremely limited number of climate stations in
the Upper Indus Basin (UIB). In an area of over 160,000 km? above the Tarbela Reservoir there
are only 5 hydrometric stations in the main stem of the Indus River at the present time and fewer
than 20 manual climate stations [6]. More than 250 climate stations in a comparable area in the Nepal
Himalaya and this compares with a total of 28 hydrometric stations. Credible recent glacier mass balance
data is available for few glaciers in the Karakoram, the Biafo, (for example, Hewitt 2010) and the Baltoro,

and the Chhote Shigri Glacier in the Chenab Basin in the western Himalaya [10].

1.4 Indus river
Indus River is an international river with headwater tributaries in China (Tibet), Pakistan, India,

and Afghanistan. The river originates from north of the Great Himalaya on the Tibetan Plateau.
The main stem of the river runs through the Ladakh district of Jammu and Kashmir and then enters

the northern areas of Pakistan (Kharmang Gilgit-Baltistan) flowing between the western Himalaya
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and Karakoram Mountains [11]. Along this reach of the river stream flow volume is increased by
gauged tributaries entering the main river from catchments in the Karakoram Mountains. the
western Himalaya, and Shyok, Shigar, Hunza, Gilgit, the Astore River as well as ungauged basins
on the north slope of the western Himalaya. Immediately north of Mt. Nanga Parbat the
westernmost of the high peaks of the Himalaya, the river turns in a south direction and flows along
the entire length of Pakistan that merge into the Arabian Sea near the port city of Karachi that
situated in Sindh province. Tributaries to this reach of the river from the western Himalaya are the
Chenab, Jhelum, Sutlej Rivers, and Ravi, from the Indian states of Himachal Pradesh, and Jammu
Kashmir and the Swat, Kabul, and Chitral Rivers from the Hindu Kush Mountains. Total length
of the river is 1,976 miles[12].

MAP 1 Indus Catchment [12]

1.5 Hydrology of upper and Indus basin

General hydrology of the Lower Indus Basin is assumed to be reasonably well-understood as
studied from a network of gauging stations, reservoirs such as the Mangla and Tarbela and
irrigation barrages on the piedmont. While this network provides data on which management
decisions concerning water uses in the lower basin can be based the hydrology of the upper basin

remains a “black box™ [13].




Mean annual flow of the upper and Indus basin is about 58 MAF from the main stem above
Tarbela Reservoir, Basin, 22 MAF from the Chenab Basin, 6 MAF from the Chitral Basin,
and 24 MAF from the Jhelum, for a total of 110 MAF[14].
The Total area of the Indus above Tarbela is around 166,000 km? with an estimated glacier
area of approximately 17,000 km? The other glacierized the Chenab in the western
Himalaya has a surface area of 22,500 km? and glacier area of 2,700 km? [15].
Two principal sources of runoff from the upper and Indus basin are.
(1) Winter precipitation, snow that melts in the summer.
(2) Glacier melt. In the case of seasonal snow runoff volume, winter precipitation
is most important. In the case of glacier melt volume, it is summer temperature[16].
Inconsistency of the Indus based on the record from Besham, has varied from approximately 85 to
140 percent of the period of record average is 60 MAF [17].
The wide diversity of hydrologic systems in the mountain basins complicate the problem of
transmitting stream flow timing and volumes to a uniform climate change [18].
The mountain headwaters of the Indus River contribute nearly 60 percent of the mean annual total
flow of the river, with about 80 percent of this volume entering the river system during the summer

months of June—September [19].

1.6 Annual Hydrograph

The Besham hydrograph, reflecting the merged contributions of all upstream sub-basins shows a seasonal

peak in July, supposed to represent peak snowmelt, but instead of beginning a recession phase at that point,

has a secondary, slightly lesser peak in August. This is supposed to represent the glacier melt component

of the annual stream flow. Following this second peak, the expected exponential recession curve arises[20].

Figure 1.1 Hydrograph Showing Mean Monthly Runoff per Year at Besham
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1.7 Climatic Setup

The Karakoram-Himalayas events two distant hydro meteorological setting. Firstly, the
Mountainous Snow fed regions of Karakoram and Kashmir. Secondly, the cold parched regions of
the Ladakh mountain ranges several glaciers in the locality are influenced by humid environment
in the summers (June to September) with an onset of snow fall in the winters and monsoon
(November to April) but the characteristic of summer monsoon the Himalayas is absent in the

Karakorum range [21].

The major source of regional precipitation is of weak concentration during spring and winter,
caused by westerly circulation. These westerlies contribute about two thirds of high-altitude
snowfall in the Karakoram. There are two major sources of precipitation in the Indus Basin. The
main source in terms of total amounts of precipitation delivered is probably the monsoon, getting
storm system from the south. These storms are limited in time from late July through September.

They deliver heavy precipitation to the Front Ranges and Main Himalaya [22].

1.8 Literature Review
Pakistan is like many countries in the central Asian region comprises of extensive high mountains

juxtaposed with lowlands the mountains provide the principal sources of water supply for large
population living in the nearby plains. Hilly areas, with their characteristic glaciers cover and
snow, have long been recognized as special hydrological environments receiving relatively heavy

precipitation [23].

Archer discussed in 2003 that water resources are more important due to climate variability or
socioeconomic factors play an important role in the Upper Indus Basin. The basin was divided into
3 regions: snow fed, glacier fed and rainfall-dependent regions. By analyzing past climate trends,
the contribution of 3 regions in river Indus has no significant variation due to climate variability.
But evidence indicates that variations are more related to growing socioeconomic culture of the

region [24].

Increase in temperature cause a rise in the moisture holding ability of air that Icads to more
precipitation creating more intense precipitation events. Changing in the climate models are
resulting in dry areas becoming drier and wet areas becoming wetter. So with increase in
temperature more precipitation events happen as rain rather than snow leading to flood risks in the
plain areas [25].
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K. Hewitt discussed in 2005 that the climatic inversion of glaciers in Karakoram ranges. The
impact of various cyclonical storm and increasing precipitation on glacial extension. In addition
the “elevation effect” on glacial melting with solar energy and temperature was also discussed

[26].

1.9 Introduction of Remote Sensing
Remote sensing is science and art of getting information about object without getting in contact

with the object [27].

Remote sensing is done with satellites sensors, aircrafts etc. and it has tremendous application
areas. Recently, Cryosphere research using remote sensing has gained specific importance due to
global climate change. Snow cover estimation using in-situ observations is a difficult task, using
Remote sensing data snow cover can be estimated with high-level accuracy ensuring wide

statistical interpretations covering a large areal extent along with less time constraints [28].

Snow is described by high degree of variability which warrants mapping at finer temporal
resolution unlike glacier. The terrain climate and extent of snow cover renders traditional station
based insitu observation futile at regional scale. Alternatively, the RS (remote sensing) based
techniques and tool has proved very useful in mapping snow from space. The contribution of insitu
data however in validation of snow products generated through remote sensing methods and

improvement of snow mapping algorithm is essential. (ICIMOD) [29].

1.10 Study Area

Total area of Hunza river basin is 15786 km? Which is located in the high-level mountainous
region of central karakoram with almost 4453km? of catchment area at an elevation more than
5000m [29].

In summer 30 percent cover with snow and increases almost 80 percent in winter. Mean flow of
Hunza river is 323m? (i.e. 742 mm of water depth equivalent) gauged at Dainyor bridge according

to the almost 40 years 1966-2008 flow record of the SWHP-WAPDA [30].
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Map 1.2 Hunza Basin Catchment Map
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1.11 Physical Characteristics of Hunza River Basin

Physical Characteristics Description
Catchment Area 15789 km?
Glacier 2868 km?
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Latitude 35°45" to 37°25°
Longitude 74°00" to 76°10°
Discharge Gauging Station: Mean | Danyor Bidge 323 m?%/s
Runoff (1966 to 2008)

1.12 Data Source

Pakistan meteorological department was tasking daily basis temperature (Max & Min) and rainfall
data of Hunza meteorological station. MODIS snow product were chosen to calculate the snow
cover percentage in our study area. Aqua and Terra Snow cover 8-Day L3 Global 500m Grid
*MODI10A2” Used for this study contains data fields for maximum snow cover extent over an 8-
day repeated period and has a resolution of approximately 500m converting the Hunza River Basin

completely. A data set of 2024 processed MOD10A2 image available [31].

1.13 Study Objectives

The climate variation with in the Hunza River.
The sessional and annual relationship between snow cover mean temperature & rainfall in the

Hunza, river basin [32].
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CHAPTER 2
METHODOLOGY AND PROCESSING

2.1 GENERAL

The geographical area considered for this study is Hunza River Basin situated in the northern areas
(Karakoram region) of Pakistan. It ranges from 74.5" - 76.5°E in Longitude, and 35.2° - 36.38°N
in Latitude. To estimate the Snow Cover Area of Hunza firstly the area was identified on Google
Earth Pro for displaying the satellite image of study area. Then the catchment area of Hunza was
also identified by using software (ArcGIS). GIS is a (geographic information system) for working
with geographic information and maps. It’s used for creating and using maps; compiling
geographic data; analyzing mapped information; sharing and discovering geographic information;
using maps and geographic information in a range of applications; and managing geographic
information in a database [33]. ArcGIS is available at three functional levels consisting of Arc
View that focuses on comprehensive data use, mapping, and analysis; Arc View consist of
ArcMap, ArcCatalog and Arc Toolbox, secondly Arc Editor which adds advanced geographic
editing for shape files and geo-database, and creation of data, and thirdly Arc Info that is complete
GIS desktop, containing wide range GIS functionality [34].

The methodology includes the following steps.

2.2 Remote Sensing

Remote Sensing of Snow is entirely dependent upon reflectance patterns in different bands. Snow
has the property in “Visible Region of EM Spectrum: Highly Reflective” “Infrared Region of EM
Spectrum: Highly Absorptive”. Using this property data when observed in visible region will

indicate snow while in infrared it will show the area where snow is absent [35].
Using this property NDSI (Normalized difference Snow Index) is formed
NDSI= (V-IR) / (V+IR)

V=Visible band IR= Infrared Band
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Latitude 35°45" to 37°25°
Longitude 74°00" to 76°10°

Discharge Gauging Station: Mean | Danyor Bidge 323 m?/s
Runoff (1966 to 2008)

1.12 Data Source

Pakistan meteorological department was tasking daily basis temperature (Max & Min) and rainfall
data of Hunza meteorological station. MODIS snow product were chosen to calculate the snow
cover percentage in our study area. Aqua and Terra Snow cover 8-Day L3 Global 500m Grid
*MODI10A2” Used for this study contains data fields for maximum snow cover extent over an 8-
day repeated period and has a resolution of approximately 500m converting the Hunza River Basin

completely. A data set of 2024 processed MOD10A2 image available [31].

1.13 Study Objectives

The climate variation with in the Hunza River.
The sessional and annual relationship between snow cover mean temperature & rainfall in the

Hunza, river basin [32].
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NDSI is core logic behind snow cover extraction using satellite data. It can be generated using
Model Builder in any GIS or RS software capable of MMC (Model Management Component)
[36].

2.2.1 Satellites for Remote Sensing
Different satellite sensors can be used for snow cover mapping, MODIS, TIROS, and LANDSAT

etc. Different sensors provide data according to their specifications requiring different type of
classification or snow cover extraction algorithms. Landsat 7 ETM+ imagery can be used for snow

cover, but the temporal resolution of Landsat is 16-days [37].

Among various data sets MODIS Snow Cover Product proved to be easily accessed, approached,

and processes able data ensuring high accuracy and quality. (ICIMOD) [38].

2.3 MODIS for Remote Sensing
MODIS is a key instrument aboard first NASA EOS satellite, called Terra, launched on December

18, 1999 and on the Aqua satellite, launched on May 3, 2002. Due to continuous coverage of the
MODIS (Moderate resolution Imaging Spectroradiometer) the whole picture of Globe can be

obtained in “two” days [39] .

2.3.1 Characteristics of MODIS

MODIS features are designed to detect a wide range of the electromagnetic energy, and measure
at three different spatial levels, it takes measurements on 24/7 basis; and it has a wide field of view.
Due to comprehensive and continual coverage MODIS offers a complete global electromagnetic
picture in two days. “MODIS’s frequent coverage complements other imaging systems such as
Landsat’s Enhanced Thematic Mapper Plus, which reveals the Earth in finer spatial detail, but can
only image a given area once every 16 days— too infrequently to capture many of the rapid

biological and meteorological changes that MODIS observes” [40].

These MODIS instruments are designed to take measurements in spectral regions that have been
used in previous satellite sensors. MODIS is continually adding to existing knowledge by
extending data sets collected by heritage sensors series such as the National Oceanic and
Atmospheric Administration’s (NOAA) Advanced Very High Resolution Radiometer (AVHRR),
used for meteorology and monitoring sea surface temperature, sea ice, and vegetation; the Coastal

Zone Color Scanner (CZCS) and the Sea viewing Wide Field of View Sensor used to monitor
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ocean biological activity; Landsat, used to monitor terrestrial conditions; and NOAA’s High
Resolution Infrared Radiation Sounder (HIRS), used to observe atmospheric conditions. By
extending these data sets, MODIS promotes the continuity of data collection essential for

understanding both long- and short-term change in the global environment [41].

2.3.2 Spectral Properties of MODIS

Its detectors measure 36 spectral bands between 0.405 and 14.385 pm, and it acquires data at three
spatial resolutions. The automated MODIS snow-mapping algorithm uses at-satellite reflectance’s
in MODIS bands 1 (0.659 pm), 2 (0.865 pm), 4 (0.555 pm) and 6 (1.64 pum). Snow has two
properties: high reflectance in the visible (MODIS band 4) and low reflectance in the short-wave
infrared (MODIS band 6). The Normalized Difference Snow Index (NDSI) using bands 4 and 6

makes snow detection possible [42].

2.3.3 Temporal and Spatial resolution of MODIS
MODIS has swath width of 2,330 km The MODIS snow product suite is composed of products

covering a range of spatial and temporal resolutions, from 500 m to 0.25°, and from swath to daily,
to 8-day to monthly. All products provide fractional snow cover, and snow albedo is provided in
the 500-m resolution products, and all have been validated to stage 1 or 2. The overall absolute
accuracy of the 500-m resolution products is ~93%, varying by land cover and snow condition.
The snow products are used by climatologists, and by modelers both as input to hydrological
models, e.g., to develop snow-cover depletion curves, and to compare with output. Following table

indicates spatial properties and spectral bands of MODIS [43].
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Table 2.1 Spectral Bands of MODIS

2.3.4 MODIS Snow Cover Product

The MODIS snow algorithm produces maps of snow extent using reflective and thermal data from
the MODIS instrument at the swath level. Snow extent products are generated at several levels
from a swath, about 2030 x 2330 km coverage, at 500 m resolution to daily composited global
Climate Modelling Grid (CMG) products at 0.05-degree resolution [44].

18

Band Spatial Bandwidth® | Band Spatial Bandwidth®
resolution resolution
1 250m 620670 19 015965
2 841876 20 3.660-3.840
3 459479 21 3.929-3.989
4 545-565 22 3.929-3.989
5 500m 1230-1250 23 4.020-4.080
6 1628-1652 24 4.433-4.498
7 21052155 25 4.482-4.549
8 405420 26 1.360-1.390
9 438448 27 Tkm 6.5356.895
10 483-493 28 7.1757 A75
11 526-536 29 8.400-8.700
12 Tkm 546556 30 9.5809.880
13 662672 31 10.780-11.280
14 673683 32 11.770-12.270
15 743753 33 13.185-13.485
16 862877 34 13.485-13.785
17 890920 35 13.785-14.085
18 031941 36 14.085-14.385
* Bands 1 to 19 are in nm; Bands 20 to 36 are in pm
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Table 2.2 MODIS Sunow Cover Product

Data Type | Product | Nominal Data | Spatial Temporal Map
level Array Resolution | Resolution Projection

Dimensions

MODIO0 12 |12 1354km x | 500m Swath scene None
2000km

MODI0L2G | 12G 1200km x| 500m Day of multiple | Sinusoidal
1200km coincident swath

MODI0AT (L3 1200km x | 500m day Sinusoidal
1200km

MODI0A2 |13 1200km x [ 500m eight day Sinusoidal
1200km

MODIOC1 |13 360° by 180°|0.05° by |day Geographic
(global) 0.05°

MODIOC2 |13 360° by 180°|0.05° by | eight day Geographic
(global) 0.05°

MODIOCM |13 360° by 180°|0.05° by | month Geographic
(global) 0.05°

2.3.5 MODIS 8 Day Product

Snow cover in our project is mapped as maximum snow extent at interval of eight days.

Start: First day of the year.

End: Extend into the next year.

An eight-day compositing period was chosen because that is the ground track repeat period of the

Terra platform. The last eight-day period of a year extends into first few days of the next year.

The product can be produced with two to eight days of input.

Issues: There may not always be eight days of input, because of various reasons, so the user should

check the attributes to determine what days observations were obtained or were missing in a period

[45].
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2.3.6 MODIS Projection System

In the sinusoidal projections, areas on the data grids are proportional to the same areas on the Eart
and distances is corrected along the central meridian and all parallels. Shapes are gradually
distorted away from the central meridian or near the poles. Finally the data are neither conformal,
perspective nor equidistant (USGS 2000) [46].

2.3.7 MODIS Data Representation

MOD10A2.A2010001.h25v06.005.2010011052121.

MOD: Terra product

10: Snow product ;
A2: 8-day composite
2010001 yyyyddd (year and julian day) 1
h25v06: Horizontal & vertical tile number

005: Collection version

2010011052121  yyyydddhhmmss (date and time of production)

hdf: HDF file extention

Figure 2.1 MODIS Data Representation

2.3.8 MODIS Summary
MODIS Features (Table 2.3)

Orbit 705 km, 10:30 a.m. descending node (Terra)
or 1:30 p.m. ascending node (Aqua), sun-

synchronous, near-polar, circular

Scan Rate 20.3 rpm, cross track

Swath Dimensions 2330 km (cross track) by 10 km (along

track at nadir)

Telescope 17.78 cm diam. Off-axis, afocal

(collimated), with intermediate field stop
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Size 1.0x1.6x1.0m

Weight 228.7 kg
Power 162.5 W (single orbit average)
Data Rate 10.6 Mbps (peak daytime); 6.1 Mbps
(orbital average)
Quantization 12 bits
Spatial Resolution 250 m (bands 1-2) 500 m (bands 3-7) 1000
m (bands 8-36)
Design Life 6 years

2.3.9 Data Collection

Moderate Resolution Imaging Spectroradiometer (MODIS) snow product was utilized to
estimate the snow cover of Hunza Basin. Cloud free satellite images of the year 2003-2011 of
Hunza should be obtained [7]. The MODIS snow cover algorithm works on the principle of high
reflectance of snow in visible band 6 and band 4, likewise these two bands are used to calculate
NDSI. Data for daily precipitation, maximum temperature, and minimum temperature over the

period of Hunza considered in monitoring the snow cover [6].

2.4 Modis Snow Tool Operation

Data set is prepared by downloading Images from MODIS server. Aqua & Terra images were
separately downloaded and arranged in a folder specified in MODIS Snow tool. MODIS snow tool
incorporates automated processing and report generation. First step after downloading the data set
is to specify all images a space in MST directory where data can be processed. A Parameter file
needs to be created in MODIS tool based upon which coordinate system and projection Parameters
will be assigned to Tiles. Once the parameter file is created, we would Reproject MODIS Tile
Product that transforms images into a defined projection system based on a parameter file specified
[47].

Next step involves converting GeoTiff images into HDR format. TIFF format is the most popular
and versatile raster data format in the world today. HDR stands for hierarchical data format, is the

only format process able in MODIS Snow tool. In Next phase involves combining Aqua & Terra
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Products, like mosaicking. Once mosaicking is done cloud filtering is carried out in following three

ways.

v" Temporal Filter
v" Spatial Filter
v Temporal Analyzer

Temporal Filter & Temporal analyzer work on the principle “Take three consecutive images and
assign the middle image cloud covered pixel the average values of other two image pixels”, so the

condition for this is to use at least three images.

Spatial Filter works on the principle that spatial window of specific Kernel is applied e.g.; a
window of 4*4 will be assigning the pixel values on basis of surrounding four pixels. Once filtering

is completed, we generated snow cover by region of interest [48].

A MODIS Snow Tool ' I-

File Preprocessing Processing Analysis Statistics Windows Help

Figure 2.2 main manu of MODIS Snow tool
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74 Cloud Removing by Spatial Filter =] B s

Spatial YWindow Size ~ pixeis (3 means 3x 3)
bt Socw s —
Run J

Figure 2.6 Spatial Filtering

2.4.5 Temporal Analysis Filtering

From main menu, select Processing >> Remove Cloud by >> Temporal Analysis. A
Cloud Removing by Temporal Analysis window will appear.

The C:\MODIS\data\Filter_Spatial will be used as the input directory for temporal
analysis. Browse for an input file
MOD10A2_2000057_It.Maximum_Snow_Extent__sf7x7.hdr from the
C:\MRT\data\Filter_Spatial folder.

. Replace the file name with wildcard character (*) to process all the files in the folder.
The input file should resemble C:\MRT\data\Filter_SpatialMOD10A2_* _It.*.hdr.
The program will take advantage of the systematic file names (YYYYDOY) in sequential
orders to perform the temporal analysis for multiple files.

Click Run button to implement temporal analysis.

The output file is named automatically after the input file name followed a suffix _ta

from this process.

[ 4 Cloud Removing by Temporal Analysis E=ET)
Input Snow Images [ Bowse |
Run
Done

—

Figure 2.7 Temporal Analysis Filtering
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2.5 Outputs of MODIS
Figure 2.8 Snow with Clouds

Figure 2.9 Snow Without Clouds (filtered image)

Snow

Clouds

Land




Workflow of ArcMap
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2.6 ArcMap

This section provides an introduction and overview to ArcMap, which is the central application
used in ArcGIS. ArcMap is where you display and explore GIS datasets for your study area,
where you assign symbols, and where you create map layouts for printing or publication.

ArcMap is also the application you use to create and edit datasets [49].

ArcMap represents geographic information as a collection of layers and other elements in a map.
Common map elements include the data frame containing map layers for a given extent plus a

scale bar, north arrow, title, descriptive text, a symbol legend, and so on [50].

2.6.1 Spatial Analyst Tool

The ArcGIS Spatial Analyst extension provides a rich set of spatial analysis and modeling
tools for both raster (cell-based) and feature (vector) data.

The capabilities of Spatial Analyst are broken down into categories or groups of related
functionalities. Knowing the categories will help you identify which tool to use. The table at the
end of this section lists all the available toolsets with a description of the capabilities offered by
the tools in each. It consists of different tools such as density, distance, local, raster calculator,

hydrology, or interpolation etc. [S1].

2.6.1.1 Hydrology Tool

The hydrologic modeling tools in the ArcGIS Spatial Analyst extension toolbox provide methods
for describing the physical components of a surface. The hydrologic tools allow you to identify
sinks, determine flow direction, calculate flow accumulation, delineate watersheds, and create
stream networks. The image below is of a resulting stream network derived from an elevation
model [52].

Using an elevation raster or digital elevation model (DEM) as input, it is possible to automatically
delineate a drainage system and quantify the characteristics of the system. The following graphics

illustrate the steps involved in calculating a watershed and stream network from a DEM [53].
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2.6.1.2 Working of Fili (Tool)

Fills sinks in a surface raster to remove small imperfections in the data. Sinks should be filled to
ensure proper delineation of basins and streams. If the sinks are not filled, a derived drainage

network may be discontinuous [53].

2.6.1.3 Flow Direction

Creates a raster of flow direction from each cell to its downslope neighbor, or neighbors, using
D8, Multiple Flow Direction (MFD) or D-Infinity (DINF) methods.

This tool takes a surface as input and outputs a raster showing the direction of flow out of each
cell. If the Output drop raster option is chosen, an output raster is created showing a ratio of the
maximum change in elevation from each cell along the direction of flow to the path length between
centers of cells and is expressed in percentages. If the Force all edge cells to flow outward option

is chosen, all cells at the edge of the surface raster will flow outward from the surface raster [54].

Illustration

Elev_Ras Flow_Dir

Figure 2.10 Flow Direction

Usage
Output of Flow Direction tool is an integer raster. Values range from 1 to 255.Values for each

direction from the center are the following.

32| 64 |128
16
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For example, if the direction of steepest drop were to the left of the current processing cell its flow

direction would be coded as 16.

The direction of flow is determined by the direction of steepest descent, or maximum drop, from

each cell. This is calculated as follows.

maximum drop = change_in_z-value / distance * 100

The distance is calculated between cell centers. Therefore, if the cell size is 1, the distance between

two orthogonal cells is 1, and the distance between two diagonal cells is 1.414 (the square root of

2). If the maximum descent to several cells is the same, the neighborhood is enlarged until the

steepest descent is found.

Ifa cell is lower than its eight neighbors, that cell is given the value of its lowest neighbor,
and flow is defined toward this cell. If multiple neighbors have the lowest value, the cell is
still given this value, but flow is defined with one of the two methods explained below.
This is used to filter out one-cell sinks, which are considered noise.

[f a cell has the same change in z-value in multiple directions and that cell is part of a sink,
the flow direction is referred to as undefined. In such cases, the value for that cell in the
output flow direction raster will be the sum of those directions. For example, if the change
in z-value is the same both to the right (flow direction = 1) and down (flow direction = 4),
the flow direction for that cell is 1 + 4 = 5. Cells with undefined flow direction can be
flagged as sinks using the Sink tool.

If a cell has the same change in z-value in multiple directions and is not part of a sink, the
flow direction is assigned with a lookup table defining the most likely direction. See
Greenlee (1987).

The output drop raster is calculated as the difference in z-value divided by the path length
between the cell centers, expressed in percentages. For adjacent cells, this is analogous to
the percent slope between cells. Across a flat area, the distance becomes the distance to the
nearest cell of lower elevation. The result is a map of percent rise in the path of steepest

descent from each cell.
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e When calculating the drop raster in flat areas, the distance to diagonally adjacent cells

(1.41421 * cell size) is approximated by 1.5 * cell size for improved performance [55].

2.6.1.4 Flow Accumulation
Creates a raster of accumulated flow into each cell. A weight factor can optionally be applied.

IHlustration

!

Flow_Acc

Flow_Acc = FlowAccumulation(Flow_Dir)

Figure 2.11 Flow Accumulation

Usage

e Theresult of Flow Accumulation is a raster of accumulated flow to each cell, as determined
by accumulating the weight for all cells that flow into each downslope cell.

e Cells of undefined flow direction will only receive flow; they will not contribute to any
downstream flow. A cell is considered to have an undefined flow direction if its value in
the flow direction raster is anything other than 1, 2, 4, 8, 16, 32, 64, or 128.

e The accumulated flow is based on the number of cells flowing into each cell in the output
raster. The current processing cell is not considered in this accumulation.

¢ Output cells with a high flow accumulation are areas of concentrated flow and can be used
to identify stream channels.

e Output cells with a flow accumulation of zero are local topographic highs and can be used

to identify ridges.
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e If the input flow direction raster is not created with the Flow Direction tool, there is a
chance that the defined flow could loop. If the flow direction does loop, Flow
Accumulation will go into an infinite loop and never finish.

e The Flow Accumulation tool does not honor the Compression environment setting. The

output raster will always be uncompressed.

2.6.1.5 Watershed

A watershed is the upslope area that contributes flow—generally water—to a common outlet as
concentrated drainage [56]. It can be part of a larger watershed and can also contain smaller
watersheds, called sub basins. The boundaries between watersheds are termed drainage divides.
The outlet, or pour point, is the point on the surface at which water flows out of an area. It is the

lowest point along the boundary of a watershed [57].

Figure 2.12 Watershed of Hunza Basin
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Outputs of ArcMap

wE  mETE  NWTY  Wwes  frass W wEe

B W MRS S USRS T IPNTE IPETS TS TTANT Wl Wees e

ITEVE TmTY swed  frast _wame  wond Wnes
=T

)

W RN NN mWTS WS ICaTR TEes

HWEY  WTEY WL WS R N WWTN e

WL mTes s

36




Chapter 3

Results and Discussions

We had calculated snow cover by using MODIS snow tool. MODIS data was available from
2003 to 2011. Calculated the average, maximum, minimum trend also calculated winter and
summer trend and correlate with temperature rainfall. Temperature rainfall data was available
from 2007 to 2011.

Table 3.1 Areal Extent of Snow Cover (km?)

Years JFM AMJ JAS OND
2003 12304.81 11838.69 7768.37 11776.73
2004 13311.32 11224.01 8584.004 11731.64
2005 13455 11676.61 7910.5 11975.7
2006 12131.22 10350.15 76.38.44 11744.63
2007 12180.44 9864.744 7417.668 9683.489
2008 13844.27 9892.578 7548.547 11637.91
2009 13844.27 11545.56 8644.587 132792.3
2010 11938.69 11622.33 8359.594 9117312
2011 12421.6 10114 7640.548 11135.61
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Table 3.2 Average Seasonal Temperature of Hunza Basin (%c)

Year DJFM AMJ JAS ON
2007 -1.58 12.29 15.12 5.30
2008 -3.08 11.99 13.47 5.19
2009 -2.63 9.10 14.73 332
2010 -1.70 9.37 14.04 4.69
2011 -2.24 11.59 15.24 4.97

Table 3.3 Total Seasonal Rainfall of Hunza Basin (mm)

Year DJFM AMJ JAS ON
2007 306.3 139.2 74.2 36.2
2008 171.7 123.9 159.7 36.1
2009 292.6 236.4 134,3 48.9
2010 229.5 217.8 336.7 43.8
2011 407.5 162.8 300 543

3.1 Maximum Snow Cover Trend (2003-2011)

Observation was made in maximum snow cover with decreasing trends. For the duration of 9 years,

Point Value of Maximum Snow Cover was calculated and plotted.

Maximum Snow Cover in 2003 was above 14050km? then snow reach at 14781 in two years.
However, it decreases and reach at 14000 in next 3 year and then increase at 14500 and next two

year it decreases and reach at 13430.
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Trend Maximum Snow Cover

15000 14781

2003 2004 2005 2006 2007 2008 2009 2010 2011

maximuim SNOW COVer sss=s=ses Linear (maximum snow cover)

Minimum Snow Cover Trend (2003-2011)

The values of minimum snow cover of 9 years were compared, and it is concluded that minimum
snow cover is on almost same trend in past 9 years that shows that are snow cover in summer

retained a stability.

Trend minimum snow cover

8000
7000
6000
5000
4000

3000
2000
1000

0 MINIMUM SNOW COVEer sss=ses== Linear (minimum snow cover) |
7 2008

=
2003 2004 2005 2006 2009 2010 2011

Average snow cover
Our average snow cover shows a juxtaposed behavior showing alternative episodes of increment

and decrement 2007 was the year with least minimum snow cover.
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12000 average snow cover
11500

11000
10500

10000

9500
9000

8500
2003 2004 2005 2006 2007 2008 2009 2010 2011

— OVErAEE SNOW COVETE s+eseenes Linear (average snow covere)

Winter Snow Cover
No, significant changes were observed during our 9-year dataset. Results are in agree with the

various research on Karakorum region which shows stabilizing glaciers in this part of word despite

of global retreat of glaciers.

Tend of Winter
snow Cover

16000.00
14000.00
12000.00

10000.00
8000.00 —— A\ SNOW
6000.00 sseesanes Linear (avg snow)
4000.00
2000.00

0.00
2003 2004 2005 2006 2007 2008 2009 2010 2011

Summer snow cover
Our trend line is in harmony with previous winter snow results, no change in summer snow cover

is present in analyzed data. Despite of increase in global temperatures, no considerable effect is

S€en Over our summer snow cover,
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Trend of Avaerage summer Show Cover

10000.00

8000.00

6000.00
e YEARS

4000.00 <teesee Linear (YEARS)
2000.00

0.00
2003 2004 2005 2006 2007 2008 2009 2010 2011

Average Snow Cover V/S Average Temperature
Empirical formula of SC and temperature exist in our analysis, snow cover is inversely

proportional to the mean temperature .2011 summer was out of context year with least snow cover

area despite of no major surge in temperature. The reason can be lack of data on altitudes.

avg snow cover v/s avg temp

11500 14
12
11000
10
10500 i
AVE RAGE SNOW COVER
10000 6 AVERAGE TEMPERATURE
4
9500
2
9000 0

2007 2008 2009 2010 2011

Avg Summer Snow Cover V/S Avg Temp

In 2007 to 2008 temp were higher and the snow cover were at lower note and the next consecutive
three years the temperature was at lower note approaching near 20°C and snow cover were at

higher note and approaches 9000km?.
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avg summer snow cover V/S avg summer temp

10000.00 25
9000.00
8000.00 20
7000.00
6000.00 15 AVERAGE SNOW
S000.00 COVER(KM 2)
4000.00 10 AVERAGE SUMMER
S00D:60 TEMPERATURE
2000.00 5
1000.00

0.00 o

2007 2008 2009 2010 2011

Avg Winter Snow Cover V/S Avg Temp
No, proper relation exist between our analysis data of average winter temperature and average
winter Snow cover.

avg winter snow cover v/s avg temp

16000.00 4.5
14000.00 4
12000.00 3.5
3
10000.00
5.6 AVERAGE WINTER SNOW
| 8000.00 : COVER
. i %
| eoooico AVERAGE WINTER
1.5 TEMPERATURE
4000.00 1
2000.00 0.5
0.00 o

2007 2008 2009 2010 2011

3.2 RAINFALL COMPARISON TO SNOW COVER

The data of temperature is insufficient for any fruitful outcome of the analysis, so effort was made
to relate snow cover with rainfall. The data of daily basis was taken from Pakistan Meteorological

Department. A small set of data from 2007-2011 was available.
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Monthly Rainfall AVG

Rainfall Comaprison I

450
400
350

0 = = |
2007 2008 2009 2010 2011

During the 5 years, rainfall shows a decreasing trend with 2008 experiencing most count and 2009

with least count.
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12000

11500

11000

10500

10000

9500

9000

8500

1 2 3 4 5
o AVERAGE SNOW COVER s RAINFALL

2007 and 2008 were the wettest year with least snow cover and 2009 experienced greater snow

cover with least rainfall. It is proposed that more rainfall is reflective of snowline at greater

elevation and less rainfall is indicative of much lower snowline w.r.t ASML.

10000.00
9000.00
8000.00
7000.00
6000.00
5000.00
4000.00
3000.00
2000.00
1000.00

0.00

140

120

s AV ERAGE SUMMER
SNOW COVER 44

s RAINFALL
20

2007 2008 2009 2010 2011

No relation exists for rainfall and summer snow cover. The reason can be lack of data duration.

44




16000.00 50

14000.00 ®
40
12000.00
35
10000.00 an
8000.00 25
6000.00 20
15
4000.00
== AVERAGE WINTER SNQY
w65 COVER :
s RAINFALL
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No relation exists between two variables, two main reasons are lack of data duration and very less

amount of winter rainfall to correlate.

3.3 Conclusion
The snow cover calculated by using MODIS snow tool and delineating catchment area by ArcGIS

software was keenly assessed in detail and it is evidently clear that snow cover area of Hunza
river basin is decreasing from period 2003-2011.The maximum and minimum snow
cover is also reducing in that region. Many researchers have discussed the effect of

KARAKORAM ANOMALY, but my results are not in harmony with this hypothesis.

3.4 Recommendations

Further studies on Hunza river basin should be carried out ranging on larger temporal scale and

modeling of various climatic aspects for better management of water resources.
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