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ABSTRACT

Spring snowmelt is a significant runoff component in the tributaries
of the Indus River located on the south side of the Himalayan
crest line. Part of this snowmelt component derives from avalanche
transported snow. This paper addres~es the processes and relative
importance of avalanche snow transport and water yield in the
hydrology of the Kunhar River in Kaghan Valley, Pakistan. Three main
issues are discussed: the prediction of avalanche snow masses on
individual paths; the proportion of slope area in the Kunhar basin
affected by avalanching; and the measurement and modelling of avalanche
snow melting and disappearance compared to undisturbed snow. Results
indicate that both the magnitude of individual avalanches and the
proportion of slope area prone to avalanching exceed that in other
mountain ranges. Ablation of avalanche snow is driven by vertical
fall which determines the air temperature increase, and the
concentration factor of the avalanche path which determines the
surface area of the snow deposit exposed to atmospheric energy exchanges.
On many larger paths in Kaghan a high concentration factor outweighs
the rise in temperature resulting from a large vertical fall. As a
result avalanching retards snowmelt and delays meltwater inputs so
that they overlap monsoon rain inputs later in the summer.

INTRODUCTION

Avalanche research has been characterised by its dominant view of avalanches as
a hazard. Avalanches can also be viewed as hydrological phenomena and
mechanisms, with possible impacts extending beyond the avalanche season and
downstream of their occurrence. This paper describes recently completed research
(1985-1987) on the hydrological effect of avalanche snow transport in the
Himalaya Mountains of Pakistan. This is a part of the Snow and Ice Hydrology
Project, a collaborative investigation of the glacial and nival sources of the
Indus River. In the study area where intense and high magnitude avalanche
activity is combined with a topography that greatly concentrates avalanche snow
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and retards its melting, this question has practical significance for
understanding and forecasting river flows. The study area is Kaghan Valley,
located within the Kunhar River basin on the south slope of the Himalaya; the
area and the nature of the avalanche activity are described in de Scally and
Gardner (1986). The Kunhar hydrograph reflects a major snowmelt input in spring
and early summer followed by monsoon rain inputs until September. Glacier melt
probably provides only a minor source of runoff.

Avalanching produces snow deposits whose ablation characteristics differ
Significantly from the surrounding undisturbed snow cover, particularly with
respect to the undisturbed snow in the starting zones. The differences in
ablation are produced by two important changes which occur as the snow is
avalanched to a lower elevation; the ambient air temperature is increased, and
the snow is compacted and concentrated. The first will accelerate snowmelt, and
this is further enhanced by the lower albedo of avalanche snow which increases
the absorption of solar energy. The second change will retard snowmelt as a
result of decreased deposit surface areas exposed to radiative and turbulent
energy exchanges. While the combination of these changes often delays snowmelt,
and avalanche snow therefore represents water temporarily withdrawn from
snowmelt runoff, modelling by Martinec and de Quervain (1975) indicates that
avalanche activity can also accelerate snowmelt. Therefore the precise
hydrological importance of avalanche snow is dependent on the changes in
snowmelt factors between the starting zone and runout in addition to the
magnitude of avalanching. In this research three broad components are
investigated: the possibility of predicting avalanche snow transport on
individual paths; the proportion of s lope area in the Kunhar River basin
affected by avalanching; and the measurement and modelling of avalanche snow
melting and disappearance compared to undisturbed snow. While the first two
components reflect an attempt to estimate the magnitude of avalanche snow
transport, the third is concerned with understanding the timing of the meltwater
inputs from this snow into the river system. An attempt is also made to relate
the findings to the scale of the basin.

AVALANCHE SNOW TRANSPORT

Ten avalanche paths were selected and surveyed in 1985, collecting data on the
terrain parameters required for Schaerer's (1975;1984) and Schaerer and
Fitzharris' (1984) equations for predicting maximum and annual avalanche masses.
Both maximum masses and masses for the 1985-86 and 1986-87 winters were then
calculated for each path, utilising available data on winter precipitation and
maximum snowpack water equivalents. These masses were compared to the actual
measured masses of the avalanche deposits. The results from the 1985-86 winter
are reported in de Scally and Gardner (1986) and further results from the
1986-87 win~er reinforce these findings. Measured avalanche deposit masses
exceeded 10 kg on some paths in 1987 and in both years the track deposit
exceeded the runout deposit in size on many paths. Schaerer's (1984) equation
for annual mass performed best in both years on very large avalanche paths which
are most significant in terms of the area of snow cover affected and thus the
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amount of water stored in the avalanche deposits at the beginning of the
snowmelt season. The average yield ratio (the percentage of the snow in the
starting and track zones which avalanches) for both years is 9.9% but shows a
large variation between paths. The maximum masses predicted with Schaerer and
Fitzharris' (1984) equation were exceeded on some paths during the two winters.
From a hydrological point of view the equations as they are provide an
approximate estimate of annual and maximum snow transport on individual paths.
More accurate prediction requires: improved measurements of the equation
parameters; refinement of the empirical coefficients to reflect the terrain and
climatic conditions of Kaghan Valley; and improved measurements of avalanche
mass for verification purposes.

PROPORTION OF SLOPE AREA AFFECTED BY AVALANCHING

Avalanche path surveying was carried out in 1987 in order to obtain an estimate
of the proportion of the total basin area affected by avalanching. The mapping
was carried out for 50 km of the main valley and for the 16 km long Saiful Maluk
tributary valley, representing below-treeline and above-treeline areas of the
basin respectively. The mapping was based on: the presence of avalanche
deposits, the identification of terrain conducive to avalanching, vegetative
evidence, and information from the local inhabitants. Some of the problems of
avalanche path identification in Kaghan Valley, where the landscape has been so
significantly altered by long-term human activity, are discussed by de Scally
and Gardner (1986). The survey results indicate the 63 and 73"10 of the total
slope area below and above treeline respectively is affected by active or
potential avalanche activity.

AVALANCHE SNOW MELTING AND DISAPPEARANCE

The melting of avalanche snow and undisturbed snow was studied at a number of
sites using ablation stake networks. The results _indicate higher rates of
melting on the former (on average 7.4 versus 4.1 cm d ). This reflects the fact
that avalanche snow is often subjected to higher air temperatures as a result of
its presence at low elevations late in the snowmelt season. Statistical analyses
of the melt rates and detailed air temperature data indicate that the melting
for both types of snow can be successfully predicted using only temperature,
with the ~1lt_factor for positive mean daily temperature ranging from 0.42 to
0.57 cm °c d depending primarily on the snow type.

The concentration factor (area of the starting zone divided by the area of
the runout zone) was calculated for each of the ten selected paths, substituting
the largest measured surface area of the deposits on each path for the runout
zone area. While this substitution may produce somewhat high factors the large
deposits of 1986 and 1987 and the inclusion of the track deposit surface area
minimise this error. The average factor for medium sized paths is 12.7 and for
large paths 24.9, implying that the high rates of surficial melting of avalanche
snow resulting from significant vertical falls (317 to 1,715m, average for the
ten paths 1,090m) are offset by a significant concentration of the snow in
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protected locations, particularly in the gullied track zones where much of the
snow is stored. This reduction in avalanche snow melting is clearly illustrated
by a model of daily meltwater production adapted from Martinec and de Quervain
(1975), which was run for each of the paths (Figure 1).

.........................
~·~··~z)~1 •••••

••••/ \l •••••••••••

....'
.' Qu(sZ)86... .-"'-..-...::;=::-.~

.'

. .

...••....

..../
......

l//

....

Slarling zone (i.e. no avalanche) 1987

Runout zone (i.e. avalanche) 1987

Slarling zone (i.e. no avalanche) 1986

Runout zane (i.e. avalanche) 1986

......'......'..'......'
•..•...•...•....•...•.

Qu(sz)86

Qa(rz)86

Qu(sz)87

Qa(rz)87

• •• • ""~!':!'!~~~~•.•••••:".•:.~•••• •!.:: .'.'..:~ ~~~. ~ .

50

o

-50

100

200

150

-100

250

-150
FEB MAR APR HAY JUN JUL AUG SEP

Figure 1 Example of daily meltwater production with and without
avalanche activity, "Gorian" path (concentration factor=21.2).

The much lower levels of daily meltwater production from the avalanche deposit
in the runout zone despite higher ambient temperatures is evident in Figure 1.
The toted meltwater discharge from the path is the sum of Q ( ) and Q ( )

. u sz a rzunless the startIng zone has been avalanched clear of snow. The tIme of
disappearance of snow on each path was also simulated with a model adapted from
Martinec and de Quervain (1975), for no-avalanche and avalanche situations.
Under the assumption that all of the snow in the starting zone is avalanched
into the runout zone (starting zone snowpack water equivalent multiplied by the
path concentration factor), the time of disappearance of the winter's snow is
delayed for both years and all paths on average 6.4 months compared to the
no-avalanche situation. If on the other hand the actual measured volumes of
avalanche snow are used in the modelling (volume divided by surface area) the
snow disappearance is accelerated by on average 1.9 months. Comparisons with
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field observations indicate that the first figure is much too high, while the
second is too low since it assumes that the avalanche deposit is evenly
distributed and not concentrated in any depressions. Martinec and de Quervain's
(1975) model is unable to account for the rapid melting of that proportion of
the deposit which is spread out and exposed, and the slow melting of the
remaining protected portion. The field observations indicate that in the real
situation the deposits on the larger paths in normal years generally linger 2 to
3 months after the undisturbed snow cover has disappeared from the starting
zones.

BASIN SCALE AVALANCHE EFFECTS

For runoff forecasting purposes the hydrological effect of avalanches must be
understood at the basin scale. While the magnitude and timing of this effect is
difficult to determine at this scale, extrapolation of some of the research
findings provides some useful insights.

If the average proportion of surveyed slope area which is potentially
affected by avalanching (65%) is extended to the entire Kunhar River basin above
1,850 m elevation (approximately the lowest elevation of discernible active
avalanche activity in the main valley), then 1,372 km O2 54% of the total basin
is affected. If it is then assumed that the 16.5 km total area of the 10
studied paths is representative of avalanche terrain generally in the basin, the
average total ~olume of snow measured on these paths can be extrapolated to the
total 1,372 km . If in the most severe winter the entire snow cover were to
avalanche in all of this area, then the resulting volume of avalanche snow
represents 8.4/0 of the mean ablation period (April-September) runoff for the
Kunhar River at the mouth of ~~e basin. If a conservative estimate of one
avalanche per square mile (0.4 km or approximately a third of the total number
of paths) for the winter is considered then the resulting volume of ' snow would
represent 3.2/0 of the mean ablation period runoff. Determining the basin-wide
timing of the input of avalanche snow me 1twater into the Kunhar is even more
difficult because this requires information not only on the distribution of the
deposits in the basin but also on their characteristics (e.g., concentration
factor of the path). The 2 to 3 month observed delay in the disappearance of the
snow cover on the sample paths can be used as a first estimate for the basin
since the mean starting zone elevation of these paths (3, 270m) coincides
relatively closely with the average elevation of the avalanche-affected portion
of the basin (3,500m). To what extent this delay is compensated for by the rapid
melting of unconfined and exposed avalanche deposits early in the ablation
season is not known. The field observations suggest however that avalanche snow
meltwater inputs overlap significantly with inputs from monsoon rainfall which
begin in early July. In a summer following a winter of heavy snowfalls and
avalanching such as 1986 the potential is for high late-summer flows from
avalanche snow melting and monsoon rain, in addition to already high flows
earlier in the summer from normal snowmelt. A summer follOWing a light snowfall
winter with little avalanche activity such as 1985 will on the other hand be
characterised by low flows until the arrival of the monsoon.
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CONCLUSION

Avalanche activity can be a significant hydrological mechanism if both the
proportion of slope area in the basin which is affected by avalanching and the
magnitude of the avalanches is large enough, as in Kaghan Valley. Some estimate
can be made of snow transport on individual avalanche paths with· existing
empirical equations. The precise timing of the meltwater inputs from this snow
and its disappearance is difficult to estimate without information on the
relative proportions of the deposits which are on the one hand thinly spread out
and on the other concentrated in terrain concavities.

At the basin scale some estimate can be made of the proportion of the
snowmelt runoff which is stored as avalanche snow, providing some information is
available on typical deposit volumes and the proportion of the basin area
affected by avalanche activity. More precise estimates require avalanche surveys
in the entire basin. In addition, the representativeness of the average yield
ratio needs further investigation in light of its significant variability from
path to path and year to year. The timing of avalanche snow meltwater inputs is
very difficult to determine for a basin in the absence of information on the
distribution of the deposits in the basin, particularly by elevation, and their
general character.
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