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SUMMARY

Snow and ice is a major component of Water Resources and
it is hydrologically important in India because of the presence of
mighty snow clad Himalayas. Major north Indian rivers originate from
the Himalayas and the influence of snow in estimating runoff forecas-
ting and reservoir operation is of great interest to hydrologists.

It is more so because of the reason that snowmelt runoff is available
in these rivers during March to May when there is hardly any precipi-
tation in the catchment areas. The density and thickness of snow
varies within a short distance to a .great extent. So, the field
measurements about snow which are point data may be misleading.
Besides, the snow bound areas are remote and hazardous to access.
Remote Sensing techniques, both satellite and aerijal flight offer an
excellent synoptic view in various spectral channels of electromagnetic
spectrum which serve as a spatial data base for snow related studies.
Repetitive coverage of satellite also provides scobe to monitor snow-
line movement and other characteristics of snow. Delineation of snow
in a imagery is relatively simple because of its high reflectance.
Problems like location, recognition and measurement in targetting
snow and ice in remote sensing are minimum and as such monitoring of
snow cover areas by remote sensing could be made automatic and
operational.

Amongst various sensors in different available satellites
Landsat MSS band 5 (0.6 - 0.7 um),NOAA visible channel data are most

suitable. However, other properties of snow like density,thickness,



water equivalent etc. are becoming viable to be measured by remote
sensing as technology progresses and improved sensor systems are put -

on-board the sateliites.

Gamma ray, thermal infrared and microwave portion of electro-

'magnetic spectrum have great potential for snow studies. The data of
band 5 of thematic mapper of Landsat - 4 and 5 satellites which are
now available are suitable to separate snow and 'cloud. The use of
remotely sensed data in hydrologic modelling has also been examined

and the initial findings are promising.

Considering all the available means to decipher or measure
snow and ice, the remote sensing methods has definite advantages and

could be judiciously used to make hydrologic studies.



1.0 INTRODUCTION

Snow and ice constitute to be major component of world's
water resources and is a very 1ntricate and 1mportant phase of hydro-
logic cycle over space and tlme. It 15 estxmated that out of the
eight m1111on cubic mlles of fresh water in the world some seven
million cublc mxles are frozen in polar ice caps and in glaciers in
varlous parts of the world.

Aécording to Lvovitch (1970 vide Rodda, 1976), the total
volume of water prasentﬁjn»tne hydrogphere is approximately 1.45 x

109 km°.

Ice and SNow represetn»abgut.zs X 106 km3 of water (Hoinkes,
1967 vide Rodda, 1976), which is about 2% of water in all its form.
If the saline sea and ocean water are disregarded ( which is about
97.4% of worl.d'"s water), ice and snow become the major component

(Table 1).

‘Table - 1: World's Water Distribution

Forms  of water presence - , Water volume As percentage

in 106 km3
Polar ice and glaciers - 24.8 | 77.0
Soii Moisture'intupper zone o 0.0% 0.3
Ground water within reach - 3.6 1.1
Deeper groundwater =~ 3.6 1.1
Lakes ‘and rivers 0.132 0.44
Atmosphere . 0014 0.043

2.2~ 1700.0



Disregarding the practically unrecoverable groﬁndwater
at great depths, ice and snow are normally considered to represent
more than three-quarters of the terrestrial fresh water reserves.
From the viewpoint of practical utilization of water resources, the
renewal rates of different modes of occurrence of water are more
important than static volumes of these modes. Of bourse, on this
basis, snow and ice plays a far 'less active role in the hydrologic
cycle than water flowing in rivers. |

Reasonable estimate puts about 5% of all precipitation,
reaching earth's surface as snow ( Hoinkes, 1967 vide Rodda, 1976).
In addition to permanent ice and snow, the important contribution of
the seasonal snow cover needed to be considered. The major portion‘of
permanent snow and ice cover is formed as ice sheets in Antarctica
and Greenland.

The seasonal snow cover spreads over large areas of Asia,
Europe and North America and is also available to a lesser degree on
the remaining continents. The pattern of runoff and water balance
of many highly developed areas around the world is significantly
affected by seasonal snow cover. A hydrologist who has to forecast
for improved water management will be interested to estimate or know
snow extent, distribution, water equivalent, water content, age,
thickness and density of snow. All of these properties of snow are
important to assess the snow pack's contribution to runoff,

With 6 lakh sq.km. of snow bound area, it is well known
that the Himalayan mountains from where great rivers namely Indus,

Ganga and Brahmaputra originate, exert profound influence on the

climate and weather in Indian subcontinent. This vast repository of
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of solid water is-a dominant source of.streamflow for ali major.north
Indian rivers The snowline ‘may experfence considerable fluctuations
in altltudes, day to day and season to season But, mean seasonal .
snowline generally lles between 2000 to 2500 meters in western H1ma-
layas. Durxng November upper reaches of the north Ind1an rivers
start bu11d1ng up snow due to prevailing temperature and flTSt snow
fall occurs in India usually in December for altxtudes below 3000
meters. o |
It is observed that snowfall. is fairly high during the
monthS‘of December to February, but dafly discharge values in these
months are'low and reach a minimum during the period{ Snow - cover
.reaches its maximum accumulation by March. During Nmrch-ApriléMay;_
there is hardly any precipitation but on the other hand, hydrographs
show a steady increase in dlscharge 1nd1<*at1ng the snow wh1ch had '_
iaccumulated in the preceed;ng months__ls undergoing melting. . Snow
cover attainsAits_minimwn‘by September/October. The snow- depth in
the Himalayas may vary from few centimeters to- few meters within a
short distance, and 51m11arly the den51ty may also vary from as low
as 0.01 to as much as 0. 15.
Remote sensing has been looked upon as a very prom151ng

~means of attacklng snowpack problem as various important propert;es
‘ or,characteristics are amenable_admirably to it{ It is possible to
decipher meaningful information about the snow and ice reserve. Also
both snow and ice occurs in great quantities in remote and inacce- i
~ssible area. Conventional snow-pack and ice measurementS‘are difficult.
to obtain, often hazardous, ‘and give oniy'point-measurement which
often cannot be extended to entire watershed because ofhsnou-pro-.
perties usually »ary w1th1n a short dlstance The much-needed large
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mon1tor1ng capablllty is attained with remote sen51ng because of its
synoptlc over-view. capab111ty From the 1n1t1a1 work done in thls
regard,ult 1s ev1dent that the extractlon of snow and 1ce lnformatlon
- is possible using different. spectral regzons, namely, the mlcrowave
- thermal lntrared, v151b1e and near 1rfrared gamma ray ranges The
use of remote sen51ng flts quite well for the study of snow and ice
lbecause of repetitive and t1me1y coveraqe Snow - can be monltored’a

.effectlvely by us:ng most of the repreat cycle of ex15t1ng satellltes

. as it does not have rapld tran51story nature 11ke ralnfall A1r-

craft f11ght can be resorted to. in case of partlcuiar cr1t1ca1
melt. perlod or break up 51tuat10n in absence of satell1te pass durlngr
the time. V | '77 |

The usual problems llke Iocatlon, recognltlon and measure-
 ment encountered in remote sen51ng are v1rtua11y not found when the
N target is snow and 1ce Snow and ice have the unlque phy51cal pro-
perty of possessxng a hlgh albedo in the V151b1e portlon of the N
spectrum Thls makes them ea511y separable from the darker backgroundli
associated w1th other natural materlals But, snow albedo is reduced
-;substantlcally ‘in the near infrared (0.8 - 1. 1 }ml espec1alLy ifs
. 11qu1d water 1s present though the reflect1v1ty is still much
hlgher than the surroundlng substances. Further the refiect1v1ty of A
snow is reduced ctamucauy in the spectrum range. 1.55 - 1.75 andlk
2.10 - 2. 35 um ( near 1nfrared) in compar1son to other substances

- This unlque proper;ty offers an opportunlty for automatlcally

o ..;w

| separating snow from hlghly reflectlve clouds (Barnes et al. 1975)
The snow 'that 1s potentlally' ready to melt (273 K) and
_ eventually w1ll contrlbute to runoff is very 1mportant bydrologlcallyﬂf;

and could be observed w1th 3 sensor in therma; 1nfrared reg‘on.



. Presence of water 1n snowpack 1ncreases the dlelectrlc constant with
respect to dry snow and this could be sensed in the mlcrowave range of
the spectrum. wavelength longer than 3 cm can go through a dry Snow
pack and.offers an excellent 1nd1cat10n about the snow depth The terre-
strlal gamma- ray ‘radiation 1s strongly observed by snow with compar1son
to snow free gamma-ray measurement. ‘The absorptlon offers an excellent
means to estimate the snowf\water equ1vale1t (Barnes & Bowley, 1974) _
~Because Snow has a hlgh reflectance, out of the data products available
~ from var;ous ~sensors  of satellites, NOAA-v151ble channel and Landsat
MSS 5 band (0 6 - 0. 7‘pm are most suitable for SNow identification
| because of the strong contrast between snow-covered and snow free areas.
However, conslderable skill is requ1red to delineate snow from ¢loud
as both have high reflectance. Recognition of snow in _forested areas '
nandlln shadow zone of anflmageny are cften-diffiCUlt;
-Considering 'all ‘the .available ways to decipher or. measure
-snow and ice in various‘segments of the spectrum, it is guite likely
that appllcations of remote sensing technique is mdst promising fof sngw :

and ice monitoring. - ; - ]
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2.0 REVIEW

2.1 Measurement of Snow Cover Area

For the northern hemlsphere usmg the data of the v151ble
band sensors abroad TIROS-N and -GOES satellltes, weekly charts of snow
cover boundarles are prepared by NOAA, USA.The charts are in scale
1:62.5 . mllllon, and show brlghtness of the contxnental snow cover, Snow
'_and ice boundarles are marked for areas that are most reflectlve
(Heaviest snow cover), moderately reflectlve ( Moderate SNow cover) and
‘least reflectlve { Least snow cover) (Matson & Wiesnet, 1981).

- Besides, there are several technlques available for rrappmg
snow covered area usmg remotely sensed data. The: smplest of all is
the photo-interpretation. methods. The sophisticated method 1nvolves use
| of automat1c,data processing for_ digital analysis. The interactice ana-
lysi,_s combines both photo interpretative and digital processing methods..
However, the photo. interpretation procedures are straight forward and
generally do not'require any sophisticated equipment,

‘Snowline delineation and measurement of snow covered area from
a 1:1 million Landsat 1mage require. the demarcatlon of watershed
boundary on it at the. fzrst 1nstance and tracing of the - ‘snowline on an
over!ay. The snow covered area is then plammetered and stated as a
percentage of total watershed area, Th15 smple technique is fast and
does not require rnuch expertise. This direct approach is recommended if |
the number and area of watersheds is small. Slight variation of this

include use of enlarged 1magery upto a scale of 1:100,000. “Partial

obscurlty of snow cover due to trees or shadows,‘ a‘dlazo overexpo_sure
. . : 6 |
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téchnique has been sucéessfully employed to enhance the sndwline_ by
"Foster and Rango (1575). |

| USe of a zoom Transfer scope is often resorted to increase
-the accﬂracy of delineation of watershed. Further imprdvement‘ is
possible by using ah_automatically recording planimeter which-printé out
snow cover area. The complexity of théSe photo. interpretative procedures
- depends on the specific method'and instruments used.”The'chance of human
~error in making'subjective méasurements is quite high.

The_abproath to mean snow line altitude to snow covered area
is relatively 'preciée and Slmple\ to nandle. The method produce snow
cover area by prdducing én estimate on mean snow line altitude in a
watershed. The mean'énowliﬁe altitutde is | deriVed by interpolation of .
the elevation of the snow}ine_at spécific location on a tfahsparent over-
lay with topogréphip‘ contours, ( Meier and Evans, 1975). A sizeable
number of "imagery, say, twenty or more, are then avéraged out to prodhce
the mean snowline altitude and converted to equivalent snow ‘covered
aneé by using an area’ altitude ciurve for the watershed. This method
avoidStprobIeh‘of actuai locétion of snowline in forest ofrshadow areas.

'The usérof‘overlay grid or bpx system as the‘interpretatioh
base for snow covered area was first used with 1.98 x 1.98_km.fgfid
overlay’ boxes by_Laves and Draeger (1974). The grid size is often made
different'than'this to suit fhe'convenience. The amount'of‘snow'cbver iﬁ
each- grid element is noted and summed over the entire watershed for
.total snow cover. Thé method is far more time consuming'than the simple
photo interpretative methodf But,‘it is‘précise and provides means to
store and retrieval of data. This method is 'ﬁankéd_ as in betWeeh'

visual and digital'pr0ces$ing.-
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The use of optlcal enhancement dev1ces for denstly slicing of
Landsat images is qu1te rewardlng Thls seperates snow from other
features on the ba51s of -a selected reflectance level. Automatic snow
covered. area could be obtained us:ng this technique 1f a particular '
reflectance level correspond1ng to-snow/no snow boundary can be fixed.
There are chances of committing error as proper SIiclng,level for the
entire'scene; cr rwatershed is difficult to be specified. Repetitive:
slicing of the samefscene.often leads to erratic and different results
“due to machine -error. However, such method may ‘be acceptable for some
watersheds for qu1ck snow covered area ~determinations. As the cost of
den51ty sllc1ng equ1pment is high and lacks in measurement prec1510n the
procurement of the equipment is not recommended

‘Digital analy51s is deflnztely a superlor technlque This
‘nethod analyses 1nd1v1dual resolutlon elements instead of average of
several pzxels as is in the case of photo interpretation In digital‘
analys1s data is attempted to be classified in different thematic ground
features. The supervised cla531f1cat10n 1s very effective in 1dent1fy1ng
snow. and other snow and ground covered mixture. It depends heavily
on the level of accuracy of ground truth used in training process.
Varlous computer programmes are avallable to accompllsh this cla531f1ca-
tion. The Purdue Un1ver51ty LARSYS or Pennsylvanla State Un1vers1ty ORSER
systems which use maximum llkelshood cla551f1er produce very detailed
Snow c1aSSlfioation But it takes. a very substantlal computer time.
It is felt that use of such versatlle computer orlented methods may not
be necessary as it is relatlvely easy to ldentlfy Superv1sed class;flca-
tion whlch_uses relat1vely coarse parallelepiped c13551f1ers like G.E.

Image 100 is suffice to classify snow though the result is slightly“
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less'accurate. The results are_quite encouraging. According to,l Itten

(1975)7the computer timetreguired_for image 100 computer’processing time
is thehorder-of‘magnitudepless than the maximum likelihood approaches and
requirement of ground truth data is.also less"Requlrement of interpre4 ‘
tatlve sk1lls of the analyst is an essent1ual part inspite of the fact
| that the drgltal proces 1ng of snow is- automatlc "In order to obtain the

. de51red results with accuracy, a large area is needed to be taken.

A comparlson of Landsat data ana1y51s w1th conventional '

technlque of snow 1dent1f1cat1on glver str1k1ng 1nformat10n and -speaks
”‘volume about the su1tab111ty of . usage of Landsat data for snow. Landsatfu
- Snow extent data compares very favourly w1th aer1al snow survey results

: The comparlson shows that more deta1l in. the snow llne can be mappedl
from Landsat data than by aerlal observatlon . The aer1al view of the‘
fterraln 1s always at an obllque angle and most often draws a smoothedh
snowllne (Barnes & ~Bowley 1974) A -compar1son of ‘Landsat and{ high.
altitude U-2 (flown at -about 20 km) by Barnes and Bowley(1974) reveals

"that though more detalled patterns can be 1dent1f1ed 1n -2 alrcraft
W

' data, the 1nformat10n content of the Landsat 1mage w1th respect to .

mapping snow cover 1s as good as h1gher resolut1on photography It has
_ been found snowllne mapplng from Landsat 1mage 1s conSIStently eas1er
- Wiesnet and McGlnnls (1973) observed that Landsat snow mapplng is Six
times faster than U-2 snow mapp1ng | NOAA—2 VHRR data though of poor
resolut1on offers almost same. speed of ease in snow mapp1ng, rather 1ts
availablity is more t1mely and 1deally su1ted for very large watersheds.;.
A cost comparlson flgure worked out by W1esnet and McG1nn15(1973) betweeng
snow measurement by NOAA data and by conventlonal methods gives a figure
of - 200: 1 in favour of NOAA data - The cost comparlson does not

1nclude the costs of -the satell1te or the plane It is well ascertained

14



: out of the variousvexperiments that'Landsat'and in certain cases NOAA
VHRR data is adeqtate for ‘mapping Snow cover. in a watershed The advan-

tages of us1ng satelllte derlved snow extent over aerial surveys are:

-
L]

Satellite mapping is less expenslve'and faster.
2. Large areas can be surveyed_at one timerwith reasonable degree .
of-accuracy | o | |
. The major-disadvantageils that the time of coverage and repeat
| periods.of the satellites on small.watershed may be inadequate<because"
of.cloud'cover,which require.timely aircraft flights ' | |
Detectlon of areal extent of metamorphosed snow can be dore by
- a comparlson of Landsat 0.6 - 0 7 and 0. 8 -1.1 }un bands The area of
snow pack currently and recently meltlng could be approxlmately del}neated
7It is generally found that 0.6 - 0 7 }xn band dellneates the total Snow

- cover area wheareas-0 .8 - 1. 1}nm measures less snow cover Reason for_

tnls 1s the reductlon of reflectance near 1nfrared reglon of snow asso-

c1ated with. melt1ng or refrozenlng of prevxously nelted snow whlch is
known as refrozen SNOwW. ' ) | :

Sllghtly meltlng,snow.has'distinct'IQWer'refleCtance in the
red visible. region and major reflectance decrease 'in near> lnfrared
reglon than the frésh cold snow.(O'Brlen & Mhn1s 1975) Refrozen snow
has a reflectance curve resembllng that of meltlng SNOW. This is'known,

.however from the laboratory experlments The dlfference between 0. 6 -
Q.?-um and 0.8 - 1.1 um snow covered area is not entirely due to‘the
fmelting-art—:a'~ The near . 1nfrared banks 1s ‘less reflectlve v151b1e band

~under normal condltlon and somewhat more so when metamorphlc processes

have set in. Presently, there 1s no spec1f1c methodology to dxstlngu1sh
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batween normal and metamorphic- lowered reflectance. As such, quantifica-
tion of metamorphosed area is not possible using these two spectral

bands.
2.2 Estimation of Runoff from Snow Covered Area

A good number of investigative results suggest that snow
covered area is a meaningful parameter for the forecasting of snowmelt
runoff. Analyses of snow covered area data from King's River Basin in
California show that a correlation exists between observed melt area,
remaining area of snow cover, the conventional 1 April snow water equiva-

lent and remaining volume of snownelt runoff(Brown & Hannaford,1975).
It is indicated that snow covered area could be combined with snow water

equivalent to improve runoff forecast.

In Arizona, areal snow cover estimates'from Landsat for 1973
were used to derive a statistically significant relationship between
snow cover and subsequent runoff during the snowpack depletion period
(Aul & Ffolliott,1975). It was inferred that measurement of areal snow
cover from Landsat imagery is a very valuable input in forecasting
snowmelt runoff in that area. with a slight variation, for Wyoming
area, it hasAbeen observed that snow covered area on a specified day 1is -
related to the ratio of accumulated runoff/total seasonal runoff ina
statistical significant expression (Thompsor, 1975). Such relationship
are useful for total flow forecasts and short term forecasts of time
distribution of seasonal runoff. It has been further established for
Wyoming's Wind River mountains that correlation exists between the
extent of snow cover on 15 May and the seasonal runoff from 15 May to 31
July (Rango et al.,1977). Results indicate that snow covered area could

be incorpbrated into empirical runoff prediction methods as an additional

11
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paramefer after sufficient years of data have been accumulated. Using
five to seven years of low resolution meteorclogical satellite data, a -
regression relationship is attempted for Indus (162,100 Kkm?) and Kabul
(88,600 sz) river basins in Pakistan with early April snow covered
areas to April-July streeamflow (Rahgo et al.,1977). Significant relati-
onship has been obtained which served as the only wéy to estimate further
runoff for these remote and inaccessible areas. The prediction of 1974
streamflows in these basins using the regression equation were within 7%
of the actual streamflow. Though the data from meteorological sateilites
are available from 1966, but because of poor resolution (4 km) these
data can only be used to large watersheds. Day et al.(1983) combined
Rango et al.'s (1977) data for 1969-73 with 1974-79 and found April snow
cover could explain 60% and 90% of the. variance in seasonal runoff
prediction for Indus and Kabu] rivers respectively. For each year of the
study period,1969-79, a mitiple pegressin equation is developed by
drepping the data for the year in question from the data base and using
those for the rest of the years The snow cover area and the concurrent
runoff data are used to estlmate the snowmelt runoff for the partlcular
year. The d]fference between the estimated and observed dlscharge

values averaged over the 11-year study perzod ;3.10%,

Use of thermal infrared data to dexlneate Snow is very rewarding,
The thermal infrared band (10.5 - 12’5}mn avallable with NOAA satellite
-has the same resolution as the visible channel. This data can be acquir~
ed duringrday or night as it js the~measuremeht of radiative temperature
of snow rather than its reflectance. In most of the cases, snow cover
could be delineated from the VHRR thermal data because of lower temperature
-of snow, but the thermal gradients associated with snow boundaries are

greater during spring than -during the wintér(Barnes et al.,1974). The.
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dqta is more relevant during the melt period. Difficulties may arise
in the interpretation of the thermal infrared data in mountainous area
due to temperature differences arising out of variations in elevations
may overshadow the temperature differences associated width snowcover |
(Barnes & Bowley,1974). A subtle comparjson‘ of infrared measurements
made with or without snow cover or in combinatiohs with topographic maps
and atmospheric lapse rates can resolve most of the problems. External
calibration is a must for VHRR thermal data before the determinat;on.of

absolute temperature.

The VHRR resolution has been improved of late ffom 4 Km. to 1
Km. But, it gives only the general thermal snow pack information. It is
resolved to use bétter resolution thermal infrared sensors on satellites,
The envisaged improvement expected will probably help to e great ektent.
in determination of melting areas which hitherto could not be achieved
with visible or near infrared data elone. The impkoved data planned
to be used for temperature differences across the .snow pack with 0°c
area being reasonably easy to decipher in the spring. During spring it
is reasonable to assume that edge of the snow pack to be at 0°C, the area
that will be subjected to melting in near future can be defined. Abnorma-
1ly low reflectance of a snow covered area with comparison to nearby
snowcovered area { at temperature less than OOC) in visible and near
infrared bands can be used to locate and quantify the areas of snow

currently or recently melting.  This however, is not possible at present.

The Applications Systems Verification and Transfer project of
NASA on the operational applications of satellite snow cover observations
(from 1975-79) demonstrated the areal extent snow cover as'derived from
satellite imagery have great potential for improving the timeliness and

frequency of hydrologic forecasts. Satellite snow cover data were
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parameter after sufficient years of data have been accumulated. Using
five to seven years of low resolution meteorological éatellite data, a
regression relationship is attempted for Indus (162,100 kn?) and Kabul
(88,600 sz) river basins in Pakistan with early April snow covered
areas to April-Jduly streeamflow (Rango et al.,1977). Significant relati-
onship has been obtained which served as the.only'wéy to estimate further
runoff for these remote and inaccessible areas. The prediction of 1974
streamflows in these basins using the regression equation were within 7%
of the actual streamflow. Though the data from meteorological sateilites
are available from 1966, byt because of poor resolution (4 km) these
data can only be used to large watersheds. Day et al.(1983) combined
Rango et al.'s (1977) data for 1969-73 with 1974-79 and found April snow
cover could explain 60% and 90% of ~the variance in seasonal runoff
prediction for Indus and Kabul_rivers respectively. For each year of the
study pefiod,1969779, a miltiple pegressin équation is developed by
drépping the data for the'year in quéstion from the data base and using
those for the rest of the years.  The snow cover area and the concurrent
runoff data are used to estimate the snowmelt runoff for the particular
year, | The difference between the ‘estimated and observed disghgrge

values averaged over the 11-year study period is 10%.

Use of thermal infrared data to delineate snow is very rewarding,
The thermal infrared band (10.5 - -?-Z.SVFm) available with NOAA satellijte
-has the same resolution as the visible channel]. This data can be acquir-
ed during day or night as it js the—measurémeht of radiative temperature
of snow rather than its reflectance. 1In most of the cases, snow cover
could be delineated from the VHRR thermal data because of lower temperature
of snow, but the“thermal-gradients associated with snow boundaries are

greater during spring than -during. the wintér(Barnes et ‘al.,1974). The.
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data is more relevant during the melt period. Difficulties may arise
in the interpretation of the thermal infrared data in mountainous area
due to temperature differences arising oqt ofAvariations in elevations
may overshadow the temperature differences associated width snowcover
(Barnes & Bowley,1974). A subtle comparison of infrared measurements
made with or without snow cover or in combinatiohs with topographic maps
and atmospheric lapse rates can resolve most of the prdblems. External
calibration is a must for VHRR thermal data before the determination of

absolute temperature.

The VHRR resolution has béen improved of late from 4 Km. to 1
Km. But, it gives only the general thermal snow pack information. It is
resolved to use better resolution thermal infrared sensors on satellites.
The envisaged improvement expected will probably help to é great extent.
in determination of melting areas which hitherto could not be achieved
with visible or near infrared data alone. The impkoved data planned
to be used for temperature differences across the 'snow pack with 0°c
area being reasonably easy to decipher in the spring. During spring it
is reasonable to assume that edge of the show pack to be at 0°C, the area
that will be subjected to melting in near future can be defined. Abnorma-
lly low reflectance of a snow covered area with comparison to nearby
snowcovered area ( at temperature less than OOC) in visible and near
infrared bands can be used to locate and quantify the areas of snow

currently or recently melting.  This however, is not possible at present.

The Applications Systems Verification and Transfer project of
NASA on the operational applications of satellite snow cover observations
(from 1975-79) demonstrated the areal extent snow cover as derived from
satellite imagery have great potential for improving the timeliness and

frequency of hydrologic forecasts. Satellite snow cover data were
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tested in both empirical and seasonal runoff estimation and short term
modelling approaches, a definjte trend in decrease of error was observed,

For namely three rivers in California viz.,Kind,Kern and Kaweah rijver
basins, the error by using conventional prediction methods had been 15%
whereas Landsat snow cover technique reduced the error further to 10%.
The project has effectively brought forward that satellite snow cover
daté can be used to reduce snowmelt runoff forecast error in a cost
effective manner once the data is made available within 72 hr. of acquis-
ition (Rango,1981).

In 1979, the Martinec-Rango snowmelt simulation model was
developed (Rango & Martinec,1979) and this model with minor modification
was adapted by Shafer et al.(Shafer et &l.,1981) on the South Fork Rio
Grande basin (559 kmz) and Conejos river basin (730 kmz) in Clorado.
The model used as primary input snow covered area derived from Landsat
"ihagery for each watershed elevation zone, degree days for each zone
with corresponding precipitation which occurred in each zone. Other
factors considered are: the areas of each zone, recession coefficients
for the hydrograph, daily lag factors, melt rate factors, and runoff
coefficients, Daily streamflow simulation during the melting period for

1973-79 showed that the model is capable of explaining on average of 89%

and 87% of observed streamflow variation on the South Fork Rio Grande
and Conejos rivers respectively.

Rango et al.(1977) used low resolution meteorological satellite
data (ESSA and NOAAsatellites) and simple photo interpretation techniques
to map snow cover area during early April over the Indus and Kabul river
basins in Pakistan. It has been observed that the snow covér area is

significantly related to April 1t to July 31 streamflow in regression

analyses for each basins.
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.Snowmelt runoff models can be used for ouperational forecasts
provided the snow cover depletion curves obtained from satellite data
could be extrapolated by temperature forecasts. Martinec (1985) suggested
a set of auxiliary curves relating the snow coverage 1o accumulated
snowmelt depths to be derived for a given basin. The seiection of the
appropriate curve in the given year is facilitated if the water equivalent
of the snow cover at the beginning of the snowmelt season is available.

Quite a number of organisations in India has experience in
mapping snow cover-éreas from satellite imagery and using the same for
snowmelt runoff studies. NRSA,ISRO,GSI,IMD, Snow and Avalanche Studies
Establishment,Roorkee University etc. are some of these Instituticns
who have used both ‘Landsat and NCAA satellite data available from Earth

Station of National Remote Sensing Agency,Hyderabad.

NRSA has undertaken snowmelt runoff forecasting studies using
NGAA satellite data (Ramamoorthi,1983). A regression model has been
developed using percentages of snow cover area of Sutlej basin above
Bhakra (43,230 sz)from NOAA imageries (April) of the years 1975 to
1978, and the .seasonall (April to June) measured snowmelt runoff of
Sutlej for the same years. It was found that for 1980 snowmeit season,
the seasonal forecast is 6% less than that of the flow actually occurred.

The mode]l was improved using 1980 actual flow, and the revised model

forecasted 5% more than observed seasonal runoff in 1981. The model has
been subsequently updated with data of other years. Now, an operational
forecasting model with capability of predicting flow within 10% more or
iess than actual flow has been made for Sutlej river basin. Similar
predictive model are being developed by NRSA for other Himalayan rivers.
Study conducted by Dhanju(1982) on the contribution of snowmelt

water to Bhakra reservoir revealed that remote sensing could provide

- -
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a reasonable estimate of snow cover area which would form the basis for

estimating meltwater for long term and short term periods.

Jeyram et al.(1982) estimated snowline altitude and sSnow cover
using Landsat imagery for the Tos basin in Himachal Pradesh. A relation-
ship amongst snowline of Beas,Ravi and Tos was observed and using the
Landsat imagery a relationship between the'SHOW-covered'areas and time
from beginning of snowmelt season (1s£’Apri1) has been established for
Tos basin. |

Gupta et al.(1982) in their study of Beas Catchment concluded
that the relationship between snow cover area and snowmelt discharge is
affacted by the morphological characteristics of sub catchment such as:
area, permanment snow cover area, averagé altitude, " topography and
relief. All these factors are coliectively manifested in terms of
stream order which is an important factor. They observed a logarithmic
relationship between the snow cover area and snowmelt runoff. This
essentially means that initial increments in accummulation of snow

cover area lead to smaller increases in snowmelt runoff than later

increments in the snow cover area of the same magnitude.

Sharma et al.(1982) uSed Landsat imagery to study upper Yamuna
catchment and marked hydrologically ngnificant land use categories
which affect the streamflow. Using these with rainfall data from 20
raingauge stations and streamflow data at Dak pathar and tLakhawar, the
streamflows were estimated by using both lumped and distributed system
models based on Rational-method. The computed 10 day period streamflows

of Tons sub basin were compared with obsérved surface flows with the

help of hydrographs, flow comparison graphs_and average monsoon period
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and monthly flow values. It has been observed that distributed system
model with sub-area division by Thiessen polygon and censidering the
slope facet effects is suitable for large mountaineous catchments.

It is suggested that the values of streamfiows estimated by distributed
approach can be further improved by evaluating substantial yeariy

changes in Vegetai.covers and land use areal disribution with the help

of time sequence Landsat imagery.
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3.0 REMARKS

Being the exorbitant repository of 'Solid' water resources,
snow cover survey is essential for development of water resources. For
surveying very large area of snowcover and for collecting snow data from
inaccessible and hazardous areas as in the Himalayas, satellites are the
obvious answer. Of the various snow cbservations, the areal extent of
snow cover is the most easily measured because of high reflectance. It
is measured and monitored regularly in many countries. Density anq
distribution of snow pack are also equally important For snow melt
runoff studies. Most of the snow clad basins tend to follow a consistent
pattern of melts which eventually leads of have a depletion curve which
could be correlated with the snow cover remaining as the snow melt
progresses. Automation of  snow cover is possible and desirable for
operational use. Proper segregation of cloud cover while making automation
of snow cover measurement will have to be taken care of. Once this has
been ensured, remote sensing methods using satellife and aerial imagery
are the only possible methods that can be used for estimating the extent
of snow cover and time-spatial distribution of snow. It is difficult
to find out snow depth of beyond 10 to 15 cm, there is virtually no
change in the snow reflectance. Microwave range of spectrum needs to be
used for deciphering information about snow depth. . Measurement in
thermal infrared band (10-12}1m) can give information about the spatial
and temporal variations of the snow surface temperatures. This could be
helpful for ablation studies of the snowpack and seasonal variations in

the snowmelt runoff. Studies carried out with microwave radiometers in

18
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the 19.35 GHi indicate changes in'the brightness temperature for the

“different stages of ice accummulation.

Pack ef al. (1981) examined the [ measurability' (i.e., the"
technique, resblution,fime‘scale and difficulty) of various hydrologic
variables. The snow-reféted variqbles'and their possible use in hydro-

, logiq variables.  The snow related-Variables and their possible use in
hydrologic modellfﬁg as given by ﬁim'is quite encouraging_and is given

'in table-2.'-

Table - 2 - Remotely Sensed Vaﬁiables_Applicable to Hydrologic

Modelling
Variable Possible Phases of Use in Hydrologic
| Models for Water Resources Management
Calibration Updating | Inputs:
Areal Extent Snow Cover : 'X; : K | - X
Frozen Ground
Non Snow Areas - X | XX

Under .Snow Areas - - X XX

ﬁack et al.(1981) aiéd stUdied amenabilify of various remotely
sensed datalto avéiiable hydrologic models. It.has beeniobserVéd that
~the areal extent snow cerr measured by remote senSing could be used in
" CREAMS (Chemicals Runoff, and Erqsion ffom Agricultﬁral Mahagement
- Systems) and NWSRFS (Natiohal Weather Service River Forecast System)
snow meit models. Based on .recommendation of WMO,Task Fdrce on Water

Resources listed the observational requirement of various snow related

Y |
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parameters and the present status of availability'of data from various

existing satellites (1985). These are given in Table-3.

'It transpires that remote sensing techniques suits very much
for determining the various parameters of Snow. Though thé measurement
of areal extent of snow. is fully establishéd at present other measure-
ments like snow pack, density, thickness etc. are. also becomlng more
viable to be measured by remote sen51ng as 1mproved and specially des;g-
ned sensor are designed and put on- board the satellites. The band 5 of
the Thematic Mapper (TM-5) data from Landsat-4 and 5 which are now
available with a resolution of 30 m are very useful for the separatlon
.of snow from cloud. .More valuab}e and useful information are expected
especially in the thermal infrared and microwave portion of the electrom-
agnetic spectrum. These two regions ofrthe spectrum hold quite a'hopefﬁl
trend for collecting more information about Snow in near future;. Instal-
lation of Data Collection Platforms (DCP) in. a sUitably designed network

in the Himalayas for snow W111 also be abig stride and conven1ence for

using remote sensing methods for snow studies.
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