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ABSTRACT: Motivated by the potential flood outburst of Lake Gojal in the ungauged highly glacier-
ized (27%) upper Hunza River Basin (HRB) in Pakistan that was dammed by a massive landslide on 4
January 2010, we attempt to analyze the characteristics of water inflow to the lake employing remote
sensing data, two hydrological models, and sparsely observed data. One of the models (Model I) is a
monthly degree-day model, while another (Model II) is the variable infiltration capacity (VIC) model.
The mixture of glacier runoff output from Model I and runoff over unglacierized areas calculated by
Model II has a similar seasonal variation pattern as that estimated from data recorded at a downstream
station. This suggests that glacier runoff is the main source (87%) of runoff inflow into the lake. A sen-
sitivity analysis suggests that the water inflow to the lake is highly sensitive to an increase in air tem-
perature. Runoff in May is predicted to sharply increase by 15% to more than two-fold if the air tem-
perature increases by 1 to 7 “C, but it is predicted to increase only from 9% to 34% if the precipitation
increases by 10% to 40%. The results suggested that the water inflow into Lake Gojal will not sharply

rise even if there is heavy rain, and it needs to be
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INTRODUCTION

A massive landslide outburst took place at Sarat,
Attabad, Pakistan, on 4 January 2010. The landslide
was a major disaster and directly killed 20 people and
left many homeless. It blocked the main stream of
Hunza River and formed the landslide-dammed Lake
Gojal. The daily water level in Lake Gojal was con-
tinuously increasing until May 2010. It has been more
than 14.3 km long around 4 May 2010 as derived from
Advanced Spaceborne Thermal and Reflection Radi-
ometer (ASTER) image, and the Karakorum Highway
was completely inundated by the Lake Gojal, which is
a regionally critical land link between Pakistan and
China. The potential outburst flood of Lake Gojal
would affect not only the wellbeing of those living
downstream of Hunza River Basin in Pakistan but also
the commerce and relations between nations if the
dam failure occurs (Kargel et al., 2010). Thus, esti-
mating the runoff input to Lake Gojal is critical to the
evaluation and management of a potential flood.

The latest possible date for completing and wid-
ening the spillway constructed by the Pakistan gov-
ernment was on 24 May 2010. However, the observed
water level of Lake Gojal has sharply increased by
about 10.0 m from 2 May to 16 May. The potential
outburst flood had received much international atten-
tion. On 14 May 2010, the weather forecast was 61
mm snow and 44 mm rain in the forthcoming week,
which increased the worrying about the failure of
natural rock dam in advance. The characteristics of
runoff inflowing into Lake Gojal are key considera-
tions for decision makers evaluating the safety of the
dam and the progress of widening the spillway and
managing the potential outburst flood risks.

The areas above the Lake Gojal are parts of the
upper reach of Hunza River Basin (HRB). Archer
(2003) suggested that summer runoff of HRB above
Dainyor Station has a strong correlation with summer
air temperature, which indicates that the river runoff
probably also has a strong relationship with glacier
melt water. Wang et al. (2011) suggested that river
runoff of three different glacier-covered catchments in
eastern Tianshan exhibit distinctive trends. Thus, it is
reasonable to apply hydrological models, which in-
clude glacier meltwater to estimate the water inflow

into the lake. Unfortunately, it was difficult to directly

and continuously monitor the water input to the lake.
The observed daily inflows were available only on 2,
12, and 16 May. Thus, we need to simulate the water
input to the lake by using hydrological models with
sparse hydrological data, remote sensing data, digital
elevation models (DEM), and topographic maps.

We present the results of modeling the input to
the dammed lake by applying two hydrological mod-
els. One model is the monthly degree-day model, an-
other model is the variable infiltration capacity
hydrological model. The characteristics of river runoff,
the sensitivity of the river runoff to air temperature
and precipitation, and the potential change of the in-
flow under the forthcoming 105 mm precipitation
forecast on 14 May 2010 are estimated.

DATA AND METHODS
Study Area

HRB is situated in the high Karakoram range at
longitude 74°03'E to 75°48'E and latitude 36°04'N to
37°06'N in northern Pakistan (Fig. 1) and is close to
the Yarkant River Basin of China. The basin area
above the Lake Gojal is 9 056 km” as determined from
the DEM of the Shuttle Radar Topography Mission
(SRTM-3) data with 90 m resolution. The total area of
glaciers is 2 402.3 km? (27%) according to a glacier
inventory based on 1 : 100 000 topographic maps for
the period 1976-1980.

Data

Two DEMs were used in this study. The SRTM
DEM was used to derive the basin information and for
hydrological modeling. The ASTER DEM with a
resolution of 30 m was used to analyze the
area-volume relationship of Lake Gojal.

The rates of the lake level rise, depth, and ex-
tended length, seepage at six sites on the dam were
obtained from in-situ observations only in three days.
The observed daily water inflow was 53.1, 70.8, and
70.8 m® s on 2, 12, and 16 May 2010, respectively.
The monthly average hydrological data of the down-
stream Dainyor Station during 1966 to 1997 were
refer from Archer (2003), where Dainyor Station has a
basin area of 13 925 km’. One ASTER image of the
HRB acquired on 16 March was used to visually
compare the extent of the lake with that estimated
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Figure 1. Location of Lake Gojal in the upper reach of Hunza River Basin (HRB). The Lake Gojal was

formed on 4 January 2010 after a massive landslide at Sarat, Attabad, Pakistan.

from observed data and DEM, and the lake level-
volume relationship of Lake Gojal was estimated.
There are no meteorological stations in HRB.
The air temperature was determined from Chinese na-
tional meteorological observations. Two precipitation
datasets were used. One was daily data derived from
the Asian Precipitation-Highly-Resolved Observa-
tional Data Integration towards evaluation of water
resources (APHRODITE, http://www.chikyu.ac.jp/
precip/products/index.html) for 1970 to 2007, with a
spatial resolution of 0.25°, and the other was monthly
precipitation data for 1961 to 2006 interpolated from
neighboring Chinese national meteorological stations.
As these datasets did not have the data for 2010, the
runoff characteristics were derived from the analysis
of simulated series from 1970 to 2007 and the sensi-

tivity analysis.

Modified Monthly Degree-Day Model (Model I)

A degree-day factor summarizes the complex in-
teraction among various energy components on a gla-
cier (Hock, 2005). The degree-day model assumes a
relationship between ablation and local air tempera-

ture expressed in the form of positive temperature
sums. Wu et al. (2011) implied that mass balances
simulated by the degree-day model are in good
agreement with the observations in Urumqi Glacier
No. 1, eastern Tianshan, China. One modified monthly
degree-day model (Zhang et al., 2012a) was devel-
oped and has been successfully applied in estimating
the long-term change of glacier melt water in the
neighboring Tarim interior Basin of China (Zhang et
al., 2012b; Gao et al., 2010). This also was used to
simulate glacier runoff in the present study (Model I).
The annual mass balance was calculated from the
simulated snow accumulation and the snow and ice
melt. The glacier runoff is the sum of rain directly
flowing out and the melting of snow and ice minus the
refreezing parts. Model I runs in elevation bands with
the extent of 100 m. The degree-day factors of snow
and ice were adjusted by comparing the simulated
mass balance and runoff depth with short-term obser-
vations and literature values.

The monthly precipitation data were interpolated
from data recorded at Chinese national stations with

elevation gradients dependent based on short-term
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observations in the area of the Batura Glacier (Liu,
1980). The monthly precipitation gradients were low
(less than 1.0 mm 100m™) at elevations under 4 000 m
and high at elevations above 4 000 m a.s.l. (Table 1),
especially in summer, where the gradient exceeds 10.0
mm 100m™. Monthly surface air temperature lapse
rates are calculated from the data recorded by

neighboring meteorological stations in western China.
Except in May and June, the air temperature lapse rate
(Table 2) was less than 0.6 ‘C 100m™, which is lower
than the rates of 0.65 to 0.75 ‘C 100m
nine Karakoram stations ranging in elevation from
1 000 to 4 700 m a.s.l. (Archer, 2003).

recorded at

Table 1 Monthly precipitation gradients in the Hunza River Basin (mm 100m™)

Month 1 2 3 4 5

6 7 8 9 10 11 12

<4000 masl  -0.1 -0.1 -0.1 02 -04
>4 000 m a.s.l. 2.9 34 2.9 53 11.1

-06 -05 -03 -02  -0.1 -0.1 -0.1
17.8 139 109 7.2 7.8 0.7 2.2

Table 2 Monthly temperature lapse rates in the Hunza River Basin ('C 100m™)

Month Jan.  Feb. Mar. Apr. May

Jun.  Jul. Aug. Sep. Oct. Nov. Dec.

029 039 048 0.58 0.61

0.63 059 056 053 047 043 031

Other parameters of Model I were set to values
calibrated in the neighboring Tarim River Basin (Gao
et al.,, 2010). The threshold temperatures for liquid
precipitation and solid precipitation were 2.0 and
0.5°C, respectively. The refreezing rate was set to 0.1.
The snow and glacier degree-day factors were tuned
with observations made on the Batura Glacier in the
HRB during 1974-1975 (Shi and Zhang, 1984). The
final degree-day factors of ice and snow were set to
5.2and 3.1 mmd" C”, respectively.

The observed equilibrium line for the Batura
Glacier ranged from 4 700 to 5 300 m a.s.l. and had an

average height of 5 000 m a.s.l. (Shi and Zhang, 1984).

The altitude of the simulated equilibrium line in the
HRB was 5 050 m a.s.l. for the period 1974-1975.
The observed glacier runoff for the Batura Glacier was
1 400-1 800 mm for the period 1974-1975, whereas
the simulated runoff was 1 270 mm. These compari-
sons indicate that the simulation of glacier mass bal-
ance and meltwater is reasonable so that the model
can be used to estimate the glacier runoff of HRB.

Modified VIC Model (Model II)

The VIC model (Cherkauer and Lettenmaier,
2003; Liang et al., 1996, 1994) has been successfully
applied to many large basins, including cold regions,
such as pan-Arctic land region (Su et al., 2006, 2005),
and the model also offers a great potential for enlight-

enment regarding large-scale hydrology in poorly
observed region (Slater et al., 2007). One glacier
module was recently developed on the basis of the en-
ergy balance at the glacier-atmosphere interface. It
was successfully applied to the Aksu River Basin after
it had been calibrated with hydrological data (Zhao et
al., 2011). The main characteristics of the new module
include the representation of meteorological elements
based on elevation difference between the glacier area
in the grid and the neighbor grids, considering the ef-
fects of slope and aspect on solar radiation, and a mass
balance model following Kloke and Oerlemans (2002).
The routing scheme employs an algorithm coupled
with the VIC model (Lohmann et al., 1998, 1996).

The input land-use data were derived from the
University of Maryland, 1-km Global Land Cover
dataset (http://www.geog.umd.edu/landcover/1km-
map.html). Bare land and shrubs occupy about 62%
and 11% of the basin, respectively, and other land-use
types account for less than 1% of the basin. The soil
data were extracted from the Global Soil Data Prod-
ucts developed by the International Geosphere-
Biosphere Programme Data and Information System
(IGBP-DIS).

The VIC model was run at 0.083-degree (about
10 km) resolution with daily time steps in full energy
balance mode forced with daily precipitation from
APHRODITE data. The spatial resolution is same as
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that applied in the Aksu River Basin, and the resolu-
tion is close to that of the soil data. The daily maxi-
mum and minimum temperatures and wind speed
were derived from Chinese national meteorological
stations near the HRB. As there are no data available
for a direct calibration of the model, the model pa-
rameters were adopted to the values calibrated with
hydrological data in the Aksu River Basin (Zhao et al.,
2011), which is about 400 km northeast of the HRB.

RESULTS
Comparison of Simulated Runoff to Observed
Runoff at Dainyor Station

The monthly meltwater above glacierized areas
was calculated by the models I and II, and the runoff
above unglacierized areas was simulated by Model 11
for 1970 to 2007. The mixture runoff that was calcu-
lated from the sum of the meltwater of glacierized
area of Model I and the runoff of the unglacierized
area. As there is no observed hydrological data avail-
able to validate the model, the simulated monthly av-
erage runoff from Model II, which include runoff over
glacierized areas and unglacierized areas, and the
mixture runoff from 1970 to 1997 were compared to
that estimated from the observed hydrological data at
the downstream Dainyor Station (Fig. 2). Both the
simulated runoff from Model II and the mixture runoff
have a monthly and seasonal variation pattern similar
to that observed at Dainyor Station, but the simulated
runoffs are lower than the observed one. The mixture
runoff has less discrepancy with the observed, so it is
taken to represent the runoff inflow into Lake Gojal.
The underestimation in both simulated runoff in all
seasons indicates that the forcing precipitation of the
basin is probably underestimated, which seems to be
influenced by orographic effects in the HRB.

There is a greater uncertainty about the seasonal-
ity and magnitude of precipitation in Karakoram re-
gions. Wake (1989) suggested the possibility that there
is a higher proportion of annual precipitation during
the monsoon season at higher elevations. Not only
precipitation intensity but also the frequency of pre-
cipitation are different from lowland to Alpine areas
(Ding, 1991). There is a five- to ten-fold increase in
precipitation from the glacier terminal to the elevation
of maximum precipitation at 5 000-6 000 m a.s.l.
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Figure 2. Simulated monthly average runoff (mm)
by using Model II, the mixture (mm) of meltwater
simulated by Model I and runoff in the unglacier-
ized area simulated by Model II during 1970 to
1997, and runoff observed (Archer, 2003) at Dain-
yor Station during 1966 to 1997 in Hunza River
Basin.

(Hewitt, 2007). This is illustrated by the observed an-
nual precipitation at the Batura Glacier during
1974-1975, which was 1 300-1 500 mm near the
equilibrium line at 5 000 m a.s.l., while in the valley
below at 3 000 m a.s.1., it was only about 100 mm (Liu,
1980).

There is no meteorological station in HRB, and
the HRB covers elevation bands from 2 000 to 7 700
m a.s.l.. Therefore, the great precipitation gradients
and the wider elevation ranges indicate that it is diffi-
cult to accurately represent precipitation in the forcing
of a hydrological model. Although we use the precipi-
tation data from two different sources in models I and
IT and the monthly precipitation gradients were con-
sidered, there are still many uncertainties in estimating

the precipitation.

Characteristic of Simulated Runoff

The contribution of glacier runoff to the total
runoff simulated using Model II is 56% (Fig. 3a), and
the maximum monthly runoft is 640.0 m’ s in August
2006, which indicates that glacier runoff is the main
component of runoff in HRB, especially in summer.
The runoff in the unglacierized area has significantly
increased since 2003, which is also same with the total
runoff. However, there is some uncertainty occurs in
the precipitation forcing because the number of sta-
tions involved in the production of the APHRODITE
dataset has probably changed around 2003 (Yatagai et
al., 2009).
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Figure 3. Runoff (m3 s) in the glacierized, ungla-
cierized, and total areas simulated by Model II (a),
glacier meltwater (m3 s'l) simulated by Model I and
Model IT (b), glacier runoff (m3 s'l) simulated by
Model I, runoff (m3 s'l) of unglacierized area
simulated by Model II, and the mixture (m3 s'l) of
meltwater simulated by Model I and runoff in the
unglacierized area simulated by Model II (¢) in
Hunza River Basin during 1970 to 2007.

The meltwater simulated using Model II is far
less (27.9%) than that simulated by Model I (Fig. 3b).
There are two likely reasons for this. One is the large
underestimation of precipitation due to the large pre-
cipitation gradients. Another reason is that different
elevations were used in the precipitation forcing of
models I and II. The forcing precipitation of Model I
calculated based on elevation bands method, while
that of Model II is calculated based on the differences
of the average elevation of the grid box and the aver-
age elevation of the grid in the meteorological station
located in. In the alpine areas, there are always great
elevation variations among peaks and deep channels

in one grid, while the differences between average
elevations of grid boxes are relatively smaller, which
led to the forcing precipitation of Model I to be greater
than that of Model II.

The monthly glacier runoff is highest in July for
Model I, while the highest runoff occurs in August for
Model II. This is probably because of two reasons.
One is the uncertainty in July and August precipitation
of APHRODITE. Another reason is probably the esti-
mated delay time of the runoff routing in Model II is
longer than the observed one.

The average contribution of glacier runoff to the
mixture runoff is 87% during 1970 to 2007 (Fig. 3c).
The runoff was concentrated in the melt season from
May to August, which comprised 88% of the annual.
The maximum runoff occurred in August 2006. The
runoff sharply increases from April to May, which in-
dicates that May is the onset of the melt season, and
the runoff in May is probably highly dependent on the

air temperature warming.

Sensitivity

Considering that the annual runoff and seasonal
distribution in 2004 is close to the simulated average
runoff during 1970 to 2007, we used the simulated
runoff in 2004 to investigate the runoff response to a
rapid increase in precipitation and air temperature by a
sensitivity analysis. Here, period of 2002 to 2003 was
selected as spin-up period of the model. Such an in-
vestigation is critical to predict the potential changes
in runoff following weather forecasts such as that
made on 14 May 2010.

The monthly runoffs both increases in glacierized
areas and unglacierized areas when precipitation in-
creases by 10%, 20%, 30%, and 40% (Fig. 4, Table 3).
There is no remarkable increase in the runoff over the
glacierized areas except in July and August in the melt
season, even when the precipitation increases by 40%
(Fig. 4a). In August, the peak glacier runoff is pre-
dicted to increase only by 12% as the precipitation in-
creases by 40%. The runoff over the unglacierized ar-
eas is predicted to significantly increase from April to
October (Fig. 4b), and the peak runoff in August is
predicted to increase by 38% as the precipitation in-
creases by 40%. As a consequence, the total runoff is
predicted to generally increase as the precipitation
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Figure 4. Monthly runoff (m3 s'l) in the (a) glacier-
ized, (b) unglacierized, and (c) total areas if pre-
cipitation increases by 0%, 10%, 20%, 30%, and
40%, respectively, above Lake Gojal in Hunza
River Basin.

increases, especially from May to September (Fig. 4c).
The runoft in May is predicted to increase from 9% to
34% as the precipitation increases from 10% to 40%.

The monthly runoffs over glacierized areas and
unglacierized areas have different sensitivities if
monthly air temperature increases by from 1 to 7 C
(Fig. 5, Table 4). The runoff over the glacierized areas
is predicted to significantly increase during the whole
summer even if the air temperature increases by only
1 °‘C (Fig. 5a). The peak runoff in August is predicted
to increase by 32% as the air temperature increases by
1 C, and it is predicted to reach more than two fold as
the air temperature increases by 7 ‘C. The runoff in
May is predicted to increase by 26% to more than
six-fold as the air temperature increases by 1 to 7 C,
respectively, which indicates that the glacier runoff is
very sensitive to air temperature.

The runoff over the unglacierized area has a
complex pattern if the air temperature increases. The
runoff from October to May is predicted to increase,
owing to earlier snow melt and less parts of precipita-
tion falling as snow (Fig. 5b). The runoff in August is
predicted to decrease by 15% to 37% as the air tem-
perature increases by 1 to 7 ‘C. As a consequence, the
total runoff is predicted to generally increase as the air

temperature increases (Fig. 5c¢), which suggests that
the runoff increase due to a melt increase over the gla-
cierized area is far greater than the decrease in the un-
glacierized area. The total runoff in May is predicted
to increase by 14.7% to more than two fold as the air
temperature increases by from 1 to 7 ‘C, which sug-
gests that also the total runoff is highly sensitive to air
temperature. This indicates that the lake level will
sharply rise if the air temperature significantly in-

creases.

Comparison of Simulated Average Runoff in May
to Observed in May 2010

The observed water inflows into the lake on 2, 12,
and 16 May 2010 were less than the average total run-
off of 141.6 m’ s simulated from 1970 to 2007 and
also less than the average runoff in May during 1966
to 1997 estimated from the observation at Dainyor.
Our modeling suggests that observed lower stream
flow in May 2010 is probably associated with lower
air temperature. Cold weather with rain and snow
forecast for 14 May 2010 suggests that the air tem-
perature was lower because snow in mid-May is un-
common. Cold weather probably slows the glacial ab-
lation, and the total runoff input to the lake would not
sharply increase on 16 May even if there is intense
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Figure 5. Monthly runoff (m3 s'l) in the (a) glacier-
ized, (b) unglacierized, and (c) total areas if air
temperature increases by 0, 1, 3, 5, and 7 °C, re-
spectively, above Lake Gojal in Hunza River Basin.
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precipitation, which would benefit the completion of
the spillway. However, caution must be taken when
the weather forecast predicts a significant increase of
air temperature.

The monthly air temperature anomalies in May
from 1951 to 2010 derived from global gridded
monthly anomalies of observed air temperature and
combined observed air and marine temperature
(HADCRU?3) suggest that the anomaly in 2010 is 0.0
‘C (Fig. 6). Considering the increase of air tempera-
ture since 2000, air temperature in May 2010 is rela-
tively lower. Water in Lake Gojal overtopped the
spillway on 29 May 2010, which also proved that the
relatively lower air temperature is probably the main
reason of observed lower runoff inflow into Lake
Gojal.
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Figure 6. Monthly air temperature anomalies of
May in Hunza River Basin during 1951 to 2010 de-
rived from global-gridded (5°x5°) monthly anoma-
lies of observed air temperature and combined ob-
served air and marine temperatures (HADCRU3).

CONCLUSION AND DISCUSSION

This study presents an example of the prompt es-
timation of hydrological characteristics with sparse
data in a highly glacierized area when facing a poten-
tial disaster. Considering that there are always limited
data in alpine areas, this approach can be potentially
applied to other highly glacierized basins.

By applying the monthly degree-day model and
VIC model, DEMs, observation data for 2010 and
1974/1975, ASTER image in the HRB, some conclu-
sions were drawn.

(1) The mixture of the glacier runoff simulated
by the monthly degree-day model and the runoff in the
unglacierized area simulated by the VIC model is
found to have a monthly variation pattern similar to

that estimated from data recorded at the downstream

station Dainyor. However, the simulated discharge is
lower than the latter. The main reason is probably the
underestimation of forcing precipitation gradients of
two models in the HRB.

(2) Sensitivity analysis suggests that the total
runoff is highly sensitive to air temperature. The water
inflow into Lake Gojal in May is predicted to sharply
increase by 15% to more than two-fold if the air tem-
perature increases by 1 to 7 ‘C, while it is predicted to
increase only by 9.1% to 34.4% if precipitation in-
creases by 10% to 40%.

(3) The observed water input to the lake in May
2010 is less than the average, owing to the relatively
lower air temperature. Consequently, the total runoff
at the 14 May 2010 would not sharply increase even if
there is heavy rain occurs. It is the main reason of why
the potential flood did not occur before the completion
of the spillway on 29 May 2010.

There is great uncertainty in the simulated runoff
volumes due to the great variation in the seasonality
and magnitude of precipitation in the Karakoram re-
gion. Considering that the elevation bands range from
2 000 to 7 700 m a.s.l., there needs to be a very high
density of meteorological stations to observe the ac-
tual precipitation gradients, especially in very high
A high-
resolution remote-sensing precipitation product will

mountain areas around 6 000 m a.s.l.

probably help monitor precipitation in the future.
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