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ABSTRACT. A conceptual p rec ipitati on r unoff model ( HYCY~IODEL ) is used to 
simul ate the da ily runofTfrom the 67°;(, glacicri zed Lirung basin (16% of which is covered 
by debris). The average thermal res istance of the debris cover of the Lirung Glacier has 
been es timated from the surface tempera ture of the debri s, which was obta ined from 
La ndsat 5 (1'1\1 Band 6) im ages. This enabled calculation of the melt rate of the debris
covered a rea of the glac ier using meteorolog ical data coll ec ted at a nearby weather sta
tion. The calcul ated discha rge results a re roughl y compatibl e with the observed daily dis
cha rges. 

INTRODUCTION 

It is of fund amental importance in Nepa l to be able to esti
ma te glac icr abl a ti on undcr the dcbris layer, since the melt
water from glaciers is one of thc maj or watcr sourccs for the 
country. In Nepal, mos t of the abl ati on areas of glaciers are 
cO\"Cred with debris (Fujii and Hig uchi, 1977). H owever, no 
reli able estim ates ha"e been m ade as ye t rega rding the pre
cise amount of abl ation under the debris layer. 

The rela ti on betwee n the ra te of abl ati on a nd debri s 
thickness has been studied by many wo rkers (e.g. 0strem, 
1959; Loomis, 1970; FLUii, 1977; M attson and others, 1993) 
The presence of a debris layer at the ice surface means that 
the abla ti on rate underneath it is acce lerated when the 
debri s laye r is thin, while the abl ation rate is retarded \-\"Iw n 
debris is thi ck. This general finding is reported in the results 
of many researchers, but results vary as to the thi ckn ess 

required before ablation is accelerated or suppressed. In ad
dition, the debris thi ckness at which maximum abl ation 
takes place " a ri es between studies, along with, the maxi
mum rate of a bla tion. These di screpancies can be expla ined 
in terms of the different therma l properti es of debris a nd/or 
the different meteo rological conditions when experi ments 

or observati ons were carri ed out (Nakawo and Young, 1981). 
It is important, therefore, to take into account not onl y 
debris thickness, but both the therm al properti es of the 
debri s and the meteo rologica l conditions for examining ab
lation under a debri s laye r (Na kawo and Ta kahashi, 1982). 

In order to esti mate glacier melt from the whole ablation 

area of debris-covered glaciers, it is necessar y to know, in 
addition to meteorological conditions, the di stribution of 
debris thickness and its therma l properti es. It is very diffi
cult, however, to measure debris distribution in the field , 
pa rt ly because it vari es between geographical areas, and 
pa rtly because collecting such data is dange rous and it is 
sometimes impossibl e to assess the entire surface of debris
covered glaciers. In the past, therefore, runoff models have 
been based on a va ri ety of ass umptions rega rding debris 
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cha racteri stics for debris-covered glaciers. 
The present study was conducted in the Lirung bas in, 

located in the Langtang Vall ey, approx im ately 60 km north 
of K a thm andu, )Jepa l. Glac ia l discha rge modeling in thi s 
area has been attempted by Braun a nd others (1993), who 
mentioned that the predictions of a conceptua l runofT m odel 
agree roughly with fi eld da ta if the ablation under the debris 
is regarded to be ha lf the abl ation of debri s-free glacier ice. 
Rana and others (1996) sugges ted assuming a n a, 'erage 
debri s thickness of 0.5- 1 m, with a thermal conductivi ty of 
1.4- 2.6 \V m 1 deg 1. 

Nakawo and Young (1982) showed that the ablati on rate 
under a debris laye r can be estim ated onl y by meteo rologi
cal variabl es if the surface temperature of the debris is given. 
Nakawo and others (1993) proposed tha t the d istr ibuti on of 
surface temperature could be estim ated by using satellite 
data: therefore it is poss ibl e to es tim ate ablation from la rge 
debris-covered a reas. The present paper uses this me thodo l

ogy to estimate the ablation rate of a debris-covered glacier 
and then compa res the results with field di scha rge data. 

BASIN DESCRIPTION 

Figure I is a topog raphical map of the Lirung basin with the 
hydrologica l site (SI), and the meteorological observation 
site (BH ) at an a ltitude of 3920 m a.s. 1. I-Iydrometeorologi
cal observations hm'e been taken regul a rl y at BH since 
1987 by the Department of H ydrology and Meteorology, 
Nepa l. The total bas in area is 13.8 km 2

, of which 51 % is 

debri s-free ice, 16% debris-covered g lacier, and the remain
ing 33% compri ses steep, rocky wall s. 

From the I : 50 000 map published by the Aust ri an Alpine 
C lub (1990) a rea l di stribution of debri s-free a nd debri s-cov
ered ice were derived at 200 m altitudina l spans for the pre
sent model calcula ti on as shown in Figure 2. Lirung Glacier 
is heavily debris-covered at its lower elevations. The average 
debris thickness a round 44·00 m a.s. 1. was approx imately 
0.5 m (K. Fujita , persona l communication, 1996), The 
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THE MODEL AND DATA 

Runoff Model 

The HYCY?o.IODEL treats snow a nd ICe meltwater the 

10 
0 Total area 

0 Debris-free area 

• Dcbris.-co\'ercd area 

- ~ 
" 
~ 

r-

II II rn 
N .,. 

'" 00 0 N "': '" 00 0 N .,. 
'" 00 0 

l' 'f 'f l' '" '" '" '" '" ~ v:i ~ v:i ~ :b ~ N .,. 
'" 00 co N .J J, 0 .J .,. of of .,; .,; v:i v:i v:i v:i v:i 

ALTITUDE RANGE (km) 

Fig. 2. 11Ititudillal distribution qf the L irung drainage basin 
and the glacier areas included at 200 m intervals (the area rlj 
debrisfree glacier is 51 %, debris -covered glacier is 16%, 
and the roc/\)' wall is 33% qf the totaL basin). 

re 
2. 

same as ra infa ll. Thi s m odel is the same kind of conceptu a l 

runoff m oclcl th a t was c1e,'c1opecl for a small fo resteclmoun

ta in catchment by Fukushim a (1988). The sc hemat ic repre

se nta ti o n of th e model is shown in Fig ure 3. Effecti,'e 
rainfa ll , Re(t), is determined by th e m ean effect iw soil
depth parame ter a nd its de"iatio n ( in th e prcse lll easc, C\'a
poration is neg lected ), S11 is a linea r upper-sto rage tank, Sb 
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a non-linear lower-storage tank, and Sd is a non-linear tank 
for storm [l Oll'. 

This model was used to simulate the stream [low with 
daily precipitation and daily mean a ir-temperature data 
for the cJ.5% glacierized Langtang basin in the Nepal Hima

laya (Fukushima and others, 1991). The observed stream[low 

was simu lated well in the period between Jul y 1985 and 
Apr il 1986. 

Precipitation and melt for debris-free glacier surfaces 

That precipitation increases with a ltitude is usually true in 

the g lac ier areas in the ~epal Hima laya (Higuchi and 
others, 1982). In the Langtang Valley, the precipitation at 
5000 m was 1.3 times greater than at cWOO m (Scko, 1987). 
Since precipitation data were a\'ai lablc (i'om BH only, the 
CUITelll study made the assumption that precipitation is a 
function of a l titude as follows: 

g=Pnll when z < 4000111 

Pz = PJ311(l + 0.0003( z - 4000)) 

when 4000111::; z ::; 5000 III 

g = 1.3PI311 when z> 5000111 

where, g is precipitation at a ltitude z meters (in mill ), Pnll is 

precipitation observed at BH, located at 3920 111 a.s.1. (in I11m ). 
The Lirung basin was di \·ided into 16 altitude zones of 

200 m inten·a ls. R ain{a ll , snow melt and ice melt were cal
cul ated at each zone. The cr itical air temperature between 
snowfa ll and rainfall was estimated as 2.0 C (Ageta and 

others, 1980). The lapse rate was taken to be - 0.6 CjlOO m. 

For calcu lat ing snow melt and ice melt from debris-free 
areas, the empirically deriyed relation for Glacier AX 010 in 
eastern Kepa l (Ageta and others, 1980), was used: 

SMa = 0 when T < -3.0 

SMo = 0.1(3.0 + T) :l2 when T:::: -3.0 

where, S IIIo is the dail y snow mcl t and ice mel t from c1ebris
free areas (in III m ) a nd T is the dai Iy mean air temperature 
(in ' C). 

Ablation under a debris layer 

10 e\'a luate glacier ablation under a debris layer, Kaka\\'o 
and \ Dung (1982) successfu ll y proved that the surface temp
erature of the debris layer can be usecl for estimat ing the 
thermal properties of unknown material, ass uming a linear 
temperature profile in the debris layer. Figure +a shows an 
image from Landsat 5 TM Band 2 depicting areas of rela

tively high intensity reflected radiation with bright co lor. 
Scattered dark spots can be seen over the glacier, indicating 
schistose-type dark-colored debri s material ( lnoue and 
Yoshida, 1980). 

A Landsat .') T.M Band 6 image from 8 ;\1a), 1989 was 
used to derive the distribution of the surface temperature of 

the debris layer (Fig. 4b) since no images for 1985-86 were 
a\·ail able. \Vith the surface temperature, the thermal resis
tance (R ) of the surface debris was also calculated using me
teorological data taken at the same time as the satelli te 
image, following the model ofNakawo and Young, (1982). 

The general energy-bala nce equation at the surface 

layer of a glacier is: 

F;. + Fi, + Fi = F;11 (1) 
where F;. is rad iation heat [lux (\" m ~), Fi, is sensible heat 
[lux (W m ~), Fi is latent heat [lux (\\' m ~) and F;11 is the 
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heat a\'ai lable lo melt ice (\ V m 2). All the flux terms a rc 
taken to be positi\ 'e downward. 

Radiation heat nu x is calcu lated from the equation: 

(2) 

where Q is incoming solar radiation (W m 2), 0: is surface 

a lbedo, 11 is incoming 10ngwa\T radiation (W m 2) and III 
is outgoing longwave radiation (W m 2). 

The incoming longwa\'e radiation can be calcu lated 
(Kondo, 19(7) by: 

I; = a(Ta + 273)~ {I - (OA9 - 0.066 je,;')C,} (3) 

and the outgoing longwave radiation by: 

10 = a(T., + 273) I 

where a is the Stefan- Boltzmann constant .1.67 x 10 H \" III ~ 
K I), R a is air temperature ( C ), T., is surface temperature 
(' C), ea is the \'apor pressure of air (mb) and Cc· depends on 

vapor pressure, cloudt ype and cloud thickness. 

The sensible and latent heat [lux is calculated by lhe 
bulk aerodynamic method: 

F1. = (3U"(T,, - T.,) 
0.622 

Fi = (3U"L(,--(e" - es ) 
pCI' 

(5) 

(6) 

where (3 is the heat Lransfer coeflicient (4-.89 J m ~l deg I), Uil 
is wi nd speed (Ill s I), L" is the latent heat of evaporation 
(2 '·9"1j g ') ]J is pressure (mb ), cl' is the specific heat capac it y 
of air at constant pressure (1.0.1 g 1 deg I) and es is vapor 

pressure at the glac ier surface (mb ). 
The assumptions made in the model arc that the stored 

heat in the debris layer is constant as the time-step is one 
day, and the temperaLure in the debri s layer is in a station-
ary stale, i.e.: 

Ts 
F;n =R' (7) 

where R is the thermal resistance of the debris layer 
(m ~ degv" I). 

\"ith the va lue for R thus est im ated, glacier ablation 
under the debris layer was calcu lated again utilizing the 
0;akawo and \ oung (1982) model for meteorological condi

tions during the period in question . 

RESULTS AND DISCUSSION 

The temperature along a transverse line in difTerent parts of 

the Lirung Glacier is shown in Figure 5. Figure 4b and Fig
ure 5 show that debris-surface temperature is lower on the 
g lac ier sUI'face than on the lateralmoraines, which indicates 
that the debris-surface temperature is lowered by the pre
sence of the ice bod y underneath. Ground obsen'ations 
IT\'ealcd that ice clifTs and ponds are predominant on the 

left side of the glacier, where temperature is comparati\'Cly 
low. It can be seen that the maximum and minimum temp
eratures on all transverse lines are simil ar (i.e. the range is 
sma 11 ), i ndicati ng a generall y uni form distribution of debris 
material 0\'('1" the length of the g lacier. This is in contrast to 

data from Khumbu Glacier (NakawCl and others, 19(6) 
where temperature distribution was not uniform. 

The maximum temperature of lateral moraines range 
on the glacier are in the 25 35C, and the minimum temp
erature range is 4-6 C. Similar results were obtained when 
airborne measurements of surface temperatures were made 
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by IR radiometer at another debris-covered glacier in east
ern Nepal (Yasunari, 1980). The resolution or a unit pi xe l in 
TM Band 6 is 120 m, which is rather la rge [or the Lirung 
bas in, the approxim ate width o[ which is only 500 m. 

The average surface temperature was calcul ated, [or the 
whole debris-covered a rea, as 12°C. This va lue gave a 
thermal resistance of about 0.14· m ~ deg VV 1 as a mean va l Li e 
for the whole debris cover. Us ing thi s thermal resistance, the 
da il y abl ation from the debris-covered area was calcul ated 

with the meteorological pa ra meters obseryed at BH from 
July 1985 to June 1986, ma king the ass umption that the 
debris condition had not changed between 1985 and 1989. 

Figure 6 shows a compari son o[ the da il y discha rges 
[romJuly to September 1985, calcul ated for different bas in 
conditions as follows (a ) ass uming the whole dra inage bas in 
is debris-free, (b) ass uming no melt from the debris-covered 
a reas, and (c) with melt under the debris layer calcula ted 
with the constant therm al res ista nce derived from the satel
lite data . When the basin is ass umed to be debris-free, (a ) 
the simulated discha rge is higher than the observed di s

cha rge. In the case of no melt from the debris-covered a rea 
(b), the simulated di scha rge is much smaller tha n the 
obsen 'ed value. The abla tion under the debris layer (c) has 
res ults most compatible with the field data. This indicates 
that the estimation of glac ier abl ati on under the debris layer 
is necessary for runoffm odcling. It can be seen that the case 

tha t included the mclt from the debris area improved the 
res ult by 20 % more than the case of no melt from the 
debris-covered a rea. 

Fig. 5. Transversal temperature profile along the white lines 
indicated on Fig. 4a of the Lirung Glacier derived from 
LANDSAT 5 TM Band 6 on 8 }\IJay 1989 at a) 4300 m, 
b) 4200 m and c) 4080 m a.s.!. 

Although the tota l di scha rge for 30 July- 13 Aug Llst 
agrees fa irl y well with the fi eld data , the mean di scha rge 
fo r the beginning a nd the end of the observation period is 

underestimated by 30%. This di screpancy might be attrib
uted to the averaged surface temperature used in the calcu
lati on. Since the relationship between the rate of abla tion 
a nd the surface temperature is non-linear, the a reas with 
the lowes t surface temperatures would produce more melt
water th an that estimated. It is necessary, therefore, to 

obta i n a map of surface-temperature va riabi Ii ty using h igh
er resolution techniques, a nd to assess the contribution of in
di\'idual sites in more detail. 
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CONCLUDING REMARKS 

Satellite data ca n be used to derive surface-temperature 
data from Landsat 5 Tl"I Band 6 im ages. The g lac ier-ab
lation rate ca lculated on the bas is of a\'e rage therm al prop
erties 0 [" unknown debris materi a l deri\'cd from satellitc 
data improved the modcled results. H owever, a further 
stud y of g round a nd airborne observa ti ons is required to 
obta in a beller understanding o f" the di stribution of surface 
temperatures. D eta iled study of debris di stribution, with 
higher reso lution of surface temperature, wou ld greatl y im
prove the estimates of glacier abl ation under debri s laye rs, 
a nd, acco rding ly, the estimate of discha rge ri'olll debris-cO\'
ered glacier basins. 
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