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Abstract

Across the surface of debris-covered glaciers in the Nepal Himalayas there are many lakes on the order of 1 km
in scale. Some of the lakes, dammed by the end/lateral moraine, have been expanded from ponds on the order of
100 m in length. Tsho Rolpa Glacier Lake in the headwater region of the Rolwaling Valley, Eastern Nepal, was
probably a small pond in the early 1950s. The present expansion rate of the glacial lake is unknown. From our
investigation of the hydrological and meteorological conditions in 1993-1994, the calculated heat balance in the
lake showed a deepening rate of about 1.2 m yr~' all through the year. This is comparable to the mean deepening
rate of the bottom basin since 1952. The vertical expansion thus is still continuing. Annual volume expansion
including the calving ice (horizontal expansion) volume was 3% of the present total volume of the lake.

There are many glacial lakes that were glacier-dammed or
moraine-dammed in Iceland, Norway, Alaska, Peru, New
Zealand, and several other countries (Thorarinsson 1939,
1957; Liestgl 1956; Post and Mayo 1971; Lliboutry 1977;
Lliboutry et al. 1977a,b; Kirkbride 1993). Such glacial lakes
sometimes produced outburst floods, a phenomenon called
glacial lake outburst flood (GLOF).

In the Himalayas, large valley glaciers several kilometers
long have a mostly debris-covered ablation area and occupy
about 80% of the glacialized areas (Moribayashi 1974). De-
bris-covered glaciers have advanced to approximately 4,500
m above sea level in the Little Ice Age between the 16th
and 19th centuries. At present some debris-covered glaciers
are retreating due to the horizontal expansion of the glacial
lakes that emerged during recent decades. The glacial lakes
are surrounded and dammed by end moraines that formed in
the Little Ice Age. Lake water overtopping a moraine carried
sufficient energy to break easily through a moraine dam.
This overtopping was caused by a large wave generated by
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a huge snow or ice mass falling down into the lake, such as
in a snow or glacier avalanche down a steep slope beside
the lake, or by advancing, sliding, and calving (ice wastage
by shedding of large ice blocks from a glacier’s edge into a
body of water) of the mother glacier into the lake. Earth-
quakes may also act as external triggers contributing to lake
outbursts.

Abundant meltwater from glaciers is the main water re-
source and provides abundant hydropower potential in Ne-
pal. GLOF has occurred somewhere at least 13 times since
the 1960s, and hydropower has been damaged. This phe-
nomenon is, therefore, a serious natural disaster that can af-
fect the development of water resources (Yamada 1993; Lan-
zhou Institute of Glaciology and Geocryology/Water and
Energy Commission Secretariat/Nepal Electricity Authority
[LIGG/WECS/NEA] 1988). There are still several glacial
lakes upstream of hydropower facilities. A larger volume of
stored water can cause a more serious disaster. Thus, it is
important to know the expansion rate of a glacial lake in
order to estimate future GLOF damage.

The horizontal enlargement of the glacial lakes has been
determined from aerial photos and satellite images. Bathy-
metric maps of Tsho Rolpa Glacial L.ake have been made to
evaluate its volume (Yamada 1998), and the average deep-
eningrates since the lake emerged (average depth at present/
age of the glacial lake) were determined (Yamada 1995).
Their present expansion rate, however, is yet to be measured
because of accuracy problems. Therefore, the purpose of this
study is to evaluate the present expansion rate of one glacial
lake by the heat-balance method.

Background

The drainage area including the lake surface is 77.6 km?
with 71.8% glacial coverage, 55.3% and 16.5% of which,
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Fig. 1. Drainage basin of Tsho Rolpa Glacier Lake, Rolwaling
Valley and its location in Nepal.

respectively, are occupied by a debris-free glacier (the Upper
Trambau Glacier) and a debris-covered glacier (the Trakard-
ing Glacier) (Yamada 1996) (Fig. 1; modified Schneider’s
topographic map; Schneider 1981). The lake surface area
and the volume in 1994 were 1.39 km? and 76.6 X 10° m?,
respectively.

Figure 2 shows the expansion history of Tsho Rolpa Gla-
cier Lake obtained by data from aerial photos, topographic
maps, and satellite images (Earth Resources Technology Sat-
ellite [ERTS], Multispectral Scanner System [MSS], Marine
Observation Satellite-1 [MOS 1], Multispectral Electronic
Self-Scanning Radiometer [MESSR], and Landsat [MSS])
(Mool 1995). In 1958 the surface area was 0.23 km? ac-
cording to a topographic survey by the Survey of India. Be-
cause the horizontal growth rate is almost constant, the lake
probably appeared as a small pond around 1952.

Observation

Methods—Meteorological and hydrological observations
were carried out in 1994 at Tsho Rolpa Lake (27°51'N,
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Fig. 2. Change in the surface area of Tsho Rolpa Lake from
satellite images. Dashed-dotted lines indicate the moraine ridge
(modified after Mool [1995]).

86°29'E), Rolwaling Valley, Eastern Nepal (Fig. 1). Figure
3 shows the location of observation sites on the bathymetric
map made in 1994 by Kadota (1994). The maximum depth
is 131 m at site LD.

Site LM is a meteorological station on an islet. The four
meteorological elements were measured hourly at 2.1 m
above the ground from 8 June to 3 November 1994: Air
temperature (7,), wind velocity (Ws), relative humidity (Rh),
and shortwave solar radiation (I*). Their accuracies are
0.1°C, 0.1 m s7', 3%, 2 W m2, respectively. Surface water
temperature of the lake (7,) was also measured hourly at site
LS by thermistor sensor (accuracy, £0.4°C) fixed at a water
depth of about 5 cm. Albedo was obtained at site LA by
measuring both upward and downward shortwave radiation
at intervals of 1 min in June 1994 on fine, cloudy, and rainy
days.

Lake water drains from the outlet at site LO. Water level
and temperature at the outlet were observed hourly. Their
accuracies were =3 cm and +0.4°C, respectively. Water lev-
el was converted to water discharge with an exponential rat-
ing curve (r = 0.99) obtained by discharge measurements
at various water levels at site LO. The accuracy of the dis-
charge is £0.3 m?® s™! (7%).
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Fig. 3. Location of observation sites on the bathymetric map of Tsho Rolpa Lake. Numerical

values indicate water depth in meters.

Vertical water temperature distributions were obtained by
using a water temperature depth sensor at site LV near the
deepest point on 8 June and 3 November 1994. These dates
correspond to the beginning of the monsoon season and be-
fore ice-cover, respectively. Vertical water temperature pro-
files were also obtained on 7 November 1993 and 22 Feb-
ruary 1994 corresponding to the ice-covered period. The
accuracies of depth and water temperature are =0.5 m and
+0.05°C, respectively.

Results—A time series of daily meteorological data from
June to November are shown in Fig. 4a,b. The observed air
temperature and wind speed during this period were on av-
erage 3.8°C and 2.3 m s, respectively. In the Nepal Him-
alayas, the monsoon season usually begins in June and fin-
ishes in September. In the rainy season, the solar radiation
was relatively low (about 199 W m~2 on average), and rel-
ative humidity was high with an average of 95%. The daily
mean surface water temperature of the lake (7)) and water
temperature of the outflow (7,) are shown in Fig. 4c (WECS
1994, Yamada 1995). T, mean data were not obtained from
5 October to 3 November. The extrapolated T, was evaluated
from surface water temperature 7, that was always larger
than 7, by 0.5°C (Fig. 4c). Water level was not obtained
between 5 September and 15 November 1994. Discharge
during the period of no water level data was estimated on
the assumption that the water level decreased linearly over
time in this period (—1.3 cm d~!). The seasonal variation in
daily discharge is shown in Fig. 4d, where the estimated data
are shown by a dotted line. The discharge increased greatly
in early June when the glacier melt started and peaked in
early July; thereafter, it decreased gradually until early No-
vember. Such an annual variation in discharge is usual in
the Nepal Himalayas (Sakai et al. 1997).

Seasonal data on vertical water temperature at site LV are

shown in Fig. 5. Seasonal temperature fluctuation ranging
from O to 6°C can be seen in the surface layer, for depths
<50 m. Below this depth, the temperature remained roughly
constant at around 2.7°C, in spite of the maximum density
of pure water at 4°C. This is due to high suspended sediment
concentrations in the lake that reached >100 mg L~! at the
surface and >300 mg L' at the bottom. The bulk water
density depends on suspended sediment concentration (SSC)
rather than water temperature. Suspended sediment is mainly
transported into the lake by cold and highly turbid en-glacial
meltwater (Yamada 1996). Figure 6 shows vertical profiles
of water temperature, 7', suspended sediment concentration,
C, and water density in situ, o, at site LD on 9 June 1994.
o, is here defined by o, = (pprc — 1,000) X 10, where ppr-
is bulk water density (kg m=3) at C mg L', T, °C, and,
given by p,,e = (1 — C X 1073/p)p. + C X 1073 (p,,
suspended sediment density, 2,730 kg m—3 for Tsho Rolpa
Lake; p., clear water density at T,, °C and P Pa). The water
compressibility was here given as 0.00045 per equivalent
pressure (P = 980,000 Pa) at 100 m depth. Vertical distri-
butions of water temperature, suspended sediment, and water
density in situ, o, showed a similar tendency throughout
the year. Tsho Rolpa thus exhibits stable density stratification
throughout the year, because SSC increased consistently with
depth.

Although water temperatures in the deep layers are almost
uniform over all the seasons, there exist some layers in
which water temperatures were slightly different (about
0.5°C). Such a small difference may be due to the interflow
of glacier-melt water that contained considerable suspended
sediment (Chikita et al. 1999).

A temporal variation in the partial bottom topography was
obtained between two islets uplake of the end moraine at
site LP (see Fig. 3 for location). The deepening amount was
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Fig. 4. Temporal variations in daily average data (a) air tem-
perature, 7,, and wind speed, Ws; (b) relative humidity, Rk, and
solar radiation I*; (c) water temperatures, T, at the lake surface and
T, at the outlet; and (d) water discharge at the outlet recorded hourly
at sites LM and LO for 1 June through 30 November 1994. Dotted
lines indicate estimated value.

on average 48.1 cm for 14 November 1993 through 3 Oc-
tober 1995, thus giving an annual deepening rate of 25.5 cm.

Lake Heat Balance

Basic equation—The change in heat storage of the lake,
AS, consists of the net heat input, Q, at the water surface,
the heat, O, released by water discharge at the outlet, the
heat input, Q,, by meltwater inflow into the lake, and the
latent heat, 0, for ice melting on or below the bottom as
in the following equation:

AS =0, + 0, — Q. 1)

Calculation of each term: Heat by meltwater inflow, Q—
The water temperature of inflowing meltwater, T’ is probably
0°C, because it is supplied from a subaqueous tunnel mouth
through en-glacial tunnels (Yamada 1995). Hence Q, =
cpq.T; = 0, where c is the specific heat of water (=4.2 X
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Fig. 5. Seasonal variation in vertical distributions of water tem-
perature at site LV.

10* J °C~! kg™"), p is the water density (=1,000 kg m™3),
and g, is the meltwater inflow (m? s™!).

Change of heat storage in the lake, AS—The change of
stored heat in the lake AS during the time period of ¢, to ¢,
(t, > t,) was defined as:

S, = 8

AS = — 2)

where S; (i = 1, 2) is the heat storage at the time ¢. S, is
estimated by the following equation, assuming that water
temperature at a certain depth is the same over the lake:

S, = cp f AQT.(@) dz 3)

where z;, T,(z) and A(z) are total depth (m) at the time ¢,
water temperature (°C) at z (m) in depth at the time ¢, and
area of horizontal cross section (m?) at z (m).

Heat loss by outflow, Q,—Heat released by the outflow at
the outlet (Q,) is simply calculated by the following equa-
tion:

Q, = ¢pDT, “)
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where D is the discharge amount by outflow and T, is water
temperature of outflow.

Heat input, Q—During the summer, the heat O, coming
into the lake for 1 d (#) is calculated by the following heat
balance equation at the lake surface:

O =I+R+H+IE+P (5)

where, I, R, H, I[E, and P are net shortwave radiation, net
longwave radiation, sensible heat flux, latent heat flux, and
heat input with precipitation, respectively. All fluxes are pos-
itive when fluxes are directed toward the lake surface.

The net shortwave radiation input to the lake surface is
calculated by

I=(1 — o)l )

I' and o are shortwave solar radiation and albedo of the
water surface, respectively. The relation of the albedo of lake
surface and the solar altitude, z (degree) was obtained from
observations as follows.

1405

a = 0.78h~0%, )

Only net incoming heat at the water surface was here con-
sidered. The internal absorption in water is, therefore, not
taken into account. The observed albedo is larger than that
of pure water because the water containing much suspended
sediment reflects solar radiation.

Net longwave radiation input, R, to the lake surface is
expressed as

R = R — eo(T, + 273.2)* (8)

where RY, €, o, and T, are downward longwave radiation,
emissivity of the water surface (=0.96), Stefan—Boltzmann
constant (=5.67 X 1078 W m~2 K~%), and water temperature
of the lake surface (°C), respectively. Daily mean downward
longwave radiation was evaluated as R* by the following
equations (Kondo et al. 1991):

Ri
R'=0o(T,+2732)41 - [1 - ———~L—|C 9
o ) ( o(T, + 273.2)* ©)
C =0.03B> — 0.30B2 + 1.25B — 0.04, B =0.0323
=0, B <0.0323 (i0)

with
B =141},

where T,, R}, and I! are air temperature (°C), global long-
wave radiation in the clear sky, and global solar radiation in
the clear sky, respectively. The effect of clouds on R' is
evaluated by the empirical Eq. 8 derived from the ratio, B,
of observed global shortwave radiation, I* to I*, calculated
theoretically on clear days.

Sensible heat flux, H, and latent heat flux, [E, are calcu-
lated by the following bulk aerodynamic formulas presented
by Kondo (1975) that are applied to the wide water surface
under neutral equilibrium air conditions. The bulk heat trans-
fer coefficient for the wide water surface is here adopted
because of the large fetch of the lake (=3 km).

H = cppaCHU(Tu - Ty) (11)
IE = 1p,C.U(q, — q.) (12)

where ¢, p,, Cp, Cp, U, and [ are specific heat at constant
volume, air density at 4,000 m above sea level, bulk heat
transfer coefficient (=1.80 X 1073), bulk latent heat transfer
coefficient (=1.84 X 1073) (Kondo 1975), wind velocity at
2 m in height (m s™'), and latent heat for evaporation from
water surface, respectively. g, is specific humidity of air over
the lake (kg kg™"). g, is specific humidity at the lake surface
(kg kg™!) and for convenience assumed to be the saturated
specific humidity at lake surface temperature, 7.

When the temperature of rainfall is assumed to be equal
to the air temperature, the average heat flux with rainfall
would be only about 0.4 W m~2 that corresponds to 0.4%
of the net incoming heat to the lake surface. Heat flux with
rainfall was thus neglected for the incoming heat at the lake
water surface.

From the above calculation, the heat loss for ice melting,
0, can be evaluated from Eq. 1. Thus, Q,, induces the ex-
pansion of the lake.

m
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Calculated results and discussion

Each term in Eq. 1 for the summer (from 8 June 1994 to
3 November 1994; 148 d) and for the ice-covered period
(from 7 November 1993 to 22 February 1994; 106 d) were
evaluated, and the annual expansion rate was estimated.

Heat input to the lake surface, Q—The summer variations
of I, R, H, and [E calculated are shown in Fig. 7a. It is
evident that the heat balance at the lake surface is mainly
controlled by shortwave radiation. The calculated seasonal
variation of Q, is shown in Fig. 7b. The large variation in
0, results from the great fluctuation in net solar radiation, 1.
Q, is consistently positive in the monsoon season from mid-
June to the end of October.

No meteorological data were obtained during the ice-cov-
ered period. The observed lake-ice and snow thicknesses
were 50 cm and 20 cm, respectively, on 22 February 1994.
Patterson and Hamblin (1988) showed that the heat ex-
change between the water and ice is negligible during the
ice-covered period. The incoming heat to the lake water is
thus assumed to be zero.

Heat loss by outflow through outlet, Q,—Figure 7b shows
the fluctuation of the heat, Q.. The heat loss by discharge
of the surface water increased rapidly in June with increasing
discharge at the outlet and then reached its peak at the be-
ginning of July. Thereafter it decreased gradually until No-
vember. The magnitude of Q, is of roughly the same order
as Q, in the monsoon season.

There are no data on water temperature and discharge at

the outlet during the ice-covered period because of data log-
ger trouble. The discharge amount from the outlet must be
negligible during the winter season, and the water temper-
ature from the outlet can be assumed to be 0°C because the
water was released from the ice-covered lake. The heat loss
from the outlet during the ice-covered period, Q,, was thus
assumed to be zero.

Change of heat storage in lake, AS—The changes in the
heat storage, AS calculated during the summer season and
the ice-covered period were —15 W m=2 (—=2.6 X 10" J)
and —12 W m~2 (—1.5 X 10* J), respectively. In spite of
the relatively high air temperature during the monsoon sea-
son, the heat storage has a decreasing tendency. This is be-
cause the abundant glacier meltwater is supplied into the
glacial lake, and the warmed water overflowed from the out-
let, that is Q,. The heat storage in the lake should have
increased for a short period between April and June.

Heat loss by ice melt, Q,—Each term of heat balance in
Eq. 1 calculated is summarized in Table 1. Total heat loss
by the ice melt, Q,, was evaluated as a residual value from
Eq. 1. The heat of Q,, during the open-water period was
calculated to be 4.3 X 10" J that can melt the ice volume
of 14.2 X 10° m?. The heat loss by ice melt is only 23% of
the heat input to the lake surface, Q.. Almost all of Q. is
lost by the outflow of warmed lake water at the outlet.

During the ice-covered period, the heat loss at the lake
bottom corresponds to the change in storage heat of about
12 W m~2 (Table 1) by assuming that the heat input to the
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Table 1. Heat balance terms calculated during the open-water period and ice-covered period.

X10™ J (W m™2)

Open water 8 Jun 1994 to
3 Nov 1994 (148 d)

Ice cover 8 Nov 1993 to
22 Feb 1994 (106 d)

0, Heat input to the surface

Q, Heat released from the outlet

AS Change of stored heat in the lake

Q. Heat for ice melting at the bottom of the lake

Heat for fusion of calving ice

19.0(107) —

17.3(97) —

~2.6(—15) ~1.5(-12)
2.1(12) 1.5(12)
2.2(13) —

lake surface, Q., and released heat with outflow, Q,, are both
ZEero.

Accuracy of calculation—Instrumental errors for the heat
fluxes, Q,, Q,, and AS are =15 W m~2 (15%), =16 W m™?
(16%), and £0.3 W m™? (2%), respectively, during the cal-
culated open-water period. The horizontal difference in wa-
ter temperature in the longitudinal direction of the lake is at
most 0.6°C. Therefore, the error of AS is 0.6 W m~2 (4%).
As a result, the total accuracy of the heat loss for ice melting
is =32 W m™? in the open-water period, which was larger
than the heat loss (24 W m~2) by the ice melt.

The surface water temperature in the lake was compara-
tively high near the shore. The heterogeneous surface water
temperature makes the O, low, because it was measured at
midlake where the water temperature was relatively low.
Moreover, the glacial lake is surrounded by high Himalayan
mountains; the reflection of longwave radiation from the ex-
posed rockface of the mountains could lead to an underes-
timation of the calculated result by the empirical (Eqgs. 8 and
9). This would cause the actual value of Q. (Eq. 5) to be
higher than we estimate.

The observed water temperature at the outlet was 0.5°C
lower than the observed surface temperature at site LS (Fig.
3) from May to August. This relation has been used to cal-
culate the water temperature at the outlet from September to
November when there were no data. The difference, how-
ever, would show a seasonal variation. The calculated value
of O, would depend on the condition of water mixing and
surface heat balance near the outlet.

During the ice-covered period, it is enough to estimate Q,,
considering only the error of heat storage. The error of AS
is 0.6 W m~? as mentioned above that corresponds to 5%
of the heat of O, during the ice-covered period (12 W m™2).
The deepening rate from the data in the ice-covered period
thus has more reliability than that in the open-water season.

Expansion rate—During the winter, all of O, went into
melting the bottom ice because horizontal expansion (calv-
ing) must not have occurred. The net heat flux of 12 W m2
was converted into a deepening rate of 3.4 X 103 m d-.
The bottom ice of the lake was constantly melted by heat
conduction in the debris—sediment-water medium below the
bottom. The melt rate of the bottom ice was thus considered
to be constant, assuming no bottom sedimentation, because
the water temperature was almost constant throughout the
year (Fig. 5). The total annual deepening rate of the lake
basin was thus deduced to be 1.2 m.

The estimated present deepening rate, 1.2 m yr~!, was

equal to the mean deepening rate because the glacial lakes
emerged (average depth at present/age of the glacial lake).
Thus, the vertical expansion of the glacial lake is still con-
tinuing.

During the open-water period the lake has been expanded
by the melting of the glacier terminus (terminal of the gla-
cier) and the ice below the lake bottom (Yamada 1998). For
this period Q,, should have been used in melting ice two
ways. According to our observations, a cliff-shaped glacier
terminus retreated by calving, and the glacier ice frequently
fell into the lake only in summer when air temperature was
above the melting point. Calving produces many small ice-
bergs in front of the glacier terminus. The icebergs floating
on the lake were mostly melted in the lake water. The heat
for ice melting at the bottom of the lake should be 2.1 X
10 J during the open-water period on the assumption that
the deepening rate is constant all through the year. The melt-
ing heat for calving ice, therefore, can be evaluated to be
2.2 X 10 J as the residual value of the heat Q,, (4.3 X 104
J). It corresponds to the calving ice volume of 7.2 X 10° m?.
The annual calving ice was observed to be 300 m in width
and the glacier retreat to be 100 m long. The height including
the glacier ice under the lake surface can be estimated to
have been 24 m from the calculated total calving ice volume,
7.2 X 10° m3. Actually the height could be estimated to be
around 20 m from the depth measurement near the glacier
terminus. Although the error of the calculation was large
during the summer, the result is plausible.

The calving volume during the summer observation pe-
riod coincides with the annual calving rate because calving
occurred only in summer. As a result, the annual expanding
volume was found to be 2.4 X 10° m? by summing the deep-
ening volume (1.7 X 10° m?) and the calving ice volume
(7.2 X 10° m?) at present. It thus corresponded to 3 * 1.5%
of the whole present volume of the lake.

The sediment layer may thicken year after year by sedi-
mentation, particularly near the end moraine where the lake
began to emerge. The melt rate may thus decrease by de-
creasing the temperature gradient in the sediment—debris—
water layer. Therefore, the annual deepening rate of 25.5 cm
at site LP was much smaller than the evaluated deepening
rate, probably because of the thick debris layer over the ice.
Meanwhile, the deepening rate may be relatively high
uplake, where the debris layer was not considered to be thick
yet. The deepest point LD in Fig. 3 (131 m depth in 1994)
corresponded to the glacier surface in the early 1970s, ac-
cording to the satellite images (Mool 1995). Assuming that
the level of the glacier surface in 1970s was equal to the
water surface level in 1994 at site LD, the average deepening
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rate during 24 years (1970-1994) was considered to be >5
m yr .

More accurate deepening rates should be measured by mi-
nute depth sounding in the future. By examining the sedi-
mentation process at the lake bottom, it may be determined
whether or not the deepening rate will accelerate. Further,
the hydrodynamic behavior of the lake also may be impor-
tant to solving this problem (Chikita et al. 1997, 1999).

Conclusions

Heat loss for ice melting of the glacial lake was estimated
from its bulk heat balance during the open-water and the
ice-covered periods.

All of the heat flux into the lake is consumed as bottom
ice melt during the ice-covered period. The deepening rate
was deduced to be 3.2 X 107° m d~! with an error of 5%.
Because the observed temperature of bottom water contact-
ing the ice through a debris—sediment layer was almost con-
stant throughout the year, the deepening rate should also be
constant. The annual deepening rate, therefore, was deduced
to be 1.2 m. The evaluated deepening rate at present was
same with the mean annual deepening rate over the lake area
since 1952 (average depth of the lake [55 m in 1994])/age of
the glacial lake = 1.2 m yr~!). Here, the vertical expansion
is still continuing.

During the open-water period, heat loss for ice melting is
consumed as melting heat for calving ice and bottom ice.
Assuming that the deepening rate is constant all year, our
heat balance calculation allows us to estimate that 7.2 X 10°
m? of calving ice is melted each year. The observed calving
ice volume was around 6.0 X 10° m?, which is of the same
order as the calculated result. The calculated calving volume
should correspond to the annual calving volume rate because
calving occurred only during the summer. Consequently, the
present annual volume expansion rate is 2.4 X 10° m* (3%
of the total present volume) including the calving ice.
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