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Abstract 

Snow and ice in lngh mountains represent an important water resource in many 
l 

parts of the world, especially ,the dry continental intenor of Central Asta. In the 
Northern Areas of Paktstan, mountain ranges are the pnmary sources of annually 
renewed water supphes They/ give nse to nvers wlnch are the only s1gruf1cant, 
sustainable source of fresh water The Indus basin IS drained by the nver Indus and 
its ma.JOr tnbutanes, the Kabul, Jhelum, Chanab, Ravi and SutleJ Snowmelt 
contnbutes about 70 percent to I the annual flow of these nvers, but ts not timed to 
meet the requirements for crop production, hydroelectnc power generat10n, and other 
multi-purpose objectives Tuts s1tuat1on has led to the development of an 1rngat1on 
economy that requues effective 1management of the water resources in these drainage 
basins A basic understanding of snow d1Stnbut1on and its contnbut1on to 
streamflow ts needed for effective pred1ct1on of flow events 

Snowfields between elevation of 2,500 m and 5,500 m constitute a small 
percentage of the area contnbuting to runoff in the Central Karakoram, Northern 
Pak.tstan However, they are considered to have a higher water content, and to 
produce runoff for longer penods than snowpacks at lower elevations The melt 
regime of a basin may be better understood by exaDlllllllg the snowpack recession 
and runoff hydrograph Identifying the time of dally peak flow, snow cover/runoff 
relation and its vanauon through the season may prove helpful to flow modellmg 

"Tuts study involved taking hydrological and meteorological observations in two 
small snow-fed basins having different aspects in the basin of Barpu Glacier in the 
Central Karakoram range of the lhmalaya in Paktstan The observational network 
was designed to cover a range of elevations w1tlun the expenmental basins. Tuts 
type of network ts essential to account for the effects of topography and 
microclrmate on snow hydrology 

Patterns of snowmelt runoff examined in two contrasting envtronments w1tlun 
the Barpu Glacier Basin suggest that topography influences the rate of spnng 
snowmelt in several ways Aspect and degree of slope modify the winter and spnng 
snowpack by causing unequal rates of ablation Rehef creates an unequal 
dtstnbut1on of snow wlnch in tum causes areal vanat1on in the volume of spnng 
melt 

Normal hnear and curvllmear multiple regression analysts ts an appropnate 
method for studying of hydrologic relat10nslups Snow cover area and subsequent 
snowmelt runoff can be correlated to estimate streamflow For a particular 
catchment, the relat1onslnp between area of snow-cover and snowmelt runoff 
appears to depend on morphometncal factors such as elevation, aspect, slope, and 
drainage density However, for each basin a different empmcal relation eXISts 
between snow cover and snow-melt runoff The loganthmtc relationslnps between 

I 
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snow-cover and snowmelt runoff indicates a substantial increase in snowdepth with 
increasing elevation The results also suggest that mean temperature 1S the best smgle 
indicator of runoff vanation Meteorological observations over a range of elevations 
provide valuable information concerning the altitudmal gradient 

The concluding chapter reviews some of the practical and techmcal implications 
of the work for hydrological investigations in the Upper Indus Basin It suggests 
what can (and cannot) be learned from thlS type of study in relation to macroscale 
water resource assessment and forecasting 
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CHAPTER 1 

Introduction 

11 BACKGROUND 

The surf ace water hydrology of Paklstan IS dominated by the Indus River and 

its five ma.)Or tnbutanes, Kabul, Jhelum, Chenab, Ravi and SutleJ (Fig 11) The 

Indus basm stretches from the highlands of Tibet (Chma) to the Arabian Sea. The 

mam stem of the nver IS 3200 km long With the divlSlon of nvers of the Indus 

basm between India and Pakistan under the Indus Waters Treaty 1960, Pakistan IS 

entitled to receive only the water from the western nvers of the Indus basm 

(mcludmg Kabul, Jhelum and Chenab) 

The nvers of the Indus basm nse m mountains with elevations rangmg from 

4500 to 7500 meters above sea level (a.sJ) These mountams are covered with 

wmter snow from at least January to March and m some regions from October to 

July The tremendous arc of the Karak.oram Mountams, which extends over 350 km, 

holds the greatest concentration of snow and glacier ice on the Asian mountams 

(Hewitt 1986 Fig 12) Meltmg of thIS large resource of snow and ice provides a 

ma.)Or portion of runoff dunng summer The meltmg starts m early March m some 

basins and m Apnl m others and contmues throughout the summer River flow 
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consists mostly of snowmelt until early July After that, glacier melt becomes a 

ma.JOr factor under the influence of monsoonal all" m~ However, m August 

heavy nunfall lS usually much reduced as the all"~ lose most of their molStUre 

or rarely penetrate to the northwestern parts of the Himalayas. 

In early spnng the Upper Indus Basin nvers denve most of their water supply 

from snowmelt runoff Th.ts 1S a cnt1cal penod when the reservoirs are empty and 

water 1S very much needed, but 1S not timed to meet the requirements for crop 

production, hydroelectnc power generation and other multipurpose ob,JeCtiVes such as 

commercial fl.Slung and recreational act1vit1es. Th.ts situation has led to the 

development of a system based upon reservoir control and management of the water 

resources m snow and ice fed basins. 

Palustan 1S basically an agranan country with a population of approximately 

90 mtl.llon people mostly dependent upon 1rngated agnculture m the Indus plains. 

Th.ts 1S served through the world's largest contiguous 1rnganon system developed 

over the last 100 years m the Indus plains The system 1S fed through 16 diversion 

dams (barrages) and 580 km of mter-nver 1mk. canals which connect the western 

nvers under Palustan's control with the eastern nvers diverted upstream by India 

(W APDA 1982) In add1t1on, the system has three ma.JOr reservoirs, (Mangla, Tarbela 

and Chasma at the upstream "nm" of the Indus plains) which regulate, as well as 

supplement, the water needed for agnculture, power generation and other purposes 

(Fig 13) 

Tarar (1982) stated that roughly 70-80% of the total annual runoff from the 

Upper Indus Basin ongmates as snow and ice melt m the Himalaya, Hmdukush and 
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Karakoram Thus, for effective nver management not only man-made but also 

natural storage has to be considered m the form of perennial ice and snow m these 

high mountams. The overwhelm.mg role of these mountains m general, and the 

Karakoram m particular m the hydrology of the Upper Indus Basm draws attention 

to the meteorological and hydrological cond1t1ons prevailing m these mountam ranges. 

To meet the food and fiber requirements of its growmg population, Pakistan 

has given high pnonty to water resource plannmg, development and management 

mcludmg flood control In 1985 a project was establlshed with the help of the 

Canadian Government under the title "Snow and Ice Hydrology Project" (SJ.H.P), to 

study the snow and ice cond1t1ons above 3000 m a.sJ m the Upper Indus Basm 

This is a collaborative project funded .JOmtly by the Canadian International 

Development Research Centre (IDRC), the Water and Power Development Authonty 

of Pakistan (WAPDA), and Wtlfnd Launer Umversity, Waterloo, Canada The mam 

purpose of this project is to provide necessary mformat1on regardmg snow and ice 

conditions m the Upper Indus Basm with a view towards developmg a momtonng 

and forecasting network so that Pakistan can better manage the water resources 

from the high mountains 

The hydrological system of the Upper Indus Basm is complex It combmes 

runoff from glaciers, snowmelt and ramfall These are further comphcated by 

vanable snowcover, m space and time and by the migration of meltmg temperatures 

with altitude Snowmelt is the larger fraction of water supply m the western Indus 

streams m most years A thorough understandmg of the processes by which 

accumulated winter snow pack is converted to spnng and summer streamflow, is 

fundamental to our research and operation programs. 
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In order to determine the proportion m which snowmelt water contnbutes to 

the total dlSCharge of the Indus nver system m the dtff erent seasons, one important 

parameter ts the altitudmal oscillation of snowlme dunng the year Obviously area 

snowmelt can occur above the transient snowlme Avalanched snow may he below 

that and contnbute to runoff from lower altitudes later m the year 

The baste concern, therefore, ts to look at snowmelt as a fundamental 

component of hydrology of the Upper Indus Basm Thts provides the opportumty to 

study aspects of regional hydrology, to defme some hydrologic and chmatological 

parameters, and mdicate how they are important for runoff forecastmg It should be 

noted that seasonal snowmelt (as opposed to glacier ablation) occurs m two mam 

forms, direct area snowmelt 1f the snowpack where it fell, and avalanchl! snowmelt 

(de Scally 1987) Both are mvolved m the present study, but the emphasts ts upon 

the former 

The meteorological records, presently available for the Upper Indus Basm, come 

from weather stations which he m the mam towns They are not only m ram 

shadow chmates that make httle contnbution to runoff but are sub.)eCt to the 

powerful topochmatic effects of valley wmd systems (Butz and Hewitt 1986) Most 

of the precipitation m the Karak.oram Mountams occurs at elevations above 3000 m 

a.sl It ts tins precipitation m the form of snow that along with the high Himalaya 

and Hmdu Kush catchment areas, creates the large motsture surplus m the region 

and provides the bulk runoff m the Upper Indus Basm Rivers by subsequent meltmg 

The present study ts an attempt to 1S0late the snowmelt component m the 

Karak.oram It ts earned out by takmg hydrological and chmatological observations 
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m two small snow fed basms havmg opposite aspects m a glac1enzed basm (Barpu 

Glacier Basm) m the Central Karak.oram. The observational network lS designed to 

cover a range of elevations w1thm the expenmental basms This type of network JS 

essential to take account of the topochmatic and IDlcrochmate effects on hydrology 

The study attempts to def me the relat1onslup between certam hydrological and 

chmatological parameters. It also provides umque hydrometeorological mf ormation 

about the highest, and least studied, glac1enzed area m the world (Mayewskl et. al 

1984) 

12 RESEARCH OBJECTIVES 

The exceptionally high and rugged mountam environment of the Karak.oram 

controls snowfall occurrence Precip1tat1on mputs vary greatly m quantity and 

regime with altitude, topography and aspect Similarly, redistnbut1on of snow from 

wmd and avalanches can have great affect on the subsequent runoff regime Two 

outstandmg factors which s1gmf1cantly mfluence the whole hydrological system m 

the Karak.oram are the great vanation of snow pack water equivalence with 

altitude, and the altitudmal migration of meltmg temperatures over the hydrological 

year (Hewitt 1985) These two factors combme to ensure that only a fraction of the 

whole Upper Indus Basm - probably less than 30 percent - contnbutes perhaps more 

than 80% of the nver's flow (Hewitt 1988) Most of the melt water contnbutmg to 

streams ongmates from 3000 - 5500 m a.sJ and dommates the summer hydrograph 

till mid July (Hewitt 1985) Above 5500 m a.s.1 there is often heavy snowfall 

accumulation but httle meltmg due to freezing temperatures 

The absolute and relative contnbut1ons of snow and ice to the Indus flow vary 
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enormously from year to year In most years they compensate each other For 

example, m a wmter with above average prec1p1tat1on, snow accumulation on the 

glacier W1ll retard the onset of ice ablation as a result of the thickness of the snow 

to be melted before underlymg ice IS exposed Smee snow has an albedo higher than 

that of ice the amount of meltmg under direct rad1at1on will be considerably 

reduced If wmter snowfall IS hght the glaciers tend to melt more, compensatmg for 

lower prec1p1tat10n (Young 1981) However, the timmg of snowmelt and glacier 

melt IS different Snowmelt IS cntlcal early m the summer, glacier melt m the later 

part. 

In the Karakoram mountams, energy mputs available for snow and ice melt m 

general are neghgible m wmter and mtense m summer But, supenmposed on th!S 

dommant pattern of vanablhty m energy mputs with seasons IS the smaller scale 

vanablhty resultmg from seasonal or short term weather and the vanety of slope 

aspects w1thm any one basm The difference on north and south facmg slopes can be 

cnt1cal m mfluencmg the timing of runoff In summary the purpose of th!S 

mvest1gat1on IS to defme some of the hydrological and chmatological parameters 

which control snowmelt runoff Although th!S paper IS not directly concerned with 

the pred1ct1on of runoff, the relationships considered are among those reqwred m the 

formulation of prediction models The specific subset of problems m th!S research 

concern an understandmg of 

1 the determmat1on of environmental temperature lapse rate with elevation, 

2 the spatial and temporal relationship between snow cover depletion and 
snow melt runoff volume, 
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3 the determination of seasonal and diurnal stream flow patterns m high 
mountain basins, 

4 the relauonship between snowmelt causatives such as air-temperature, 
radiation, wmd speed, relative humidity, and cloud cover with runoff 
volume, 

S the effect of aspect on each of the above 

1 3 LITERATURE REVIEW 

1 3.1 Vanation of Precipitation with Elevation 

The name Karak.oram means "ice mountams", a mass of rock and ice extendmg 

for 402 km from the Shyok to the Hunza. Besides the permanent snow m this 

region, snow accumulates over much larger areas m wmter and melts m the 

subsequent summer However, observational data concernmg snowfall are very 

meagre Therefore, only a qualitative description of the snowfall has been possible 

on the basis of fmdmgs of vanous expeditions Here, the fmdmgs of a few studies 

made m the Himalayas are presented to demonstrate the fact of mcreased 

precipitation with elevation. Rainfall data collected by Pakistan's Meteorology 

Department at Gtlgtt and other valley stations, and measurements below the snout 

of the Batura Glacier (Batura Investigation Group 1976) show annual totals of only 

100-200 mm. That is less than the evapotranspiration calculated by Hewitt and Butz 

(1986) However, it is clear that precipitation exceeds potential evapotranspiration 

roughly from 3000m a.sl m the Central Karakoram The followmg three facts 

suggest much higher prec1p1tat1on mput at higher elevations. 
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1 large stores of perenrual snow and ice, m the form of valley glaciers 
compnse 50% of all glaciers outside of the polar regions and contam 
appro::nmately 33 times the areal cover of the glaciers m the European 
Alps over a smnlar area (WlSSman, 1960) 

2 higher annual runoff of the nvers drammg these mountamous basms -
than the prec1p1tat1on mput recorded at the valley meteorological stations. 

3 greater accumulation of snow, of the order of 700 - 1000mm above -
4500m a.sJ lS reported by numerous exped1t1ons (Hewitt 1968, Batura 
Glacier Group 1979, Yafeng and Wenymg 1980) 

Tins evidence md1cates that prec1p1tat10n must mcrease rapidly with elevation. It lS 

also supported by the fact that high-altitude terram receives more prec1p1tat1on due 

to forced or orographic hftmg of arr masses as they cross the highlands. Also the 

decrease m air temperature with mcreasmg altitude, helps m producmg prec1p1tat10n 

as snow, rather than as ram Tins topic lS dlScussed m more detail m Chapter 3 

The only comprehensive study to demonstrate the phenomenon of mcreased 

prec1p1tat1on with elevation m Karakoram Mountams 1S that of the Sl.H.P Annual 

Reports (Hewitt 1986, 1987, Wake 1987) However, some glaciologists had earlier 

provided some quant1tat1ve mf ormat1on from their work m Hnnalayas Gilbert et. 

al (1969) dunng their work on a northwest facmg cirque glacier m the Hmdu 

Kush estimated the mean net accumulation of snow water equivalent 1300 mm 

annually at an elevation of 5809 m a.sl Tins study was based on an 8 year record 

of snow measurements m the bergschrund where each yellow-brown ice layer was 

mterpreted as the summer surface They suggest that most of the snowfall occurs 

dunng late wmter or spnng 
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In 1973 a Chlnese group recorded a net wmter accumulation 1030 - 12SO mm 

water equivalent at an elevat10n 4840 m a.sJ. near the equtllbnum lme of the 

Batura Glacier They mentioned that even though a coD.Slderable amount of the 

accumulated snow melts and evaporates m summer every year near the snowlme, it 

JS still ten times greater than the annual precipitation measured at 2680 m a.sJ m 

the valley bottom (Batura Investigation Group 1979) Dunng summer 1974, Batura 

Glacier Group (1976) reported twice as much precipitat10n at 3400 m a.sJ. than at 

base camp 900 meter lower on Batura Glacier 

The Gara Glacier, m the Western Himalaya was studied by Rama, Kaul and 

Smgh (1977) They determmed the net balance for the 1974-7S season over the 

entire glacier (4700-S600 m a.sJ) A positive balance was recorded above SOSO m 

level The mean net accumulat10n of S elevation bands from S400 - S600 m a.sJ 

was 22SO mm water equivalent They suggest that the basm receives very httle 

precipitation dunng the monsoon penod and the ma,JOnty of snowfall occurs dunng 

the wmter with as much as 6 m of snow accumulat10n 

Yafeng and Wenymg (1980) and Yafeng (1980) stated that on the Batura 

Glacier at the fim basm near the snowlme, the annual net accumulation ranges 

between 1,000 and 13,00 mm But on the basJS of measured ice thickness of annual 

layers m the fim basm and the annual dJSCharge of the melt water of the glacier, 

they estimate that annual precipitation above the snowhne may be over 2,000 mm 

Wake, (1987) on the basJS of chemical analysJS and physical charactenstics of 

fresh snow samples collected dunng 198S-86 from the snow accumulation area of 

Biafo Glacier, Central Karakoram, suggests that precipitat10n mcreases with 
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mcreasmg elevations and the manm.um zone of accumulation occurs m the elevation 

band from 4900-5100 m a.sJ and decreases thereafter The net annual accumulation 

calculated from a two year record was 1900 mm water equivalent. Table 11 shows 

the net mcrease of snow accumulation m different elevation bands on the Biafo 

Glacier and Table 1.2 shows both an overall view of snow accumulation on 

different glciers m the Central Karakoram Mountams and zones of manm.um 

accumulation These fmdmgs and water yield calculated from the gauging records of 

the nvers drammg these catchment areas, show that prec1p1tation over much of the 

Karakoram Mountams exceeds 10 to 20 times that recorded at valley weather 

stations. However, little 1S known about the actual shape of the prec1p1tat1on 

gradient. Hewitt (1985) stated that the delay m the rumg limb of the hydrograph 

of the nvers drammg Karakoram Mountams as compared to those of ClS-Hunalaya, 

reflects a much thinner snow cover below 3500 meters. It does not mcrease the 

nver flow appreciably unttl meltmg reaches the middle zones (3500 - 5000 m a.sJ ) 

where the snowpack 1S much trucker Th1s reflects the gradient of snow cover but 

the presence of rugged topography and great relief makes the actual shape of 

prec1p1tation gradients more complex. 

1 3.2 Ablation m Karakoram 

The Karakoram Mountams, a ma.JOr contnbutor of runoff from the Upper Indus 

Basm, remams one of the least studied regions. Th1s 1S especially true of the 

behavior of snow and ice melt with mcreasmg altitude Few studies have attempted 

to measure the ablation of glacier ice and characterut1cs of snow meltmg m the 

accumulation areas of Karakoram glaciers. 
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Table - 11 Rough estimate of moISture mput m the accumulation zone of 
the Biafo Glacier, Central Karakoram (1985-86) 

Area (Km. 2
) Net annual 10' m 3 

Elevation band ACC Cm w.e) Water 

4572 - 4877 840 10 840 

* 4877 - 5181 109.5 18 1971 

* 5181 - 5486 992 1.5 148 8 

* 5486 - 5791 618 10 618 

5791 - 6096 276 08 (?) 221 

6096 - 6401 86 06 (?) 6.2 

6401 - 6706 13 

Total 519 

*Elevation bands for which data eXISts. (Source Wake 1987) 

Table - 1 2 Net annual accumulation of snow water equivalent m Central 
Karakoram 

Relative Accumulation 
Elevation Snowpit m we 

High Shark Col (5660 m) 071 
lhspar Dome (5450 m) 120 

Middle Approach Glacier (5100 m) 1 88 
Whaleback Glacier (4900 m) 1 79 

Low lhspar Glacier East (4850 m) 107 
Eqwhbnum Line (4650 m)* 090 

* Value for annual accumulation only (Source Wake 1987) 
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Loewe (1959) recorded 7-8 cm of ablation per day on the Chungphar and 

Bazhm Glaciers (elevation range 3050 - 3630 m a.sJ) m the middle of September 

Loewe concluded that 55 - 60 percent meltmg of snow would be due to radiation 

and no change m the ablation rate was observed with the change m elevation of 

610 m Gtlbert et al (1969) concluded from the behavior of streamflow fed by a 

northwest facmg cirque glacier m the Hmdu Kush Mountams, that streamflow 

response radiation meltmg by showmg DllD.lll1Um flow at 10 hours local time and 

max1mum about 18 hours. 

The Batura Glacier Group (1979) found that 89.2% of the total heat for ice 

ablation lS denved directly from solar radiation and 10 8% from heat conduction of 

air and condensation heat of vapor Yafeng (1980) has stated that maximum depth 

of annual ablation on the bare ice of Batura Glacier at 2600 m a.sJ measured was 

18 4 meters per annum, but thlS ablation rate decreased markedly to the level of 

4 36 meters per annum on the lower 20 ktlometers which lS covered with thick 

debns. 

In another study Yafeng and Xiangsong (1984) measured ablation of Batura 

Glacier by settmg 66 stakes on 16 cross sections on the surface of the glacier dunng 

the penod of mtensive ablation. Four of the stations near the glacier termmus 

recorded whole year ablation. From these measurements they found 18 94 m of 

ablation at an elevation of 2644 m a.sJ Yafeng and Xiangsong concluded that mean 

daily temperature lS the most suitable mdex of surface ablation on the Batura Glacier 

Ablation measurements recorded dunng summer m 1985-86 by Sl.H.P on the 

Biafo Glacier show average ablation rates m relatively clean ice, of about 6 - 7 cm 
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per day between the elevat10n range 3885 to 4080 m a.sl. These figures are sub,JeCt 

to vananon with aspect, elevation and the concentration of dust particles on the ice 

Results md1cate that the ablation rates on a medial morame between elevat10n range 

3885 to 4080 m a.sl. on Biafo Glacier under extensive debrIS cover are roughly half 

that of relatively clean ice, seasonal snow cover on the glacier surface takes longer 

to melt than relatively clean ice once exposed (Snow and Ice Hydrology Pro,JeCt 

Annual Report, 1985) 

Surf1cial debns IS a wide-spread phenomenon of the Karak.oram Glaciers. The 

rate of ice meltmg beneath such debns cover depends upon therr thicknes& A study 

was earned out on the Raklnot Glacier on the north slope of the Nanga Parbat 

durmg field season 1986 by Gardner (SJ H.P Annual Report 1986) Prehm.mary 

results of ablation measurements md1cate that there IS a threshold thickness of 

debns cover of about 1 0 cm above which ablation rates decrease with an mcrease m 

debns cover (Fig 1 4) 
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thickness on the RakhJot Glacier 1986 (Source Snow Ice 
Hydrowgy Pro;ect Annual ReJXJrt 1986) 



17 

The threshold value of thickness IS attnbuted to the phenomenon that a thin 

layer of debm, rather than msulatmg the underlymg ice, absorbs shortwave and 

longwave radiation, which IS quickly transmitted to the ice surf ace by conduction. 

Th1S contnbutes to rapid ablation However the rate of ablation depends upon the 

size and physical charactenst1cs of the debm cover and local topographic cond1t1ons 

(Gardner, 1986) 

1 3.3 Snow-cover Area m Relation to Streamflow 

Numerous studies have utilized satellite denved snowcover estunates to predict 

seasonal runoff from the Upper Indus Basm (UIB) Salomson and MacLeod (1972) 

mapped the areal extent of snowcover m the UIB for the years 1969 - 1970, usmg 

an image dISSeCtor camera on Nimbus 3 They related mcreasmg runoff to decreasmg 

snowcover area. Results mdicated that 1t might be possible to predict seasonal runoff 

by momtonng seasonal snowlmes and snowcove.r area usmg satellite imagery 

Rango et. al (1977) usmg LANDSAT imagery measured snow covered area with 

a planrmeter for the Upper Indus Basm above Besham Qtla (162,000 km 2 ) and the 

Kabul River above Nowshera (88,600 km 2 ) They attempted to correlate thlS with 

seasonal runoff for the penod 1967-73 usmg a regression equation The seasonal 

flow predicted for the year 197 4 was within 7% and 2% of the observed seasonal 

dISCharge on the Indus and Kabul Rivers, respectively They conclude that the degree 

of confidence IS not great for mak.mg particular flow pred1ct1ons, but m the absence 

of appropnate hydrometeorological networks, snowcover estimates from satellite 

imagery may provide best estimates of seasonal flow 
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Tarar (1982), usmg LANDSAT-2 rmagery calculated the snowcover area for 

different nvers of the Upper Indus Basm He developed a regression equation 

between snowcover area and subsequent runoff for the Shyok, Hunza, Gtlgtt, Indus 

at Besham and for other nvers of the Upper Indus Basm for the years 1975-78 The 

results mdicate that regression equations are statlStlcally significant The correlation 

coefficient between snowcover area and flow represented by r 2 vanes from 0 889 to 

0 996 On the basis of four years record, deviation between computed and observed 

runoff was withm ±10% Tarar suggests that trmely avatlabthty of Landsat data JS 

essential to make use of thJS srmple, mexpensive and less tllD.e-consummg method 

Dey et. al (1983) attempted to rmprove the relationship developed by Rango et. 

al (1977) by extendmg the penod of record from 1969 through to 1979 The 

techniques used are stmtlar to those descnbed by Rango et. al (1977) The results 

shown are httle rmproved with 10% difference between the estrmated and observed 

dtSCharge values averaged over the 11 year study penod They conclude that satellite 

denved snow-covered area JS the best avatlable mput for snowmelt runoff 

estrmatton m remote, data sparse basms hke the Indus and Kabul Rivers 

Rango et. al (1983) compared LANDSAT denved data with conventional 

methods for use m hydrologtc models m SIX watershed basms throughout the USA 

They suggest that the difference between the two data mputs with hydrologtc 

models JS m1mmal and, for basm larger than 10 square mtles, the LANDSAT 

technique JS more cost effective 

However, Makhdoom and Solomon (1986) have cntically exammed the studies 

developed specifically for forecastmg purposes m the Indus River Basm m Pak.tstan 
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They conclude that it JS premature to assume that snow cover area m the basm at 

the time when the snow-melt begms JS a sufficient mdex for operationally 

predictmg flow volume dunng the snow-melt penod It is possible that the errors of 

forecastmg are related, to large extent, to the mitial assumption that snow volume JS 

directly proportional to snow cover area This assumption mvolves ignonng the 

aspects of snow depth and density and the effects of glacier-melt. They further 

mention that significant correlation coefficients between flow volume m spnng -

summer may be the result of random factors as the penod of record on which these 

correlations are based JS short. It certamly appears doubtful ma basm where i) most 

of the water yield from seasonal snowpack comes from less than half the area (that 

JS from the elevation higher than 3000m a..s.1 where precipitation JS much greater), 

and n) where glacier melt provides about half the annual runoff, and JS hkely to 

compensate the poor snowfall years and vice versa. 
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CHAPTER2 

Climate and Geography 

21 OVERVIEW 

From meteorological and hydrological view pomts, Palu.stan is a country of 

extremes. Some areas expenence extremely heavy precipitation m some penods and 

long dry spells m others. Even m some parts, very and areas are located near 

extremely humid areas. 

The vanation of meteorological conditions m Pak.lstan generally, and m the 

Upper Indus Basm particularly, is due to its topography and geographical location 

The wide Indus valley is hmlted at its western side by the Solerman Mountams, to 

the north and northeast by the Hunalaya Mountams, and to the east by a low 

plateau separatmg it from the Ganges Plains (Fig 21) A.11' masses can move 

vlrtUally ummpeded across the Indo-Gangetic Plains but are impeded northwards by 

the mountains. Due to this configuration, the meteorological conditions m Pak.lstan, 

particularly its northern portions, are influenced by weather systems developmg not 

only m the ad.Jllcent Arabian sea, but also by those ongmatmg m the Gulf of Bengal 

(Monsoonal) and Mediterranean Sea (Atlantic) 

Air masses ongmatmg from the Atlantic Ocean and Mediterranean Sea, 
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especially m the wmter are a ma.JOr moISture source for the northwestern part of 

the country Here the Karakoram Range stores a large quantity of the mo1Sture 

mput m the form of glaciers. Most of the Karak.oram hes w1thm the Upper Indus 

Basm watershed above the Tarbela reservoir and covers an area appro::nmately 

164,000 Km 2 (Fig 2 2) The average runoff contnbuted by the Upper Indus Basm 

nvers measured at Besham Qtla above the Tarbela Reservoir 1S 2370 m 3 /sec 

annually (Snow and Ice Hydrology Pro,JeCt Annual Report 1986) 

The Indus Waters Treaty was a cntJ.cal bench mark m the economic 

development of the Indus Basm The evolution of 1mgat1on and construction of an 

1mgat1on-based mfrastructure m the Indus Basin fumIShed a ma.)Or field of research 

and management for hydrolog1Sts, economISts and geographers Study of this system 

provides a case book example of how humans have been able to adapt to, and utilize 

water resources m a difficult environment 

The Indus Water Treaty has mcreased PaklStan's dependence on water from the 

mam Indus, which has consequently mcreased the dependence on snow and ice melt 

m the Hunalayas, especially the Karak.oram and surroundmg Ranges The latter 1S 

the ma.JOr source of snow and ice melt water dunng July and August Effective use 

of thlS meltwater 1S only possible through an understandmg of snow and ice 

cond1t1ons and the terrain characterut1cs m the Karakoram In particular a 

knowledge of the hydrological and chmatological vanat1ons which control meltmg 

dunng summer IS essential Th1S melting depends upon the surplus mmsture present 

m the form of valley glaciers, seasonal snowpack and the thermal conditions. Such 

understanding will help PaklStan to predict runoff and manage the reservoirs and 

canal system more effectively 



FIGURE 2 2 
74 

e GAUGING STATIONS-WAPDA 

I Shyok River el Yoga 
2 Shigo• River el Shlgor 
3 Indus River al Kelctva 
• GDg~ Rover al Gngll 
5 Hunn River al Danyor 
6 Gilgll River al Alam Bridge 
7 lndu1 Rover al Portob Bridge 
8 Astor• River •l Dolyan 
9 Indus River al 8eohom 

... GAUGl'IO STATIONS-SHP/WAPDA 

A Braldu River al Da1su 
B Hlspar River above Na"1f 
C tuapar River al Nagyr 

76 78 

ID D H !iO n 10011."" 

80 

UPPER INDUS BASIN 

Seu us °''"'• UwDna AVe'"C• oc S.•• 
fl:~ llldbrP c .. noct.. WLU .... , UHIJ 

·-· 



24 

2 2 GEOGRAPHY OF THE KARAKORAM 

2 2 1 Regional Settmg 

Immediately north of the Greater Ihmalaya hes a senes of well outlined 

ESE-WNW trendmg mountams forming a range called the Karak.oram. The name 

Karak.oram means "black gravel", a mass of rock and ice extendmg for 402 km 

from the Shyok to the Hunza, with the greatest assemblage m the world of giant 

peaks - 33 over 7,31Sm a.sJ - culmmatmg m the tremendous keeps of the three 

Gasherbrum summits, all over 7,92Sm a.sJ and fmally K2 8489m a.sJ (Fig 2 3) 

These mountams are parallel to the mam rock formations which extend over 2500 

km from the Hmdu Kush to the eastern Ihmalaya The Karak.oram range is 

surrounded by the Greater Ihm.alaya to the southeast, the Kunlun Shan to the 

northeast, the Pamirs to the northwest and the Hmdu Kush to the southwest (Fig 

2 3) These mountams not only remam permanently covered with snow throughout 

the year but some of the largest glaciers outside the polar regions such as the Batura, 

Biafo, Chogolungma, Baltoro, lhspar, Rnno and Siachen are also found here 

Accordmg to WISSman (1959), about 37% of the area is ice-covered The rainfall is 

very low and snow melt (mcludmg glaciers) is the mam source of water 

contnbution to the nvers m this region (W APDA 1982) Most of the meltwater 

from the Karak.oram flows mto the Indus through its ma.JOr tnbutanes such as 

Shyok, Shigar, Hunza and Gtlgit Rivers (Fig 2 2) It is this water which is more 

precious than land m the Indus plams and sustams human settlement m the 

mountams as well as m the plam areas of Pakistan 
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2.2 2 Glaciers of the Karakoram 

The Karakoram range has an extell.Slve ice-cover, which extends from Batura 

Mustagh (7,795 m) m the west through K2 (8,611 m) to Saslr Kangn (7,672 m) m 

the east. The Karakoram Mountains are dlstmguIShed from surroundmg ranges by 

greater ice cover (1 e 37% of the total area), longer valley tracts sub,JeCt to 

contemporary glacial action, and lower penetration of large glacier tongues (Hewitt 

1968, Goudie et al 1984) 

The largest glaciers of the region are those of the southern face of the 

Karakoram They descend well mto semi-and areas All these glaciers chscharge mto 

the Indus - the Hispar and Batura, 58-61 km long - while the B1afo and Baltoro 

glaciers of the Shlgar nver, a tnbutary of the Indus, are about 60 km m length 

(Wadia 1968) Accumulation zones of the Karakoram glaciers extend from 4500 to 

7000 m a.s.1 Th.IS shows the high rate of prec1p1tat1on with mcreased elevation 

which IS attnbuted to an extreme orographic effect (Hewitt 1968) More than 60% 

of the Indus flank of the greater Karakoram IS covered with glaciers. These hold 

great importance m the hydrological cycle as runoff from these highly glac1ensed 

basms IS concentrated m the same penod 1 e from June to mid-September (Hewitt 

1968) 

2.3 BROAD CLIMATIC CONTROLS 

The Hunalayas he m the subtropical high-pressure belt where seasonal 

mend1onal migration of pressure and wmd systems greatly alter the weather regime 

between the different months In wmter, the middle latitude westerhes sweep over 

the ranges and prec1p1tat1on comes from the "troughs of low pressure" m the 
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westerly circulation During the monsoonal months most part of the lhmalayas are 

under the sway of easterlies, m contrast to wmter 

The Karakoram range of the lhmalayas Mountams extend well mto the 

troposphere and are directly affected by the upper air system (Hewitt 1968) 

Therefore, m wmter the subtropical westerly jet stream m the upper troposphere, is 

steered by this system, and split mto two currents, one to the north and one to the 

south of the 4000m a.sJ high Tibetan Plateau. The two currents reumte agam off 

the east coast of China. The creation of the two branches is attnbuted to the 

disruptive effect of the topographic bamer on the airflow The branch over 

northern Palustan and India corresponds to a strong latitudmal thermal gradient and 

it is probable that this factor, combmed with the effect of the bamer to the north, 

is responsible for anchoring the southerly jet (Barry & Chorley 1970, Rao 1981) 

This southerly branch is stronger, with an average speed of 66 m s-1 at 200-300 

mbar, compared with about 20 - 25 m s-1 m the northern branch (Hewitt 1968, 

Barry & Chorley 1970) Arr subsidmg beneath this upper westerly current brings 

dry northerly wmds from the subtropical anticyclones to northwest Paklstan and 

India 

Equally important is the steering of wmter depressions over Pakistan-India by 

the upper jet. The lows, which are not usually frontal, appear to penetrate across 

the Middle East from the Mediterranean and are considered to be the main source of 

precipitation falhng on the Upper Indus Basm (Hewitt 1968, Barry & Chorley 

1970) These troughs m the westerlies are most marked m wmter and give more 

precipitation m the Western lhmalayas than m the eastern, the former bemg higher 

m latitude by four degrees (Rao 1981) 
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Rao (1981) and Boucher (1975) stated that on average 5 to 8 dISturbances a 

month affect northern Pakistan and India from December to Apnl However, the 

numbers vary greatly from year to year, and conditions depend upon scale, 

frequency and mtensity of these westerly dISturbances (Hewitt 1968) Rao (1981) 

found that wmter precipitat10n around 76°E on Karakoram ranges reaches a 

maximum, as it lS conslStently higher than any other section, and well north of the 

mam Himalayas According to him, the ranges m PaklStan north of 34 ° N receive 

appro::nmately 1500 mm water equivalent of snow between October and May 

reachmg maximum m January and February He also stated that 40o/o of the 

precipitation may occur as ramfall at places 2000-3000 m a.s.l m elevation Data 

collected by SllI.P mdicate that on average 900-1500 mm water equivalent fall m 

the elevation band 45()()-6500 m a.s.l., but much less below 3000 m Out of thlS 

total precipitation about 70% falls durmg wmter and 30% m summer (Wake 1987) 

In May or June the northern branch of the subtropical ,Jet stream decreases 

markedly m strength from about 25 m s-1 to about 10 m s-1 and by mid-June lS 

altogether diverted to the north of the Tibetan Plateau (Barry 1981) Whlle thlS lS 

occurrmg an area of high pressure lS establ1Shed over the Tibetan Plateau due partly 

to surface heatmg by the sun As warm air lS less dense than cold air, pressure falls 

less rapidly with height over the Tibetan Plateau The format10n of the Tibetan 

anticyclone lS concurrent with the development of a high level easterly ,Jet stream 

over southern Asia (at -15°N) Wmd speed m the core of thlS easterly ,Jet stream 

often exceeds 51.5 m s- 1 At the same time the summer monsoon begms to move 

across the Indian subcontment. 
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2.4 ROLE OF MONSOONS IN THE WESTERN HIMALAYAS 

The effect that the upper 811' flow has on the chmate of the Karak.oram IS not 

clear, as the regional. airstream continues to be influenced by the westerlies and 

westerly depres&ons may continue to affect the region throughout the year (Hewitt 

1968) However, temporary destruction of the Tibetan anticyclone can result m the 

mcumon of monsoonal. 811' m~ mto the Karak.oram, resulting m heavy 

precipitation The potentlal. for fluctuations m the summer circulation creates an 

environment that IS open to - substantial. vanability 

Several studies summanze the effect of monsoons m the Western Hunal.ayas. 

notable amongst these are FlDSterwal.der (1960), Mayewskl. & Jeschke (1979), 

Mayewskl et. al (1980), and Mayewskl and Lyons (1983, 1984) FIDSterwal.der 

(1960) reported heavy rams m the Hunza Valley (Central Karak.oram) and mteDSive 

snow storms at higher elevations due to the monsoon between July 2-5, 1959 A 

return penod for such monsoonal. mtrusion IS reported to be f lfty years 

(FIDSterwal.der 1960; p 787) Mayewskl. et. al (1979, 1980), attnbuted the advances 

of Trans-Hunal.ayan Glaciers dunng the penod 1890-1910 to monsoonal. currents and 

to secular vanat1ons m Indian ramfal.l In the most recent studies Mayewskl and 

Lyons (1983, 1984), on the basIS of snow chemIStry, suggested two different sources 

of precipitation for lower and higher elevations m the Ladak.h Hunal.ayas They 

collected a senes of fresh snow samples over a range of elevations m the Ladak.h 

Hunal.ayas m 1983 All fresh snow samples were collected withm 24 hours, 

following the end of the precipitation event They noted a distmct change m 

chemical. contents of fresh snow between 5250m and 5300m a.sJ On the basis of 

thIS they concluded that northerly and southerly flowmg warm air masses dommate 
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precipitation mput at low levels, and relatively cold air flowmg easterly and 

westerly dommates at higher levels 

The relative roles of westerly dl.StUrbances and monsoonal air m~ durmg 

summer m the Karakoram Mountains are still not clear However we have observed 

significant amounts of precipitation under the mfluence of monsoonal mcursions 

across the whole of the Karakoram Ranges durmg two of our field seasons m 1985, 

1986, and heavy snowfall at higher altitude and ram at lower altitudes contmued 

mto August 1987 from westerly depressions (Hewitt Pers Comm 1988) Chemical 

results of snow samples collected m the summer of 1986 from Biafo Glacier's Snow 

Lake m the Central Karakoram, mdicate alternatmg deposits of snow from Atlantic 

or Mediterranean Ocean (wmter) and Arabian Sea (summer) (Wake 1987) 

Monsoonal influence 1S more promment towards the south and east of the Upper 

Indus Basm as the Himalayan front ranges receive heavy precipitation durmg 

summer Further north and west this source of molSture 1S comparatively less 

important and westerly depressions give most of the precipitation However all of 

these regional chmatic conditions are powerfully modified by topography and the 

great altitudmal ranges of the Karakoram Mountains 

2 5 LOCAL CLIMATE The effect of altitude and topography 

Altitude alone has a significant effect on local chmate m addition to locational 

factors W md speeds m the mid-troposphere are generally higher than those close to 

sea level, an important factor m relation to snow movement and packmg, 

evaporation and the effect of topography-<:<>ntrolled wmd systems m exposed 

mountam masses The density and composition of the atmosphere changes with 
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altitude, havmg a marked effect on solar radiation received at the surface Both the 

water vapour (chief absorber of solar radiation) and aerosol content decrease with 

elevation, so the direct solar radiation reachmg the surface mcreases (Barry 1981) 

Air mass movements modify this picture locally, but diurnal and day-to-day 

fluctuations m solar radiat10n at the surface m high mountains are mvanably very 

large (Hewitt 1968) Differences m receipt of radiation resulting from topographic 

factors are reflected m air temperature and snow cover duration South facmg slopes 

receive direct radiation for much longer penods durmg the day, resultmg m a 

greater degree of meltmg The transitory snow lme on south facmg slopes at any 

given time durmg the ablation penod lS usually higher than on north facmg slopes 

ThlS has important implications for the hydrological response of snow covered 

basins A basm with a large percentage of south facmg slopes would produce 

meltwater sooner under clear sky conditions While radiation lS probably the ma.JOT 

source of energy m controlling melting on south facmg slopes, air temperature IS 

presumably more important on north facmg slopes (Hewitt 1968) ThlS lS also 

evident from the number and extent of small cirque or hangmg glaciers which 

occur less often at higher altitudes on south facmg slopes m most of the valleys m 

Karakoram Mountains 

The mteraction between topography and meteorological elements mvolves 

several basic charactenstics of any relief feature The overall dimensions and the 

onentations of a mountam range with respect to prevailmg wmds are important for 

large scale processes, relative relief and terram shape are particularly important on a 

regional scale, while slope angle and aspect cause stnkmg local differentiation of 

climate 
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Snowmelt runoff provides a ma.JOr portion of the volume of flow in the Upper 

Indus Basin nvers In order to understand how snowmelt converts into streamflow, 

1t is necessary to know the alt1tudmal oscillation of the snow line during the year, 

as altitude, topography, orography and aspect have considerable effects on the local 

chm.ate of the Karakoram Range and thence on snow hydrology Outstanding 

features of dus vanability are very s1gruf1cant increase in prec1p1tat1on with 

elevation, ramshadow effects and the existence of desiccating valley wind systems 

(Hewitt 1985) 

Most of the Indus valley in Pakistan has a moisture def1c1t, rainfall is exceeded 

by evapotransp1rat1on Lockwood (1974) suggests that evapotransp1ratlon is more 

than 1,000 mm per year, and considers the chm.ate to be and (Lockwood 1974, p 

166) The main nver valleys below about 3000m in the Karakoram are also 

extremely and Mean annual prec1p1tat1on measured in the valley bottom towns of 

Gtlgit and Skardu is 132 and 202 mm respectively (Fig 2 4) Butz and Hewitt 

(1986), also calculated a negative moisture balance both for Gtlgit and Skardu This 

negative moisture budget together with dry valley wind systems creates a severely 

desiccated landscape up to 3000 m a.sJ in the western and 5000 m a.s.l in the 

eastern Karakoram Any agnculture that does exist is supported by the water from 

the snow and ice melting at higher elevations (Butz 1987) The effects of altitude 

and topography on some important climatic parameters are discussed ind1v1dually in 

the following paragraphs 
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2.5 1 Radiation 

Radiation IS considered the key factor m controlling snow melt and runoff m 

mountam areas where aerosol content tends to be low, and most of the water vapor 

IS concentrated m the lowest 2,000-3,000 meters of the atmosphere (Barry 1981) 

The absence of aerosols with mcreasmg altitude results m mcreased solar radiation 

bemg received on higher elevation slopes (Hewitt 1968, Barry & Claudia 1974) 

The Upper Indus Basm m general has a high mcident radiation level because of 

the ram shadow effect which reduces the cloud cover, especially m summer In the 

Barpu Basm, Central Karakoram, maximum shortwave radiation recorded on Mlar 

Glacier near the JUnctlon of sumiayar Bar and Mlar Glaciers at an elevation 3300 m 

a3.l.. was 1334 w/m 2 dunng summer 1987, which is 95% of the solar constant 

(1380 w/m2
) However net radiation m the mountamous areas tends to decrease 

with elevation as the mcreased duration of snow cover at higher elevations causes to 

reduce the absorbed radiation due to higher albedo of snow (Barry 1981) 

2.5.2 Temperature 

Increase m altitude m free arr IS, on average, asmx:iated with a temperature 

decrease However there are sigmficant seasonal differences The envrronmental lapse 

rate along a mountam slope below 2000 m a.sJ may differ considerably from that 

m the free atmosphere, dependmg on the tune of the day Above that, the lapse rate 

may be smnlar to that m the free air (Barry & Claudia 1974, Whiteman 1985) 

Temperature records available for northern areas Pakistan (Table 2 1), may not 

represent the true chm.atic conditions as most of the present chm.ate data is recorded 



Table 2 1 
Mean Monthly Temperatures (oC) 

Selected Upper Indus Basin Stations 

No of 
Years Extreme 

Site Record J F M A M J J A s 0 N D Daily Value 

Chi las 27 Min 0 5 3 2 8 5 13 6 18 1 24 3 27 5 26 9 22 8 14 6 6 7 1 8 -6 7 
(1260 m) Max 12 1 14 7 19 2 25 2 31 0 37 8 39 8 38 9 35 1 28 6 20 8 13 9 47 0 

Gilgit 30 Min -2 4 0 6 5 8 10 0 12 0 15 2 19 0 18 4 13 3 7 2 1 2 -1 4 -9 5 
(1490 m) Max 9 1 12 1 17 8 23 6 28 0 34 0 35 9 35 6 31 7 26 2 17 9 11 0 45 4 

Chitral 20 Min -0 7 0 4 4 2 8 6 12 6 18 3 20 3 19 3 13 3 7 7 3 1 -0 8 -12 3 
(1500 m) Max 8 7 9 8 14 9 21 8 27 1 34 8 36 2 35 0 31 1 25 0 18 4 11 4 44 8 

Gu pis 26 Min -4 9 -2 8 2 2 7 6 11 3 16 1 19 2 17 5 13 5 7 2 1 7 -3 0 -11 2 
(2144 m) Max 4 0 6 6 12 2 18 3 22 9 29 1 32 0 31 1 26 3 20 0 13 5 6 0 40 3 

As tore 25 Min -7 2 -5 6 -1 2 4 0 7 3 11 6 15 0 15 1 10 6 4 5 -0 6 -4 7 -15 7 
(2148 m) Max 2 6 4 1 8 4 14 8 19 6 25 2 27 3 26 9 23 8 17 1 11 0 4 8 35 3 

Skardu 29 Min -8 0 -5 2 1 3 6 6 9 6 13 8 16 9 16 6 12 2 5 2 -1 6 -5 7 -18 5 
(2197 m) Max 2 6 5 1 11 4 17 9 21 6 28 3 31 2 31 1 26 6 20 3 11 7 5 5 40 0 

Karima bad ?Mm -4 0 -2 6 ~2 4 7 2 10 6 13 9 16 4 17 2 11 5 7 7 2 6 -1 8 -6 7 
(2405 m) Max 2 1 4 3 9 0 16 1 20 2 25 8 28 5 29 4 23 8 18 1 10 7 4 3 37 8 

Yasin 3 Mm -9 7 -7 4 -1 6 4 2 7 9 9 5 11 4 12 1 7 1 2 6 -1 9 -6 6 -15 0 
(2450 m) Max -0 2 2 4 8 3 13 6 20 3 24 7 26 4 30 1 22 1 16 4 9 8 2 7 36 0 

Naltar 2 Min -9 7 -9 4 -4 7 0 7 4 1 8 7 9 6 12 1 9 6 2 6 -0 4 -6 1 -15 6 
(2880 m) Max -2 8 -1 4 4 0 9 5 14 0 21 0 27 3 23 9 19 8 14 0 7 0 1 7 32 2 

Babusar 2 Mm -14 7 -10 6 -3 0 3 6 (6 5) 10 7 14 5 13 4 9 4 0 4 -5 4 -12 6 
(3003 m) Max -1 6 -1 8 6 0 12 6 (15 1) 20 1 25 4 23 9 19 1 10 1 3 4 -4 3 

Misghar 17 Min -13 2 -9 7 -5 4 -0 2 3 4 8 0 11 1 11 6 6 6 -0 1 -5 8 -10 6 -18 9 
(3088 m) Max -1 1 1 7 7 2 12 3 16 3 21 2 24 6 25 2 20 8 14 0 6 9 0 5 32 8 

Source Whiteman, 1985 
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from stations lying in the valley's bottoms below 3000m. elevation (Hewitt 1986) 

The annual vanation in monthly averaged nummum and maximum 

precipitation and temperatures for Gtlgit (1,494m a.sJ.) and Skardu (2,286m a.s.1) is 

illustrated in figure 2 4 Figures for these valley stations reveal large annual 

temperature range usually over 30°C, moisture regimes vary from subhumid to and 

(Whiteman 1985) 

Altitudinal gradients in arr temperature are the basic control over snowmelt 

runoff in the Karakoram However, the most important factor is the seasonal and 

diurnal duration of melting temperatures which both decrease with altitude and are 

concentrated in fewer months of summer Data collected dunng the summer of 1987 

by S IJI.P shows a decrease of the average diurnal temperature range in Barpu 

Glacier Basin from 9°C at 3510 m a.sJ to 6°C at 4572 m a.s 1 on southwest facing 

slopes. 

Whiteman (1985) calculated environmental lapse rates of 6.5 - 7 8°C per 1,000 

meters using the regression of mean monthly screen arr temperature recorded at 

eleven stations over a range of elevation from 1,260 to 3,088 m a.s.1 in the northern 

areas of Pakistan He also mentioned that minimum lapse rate is lower than the 

maximum except dunng the summer solstice penod He noted however, that local 

aspect and topography cause sharp departures from these values The lapse rate 

calculated from the data collected by S.I.H.P dunng May to August, 1987 between 

elevation 3500m to 4572m a.sJ shows much higher lapse rates (ie more than 1°C 

per 100 meters) Comparatively higher results can be attnbuted to the fact that 
( 

Whiteman calculated the lapse rate from the mean monthly temperature using 
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regression equations, and that the latter lapse rate is calculated from the summer 

data only Th.ts can also be attnbuted to the higher temperatures on the mountain 

slopes than in the free atmosphere 

2 5 3 Preapitatlon 

In general high-altitude terrain receives more precipitation than do the 

surrounding lowlands, because of forced, or orographic, hfting of arr masses as they 

cross the highlands. Also precipitation falls as snow as a result of decreasing air 

temperature with increasing elevation (Alford 1985) The spatial distribution of 

precipitation in amount, form and to some extent timing is dominated by orographic 

conditions. Altitude induces upslope changes, topography induces vanations due to 

exposure, obstruction and steering of molSture-beanng winds, and local heating and 

circulation effects Of spatial interest is the increase in precipitation with elevation 

and zone of maximum accumulation, since it controls the runoff available to 

different drainage umts and the relative proportions of direct and melt-water 

runoff Record are poor for high altitude conditions, but it lS clear that precipitation 

exceeds evaporation roughly from 3500m a.sJ. in the study area of the Karakoram 

Above 3500m elevation precipitation is in the order of 1100 to 1600 mm per year 

(Hewitt 1968, p 49) A study on the Batura Glacier at an altitude above 5,000 m 

a.sl shows net accumulation of snow between 1000 to 1300 mm water equivalent 

annually (Batura Glacier Group 1979) It is actually this snowfall at higher altitude 

that supports the vast snow fields and large valley glaciers in the Karakoram, and 

through subsequent melting contnbutes 70-80% of the surface runoff in the Upper 

Indus Basin Rivers (Hewitt 1986) 
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2.54 Wmd 

The most important charactenst1cs of wmd vel0C1ty over mountams are related 

to topography, rather than altitude effects In middle and high latitudes It IS normal 

to expect that, on average, there will be an mcrease of wmd speed with height, due 

to the characterISt1cs of global westerly wmd belts (Reiter 1963) Isolated peaks and 

exposed ndges of the Himalaya expenence high average and extreme speeds as a 

result of hmlted fnct1onal effect of the terram on the motion of the free air 

Recordmg stations across the Gtlgit dIStnct measure average wind speeds of 0 9 

m s- 1 dunng summer months (Table 2 2) 

Table 2.2 
Wmd at 2m height. (m s- 1

) Selected stations m Upper Indus Basm 

Site/elev J F M A M J J A s 0 N D 

Chtlas 02 o.s 07 08 07 08 1.2 11 09 o.s 0.2 02 
(1260m) 

Gtlgit 03 o.s 06 06 06 OS 06 04 04 03 0.2 02 
490m) 

GupIS 03 o.s 08 10 10 11 10 09 09 06 03 02 
(2144m) 

Astore 04 o.s 07 07 07 07 09 09 09 08 07 02 
(2148m) 

Skardu 03 o.s 08 10 10 11 10 09 09 06 03 02 
(2197m) 

Yasm 06 11 13 13 12 11 09 08 07 07 08 09 
(24SOm) 

Source Met Dept Lahore, except Yasm (PAO) (m Whiteman, 1985) 
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Wmd speed measured dunng the summer of 1985 and 1986, on the mamstream 

Biafo Glacter ice at an elevation of 4080 m a.sl ranges from 3-7 m s- 1 (Wake 

1987) However much stronger wmds were observed at exposed areas with higher 

elevations such as 'Shark Col' (5660 m a.sJ ) and Khurdopm Pass (5800 m a.sJ ), 

Central Karakoram Maximum wmd speed measured dunng summer 1987, m Barpu 

Glacier Basm Central Karakoram at an elevation of 3510m a.sJ. on a valley stde is 

7 3 m s- 1 Due to marked local vanability, these values are at best rough estimates 

of regional trends 

2.6 HYDROLOGY 

To appreciate the hydrology of the Upper Indus Basm, it is important to look at 

the course of the Upper Indus nver and its longest tnbutary, Sutle.J. These two 

nvers, though rumg withm 130 km of each other envelop the entire western 

Himalayas before they meet near Mithankot (Fig 11) The Karakoram Mountams he 

almost entirely withm the headwaters of the Indus nver and contnbute about 25% 

of its total flow from 15% of the catchment area, all denved from snow and ice 

melt (Butz 1987) The seasonal, short-term and year to year fluctuations of nver 

flow m the Karakoram all appear distmctively alpine m character The Batura 

Glacier Group (1976) measured ramfall of 100 mm below the snout of the Batura 

Glacier Whereas, average annual runoff measured ranges between 300 - 1000 mm, 

which shows rapid mcrease m precipitation with elevation This is supported by the 

fmdmgs of the Batura Glacier Groups (1979), who reported that, at elevation 3400m 

a.sl., precipitation doubled with an mcrease of 900m in elevation and also indicate 

net accumulation of 1030 - 1250 mm water equivalent Discharge begins to nse in 
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Apnl at lower stations, and not unttl May in the upper catchment areas. Due to a 

greater glaciensed area the Hunza nver produces 30% more streamflow than the 

Gtlgit River even though 1t has only 9% more catchment area (Table 2 3) 

Table 2.3 
Basin Charactenstics of the Upper Indus Basin Rivers 

No Name No of Area % Area Mean 
Years (k.mzX103) Indus (Besham) Annual flow 

Cm 3s-1
) 

1 Shyok (Yogu) 9 33 7 2073 3484 

2 Indus (Kachura) 13 112 7 6938 10110 

3 Gtlgit (Gtlgit) 12 121 745 2889 

4 Hunza Coianyor) 16 131 81 3081 

5 Gtlgit (Alam) 15 261 1611 6662 

6 Indus (Partab) 22 142 7 879 1730 

7 Astore (Doyian) 6 40 2.5 1210 

8 Indus (Besham) 15 1624 1000 2351.S 

No of years are taken from the data record given in Snow and Ice Hydrology 
Pro,JeCt Annul Report 1985 

In terms of volume of water earned annually, the Indus ranks with the 

Columbia River in Canada and Umted States The annual flow of the Indus is about 

209,6916 million cubic meters, twice that of Ntle, three times that of the Tigns and 

Euphrates combined (Gulhati 1968) Out of the total drainage area, 453,250 km. 2 he 

in the Hlmalayan mountains and foot-hills, which are the source of water supply, 

the rest he in the and plains of India and Pakistan which would mostly be desert 
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but for the waters of the Indus. 

Runoff from snow melt depends upon the previous wmter prec1p1tatlon 

Snowmelt component is larger after an unusually snowy wmter, but meltmg from 

the glaciers is delayed as snow insulates the ice surface for a longer penod Stream 

flow also vanes considerably from year to year For example, runoff from the 

entire Karak.oram region (Upper Indus catchment plus Gtlgit and Hunz.a nvers) was 

390 mm m 1970 but mcreased to 540 mm m 1973 (Fig 2.S) This vanat1on may 

sometimes depend less on wmter snow fall than on weather conditions which 

largely control ablation rate m summer 

Snowfall dunng spnng or prolonged cloud cover may mterrupt the diurnal 

flow regime considerably by reducmg glacier ablation Therefore, a sunny or 

comparatively hot summer yields high runoff at the expense of glacier storage Also 

seasonal vanations m the Upper Indus Basm nver's flow are affected by the 

creation of ma.JOr natural dams and outburst floods as a consequence of either 

glacial, mudflow or landshde block.mg and subsequent sudden outburst floodmg 

(Hewitt 1982) 

2.7 CONCLUSION 

Chmatlc information of the Upper Indus Basm is scanty, particularly at high 

elevations. The mountains extend well mto the troposphere and are mfluenced 

directly by the upper air system The effect of the upper air flow on the chmate of 

the Karakoram is unclear The regional airstream contmues to be influenced by the 

wester hes 
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and westerly depressions may contmue to affect the region The number of these 

low pressure systems IS extremely vanable, resultmg m seasonal penodic and 

apenodtc fluctuations m temperature and precipitation This vanablhty IS further 

mcreased when temporary destruction of the Tibetan anticyclone allows the 

mcursion of monsoonal air masses mto the Karak.oram, resultmg m heavy 

precipitation However, effect of monsoonal air masses IS hmlted to the southeastern 

part of the Upper Indus Basm and further north, westerly depressions may contmue 

to influence the chmate dunng summer as well Some scientlStS have reported 

precipitation under both (westerly and monsoonal) au masses dunng summer m 

Ladak.h, Himalayas (Mayewskl et al 1983) The effect of these broad chmatic 

regimes are further strongly modified by altitude and local topography 



CHAPTER 3 

Snow Accumulation And Ablation 
In Mountain Areas 

3.1 INTRODUCTION 

In the mountams, both the turung and volume of runoff from watersheds 

differ from that denved from lowland ram or snowmelt Typically, high-altitude 

terrain receives more precipitation than the surrounding lowlands, because of forced, 

or orographic, llfting of arr masses as they cross the highlands (Barry 1981) The 

mountain hydrometeorological system can be exam.med at a vanety of spatial and 

temporal scales that range over 10 orders of magnitude (Alford 1985, p 353) The 

smallest scale, the nucroscale, lS dlstinguIShed from the other scales by the great 

importance of physical changes in arr masses necessary to promote the formation of 

precipitation and by the point surface energy exchange processes. The nucrometeorolo

gical problem lS fairly well understood and lS identical, at least in kmd, with that 

of all other terrestnal environments (Anderson 1976) The factors interact in a 

complex way in areas of high local rehef, such as the Kara.k.oram Mountams, and 

water balance calculations cannot be based upon standard meteorological 

measurements in these areas (Alford 1985) 

Snowmelt results from many different processes of heat transfer The quantity 
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of snowmelt IS, moreover, dependent upon the condition of the snow pack itself As 

a consequence, the ngorous determination of snowmelt is quite complex and several 

assumptions are used m the practical computation of snowmelt The relative 

importance of the vanous heat transfer processes mvolved m the meltmg of snow 

packs vary with time and with locale As a result of this no smgle method or index 

for computing snowmelt has been found that is suitable to all areas and at all times 

of the year In order to select the best method of computmg snowmelt for a given 

area a complete understandmg of the snowmelt process is necessary In this chapter, 

the most important factors affectmg snow accumulation, distnbution and meltmg of 

snow packs m mountamous areas will be discussed 
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Snow cover compnses the net accumulation of snow It may mclude water 

from ramfall and vanous contammants frozen m the cover as well as precipitation 

deposited as snowfall, ice pellets, and hoarfrost Its structure and accumulation 

patterns are complex and highly vanable with space and time This vanablhty 

results from a number of factors such as wmd, temperature, and humidity at the 

time of precip1tat1on and immediately followmg Rad1at1ve exchange alters snow 

structure, deDSlty, and optical properties such as reflectance etc Wmd modifies snow 

density and crystallme structure, and causes scour and redeposit Topography and 

physiography also affect snow cover On steep slopes, mechanical creep and 

avalanches may greatly modify the snow cover All these factors contnbute to 

accumulation, metamorphosis, ablation, and alter the snow cover's physical 

charactenstlcs until it bears little resemblance to freshly fallen snow The effect of 

each factor is discussed below 

3.21 Wmd 

The characteristics of the wmd near the earth's surface are of ma.JOr importance 

m determmmg the amount of snow movement and m determmmg the scour and 

depos1t1onal patterns Isolated peaks and exposed ndges of the Hunalaya Mountams 

expenence high average and extreme wmd speeds as a result of hmlted fnctional 

effect of the surroundmg terram on the motion of free arr In some locations, terram 

conf1gurat1on may even mcrease wmd speeds near the surface above those m the 

ad.Jacent free air (Barry 1981, p 51) Snow accumulation patterns are a complex 
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functlon of deceleration and acceleration of the air stream, its velocity proftle and 

the formation of separation vortices (R.lchter 1945, cited m Gray et al 1979) The 

presence of velocity gradients withm the boundary layer rmphes the eXlStence of 

shear stresses m the wmd flow The shear stress lS highest at the earth's surf ace and 

decreases with height, becoming zero m the geostrophic wmd above the boundary 

layer (Kmd 1981) It lS the shear stress exerted by the wmd on the surface which 

causes the movement of loose snow Virtually all natural surfaces act as rough 

surf aces with respect to wmd. When the wmd speed lS high enough to mduce 

dnftlng or movement of snow, the flow near the surface lS dominated by the shear 

forces. Under such conditions Kmd (1981), has mentioned the followmg relationship 

M* = 2 5 ln (~) + 5 5 - C(~) (31) 

where U = the mean wmd speed at a height, Z, 

U* = the "fnction" or "shear" velocity, equal to vro/p 

m which ro lS the shear stress at the 

K 

c (~) 

surface and p lS the density of air, 

a roughness parameter, and 

a constant whose magmtude depends on the non

drmensional spacmg of the roughness elements, 'X. 

ThlS velocity proftle equation can apply to the surface over which roughness lS 

fairly uniform and approxrmately vahd for Z<fetch/20 or Z = 50 m, whichever lS 

less (Gray et al 1979, p 10, Kmd 1981, p 341) The equation lS not apphcable to 
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the profile near or below the tops of roughness elements, where the wmd flow 

pattern is very complex and often three drmeDSional, for example where trees, 

buildmgs, ndges, and other obstacles affect the wmd pattern 

3.2 1 1 Transport of snow by wmd 

The force exerted by movmg arr per umt area is the shear stress, 1' 
0

, existmg 

between the movmg arr and the snow cover, which m turn, is a function of surface 

roughness, the mass density of arr, and the wind velocity Before movement can 

occur, it is necessary that the shear stress attain some cntical value to overcome the 

partlcle weight and mter-particle cohesive forces. In snow dnftmg, it is taken as the 

shear velocity, U*= ./To/p, instead of the shear stress The threshold shear velocity 

(U*th) required to disturb the surface and transport particles is highly vanable 

dependmg on the size, shape and weight of the snow crystals and the cohesive 

forces, the latter bemg dependent on the wetness of the snow The dnftmg process 

itself causes compaction and hardenmg of the snow and the threshold shear velocity 

mcreases progressively dunng dnftmg of snow by wind Oura (1967) reported an 

mcrease m the threshold velocity of freshly fallen snow from 0 22 mis to 0 4 mis 

after only several hours of agmg 

In the equation 31 shear stress, ., 
0

, and the shear velocity, U* are related to the 

wind velOCity, U Kind (1976) and Owen (1964) suggest that the followmg 

relationship can be used to descnbe the velocity profile over and within the 

saltat1on layer 



49 

.Y. = U* 
z 

2 5 ln [U*2/2g ] + 9 7 (3 2) 

Tlus equation 1S almost the same as equation 31 except they have replaced effective 

roughness height, K with U* 2 /2g Kind (1976) and Owen (1964) mterpreted thlS as 

bemg proportional to the effective height of the rough surf ace 

3.2 1 2 Modes of transport 

The three most recogruzecl modes of snow transport m the movement of snow 

are sa/tatzon - the boundmg of particles along the surface travelling m curved 

tra,JeCtones under the mfluence of wmd and gravity forces, ground creep - the 

shdmg or rolling of particles along the surface, and turbulent diffusion - m which 

particles are held m suspens10n m the air stream without necessanly contactmg the 

ground Generally, it 1S accepted that most of the snow 1S transported by saltation or 

turbulent diffusion or both (Kind 1976, Gray et al 1981) In effect, these two 

modes of snow transport have led to the development of two snowdrift theones, the 

dynamic and diffusion theones based respectively on the works of Bagnold (1941) 

and Schmidt (1925) (cited by Gray et al 1979) The dynamic theory views snow 

drlftmg as a near surface phenomenon due to small eddies m the lowest 10 cm 

producmg mainly saltation, whereas the diffUSlon theory attaches the mam 

importance to the larger eddies m the free air stream extendmg to tens or hundreds 

of meters above surface (Radok 1977) 

Bagnold (1973) suggests that snow particles can only nse to great heights when 

the turbulent velocities become roughly equal to the termmal fall velocity of 
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particles and shear velocity, U*, IS about five times greater than the threshold 

velocity, U* th Generally, the ma.)Or portion of the mass in the surface layer of the 

snow pack winch can be blown by wind consISts of particles having fairly s1.ID.1lar 

size (nominal diameter) of about 0.5 mm, and the threshold shear velocities may 

range from 0 1 mis to 0 2 mis (Kmd 1981, p 343) Owen (1964) has stated that for 

saltating, umf orm, sphencal particles, assuming no phase change and two 

dimensional flow, the mass transport rate or the ability of the wind to transport 

snow IS approximately proportional to the 3rd power of shear velocity, U* 3 The 

dIStnbution of the horizontal mass flux of blowing snow with height IS evident 

from figure 3 1 Approximately 90% of the total flux occurs within about 2 cm of 

the snow surface "saltation" (Kmd 1981, p 348) 
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3.2 1 3 Effects of wmd on snow density 

In snow hydrology, the most cntical factor is the effect of wmd on snow 

density and subsequently on the snow water equivalent When snow crystals are 

moved by wmd, their physical shape and properties are changed and they are 

redeposited with densities much greater than the parent matenals. Gray et. al 

(1971) reported the density of newly fallen snow mcreased from 45 kg/m 3 to 230 

kg/m 3 withm a penod of 24 hours under bhzzard conditions For companson, 

GoodlSOn and Ferguson (1981) reported average mcrease m density of a freshly 

fallen snow at a sheltered site m Ontano from 104 kg/m 3 to 152 kg/m 3 withm SIX 

and a half hours (1030 to 1700hrs) Table 3 1 shows the characteristic values of the 

densities of snow as mfluenced by wmd 

Table 3.1 - Densities of snow cover 

Snow Type 

Wtld snow 

Ordmary new snow immediately after 
fallmg m the still air 

Settlmg snow 

Very slightly toughened by wmd 
immediately after fallmg 

Average wmd-toughened snow 

Hard wmd slab 

New frm snow 

Advanced frm snow 

Thawmg fim snow 

Density (Kg/m 3 ) 

10 - 30 

so - 65 

70 - 90 

63 - 80 

280 

350 

400 - 550 

550 - 650 

600 - 700 

Source Gray et al 1979, pp 14 
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3.2 2 Topograplnc Factors 

The pnmary topographic factors affecting snow accumulation and distnbution 

are elevation, slope and aspect. Of these three, in mountain terrain, elevation is 

norm.ally COll.Sldered the ma.JOr factor At a specified location and within a given 

elevation interval, a linear association between snow accumulation and elevation is 

often found (U S Corps of Engineers, 1956) The transposabtllty of these 

relationships from place to place is highly suspect, because the influence of elevation 

alone is indeterminate due to the interdependency of climate, slope, and elevation 

Each of these physiographic factors is discussed independently below 

3.2 2.1 Elevauon 

The increase of precipitation with height on mountain slopes is a world-wide 

charactenstic, although actual profiles of precipitation differ regionally and 

seasonally (Barry and Chorley 1985) Several studies demonstrate that the 

altitudm.al increase is due to the combined effect of higher intensities and greater 

duration of precipitation (Atlklnson and Sllllthson 1976, Hendnck et al 1979) 

Flohn (1974), stated that increase in precipitation along a mountain profile is 

dependent on the total vapor amount which condenses per urut of tune dunng 

transport, and on the increase in wind velocity with height. Gray et al (1979) 

measured precipitation within selected elevation bands in Colorado for three 

consecutive years and found large vanation between ma.JOr physiographic areas and 

also spatial- temporal vanations within a given area (Gray et al 1979, p 14) 

Hendnck et al (1979) have made a comprehensive study of the spatial 
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distnbution of precipitation with elevation at Mount Mansfield, Vermont between 

327m and 1170m. a.s.1 Dunng two winter-spnng seasons (October to March 

1976-1977 and 1977-1978), precipitation, snow depth, and snow water-equivalent 

observations over the mountain profile were analysed for elevation effects on 

weekly snow and water input, on event and hourly precipitation amounts and 

intensltles The study shows that, 

1 Total precipitation increases linearly with elevation, but individual events 
makes both seasonal averages and linear-regression inadequate for predicting 
higher elevation precipitation on an event basis 

2 Hourly analysis of precipitation mtensities showed that increased intensity 
at higher elevations dunng penods of concurrent precipitation accounted for 
74% of the total increase of precipitation depth with elevation 

3 Finally they suggested that wind and moisture observations are necessary 
to estimate snow accumulation with elevation on an event basis 

Peck (1964) and Dingman et al. (1979) emphasized the influence of climatic 

factors or elements of parent weather systems in interpolating snow dtstnbution and 

accumulation patterns. Dingman et al (1979) have analysed snow course data for 

93 stations in New Hampshire and Vermount for the years 1964 - 1973 to 

determine distnbution of snow depth, density and water equivalent with elevation 

Table (3 2) summanzes the results of the pnncipal set of regression analysis. There 

is a sigruficant (a = OS) relationship for water equivalent, depth with elevation for 

all three months (January, February and March) This is largely due to two 

elevation related climatic factors First, more precipitation occurs at higher elevations 

due to higher intensities of precipitation (Hendnck et al 1979) The second factor is 



Table 3 2 - Results of Regressions of Snow Properties vs Elevation 

Std error 95% c I 
n* r r2 a (cm) b (cm/m) (cm) (cm) 

Water equivalent 

January 91 (11) 639 408 562 0107 193 80 - 2 29 

February 92 (13) 696 484 823 0165 250 103 - 306 

March 90 (65) 744 533 908 0224 303 127 - 362 

Depth 

January 91 (11) 637 406 277 0409 740 308 - 8 83 

February 92 (13) 675 456 341 0584 9 31 3 83 -1133 

March 90 (65) 721 519 311 0769 112 4 67 -13 32 

Density 
b (1/m) ---

January 91 (11) 345 119 190 00006 0234 

February 92 (13) 115 013 251 00002 0196 

March 90 (65) -029 0009 300 -000004 0223 

ti\ 

* Numbers m parentheses are numbers of stations for wluch only 9 years of data were available 
,,. 

(Source Dmgman 1979) 
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a function of the vertical temperature gradient which mmim1zes the loss of water 

from melting 

In Karak.oram, orographic effects dominate the form and spatial distnbution of 

precipitation and rapid increase is reported by many expeditions above 3000m a.sJ 

(Hewitt 1968, Batura Glacier Group 1979 and Wake 1987) The zone of maximum 

accumulation of snow has been observed between 4800 to S200 m a.sJ and decrease 

above that up to S800m a.sJ (Hewitt 198S, Wake 1987) 

3.2.22 Slope 

Mathematically, the orographic precipitation rate is predominately related to 

terrain slope and windflow rather than elevation If the air is saturated, the rate at 

whlch precipitation is produced is chrectly proportional to the rate of nse of the arr 

The rate of nse of the arr flowing over a upsloping terrain is drrectly proportional 

to the product of the wind speed and the magnitude of the slope (Gray et aL 1979) 

Gray et. al also suggests that winds of hlgh velocities and long duration of 

snowfall are most important among the factors effecting distnbution at higher 

elevations. That may well be a ma.JOr factor in the Karakoram Mountains, where 

high winds and reduced cloud cover are observed at high elevations (Hewitt 1968) 

Steppuhn (1978) shows the relative amounts of snow retained by level plains, 

gradual slopes and hill tops (all in summer fallow) to be of the order of 0 6, 0 7 

and 02 respectively Woo and Marsh (1977) suggest, after a detailed snow survey at 

the end of the 197S-76 winter in four small High Arctic basins, that vanous types 

of terrain within the basins possessed distinctive charactenstic snow depths and 

densities This suggests that division of terrain uruts with different topographic 
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features 1S necessary m a study of snow storage 

3.2.2 3 Aspect 

The importance of aspect on snow accumulation 1S evidenced by the wide 

differences found between the snow cover on wmdward and leeward slopes m 

mountamous regions In mountains, the ma.JOr factors contnbutmg to these 

differences are the mteraction and mfluence of aspect m relation to the directional 

flow of snowfall producmg air masses, the frequency of snowfall occurrences, and 

therr effect on the energy exchange processes mfluencmg snowmelt and ablation 

(Gray et al 1979) 

Merman (1970) suggests that the effect of aspect appears to be predominantly a 

melt effect rather than an accumulation effect Goodell (1952) and Stanton (1966) 

have sllllllar views that aspect does not affect the maximum snow cover m natural 

forest conditions where the melt opportunity 1S m1mm1zecl, whtle the effects 

mcreased m areas where wmter melt 1S common Sllllllar arguments are summanzed 

by Landals and Gill (1973) Stanton (1966) show the importance of aspect along the 

eastern slopes of the Rocky Mountams (Table 3 3) 

Table 3.3 Mean accumulation of snow (cm) under different cover conditions 
m the Eastern Rockies as related to aspect (after Stanton, 1966) 

Aspect 

N s E 

Forest 41 41 39 

Cut forest 45 53 65 

(Source Gray et al (1979 p 16) 
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In the Hunalaya, on regional scale, snowhne on southern slopes IS lower by 

100-1500 meters than the cool northern slopes. While on a mesoscale the snow hne 

is usually 1000-1500 meters h.tgher on southern slopes dunng the meltmg season due 

to extended energy exchange as compared to relatively cool north facmg slopes. This 

is also evident from many hangmg glaciers on northern slopes m valleys of the 

Karak.oram Mountams. 

3.3 SNOWMELT IN THE MOUNTAIN ENVIRONMENT 

3.3.1 Sources of Heat Energy 

The pnnciple fluxes of heat energy mvolved m the meltmg of the snow pack 

were dISCussed by Male and Gray (1981) Practically all of the heat utilized m the 

meltmg of snow can be ascnbed ultimately to solar radiation (Fig 3 2) 

INSOLATION NET TERRESTRIAL 
(SW RADIATION) RADIATION (LW) 

SNOW PACK 

TURBULENT 
CONVECTION 

GROUND HEAT 

Fig 3 2) Sources of 'heat that generate snowmelt 
(Source Davar 1970) 
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Solar rad1at1on may supply heat for snowmelt in several ways The pnnc1pal ways 

are a) by direct mc1dence upon the snow, b) by reflected rad1at1on resulting from 

incidence of solar radiation upon ob,JeCts with or without conversion from short 

wave to long-wave heat, and c) mdrrectly as warm air, the temperature of which 

has been raised either by drrect solar radiation or by contact with heated bare rocks, 

ground or trees or by the conversion of short wave radiation to long-wave heat 

Another source of heat available for snowmelt is the latent heat of condensation 

and also the heat produced by refreezmg of melt water m the snowpack In the 

following paragraph each of the factors affecting snowmelt in mountainous areas 

will be discussed ind1v1dually and also the effects of mountainous topography on 

each of the ind1v1dual components will be descnbed 

3.3.2 Thermal Quality of Snow-pack 

The amount of snowmelt resulting from a given quantity of heat energy is 

dependent upon the thermal quality of the snow pack The latent heat of ice is a 

well established quantity 80 cal/g (US Army 1956) Only rarely is snow 

encountered which consists of pure ice at 0°C Dunng the melt season the snow 

pack is generally 1S0thermal at 0°C and also contains varying amounts of free 

water The actual cond1t1on of the snow pack with regard to the volume of water 

resulting from a given quantity of heat energy is designated as the "thermal 

quality" of the snow pack At sub-freezmg temperatures snow will have a thermal 

quality greater than 100 percent as more heat energy is requrred to bnng the 

snowpack at 0°C The thermal quality of snow is defined as the ratio of heat 

necessary to produce a given amount of water from sri'.ow to the amount of heat 
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required to produce the same quantity of melt from pure ice at 0°C The US Army 

(1956) has determined by usmg calonmetnc methods, that the thermal quality of 

snow ranged from 80 - 110 percent. Generally snow has low thermal quality values 

dunng tnnes of high melt, when samples of snow contamed melt water m transit 

or m excess of the hquid-water-holdmg capacity of the snow 

3.3.3 The RadJ.ation Balance at the Snow Surface 

Radiation IS mo.st often the nnportant factor m heat exchange at the snow 

surface Obled and Harder (1979), descnbe the followmg equation for a given umt 

area 

N=l+D+C-T-R (3 3) 

where N IS the net radiation at the snow surface, I IS the direct solar radiation 

reaching the snow which has not been attenuated m the atmosphere by reflection, 

scattenng or absorption, D IS the diffuse radiation which has been scattered by the 

atmosphere or radiation reflected from the surface which has been back.scattered by 

the atmosphere, C IS the downward long wave atmosphenc radiation, or counter 

radiation, emitted by the earth's atmosphere, T represents the terrestnal radiation 

emitted at the earth's surf ace, and R IS the portion of mcom.mg radiation which IS 

reflected at the low surf ace 

The drrect and diffuse radiation which are often considered together and referred 

as global radiation, mcident only dunng the daytnne m wave lengths from 0 3 to 

3 0 µm The effective radiation, which IS the difference between the terrestnal 
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radiation and downward atmosphenc radiation and defined as positive in outgoing 

direction because the terrestnal radiation lS usually the larger of the two, falls in 

long wavelengths from 30 to 80 i.&m. The reflected component R of the net 

radiation balance depends upon the albedo of the surface For long wave radiation 

snow works as a blackbody, and it lS generally accepted that less than 0.5% lS 

reflected (Geiger 1965) Vanation in long wave radiation due to topographical 

vanation lS also considered neghgible with respect to the net radiation balance 

(Obled and Harder 1979) 

3331 Direct solar radiation 

In the study of the effect of topography on the radiation balance it lS the direct 

solar radiation component which has been widely studied (U S Corps of Engineers 

1956, Dozier 1980, Barry 1974 & 1978 , Obled and Harder 1979, Ohmura 1970; 

Garnier and Ohmura 1970, and Wtlhams et al 1972) The radiation received on 

slopes and their vanations with altitude will be dlSCussed in the following 

paragraphs. 

3332 Direct radiation received on slopes 

In the northern hemlBphere, the radiation incident on south facing slopes exceeds 

that on the north facing slopes At any given instant, the radiation on a sloping 

surface depends upon the geometry including the slope angle and it's aspect in 

conJUnction with the solar altitude and azunuth In addition, there lS the vanablhty 

in the transmlSSion of radiation with solar altitude due to dlfferences in the optical 

arr mass through which radiation must pass (U S Corps of Engineers 1956) 
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In figure 3 3, J..f we look from the direction normal to the plane formed by the 

direct rays of the sun and the normal to a honzontal surface of umt area (slope 2) 

we can fmd another surface (slope 1) havmg a umt area perpendicular to the rays 

of the sun 

I 
I 
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I / l I 
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/ 

slope (2) 

FIG 3.3 Direct radumon on slopes (Obled and Harder 
1979, p 182) 

In this case J..f the mtensity of the sun's rays reachmg the earth's surface lS 

taken as I
0 

the slope 1 will receive the same radiation flux as I
0 

Here surface area 

of slope 2 lS equal to slope 1, but the area seen by the sun's rays will be reduced by 
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a factor cos9 where 9 is the angle between the perpendicular surf ace and surf ace 2 

(or any surf ace on wlnch the mteD.SJ.ty of radiation is required) Therefore, the 

radiation flux on the slope is also reduced by cos9 For example if the sun is at 50°, 

then 9 = 40° and the radiation received will be I0 cos 40° or 0 77 I0 Smularly lf a 

the sun is at 50° and a slope surface is tilted 30° from the honzontal towards the 

sun, the angle 9 will be 10° and the radiation flux received will be 0 98 I
0 

or 127% 

of the flux on the honzontal surface 

From figure 3 3 it can be found that angle 9 is also equal to angle i, the angle 

between the normal to the slope and the direction of the sun's rays. Therefore it can 

be deduced that the solar radiation flux on any slope will be equal to 

(34) 

This information and the value of direct radiation flux on a honzontal surface, 

equation 3 4 can be used to calculate the direct radiation on any slope lf the value 

of direct radiation either measured or estimated is available (Kondratyev 1969) 

3.3.3.3 Vanations of direct radiation with altitude 

Vanous field studies have shown that for clear sky conditions the direct solar 

radiation on a perpendicular surface mcreases between 005 and 020 cal/cm 2 mm 

per 100 m of nse m altitude (Kuzmin 1961 cited by Obled and Harder 1979) Barry 

(1981) mentions that there is rapid mcrease up to 2000 m a.sJ, after which the rate 

of mcrease declmes A study by Sauberer and Dirmlnm (1958) found 32% greater 

radiat10n at 3000m a.sJ than at 200 mm December, 25% greater radiation receipt m 
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March and September and 22% greater radiation receipt in June This increase IS 

referred to as a decrease in optical air mass with the decreasing thickness of 

atmosphere, and occurs because of changes in atmosphenc transm1sstvity due to the 

decreasing quantities of mo1Sture and dust pollution with elevation (Barry 1981, 

Obled and Harder 1979, and Male and Gray 1981) The optical air mass (m) IS 

corrected for elevation by Barry (1981) using the ratio of local pressure to normal 

sea level pressure, and IS expressed in terms of optical air mass, 

where 9 = solar alt1tude (3 5) 

where at sea level, the relationship between optical air mass and solar altitude 

will be for m = 1, 9 = 90° , m = 2, 9 = 30° For comparative radiation calculation 

at different altitudes, the absolute optical mass (M), 

M= m(p I po), where p = station pressure and po 1000 mb 

IS used to allow for the effects of arr density on transnussion 

William et al (1972) has estimated the optical air mass values for different 

elevations numencally by multiplying air mass with (1-h/h1) where h IS the local 

elevation and h1 the height of the troposphere which they have taken as 10 Km 

Therefore, for a change in elevation of 1000 m, the optical air mass will be reduced 

by 10% With a transm1sstvity of p = 0 6 and an uncorrected m = 2, the correction 

( 
9m m m 

will alter pm and thus the radiation flux by 0 6 - o 6 )IP or about 10% 
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3.3.4 Diffuse Radiation 

Obled and Harder (1979), stated that long term seasonal rad1at1on totals 

measured at eight stations between latitudes of 40° and 60° show that diffuse 

rad1at1on accounts for between 36% and 51 % of global rad1at1on m sprmg and 

between 24% and 41% m sum.mer These figures show the importance of diffuse 

rad1at1on and it's variation with topography Diffuse rad1at1on affecting snowmelt 

comes from three sources (see Fig 3 4) 

I 

I 
I 

I 
I 

Yt:J) _ .... 
I .-1:-

FIG 3 4 Sources of diffuse radiation 

(a) Scattered incoming sol,ar radiation 
(b) backscattered radiation 
(c) refl,ected global radiation 



(a) mcom.mg solar radiation which has been scattered m the Earth's 
atmosphere 
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(b) the portion of global radiation reflected at the Earth's surface which has 
been redirected downward by subsequent scattermg and reflection m the 
atmosphere This 18 usually referred to as backscattered radiation. 

(c) global radiation which has been reflected for other surfaces of different 
slopes or onentation 

3.3.4 1 Diffuse radtauon over snow surf ace 

The most important source of diffuse radiation to the snow surface 18 the 

backscattered short wave radiation, i e., the portion of the mcom.mg radiation 

reflected at the snow surface which 18 agam scattered and reflected downward by 

the atmosphere A comprehensive backscattermg model 18 presented by Dozier (1979) 

The cntical parameter, m the model calculation he formulated, 18 the reflectance or 

albedo of snow surface 

The difference m albedo 18 less marked for clear sky conditions because more 

reflected radiation escapes through the atmosphere without bemg backscattered 

Under cloudy conditions the flux of diffuse radiation depends on the sun's elevation 

angle and the amount and type of clouds Clouds reduce direct radiation but mcrease 

diffuse radiation by reducmg reflected energy lost to space (Male and Gray 1981) It 

18 reported that for cloudy skies and a snow covered surface the mcom.mg global 

radiation can be twice as much as for a surface with an albedo of zero, because of 

successive reflections and backscattermg between the snow surface and the clouds 

(de Bnchambaut cited by Obled and Harder 1979) 
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The diffuse radiation whtch is received by reflection from surroundmg surfaces 

of vanous slopes and aspects is umque to regions of topographical vanat10ns. The 

vanations due to topographical features is attnbuted to the followmg five 

conditions. 

(a) decreased sky dome because of surroundmg topography 

(b) the quantity of diffuse radiation received on a sloping surface 

(c) reflected radiation from surroundmg surfaces 

(d) different amounts of radiation received on surfaces because of the 
amsotropic distnbut10n of diffuse radiation 

(e) the effect of altitude 

3.3.4 2 Vanation of dtffuse radiation with altitude 

Under clear sky conditions the quantity of diffuse radiation tends to decrease 

with altitude This is because of the decreasmg optical arr mass and atmosphenc 

turbidity with altitude, whtch causes a decrease m the scattenng of mcommg direct 

radiation 

3.3.5 Reflected Radiation or Albedo 

For long wave radiation the snow surface acts as an almost ideal blackbody but 

for radiation of short wavelengths the reflectance of snow is much htgher and 
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decreases rapidly with mcreasmg wavelengths (O'Brien and Mums 1975) The 

mtegrated reflectance spectrum is called the albedo of the snow and can be expressed 

as the percentage of mc1dent global radiation which is reflected by snow Factors 

affectmg the albedo of snow mclude gram form, solid rmpunt1es, water content and 

surface 1rregulant1es (U S Corps of Engineers 1956, Male and Gray 1981) Figure 

3.5 shows the degree to which albedo can vary for different types of snow 
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FIG 3.5 Albedo versus snow surface density 
(Anderson 1976) 

These factors can effect the snow albedo on a diurnal and seasonal basis Dunng 

melt penods a crust forms at night due to refreezmg of melt water, by mid-day the 
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liquid water content at the surface often mcreases due to melted snow Changes m 

amount of reflected radiation are mamly the result of two phenomena. 

(a) difference m the properties of the snow surface 

(b) changes m the angle of mcidence of direct solar radiation on slopes. 

3.3.5 1 Changes m snow surf ace properties 

Snowfall patterns, snowmelt and the thermal balance of the snow surface vary 

over regions of topographical vanations. For this reason, the reflected term m the 

net radiation balance lS one of the hardest to estimate from pomt measurements. The 

most important and most regular vanation m albedo lS the vanation with elevation 

(Obled and Harder 1979) Melting snow m valleys has much less albedo than 

untransformed or fresh snow m the higher mountam slopes Kuzmm (1961) found 

that for neve basms m the Central Asian mountams the mcrease m albedo with 

elevation was 0 27% per 100 meters at the beginnmg of wmter mcreasmg to 1 24% 

at the end of the snowmelt season It lS suggested that albedo can be calculated from 

the density measurements if sufficient measurements are available for this purpose 

(Obled and Harder 1979) 

3.3.6 Effective Long-wave Radiation 

The effective radiation totals descnbe a net loss m energy at the surface The 

mtensity of the effective radiat10n lS small durmg the day However the total 

quantity over a 24 hour penod lS highly signlf icant (Fig 3 6) and at mght the 
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radiation balance at the surface 1S determined by effective radiation alone (Obled & 

Harder 1979) 
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FIG 3 6 Diurnal vanation of net radiation components 
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( 1) Net radiation 
(3) downward atmosphenc rad 
(5) reflected shortwave rad 
(7) terrestna.l rad 

(2) direct soUir radiation 
(4) diffuse rad 
(6) effective rad 

Under clear skies downward atmospheric radiation is emitted by water vapor, 

carbon dioxide and ozone m proportion to the quantities present m the atmosphere 

and their temperature Geiger (1965), stated that atmospheric rad1at1on from ozone 

represents only 2% of the total, and carbon dioxide which 1S almost constant m the 
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atmosphere, contnbutes about 17% of the total atmosphenc radiation The remamder, 

more than 80% comes from water vapor This suggests that vanation m atmosphenc 

radiation depends largely upon the quantity of water vapor present m the 

atmosphere and the temperature of this water vapour Under cloudy conditions 

radiation 1S also emitted by the droplets form.mg the cloud base and the quantity 

depends on the type and height of the clouds as well as the temperature at the 

cloud base (Obled & Harder 1979) 

Atmosphenc radiation comes from all layers of the atmosphere, but the largest 

portion reaching the earth's surface 1S attnbuted to the lowest 100 meters (Geiger 

1965) This phenomenon leads to the calculation of atmosphenc radiation from 

temperature and vapor pressure measured at normal meteorological stations Marks 

(1979) developed an empmcal formula for use m alpme areas under the assumptions 

that the relative humidity 1S constant with height and the temperature change with 

height 1S equal to the standard lapse rate, (Marks 1979, p 167) All these formulae 

are based on the assumption that the earth's surface radiates as a blackbody, and 

terrestnal radiation can be calculated from the Stefan-Boltzman law to be oT5 

where o 1S the Stefan- Boltzman constant and Ts 1S the temperature of the earth's 

surface Snow has been shown to reflect at most 0.5% of mcident long wave 

radiation and therefore essentially behaves as an ideal black body (Geiger 1965) 

The low thermal conductivity of snow helps m droppmg the snow surface 

temperature rapidly which m tum drops thermal radiation This phenomena of low 

thermal conductivity of snow therefore has a regulatmg effect on terrestnal 

radiation (Obled & Harder 1979) 
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3.3.7 Turbulent Energy Transfer 

Of secondary rmportance to radiation m the transID..lSSion of heat to the 

snowpack is the process of turbulent exchange m the overlaymg air Accordmg to 

Kuzmin (1961) this heat exchange with the atmosphere accounts for approXl.Dlately 

40-50% of snowmelt at altitudes of around 3000 m a.sJ and at lower altitudes for 

up to 60-70% 

Turbulent exchange between the snow and the atmosphere is dnven by air 

temperature and vapour pressure gradients and by turbulence due to wmd m the 

lower atmosphere With a downward temperature gradient there is a direct transfer 

of heat from the air to the snow, and with a downward vapour pressure gradient 

there is a direct transfer of moisture from the air onto the snow surface, releasmg, 

m addition, its latent heat of vaponzation The reverse processes occur as well In 

the absence of wmd, the heat exchange between snow and the atmosphere is 

relatively low and mcreases considerably with mcreased wmd speed Topography 

can affect the direction and the speed of wmd at the surface either by altenng the 

flow of large scale airmass movements or through the creation of local wmds of 

thermal ongm In the northern hemisphere the result of these modifications is that 

the honzontal component of the wmd is accelerated and deflected to the left 

towards the region of lower atmosphenc pressures on the wmdward slope and 

decelerated and deflected towards the nght on the leeward slope (Fig 3 7) These 

modlficat10ns m wmd flow have great rmportance m snowmeltmg For example, the 

chmook results m a strong, warm and dry wmd often produces rapid snowmelt on 

the leeside of mountam ndges (Obled and Harder 1979) This is a consequence of the 
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airmass losmg moISture while rISmg on the wmdward side and then heatmg by 

compression durmg the descent down the leeside 

------ lsab11 

---------------

FIG 3 7 Defl,ection of large mr ma.sses over mountaLn 
barriers in the northern heTTUsphere 

3.3.71 Arr Temperature 

The computation of turbulent exchange requires air temperature observations In 

the free atmosphere the decrease of air temperature with altitude assuming adiabatic 

conditions, lS approXl.mately 06°C per 100 m for unsaturated air For air saturated 

with water vapor the wet adiabatic lapse rate depends on temperature and the 

atmosphenc pressure Above 20°C, the saturated adiabatic lapse rate (SALR) lS 

reported less than 0 5°C per 100 m Whereas at sub-zero temperatures, the molStUre 

content lS reduced to the level where very lumted amount of latent heat can be 
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released through condensation At -40°C, the SALR IS almost identical to the 

unsaturated or dry adiabatic lapse rate (Barry 1981) Kuzmin (1961) has stated that 

with the change m au temperature from -20 to +20°C the value of the saturated 

lapse rate will change at 100-mb level from 0 87 to 043°C per 100 m, and at the 

500-mb level from 0 78 to 0 33°C per 100 m 

By comparISOn with the surrounding atmosphere, the slope air over mountains 

IS affected by radiative and turbulent heat exchanges These processes modify the 

temperature structure over the massif and result m adiabatic lapse rates which 

differ from environmental lapse rate according to the trme of the day (Barry 1981) 

Figure (3 8) shows the high vanation m mean datly environmental lapse rate at 

different elevations within Zaravshan River Valley 

Altitude, m 

l/1,....~ I/ I 1 1 -i--, ,, .o·.>-
tBOOl-i-i-+-+--¥-~l-l~v"'-l-+.1-l-1-~~-ll--!-_J._..J_.!-LI~\~~ 

I\. I\ '-I\ I / 0~ , I/ 

FIG 3 8 Isounes of tlie mean mont'hly lapse rates of dQJ,ly 
temperatures in tlie ZaravsJuzn Rwer Valleys ( Obled and 
Harder 1979) 
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3.4 AVALANCHES 

The last important effect of the mountain environment on snow distnbution 

and melt pr~ is the frequent occurrence of avalanches which can cause the 

accumulation of large masses of snow m the valley bottom This pr~ is 

important for two reasons. First, most of the avalanched snow concentrates m the 

gullies and has smaller surface area than the mountam snowpack but it has the 

same water content. Such accumulations are often exposed to less solar radiation 

than they would have been had the snow remamed m the mountains. Second, 

avalanched snow mcreases the water yield of the basm by transfenng the snow to 

the ablation areas, which otherwise may have remamed frozen due to freezing 

temperatures on higher elevations without contnbutmg to the basm yield 

Due to steep terram and great relief, snow avalanches are common phenomena 

m the Karakoram Mountains. These play an important role m snow hydrology by 

delaymg the meltmg due to their higher density It is particularly true m the 

catchment of Kunhar River Northern Pakistan where avalanched snow supplies 

fresh water later m spnng for agnculture and domestic use (de Scally 1986) 

3.5 CONCLUSION 

Mountams have strong mfluence upon the movement of arr masses and the 

spatial distnbution of precipitation In general, on a regional scale the vanabillty is 

pnmanly dependent upon the altitude and geometry of the mountain ranges On a 

local scale it is due mamly to differences m elevation, slope, and aspect. However, 

this vanabillty cannot be descnbed solely m terms of macro and mesoscale process 
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since rugged topography creates countless topochmates which differ widely with 

each other m their response to slope and aspect (Geiger 1965, p 455) 

Slope angle and aspect are the key determinants of topo and micro cbmates. 

Differences m radiation receipt which result from topographic factors are reflected 

m air temperature, snow cover duration and consequently m the dlStnbution of 

runoff Rehef creates an unequal snow dlStnbution which m turn causes an areal 

vanation m the volume of spnng melt Th.is 1S particularly true m Karakoram 

where precipitation mcreases many times with mcreasmg elevation and the melt 

pattern 1S controlled by the upward migration of meltmg temperatures with the 

progress of summer season 



CHAPTER 4 

Field Observation Program 
and Procedure 

4 1 INTRODUCTION 

The snow and ice Hydrology Pro,JeCt has undertaken research investigations in 

the Upper Indus Basin since summer 1985 Dunng the course of the Pro,JeCt work, I 

vtsited Barpu Bualtar Basin in the summer of 1986 Tuts basin was chosen for 

intensive scientific studies (both for research and momtonng purposes) dunng the 

forthcoming years and for other reasons explained by Young in SI H.P Annual 

Report 1986 The following are some main features which make Barpu/Bualtar 

Basin a suitable location for scientific studies. 

a) Geographic location it hes on the southern flank of the Central Kara
koram at the heart of the main source area of glacier meltwaters for the 
Upper Indus Basin 

1 
b) Available relief from the term.mus of the Bualtar Glacier (2439m a.s 1) 

to the maximum elevation of the Barpu Basin (7460m a.sl) The S021m of 
rehef provides a range of elevations srmtlar to other glacier basins in thts 
part of the Karakoram including the zones of ma.JOr snowfall and ablation 

c) Glacier charactertstics the basin contains a vanety of glaciers having 
different charactertst1cs For example Sunuayar Bar Glacier ts a mainly 
avalanche fed glacier with an extensive debn covered area in the ablation 
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zone In contrast Mtar Glacier IS a whlte ice glacier bemg fed mamly by 
direct snowfall and Bualtar Glacier IS an mtermed1ate glacier fed both by 
direct and avalanched snow These different features represent the range of 
morphological and nourishment cond1t1ons of the Karak.oram glaciers 

d) Most important for an effective research programme IS the relatively 
easy accessibility of th1s basm 

For the same reasons, the Barpu/Bualtar basm proved suitable as the site for 

thIS thesIS research. Durmg the 1987 summer field season, meteorological and 

streamflow data m the study basins were collected from mid May to mid September 

42 STUDY AREA The Barpu Glacrer Basm Central Karakoram 

The basm IS located by the coordinates longitude 74°47' to 74°49' and latitude 

36°13' to 36°01' m the Central Karak.oram The general features of the Barpu 

Glacier Basm are shown m f 1gure 4 1 (a,b) Topographlc features and location of 

measurmg stations are shown m f 1gure 4 2 

The Barpu Glacier of the Barpu/Bualtar system descends northeast from the 

mam crest of the Central Karak.oram The mam stream of th1s glacier IS fed by two 

glaciers (Sumiayar Bar and Mtar) whlch descend northwest and north, respectively, 

before combmmg to form the Barpu (Fig 4 2) Much of the Sumiayar Bar tnbutary 

IS covered with debns, whereas the M1ar glacier IS a ''whlte ice" glacier The glacier 

itself IS a 29 km long valley glacier with an average slope of 1 6 72 from the 

mam crest to its terminus. The elevat1onal range IS 4625 m The minimum elevation 

found at the glacier terminus IS 2835 m a.s 1 The Basm covers an area of 415 Km 2 , 
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FIGURE 4.1b 
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of whlch 125.56 Km 2 
IS glaciated The rest of the area remains covered with 

seasonal snowpack dunng winter (January through March) and gives most of the 

melt water dunng early spnng 

The Bualtar Glacier of the Barpu/Bualtar system descends northward from the 

main crest of the Central Karakoram to its terminus (Fig 4 2) It IS 20.S km long 

with an average width of 1 km. The main stream of th1S glacier passes very near to 

the snout of Barpu Glacier and the term.mus hes approXImately 3.5 km past the 

Barpu Glacier terminus (figure 4.2) The elevation dlfference between the snouts of 

these glaciers IS 400 m According to the figures provided in the Pakistan Glacier 

Inventory for the Barpu/Bualtar Basin, the north facing slopes cover 34 9% of the 

total basin area, south facing slopes. 8 8%, east facing slopes. 32 8% and west facing 

slopes. 23.5% of the total area. A dJ.Stinctive feature of the channels on SSW facing 

slopes IS extensive debns flow fan deposits, whereas NNE facing slopes have 

compantively less fan deposits whlch suggest that freeze thaw cycles are more 

prominent on southerly slopes Dunng our 1987, field season summer, we witnessed 

:masmve debru and mud flows from NNE and SSW facing slopes in Barpu Glacier 

Basin 

The melt water from the Barpu Glacier Basin drams into the Bualtar Glacier 

JUSt above the terminus of the latter and the combined water of these glacier basins 

.JOlns the Hispar nver near Nagar village Near Ahabad, the Hi.spar nver .JOlns the 

Hun7.a River, a ma.JOr tnbutary of the Indus whlch drams many large glaciers of 

the Hun7.a valley (Appendix A lists the glacier inventory data for Barpu/Bualtar 

Glacier Basin) 
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4 3 SELECTION OF STUDY BASINS 

The charactenstics of the mountam streams are directly related to the mountam 

climate (Young 1977) Differences m radiation receipts on different aspects and 

development of slope wmds which result from topographic factors are reflected m 

air temperature, snowcover duration and consequently the distnbution of runoff 

Among other factors, slope aspect plays a cntical role m controllmg both the local 

climate and through that hydrology The ~ntial differences due to aspect are 

(a) earlier disappearance of snow and longer snowf ree penod on southerly 
slopes than those of north facmg slopes. 

(b) greater moisture conservation (less evaporation) on northerly slopes and 
longer snow-<:<>vered penod 

(c) fewer freeze thaw cycles on northerly slopes, as these slopes receive 
comparatively less radiative energy Cm Northern Hemisphere) than those of 
south facing slopes and also energy dnve is controlled mamly by air 
temperature rather than solar insulation 

(d) development of slope wmds (katabatic and anabatic) due to difference m 
snow cover penod (see Fig S 1 4a) 

Vanations m snowmelt that result directly from slope angle are difficult to 

1S0late Indirectly, however, slope does cause a number of vanations The radiation 

mcident on south-facing slopes (northern hemisphere) exceeds that on north-facmg 

slopes For moderate slopes dunng the sprmg time, as a result of high solar altitude, 

the effect of slope is slight Dunng the wmter the effect is more pronounced At 

any given mstant, the radiation on a slopmg surface relative to the radiation 

received on a honzontal surface may be determmed from the geometry of the 
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situation (the slope and its aspect m conJUnction with the solar altitude and 

azimuth) Such a determination mvolves the mtegrat10n of the solar path relative to 

the slopmg surface It, of course, vanes with the trme of the year as a result of the 

changmg solar path and is different for every slope and slope aspect. 

Slope can affect the direction and the speed of wmd by altenng the flow of 

large scale airmass movement such as acceleratmg wmd speed on wmdward slope 

and deceleratmg on the leeward slope and also through creation of local wmds of 

thermal ongm such as katabatic and anabatic In addition to these clrmatic 

modifications by slope, steeper slopes allow less trme to overland flow for 

mftltration, and therefore greater runoff 

To exam.me the effect of topo and micro clrmate on snowmelt runoff m Barpu 

Glacier Basm Central Karakoram, two small snow fed basins were selected on 

different slope aspects These basins are about 3 km apart on opposite sides of the 

Barpu Glacier, near the JUnCtion of its tnbutanes, the Sumiayar Bar and Mlar 

Glaciers (Fig 4 2) The mam charactenstics of these small basins are given m table 

4 1 and area-elevation relationslup is shown m figure 4 3 

Table 41 - Physical characteristics of the study basins 

Elevation range Average slope Total area 
Exposure (m a.sl) (degrees) (km2) 

P Phan (southwest) 3600 - 5000 3364 14 

Mlar (northeast) 3350 - 4250 4130 0995 

(source Field observot1ons SI HP 1987) 
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FIG 4.3 Area elevation curves for the two study basins 

The basms were given names 'Phalu Phan' (southwest) and 'Mlar' (northeast) 

accordmg to the respective names of mountams m Srmpton Map (Fig 4 la,b) for 

future reference m th.ls paper In each of these small snow fed mountamous stream 

basms, hydrological and clnnatological observations were taken at different 

elevations. The details of these measurements are discussed under mdividual headmgs. 

4 4 STREAMFLOW MEASUREMENTS 

The site locat10n to measure water level m each of the streams was sub,JeCt to a 

variety of constramts. For example, the Phah1 Phan stream after leavmg the hillside, 
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flows approxnnately one hundred and fifty meters m bouldery channel then 

chverges mto two or three sub-channels, wluch flow m braided reaches on a 

relatively flat portion of land between the Sumiayar Bar Glacier lateral moraine 

and the lullside before ,JOmmg the glacier rtself It was decided that the stream had 

to be gauged as near as possible to the base of its rock-cut channel and above the 

debns fan to mm1m12'.e the error due to loss of water to mftltration and evaporation 

A staff gauge marked m centimeters and a water level recorder attached to an 

electromc data logger ''Ecobug" were installed one hundred meters downstream from 

the lullslde on May 20, 1987 The "Ecobug", was programmed to record water level 

every 30 minutes (Wake 1986 Sl.H.P Annual Report 1986) Problems with 

equipment prevented data collection up to June 16 Dunng this penod, hourly staff 

gauge readmgs were manually recorded from 8 am to 5 pm Data were collected 

from May 25 to July 20 A large debns flow washed away staff gauge and 

electromc data logger on July 23 

The stream commg from Mlar (northest facmg stream basm) leaves the lullslope 

m many small channels on a debns fan However, it converges mto one channel 

after flowmg about 170 meters parallel to the Mlar Glacier between a lateral 

morame and the lullslope The stream was gauged JUSt below the convergence to one 

channel A staff gauge marked m centimeters was installed on May 26, 1987 Datly 

readmgs began on June 3 Hourly gauge data for this stream was obtained from 7 

am to 8-9 pm dally from June 3 through July 11 On the latter date, the stream 

stopped flowmg Flow measurements were made to develop stage~:bscharge ratmg 

curve usmg a Plgmy current-meter Nmeteen and 14 discharge measurements were 

made at Phalu Phan and Mlar stream respectively The stage-discharge relation was 
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determined by plottmg discharge measurements against the recorded gauge height on 

rectangular coordmate graph paper and drawmg curve through these pomts with the 

help of French curves (Appendix B shows ratmg curves for these streams) Ratmg 

tables were prepared from the ratmg curves m order to simplify the pr~ of 

convertmg gauge heights to discharges Hourly discharges were computed directly 

from the ratmg tables. The summary of discharge measurements for each of these 

streams is given m table 4 2 and 4 3 

4 5 METEOROLOGICAL STATIONS Location and descnption 

A quantitative analyS1S of meteorological elements at key locations withm a 

basm is central to improvmg understandmg of how topographic factors effect local 

climate such as radiation, air temperature, wmd speed and through that snow 

hydrology Meteorological stations were established with due consideration to studies 

relatmg to snow-cover runoff by Popov (1972), Anderson (1972), Logan (1972) and 

Jolly (1972) In total, five meteorological stations were operational at fixed locations 

for most of the summer season four "off ice" and one "on ice" These stations 

recorded meteorological vanables such as radiat10n, arr temperature, wmd and 

relative humidity over elevation ranges from 3500 to 4572m a.sl on the SSW 

facmg slopes behmd Phahl Phan Base Camp, and 3500 to 4200m a.sl on the NNE 

facmg slopes on Mlar slope The on-ice SJ.H.P meteorological station was operated m 

the middle of Mlar Glacier Meteorological mstruments consisted of both electromc 

and mechanical equipment. The locations of the meteorological stations are shown m 

figure 4 2, where 'M' stands for meteorological stations attached with electromc data 

logger, and 'T' stands for thermohydrograph 
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Table 42 

Summary of stream flow measurements (PhahJ. Phan Stream) 

Gauge Height Velocity Discharge 
No Date (m) (mis) (m 3 /s) 

1 28/5/87 075 173 014 

2 30/5/87 085 404 026 

3 01/6/87 125 689 104 

4 03/6/87 095 .500 063 

5 0516181 105 607 099 

6 07/6/87 060 204 012 

7 07/6/87 128 744 273 

8 15/6/87 040 080 007 

9 2516181 050 221 015 

10 28/6/87 090 281 024 

11 29/6/87 115 652 126 

12 02/7/87 127 .556 121 

13 0517/87 067 722 011 

14 05/7/87 150 123 266 

15 06/7/87 140 661 224 

16 10/7/87 130 598 164 

17 1217/87 103 561 078 

18 14/7/87 056 117 013 

19 1717/87 073 224 023 

(Source Field Observations S I HP 1987) 
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Table 43 

Summary of stream flow measurements (Mlar Stream) 

Gauge Height Velocity Discharge 
No Date (m) (mis) (m 3 /s) 

1 04/6/87 103 279 012 

2 0516181 070 064 001 

3 08/6/87 105 284 013 

4 12/6/87 110 312 015 

5 14/6/87 097 177 007 

6 18/6/87 085 095 004 

7 24/6/87 090 109 006 

8 26/6/87 100 084 007 

9 27/6/87 115 340 017 

10 30/6/87 087 112 005 

11 04/7/87 095 155 006 

12 08/7/87 015 076 002 

13 10/7/87 073 068 001 

14 1117/87 080 080 002 

(Source Field Observations SI HP 1987) 
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The setup of meteorological stations can be seen m figure 4 1 Anemometers 

were placed on top of 2 m h.lgh meteorological stands. All radiation instruments 

were mounted onto the aluDlllllum meteorological stand rods at approxnnately one 

meter above the surf ace Pyranometers and net radiation instruments were fixed to 

the end of a one meter rod and placed on the south side of the meteorological stand 

to ehmmate shadmg affects. ThermJStors for arr temperature were placed m custom 

made screens. These screen were made of whlte "CANRON" havmg a diameter of 7 6 

cm and were mounted mside the other tube made of same matenal havmg a 

diameter of 10 2 cm The screen were mounted horizontally m a north-south 

onentation to protect the thermJStor from direct sun rays and reduce the 

measurement errors. 

All thermohydrographs were set m wooden Stevenson screens on approxnnately 

1.5 m hlgh stone carrns A mm/max thermometer was placed m all 

thermohydrograph screens as a check against any "dnftmg" of sensors Elevation, 

penod of operation, measurement mterval and type of mstrument used appear m 

table 4 4 The descnption of meteorological stations lS given below 

4 5 1 Southwest Slopes 

The mam meteorological station Mz (Fig 4 2) was mstalled on May 18 JUSt 

above the Phahl Phan Base Camp at an elevation 3510m a.sJ on southwest facmg 

slopes The station was surrounded by scattered boulders of different size and 

between these boulders the ground was covered with wtld gr~ and flowers. The 

station recorded hourly values of wmd speed and direction at two metres 



Site/Elev 

Ml 
(3550 m) 

M2 
(3510 m) 

M3 
(3200 m) 

Tl 
(4200 m) 

T2 
(4267 m) 

T3 
(4572 m) 

Period of 
operat10n 

26/5-12/9 

18/5-14/9 

23/5-12/9 

26/5-17/8 

28/5-17/6 

19/6-16/8 

Table 44 

Summary of Meteorological Stations m Barpu Glacier Basm 

Items 

Atr temperature (O 25, 1 0, 2 0 m) 

Atr temperature (O 25, 1 0, 2 0 m) 
Net radiation (1 0 m) 
SW Radiation (1 0 m) 
Wmd Speed and direction (2 0 m) 
R Humtdity (15 m) 

Same as m M2 

Air temperature (15 m) 
R Humidity (1 5 m) 

Air temperature (1 5 m) 
R Humidity (15 m) 

Air temperature (15 m) 
R Humidity (1 5 m) 

Measurement 
interval 

Hourly 

Hourly 
Hourly 
Hourly 
Hourly 
Weekly 

chart 

Hourly 

Monthly 
chart 

Monthly 
chart 

Monthly 
chart 

Instruments 

ThermISter 

Thermister 
Net radiometer (Fritschen) 
Pyranometer (Kipp & Zonen) 
Wmd anemometer (Taylor) 
Thermohydrograph (Casella) 

Same as m M2 

Thermohydrograph (Casella) 

Thermohydrograph (Casella) 

Thermohydrograph (Casella) 

Ml, M2 and M3 were attached with electronic data logger termed as "Ecobug " Sites refers to Fig 4 2 
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above ground surface usmg a Taylor wmd anemometer, short wave rad1at1on one 

meter above the ground surface with Kipp & Zonen pyranometer, net-rad1at1on with 

Fntschen net rad10meter and temperature with thermolmear thernustors at 0 25, 1 0 

and 2 0 meters above the ground surface The station remamed m operation from 

May 18 to September 14 In general the electromc data logger worked well except 

for the l~ of data from July 18-21 due to fatlure of the external battery 

The second station "T 2 " on southwest f acmg slopes was located 757 meters 

higher than M2 A thermohydrograph was mstalled here at 1.S meters above the 

ground surface on a stone cairn at an elevation of 4267m a.sJ This was on a ndge 

commg down from an elevation 4600 meters On both sides of 'T 2 ' there are steep 

gorges due to cuttmg of channels Dunng the measurement penod the mountam 

slopes above an elevation 4400m a.sJ remamed covered with snow This thermohydro

graph remamed m operation from May 27 to June 17 Later, the same 

thermohydrograph was moved to the highest station, T 3, on southwest facmg slopes 

and mstalled at an elevation of 4572m a.sJ on June 18, 1987 (Fig 4 2) The 

Stevenson screen contammg the thermohydrograph was placed on a 16 m high cairn 

on a gentle hill slope m the northwest edge of Rush Lake On the day of 

mstallat1on the ground surface was covered with O.S-10 meter of snow After one 

month on July 17 most of the snow was melted away except for a few patches 

around this station. This thermohydrograph provided a continuous record of 

temperature and relative humidity unttl it was dISmantled on August 19 
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4 52 Northeast Slopes 

Station M1 (Fig 4.2) consisted of three temperature thenmstors at heights of 

0 25, 1 0 and 2 0 metres above the ground surface These thermisters were attached 

to the data logger Three thenmstors were mstalled to measure the magnitude of 

temperature mvemon on slopes due mamly to downslope movement of cold air 

(katabat1c) at mght The station was installed on a hill slope about 290m above the 

Mlar camp at an elevation of 3550 m a.sJ The ground around the site was sparsely 

covered with wtld ~ This station recorded air temperature every hour from May 

26 to September 12 Data from this station is contmuous with certam missmg days 

(June 3, 4, 13-15, 27-29) dunng which data logger did not function properly The 

other station T 1 was set up on a ndge at 4200 m a.s.l A thermohydrograph was 

mstalled on a stone cairn 16 m above ground surface The depth of the snowpack 

measured around the site at the time of installation was more than 0 6 m By the 

end of June whole basm was snowfree except few scattered patches m gullies near 

the top This provided a record of temperature and relative humidity at charts with 

a nnmmum mterval of 6 hours time The station was dismantled on September 12, 

but data could be obtamed only up to August 21 

4 5 3 Meteorological Statton at Miar Glacier 

This station was located m the middle of Mlar Glacier about 0 6 km from the 

Mlar base station on a relatively clean ice The anemometer was screwed on top of a 

2 m high stand rod, pyranometer and net radiometer at 10 m, and temperature 

thenmstors at 0 25 m. 1 0 m and 2 0 m above the ice surface All these instruments 

were attached to a data logger which recorded mformat1on at one hour mtervals 
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The recordmg height of meteorological mformat1on IS appro:nmate as the actual 

height above the ice surf ace contmually changes due to ablation which IS 

appro:nmately 6-7 cm per day durmg summer 1987 To m1mm1ze the instrumental 

height error, adJUStments were usually made on every second day From June 26 the 

height of the mstruments were changed as it was dlff1cult to mamtam the height 

and to keep the stand vertical due to vigorous ice meltmg The new height for the 

anemometer was 1 6 m, for pyranometer and radiometer 1 0 and 1 2 m and for 

temperature thermIStors ice surface, 10 m and 15 m above the ice surface Data was 

collected from the May 23 to September 12 The ma,JOr portion of mISSmg data IS 

from July 1-11 when the data logger did not function due to external battery 

f atlure Also manual measurements for air temperature, relative humidity (at 0 25 

and 1 75 m above ground), wmd speed (at the same two heights) and mcommg 

rad1at1on and net radiation were recorded from May 23 to July 10 at 08-00 and 

17-00 hours so that a comparISon with the electromc data logger measurements could 

be made 

4 6 PRECIPITATION AND CLOUD COVER 

A cylmdncal metnc ram gauge was installed near the base camp at Pham Phan 

at an elevauon 3450m a.sl on May 18 and remamed m operation till mid 

September Prec1p1tat1on was measured dally at 0800 and 1700 hrs Total dally 

precip1tat1on was calculated from 0800 to 0800 hrs Cloud cover was estimated 

vISually m Barpu Glacier Basm and recorded at 0900, 1200, 1500, and 2100 hrs 

dally From May 18-25 data IS available on an hourly basIS from 0800 to 1800 hrs 

Data could be collected from May 18 to July 17 For purposes of analySIS the dally 

mean IS calculated from these measurements 
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47 SNOWMELT PATTERNS 

A systematic program for momtonng snowmelt patterns using photography was 

earned out from May 18 to July 23 A photography station was set up behind the 

Phahl Phan base camp at an elevation 3510m a.s.l From here photographs were 

taken at weekly intervals except when storms blanketed the area with new snow 

and a day or two were necessary to allow the winter snowpack to reappear or if 

frequent cloud cover prevented useful photographs and a day or two would pass 

before clear shots could be taken Likewise a photo station was set up near a 

shepherd hut at Sumiayar Bar From here photographs of the Phahl Phan Basin 

were taken These weekly images were used to estimate the change in areal extent 

of snow cover and changing snowlme elevation Detail of the analysis is given in 

Chapter 52 

48 SNOWPIT STUDY 

A snowp1t was dug on June 18, 1987 at an elevation of 4570m a.sl on the 

southern edge of Rush Lake to observe the meltwater percolation pattern (Fig 4 2) 

Snowpack stratigraphy was delmeated on the basis of layer thlckness, hardness and 

colour, and temperature Density was measured using 23 cm long stainless steel tube 

with a cr~-sect1onal area of 41 7 cm 2 The physical charactenst1cs observed are 

given m Table 4.5 Contmuous ice layers around the snowp1t walls and below 

freezmg temperatures of snowpack from surface to bottom suggest that no conduit 

type of meltwater percolation occured before June 18 It was assumed that the 

contnbut1on to streamflow from the snow at these elevations was minimal pnor the 

date of observation 
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Table 4 5 Physical charactenst1cs of snowp1t dug on 18 June, 1987 m 
southern edge of Rush Lake at 4570 m a.s 1 m Barpu Glacier Basin, Central 
Karakoram 

STRA TIGRAPIIlC CHARACI'ERISTICS 

Depth Temp Hardness/ Sample Density Remarks 
cm oc Colour length gr/cm 3 

8.5 -20 vs/w 8.5 25 soft snow 

9.S -2.S s/lb 9.S 38 do 

10 -2.S ice 
13.S -2.S m.h/w 145 .51 ice layer lcm 

10 -2.S ice 
16.S -2.S s/w 
07 -25 ice 182 .so ice layer 1 7cm 

17 -26 s/w 
08 -26 ice 

200 -2 7 vs/w 225 49 ice layer 8cm 

215 -30 s/w 215 49 

220 -30 s/w 220 45 

Avg 44 Total 3.Scm 

t s = soft, v .s = very soft, w = whlte, m.h = medium hard, 

t 1 b = hght brown, Weather cond1t10ns sunny, hot and calm 

t Tune of study 0900 to 1200 (local standard) 

4 9 CONCLUSIONS 

Meteorological and streamflow data m the expenmental basins were effectively 

collected from mid May to mid September On the whole all meteorological stations 

ran for the better part of the summer over an alt1tudmal range of 3400m to 4600m 

a.sJ 



CHAPTER 5 

Analysis of Hydrometeorological 
Data and Results 

Tlus Chapter JS divided mto three parts The first part, S 1, deals with 

temperature gradient on two slopes with different aspects withm the Barpu Glacier 

Basm, the second part, S.2, explams the factors causmg vanations m dJSCharge regrme 

m the two study basms, and section S 3 def mes and evaluates the relative 

importance of different chmatic parameters m snowmelt runoff prediction models 

5 1 AL TITUDINAL GRADIENT OF TEMPERATURE 

511 Introduction 

There have been very few hydrometeorological observations from upland areas 

m the northern regions of Pakistan, and those that eXJSt vary widely m respect to 

both quahty and penod of record The scarcity of records JS due to the maccessibillty 

of the region combmed with dJStance and frequent adverse weather conditions The 

need for standard observations has not been considered important despite the fact 

that ever mcreasmg demands are bemg made on the upland environment, by 

tourum, forestry and above all the water and power mdustry A good 

understandmg of the upland chmate, especially the chmate prevailing m the 
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lhmalayan sources of the River Indus, whl.ch lS the maJOr source of fresh water 

supply for Paklstan, lS ~nt1al If the effects of these often competing act1v1t1es are 

to be properly assessed. 

Temperature lapse rate lS undoubtedly the single most important aspect of 

mountain cllmates whl.ch controls the whole hydrologic system on mountain slopes. 

It lS particularly important m stream basins with large elevat10n ranges. Decrease m 

air temperature with altitude favours prec1p1tat1on input m the form of snow 

rather than ram, whl.le seasonal freezing and thawing determines the release of 

meltwaters. 

The vanat1on of cllmate within th!S mountainous region, as m the free 

atmosphere, lS pnmanly due to altitude and topography The interaction of the 

atmosphere with the uneven surface of the mountains introduces further vanability 

By companson with the surrounding atmosphere, the slope air over mountains lS 

affected by rad1at1ve and turbulent heat exchanges These processes modify the 

temperature structure over the massif and result m ad1abat1c lapse rates whl.ch 

differ from environmental lapse rate according to the time of the day (Barry 1981) 

These vanat1ons are descnbed below for the Barpu Glacier Basin, Central Karak.oram 

and an attempt lS made to account for them m phySical terms 

512 Observation Sites and Data 

Temperature gradients are calculated for slopes of two different aspects (SSW 

and NNE) Site locations are given m figure 4 2 Elevat10nal range of the study sites 

and penod of record used are given m Table S 11 Although the data collect10n 
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penod was hmlted to one summer season the temperature gradients calculated are 

important for two reasons. Firstly, th.ls lS the first measured and sustained 

environmental temperature gradient study ever made from data collected above 

3000m. a.sJ m the Central Karak.oram Mountams Before thlS, some scientlStS have 

calculated lapse rates from widely scattered temperatures observations (Schlagmtweit 

1972, Hewitt 1968, Whlteman 1985) Secondly, the environmental lapse rates 

calculated m the present study were measured directly from the hill slopes dunng 

summer and will aid s1gruf1cantly m explainmg the snow melt phenomena on these 

slopes Moreover a ma.JOr portion of summer snowmelt runoff lS contnbuted by the 

snowpack above 3000m. a.s.1. (Hewitt 1985) Therefore, th.ls study provides a 

necessary baslS for further studies m the Karak.oram and may also be helpful m 

snowmelt runoff forecastmg models. 

5 1 3 Results and Discussion 

Figure S 11 (a,b) shows the trends of the temperatures plotted from lower and 

higher stations for each slope aspect. Results are given m Table S 11 and are 

dlSCussed separately on the basis of aspect 

5 1 3.1 Southwest Slopes 

Table (S 11) shows that the environmental gradient of maximum temperatures 

lS considerably higher than the gradient of mean and mmimum temperatures The 

standard dev1at1on for maximum temperature gradient lS also higher than those of 

mean and mmimum temperatures. Th.ls greater standard deviation of maximum 

temperature gradients, 2 29 °C Km- 1 (Table S 11), corresponds well with the results 
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FIGURE 5 1 1b 
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MAXIMA 
SSW 
NNE 

MINIMA 
SSW 
NNE 

MEAN 
SSW 
NNE 

Elevation 

Table 511 

Altltudmal Gradients and Standard Deviations for the 
Dally Max , Mm and Mean Temperatures 

Pe nod of No of Altltudmal 
record days gradient 

(°C/100 m) 

Jun 19 - Aug 19 61 124 
May 25 - Aug 21 89 108 

same same 093 
same same 115 

same same 103 
same same 112 

range for southwest and northeast, is 3510 - 4572 m and 3550 - 4200 m 

Standard 
deviation 
(OC) 

229 
162 

176 
094 

130 
095 

respectively 
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observed by Harding (1978) dunng a study m the Northern Pennines Scotland He 

observed a standard deviation of 4 0°C Km-1 for the dally values of maxim.um 

temperatures and suggests that th.ls vanablhty decreases with mcreasmg averagmg 

penod, and so the observed standard deviation decreased to 13°C Km-1 when 

monthly means are used to calculate envrronmental gradients of maxim.um 

temperatures (Hardmg 1978, p 193) 

The gradient of mmimum temperature is less than that of maxim.um 

temperature This is to be expected smce large-scale dramage of cooled air down the 

hill slopes at night suppress air-temperature at lower elevation sites This shows that 

mmimum temperatures are more dependent on the local topography and sitmg of 

station, topographic vanations are greater m mountainous regions which result m 

larger spatial vanation of mmimum temperature (Hardmg 1979) 

The gradient of maxim.um temperatures is especially dependent on sunshme 

duration Hardmg (1979), states that altitudmal gradient of maximum temperature 

mcreases lmearly with the mcrease m sunshme duration at the lower elevation site 

He reports a 3°C Km-1 higher gradient of maxim.um temperatures dunng penods of 

appreciable sunshme m the Northern Pennines than m penods when there is no 

direct sunshme at the upland or lowland sites The same is quite evident from the 

results obtained m the present study on southwest facmg slopes, where sites remam 

exposed to the sun for a much longer penod of the day have greater gradient of 

maximum temperature (Table 511) as compared to the northeast facmg slopes 

The gradient of air temperature is also affected by the presence of snowpack as 

the snow surface never exceeds 0°C and has a coolmg effect on air temperature To 

----
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elaborate on the cooling effect of snowcover on arr temperature, the temperature 

grachents were calculated by sphttmg the total penod of observation (Table 5 1 1) 

for each aspect mto two parts In table (5 1 2) A represents the penod when the 

ground surface around the higher elevation site was covered with snow and the 

lower site was snowfree, penod B when both higher and lower sites were snowfree 

The results given m Table (5 1 2) shows lower gradients of maxtm.um, InllllID.um 

and mean temperatures dunng the penod B than for the penod A on both aspects 

A shghtly higher gradient of maximum temperatures on SSW slopes for penod B lS 

due mamly to the location of the upper meteorological site This site was on snow 

covered slope .)USt behmd a ndge facmg northeast and remams m shadow dunng 

second half of the day (for location descnpt1on see Chapter 4, section 4.S) In 

addition the maximum temperature here are suppressed by downslope dramage of 

cooled arr (katabat1c) due to the presence of snow (see Fig 512b) 

Table - 512 Companson of temperature gradients calculated for two 
different penods for SSW and NNE slopes (°C/100 m) A when the ground 
was covered with snow around the higher site, B when both (higher and 
lower) sites were snowfree 

SSW Slopes NNE Slopes 

A B A 

MAXIMA 121 126 125 

102 087 122 

MEAN 106 102 121 

t Elevation range for both aspects are same as m table 511 

t SSW A (June 19 - July 15) 

t NNE A (May 25 - June 30) 

B (July 16 - Aug 19) 

B (July 01 - Aug 21) 

B 

097 

109 

105 
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These results suggest that snow has a cooling effect on air temperature and mcreases 

the gradient by decreasmg ru.r temperature at higher sites for the penod when 

ground around the site remamed covered with snow 

513.2 Northeast Slopes 

In contrast to the southwest facmg slopes the environmental temperature lapse 

rate of maxunum temperature 1S lower on northeast facmg slopes than the gradient 

of mean and mmrmum temperatures (Table 5 11), although the standard deviation 

for maxunum temperature gradient 1S higher than the mean and mmimum 

temperatures srmtlar to that of the southwest aspect The higher gradient of 

mmimum temperatures 1S due to the fact that the higher site 1S on the summit, and 

a summit site has higher mmimum temperature, which 1S generally bout 1°C higher 

than that which would be expected from a valley-side site at the same altitude 

(Hardmg 1978, p 43 & Hardmg 1979, p 194) These greater mght-time temperatures 

are expected where ru.r cooled radiatively drams down on the slopes away from the 

summit This mdicates that the effect of local topographic vanations around a site 

can be as great as the effects of altitude 

The altitudmal temperature gradient near mountam slopes 1S dommated by the 

local dramage system of ru.r, which cools on contact with the ground at mght, thlS 

1S recorded both at higher and lower sites Figure 512a shows the effect of the 

slope's wmd on air temperature recorded at three different heights (O 25 m, 10 m 

and 2 0 m above the ground surface) on SSW facmg slope at 3510 m a.sJ Here the 

temperature regime recorded at 0 25 m above the ground surface 1S higher than at 

2 0 m dunng the day time due to the thermal effect of rocks and lower dunng 
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mght trm~ due to downslope drainage of cool 3.11' (katabattc wmds) under the 
I 

I 
rad1at1vely 1heated warm 3.11' nsmg upslope Also, the patterns of slope wmds are 

given m figure 5 1 2b to illustrate the development of katabat1c wmd system m the 

presence of snow on slopmg surf aces. Tins shows that the location of the samplmg 

Site is of prrme rmportance for any sc1entlf1c study m mountamous regions. 

5 1 4 Maximum Isotherm 

The transect between 3510 and 4572m a.sJ yielded a lapse rate, from dally 

max1mum temperature, of 124°C/100 m and 108°C/100 m on southwest and 

northeast facmg slopes respectively (Table 511) The upper lrmlt of the 0°C dally 

maximum ISOtherm was shown to be at about 5700 m a.sJ These data correspond 

well with data gathered durmg the 1953 German Nanga Parbat Exped1t1on which 

found the upper lrmlt of the 0°C dally mean ISOtherm to be m the v1crmty of 

5300m a.sJ., and also with the max1mum ISOtherm lrmlt of 0°C calculated at 5800 

m a.s.l m Rakhlot Valley (Gardner 1986) It may be noted that Nanga Parbat IS 

sub,JeCt to higher summer cloudmess and prec1p1tat1on than the Karakoram (Hewitt 

1985) In the last century, Schlagintwe1t (1867) demonstrated that mam summer 

ISOtherms and snowlmes rise from south to north w1thm the mam Hrmalayan Range 

across the Karakoram 

5 1 5 Conclusions 

The temperature gradient is reasonably constant on both aspects, provided 

certam effects of exposure are taken mto account, particularly for the mmunum 

temperatures. The estrmat1on of higher elevation temperature from lower station 
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observations will be lumted by the temporal vanability of the gradients calculated 

for two different penods (Table S 1.2) T1us vanability 1S the result of complex 

mteractions of the synoptic weather patterns. Therefore the use of simple synoptic 

mdices and the mean seasonal vanation removes only a proportion of the temporal 

vanability, but it 1S to be expected that a better understandmg of the mechanisms of 

the study area's chmate will allow improved estimates to be made m future 
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52 VARIATION IN SNOW-MELT RUNOFF 

5.2.1 Overview 

This section descnbes the environmental factors that determine differences m 

the volume and timmg of snow melt runoff Merman (1970) has partitioned these 

factors in two groups. Firstly, there are those related to the atmosphere such as air 

mass charactenstics influencing precipitation - e g precipitable water, temperature 

charactenstics, circulation patterns, and precipitation processes - as well as those 

affecting the radiant, latent, and sensible energy exchanges in the snowpack and 

mass redistnbution of snow after snowfall Secondly, there are land surface factors 

such as topography and vegetation cover 

Pnce and Dunne (1976) mention topography as a ma.JOr factor influencing the 

amount of snow f allmg over a watershed and it's spatial distnbution They suggest 

that during the snow melt penod, the mam effect of topography is to increase the 

spatial diversity in snow melt rates resulting in a staggering in tune in the release 

of meltwater over the watershed However, the effect of these factors cannot be 

differentiated as a rule, since the laws governing them are interdependent and their 

magnitudes are not, in general known That is especially true in the mountainous 

areas, where the effects of these factors are three dunensional (Alford, 1985) From 

a practical point of view the factors affecting the snowcover runoff can be grouped 

together into two mam categones the first descnbing the existing state ( vanability) 

of precipitation input and the second determmmg its future melt or accumulation 

(Anderson 1972) 

The areal distnbution of the snow cover is considered the most unportant factor 
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affectmg runoff regune (Rawls et al 1980) Th.J.s IS a consequence of meteorological 

conditions durmg snowfall, espectally temperature and humidity, which affect the 

rmtial density and transportability of snow Wmd velOCity and direction durmg and 

after deposition lead to different areal patterns of snow accumulation Topographical 

and vegetational factors regulate the effects of meteorological factors and also 

directly determine many charactenstics of snow accumulation Three different scales 

are recogmzed m the areal dIStnbution of snow cover 

1 Mtcroscale vanability Th.J.s can be defmed as the vanation of snow -
properties over a fairly homogeneous area. ThIS area can be a section of 
honzontal, open field or a section of a slope with a constant angle m any 
terrain type Charactenstic lmear dIStances of microscale vanability range 
from a few centimeters up to 100 m 

2 Mesoscale vanability Th.J.s IS caused by variation of physiographlcal -
factors. terram types, slopes, aspects, vanations m vegetation cover etc 
The charactenstic lmear dIStance of mesoscale vanability depends on the 
scale of vanation of physiographlcal factors In the Karakoram Mountains 
it usually ranges from a few hundreds of meters to several ki
lometers 

3 Macroscale vanability Th.J.s depends mamly on the vanation of clima
tological factors over a region Typical scales m PakIStan are from a few 
ktlometers to hundreds of ktlometers. 

These three types of vanability have been used by several snow hydrologists 

(e g Gray et. al 1978, McKay & Gray 1981) though the defrmtion of charactemtic 

lmear dIStances vanes The extent of vanability pnmanly depends upon the 

location, geometry and height of mountam ranges The Karakoram Mountains havmg 

sigmficant elevation serves to magmfy thIS vanability Energy availability IS highly 

diurnal due to location m the mid latitudes Th.J.s energy mput pattern also mcreases 
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vanablhty dunng melt season The present study IS concerned with micro and 

mesoscale vanablhty, as none of the two basms IS more than 1.5 km. 2 

5.2.2 Snow Disappearance and Runoff 

In the computation of snowmelt runoff, attention IS usually focused on 

determining snow melt rate However, accuracy can be improved by cons1denng the 

changmg snow coverage of the watershed Th1S factor may be of httle importance 

when considenng flat areas with umf orm snow cover or m forecastmg only total 

snow melt volume But m mountam basms where the snow covered area gradually 

decreases from appronmately 100 percent of the watershed towards zero, it plays a 

dommant role, especlally where the snowpack depth and water equivalent mcreases 

substantially or the rate of ablation decreases with elevation 

Practically all of the water yield from the two morutonng basms with the 

opposite aspect, IS the result of snowmelt dunng spnng A correlation between 

dlmmlShmg area of the snow cover and mcrease m streamflow IS thus to be 

expected up to certam extent Furthermore, m the Karak.oram Mountains, the timmg 

of snow melt IS largely a function of the mtensity of mcident solar radiation and 

altitude The former IS, m tum, a function of aspect and slope 

Normally snow covered surfaces become bare on south slopes first and 

subsequently north facmg surfaces at lower elevations South slopes at high altitudes 

become bare earher than north slopes at high elevat10ns (Gartska 1958, Anderson 

1972, KuusISto 1984) Th1S consIStency m the progression of snow melt facilitates 

mappmg and recordmg of the disappearance of the snowpack Such a record for the 



111 

two study baslllS was made in the spnng of 1987 along with runoff measurements 

to indicate the relative contnbution to streamflow with the percentage depletion of 

snow covered area. 

52.2.1 Assessment of the areal extent of snowcover 

In mountains with rounded peaks it may be possible to determine snow 

coverage by vISWU. observation or by plamm.etenng photographs. But in watersheds 

with rugged terrain and sharp mountain ndges such evaluation IS tmpossible because 

the snowline IS extremely vanable and the snowpack consISts of numerous dISpersed 

high density snow patches, especlally in gullies. 

The following procedure was used to determine snow coverage in the 

momtonng baslllS at Barpu Glacier Photographs were taken at weekly intervals 

except when storms blanketed the area with new snow and bnef delay was 

necessary to allow the pattern of the winter pack to reappear Because of the 

dISpersed snow cover on the lower parts of the basins it was decided to estimate 

percentage of cover rather than defmmg the altitude of a snowline as IS usual in 

past work in the Hunalaya. The percentage of snow covered area was found by 

drawing matnx gnd lines on photographs. From these gnds proporuons of white 

(snow covered ground) and dark (snow free ground) were calculated ThlS 

information was then transferred to contour maps A senes of maps was prepared 

defmmg the snow cover on specified dates for each basin (AppendLX C and D for 

P.Phan and Mlar basin respectively) Table 5 2 1 summanzes the plan area (percent) 

extent of snow determined from maps and adjUSted for each elevation band for both 

momtonng basms. 



Table 521 

Compar1s1on of snow cover percentage in each elevation band for the study basins 

Dates 
Elevation 

m (ms) May 24 May 31 June 8 June 14 June 28 July 5 

3350 - 3658 --/** --/11 --/12 --/-- --/-- --/-

3658 - 3962 5/** --/18 --/23 --/20 --/20 --/--

3962 - 4267 20/** 4/50 2/20 --/17 --/11 --/35 

4267 - 4572 25/-- 20/-- 61-- 2/-- 12/-- --/--

4572 - 4800 37/-- 35/-- 30/-- 17/-- 9/-- 05/--

4800 - 5029 100/-- 100/-- 100/-- 100/-- 95/-- 85/--

* Southwest facing basin/northeast facing basin 

** data not available 

-- snowfree 

July 19 

-/--

--/--

--/--

--/--

--/--

701--

.... .... 
t..> 
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Tius lS a rough estrmate of snow covered area, because photographs could not 

show all the snow patches m the complex terram The Phahl Phan stream basin 

was more rugged m terrain and more problematic m thlS respect than the Mlar 

basm However, m the absence of aenal photographs thlS lS considered to be an 

appropnate method to estrmate snow covered area. 

5.2 2.2 Relationslup between snow cover depletion and runoff 

The snow cover depletion dunng the meltmg penod has an essential mfluence 

on meltwater production, especially m watersheds with considerable elevation range 

The shape of the areal depletion curve vanes considerably from basm to basm 

Anderson (1977) has given examples of the charactenstic shapes of depletion curves 

showmg relationsh.lp between snowf ree area and water equivalents (W /W ma) 

where W lS the water equivalents at any trme dunng the melt penod and W max 1S 

the max1mum water equivalents at the tlIIle of one hundred percent snow coverage 

(Fig 521) 

10 -:-----t\ ....................... .... 

06 

02 

:\ ......... , ................ 
\ ... .... ... , '@ 
\ ' ... 

\ ', ' ' \ \ 
' \© ', ' \ ',@ \ \ 

.......... \ \ 
@ ' ..... \ \ .......... \ 

'.... \ \ ..... , \ 

\ ' \ ' ' \ ', \ \ ', \ \ ',, \\ 
.. ,\1 

00~~-2~0~~~,0~~~60:__~-e~o.......:::~%-J100 
Snawfree oreo 

FIG 5 21 Some charactenstu; shapes of areal depletion 
curve of snow free area (%) vs water eqzavalents (.Anderson 
1977) Explanation in tJte text 
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Curve A mchcates that bare ground appears at a continually mcreasing rate as 

snow cover abates Thls kmd of curve is typical of basms where both snow 

accumulation and meltmg vary relatively evenly over the area. Curve B is simtlar 

to curve Am the early stages of melting, but later the rate of appearance of snow 

free areas becomes slower Thls inchcates that a portion of the basm accumulates 

considerably more snow or has a much lower melt rate than the rest of the basm 

Curve C is simtlar to curve A m the middle and at the lower end In the 

begmnmg, however, curve C inchcates that the areal cover drops off very rapidly 

when the meltmg begms Thls suggests that a portion of the area accumulates much 

less snow or has much higher melt rate - or both - than the remainder Curve D is 

for an area which can be basically chvided mto two extremes, i e low accumulation 

and/or high melt rates and high accumulation and/or low melt rates Figure 5 2.2 

shows the plotted values of snowfree area and subsequent runoff for the momtonng 

basms It is worthwhile to mention here that runoff figures for Pham Phan are 

sub.)eCt to the total streamflow measured up to July 20 when the basm still had 

some snow on higher elevations. 

Data are not available for the early part of the melt season, but later parts 

(June-July) of these depletion curves are certamly llke that of either B or D as 

explamed above Thls shows that the rate of appearance of snowfree areas decreases 

and m this instance reflects the fact that a portion of the basm accumulates 

considerably more snow on higher elevations The plots for the two basms exh.J.b1t a 

umform pattern (Fig 5 2 2) which suggest that the maximum snow covered area, 

before snow melt sets m, has a chrect relationship to the subsequent snow melt 

runoff 
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100 

Tlns relationship has reported elsewhere (Rango et al 1977, Gupta et. al 1982) 

However, it IS observed m th!S study that, for each basin, there eXISts a separate 

rectilinear relationship between snow cover and snow melt runoff (Fig 5.2 3) 

Relation Between Snow Covered Area and 
Subsequent Runoff 

11 24 
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To illustrate the fact that more snow occurs at hlgher elevations, change m snow 

covered area (percent) and basm water yield are related m Table 5 2 2a and Table 

5.2 2b for Phahl Phan and Miar Basm, respectively 

Table 5 2 2a suggests that durmg May 24 - May 31, a 4.S percent change m 

snow covered area produced 2 3 mm water yield over the whole basm per day By 

comparmg thls penod with June 29 to July 6, it can be shown that slightly less 

change m snow covered area produced three times the water yield per day That 1S 

pos.sible only when the snowpack at hlgher elevation have much greater depth Now 

table 5.2 1 shows that on June 28 there was hardly any snow left below elevation 

4572m a.s.1 suggestmg that greater water yield measured m streamflow after June 

28 is due to meltmg snow from above 4572 m a.s.1 Peak dlSCharge was also 

observed durmg th1s penod on July 5 

The northeast facmg basm (Miar) has lower elevation range 3350 m to 4250m 

a.sl and greater slope than Phahl Phan ie 413°, whlch shows a small difference m 

water yield as compared to that of the Phahl Phan stream basm (Table 5 2 2b) 

Figure S 2 4 (a, b) are the composite charts consistmg of hydrographs of Phahl Phan 

and Miar streams showmg the snow coverage m relation to flow 

522.3 Loganthnuc relat1onslup between snow-cover area and streamflow 

The loganthmlc relat1onshlp between the snow-cover area and snow melt 

runoff implies that early mcrements m snow cover area lead to smaller mcreases m 

snow melt runoff than later mcrements m snow-cover area of the same magnitude 

(Fig 5 2 3) Th1s seems logical, since with the settmg-m of snowfall season, the 
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Table 5 2.2a - Relation between change m snow covered area and basm 
water yield (Phalu Phan stream) 

Mean 
Penod b. Snow covered Dally Q Water Yield 

(area %) (m 3 /s) (mm) 

May 24 - May 31 4.51 0373 2.295 

Jun 01 - Jun 08 303 0391 2405 

Jun 09 - Jun 14 2.53 0052 0320 

Jun 15 - Jun 28 2.59 0076 0468 

Jun 29 - Jul 06 421 1070 6.580 

Jul 07 - Jul 19 4.54 0510 3140 

(Source Field Observabons All 1987) 

Table 5 2.2b - Relation between change m snow covered area and basm 
water yield (Miar stream) 

Mean 
Pe nod b. Snow covered Daily Q Water Yield 

(area %) (m 3 /s) (mm) 

May 31 - Jun 07 984 0052 045 

Jun 08 - Jun 13 120 0030 026 

Jun 14 - Jun 27 124 0023 020 

Jun 28 - Jul OS 200 0025 0.22 

(Source Field Observations Ah 1987) 
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seasonal snowhne descends to lower elevat10ns on the penphery of the. permanent 

snowhne But due to a strong precipitation gradient m the Karakoram Mountams 

lower elevat10ns are thmly snow covered Ali a result, mcrease m snow-cover area 

takes place, but 1S also accompanied by an ever-mcreasmg snowdepth at higher 

elevat10ns Thus dunng the melt penod, a margmal mcrease m snow free area at a 

later date, rmphes a large volume of seasonal flow Hence the relat10nship between 

snow-cover area and snowmelt runoff 1S loganthmlc 

5 2.3 Descnptlon of Snowmelt Runoff Pattern 

This sect10n descnbes the stream flow patterns based on data collected dunng 

the spnng of 1987, m Barpu Glacier Basm, Central Karakoram Runoff dunng the 

full snow melt penod 1S exammed first, followed by diurnal vanation m dISCharge 

5.2.3.1 Seasonal runoff pattern 

Southwest facmg stream (P.Phan) 

The shape of the hydrograph represents the mteraction of the chmatic and 

physical characterIStics of the dramage basm Figures 5 2.Sa & 5 2.Sb show the 

seasonal and dally distnbut10n of the volume of flow and related meteorological 

factors recorded at different elevations for the stream drammg the southwest facmg 

basm (Phahl Phan) 

Momtonng of the stream commenced on May 25, 1987 At thlS time 42 4 

percent of the basm area was covered with snow Almost all the snow was above 

3658m a.s.l., except a few patches of avalanched snow m gullies at lower elevation 

(Table 5 2 1) The area above 4800m a.sJ 1S a depression which seemed to act as a 
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snow trap The hydrograph for this stream can be roughly divided into three penods 

on the basIS of flow volumes i e May 25 to June 8, June 9 to June 27, and June 28 

to July 14 (Fig 5 2.Sa) 

May 25 - June 8 

Dunng this penod the basin produced a small amount of its potential dtseharge, 

despite the max1mum arr temperature for the season being recorded on June 7, and 

on average mean dally short wave radiation for the penod was 638 w/m 2 The low 

stream flow can be explained first, possibly an important portion of the runoff 

drained before May 25 when the morutonng began However, there was no 

mdication of higher flows pnor to our arnval. Alternatively, the snowpack may 

have been too thin at lower elevations to produce substantial runoff No detailed 

mf ormation IS available for this penod. However the results of section 5 2 2 and 

co11S1denng previous studies, (Batura Glacier Group 1979 and Wake 1987) which 

observed considerable increase m snow accumulation with elevation, the second 

factor would seems to be more relevant 

June 9 - June 26 

Table 5 2 1 shows that on June 8 there was httle snow remaining below 4572 

m, whereas mean arr temperature recorded at lower site at 3510 m a.sJ show that 

there was enough energy to produce meltwater should there have been any snow 

remaining at these elevations (Fig 5 2.Sa) In companson to this there was enough 

snow above 4572m a.sJ but too httle energy to produce snow melt runoff Air 

temperatures calculated from a thermohydrograph at an elevation 4572m a.sJ 

remained well below freezing level till June 26 (Fig 5 2.Sb) This indicates that 
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melt water measured later than June 26 lS mamly contnbuted from the snowpack 

above 4572 m.. It lS also supported by the fact that a snow pit dug at an elevation 

4570m a.s.1 m the south edge of Rush Lake on June 18 did not show any conduit 

type vertical channels and contmuous ice lenses were observed around the pit walls 

(Table 4.S) This suggest that low flow penod cannot be solely attnbuted to a 

downward trend m air-temperature, but also to the migration of snow lme above 

the f reeZlllg levels 

June 27 - July 20 

This was the season's htghflow penod Energy mput was at its maxunum level 

On average mean dally shortwave radiation remamed 618 w/m 2 due to mirumum 

cloud coverage Wmd velOCity remamed w1thm the range of 1-2 meters per second 

(Fig S 2 Sa) All these factors mcreased the energy mput to the snowpack at higher 

elevations hence the melt rate By companng table S 2 1 and f 1gure S 2.Sa it can be 

seen that streamflow started mcreasmg when the snowpack above 4500 m a.s 1 

started contnbutmg to flow The Sigmftcant mcrease m flow came when the snow 

lme crossed the 4800 m a.sJ elevation Peak dtscharge occurred on July S with a 

secondary surge on July 11 (Fig S 2.Sa) The mean air temperature plot recorded at 

4572 m a.sJ dropped down below freeZlllg on July 11 and started rumg on July 16, 

however, no correspondmg nse m streamflow was observed (Fig S 2.5b) This 

md1cates that there was msuff1c1ent snow left on the drainage basin to be available 

for melt. It also suggests that knowledge of whether there JS suff1c1ent snow 

remammg for snow melt JS needed to develop any relationship between the snow 

melt causative vanables and runoff The penod of record used m regression analysts 

was thus reduced to July 14 (see Chapter S 3) 
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Energy system 

The results mdicate that the snowpack on higher elevations started contnbutmg 

to surface runoff when the mean arr-temperature rose above oac This suggests a 

direct vanation m melt rate with temperature and hence with elevation It IS true 

that arr temperature and vapor pressure tend to decrease with mcreasmg elevation, 

thus reducmg convection (heat transfer through conduction) and condensation (latent 

heat released by condensmg water vapor) melt with mcreasmg elevation (Barry 

1981) However these melt components are part of the total melt. On the other hand 

solar radiation, the single most important source of heat m meltmg snow, tends to 

mcrease with mcreasmg elevation due to reduced scattermg and absorption by the 

mr at higher altitude A companson of snow melt rates at chfferent elevations over 

the study penod mdicates lower melt rates at the higher elevations A partial 

explanation of these apparently contradictory statements may be obtamed when the 

vanation of albedo with elevation IS taken mto account As a result of the greater 

frequency of new snowfalls at higher elevations there IS an mcrease m the mean 

albedo with elevation. It IS pnmanly a consequence of th!S higher albedo at high 

elevations that the melt IS reduced rather than as a direct result of the decreased air 

temperature However, the US Corps of Engmeers (1956) have suggested that over 

extreme ranges, arr temperature itself also has an effect and very httle melt occurs 

with marked freezing temperatures. In short, for the melt season as a whole, the 

delay m npenmg of thicker snowpack, the higher albedo of higher level snow 

(particularly m Phahl Phan basm), and the decrease m air-temperature and vapor 

pressure with elevation all result m decreasmg melt rates with mcreasmg elevation 
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Northeast facmg stream (Mtar) 

In contrast to the southwest facmg basm, the northeast facmg Mtar stream had 

a peak dtseharge on June 7, a day when air-temperature recorded was maxnnum for 

the season and the average dally mean short wave radiation recorded between June 

3 to June 7 was 674 w/m 2 due to DllD.llD.Um cloud cover durmg this penod (Fig 

5 2 6) This early peak flow can be attnbuted to the lower elevation range m 

comparlSOn to the Phaln Phan basm The total area of Mtar basm hes below 4267m 

whereas the Phaln Phan basm has two thirds of its area above this elevation Arr 

temperatures recorded near the top of Mtar basm at 4200m a.sJ show that the 

whole basm was under the mfluence of a smular temperature regrme (Fig 5 2 6) 

thus producmg a peak flow denved from snowmelt m all parts of the basm 

Table 5 2 3 mdicates the dates of maximum dtseharge, air-temperature, and 

radiation m the two study basms 

Table 5.2.3 -Dates of maximum mean dally dJSCharge, radiation and air 
temperature for the two study basms 

Basm Streamflow record Temperature Radiation Discharge 

Mtar 
(northeast) June 3 - July 11 June-7 June-13 June-7 

P.Phan 
(southwest) May 25 - July 20 June-7 June-25 July-5 

(Source Field data S I H P 1987) 
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Another dtstmcttve feature of this seasonal flow regune IS that even m the low 

flow penod, from June 9-June 26, ma,JOr snowfall events recorded on June 10, 21 

and 22 did not dlSturb the melt pattern developed by energy mput. Also, no 

significant nse m flow was observed after the precipitation events m the southwest 

facmg basm, Phahl Phan However, the effect of these snowfall events was quite 

apparent from the hydrograph for the Miar stream and a nse m flow was observed 

three to four days later, after every snowfall event (Fig 5 2 6) Tlus IS mamly due 

to the difference m elevation of the two basms The Miar basm bemg lower m 

elevation lost most of its wmter snowpack (95% of its area was free of snow on 

June 8) earlier than the southwest basm Each snowfall event therefore blanketed 

the Miar basm with thm snow cover which produced streamflow durmg subsequent 

thawmg The Phahl Phan basm had all it's snowpack above 4572 a.sJ on June 8 

Hence, the snowfall events added fresh snow to the e:nstmg snowpack and retarded 

the meltmg process by mcreasmg the snow albedo Also arr temperature recorded at 

4572 m a.sJ remamed below 0°C dunng lowflow penod (Fig 5 2 6) Consequently 

no mcrease m flow was observed due to precipitation events until the thicker 

snowpack started producmg meltwater due to greater energy mput later than June 

26 (Fig S 2.5b) 

5 2 3.2 Diurnal runoff patterns 

Although dally flow patterns are not as significant an mdicator of site 

vanabllity m melt runoff as flow characteflStics over the entire melt penod, they 

nevertheless illustrate a number of envrronmental determinants The time of peak 

dally discharge is largely a function of the amount of solar radiation, which m tum 
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IS dependent upon degree of slope, aspect, vegetation cover, and cloud cover 

conditions, the size of the mdividual drainage basm, it's elevation range and gradient 

Northeast-southwest comparison 

'\ 

On the mesoscale, slope and aspect have a considerable mfluence on the 

components of the energy balance of the snowcover and subsequently on the runoff 

pattern In the case of some components, especially mcommg short wave radiation, 

thJS influence IS straight forward and relatively simple to measure On the other 

hand, slope and aspect also cause changes m wmd velocity and other meteorological 

vanables affectmg turbulent energy transfer These changes can be very complex 

It IS a common observation that snow on slopes with a southern aspect melts 

much faster than that on a northern slopes (Anderson 1972, Merman 1968, and 

Garstka 1958) Th1S IS mamly due to differences m mcommg short wave radiation 

For example on a 10° slope at S0°N on Apnl 1, a south facmg slope receives 

approximately 40 percent more direct beam radiation than a north-facmg slope (Male 

and Gray 1981) 

Durmg the sprmg of 1987, hourly mcident short wave radiation was calculated 

for the middle elevation of each study basm with the help of a computer program 

descnbed by Fuggle (1970) and IS given m Appendix E The relation of slope and 

aspect to mcident solar radiation IS mdlcated m Table S 2 4 Relative values of 

mcident short wave radiat10n are presented for two aspects (NNE and SSW) and for 

two sprmg days The days are June 7 and July S, when the sky was clear and 

maximum runoff was recorded for the northeast facmg basm (Marr) and southwest 
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facmg basm (Phalu Phan) respectively The values are expr~ as percentages of 

the radiation mcident on the south slope and represent percentages of maximum 

possible sunshme as computed from relative positions of earth and sun on the 

sample days. 

Table 5.2.4 
Relative values of mcident solar radiation on dlfferent aspects, 1987 

Exposure 

southwest (33 6° slope) northeast (41 3° slope) 
Date (percent) (percent) 

June-7 100 783 

July-5 100 879 

(Source Field observations S I H P 1987) 

Runoff showed promment dally peaks m each basm dunng the days 

undisturbed by precipitation and with temperatures above the freezmg pomt In 

Figure 5 2 7, companson of diurnal vanation m streamflow with radiation and 

air-temperature is given for the two momtonng basms for the days when no 

rainfall is recorded The days chosen are July 4 to July 6, when streamflow data 

are available for 24 hours, max1mum d1SCharge is measured on July 5 in Phahl 

Phan Basin The dally time range of maximum d1SCharge, air temperature and 

radiation for each basin are compared below (Table 5 2.5) 
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Table 5.2.5 -Daily trme range (hours) of maxunum dISCharge, rad1at1on and 
temperature 

Trme m hours 

Month DISCharge Temperature Rad1at1on 
SW NE SW NE SW NE 

May 17-20 13-15 12-14 12-13 09-10 

June 17-21 13-15 13-16 12-14 13-14 10-11 

July 18-23 13-14 12-15 11-15 13-14 10-11 

t SW (southwest facmg basm), NE (northeast facmg basm) 

On an ind1v1dual basIS dally peak flow during May-June, in the stream 

dram.mg the southwest facing basm was SIX hours later than maxunum rad1at1on 

and four to five hours later than maxunum temperature Tius lag between energy 

mput and runoff increased to seven and five hours respectively during July The 

mcreased lag trme between energy input and dally peak dISCharge can be attnbuted 

to the greater thickness of snowpack at higher elevations and increased channel 

length to the gaugmg site later in the melt season In contrast, the northeast facing 

basin had its daily peak dISCharge three hours later than maxunum rad1at1on and 

one hour later than maxunum recorded temperature m June and reduced to two and 

one hours respectively in early July 

Surularly it can be seen from the Fig 5.2 7 that maxunum temperature was 

reached one hour earher, short-wave rad1at1on three hours and daily peak flow 

about SIX hours earher in northeast facing basm than southwest There IS no simple 

way to explain thlS vanat1on as it IS a result of complex chmat1c and 
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environmental mtegration. However the most significant environmental factors that 

cause th.J.s local vanation m melt runoff regune m the study basms area are 

discus.sect m the next paragraphs 

Aspect 

Whenever snow covers an area that has topographic rehef, aspect lS the mam 

factor causmg local vanation m melt and runoff (Merman 1970) The study basms 

exhibit runoff charactenstics that are attnbutable to differences m aspect Figure 

S 2 7 shows that peak flow occurred about six hours earher m the northeast facmg 

stream than m the southwest ThlS lS mamly due to the time difference m energy 

mput (Table S 2.S) Temperatures are greater on northeast facmg slopes durmg the 

fmt half of the day as these slopes were exposed to the sun earher than southwest 

slopes and lower m the second half as the former slopes remamed m shadow A 

slllll.lar pattern lS VlSible m the case of radiation (Fig S 2 7) ThlS pattern of energy 

mput brmgs maximum air-temperature one hour and shortwave radiation three 

hours earher on northeast facmg slopes than southwest, which ultimately effect the 

flow regune and timmg as discus.sect earher 

Slope 

Vanation m melt runoff that results directly from slope angle lS difficult to 

ISOlate Indirectly, however, slope does cause a number of vanations Steeper slopes 

have a lower storage capacity and therefore faster runoff The slope of a basm also 

affects the depth of sotl accumulation and therefore quantity of mftltration that 

takes place and the rate of overland flow towards stream channels As a result, 
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basins with steeper slopes allow less time for mftltration and increase the surface 

flow The average slope from the upper divide to the basin outlet is 413° for Mlar 

and 33 6 ° for Pham Phan (Table 5 2 4) This slope dlf f erence helps to produce dally 

peak. discharge six hours earher at Mlar 

Elevation 

The effect of altitude on a catchment is very marked in mountainous reg10ns. 

The trucker snowpack generally found at hlgher elevations can affect the snow 

melt runoff in many ways. First, cooler temperatures at hlgher altitudes prolong the 

streamflow penod as melting is delayed Secondly, melt water from the hlgher 

elevat10n snowpack has to travel longer distances to reach the gauging site Thlrdly, 

greater snowpack depth increases the time required for melt water percolation 

through the snowpack thereby delaying contnbution to streamflow This hysteresis 

is most pronounced dunng the early melt penod This is also evidenced by the fact 

that the southwest facing basin, whlch is hlgher by 700 meters in elevation than 

the northeast facing basin and produced dally peak. discharge six hours later dunng 

May-June and seven hours later in July 

5 2 6 Conclusions 

One prehmmary conclus10n of this study relates to the possibility of making 

short term streamflow forecasts based on the extent of snow-cover as the pnme 

index Observations need to be made for several years for any firm relationshlp to 

be estabhshed However, the general agreement between the watershed area covered 

with snow and subsequent runoff indicates the possibility of estimating the 
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streamflow dunng the snow melt penod on the basis of proportion of bare area The 

loganthnnc relationshlp between snow-<:over area and snow melt runoff, imphes 

that snowdepth mcreases with mcreasmg elevation 

Patterns of snow melt runoff, exam.med m two contrastmg enVU"Onments 

withm Barpu Glacier Basm, Central Karak.oram, mdicate that the volume and 

timmg of discharge vaned considerably Runoff patterns are found to be dependent 

upon the complex mteraction of a number of factors 

1 Topography influences the rate of spnng snow melt m the followmg 
ways. aspect and degree of slope modifies the wmter and spnng snowpack 
by causmg unequal rates of ablation, rehef creates unequal distnbution of 
snow whlch m tum causes areal vanation m the volume of spnng 
melt 

2 Increase m the elevation range prolongs the penod of seasonal flow and 
also shlft the seasonal peak to later m the spnng This is mamly due to 
two cntical chmatic factors, the mcrease m precipitation with elevation 
and decrease of air temperature with elevation 

3 Weather conditions dunng the spnng, particularly the quality of the 
cloud cover and dally temperatures, directly influence the rate of melt 

4 Snow melt runoff is charactenzed by regular dally streamflow mmima 
and maxima whlch reflect the dally fluctuations of solar radiation and 
temperature 

5 Basm dramage density and snowpack thlckness have a considerable aff
ect on the timmg of snow melt runoff 

6 Fmally, spnng runoff patterns are governed by the mteraction of all 
the foregomg physical and chmate factors. 
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Although the above factors exert a control over melt runoff, aspect and elevation 

were found to be the most rmportant Phahl Phan was free of snow up to an 

elevation of 4267 m a.sl by June 10 whereas Miar retained snow up to this 

elevation later than July S This roughly indicates a trme difference of three weeks 

in slufting snow line between the two basins. 

Aspect has considerable effect on both seasonal and diurnal flow regrme The 

dally peak from southwest aspect 1S delayed by six hours relative to that of the 

northeast On a seasonal bas1S, aspect prolongs the streamflow penod by melting 

snow fust, from south slopes at lower elevation and then from north slopes at 

lower elevation This pattern continues in different elevation bands t1l1 the complete 

depletion of snowcover 

Elevation difference creates an unequal dtstnbution of snow which in tum 

causes areal vanation in the volume of spring melt It prolongs the penod of 

seasonal flow and also shifts the seasonal peak later in the spring In the present 

study the southwest facing basin has a much higher elevation and produced its peak 

dt.scharge on July S as compared to lower elevation basin (Miar), where peak flow 

occurred on June 7 

Measurements of water yield for different penods suggest that there was a 

considerable increase when the zone above 4800 m a.s 1 started contnbuting to the 

streamflow 
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5 3 RELATIVE IMPORTANCE OF METEOROLOGICAL VARIABLES IN 
SNOW MELT RUNOFF 

Smee snowmelt runoff IS the dominant source of streamflow m the Upper 

Indus Basin nvers dunng early spnng, a thorough understanding of the relationshlps 

between meteorological vanables and the snowmelt runoff IS needed to unprove 

both seasonal and short-term water yield forecasting Even small unprovements m 

forecasting could result m better management of water resources 

The meteorological factors affecting snowmelt runoff can be analysed through 

several approaches StatIStical correlation analyses can be used to relate snowmelt 

runoff to its causes. Also, these relationshlps can be expressed m equations denved 

from non-statIStical considerations of the observed physical phenomena of nature 

5 3.1 The Statistical Approach 

All hydrological phenomena are products of multiple causation Flood season 

dlSCharge IS associated with several antecedent vanables with respect to tune, whlch 

include accumulated precipitation (both snow and ram), ground water conditions, 

and energy components such as arr-temperature, solar radiation, wind and humidity 

In hlgh mountain areas, where energy availability for melting of snow is controlled 

by altitude, aspect and other complex rmcroclunatic factors, the effect of each of 

these associated factors (independent vanables) upon seasonal runoff (dependent 

vanable) may be determined by multiple correlation By obtammg data on the 

independent vanables, an estunate of the seasonal runoff may be made by use of the 

basic multiple linear regression equation 



Y = a + b2X1 + bzXz + b3X3+ 

m wluch 

Y = estimated runoff 

X" = observed values of mdependent vanables 
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a = constant (Y mtercept of curve of the above equation) 

regression coeff 1c1ents showmg relative contnbution 

of each casual factor to the dependent vanable 

The forecastmg problem to wluch the method of multiple correlation analySIS IS 

applied here concerns estimating m advance of flood season the probable runoff to 

be expected durmg the sprmg and early summer months from snowmelt 

5 32 Correlation Computations 

Both simple and multiple correlation analysIS were computed relating runoff to 

the vanous factors causmg snowmelt Correlations were performed usmg the method 

outlined by Ford (1953) The factors used m th!S senes of analySIS are descnbed m 

Table 531 

5 3.2 1 Effect of recogmzmg the recession flow 

A study was made by usmg the Phalu Phan mam meteorological station data to 

detemune wluch hydrograph area of the four mentioned m Table 531 (Qi- Q.) 

would correlate best with the ma,JOr causative vanables The results tabulated m 

Table 5 3 2 show that mean dally runoff CQ.) calculated from 1 day snowmelt 
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Table 53.1 

List of vanables used m statJStical correlations 

Descnptton of vanables 

Total volume of runoff for 1 day as 
represented by the area under the 
hydrograph for one day and above a 
baselme of 0 flow bounded by 
vertical time !mes at midmght 

Mean dally runoff calculated from 
1 day's contnbution as m Qi 

Net volume of flow for 1 day as 
represented by the area under the 
hydrograph for one day above the 
recession of the precedmg day 

Mean dally runoff calculated from Q 3 

Mean diurnal arr-temperature at 2 m height 

Max diurnal atr-temperature at 2 m height. 

Mm diurnal arr-temperature at 2 m height. 

Mean diurnal atr-temperature at 1 5 m height 
from thermohydrograph 

Max diurnal arr-temperature at 1.5 m height 
from thermohydrograph 

Mm diurnal arr-temperature at 1.5 m height 
from thermohydrograph 

Relative humidity at 1 5 m height 

Mean day time mcommg short-wave 
radiation 1 m above ground surface 

Total day time mcommg short-wave 
radiation 1 m above the ground surface 

Mean dally wmd travel at 2 meter height 

Cloud cover m Barpu Basm 
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Umts 

cubic emfs 

cubic emfs 

cubic emfs 

cubic emfs 

percent 

w/m 2 

w/m 2 

mis 

10ths 



TABLE 532 

Comparison of simple (Y = a + bX) correlation usmg Phahi Phan meteorological station data 
(facmg southwest - elev 3510 m) with snowmelt-runoff (Qt-Q4) for the period May 25- July 14 

Independent 
variables 

X1 Mean temp 

X2 MAX temp 

X3 Min temp 

X7 Humidity 

X8 MeanSWR 

X10 Wind 

X11 Cloud 

(Qt) 

Equation r2 

Y=4 183+ 140X1 461 

Y=3 879+ 112X2 421 

Y=4 687+ 146X3 470 

Y=6 054- 012X4 081 

Y=5 155+5 861E-04X5 022 

Y=6 409- 583X10 329 

Y=5 694- 045X11 045 

Dependent Variables 

(Q2) (QJ) (Q4) 

Equation r2 Equation r2 Equation 

Y=3 014+ 140X1 557 Y=4 155+ 143X1 480 Y=2 982+ 143X1 

Y=2 715+ 111X2 506 Y=3 861+ 113X2 429 Y=2 683+ 113X2 

Y=3 523+ 145X3 558 Y=4 660+ 151X3 500 Y=3 499+ 148X3 

Y=4 955- 014X4 128 Y=6 071- 013X4 087 Y=4 971- 015X4 

Y=3 939+6 558E-04X5 034 Y=5 202+5 078E-04X5 017 Y=3 927+6 692E-04X5 

Y=5 066- 474X10 264 Y=6 397- 576X10 321 Y=5 078- 484X10 

Y=4 562- 055X11* 083 Y=5 695- 045X11 046 Y=4 568- 058x11• 

* All equations with temperature (max mm mean) and wmd are sigrnficant to 0 01 level and with humidity and cloud at 0 05 

* Equations with Short wave radiation are not sigrnficant at all 

* Y = log (Yi) For the description of other meteorological parameters see Table 5 31 

* Number of Observations (N) = 50, Degree of freedom (DF) = 48 

r2 

594 

534 

598 

140 

036 

282 

092 
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(area 1 of figure 5 31) gives better correlation coefficients with all the independent 

vanables in srmple regression analyses Simtlarly, better correlation coefficients 

resulted from multiple regression analyses when runoff (Q,) was entered as a 

dependent vanable, with seven independent vanables in the equation (Table 5 3 3) 

Further, the result presented in Table 5 3 4 show an rmproved relationship through 

loganthnuc analyses compared to straight-line regression analyses. These results 

indicate that the use of net volume of runoff for 1 day snowmelt as represented by 

the area under the hydrograph for 1 day and above the recession of the preceding 

day (Area 1 of figure 5 3 1) offers an improvement over the use of the flow as 

measured for the day from rmdmght to rmdmght and also the relationship can be 

better explained as a curvilinear correlation, both in simple and multiple regression 

analyses. 

METHOD OF COMPUTATION OF SNOWMEL.T HYDROGRAPH 

1001----1---

F 

60,1-----1---1----+------' 
MdnL Mdnl MdnL 

Precedutg Qgy ~ f'ollowing 
Doy ~ Day 

Area I Volume of a day'• 1nowmelt appearing 1n the frrrt 
24-hour period (Frrsl day volume) 

F JG 53 1 Snowmelt hydrograph showing area 1 = volume 
of day's snowmelt appeanng in the first 24 hours penod 
(Source Garstka et al 1958) 



Eq No 

Pl 

P2 

P3 

P4 

Table 533 

ComparISon of multiple correlation usmg Phahi Phari mam meterological station (elev 3510 m) data with 
snow-melt runoff (Qt - Q4) for the period May 25-July 14 

Independent Variables 

Dependent Mean T Max T Mm T Humidity SWR Wmd Cloud 
variables Xl X2 X3 X7 XS XlO Xll a r:a F 

Ql 01854 00335 -0620 00075 -5659E-04 -4334 -0075 42684 704 1425 

Q2 02192 00024 -0609 00094 -7 708E-04 -3164 -0225 32085 736 1677 

Q3 02074 00145 -0590 00075 -7 812E-04 -4194 -0030 44743 719 1531 

Q4 02259 -0095 -0521 00097 -7 662E-04 -3215 -0281 32773 783 2169 

* Number of observations = 50, Degree of freedom = 42, F significance level 0 01 

* Y = log (Yi) For mdependent variables see Table 5 31 



Table 53.4 

Companson between hnear and log-hnear regression results by usmg 
Phalu Phan mam meterological station data for the penod May 25- July 

Dependent V anables 

(Q,) log (Q,) 
Independent 

vanables Equation r:i. Equation 

X1 Mean temp Y=-061+011X1 .514 Y=2982+143X1 

X:i. MAX temp Y =- 090+ 009X 2 .511 Y=2683+113X:i. 

x3 Mm temp Y=-019+011X3 482 Y=3499+148X3 

x, Humidity Y=0091-001X, 121 Y=4971-01SX, 

Xe Mean SWR Y =O 008+5 623E--05X a 038 Y=3 927+6 692E--04Xa 

X1 0 Wmd Y =O 086- 028X i 0 145 Y=5 078- 484X1 0 

X1 i Cloud Y =O 058- 004X i i 063 Y=4.568-058X1 i 

t All equations are sigruficant to 0 01 level except equations 
with short wave radiation and cloud cover 

t For the descnption of meteorological parameters see Table 5 3 1 

t N = 50, DF = 48 
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r:i. 

.594 

534 

.598 

140 

036 

282 

092 
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From these results it 1S apparent that forecasts based on the lmear regression 

equations could be rmproved by takmg into consideration possible loganthmlc 

relationshlps. Therefore, in view of the above results, it was not considered 

necessary to repeat sumlar correlation studies using the data from the hlgher site 

from thlS aspect 

5 3.3 Results and Discussion 

Snowmelt runoff from each of the two study basins (P.Phan & Mlar) 1S 

correlated with meteorological vanables collected at two different elevations. For 

example in Pham Phan basin metrological observations were made on 3510 m and 

4572 m a.sJ and regressed independently with stream runoff SlDlllarly for Mlar 

basin regression analyses are performed with data collected at 3550 m and 4200 m 

a.s.l Results are presented for each basin independently 

5 3.3.1 Southwest 

Runoff from the Phah.1 Phan stream draining a basm with an elevation range 

between 3550 m and 5030 m a.s.l., correlated with chmatic vanables recorded at 

3510 m a.sJ and 4572 m a.s.l The lower elevation site 1S referred to as the Phahl 

Phan mam metrological station whtle the hlgher station 1S given the name Rush 

Lake for the purpose of distmgUlShmg the correlation results 

Lower elevation site (P.Phart 3510 m a.sJ) 

Table 5 3.5 presents the simple lmear correlation coefficients between all the 

mdependent vanables and snowmelt runoff used for thlS site The summary of 
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Table 535 

Simple correlation matrix of meteorological factors and snowmelt runoff 
Phah1 phart main met station (elev 3510 m) 

Variables Mean temp Max temp Mm temp Hum1d1ty SWR Wmd Cloud Runoff 
Xl X2 X3 X7 XS XlO Xll Q4 

Mean temp 1000 

Max temp 0975 1000 

Mm temp 0945 0890 1000 

Hum1d1ty -725 -734 -570 1000 

SW Rad 0461 0538 0208 -709 1000 

Wmd -180 -147 -222 -092 0033 1000 

Cloud -563 -619 -376 0833 -820 -019 1000 

Runoff 0717 0715 0695 -348 0195 -382 -251 1000 

* N = 50 (where N ts the total number of measurements) For the descnpt10n of vanables see Table 5 3 1 
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multiple correlations usmg Phaln Phan mam meteorological station data is given m 

I 
Taf le 5 3 6 The variables are combmed m equations havmg one, two, three, four, 

five, six and seven mdependent vanables 

The highest correlation coefficient r 2 
= 0 783 resulted from the mclusion of 

;r ::::;:b:: :=~on ~o:::~ :th:u .:::b1: 
16 runoff used as the dependent Equatton (Pp,) resulted from stepWISe analyses 

shows mean temperature and wmd significant (a = 001) and humidity at the 95 
I 

pefuent sigmf icance level Both of the above equations (with all vanables & with 

tJee vanables) explam 78% and 77% vanance of the stream flow respectively 

Among the equations, where only two mdependent vanables are tested, mean 

daily temperature with wmd produced equally good results to that where three and 

I seven vanables are m equations - Equation PP1 2 In simple correlation equations 

I 
dally mimmum air temperature alone gives the best correlation coefficient r 2 = 0 60 

m equation PP1, This shows that m the absence of other factors temperature alone 

can be used m a predictive equation. It is also important as no other snowmelt 

caLtive vanable alone gives a correlation coefficient sufficiently reliable to be used 

aljne m the absence of air temperature However, mean temperature with the 

colbmation of other vanables, especially wmd, certamly improves the relationship 

(Tible 5 3 6) The importance of wmd hes m the way convective heat transfer is 

I prOduced by the turbulent heat exchange between the air mass immediately above 

I the snowpack This heat transfer is dependent on both wmd and air temperature 

anh particularly on the stability of the air mass above the snowpack (Quick 1987) 

QJick explains that a warm air mass above a cold snow surface tends to be stable, 



Table 536 

Summary-of-multiple correlation using-data-collected-at-an- elev-3510-m-wi th-snowmelt-runoff-(Q4)- from--- --
southwest facing stream (Phah1 Phan stream basin) Period of record used from May 25 - July 14 

Independent Variables 

Mean T Max T Mm T Hum1d1ty SWR Wmd Cloud 
F.q No Xt X2 XJ X7 X8 XlO X11 a rz F DP 

PP1 0 2259 - 0095 - 0521 0 0097 -7 662E-04 - 3215 - 0281 3 2773 783 21 7 7,42 

PP2 0 2026 0 0020 - 0443 0 0062 -5 274E-04 - 3310 3 1945 780 25 3 6 43 

PP3 0 1802 - 0191 0 0034 0 0102 - 3156 - 0094 2 9662 774 24 6 6,43 

PP4 0 1682 0 0138 - 0398 -8 121E-04 - 3577 - 0022 3 8158 773 24 4 6,43 

PPS 0 0876 0461 - 3575 3 7953 759 48 1 3,46 

PPS 0 1292 - 3691 3 6784 752 71 4 2,47 

PP7 0 1611 0 0088 - 3219 2 9217 774 52 4 3,46 

PPB 0 1429 -5 405E-04 - 3523 3 8509 771 51 5 3,46 

PP9 1300 2 176E-04 - 3491 4 0092 738 43 2 3,46 

PP10 1297 -9 703E-04 - 3496 4 1859 734 42 5 3,46 

PP11 1280 - 3505 - 0117 4 2025 738 43 1 3,46 

PP12 0 1292 - 3691 3 6783 752 71 4 2,47 

PP13 1327 - 3444 4 1191 735 65 0 2,47 

PP14 1488 3 4986 599 71 7 1,48 

PP15 0 1427 2 9822 594 70 2 1,48 
.... 
~ 

°' * Number of observations = 50, "DP" Degree of freedom, F s1gmf1cance level for all equations 0 01 

* Y = log (Y1) For description of independent variables see Table 5 31 
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resistmg any downward transport of heat to the snowpack, unless there ts enough 

wmd to produce turbulent nuxmg In case where air temperature mcreases and wmd 

remains moderate, the sta1nllty can mcrease to the extent where very httle 

convective heat transfer can occur Convective heat transfer ts therefore self hm.Itmg 

and becomes quite small at higher temperatures, unless there ts a very strong wmd 

Sumlarly m advective heat transfer, whether condensation occurs, releasmg latent 

heat to the snow pack, or whether evaporation occurs, coohng the pack, depends on 

the relative vapor pressures of the air mass above the snow surface Wmd ts once 

agam an important factor and therefore so ts stability, as was dISCussed for 

convective transport (Quick 1987) 

Higher elevation site (Rush Lake 4572m a.s.L) 

A simple correlation matnx of meteorological factors and snowmelt runoff ts 

given m Table 5 3 7 and summary of simple and multiple regression analysts ts 

given m Table 5 3 8 Short wave radiation used m thts regression analysts was 

calculated with the help of computer programme wntten by Fuggle (1970) Thts 

program calculates hourly totals of mcommg short wave radiation on slopes The 

basic mput data for thts program are latitude, sun dechnation, transmISSivity, 

a.zunuth and average slope angle of the slope on which the rad1at1on measurements 

are required The transm1ss1vity factor was calculated usmg actual data recorded at 

the base of the slope (Le Phah.J. Phan meteorological station elev 3510 m a.sJ ) 

where mcommg short wave radiation measurements were recorded The value of the 

solar constant ts taken as 2 cal cm 2 mm 1 (Fuggle 1970) 



Variables 

Mean temp 

Max temp 

Mm temp 

Humidity 

SW Rad 

Cloud 

Runoff 

* N = 26 (Where N 

Table 537 

Correlation coefficient between independent variables and runoff using data from 
Rush Lake met station (elev 4572m) 

Mean temp Max temp Mm temp Humidity SWR Cloud 
Xl X2 X3 X7 XS X11 

1000 

0887 1000 

0951 0766 1000 

- 841 -789 -684 1000 

0255 0423 0133 -388 1000 

-505 -539 -326 0681 -527 1000 

0803 0681 0757 -776 0095 -383 

lS total number of measurements) For the description of variables see Table 5 3 1 

Runoff 
Q4 

1000 



Table 538 

Summary of multiple correlation using meteorological data collected at Rush Lake (elev 4572 m) with 
adJUsted mean dally runoff (Q4) from southwest facing stream basm for the period June 19 - July 14 

Independent Variables 

Mean T Max T Mm T Humidity SWR Cloud 
Eq No X4 XS X6 X7 XS XU a r:a F DF 

RH1 0 1046 - 0041 0 0664 - 0150 -3 550E-04 0 0230 5 8329 771 10 6 6, 19 

RH2 0 1916 - 0096 -3 943E-04 0 0296 5 3528 766 17 1 4,21 

RH3 0 0852 0 0798 - 0150 0 0332 5 5906 762 16 9 4,21 

RH4 0 0712 0 0898 - 0133 -4 562E-04 5 9688 766 17 2 4,21 

RH5 0 2001 0 0152 -3 552E-04 0 0142 4 9936 760 16 6 4,21 

RH6 0 0476 0 1122 - 0113 5 6491 753 22 4 3,22 

RH7 0 1901 0 0242 0 0248 4 7505 753 22 4 3,22 

RHB 0 1762 0 0323 -4 145E-04 5 1417 759 23 0 3 22 

RH9 0 2177 -3 644E-04 0 0173 4 9385 760 23 2 3,22 

RH10 0 1951 - 0084 0 0419 4 9948 757 22 8 3,22 

RH11 0 1963 - 0045 -5 268E-04 5 3159 759 23 0 3,22 

RH12 0 2108 -4 761E-04 5 0775 757 35 8 2,23 

RH13 0 2181 0 0302 4 6513 752 34 9 2,23 

RH14 0 2050 6 628E-04 4 7358 740 32 7 2,23 

RH15 0 2027 4 7664 740 38 8 1,24 .... 
RH16 0 1826 5 3382 714 59 9 1,24 A 

'° 
* Y = log (Yi) For the description of climatic parameters see Table 5 3 1 Number of observations = 26 
* All equations are significant to 0 01 (F distribution) "DF" degree of freedom 
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Equation RHi. mcluchng SIX independent vanables (Table 5 3 8) shows the 

lughest correlation coefficient r 2 = 0 771 It 1S worthwlule to mention here that the 

independent vanable wind, wluch was one hundred percent significant (t- student 

test) m most of the multiple correlation equations computed by using the lower 

elevation data, 1S not available for the lugher elevation site The physical phenomena 

and rmportance of wind were dlSC~ above 

Equation RH2 including mean air-temperature, humidity, short wave radiation 

and cloud cover gave a correlation coefficient r 2 = 766 SlDlllarly equations RH 9 and 

RH12 with three and two vanables (Table 5 3 8) give lugh correlation coefficients 

as with all the SIX vanables m the equation In srmple correlation analySlS mean 

dally air-temperature explains 74 % vanance of the dependent vanable Tlus 1S as 

good as that explained by all the vanables m the equation r 2
= 0 77 In stepwlSe 

regression analyses mean temperature 1S the only vanable wluch stand significant (a= 

001) level 

Relation between temperature proftle (Lower and Higher Sltes) 

Tables 5 3 6 and 5 3 8 indicate that m Simple correlations, nnnrmum temperature 

produces the lughest correlation coefficient at the lower elevation site whereas the 

mean arr-temperature 1S best correlated from the lugher elevation Slte To determine 

the relationslup between these two temperature profiles, correlation analysIS was 

computed using temperature data from June 19 to July 14 Figure 5 3 2 shows the 

relation of mean dally temperature from the lugher elevation site (4572 m a.sJ) 

with nnnrmum temperature from the lower elevation site (3510m a.s 1) 
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FIG 5 3 2 Relation between minimum and mean air-temperature 
recorded at elev 3510m and 4572m a.sl respectively on SSW facing 
slopes 

The correlat10n coefficient resulted from analysis is 

r 2 = 0 821, for the equat10n 

Y -59047 + 07249X 

where Y Mean temperature from higher elevation site 

X Mmimum air-temperature from lower ele\.at10n site 

The results from this equat10n suggest that mmimum temperatures recorded at 

valley bottom slope (southwest) can potentially be used if no temperature data are 
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avatlable from the h.lgher elevations Srmtlarly, mean temperature is the smgle most 

J.m.portant vanable for h.lgher elevation m the present case for nud basm elevation. 

5 3.3.2 Northeast 

Both simple and multiple statistical correlation analysis were computed relatmg 

snowmelt runoff to the vanous factors recorded at 3550 m and 4150 m a.s 1 

separately The stream flow was stnctly diurnal and ceases to flow durmg the 

mght time T1lls situation restncted the analysis to dependent vanables Qi & Q2 

(Table 5 31) Penod of record used m analysis is from June 3 to June 30, 1987 (28 

days) as there was hardly any snow left m the basm later than June 30 (Table 

5.21) 

To deternune wh.lch of two dlSCharge (datly total or datly mean) gives better 

results usmg correlation analysis, a study was made by usmg the mdependent 

vanables collected at a hlgher elevation (4200 m a.sJ.) named as Miar Hill Results 

are presented m Table 5 3 9 T1lls shows that the use of mean datly runoff is a 

defl.nlte improvement over the use of datly total, as recorded at the southwest 

momtormg basm In view of this, all the simple and multiple correlation analysis 

were computed relatmg mean dally runoff to its causes. 

Lower elevation site (Miar 3550m a.s.1 ) 

The coefficient of correlation r between mdependent variables and stream flow 

is given m Table 5 310 and results of simple and multiple correlation analysis are 

given m Table 5 3 11 
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Table 53.9 

Companson of correlations usmg total one day runoff (Qi) with correlations usmg mean 
datly runoff (Q2) from northeast facmg stream basm (Miar) with meteorological data 

collected at an elevation 4200 m a.s.l (Miar hill) for the penod June 3-30, 1987 

Dependent Vanables 

Qi Q2 
Independent 
variables Equation r2 Equation rz 

Xi Mean temp Y=4 697+ 0734Xi 717 Y=3 343+ 0743Xi 789 

X2 MAX temp Y=O 025+ 0093X2 699 Y=O 001+4 150E-04X2 729 

XJ Min temp Y=O 109+ 0114X3 582 Y=O 005+5 198E-04X3 638 

x, Hum1d1ty Y=O 184- 0018X, 645 Y=O 008-8 068E-05X, 667 

Xs Mean SWR Y=O 111-7 306E-05Xa 021 Y=O 005-3 847E-06Xa 031 

X11 Cloud Y=O 120- Ol1X11 489 Y=O 005-4 851Xii 468 

t Y = LOG (Y1) N = 27, OF = 25 For descr1pt1on of variables see 
Table 5 3 1 



Table 5310 

Pearson Correlation Coeff1c1ents for M1ar metrolog1cal station data (3550m as I) 

Variables Mean temp Max temp Mm temp SW Rad Cloud Runoff 
X1 X2 X3 XS X11 Q2 

Mean temp 1000 

Max temp 0937 1000 

Mm temp 0918 0849 1000 

SW Rad 0285 0309 0269 1000 

Cloud -641 -652 -520 -300 1000 

runoff 0835 0851 0737 0069 -716 1000 

* N = 28 (Where N is the total number of measurements) For the descr1pt1on of variables see Table 5 3 11 



Table 5311 
Summary of multiple correlation usmg metrological data collected at an elevation 3550m a.s 1 with snowmelt 

runoff (Q2) from northeast facmg stream basm (Miar) Period of record used from June 3 - 30, 1987 

Independent Variables 

MeanT MaxT MmT SWR Cloud 
Eq No Xl X2 X3 XS Xtt a ra F DF 

MR1 1 533E-04 3 288E-04 -3 108E-06 -4 188E-06 -2 139E-04 6 904E-04 83 21 5 5,22 

MR2 4 026E-04 6 813E-05 -4 252E-06 -2 268E-04 8 257E-04 83 27 4 4,23 

MR3 4 583E-04 -4 229E-06 -2 226E-04 4 125E-04 82 37 5 3,24 

MR4 4 525E-04 -3 883E-06 -2 429E-04 0 0022 80 31 8 2.0 3 

MRS 2 919E-04 3 974E-04 -9 249E-05 -3 583E-06 - 0022 78 20 3 4,23 

MRS 2 024E-04 4 050E-04 -3 610E-06 - 0020 78 27 8 3,24 

MR7 1 627E-04 2 872E-04 -1 845E-04 - 0011 78 27 7 3,24 

MR8 3 708E-04 -3 842E-06 -3 483E-06 0 0048E-04 74 22 8 2,25 

MR9 4 270E-04 -1 933E-04 - 0015 77 41 6 2,25 

MR10 5 857E-04 -3 632E-06 - 0025 77 40 7 2,25 

MR11 4 283E-04 -2 116E-04 3 304E-04 75 38 0 2,25 

MR12 5 952E-04 -3 121E-06 -4 442E-04 73 33 4 2,25 

MR13 5 435E-04 - 0038 72 68 2 1,26 

* N = 28, F = F distribution, DF = Degree of freedom All equations are significant to 0 01 level (F distribution) 

* For the description of independent variables see Table 531 
..... 
~ 
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Although the best correlation coeff1c1ent IS produced by equation MR.1 where 

all five independent vanables are included, an equally good result IS achieved by 

incorporating three vanables in equation MR.3 (Table 5 311) With two vanables in 

the equation 1 e equations MR.a to MRu, the maximum temperature with cloud 

cover gave the best correlatlon coeff1c1ent r 2 = 769 Among the simple correlation 

analysIS daily maximum a.11'-temperature gave the highest coeff1c1ent r 2 = 724 The 

equations MR.1 (with all vanables) and MR.1 3 (with three vanables) which explain 

the vanance of the dependent vanable (mean dally snowmelt runoff) 83% and 72% 

respectlvely Also in stepwISe analyses, max1mum temperature with cloud gave the 

best correlation coeff1c1ent r 2 = 769 in equation MR, (Table 5 311) These results 

indicate that the maximum temperature alone can be used in a pred1ct1ve model If 

only one vanable IS available for pred1ct1on 

Higher elevation site (Miar Hill 4200 m a.s 1 ) 

Six independent vanables were used for thIS Site with the add1t1on of humidity 

which was not available for the lower elevation statlon (Table 5 3 12) The 

inclusion of humidity resulted in higher correlat10n coeff1c1ents The vanables are 

combined in equations having six, four, three, two and one independent vanable and 

the results are tabulated in Table 5 3 13 

Again the best correlat10n coeff1c1ent IS achieved with all six vanables in the 

equation Equally good results are obtained with the three vanables mean 

temperature, mi.rum.um temperature and short wave rad1at1on in the equation CMH2) 

With two vanables in the equation, the best results are obtained by combining mean 

dally temperature and cloud cover equation (MH,) 



Table 5312 

Coefficient of correlation R between mdependent variables and runoff 
Mtar Htll metrological station data (4200m a.s 1) 

Variables Mean temp Max temp Mm temp Hunnd1ty SWR Cloud Runoff 
Xl X2 X3 X7 XS X11 Q4 

Mean temp 1000 

Max temp 0974 1000 

Mm temp 0956 0918 1000 

Hum1d1ty -855 -856 -746 1000 

SW Rad 0226 0290 0220 -255 1000 

Cloud -664 -686 -506 0846 -230 1000 

Runoff 0 891 0866 0 818 -831 0069 -716 1000 

* N = 28 (Where N ts the total number of measurements) For the description of variables see Table 5 3 1 
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Summary of multiple correlation usmg meteorological data collected at an elevation 4200m a.s 1 with snowmelt 
runoff (Q2) from northeast facmg stream basm (Miar) Period of record used from June 3 - 30, 1987 

Independent Variables 

Mean T Max T Mm T Humidity SWR Cloud 
Eq No X4 XS X6 X7 XS X11 a r2 F DP 

MH1 0 1160 - 0135 - 0475 - 0018 -4 301E-04 0 0084 3 5921 86 20 4 6,20 

MH2 0 1285 - 0657 -4 068E-04 3 2989 84 43 2 3,23 

MH3 0 0614 -- -4 673E-04 - 0262 3 7113 84 40 9 3,23 

MH4 0 1098 - 0496 - 0112 3 2002 84 39 6 3,23 

MH5 0 1126 - 0563 - 0017 3 2326 84 39 2 3,23 

MH6 0 0509 -- -- - 0049 -5 144E-04 3 9313 83 38 7 3,23 

MH7 0 0602 -7 808E-04 - 0212 3 4934 82 35 4 3 23 

MH8 0 1282 - 0653 3 0866 83 60 0 2,24 

MH9 0 0625 -- - 0241 3 4557 82 55 2 2,24 

MH10 0 0551 - 0040 3 6043 81 51 3 2,24 

MH11 0 0743 -- -- -3 987E-04 3 5532 80 49 2 2,24 

MH12 0 0743 -- 3 3433 79 93 4 1,25 

* N = 27, "DF" degree of freedom For the description of independent variables see Table 531 

* Y = LOG (Yi) All equations are s1gmf1cant to 0 01 level (F d1str1bution) .... 
CA 
00 
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Among the individual vanables, mean daily air-temperature proves the best 

having r 2 = 0 789 for MH 1 2 However, inclusion of any other vanable results in a 

correlation coefficient wlnch is more significant. In stepwise analyses mean and 

mmrmum temperature qualify to enter in the test and produced a correlation 

coefficient of 0 834 (eq MHa in Table 5 313) 

Relation between temperature profile (Lower and Higher site) 

Tables 5 3 11 and 5 3 13 suggest that the maxnnum temperature from the lower 

elevation site and mean arr-temperature from the higher elevation site are the best 

among the individual parameters explammg 72 % and 79 % vanation in stream 

flow respectively To determine the relationship between these temperature profiles, 

a study was conducted using temperature data from May 25 to August 19, 1987 

The correlation coefficient for simple correlation analysis is 

r 2 = 0 903, for the equation 

Y = -12 246 + 104449X 

where Y 

x 

Mean arr-temperature from higher elevation site 

Maximum arr temperature from lower elevation site 

The relationslnp between the mean and maximum air-temperatures is shown in 

figure 5 3 3 
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In general, the greater number of sno\\-melt causative variables m the equation 

the better the correlation coefficient is But apart from this, the results from the 

statistical analyses of these factors lead to the conclusion that temperature factor is 

at least as good as, and m many cases better than, a combination of other factors 

used m correlation analyses Therefore, m the development of practical applications 

of methods of forecasting runoff from snowmelt, part1cular attention should be paid 

to the temperature variable However, it should be kept m mind that the 

independent variables must be considered only as indices showing the effect of 

condmons where data were collected, smce the variables are intercorrelated 
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53.4 Companson of Results m Terms of Aspect 

Results tabulated m Table 5 314 indicate that mean 3.11' temperature ts the best 

mdex of streamflow, when it ts recorded in the middle of the basin The physical 

explanation of this phenomena ts that mean temperature calculated from hourly 

measurements does take mto account the effect of diurnal freezing of snowmelt 

water (US Corps of Engineers 1956) A s1mtlar view is presented by KuUStsto 

(1984), where he used mean datly temperatures (tak.mg into account the negative 

temperatures) to calculate degree days as an index of snowmelt 

From the lower elevation stations Dl.lDllllUm temperature gave a better 

correlation coefficient for the southwest aspect m curvilinear regression analysis. For 

the northeast aspect maximum temperature produced a higher correlation coefficient 

than any other vanable Relative humidity recorded at higher elevations on both 

aspects produced much better correlation coefficients when regressed against runoff 

as compared to the lower elevation stations Incoming short wave radiation is better 

related to streamflow from the southwest than northeast facing slopes. This may be 

due to the fact that for all the other three stations, radiation was calculated with 

the help of a computer program which does not represent the true environmental 

effect S1mtlarly, cloud cover shows better correlation for the northeast facing basin 

than southwest, whereas radiation is better correlated with stream flow from the 

southwest facing basin 
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Table 53.14 

Companson of correlation coefficients of simple regression with 
streamflow m terms of aspect 

Southwest Northeast 
Independent 

vanables Lower elev Higher elev Lower elev Higher elev 
(3510m) (4572m) (3550m) (4200m) 

Mean temp 0717 0803 0835 0891 

Max temp 0715 0681 0851 0866 

Mm temp 0695 0757 0737 0818 

Humidity -348 -776 ***** -831 

Mean SWR 0195 0095 0069 0069 

Wmd -382 ***** ***** ***** 

Cloud -251 -383 -716 -716 

***** Vanable not available for the analysts 

t Southwest t Northeast 
Lower site (May 25 - July 14) Lower site (June 3- June 30) 
Higher site (June 19 - July 14) Higher site (June 3- June 30) 



163 

5 3.5 Companson of Observed and Prechcted Hydrographs 

Figure S 3 4 shows the plot of best predicted equations for both momtonng 

streams. The sohd-hne hydrographs are the observed flow at the gauging Site for 

each basm The dashed hne hydrographs represent the forecasted runoff usmg 

equation PP i (Table S 3 6) with mean, max1mum and nurumum temperature, 

relative humidity, short wave radiation, wmd, and cloud cover m the equation MH 1 

(Table S 313) with same vanables except wmd speed for Phahl Phan and Mlar 

stream respectively 

The dotted hne hydrographs are the forecasted runoff denved by employmg 

mmrmum and mean dally temperatures for Phahl Phan and Mlar streams 

respectively Figure S 3 4 also shows that the best fit forecast was obtamed by usmg 

equations PP1 and MH1 as compared to the forecast based on air-temperatures only 

These results suggest that although air-temperature IS the best mdicator m simple 

regression models, the forecast can be improved with the mclusion of other 

snowmelt causatives vanables m analyses 

5 3.6 Dlscuss1on of Analytical Methods 

There are two different prerequISites for JUdgmg the value of different methods 

for max1mmng information about hydrologic problems One IS to get an approximate 

working tool e g, a prediction formula The other IS to acqurre knowledge about the 

physical laws underlymg the hydrologic phenomena. 

In the flfst case, it can be concluded that the regression technique was 

successful The formulas developed were able to explam most of the vanatton m 
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stream flow and can be used as prediction formulas under sumlar conditions that do 

not differ widely from those of the ongmal data. However, it is very difficult to 

mterpret the hydrological meaning and functional form of such mdices Because 

these mdices mclude the effects of vanous real but unmeasured climatic and 

hydrological factors, they are mtercorrelated with each other These mtercorrelations 

make the mterpretation of the effect of the variable more difficult (Mustonen 

1967) However, m hydrology problems hk.e this one, to look for and explam the 

true mdiv1dual effects of available climatic vanables is difficult For instance, air 

temperature may have its own true strong effect, but it is so mextncably bound up 

with other measured as well as unmeasured factors, that it is too complex to 

compute and explain its real effect unmfluenced by any other factor (Mustonen 

1967) 

The true hydrologic law of stream flow is a very complicated combmation of 

variables The vanables used m this study are only mdices of the effect of the true 

hydrologic factors Normal linear and curvlhnear multiple regression analysis is a 

useful statistical method for mcreasmg our understandmg of many hydrologic 

problems 

5 3.7 Conclusions 

Normal linear multiple regression analysis is an appropnate method to study 

hydrological relationships Intercorrelations between mdependent vanables do not 

invalidate prediction models when they are used under the same conditions as those 

under which the data were obtamed Simple correlation coefficients from all the 

four sites indicate that if only one meteorological vanable is available for snowmelt 
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runoff predJ.ct1on, mean arr temperature IS the best prechctor 

The models developed m thIS study serve as a startmg pomt for further 

attempts to explam rmportant relat1onshlps m the hydrology of cold regions hke 

that of the Karakoram Mountains. 



CHAPTER 6 

Summary and Conclusion 

6 1 INTRODUCTION 

Both m pro.)eCt plannmg studies and m the operation of water resource 

utilization pro,JeCts, there ts a need for the refmement of techniques to compute 

seasonal water-yield forecasts and estunate momentary seasonal peak dISCharge and 

dally streamflows The present study ts part of an mvest1gat1ons, rmt1ated by the 

1 
"Snow and Ice Hydrology Pro,JeCt" m the Karakoram Mountains smce 1985 The 

purpose of thlS pro,JeCt ts to develop and test methods of momtormg and forecastmg 

volume and rates of runoff from snow and ice melt m the nvers basms of the 

Upper Indus Basm 

ThlS thests has exam.med specific factors causmg vanat1on m snowmelt runoff, 

and the relative unportance of hydrometeorological vanables m pred1ct1on models 

AB the study was based on field observations for only one summer season, it should 

not be considered adequate to establtsh firm long-term relationships but ts a pilot 

study towards that goal It does md1cate the requirements and problems of 

establtshmg reliable hydrological mvest1gat1ons. 

1 Snow and Ice Hydrology Pro,JeCt establtshed m 1985 at Wtlfnd Launer 
Umvers1ty, Waterloo, Ontano, Canada 
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The results obtained provide useful information with regard to stream flow 

behaviour m dramage basms m the crucial elevation range between 3500 to 5030 m 

a.s.1 m two morutormg basms with opposmg slope aspect T1us study provides 

information about the zone of maximum accumulation and timmg of meltwater 

release from this zone Formulae were also developed to evaluate the relative 

importance of hydrometeorological vanables for predictive models. Section 6 2 

summanzes the results achieved and some important interpretations Section 6 3 is 

devoted to concluding remarks and 6 4 to some recommendations which may be 

useful for the development of future morutormg programmes. 

6 2 RESULTS SUMMARY 

6 2 1 Vanahon m Runoff 

Mountain streams exhibit strong and frequent fluctuations m flow regime as a 

result of vanable conditions m their source areas Thus, on days with no cloud 

cover, runoff from a snow covered area depends on the distnbution of snow and 

radiant heat supply to the basin On wet days, the entire basm receives precipitation 

mput, but at higher elevation above freezing level precipitation may accumulate as 

snow storage instead of producing drrect surface runoff (Woo 1972) If there is 

meltmg it depends largely upon sensible heat or the ambient air temperatures and 

advectlve heat The shape and dimensions of the hydrograph are controlled by the 

mteraction of climatological and physical characteristics of the drainage basin The 

vanation observed m hydrographs of the two morutormg basins are analysed with 

respect to aspect and elevation 
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6 2 1 1 Seasonal vanatton 

Seasonal vanation m runoff regime observed from the expenmental basins 

suggests. 

1 that elevation has considerable effect on the seasonal flow regime In
creasing elevation range prolong the penod of seasonal flow and also the 
seasonal peak to later in the spnng T1ns is mainly due to two cntical 
climatic factors, the increase in precipitation with elevation and decrease 
of temperature with elevation. In the present case the southwest facing 
basin (P .Phan) which has a higher elevation, produced its peak discharge 
on July 5 as compared to the lower elevation basin (Mlar) where peak 
discharge was observed on June 7, a difference of almost one month, 

2 that in a year such as the pilot study year, deep and extensive late 
winter and early spnng snow cover above an elevation 4600 m a.sJ is 

maintained by cloudy and cool weather well into summer, in this case to 
late June (Table 5 2 1), 

3 that if the elevation of a basin spans the zone of maximum snow 
accumulation, that is 4800 m to 5200 m a.s 1 (see Hewitt 1986, Wake 
1987), the seasonal peak will be shifted towards the time when the 
upward migration of temperature belts culminates, in this case mid to 
late July (Fig 5 2.Sb), 

4 that if the elevation of a basin increases above 4800 m a.sJ with 
moderate decrease in area, the increase in runoff volume will be many 
fold when the area above 4800 m starts contnbuting to streamflow 
Runoff measured for P.Phan stream shows that 38% of the total area, 
located above 4800 m a.s.1., contnbuted more than 70% of the streamflow 
after June 26 T1ns is due to two reasons, first, precipitation increases 
with elevation and second, a higher portion of this basin is a relatively 
flat area surrounded by the 4877 m contour and seems to work as snow 
trap T1ns is the elevation at which the zone of maximum snowpack was 
observed to begin by Wake (1987), in the accumulation area of the Biafo 
Glacier, Central Karakoram, 

5 that a small change in snow cover area in Phahl Phan stream basin 
dunng June 29 to July 6 produced maximum dally water yield (Table 
5 2 2a) T1ns indicates much deeper snowpack above 4800 m a.s 1 
However, there is always a point when the contnbutmg area of a basin 
above a certain elevation will become too small for increased water 
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equivalent m the snowpack to compensate for it Then, runoff dechnes 
despite the progressively deeper snowpacks, 

6 that precipitation events also cause vanations m streamflow m the -
followmg ways-

(a) they add fresh snow to the extstmg snow cover at higher elevations. 
That mcreases snowpack albedo and decreases the radiant energy mput, 

(b) they mcrease areal vanablhty of snow accumulation by addmg more 
snow to the extstmg snow cover at higher elevations The only 
quantitative measurements that exist m this regard 1S that of Wake 
(1987) which shows 30 - SO percent of total snow accumulation can 
occur dunng the summer penod Th1S rate of snow accumulation at 
higher elevations imphes that summer snowfall m glacienzed basms 
substantially decreases the rate of meltmg for short penods of time 
(Young 1977, Collms 1982) In the present example, penod of low flow 
was observed from June 9 to June 26 due to extensive cloud cover and 
precipitation events m P .Phan Basm, 

7 fmally, basms havmg lower elevations than those of the zone of -
maximum accumulation, that 1S lower than 4800 m a.s 1, will tend to 
have their peak d1SCharge proportionally earher as m the case of Mtar 
stream basm m early June (Fig S 2 6) Obviously, they will also have a 
proportionally smaller net yield of water 

6 2 1 2 Diurnal vanabon 

Diurnal runoff cycles were pronounced throughout the study penod m both 

streams They roughly follow the pattern of energy mput However, timmg of the 

peak d1SCharges was different due essentially to differences m aspect, slope, 

elevation, and dramage density (Fig 5 2 7) Results descnbed m section 5 2 4 2 suggest 

that whtle the northeast facmg slope received less radiant energy as compared to the 

southwest facmg slopes (Table 5 2 S), its maximum receipt was reached earher both 

for solar radiation and air-temperature than m the case of the southwest site (Fig 
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5.2 7) The pattern of energy mput, as well as steeper slope, reduced elevation range 

and shorter stream channel lengths, brought peak discharge, on average, six hours 

earher than on the southwest facmg basm It is difficult to differentiate the 

particular role of each of these factors, but elevation and aspect are the dominant 

controllmg factors on snowmelt and snowhne retreat The higher elevation of the 

southwest facmg basm, its deeper snowpack was preserved much longer than that of 

the northeast basm As such the melt penod of the southwest basm extended past 

that of the northeast basm to mid July The relatively deeper snowpack affects the 

stream.flow pattern through storage Deep packs with promment ice lenses have a 

large storage capacity and thus mcrease the retardmg of flow (Woo and Slaymaker 

1975) The mcreased lag between energy mput and datly peak discharge durmg July 

m P.Phan can be attnbuted to the observed thicker snowpack above an elevation 

4572 m a.sJ on June 18 (see Table 4.S) 

6 2 2 Runoff Indexes 

In hydrologic practice an mdex is either a meteorological or hydrologic vanable 

whose vanat1ons are assoc1ated with those of the element it serves to estimate and 

which is more readtly measured than the element itself (US CORPS of Engmeers 

1956) 

The study suggests that mountam stream flow depends greatly on the thickness 

and distnbut1on of snow cover Therefore it IS important to know the vanat1ons of 

this value m time and space These are a function of the 1rregulanty of snow 

depos1t1on and melt regime due to the mountamous microchmate 
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6 2.2.1 Snow-cover area vs snowmelt runoff relation 

The areal vanablhty of snowpack has long been recognised as a pnmary 

hydrologic parameter related both to the average snowpack water-equivalent and to 

the snowmelt denved runoff (Rango and Salomonson 1977) Knowledge about the 

distnbution of this pnmary factor over tune and space ts essential for any type of 

hydrologic study It may be of httle nnportance m flat areas with umform snow 

cover, but m mountainous areas it ts most nnportant as it plays a dominant role 

That seems especially true m the Karakoram Mountams where there are very 

sigmficant mcreases m snow depth with elevation (Hewitt, 1985) 

The rate at which the snow cover depletes is an mdex which ts mversely 

related to the generated snowmelt runoff As the snow leaves the lower elevations 

of the watershed, the hydrograph begins to nse and contmues to do so until the 

snowpack area reaches a cntical value where meteorological snowmelt condit10ns 

cannot produce ever mcreasmg amounts of snowmelt runoff The hydrograph then 

begins to recede until the remammg annual snowpack disappears The slower the 

snow hne retreats up the watershed to the elevation where the hydrograph starts a 

downward trend, the greater the resultmg runoff volume and usually peak flow 

Although not a recent mnovation, the use of aenal photography to estnnate 

snow cover has become more nnportant smce the advent of satellite photography 

Many studies have been made attemptmg to forecast meltwater yield from 

snow-covered area measured on satellite nnages usmg regress10n equat10ns (Rango et 

al. 1977, Tarar 1982, Gupta et al. 1982, Dey et. al 1983, Makhdoom and Solomon 

1986) This purely statistical approach has proved surprumgly accurate m 
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forecastmg, but only after a multi-year calibration penod for every new catchment 

of mterest 

Rango and Solomonson (1975), used LANDSAT - I lDlagery to determme snow 

cover over the Upper Indus Basm of Palustan, and the Wmd River Mountams of 

Wyommg Usmg this data and seasonal streamflow, they developed regression 

equations that produced high correlation coefficients between snow cover area and 

seasonal runoff Simtlarly they achieved good results m 1977 by usmg the snow 

cover area for the Indus River above Besham and Kabul River above Nowshera 

(Rango and Solomonson 1977) On the baslS of these results, they concluded that the 

snow covered area obtamed from meteorological satellites over remote regions IS 

significantly related to seasonal streamflow m regression analysIS for the Indus 

above Besham, and Kabul River above Nowshera m Paklstan However, they suggest 

that successful application of these methods will depend highly upon "accurate 

ground truth data for calibration and venfication" 

The results obtamed m section 5 2 3 also suggest that snow cover can be related 

to streamflow usmg regression analySIS. However, accuracy of the results lS largely 

dependent upon measurements of snow depth, water equivalent, and knowledge of 

meltwater release pattern with respect to elevation and slope aspect. 

6 2 2 2 Correlation 

The study has shown that multiple correlation lS applicable to a vanety of 

hydrologic problems. ThlS example lS mtended to show the advantage of basmg a 

forecast on the effects of several vanables rather than on smgle mdex and to show 
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also the ultunate possibilities m approaches based on multiple relat10ns. 

It also shows that m general, the more causative vanables employed, the better 

the correlation coeffictent ts. But apart from tlus general view, results obtamed 

through equations PP, (mean temperature, humidity and wmd), RH9 (mean 

temperature, short wave radtat10n, cloud), MR.3 (ma.xunum temperature, short wave 

radiation, cloud), and MH 3 (mean temperature, ma.xunum temperature, short wave 

radiation) show that equally good results can be obtamed by mcorporatmg three 

vanables among wmd speed, radiation, humidity, and air temperature Wmd speed ts 

an unportant factor m turbulent energy transfer (Quick 1987, Obled and Harder 

1979, US Corps of Engmeers 1956) Some of the sunpltfied snowmelt equat10ns 

mvolvmg wmd and temperature were reported by U.S Corps of Engmeers (1956) 

and Kuuststo (1984) 

Another effective and widely used mdex of snowmelt runoff ts air

temperature Although the sun ts the mam source of energy for meltmg of snow on 

high mountams, the exact manner m which solar radiation becomes available and 

active can be, at tunes, very mtncate (Garstka 1958) Miller (1950) concluded that, 

dunng the meltmg hours, most of the heat applted to the snow came from solar 

radtat10n, but that as much as 300 calones per square centuneter per day from the 

msulat10n went to heat the air Tuts ts mamly due to the higher albedo of snow 
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6 3 CONCLUSIONS 

Snow distnbution with elevauon 

The exceptionally high and rugged mountain envrronment of the Karak.oram 

affects snowfall occurrence Precipitation mputs vary greatly m quantity and regime 

with altitude, topography and aspect. 

Dunng th.ls study it JS observed that snowpacks at elevations lower than 4800 

m a.s.1 did not contnbute substantial runoff to the hydrological system even though 

they cover a relatively large proportion of the basins studied. Above these elevations 

snowpacks of smaller areas contnbute much greater runoff as a result of therr 

greater tluckness This JS the conclusion from the Phalu Phan basm where the upper 

38 percent of the basm area, wluch JS over 4800 m a.s.1, contnbutes more than 70 

percent of the seasonal runoff for that basm This mdicates that for the 

development of a simulation model it JS important to know the rate of mcrease m 

snowpack water equivalent with elevation, as the rate of mcrease m runoff JS more 

than a simple hnear function of area 

Energy input 

Dunng day hght hours air temperature JS mamly a function of the total 

mcident solar radiation and amounts of sensible and latent heat Nocturnal arr 

temperatures depend pnmanly on the longwave radiation balance and wmd velocity 

(KuusJSto 1984) It appears that arr temperature JS a secondary meteorological 

vanable as opposed to radiation, humidity, and wmd However, it JS an important 

mtegrated measure of heat energy (KuusJSto 1984) In the present case 
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arr-temperature proved to be the best explanatory vanable m the srmple regresmon 

models The mean air temperatures are the best mdices for both Sites, where they are 

recorded m the middle of the respective basms (Chapter S 3) Correlations earned out 

between arr temperatures recorded at base stations and at higher elevations mdicate 

that the temperature at the base station can be used m snowmelt runoff forecastmg 

models given the apphcatton of an appropnate lapse rate 

M1crochmat1c effects 

Patterns of snowmelt runoff, examined m the two contrastmg environments 

withm Barpu Glacier Basm, mdicate that runoff IS charactenzed by regular datly 

streamflow mtnl..m.a and manma which reflect the datly fluctuations of the solar 

radiation and temperature 

Weather condit10ns dunng the spnng, particularly the cloud cover and datly 

air-temperature, directly mfluence the rate of snowmelt runoff 

Precipitat10n events also cause vanations m streamflow by addmg fresh snow 

to the eXIStmg snow cover on higher elevat10ns which mcreases snowpack albedo 

and decreases the radiant energy mput, therefore suppressmg the meltmg for short 

penods of trme 

Topochmatlc effects 

Rehef creates unequal dIStnbution of snow which mturn causes areal vanation 

m the volume of spnng melt Aspect and degree of slope modifies the wmter and 

spnng snowpack by causmg unequal rates of ablation 
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On a diurnal baslS peak dlSCharge occurs earller m the basm with easterly 

exposure, but on a seasonal baslS southwest facmg slopes become bare before slopes 

facmg northeast due to greater energy mput Therefore, a basm with a large 

percentage of southwest facmg slopes would seem to produce meltwater roughly 3 

weeks earller m clear weather than northeast facmg slopes m the same elevation 

range 

Increased elevation can effectively delay and mcrease the amplltude of runoff 

In the Central part of the Karakoram, if elevation of a basm exceeds 5,000 m a.sJ 

the peak chscharge will occur when the snowpack above 4,800 m a.sJ. starts 

contnbutmg to the streamflow, that lS to say when the seasonal therm.al conditions 

cause snowmelt on these elevations. On the evidence available it seems that peak 

dlSCharge will not occur until the fll'St week of July or, later However, clearly, thlS 

lS subject to the weather conditions dunng the months of June and July 

Snowcover/runoff relauon 

For hydrological analysIS, the percentage snow cover m a basm lS an pnmary 

vanable It lS an areal parameter and ground based techniques of snow cover 

measurements cannot detect significant vanations Also m most of the mountam 

areas, accessibility llmlts the number of ground measurements, thus the 

representativeness of sampllng sites can be a problem It lS particularly true m the 

case of Karakoram mountam ranges where the region lS very sparsely instrumented 

only dunng summmer However, the rapid development dunng the last 20 years of 

remote sensmg techniques as applled to snow cover has provided new methods of 

observations, measurements and analyslS But these techniques are yet to develop 
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enough to replace the ground based measurements and su~ful apphcation of these 

new techniques still depend upon the "ground truth data for cahbration and 

venficatlon" The relationship developed between snow cover and streamflow 

mdicate that snow cover area can be a good mdicator of subsequent runoff sub,JeCt to 

the accuracy of snow covered area measurements. 

Snowmelt causatives and runoff relation 

This mvestigation has attempted to identlfy the chmatic and runoff vanables 

which provide the best relationships between hydrometeorological elements and 

runoff from snowpacks, and has sought the best combmations of those vanables to 

explam the vanances of summer runoff Mutiple regression models developed 

between snowmelt causatives and summer runoff suggest that all wave radiation, 

humidity, fill'-temperature, and wmd can produce sattsfactory results m runoff 

forecastmg However, lf only one meteorological vanable lS available mean air 

temperature appear to be the best mdicator 

6 4 FURTHER STUDIES 

The depletion of snowpack m a glacienzed basm and the tl.Dllilg of melt water 

release on dlfferent aspect, and m dlfferent elevation range lS not only important 

for the estimation of water yield, but also because it has a regulatory effect on 

glacier melt (Young 1981, Collins 1982, Hewitt 1985) After a snowy wmter that 

generates above-average snowmelt will also retard the migration of the transient 

snowhne up glacier and thus reduce amounts of ice melt (Kn.mm.el and Tangbom 

1974) Conversely, after a dry wmter ice melt will begm earher and yield extra 
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runoff to compensate for reduced snowmelt. Such information is vital m 

formulatmg runoff models for the Karakoram Ranges where there are great 

vanations m runoff due to complex system of micro and topocllmatology Tlns is 

essential lf we are to confidently determine the relationship between snowmelt and 

runoff, as well as the role that snow plays m the hydrology of this highly 

glacienzed region. 

Several questions raised m this study cannot be answered with confidence due 

to the short penod of the field record and other hmitations, m particular difficulties 

encountered m the measunng of the physical properties of snow Many of these 

questions could be answered through a detailed knowledge of snow distnbution ma 

more accessible basm before the onset of melt season if one can be found m this 

rugged area. The study mvolves measurements of snow depth and density m 

different elevation bands. 

Dunng the snowmelt penod, measurements related to the factors affectmg 

snowmelt runoff such as all-wave radiation, air temperature and wmd speed should 

be earned out at higher elevations m addition On the basis of the data gathered, the 

followmg could be mvestigated 

- micro and mesovanabllity of the snowcover, both before and durmg the 
snowmelt season 

- areal vanabllity of snow cover on contrastmg aspects between the elevation 
range of 3,000 m to 6,000 m 

- detailed formation of runoff from the onset of sprmg season 
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- effect of aspect on the runoff generation 

- relationship between runoff and hydrometeorological vanables 

The results obtained could be used in the development of an areally distnbuted 

snowmelt model 

It is worthwhlle to mention that within a particular tnbutary casual factors 

would possibly correlate more closely with discharge of the tnbutary rather than 

with total trunk discharge which reflects events throughout the total of the 

drainage area. This is particularly true in the Indus River system which drams 

heterogeneous chm.atic zones Therefore studies conducted simultaneously in at least 

two tnbutary basins are necessary to confll'm the relationship applicable to whole 

drainage basm Such studies W1l1 also provide cntical information with regards to 

the selection of hydrometeorological measurement sites in the rugged topography 

found in the Karakoram Mountains, and will undoubtedly be helpful dunng the 

operational phase of this pro,Ject 

The influence of temperature that have become apparent in the morutonng 

basins suggest that, in any investigation of forecasting procedures, temperature 

effects need further consideration The procedure descnbed does provide an effective 

basis for studying temperature effects and accounting for such effects in forecasting 

runoff, and it seem desirable to repeat such a study in other basins 

Continuous chm.atic measurements through the year, such as wind speed, arr 

temperature and hum.tdity, taken simultaneously in at least two glacienzed basms of 

the Central Karakoram, would be representative of prevallmg chm.atic conditions at 
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lngher elevations of tlns region Such data will be important in formulating runoff 

forecasting models and in cahbrating and venfying the remotely sensed data in 

future 
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Appendices 



SOURCES 

Condensed From + 
PAKISTAN GLACIER INVENTORY 

A1 

Map Title and Number _ _.H~1"'!s..,p..,a~r--..,B1..,a..,f~n._..G...,J~a"!'c~., ~a J~R,..e .. z,..1,..0 .. n-.s _(D......,...,e._...G .. eo~u ..... a"l-p""'b..,1 ... c ... a1 ...... r .. o.u.ni..rn;.Ll4a..1.l ---
July-September 1950) 

Compiled by E E Shipton 

Scale 1 253 440 

Date 1950 (Surveyed 1939) 

Contour Interval 250 feet 
_ ......... ___________________ ~ 

Map Title and Number India and Pakistan (Jammu and Kashmir) To"Oographic 
Series, Map NJ 43-14 

Compiled by U S Army Mao Service 

Scale 1 250 000 

Date 1953 (Compiled from Survev of India, 1945) 

Contour Interval_..::5:.:0::..:0:...:::£.;;;.ee;::;.t=---------------

TERMINUS CO-ORDINATES 

Longitude 74°47' E 

Latitude 36°13' N 

MID-BASIN CO-ORDINATES 

Longitude 74°48' E 

Latitude 36 °07 1 N 

(Barpu/Bualtar Basin) 

( " ) 

ORIENTATION 

Basin Long Axis 32S 0 (NNW) Ablation Area ____ 3 ... 2-.0_0 _,,,("INl""""q'"') _____________ _ 
Accumulation Area ____ 3_3_o_0 .....,.(NNW.......,, .. l __________________________________________ ~ 

ELEVATIONS 

Maximum Basin Elevation 7,460 m Glacier Terminus Elevation_-..::2:..z.::8"'3"'5 ________ _;m 

Basin Elevation Range 4,625 m Ablation Line Elevation 4 116 m ------------- _____ ....._. ___________ ~ 
Mean Accumulation Area Elevation (a) ____ 5.......,78.-..8...._ _____ m• (b) __ _..5..._42.-.8..._ ___________ m* 

Mean Ablation Area Elevation (a) 3 475 m• (b) _____ 3..l.;.50;:;..;0=-----------__;m* 

LENGTii AND AREA"** 

MaxilllWll Glacier Length 29 km 

Max1111W11 Length Ablation Area.....l!j_km 

Total Basin Area 414 98 lcm:z 

Connected Glacier Area 

Ablation Area 22 t 

117 S3 km2 

27 69 km2 

Mean Main Stream Width 1 5 krr 
--------------------Maxi mum Length AcCUl!D.llation Area 10 5 kir 

Glaciated Area 125 56 km2 ------------------------
Accumulation Area 78 % 97 87 km= ------ -------------

SLOPE-ASPECT DATA TOTAL BASIN (Barpu/Bualtar Basin) 

North facing 34 89 \ 144 77 km2 South facing"-_,,.8'"""'8""'1 _____ % _ _.3 ... 6.,..=s""s _____ km-

East facing 32 77 % 36 55 km2 West facing 23 53 % _ _.9 ... 7_,.6.._s _____ k.m-

SLOPE-ASPECT DATA GLACIATED SLOPES (Barpu/Bualtar System) 

Average Glacier Slope Ba!'.Pu 1 6 7':. Miar 1 4 59 

North facing sa QZ % l;?;?,Ql kml South facing '5.cz % z Zl km 

East facing 20 17 % ~~.~a km.: West facing 1B,Q9 % 3B Q] km 

+ Prepared by David But: 
* Ablation and accu11UJlation area elevations are calculated in two ways (a) average of highest 

and lowest elevations, and (b) mean of area-altitude calculations above and below ablation 
line 

•• All area data refers to plan area 



Condensed From A2 
PAKISTAN GLACIER INVENTORY 

AREA-ALTITIJDE RELATIONSHIP 

MOUNTAIN AREA J!:aTakoTam GLACIER Ba!l!U 

Total Basin Glaciated Area 

2.440-2.743m 6 88 JcmZ 1 65 % 2,440-2.743m km2 % 
2,743-3.048m 15 52 km 2 3 74 % 2,743-3.048m 3 08 JcmZ ~ 4~ % 
3,048-3,353m Z6.~U 1cm2 6 36 % 3.048-3,353m 8 63 kJllZ 6 87 % 
3,353-3,658m 3J .Z!1 km2 z 53 % 3,353-3,658m 8 22 km2 6 55 % 
3,658-3,962m 35,9z km2 8 67 % 3,658-3,962m 8 22 km2 6 55 % 
3,962-4,267m !1Q.~9 km2 9 71 % 3,962-4.267m 6 89 km2 5 49 % 
4,267-4,572m !12,4!1 km2 10 23 % 4,267-4,572m 7 91 km2 6 30 % 
4,572-4,877m !1Z.a9 km2 11 54 % 4,572-4,877m 10 79 km2 8 59 % 
4,877-5,lSlm !la.zo km2 11 62 % 4,877-5,lSlm 16 11 1cm2 12 83 % 
5,181-5,486m !1Z 3S km2 lQ 21 % 5,181-5.486m 17 48 km2 13 92 % 
5,486-5,791m Zfl fll km2 6 41 % 5,486-5,791m 12 03 km2 9 58 % 
5.791-6,096m ZJ sa km2 5,ZQ % 5.791-6,096m 12 34 km2 9 83 % 
6,096-6.401m l4 39 km2 3 !1Z % 6,096-6,401m 7 39 km2 5 89 % 
6.40l-6,706m JO al km2 Z,6Q % 6,401-6,706m 7 90 km2 6 29 % 
6,706-7.0lOm ~ ~§ km2 0 81 % 6,706-7.0lOm 1 34 km2 I !:!7 % 
7,010-7,315m Q,Zl 1cmz 0 17 % 7,010-7,31Sm 1 03 1cm2 0 8~ % 
7,315-7,620m 2.:u km2 0 08 % 7,315-7,620m 0 10 km2 0 08 % 
7,620-7,925m km2 % 7,620-7,925m km2 % 
7,925-8,230m km % 7,925-8,230m km 2 % 
B.230-8,535m km2 % s.230-B,535m km % 



Condensed From 
PAKISTAN GLACIER INVENTORY+ 

A3 

MOUNTAIN AREA'"-___ K_a_r_a_ko_r_am ________________ _ GLACIER ____ B_u_a_lt_a_r_....(_Ho_p_a_r_) ________________ _ 

SOURCES 
Map Tl. tle and Number _ _,H="'1_s..,p_a_r":"-B_i_a::-f-.o,...-.;G""l""a .... c~1a_l....,....R""e"'g"='1~0.,.n~s ,..C""Th=e.....;;;G.;;;.eo-gr~a""p"'h;.;;;1.;;;.c;:.a;:.l ____________ _ 

Journal, July-September 1950) 

Comp1led by E E Sh1pton Date 1950 (Surveyed 1939) 
Scale ___ 1 __ 2_5_3~,4_4_o ________________ _ Contour Interval __ 2_s_o __ f_e_et __________________ _ 

Map T1tle and Number India and Pak1stan (Jamnru and Kashm1r) Topogra~hic Ser1es 
M!!ll N.I 43-14 

Comp1led by U.S. Army Map Service Date 1953 (Compiled from Survev of India.1945) 
Scale 1.250 000 Contour Interval ____ -=5""'0...,0_f..,e.,.e.,.t._ ____________ _ 

TERMINUS CO-ORDINATES 

Long1tude 74°45• E 

MID-BASIN CO-ORDINATES 

Long1tude. _ __.7_4_0~4~8-'~E.._--.i.(~Raan:i ....... 1~1/~B~11~a~l•taar...._.B~ays~1~n•)--
Lat1tude_...,.3_6,_0 _1_s_•_N.._ ____________ __ Lat1tude _____ 3_6_00_7~' ....... N..__,_ ________ 11 _________ l.__ 

ORIENTATION 

Basin Long Ax1s __ ... o,_0__..c ... N ... l ----------- Ablat1on Area ______ .... o_0_...CN~).._ ________________ ~ 
AccUllnllat1on Area,__~0-0__.. ..... ____________________________________________________ __ 

ELEVATIONS 

MaXJ.mum Basin Elevauon 7 275 m Glac1er Terminus Elevation __ 2..._4~3 .... 9 ___________ m 

Bas1n Elevat1on Range __ _...4~.8~3~6.__ ___ m Ablat1on L1ne Elevat1on ____ -""4~2~6~8..._ _________ m 

Mean AccUJmllauon Area Elevauon (a)_....5-.....7 .... 7,..2 ________ m* (b) 5 352 m* 

Mean Ablat1on Area Elevauon (a) ____ ~3.......,43-.7.._ _______ m* (b) 3 354 m* 

LENGTH AND AREA** 
Max1mum Glac1er Length_..2"'0_5..._ ____ km Mean Main Stream W1dth ____ .... 1 _______________ kll' 

Ma.x111DJ111 Length Ablat1on Area.....11.......km 

Total Basin Area 414 98 km2 

Connected Glacier Area 79 53 km2 

Ablation Area 28 \ 23 97 km2 

SLOPE-ASPECT DATA TOTAL BASIN (Barpu/Bual tar 

North facing 34 89 % 144 77 km2 

East facing 32 77 % 136 01 km2 

Ma.x1mum Length Accumulation Area __ _...3_....5 _____ km 

Glac1ated Area 84 53 km 2 ----""'-'.....:;::;_, ________________ ~ 

Accumulation Area 72 % 60 56 

Basin) 
South facing 8 81 % 36 SS km 2 __ _,;;; __ ;;,;:;,., ____ _ 
West facing 23 53 % km 2 9i 65 __ .......-..;,.....;;,,;,,. ____ _ 

SLOPE-ASPECT DATA GLACIATED SLOPES (Barpu/Bualtar System) 

Average Glacier Slope Bualtar 1 6 58 

Nonh fac1ng 58 07 % 122 01 km2 South facing ~ !27 % Z,Zl km· 

l::ast facing 20 17 \ 42 38 km2 West facing 1a 02 % ~S.Ql km· 

+ Prepared by David Butz 
* Ablation and accumulation area elevations are calculated in two ways (a) average of highest 

and lowest elevations, and (b) mean of area-altitude calculations above and below ablation 
line 

•• All area data refers to plan area 



Condensed From A4 
PAKISTAN GLACIER INVENTORY 

AREA-ALTITUDE RELATIONSHIP 

MOUNTAIN AREA Karakoram GLACIER Bual tar (Hopar) 

Total Basin Glaciated Area 

2,440-2,743m 6 88 km2 1 65 !!; 2,440-2,743m 3 91 km2 4 62 % 
2,743-3,048m l5.5i1 km2 3 74 % 2,743-3,048m 4 32 km2 5 11 % 
3,048-3,353m 26.!ll km 2 6 36 % 3,048-3,3S3m 3 08 km:z 3 64 % 
3,353-3,658m 31.2!1 km:Z 7 53 % 3,353-3,65Sm 1 SS km2 1 83 % 
3,658-3,962m 35.!F km2 8 67 % 3,658-3,962m 4 22 km2 4 99 % 
3,962-4,267m !lQ,22 km2 9 71 % 3,962-4,267m 6 89 km2 8 15 % 
4,267-4,S72m !12,44 km2 10 23 % 4,267-4,S72m 7 19 km2 8 51 % 
4,S72-4,877m !lZ.82 km2 11 54 % 4,S72-4,877m 8 33 km2 9 85 % 
4,877-S,18lm !la.212 km2 11 62 % 4,877-S,18lm 9 70 km2 11 48 % 
S,181-S,486m !12.35 km2 10 21 % S,181-S,486m 9 66 km2 11 43 % 
S,486-S,79lm 26.fll km2 !2 41 % S,486-S,79lm 10 79 km:z 12 76 % 
S,791-6,096m 2J sa km2 

5.2!2 % S,791-6,096m 7 91 km:z 9 36 % 
6,096-6,40lm u 39 km2 

3 !lZ % 6,096-6,40lm 4 63 km2 s 48 % 
6,401-6,706m lC SJ km2 

2 60 % 6,401-6,706m l.Q2 km2 1 21 % 
6,706-7,0lOm 3.3a km2 0 81 % 6,706-7,0lOm 1 23 km2 1 46 % 
7,010-7,31Sm Q,Zl ltm2 0 17 % 7,010-7,31Sm 0 10 km2 0 12 % 
7,31S-7,620m 0 3l km2 Q,oa % 7,31S-7,620m km % 
7,620-7,925m km2 % 7,620-7,92Sm km2 % 
7,92S-8,230m km2 % 7,925-8,230m km2 % 
8,230-S,53Sm km2 % S,230-8,53Sm km2 % 
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APPENDIX C 

Phahi Phari Stream Basin 
(southwest facing) 

MAY 24, 1987 

Total Snow 
Area (Km2J cover (%) 
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Phahi Phari Stream Basin 
{southwest facing) 

MAY 31, 1987 

Total Snow 
Area (Km2J cover(%) 

1 404 37 90 
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Phahi Phari Stream Basin 
{southwest facing) 

JUNE 8, 1987 
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Area(Km2) cover(%) 

1404 3487 

/ /-......._ __ 
;.., 

I .................... -

N 

\ 
0 200 .4Q0M 

LEGEND 
SNOT COVER :': 

•• 30% 

t ·~ ~ ......... ~ 6% 

[ J 2% 

I snowfree 

C3 



Phahi Phari Stream Basin 
{southwest facing) 

JUNE 14, 1987 

Total Snow 
Area(Km2J cover(%) 
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Phahi Phari Stream Basin 
(southwest facing) 

JUNE 28, 1987 

Total Snow 
Area (Km2J cover (%) 
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Phahi Phari Stream Basin 
(southwest facing) 

JULY 6, 1987 

Total Snow 
Area(Km2J cover(%) 
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Phahi Pha::-i Stream Basin 
{southwest facing) 

JULY 1 9, 19 8 7 
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APPENDIX D 

Miar stream Bas in 
(northeast facing) 

MAY 31, 1987 
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Area (Km2J cover(%) 
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Miar stream Basin 
(northeast facing) 

JUNE 8, 1987 
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Area (Km2J cover(%) 
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Miar stream Basin 
(northeast facing) 

JUNE 14, 1987 
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Miar stream Basin 
(northeast facing) 

JUNE 28, 1987 

Total Snow 
Area (Km2J cover(%) 

0 995 2 70 

5962 

LEGEND 
SNOW COVER % 

-- 10 5% 

tlT IT IT IT IT " I 2 0% 

snow free 

0 200 400M 

04 



I 
L 

Miar stream Bas in 
(northeast facing) 
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APPENDIX E 

c nns PROGRAM WILL CALCULATE THE DAIL y TOTAL OF DIRECT 
SOLAR RADIATION 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

PARAMETERS 
F 
FO 
G 

REMARKS 1) 

2) 

USAGE 

METHOD 

LATITUDE, IN DEGREES SOUTH NEGATIVE 
ANGLE OF DECLINATION OF THE SUN IN DEGREES SOUTH -VE 
ATMOSPHERIC TRANSMISSIVITY, GIVEN AS A DECIMAL 

THIS PROGRAM PRINTS A TABLE OF VALUES WITH SLOPE AND 
AZIMUTH IN TEN DEGREE INCREMENTS 
VALUES FOR THE SOLAR CONSTANT ARE SELECTED BY THE 
PROGRAM 

THIS IS A MAIN PROGRAM AND REQUIRES NO SUBROUTINES 

DESCRIBED IN GARNIER, B J AND A CHMURA "A METHOD OF 
CALCULATING THE DIRECT SHORTWAVE RADIATION INCOME ON 
SLOPES", JOURNAL OF APP LI ED METEOROLOGY VOL 7 1968 

DIMENSION Q(19),IQ(19) 
C READ SPECIFICATION CARD (ANGLES IN DEGREES) FORMATEIS (2F6 0,F4 0) 

99 READ (5,•,END=7)F,FO G 
C HEAD PRINT OUT TABLE 

WRITE(6,101) F,FO G,(I,I=10 180,10) 
C CONVERT DEGREES TO RADIANS FOR CALCULATION 

Fz:F • 17 45 3E-5 
FO=zF0•1745 3E-5 

C ESTABLISH SINES 
SF=SIN(F) 
SFO=SIN(FO) 

C ESTABLISHE COSINES 
CF..COS(F) 
CFO=COS(FO) 

C SELECTION OF SOLAR CONSTANT 
IF{FO GT 0 411 ) GO TO 6 
IF(FO LE 0 411 ) SOL=1 94 
IF(FO LT 0 341 ) SOL=1 97 
IF(FO LT 0 205 ) SOL•1 99 
IF(FO LT 0 068 ) SOL:a2 02 
IF(FO LT -0 068) SOL=2 04 
IF(FO LT -0 205) SOL=2 06 
IF(FO LT -0 341) SOL:a2 07 
IF(FO LT -0 411) GO TO 6 

C INITIATE VALUES 
IB=0 
8=0 0 

1 A=0 0 
DO 4 I=1,19 
Q(I)=0 0 
X=-COS(A)•SIN(B) 
Y=SIN(B)•SIN(A) 
Z=COS(B) 
T1=(X•SF+Z•CF)•CFO 
T2=(-X•CF+Z•SF)•SFO 

C SET HOUR ANGLE TO 0340 HOURS 
W=-2181 67E-3 

C INCREMENT HOUR ANGLE BY 20 MINUTES 
2 W=W+8726 5E-5 

C CHECK WHETHER HOUR ANGLE EXCEEDS 2000 HOURS 
IF(W GT 2 1) GO TO 4 

E1 
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C DETERMINE COSINE OF SUNS ZENITH ANGLE E2 
QO-CFO•CF•COS(W)+SFO•SF 

C DETERMINE COSINE OF ANGLE BETWEEN SOLAR BEAM AND NORMAL TO THE SLOPE 
Q2--Y•SIN(W)•CFo+T1•COS(W) 
QT-=Q2+T2 

C CHECK WHETHER SUN IS ABOVE HORIZON 
IF(QD LE 0 0) GO TO 2 

C CHECK WHETHER SLOPE IS IN SHADOW 
IF(QT LE 0 0) GO TO 2 

C DETERMINE OPTICAL AIR MASS, SECANT APPROXIMATION (0 TO 70 DEGREES) 
Q1=1 0/QD 
IF(Q1 LT 2 9) GO TO 3 

c 
C DETERMINE OPTICAL AIR MASS FOR 70 TO 90 DEGREES (SMITHSONIAN TABLES) 

IF(Q1 GE 114 6) QQ=s30 00 
IF(Q1 LT 114 6) Q0:::26 96 
IF(Q1 LT 38 20) QCPi19 79 
IF(Q1 LT 22 93) QCPi15 36 
IF(Q1 LT 16 38) QCPi12 44 
IF(Q1 LT 12 74) Q0:::10.39 
IF(Q1 LT 10 43) QO::: 8 90 
IF(Q1 LT 8 84) QO::: 7 77 
IF(Q1 LT 7 66) QQ= 6 88 
IF(Q1 LT 6 76) QCPi 6 18 
IF(Q1 LT 6 06) QQ= 5 60 
IF(Q1 LT 5 49) QQ= 5 12 
IF(Q1 LT 5 02) QQ= 4 72 
IF(Q1 LT 4 62) QQ= 4 37 
IF(Q1 LT 4 28) QCPi 4 07 
IF(Q1 LT 3 99) QCPi 3 82 
IF(Q1 LT 3 74) QO::: 3 59 
IF(Q1 LT 3 52) QQ= 3 39 
IF(Q1 LT 3 33) QQ= 3 21 
IF(Q1 LT 3 15) QO::: 3 05 
IF(Q1 LT 2 99) QQ= 2 90 
Q1=QQ 

c 
C COMPUTE TWENTY MINUTE RADIATION VALUES AND ADD TO TOTAL 

3 Q(l)=Q(I)+20 0•SOL•(G .. Q1)•QT 
C CHECH WHETHER HOUR ANGLE HAS REACHED 2000 HOURS 

I F (W LT 2 1 ) GO TO 2 
C INCREMENT AZIMUTH BY 10 DEGREES, CONVERT TO RADIANS 

4 A=A+1745 3E-4 
C ROUND OFF TOTAL RADIATION TO NEAREST WHOLE NUMBER AND PRINT RESULT 

DO 5 M=1, 19 
5 IQ(M)=Q(M)+e 5 

WRITE(6 102)IB IQ 
C INCREMENT SLOPE ANGLE BY 10 DEGREES, CONVERT TO RADIANS 

IB=IB+10 
8=8+1745 3E-4 

C CHECK SLOPE ANGLE DOES NOT EXCEED 90 DEGREES 
IF(B LT 1 6) GO TO 1 

c 

c 

GO TO 99 
6 WRITE(6 104) 

GO TO 99 
7 WRITE(6 103) 

STOP 

101 FORMAT(1H1/50X,'TABLE OF DIRECT RADIATION ON SLOPES //21X 1' 
LATITUDE' F9 2 20X,'DECLINATION',F9 2 20X,'TRANSMISIVITY ,F7 2/// 
29H ANGLE OF50X, AZIMUTH OF SLOPE /12H SLOPE 01816/) 

102 FORMAT(1H , 15, 1916) 
103 FORMAT(1H1) 
104 FORMAT( 0SELECTION SKIPPED BECAUSE OF UNALLOWABLE DECLINATION ) 

END 



APPENDIX F (List of data used for analyses) 

Daily Figures of Hydrometeorological Data Recorded on SSW Facing Slpoes m Barpu Glacier Basm, Central Karakoram 

Phah1 Phan Mam Meteorological Station (Elev 3510 m) Rush Lake (Elev 4572 m) 

Temperature SWR Wmd Precip RH Disch Temperature RH 
Month/Day (DC) (w/m2) (mis) (mm) (%) (m3/s) (DC) (%) 

Mean Max Mm Mean Mean Total Mean Mean Mean Max Mm Mean 

May- 25 6 6 11 4 2 1 763 1 66 0 0 18 5 013 
26 8 5 13 8 3 6 755 1 67 0 0 23 0 018 
27 9 6 14 1 5 2 694 1 52 0 0 23 5 023 
28 10 3 15 4 6 1 662 1 42 0 0 28 0 032 
29 11 3 16 2 7 8 701 1 35 0 0 32 0 071 
30 11 6 16 7 8 0 641 1 47 0 0 35 5 035 
31 11 5 17 3 7 2 706 1 23 0 0 39 0 069 

June-01 11 5 17 4 8 1 603 1 47 0 0 43 0 057 
02 7 2 11 4 4 2 251 0 65 0 0 70 0 043 
03 5 2 10 6 3 0 374 1 22 12 5 71 0 021 
04 9 2 15 1 4 4 773 0 96 0 0 38 0 032 
05 11 8 17 0 7 5 747 1 74 0 0 25 0 054 
06 13 1 18 5 8 2 741 1 62 0 0 23 0 032 
07 14 5 21 2 9 9 736 1 53 0 0 22 0 059 
08 10 8 14 3 6 7 429 1 55 0 0 43 0 015 
09 5 9 10 8 1 9 401 1 31 0 0 69 0 006 
10 5 1 9 8 -0 1 731 2 00 16 6 53 0 005 
11 6 0 10 1 3 0 472 2 40 0 0 38 5 003 
12 7 2 12 8 2 8 669 2 38 0 4 30 0 004 
13 9 5 15 2 4 5 828 2 14 0 0 28 0 006 
14 10 0 14 9 6 2 599 2 55 0 0 33 0 008 
15 5 7 9 5 2 8 483 3 04 0 2 65 0 006 
16 5 0 10 1 2 3 381 1 80 6 3 69 0 005 
17 6 6 13 0 2 3 546 2 50 0 9 55 0 005 
18 8 8 15 0 4 9 598 3 57 0 0 43 0 000 
19 9 4 14 6 5 8 581 2 45 0 1 40 5 003 -2 1 0 7 -5 3 48 0 
20 5 9 9 3 3 2 298 2 40 0 3 64 0 004 -4 1 -2 0 -10 0 63 0 
21 2 7 5 4 0 8 252 0 66 10 9 74 0 006 -6 2 -4 7 -12 7 66 0 
22 4 1 9 2 -0 4 706 0 60 17 5 49 0 005 -7 4 -4 0 -12 7 59 0 
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Phah1 Phan Mam Meteorological Station (Elev 3510 m) Rush Lake (Elev 4572 m) 

Temperature SWR Wmd Prec1p RH D1Sch Temperature RH 
Month/Day (OC) (w/m2) (mis) (mm) (%) (m3/s) (OC) (%) 

Mean Max Mm Mean Mean Total Mean Mean Mean Max Mm Mean 

23 5 8 10 5 1 3 736 1 54 2 1 53 0 003 -5 0 -1 0 -8 0 66 0 
24 8 8 13 3 4 9 698 1 48 0 0 39 0 004 -3 4 1 0 -8 0 57 0 
25 9 5 14 8 5 5 826 1 16 0 0 49 0 008 -3 0 0 0 -6 0 60 0 
26 9 8 14 5 7 1 476 0 89 0 0 49 0 006 -1 9 3 0 -5 2 56 0 
27 11 4 16 7 7 4 675 1 40 0 0 45 0 022 -0 3 4 0 -5 0 48 6 
28 12 0 18 1 8 0 671 1 02 0 0 38 0 025 0 1 6 0 -4 0 42 2 
29 10 7 15 4 5 3 733 1 64 0 0 46 0 087 -0 1 6 8 -3 6 50 3 
30 9 9 14 2 6 4 720 1 36 1 2 49 0 030 -1 1 2 0 -3 4 51 6 

July-01 9 9 14 0 7 4 552 1 30 0 0 49 5 043 -1 5 3 0 -4 6 54 3 
02 12 0 16 9 7 7 677 1 27 0 0 39 0 086 -0 8 2 0 -4 0 43 8 
03 12 2 17 6 8 6 654 1 29 0 1 38 0 121 0 0 4 0 -4 0 41 8 
04 13 8 20 0 8 7 746 1 32 0 0 34 0 161 1 4 5 0 -2 3 33 1 
05 13 5 19 4 9 2 528 1 18 0 0 34 5 171 1 6 8 0 -2 0 39 3 
06 13 2 20 1 8 3 753 0 86 0 0 37 0 157 1 5 3 8 -2 0 37 5 
07 12 3 16 8 9 3 516 1 32 0 0 33 0 106 1 1 4 0 -2 0 41 2 
08 12 2 18 4 9 4 578 1 38 0 0 34 0 095 0 5 2 6 -2 7 39 2 
09 12 6 17 1 8 5 616 1 36 0 0 33 0 077 0 7 3 0 -2 5 42 6 
10 13 3 20 1 9 6 734 1 04 0 0 37 0 105 1 0 3 1 -2 0 46 1 
11 12 9 18 7 9 0 622 1 27 0 0 39 0 098 0 5 3 3 -1 3 51 9 
12 6 8 10 2 5 7 209 0 78 2 8 68 0 059 -2 5 -2 0 -4 0 70 0 
13 6 8 11 1 3 8 482 1 44 13 6 58 0 024 -3 6 -1 3 -6 2 62 9 
14 6 0 11 3 -0 4 795 1 47 2 1 48 0 019 -2 9 0 0 -6 5 55 5 
15 6 3 12 0 3 5 333 1 53 0 0 44 0 014 -1 5 3 3 -4 2 51 7 
16 11 0 16 8 730 1 39 0 3 45 5 010 -0 6 2 0 -4 6 53 0 
17 10 5 17 0 6 3 663 1 33 0 1 38 0 017 0 7 3 5 -1 8 44 6 
18 11 3 14 5 7 7 714 1 43 41 0 014 1 5 5 0 0 0 52 9 
19 9 3 14 0 5 7 678 1 48 57 0 018 0 4 2 3 -1 0 63 1 
20 6 9 10 0 3 6 433 1 51 55 0 018 0 2 1 4 -1 0 62 0 
21 11 0 17 2 5 2 3 0 6 2 -1 0 
22 14 3 19 3 7 7 5 0 8 6 1 8 
23 18 1 24 6 13 6 6 5 9 6 3 7 
24 17 9 23 1 12 2 7 0 11 0 3 7 
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Phahi Phan Mam Meteorological Station (Elev 3510 m) Rush Lake (Elev 4572 m) 

Temperature SWR Wmd Precip RH DlSCh Temperature RH 
Month/Day (OC) (w/m2) (mis) (mm) (%) (m3/s) (OC) (%) 

0 Mean Max Mm Mean Mean Total Mean Mean Mean Max Mm Mean 

25 15 3 20 4 12 2 4 2 7 0 2 0 
26 9 9 13 3 7 2 0 2 3 0 -2 0 
27 8 2 11 7 5 9 -1 2 0 5 -3 0 
28 10 3 14 7 5 4 0 0 3 2 -4 3 
29 13 2 19 3 8 4 3 0 6 2 -1 5 
30 11 3 15 0 8 9 0 8 4 0 -1 0 
31 8 7 12 6 6 0 -1 0 1 3 -2 3 

Augu-01 9 4 13 7 7 0 -1 2 0 0 -2 2 
02 10 6 15 5 7 5 -1 0 2 0 -2 0 
03 10 3 13 2 7 1 -2 0 -1 0 -3 0 
04 10 9 15 3 7 4 -0 3 3 0 -4 0 
05 13.9 19 6 9 9 1 3 4 6 -1 2 
06 14 4 20 0 11 1 3 2 6 0 0 0 
07 16 9 26 6 9 6 4 3 8 2 0 0 
08 15 3 23 0 10 1 4 5 8 0 2 0 
09 14 4 20 5 11 0 2 7 4 7 0 8 
10 16 0 22 8 10 8 3 8 8 0 0 0 
11 15 9 23 5 11 4 4 0 7 4 0 7 
12 16 4 25 2 10 4 3 5 7 2 -0 2 
13 16 5 23 6 11 2 4 0 7 0 0 0 
14 15 7 20 9 12 4 4 6 7 5 1 4 
15 15 1 22 9 11 1 4 0 7 0 2 0 
16 14 3 21 2 10 4 3 6 7 0 1 0 
17 13 6 18 8 10 4 1 8 2 7 0 0 
18 11 6 13 6 10 5 1 0 4 4 0 0 
19 15 6 22 6 10 8 5 2 7 4 3 0 

SWR = Incoming short wave radiation RH Relative Humidity Precip = Precipitation 

(Source Field Observations SI HP 1987) 

,, 
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Daily Figures of Hydrometeorolog1cal Data Recorded on NNE Facing St poes m Barpu Glacier Basin, Central Karakoram 

Lower elevat10n site (elev 3550 m) Higher elevat10n Site (elevation (4200 m) 

Temperature (OC) Disch (m3/s) Temperature (DC) RH(%) SWR (w/m2) Cloud 10th 
Mean Max Mm Mean Mean Max Mm Mean Mean Mean 

May- 25 8 2 13 9 3 1 0 6 5 4 -4 0 0 0 
26 8 3 13 2 3 1 0 7 5 2 -3 9 0 0 
27 9 7 14 7 5 3 2 3 6 2 -2 0 0 0 
28 11 1 15 4 6 8 3 6 8 0 -1 0 3 0 
29 11 6 16 7 7 2 3 7 8 0 0 0 1 8 
30 12 0 16 9 8 3 4 0 7 0 0 3 2 5 
31 12 0 16 6 7 5 5 0 10 0 0 0 0 0 

June-01 11 8 17 1 8 5 4 5 9 0 1 0 3 8 
02 7 1 10 6 3 9 -1 1 2 5 -2 7 10 0 
03 5 5 7 9 3 6 001 -2 5 -1 0 -5 5 85 6 500 7 5 
04 9 5 14 3 4 0 004 2 1 7 0 -4 0 55 0 521 0 0 
05 12 1 15 9 8 1 006 5 1 10 0 0 0 32 0 473 0 0 
06 13 8 18 6 8 4 006 6 9 12 0 1 3 30 5 475 0 0 
07 15 0 19 0 9 9 009 7 8 12 4 3 0 29 0 486 0 0 
08 12 5 14 1 6 5 004 2 0 6 0 -2 0 72 0 507 7 2 
09 5 5 11 7 1 0 001 -2 3 3 0 -5 4 90 0 744 9 5 
10 5 4 9 0 -0 4 002 -3 6 -1 0 -7 7 67 0 531 3 0 
11 5 8 10 2 2 5 001 -2 9 2 0 -5 0 62 0 577 5 5 
12 7 1 11 6 2 8 004 -0 3 4 0 -5 3 47 0 534 2 5 
13 9 0 13 7 4 5 005 1 9 6 3 -3 0 35 5 535 1 7 
14 10 7 14 3 5 5 004 3 4 7 0 -2 0 45 0 496 2 5 
15 6 3 11 1 3 4 002 -1 6 3 0 -4 2 93 0 396 8 2 
16 5 5 10 0 2 7 001 -3 8 -1 3 -5 6 96 0 371 7 5 
17 7 6 11 6 5 6 002 -2 0 1 0 -6 2 82 0 521 4 8 
18 9 6 14 6 5 8 002 0 8 5 0 -3 7 60 0 589 4 7 
19 10 5 13 5 6 3 002 1 5 6 0 -3 0 55 0 654 4 0 
20 5 1 7 9 2 6 001 -2 9 -1 0 -5 0 88 0 393 9 5 
21 2 4 5 8 -1 3 000 -5 9 -3 7 -9 0 91 0 95 10 0 
22 6 9 9 3 1 4 001 -4 4 1 0 -9 5 71 0 508 5 0 
23 5 1 10 1 0 9 001 -3 7 1 0 -6 8 86 0 560 4 0 
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Lower elevatmn site (elev 3550 m) Higher elevatmn site (elevatmn (4200 m) 

Temperature (OC) Disch (m 3 /s) Temperature (OC) RH(%) SWR (w/m2) Cloud 10th 
Mean Max Mm Mean Mean Max Mm Mean Mean Mean 

24 8 4 13 5 4 4 003 0 6 4 0 -4 0 54 5 592 1 8 
25 8 7 14 3 4 9 004 1 0 4 3 -3 0 69 0 591 6 0 
26 9 6 15 0 6 0 004 3 6 8 2 -2 0 56 8 333 5 6 
27 8 1 12 0 5 9 005 4 3 10 0 0 0 49 0 490 2 8 
28 12 4 17 5 9 1 005 5 4 11 0 1 7 38 0 551 2 3 
29 12 3 15 9 9 4 004 5 2 9 0 2 0 44 0 584 5 6 
30 10 1 12 0 8 4 002 3 1 7 5 -1 0 53 0 703 2 6 

July-01 10 1 15 4 6 7 001 3 1 7 5 0 0 446 4 0 
02 11 5 15 7 7 2 001 4 7 9 3 1 0 602 3 0 
03 12 0 17 7 8 1 002 5 7 10 5 2 3 532 4 8 
04 13 7 19 1 8 5 003 7 5 13 0 2 0 500 0 3 
05 13 5 18 8 9 5 002 7 4 13 0 2 7 460 5 0 
06 13 2 19 4 9 1 002 6 7 12 0 2 5 528 0 4 
07 12 4 19 1 9 2 001 5 8 12 0 2 4 526 3 6 
08 11 9 16 5 8 7 001 4 7 9 0 1 5 616 3 5 
09 12 9 17 6 9 0 001 6 3 11 5 2 3 522 5 2 
10 13 3 19 4 8 9 001 6 1 12 4 1 7 521 3 8 
11 12 5 18 8 8 7 001 6 1 12 0 1 5 499 6 0 
12 6 6 10 5 5 0 0 1 2 5 -1 0 8 2 
13 6 5 11 0 2 8 -0 3 3 8 -3 6 8 5 
14 8 5 14 5 3 1 1 7 7 5 -4 0 2 8 
15 9 8 13 4 7 2 3 5 8 0 0 6 4 0 
16 10 3 13 5 7 2 3 6 9 0 -1 0 3 5 
17 11 8 15 8 7 9 4 9 10 0 1 0 4 3 
18 11 9 17 1 9 5 4 9 10 0 2 5 4 1 
19 10 4 14 6 7 1 3 3 7 5 1 0 4 8 
20 10 2 14 1 7 3 3 3 7 0 1 0 8 0 
21 13 8 18 3 8 4 7 5 13 3 1 2 
22 16 5 21 0 11 8 9 8 15 0 4 6 
23 17 8 22 3 14 3 11 9 17 0 6 8 
24 18 0 22 0 14 0 12 1 17 0 7 3 
25 15 2 19 2 12 7 8 7 17 0 5 0 
26 9 2 13 8 6 5 2 5 7 0 -0 5 
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Lower elevat10n site (elev 3550 m) Higher elevation site (elevation (4200 m) 

Temperature (OC) Disch (m3 /s) Temperature (OC) RH(%) SWR (w/m2) Cloud 10th 
Mean Max Mm Mean Mean Max Mm Mean Mean Mean 

27 7 5 10 8 5 4 0 6 4 0 -1 7 
28 9 6 14 1 4 9 2 8 7 5 -2 0 
29 12 4 17 0 7 9 5 5 10 0 1 0 
30 10 8 14 9 8 1 3 5 8 0 0 6 
31 7 4 12 6 5 6 -0 2 3 2 -2 2 

Augu-01 7 9 10 6 5 3 0 0 4 0 -2 0 
02 9 2 14 4 6 2 1 3 6 0 -1 2 
03 6 2 7 8 4 1 -1 1 0 0 -2 2 
04 9 3 13 8 4 7 1 2 6 7 -3 0 
05 12 4 17 3 8 2 5 5 10 0 0 0 
06 14 0 17 7 10 2 7 3 12 0 2 3 
07 15 1 18 9 11 0 8 3 14 0 3 6 
08 15 0 19 6 12 0 8 4 14 1 4 8 
09 13 3 17 9 10 2 6 4 12 0 2 8 
10 14 6 18 5 10 0 7 7 13 0 2 0 
11 14 7 19 0 11 0 8 0 13 0 3 2 
12 14 4 18 0 9 0 6 7 13 0 2 0 
13 15 3 19 2 11 0 8 5 14 2 3 0 
14 15 2 18 3 12 1 8 0 13 5 3 3 
15 13 7 18 3 10 3 7 8 14 0 3 6 
16 13 0 15 0 9 0 6 3 11 0 2 4 
17 12 9 16 4 10 0 5 5 11 0 2 4 
18 10 1 13 2 8 9 3 0 5 3 1 8 
19 13 5 17 5 9 0 6 0 12 1 1 8 
20 17 0 21 0 12 9 10 5 16 0 5 8 
21 17 8 21 5 13 7 11 5 17 0 7 0 

RH Relative Humidity, SWR Incoming short wave radiation, (Source Field Observations SI HP 1987) 


