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ABSTRACT

An approach based on remote sensing (RS) and geographic information systems (GIS) has
been presented to carry our snow and glacier melt runoff modeling using Landsat satellite data. It
consists of five parts, the first part deals with the estimation of the land surface temperature (LST)
using mono-window (MW) and split-window (SW) algorithms whereas the second part deals with
the estimation of temperature lapse rate (TLR) using Landsat-8 and moderate resolution imaging
spectroradiometer (MODIS) satellite data. The third part deals with the cloud and cloud shadow
detection and removal techniques for optical data, and the fourth part deals with snow cover area
(SCA) mapping using normalized difference snow index (NDSI) technique which can make use
of the results from the third part in case of satellite data having cloud and cloud shadow. The first,
second and, third parts contribute to the fourth part for precisely mapping snow cover area.
Whereas the fifth part deals with snow and glacier melt runoff modeling using the degree-day
method, and the results obtained from the first four parts of the methodology become input to the
runoff modeling. The methodology presented has been applied to the Beas River basin in Western

Himalaya, India.

A critical appraisal of various LST inversion algorithms is shown in this study. These
algorithms include the mono- window (MW) and split-window (SW) methods. For the Beas River
basin, the MW algorithm was applied to estimate LST using Landsat-8 (Path-147 and Row-38)
utilising TIRS band 10 data with a 100-m resolution. For the estimation of LST, the SW method

takes spectral radiance and emissivity from two bands of the TIRS as input. Using the TIRS bands
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10 and 11, the spectral radiance has been calculated. Emissivity has been determined using the
normalised difference vegetation index (NDVI) proportion of vegetation technique, with bands 4
and 5 (30-m resolution) from the operational land imager (OLI). The MW LST results were also
compared to air temperature data, which showed a good match. The MW methodology proposed
in this study can be used to estimate LST using Landsat-8 TIRS band 10 data in an effective
manner. The estimates of LST from the TIRS and OLI bands using the SW algorithm are found
to be accurate and close to the in-situ air temperature measurements and the LST values obtained
from the MW algorithm. Results obtained show that the values of LST are high in the barren/rocky
areas and low in the snow/glacier areas. The study reveals that the LST estimates from SW and
MW algorithms are linearly transferable with negligible loss of accuracy. The LST estimates from

the SW algorithm differs at most by up to 5°C with the measured air temperature.

The temperature lapse rate (TLR) is an important component in snowmelt runoff modelling,
and it has been computed for the Beas River basin in the Western Himalaya. . The LST of the
study area is negatively correlated with elevation values obtained from the United States
Geological Survey's (USGS) advanced spaceborne thermal emission and reflection radiometer
(ASTER) global digital elevation model (GDEM) data, indicating that the LST and elevation have
an inverse relationship. The TLRs for the Beas River basin area for the period 18 April 2013 to 27
June 2015 are in the range 0.71°C/100 m to 0.87°C/100 m. The results are matched with the lapse
rates estimated with the help of MODIS LST maps. The in-situ air temperature and LST from
Landsat-8 and MODIS-Terra data have been found to be highly correlated, making this study

immensely useful for snowmelt runoff modelling in the Himalayan region.



SCA plays a significant role in high-altitude regions of mountainous hydrology. The Beas
River basin, which is a mainly snow-fed river, is in the Western Himalayas and is a part of the
Indus River system. Snowmelt runoff modelling, in particular, uses SCA data as a crucial element
in a variety of scientific investigations and management applications. The present study has
investigated the accuracy of the MODIS-Terra (MOD10A1) and Landsat-8 data in snow cover
mapping under Himalayan conditions. Total SCA has been estimated with the help of these two
datasets over 3 years. In this study, snow cover in the Beas River basin region has been determined
by applying the NDSI algorithm from Landsat-8 and MODIS-Terra satellite data which detects
snow cover area. The snow cover mapping, which is an essential process in snow hydrological
modelling, involves distinguishing snow pixels from non-snow pixels. Totally twelve Landsat-8
and MODIS images have been used for the snow cover mapping on a monthly basis from April to
October of the years 2013 to 2015. The ASTER GDEM with a spatial resolution of (30 m) has
been used to delineate the catchment boundary, stream network, slope, and aspect maps. For a
threshold value greater than 0.4, the area is regarded as snowy, otherwise, it is deemed as a snow-
free area. This type of categorization has the benefit of SCA estimation under mountain shadow
conditions. The mean SCA in this region of the Beas River basin has been found to be between 40
and 51 %, with a mean of around 44 % of the overall basin area of 5382 sq. km. For determining

the SCA of the study area, snow accumulation and depletion curves have also been produced.

Using the Landsat-8 image data (WRS2: Path/Row =147/38, collected on April 24, 2015),
this study illustrates a new way for detecting and removing cloud and cloud shadows. This method
uses six of the nine bands for modification in order to calculate the intensity of cloud and cloud

shadows, which is then removed. The spectral information of the various bands is utilised in this
Vi



manner. According to the validation, the cloud and cloud shadows contaminated pixels are
properly recognised, with overall accuracies of 97 and 96 percent, respectively. However, this
method's usefulness is limited when dealing with dense clouds and cloud shadows. This
methodology has the potential to be used for atmospheric corrections to improve landscape change

detection with further development.

Snowmelt runoff estimation is critical for India's western Himalayan rivers, which are critical
for hydropower generation and water storage during the non-monsoon season. A degree-day
method based snowmelt runoff model (SRM) has been presented to estimate snow and glacier
melt runoff on a daily basis in the Beas River basin up to Pandoh dam during April, 2013 and
October, 2015. The model's input parameters are derived from existing maps, satellite data,
metrological, and hydrological data. The basin's relief has been divided into 12 zones having 500-
meter elevation. TLR has been derived from the observed temperature at three locations inside the

basin to estimate the temperature for these elevation zones.

The basin's SCA is calculated using Landsat-8 satellite data. For each elevation zone, the
runoff created by snow-covered and snow-free areas is estimated individually. For the simulation
period of April 2013—-October 2015, the average coefficient of determination (R?) for the
snowmelt season in the Beas River basin is 0.77. The average measured runoff volume is 24009.40
(10° m®) and, the average measured runoff is 802.47 (m>/s), whereas the average computed runoff
volume is 25784.04 (10° m®) and, the average computed runoff is 772.51 (m%/s). The average

volume difference is (+) 6.68%.
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For better modelling, more focus is needed to strengthen the spatial and temporal hydro-
meteorological database for the study area. The SRM model is a degree-day model that is more
sensitive to temperature differences at various elevations. Because snow is the region's primary
supply of water, a precise estimate of snow equivalent is required. This necessitates the installation
of meteorological stations inside the study area. The SRM model is adequate for flood forecasts
and water resource management in the study area, based on the values of R? and Dy for the melting

season simulation.
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aR
ferie ARAT (3REw) SR LMfeie YemT yure (Shmsud) IR 3enid T =f¥wiu & dede

IUUE ST BT IUTNT HP AR T 3R TARER fIga 31T ASEHT o1 & T & forg v
fpar T 31 3TH Ul I BId §, Ugel U AF-fast (Mw) 3R fate-fe) (sw) Tanfen &1
ST b Y B g & AT (LST) P SMhe I Hafdd ¢, STafdh guRl YT dIIHH 9%
&R (TLR) & A ¥ I&fid g1 ) dede -8 3R Aegd Relfegza safohT WaemrsiHieR
(MODIS) ITIE ST BT IYTNT BT | TRIRT HIT PFd ST & ol Farss 3R aelrss Qe
fEeaRM SR Ryad daw-ie! T Taftrd B, 3R T U ArHasss fSwmiRmad & §8a (NDSI)
dH1p DT IUTNT B H HaR TRAT (SCA) AT T T&ferd B, St IR 4Rt & gt &1
ST FHR Tl ¢ | FASS 3R FA3S el arel SUUE Sl & AT & U | Ugal, GERT 3R
THERT 4T 9t § g & P! GEIP €U ¥ 7Y A & ¢ 1Y YRT § IRIGH &l 51 el
el YT FE3i-faaw U 1 ST X §U It TR TR fUad siuars Afsfen ¥ e
2, 3R HEiYuTeh % Uge TR HIT F Ut uRom 3uarg HisfAT % forg 39ge &9 o B
TR Ul uiyHt fRHTerd, HRd # o 1) SRF R ang @l TS

2 3T | Afie Tauydt Ieer TENReH &1 U Heodqul Heuie- foxaman a1 g
24 TAENeH & A)-fdST (@ mare) SR fete-faa (wussy) fafdat anfia 81 sam et aRkm
& e, 100-Tex RSeg=M & 1Y TIRS &€ 10 3T &1 YA & U Landsat-8 (T4-147 3R
Ufdi-38) b1 SUART dRab LST DT SHH T o feTd MW THETTRH o1 fohdT 13T T | Tausyet
& 3MHa & Y, THSsY fafl $7Ye & TU & C13MSRTY & gl def U quihHd aHd 3R
I ddt 81 TIRS §8 10 3R 11 HI SUTNT HRd g, GUIHHIT THS DI TUHT Bi TS g




gfare Yfi SHOR (OLI) ¥ §8 4 3R 5 (30-Hiex RSlleg®M) & I gfd ddb-id &
AP SR g afd JaHid (NDVI) SUTd BT STINT B o HeiiRd fhar mr g
MW LST URUITH! &1 gaT §a1 & dIIHE & fidbe! o 1} &1 115, o T 31 0 fewm|
S SR | TRAITAT MW SRIYUTTT T STIRT YHTAT X1 ¥ Landsat-8 TIRS S 10 ST &I
ST FHRb LST HT SIHM T & 7T foam ST Taval g1 SW THNRE HT ITANT X §U
TIRS 3R OLI &€ ¥ LST & SIAM Ild 3R -Hlg IR drud= A19 3R MW THETRYT ¥
T LST AT & BRI U 9T & | U7l TROmHT & et =il & fb Taege &1 A soR/aeH!
&t o 31l 3R ThAARER & H BH 81 31ead- | Udl Iadl § P Tassy 3R Avmare
TEREH ¥ TUEC! A Iidhdl & TG JHIH & 1Y WP ¥U ¥ gLRUT g
THS g UANRYT ¥ TATHS! &1 3HM T197 81 & ATId o 1Y 3Hfddway 5 foit afckr™
EAR PG

Hee SUaTg ASAT H amH 96 R (TASR) U6 AUl 9 8, AR T9H!
TorT U3t ferre & o At 9 & faw &t 12 B 1 . 3reaaH & P Tauwc! Wad T
YIRS Fdeul (GUusiey) & 3ad SfaRemd ¥dd SdisH iR Hfdfad fegiiex
(CTHEER) A FeRiee Serae Aiga (hEEun) e d Urd $arg Jedl & 1Y TbRIHD
Y I YgUES 8, I8 oxIfaT § o Taeadt oiR Sars B 3aer § Rl 18 ofiie 2013 ¥ 27
S 2015 BT a1y & W a9 1 SR &5 & forg duaeiR 0.71 {30 Af’@d/100 Hex @
0.87 f&ult TfcF™/100 Hiex @t Ao & §1 uikomy Mfew Tauad! AFfE 31 ggrar 3
U I X1 ¥ A W & | dede -8 3R HfSH--0 T F - gaT BT dludH 3R




TAUHd afie Tedag U T §, fSorad a8 3rerg ffureri &9 H WA 319dTg AlsferT
& forT 9g< STA B

Tddig oId fage & S $ams ard &Ff H T Aeayqut YfteT AT g1 s Jdl
IR, o gB1 ¥ 3 9% ¥ Rifad 7 5, uftnd ffarag & § ok Riy <t yomedt &1t g
| Fiee SigaTg Aisfen, faviv & u ¥, fafte e g SiR wee sy & U Ayl
d@ & U H THHIT ST 1 JuINT 1 ¢ | aaA Sieag A feamerd! aRfufadl & | s
BT & MODIS-SRT (MOD10A1) 3R ASAT -8 ST B cthdl I o1 Pt g1 3 N & 59 &

ST Pt STl ¥ o SCA BT STHH AT 141 ¢ | 39 3700 H, SO A1 aRE &3 d
0 & TR T YR Tigde-8 3R HIfSH-RT IWIE ST U TS THSTS THNRYH BT A
HRab [T 7T § Sl 90 HeR &3 BT Ul T & | F Hax A, St H g s aiormd ArsieiT
o U Sfages Ufsha &, § |l fae ol AH-H1 e ¥ o A1 2fid g1 99 2013 9
2015 & 3T F fFgeR db HINH SMYR TR F HaR AT & fore I aRe ¥ IRE dsde -8
3R AT BT BT IUIRT 521 TR § | TLHCIS SR Seisud (30 HieR) & RIS Hhed &
1Y T & fafid w3 & forw IuaiT fosar wan 81 i, oY Aeads, g SR U
AARE| 0.4 T HfYF BT ggeliol AF & [T, & B FH I JHT Of1dl 8, 30T, 3§ Th-Tad
& T ST 81 39 UBR & Jifeul B dar B fufadl & dgd TaRiiu 3 HM &1 arH
BIA1 5| ST ¢! IR & 39 &7 | 39d THHTT 40 ¥ 51% & sTa Ura 1 g, foree! aaad
5382 T fopHl o 0 SRIAT & BT TIHT 44% & | AT & & THUY & (MeRor & forg figm

e 3R 3raerd g Hf SN TN B



diedic-8 Bfd STT (WRS2: Path/Row =147/38, 24 31Ud, 2015 Pl THHAd) BT SUART
FRd gL, TT AT FA3S 3R FATIS QS! PT Tal T 3R 3¢ ge Bl T =41 aia]
fEard g1 78 fafd Fmss SR T3S RSl & <fadT BT TUHT 3 & forg T=MeH & forg -
o ¥ g 98 1 IUIRT il 5, Ford a1 H e e 1l 1 39 YR fafie oSt 1 aufereig
SR &1 ITANT fhaT ST g1 A & SR, FSS R FAde el gfitd fuad &
31 § UgaTI oIl &, fSH&! o Téiaar AR 97 3R 96 U=Id 8| gIalifeh, &+ drgal 8iR
SIEd BT ¥ FAues & R 39 U 3t Iuafivar e 81 39 vsfa § o F fasr &
1Y uRe=g uRad &1 Idl @ 3 UR & Y argHsea guR & [ SuaT farg o &t

AT B

AT YT STAM HRd $1 Ui fgarerdt Afeal & faw agayul €, s IR-AFRE
A & GRM Sldfdedd SdTad 3R ofd HSRUT & o Agayul § | 310d, 2013 3R 3aeR,
2015 & GRM USIE SiY do o9 ! IRF § GF YR W 90 3R TIRRR e $uarg
BT STAF T & e T fE-3 fafdr senfvd Wiiee T30 Aled (TUSREH) Ud foa
T 81 Aid & $9Yc WRHiex Jad § HioEl AR, SUUg Se, Aeiaiidd 3R
gIESIaioIeGd sl ¥ aRM @ Mgd &1 500 Hiex SHars ard 12 &3 § fauwford fosar mr g1
SIS ardl &3 o ATaHT BT SITHM T & ot SR & 3iaR diF RIM! IR ¢ T ar9q™
¥ SR e foar T g

IRM P SCA B AT dgAC-8 I ST BT STINT HRIP &I oldl 5| TAD Hals

& & g, 916 T Tob 3R I Yad &1 gRT §TY T 3UATE HT SIHM AT Td &9 I Tl

ST 8 | 39T 2013-3{a¢aR 2015 &1 R 3@afd & forg, sarg 7t 9 & figard & A



& fore Ry &1 Sfifd Turies (3R A 2) 0.77 B 37d AU 3{UaTg HTET 24009.40 (1076
m?) § 3R, 3Td HIUd 39aTg 802.47 (m3/s) §, STafds ST ORI SUdTE AT 25784.04

(1076 m3) B 3R 3id URferd 3MUaIg 772.51 © (TH 3 / TH) | 3Nd AT 3R (+) 6.68%
2

JER AiSfeT & oy, e &5 & o R SR sl Sa-Aad a3 Seed
DI ASIgd B WR 3T & ¢ B ATTAHBT § | TISRUA Ared U fSUl-faq Aiea g ol
fafte $am8 R IO SR & Ui TS Jde-=id sidl 5| i 59 & & Uit &) wriflie

3MYfef S §, ST 6 & SRISR BT Y1 STAM T HTTAH ¢ | 3T AT 3 &7

& 3R AT fa Heal o1 RITIAT ARG ¢ | THSRUH HISd 3eqg &5 § a1 & YaigdH
3R STa T yseH & fore gafe g, S forae & Hid & 3idRul & ol 3R2 3R Sial &
et R TR g
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NOMENCLATURE

RS Remote sensing

GIS Geographic information system
MRS Microwave remote sensing

IR Infrared

NIR Near-infrared

SAR Synthetic aperture radar

LST Land surface temperature

TIRS Thermal infrared sensor

MW Mono window

SW Split window

TLR Temperature lapse rate

MODIS Moderate resolution imaging spectroradiometer
SCA Snow cover area

SRM Snowmelt runoff model

DEM Digital elevation model

NDSI Normalized difference snow index
WIinSRM Windows snowmelt runoff model
LU/LC Land use land cover

oLl Operational land imager
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QWIPs
NDVI
™

ETM
QGIS
AVHRR
FVC
NOAA
ACCA
MSS
LEDAPS
NCEP
BT

CDR

QA
EROS
UDTCDA
MTCD
SVM

IHOT

Quantum well infrared photo detectors

Normalized difference vegetation index

Thematic mapper

Enhanced thematic mapper

Geographical information system package quantum
Advanced very high resolution radiometer

Fractional vegetative cover

National oceanic and atmospheric administration
Automated cloud cover assessment

Multispectral scanner system

Landsat ecosystem disturbance adaptive processing system
National centers for environmental prediction
Brightness temperature

Climate data record

Quality assessment

Earth resources observation and science

Universal dynamic threshold cloud detection algorithm
Multi temporal cloud detection

Support vector machine

Iterative haze optimized transformation
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SPOT

AVCS

SMMR

MOSDAC

SAC

LSE

DN

TOA

Satellite Pour I'Observation de la Terre

Advanced vidicon camera system

Scanning multichannel microwave radiometer

Meteorological and oceanographic satellite data archival centre
Space application centre

Land surface emissivity

Digital number

Top of atmospheric

Wavelength of emitted radiance (11.5 um)
Planck’s constant (6.626 * 10734 Js)
Boltzmann constant (1.38 = 10723 J /K)
Velocity of light (2.998 = 108 m/s)

TOA spectral radiance (watts/(m? = ster x um))

Band specific multiplicative rescaling factor from the metadata
Band specific additive rescaling factor from the metadata
Quantized and calibrated standard product pixel values

At satellite brightness temperature in Kelvin (K)

Emissivity

Proportion of vegetation which is calculated using NDVI value
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