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Abstract 
Two debris-covered glaciers and two debris-free glaciers were surveyed regarding their surface lowering 

in the Lunana region, in the northern part of Bhutan. Regarding the debris-covered ones, the lowering rates 
were estimated to be 0-3 m a-1 and approximately 5 m a-1 on the ablation areas of the Thorthormi and Lugge 
Glaciers, respectively, in 2002-2004. Glacier flow was also measured for the two glaciers. The results showed 
contrastively that compressive flow is clear on the Thorthormi Glacier but not on the Lugge Glacier. The 
contrast in the surface lowering and flow is discussed herein to infer a positive feedback mechanism between 
glacier shrinkage and glacial lake growth. 

On the other hand, the surface lowering rates evaluated on debris-free glaciers were 3-4 m a-1 on the 
lower part of the Jichu Dramo Glacier in 2003-2010, and 1-3 m a-1 on a small unnamed glacier southeast of the 
Jaze La (pass) in 1999-2010. The lowering rate on the Jichu Dramo Glacier may have accelerated from the 
previous estimate in 1998-2003. In addition, several pairs of repeated photos are provided to show glacier 
shrinkages and retreats. 
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1. Introduction 

 
The variations of mountain glaciers and ice caps 

worldwide have recently attracted considerable attention 
due to their significance with respect to rising sea levels. 
Summer-accumulation type glaciers in the Asian high-
land regions, including the Himalayas, are considered to 
be particularly vulnerable to global warming (Ageta, 
1983; Fujita & Ageta, 2000; Naito et al., 2001). This is 
because snowfall during summer can easily transform 
into rainfall, and the decrease in fresh snow can reduce 
the surface albedo of glaciers, which can lead to lesser 
accumulation and greater ablation of the glaciers. In 
reality, relatively rapid glacier shrinkages have been 
reported in the Nepal Himalayas (e.g., Fujita et al., 1997; 
Naito et al., 2002). On the other hand, Bhutan, which is 
located near the eastern edge of the Himalayan range, 
receives heavier precipitation than Nepal (Eguchi, 1994) 

due to a stronger influence of the Asian summer monsoon. 
Karma et al. (2003) reported that the recent retreat rates 
of glacier termini in Bhutan are almost twice as large as 
those of glacier termini in eastern Nepal obtained by 
Asahi (1999); further, they suggested that these differ-
ences may have resulted from the stronger influence of 
the summer monsoon in Bhutan.  

In order to evaluate the volumetric glacier shrinkage, 
gauging the magnitudes of not only the retreating area but 
also the lowering surface level is required. The rate of 
lowering of the glacier surface has been reported in 
Bhutan, thus far, only by Naito et al. (2006), who esti-
mated it for a debris-free glacier, the Jichu Dramo Glacier 
from 1998 to 2003. The present paper reports the obser-
vational results of glacier shrinkages in Bhutan, includ-
ing the surface lowering rates of two debris-covered 
glaciers and two debris-free glaciers, as well as repeated 
photo pairs showing terminal retreats of some other 
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debris-free glaciers. 
In addition to the global issue of sea level rise, glacier 

variations are related to local issues, too. Glacial lake 
outburst floods (GLOFs) are a crucial problem faced by 
regional countries and people in the Himalayas (Yamada, 
1998; Ageta et al., 2000). Potentially dangerous glacial 
lakes usually grow on the terminal part of debris-covered 
glaciers (Yamada, 1998; Iwata et al., 2002), while the 
glaciers themselves shrink and moraines dam up the melt 
water. Expansion of the glacial lake is normally consi-
dered to be a result of glacier shrinkage. The present 
paper discusses the effect of glacial lakes upon glacier 
shrinkage, based on the observational results for two 
debris-covered glaciers. 

 
2. Study Area and Methods 

 
The study area in the present paper is located in the 

northern part of Bhutan (Fig. 1), the so-called Lunana 
region, around the headwaters of the eastern branch of 
the Pho Chu (river). Several debris-covered glaciers and 
glacial lakes are closely distributed in the northeastern 
part of the area. Two debris-covered glaciers among them, 
the Thorthormi and Lugge Glaciers, are the present 
targets. An enlarged satellite image of them is shown in 
Fig. 2. A huge glacial lake, Lugge Tsho (lake), is located 
in front of the Lugge Glacier, while many relatively small 
supraglacial ponds are distributed on the debris-covered 
ablation area of the Thorthormi Glacier.  

Surface topography was surveyed on the ablation 
areas of the two glaciers each autumn in 2002 - 2004, 
using a total station system, the SOKIA SET 2000 series. 
Benchmarks for the topographical survey were set on the 

lateral moraine ridges as shown in Fig. 2. Locations of 
the surveyed points on the glacier surface were deter-
mined with a prism brought manually, though those of 
the terminal ice cliffs of the Lugge Glacier were surveyed 
by triangulation from two benchmarks on both lateral 
moraine ridges beside Lugge Tsho. In addition, bamboo 
stakes were installed on the glacier surface with a steam 
drill in 2002 and 2003. All the stakes were found to have 
fallen down due to considerable ice melting the next year, 
unfortunately. By surveying their root locations in 2003 
and 2004, the surface glacier flow could be estimated. 

Fig. 1 Satellite image of the present study area; the Lunana 
region in the northern part of Bhutan. Blue and yellow 
dashed rectangles indicate the areas shown in Figs. 2 
and 3, respectively. The background is an ALOS 
AVNIR-2 10 m mosaic image composited from captured 
data on Dec. 26, 2007 (right to central part) and Jan. 17, 
2010 (left part) by Tadono et al. (2012). 
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Fig. 2 The two debris-covered glaciers studied in the present 
paper. The background is the same image as Fig. 1, 
enlarged. 

 

Fig. 3 The high plateau region, where many debris-free 
glaciers are distributed. Each number and letter attached 
to a glacier is explained in the text. The background is 
the same image as Fig. 1, enlarged. 
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On the other hand, the southeast of the Lunana region 
(Fig. 1) is a high plateau area spreading around the 
boundary between the Pho Chu and Mangde Chu basins, 
where many debris-free glaciers are distributed. The 
enlarged satellite image covering this area is shown in 
Fig. 3. The surface topography of three debris-free 
glaciers was surveyed in the autumn of 2010, using porta-
ble GPS receivers, the Magellan Promark 3. The GPS 
measurements were post-processed using base station 
GPS data. The GPS survey was intended to be carried out 
as widely as possible on the glaciers, but bad conditions 
for receiving GPS signals and some mechanical troubles 
in the GPS receivers sometimes limited the measure-
ments on part of the glaciers, unfortunately. Among the 
three glaciers, the Jichu Dramo Glacier had been sur-
veyed before in 1998, 1999 and 2003. Another small 
glacier, numbered 1 in Fig. 3, had also  been surveyed in 
1999. The previous surveys on the two glaciers can be 
seen in Naito et al. (2006). The present paper describes 
the changes in these two debris-free glaciers. The other 
debris-free glacier surveyed in 2010 is indicated with the 
letter “S” in Fig. 3, and is expected to be surveyed in the 
future in order to evaluate its variation.  

In addition to the quantitative topographical survey, 
simpler observations of glacier variation were carried out 
by taking repeated photos. The present paper presents a 
comparison of the repeated photos for four representative 
debris-free glaciers, which are numbered 2 - 5 in Fig. 3. 
Repeated photos were also taken of other debris-free 
glaciers, indicated with the letter “P” in Fig. 3.  

 
3. Results and Discussions 

 
3.1 Debris-covered glaciers 
3.1.1 The Thorthormi Glacier 

A topographical survey was performed along one 
longitudinal and one transversal line on the ablation area 
of the Thorthormi Glacier, as shown in Fig. 2. The 
upstream part of the longitudinal line from its crossing 
point to the transversal line is bared with glacier ice, and 
a clear ogive has developed. Ten bands of the ogive were 
surveyed at the location of each ridge and trough. The 
longitudinal profile of the ogive bands is shown in Fig. 4. 
The regression lines for each profile represent the aver-
aged surface levels. The surface uplifting upstream and 
lowering downstream in 2002 - 2003 cannot be consi-
dered significant, and thus no significant change in the 
surface level was confirmed for 2002 - 2003. A surface 
lowering of approximately 3 m, however, could be 
recognized in 2003 - 2004. Ultimately, the surface lower-
ing rate on this part of the Thorthormi Glacier could be 
considered 0 - 3 m a-1 in 2002 - 2004. 

The horizontal flow speed was also estimated on the 
ablation area of the Thorthormi Glacier, as shown in  
Fig. 5. Three stakes that had been installed on the ridges 
of the ogive bands in 2002 were found in their 
downstream trough in 2003. Their locations in 2003 were 
corrected to the original ridges upstream. The accuracy of 
the modified speeds at the three stakes, thus, will be 

lower than that at the other stakes. They are indicated by 
blank triangle marks in Fig. 5. The flow speed decreases 
downstream. Such a compressive flow is typical on 
ablation areas of glaciers and generates an upward emer-
gence velocity. The above-mentioned surface lowering 
rate is a result of the compensation between this emer-
gence velocity and surface ablation. 

 
3.1.2 The Lugge Glacier 

A topographical survey was also performed on the 
ablation area of the Lugge Glacier, as shown in Fig. 2. As 
a matter of fact, the longitudinal survey line in Fig. 2 
differed between 2002 and 2003. A bare-ice ridge 
extending downstream was surveyed in 2002; here it is 
tentatively called Ridge 1. Another bare-ice ridge at the 
left bank side of Ridge 1 was surveyed in 2003; its 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Longitudinal profile of the surveyed ogive bands along 
the upstream part of the longitudinal line on the ablation 
area of the Thorthormi Glacier, shown in Fig. 2. The 
abscissa is the longitudinal distance relative to the 
location of the cross-point with the transversal survey 
line of 2002, setting positive upstream. The thick dashed 
lines represent the linear regression of each year’s 
profiles, the equations of which are also displayed. 

 
 

Fig. 5 Longitudinal distribution of the horizontal surface flow 
speed on the ablation area of the Thorthormi Glacier. The 
abscissa is the same as that in Fig. 4. 
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tentative name is Ridge 2. The two ridges are almost 
parallel with a transversal spacing of approximately 50 m. 
As both ridges were surveyed in 2004, the change in 
surface level can be evaluated on both. A longitudinal 
profile of the ridges is presented in Fig. 6 with all 
regression lines. A clear lowering can be found on both 
ridges. The surface lowering rates on these ridges turned 
out to be equivalent; approximately 5 m a-1. This rate  
is fairly large compared to that on the neighboring 
Thorthormi Glacier, 0 - 3 m a-1. 

The horizontal flow speed estimated on the ablation 
area of the Lugge Glacier is shown in Fig. 7. The flow 
speed is relatively uniform at roughly 40 - 55 m a-1. This 
result on the Lugge Glacier is contrastive to the clear 
compressive flow on the Thorthormi Glacier, seen in  
Fig. 5. The contrast in the glacier flow and shrinkage of 
the two glaciers is discussed below in subsection 3.1.3. 

The horizontal location of the terminal ice cliff of the 
Lugge Glacier was surveyed in 2002 and 2003. The 
survey results indicate a rapid terminal retreat of 30 -  
50 m a-1. Considering the glacier flow speed of 40 - 55 m 
a-1 near the terminus, shown in Fig. 7, the calving rate 
from the glacier terminal cliff into Lugge Tsho is con-
sidered to be a very large value of 70 - 100 m a-1.  

 
3.1.3 Feedback between glacier shrinkage and 

glacial lake growth 
Suzuki (2004) estimated ablation on the debris- 

covered ablation areas of both the Thorthormi and Lugge 
Glaciers through a heat budget calculation with meteo-
rological data and surface temperatures captured from 
ASTER infrared imagery. His target areas of the ablation 
estimate included the longitudinal lines on both of the 
glaciers surveyed in this study. The results showed the 
ablation ranging from 5 - 8 m a-1, depending on the debris 
thickness, while the mean ablation was 6.8 and 6.9 m a-1 
on the ablation areas of the Thorthormi and Lugge 
Glaciers, respectively. In short, regarding the surface 
mass balance averaged on the ablation areas of the two 
neighboring debris-covered glaciers, no significant dif-
ference could be recognized. On the other hand, regard-
ing the surface lowering and the flow speed, they appear 
very contrastive, as mentioned above in subsections 3.1.1 
and 3.1.2. This might be caused by the huge glacial lake, 
Lugge Tsho. If a huge glacial lake exists in contact with a 
glacier, the lake water could accelerate the basal glacier 
flow of the terminal part through buoyancy and/or 
lubrication effects. The terminal acceleration would 
weaken the compressive flow and emergence velocity. 
As a result, the surface lowering could be accelerated, 
because the weaker emergence velocity could cancel the 
smaller portion of net ablation. This hypothesis can be 
supported with the present results on the Lugge Glacier, 
in contrast to those on the Thorthormi Glacier. This 
means that a glacial lake could accelerate the thinning of 
the upstream glacier, although existence of the glacial 
lake itself has been normally considered to be the result 
of glacier shrinkage. Moreover, the glacier thinning 
could activate calving by relatively enhancing the 

Fig. 6 Longitudinal profile of the surveyed two ridges on the 
ablation area of the Lugge Glacier, shown in Fig. 2. The 
abscissa is the longitudinal distance relative to the 
location of the cross-point with the transversal survey 
line of 2002, setting positive upstream. The thick dashed 
lines represent the linear regression of each year’s ridges, 
the equations of which are also displayed. 

 

Fig. 7 Longitudinal distribution of the horizontal surface flow 
speed on the ablation area of the Lugge Glacier. The 
abscissa is same as that in Fig. 6. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

 

      

 

 

        

Fig. 8 Hypothetical illustration of a feedback mechanism 
between glacier shrinkage and glacial lake growth, for 
explaining contrastive features observed in surface 
lowering and flow speed distribution between the 
ablation areas of the Thorthormi and Lugge glaciers. 
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buoyancy effect. After all, there might be a positive 
feedback mechanism between glacier shrinkage and 
glacial lake growth, as illustrated in Fig. 8. The feedback 
would work until glacier detached itself from the lake. 
The initiation of the feedback might be related to the lake 
depth versus glacier thickness, but this is still unclear and 
makes further study desirable.   

 
3.2 Debris-free glaciers 
3.2.1 The Jichu Dramo Glacier 

The surface topography of the lower part of the Jichu 
Dramo Glacier is fairly wavy. Based on repeated topo-
graphical surveys conducted in 1998, 1999, 2003 and 
2010, the locations of surface bumps on the lower part of 
the glacier are depicted in Fig. 9. Among the surface 
bumps surveyed in 2010, six bumps were recognized to 
have been surveyed before. These are indicated in Fig. 9 

as solid symbols and their tentative names are given 
without parentheses. From their horizontal displacements, 
their horizontal velocities were calculated, as listed in 
Table 1. Generally, the horizontal speed decreases up-
stream to downstream, as usually seen in the ablation 
area of a glacier. The change in the speed compared to the 
previous result is not clear. The horizontal direction of 
the velocity is almost northward at 16 cardinal points, 
with the sole exception of the L2 bump moving to the 
NNW.  

The surveyed altitudes of the six bumps are then pro-
jected with respect to the northward distance relative to 
the C1 bump location in 1998, as shown in Fig. 10. Thick 
regression lines in Fig. 10 are obtained for the same four 
bumps in 1999, 2003 and 2010. The regression line 
lowered by 10.0 m upstream and 10.6 m downstream 
between 1999 and 2003. The average surface lowering 
rate was thus evaluated to be 2.6 m a-1 in 1999 - 2003. 
Similarly, surface lowering was evaluated to be 22.7 m 
upstream and 26.4 m downstream, the average rate of 
which was 3.5 m a-1 in 2003 - 2010. If regression is used 
for the bumps including C1 or C3’, the surface lowering 
rates are evaluated to be a little different from the 
above-mentioned ones. Considering the differences are 
less than 0.2 m a-1, the present result on the surface 
lowering rate in 1999 - 2003 is consistent with the pre-
vious estimate of 2 - 3 m a-1 by Naito et al. (2006), 
although they were estimated for different combinations 
of bumps. Therefore, neglecting changes in the surface 
undulation, the surface lowering rate in the lower part of 
the Jichu Dramo Glacier is concluded to have been 3 -  
4 m a-1 in 2003 - 2010, and it may have accelerated 
compared to 1998 - 2003.  

As a proglacial lake had been grown along the glacier 
terminus, the location of the glacier terminus could not be 
surveyed in 2010. The terminal retreat since 2003, 
unfortunately, could not be evaluated. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 9 Horizontal location of the surveyed surface bumps on the 
lower part of the Jichu Dramo Glacier. Solid symbols 
indicate surface bumps surveyed more than twice. Their 
tentative names are the same as those by Naito et al. 
(2006), except for C3’. Bump names in parentheses 
indicate bumps not surveyed in 2010. The six bumps 
without parentheses are analyzed in the present study. 

 
Table 1 Horizontal velocities of surveyed surface bumps on the 

Jichu Dramo Glacier. The names of bumps are same as 
those displayed in Fig. 9. The velocity is expressed as 
horizontal speed U and azimuth from the north HA.   

Name of 
bump 

The present results The previous results (Naito et al., 2006)
U (m a-1) HA (deg.) period U (m a-1) HA (deg.) period 

C1 19.1 2.0 1999 – 2010 24.0 342.5 1998 – 1999 
C2 8.3 356.6 2003 – 2010 8.3 0.5 1999 – 2003 
C3’ 7.8 6.7 2003 – 2010 (no survey before 2003) 
L1 7.6 1.5 2003 – 2010 9.0 355.0 1999 – 2003 
L2 4.5 329.5 2003 – 2010 4.2 321.5 1999 – 2003 
L3 8.8 351.5 2003 – 2010 6.2 353.9 1999 – 2003 

 

Fig. 10 Vertical and northward projection of the six surface 
bumps. The abscissa is the northward distance relative to 
location of bump C1 in 1998. The left side of the figure 
(southward) is upstream. The thick lines and equations 
represent the linear regressions for the four bumps that 
were surveyed three times, in 1999, 2003 and 2010. The 
thin ones are those for the five bumps including C1 and 
C3’. 
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3.2.2 A small unnamed glacier southeast of Jaze La 
The surface topography of a small debris-free glacier 

southeast of Jaze La, designated number 1 in Fig. 3, was 
also surveyed in 1999 and 2010. Retreat and shrinkage of 
this small glacier can be easily confirmed at a glance, by 
comparing the photographs in Fig. 11. The lines surveyed 
in 2010 are superimposed on the contour map surveyed in 
1999 in Fig. 12. The glacier terminus retreated by 46.4 m 
averaged transversely during the eleven years, that is, it 
had a retreating rate of 4.2 m a-1.  

The glacier surface was quite smooth as seen in  
Fig. 11, so that the surface altitude in 1999 at a point 
along the surveyed line in 2010 could be interpolated 
from two surveyed points nearby (“+” marks in Fig. 12) 
in 1999. Using the interpolation, the surface lowering 
was estimated at 7 points as shown in Fig. 12 with green 
“×” marks. As a result, the surface lowering was smaller 
upstream and larger downstream. The annual rate was 
calculated to be roughly 1 - 3 m a-1. On the other hand, 
the surveyed line in 2010 on the northern part of the ice 
divide was located a few tens of meters westward from 
that in 1999. As this part of the ice divide was fairly wide 
and flat, the probable ridge top was surveyed both in 
1999 and 2010. Therefore, the surface lowering could be 
estimated on this part, too, with a negligibly small error 
from comparison of the surveyed altitudes in 1999 to the 
east and in 2010 to the west. The estimated results at four 
sites are shown with green arrows in Fig. 12. These 
results agree with the above-mentioned features of the 
distribution and range of the annual rates. 

 
3.2.3 Glacier shrinkage confirmed from repeated 

photos 
Terminal retreats and/or thinning of four other 

debris-free glaciers, numbered 2 - 5 in Fig. 3, can be 
recognized by comparing more recent photographs with 
previous ones, as shown in Figs. 13 - 16, respectively. 
One glacier, designated number 2, has significantly 
thinned on the left side and its terminal retreat is clear on 
the right side in Fig. 13. In fact, the surveyed small un-
named glacier mentioned in the preceding subsection 
3.2.2 is located in the opposite valley beyond the left col 
of a peak seen in the right half of the photo in Fig. 13. A 
second glacier, designated number 3, can be clearly 
recognized in Fig. 14 to have retreated and thinned in 
1999 - 2009. A third glacier, number 4, retreated drasti-
cally and its proglacial lake expanded in 1984 - 1999, as 
shown in Fig. 15, as previously reported by Naito et al. 
(2006). This glacier has continued to retreat and shrink in 
the 21st century, but its rate seems to have become rela-
tively moderate. Its terminus may detach from the progla-
cial lake in the near future. A fourth glacier, number 5, 
has shrunk, too, as seen in Fig. 16. The glacier tongue 
part on the right side has disappeared and the left part has 
thinned in Fig. 16. 

It would be highly desirable to develop and make 
practicable a convenient and precise method of photo-
grammetry for such remote glaciated fields in the future, 
in order to measure such glacier shrinkages easily. 

Fig. 11 Repeated photos of the small unnamed glacier southeast 
of Jaze La, designated number 1 in Fig. 3, taken from the 
base point in Fig. 12. The shot dates are Oct. 2, 1999 and 
Sep. 23, 2010. 

 

  

  

 

 

 
Fig. 12 Surveyed lines for the small unnamed glacier southeast of 

Jaze La, designated number 1 in Fig. 3; on the glacier (red 
dashed), terminus (red solid) and shoreline of the 
proglacial pond (blue). The background contour map was 
surveyed in 1999 (Naito et al., 2006). The altitude of the 
base point was revealed to be 5,269 m a.s.l. by static GPS 
measurement in 2010. The green values are the reduction 
in altitude (m) between 1999 and 2010 evaluated in the 
present study, while the accuracy of that in parentheses at 
the terminus is low due to bad conditions for receiving 
GPS signals. 
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Fig. 13 Repeated photos of glacier number 2 in Fig. 3, taken from Jaze La. The shot dates are Oct. 8, 1984  
(provided by Dr. Toshihiro Tsukihara) and Oct. 1, 2010. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Fig. 14 Repeated photos of glacier number 3 in Fig. 3. The shot dates are Sep. 30, 1999 and Sep. 24, 2009. 
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2010 

1999 

2009 
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Fig. 15 Repeated photos of glacier number 4 in Fig. 3, taken from Gangrinchemzoe 

La. The shot dates are Oct. 2, 1984 (provided by Dr. Toshihiro Tsukihara), 
Oct. 9, 1999 and Oct. 5, 2010. 

 

 
Fig. 16 Repeated photos of glacier number 5 in Fig. 3. The shot dates are Oct. 13, 

1998 and Oct. 5, 2010. 
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4. Concluding Remarks 
 
The present paper evaluated surface lowering rates on 

four glaciers in Bhutan and found 0 - 3 m a-1 on the 
ablation area of the Thorthormi Glacier in 2002 - 2004, 
approximately 5 m a-1 on the ablation area of the Lugge 
Glacier in 2002 - 2004, 3 - 4 m a-1 on the lower part of the 
Jichu Dramo Glacier in 2003 - 2010, and 1 - 3 m a-1 on 
the small unnamed glacier southeast of Jaze La in 1999 - 
2010. These results are valuable because information 
related to volumetric shrinkage of glaciers in Bhutan has 
been limited so far. 

Contrastive results in the surface lowering and distri-
bution of flow speed between the two debris-covered 
glaciers, the Thorthormi and Lugge Glaciers, have sug-
gested a positive feedback mechanism between glacier 
shrinkage and glacial lake growth. It would be desirable 
to study this further in order to understand the expansion 
process of glacial lakes as well as the fluctuation mechan-
ism of calving glaciers.  

The surface lowering rate of the Jichu Dramo Glacier 
in 2003 - 2010 seems to have accelerated from the pre-
vious estimate of 2 - 3 m a-1 in 1998 - 2003 (Naito et al., 
2006). Such acceleration of glacier shrinkage should be 
carefully monitored to confirm it. 

Repeated photographs have been accumulated to 
show glacier shrinkage and retreat in Bhutan, several 
representative pairs of which are provided in the present 
paper. It would be advisable to develop and apply a 
practical photogrammetry in order to accumulate quan-
titative information on glacier shrinkage and retreat in the 
future. 
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