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Abstract 
Three glacial lakes, Zanam B, Zanam C and Metatshota, upstream on the Mangde Chhu River, central 

Bhutan, were selected to be studied as potentially hazardous in the generation glacial lake outburst floods 
(GLOFs). Disaster risks were analyzed by numerical simulation of a glacial lake outburst using the 
NWS-BREACH model with the adjusted parameters for reproducing the event of the Lake Luggye outburst in 
1994, considering the possible scenario of a moraine dam breach, followed by an analysis of consequent flood 
risk occurrence using the FLO-2D model, hazard mapping of the flood inundation and risk identification 
reflecting the vulnerability of communities and facilities in downstream areas. 

The results showed that in the uppermost village along the Mangde Chhu River the peak discharge of a 
GLOF would arise three hours after the outburst under a possible scenario of a breach of Lake Metatshota, and 
the flood would affect some houses and farmland situated on the lower terrace plain. The calculated hydro-
graph shows the flood level sharply rising to the peak within tens of minutes so that residents could hardly 
escape from the flood if they had taken no precautions. Community based disaster management, including 
early warning and awareness raising, would therefore be effective for GLOF disaster risk mitigation. 
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1. Introduction 

 
Unlike storm floods, GLOFs are virtually unpredict-

able events since it is difficult to monitor and detect any 
precursory phenomena of bursting of moraine dams 
which are located in high altitude remote areas. The 
hazard of a GLOF is characterized by a rapidly rising 
flood wave in a short time, causing downstream disasters 
without sufficient preparedness against the risks. 

The most recent GLOF event in Bhutan occurred in 
1994 in the Po Chhu River, assaulting the ancient capital 
city of Punakha, 90 km downstream from the Luggye 
glacial lake, and destroying buildings and claiming 21 
lives in total. Despite this experience, many glacial lakes 
in Bhutan remain uncertain in stability and probability of 
generating GLOFs. 

In this study, we estimated the breach potential of 
glacial lakes in the Mangde Chhu River basin based on 
geotechnical and hydrological approaches, and simulated 
a GLOF occurrence and its hydrograph. We also ana-
lyzed the disaster risks of GLOFs downstream, compar-
ing them to the case of flooding from Cyclone Aila in 
2009 and identifying hazard areas reflecting the vulnera-
bility of communities and facilities. 

 

2. Study Area 
 
The Mangde Chhu River runs through central Bhutan, 

from the Himalayan ridge-line in the north toward the 
Indian plain in the south, joining together with the adja-
cent Chamkhar Chhu River (Fig. 1a). The total basin area 
is approximately 3,800 km2. Although most residential 
areas are located on land highly elevated from the 
riverbed, there are two major villages, Bjizam and 
Thingtibi, along the river. A national highway crosses the 
river at both of these villages. A hydroelectric power 
plant with 720 MW output is now under construction  
27 km downstream of Bjizam village. Electric power is a 
major export industry of Bhutan. 

Cyclone Aila hit the country of Bhutan in May 2009, 
bringing serious damage to various regions (Komori et al. 
2010a). Most of the gauging stations in the country, 
excluding the Tangza station in the high mountains, 
recorded maximum water levels since observations 
began according to the Hydo-Met Service Division, 
Department of Energy of Bhutan. There are two gauging 
stations along the Mangde Chhu River at Bjizam and 
Thingtibi. The Bjizam station was destroyed by the heavy 
flooding from Aila, whereas the Thingtibi station 
recorded 2,243 m3/s in maximum discharge, approx-
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imately corresponding to the 30-year probable flood at 
the station (JICA, 2000). A large amount of debris was 
supplied from a tributary at a point near the site of the 
hydroelectric power plant during Cyclone Aila, damming 
up the main channel of the Mangde Chhu River and 
washing out a part of the national highway. 

 
3. Breach Model 

 
3.1 Target lakes 

There are three main tributaries upstream on the 
Mangde Chhu River, viz. the main stream of the Mangde 
Chhu, the Sacha Chhu River and the Tampe Chhu River 
(Fig. 1b). There are 127 glacial lakes of more than  
0.1 km2 in surface area distributed in the basins. Lake 

Metatshota in the Tamape Chhu sub-basin is the largest, 
with a surface area of 1,23 km2, comparable to Lake 
Luggye (1.34 km2 currently). It is followed by Lake 
Zanam D (0.88 km2), Lake Zanam B (0.86 km2) and Lake 
Zanam A (0.51 km2), which are all located in the Sacha 
Chhu sub-basin (Fig. 2). 

According to bathymetric surveys by Komori et al. 
(2010b), lakes Zanam A and D have a typical shelving 
bathymetry, and the physical breach potential of the 
moraine dam seems to be infinitely low. In this study, 
therefore, we refined the target into the two lakes of 
Metatshota and Zanam B. Additionally we targeted Lake 
Zanam C, which is rather small but was predicted to have 
the highest potential due to the steep slope of the moraine 
dam in our preliminary study. 

  
Fig. 1 Location of study area. 

(a) Overview of the Mangde Chhu River basin and villages to be protected. TR: Trongsa, ZM: Zhemgang, 
GY: Gyelephu, JK: Jakhar town. The red square frames the area shown in b. (b) Locations of glacial lakes 
upstream in the Mangde Chhu River basin (blue: glacial lakes, red: target lakes in this study) 

 

 
Fig. 2 Surface areas of glacial lakes upstream in the Mangde  

Chhu River basin. 
Fig. 3 Concept of the NWS-BREACH model  

(revised from Fread, 1988). 
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3.2 Method 
In this study, the NWS-BREACH model (Fread, 

1988) mounted in the FLO-2D model (O’Brien, 2009) 
with some modification was employed to examine the 
breach potentials and hydrographs of the target lakes. 
The NWS-BREACH model, which has often been 
utilized in previous studies (e.g., Bajracharya B. et al. 
2007; Wang X. et al. 2008), simulates the channel-bed 
erosion process of the dam outlet using a sediment 
transportation equation, as well as the horizontal widen-
ing process of the breach channel using a slope stability 
equation (Fig. 3). 

The erosion rate of a channel-bed is mainly dependent 
on the flow discharge running through the channel. In the 
case that the flow discharge is small and the erosion rate 
is slow, the lake water level is gradually lowered accord-
ing to the eroding crest height, where no catastrophic 
breach phenomenon is generated. If the erosion rate is 
faster, on the contrary, the lake water level cannot follow 
the lowering crest height, and the outlet discharge will 
increase due to the expansion of the channel. The in-
creased flow will lead to further erosion of the channel 
and eventually it is going to breach.  

An overtopping breach is thought to occur as the 
result of a sudden increased flow due to any impulsive 
wave, which may be triggered by an ice avalanche and/or 
slope mass failure in and around the lake. The magnitude 
of the impulsive wave and resulting increased flow may 
fluctuate greatly. In this study, we assume some kind of 
“constant inflow” pouring in from upstream of the lakes, 
estimate the breach potential for each inflow and simu-
late the hydrograph for each specific condition. 

Considering the heterogeneity of the constituent 
materials in the moraine dam, it may not be appropriate 
to apply soil parameters obtained from a piece of the 
moraine dam to the breach model. In this study, we 
determine the necessary parameters by case analysis of a 
moraine dam that had an outburst in the past, reproducing 
the observed inflow and discharge during the breach 
event. The parameters are then applied to the target 
moraine dams. It should therefore be noted that the 
obtained breach scenario and discharge of the target 
moraine dams are relative consequents compared to the 
reproduced outburst moraine dam. 

The GLOF in 1994, generated by an outburst of Lake 
Luggye in the Po Chhu River basin, is the only such an 
event physically recorded from a phenomenal and 
hydrological viewpoint. In contrast to the Po Chhu River 
basin, no recorded GLOF event in the Mangde Chhu 
River basin has been reported in previous studies. In this 
study, therefore, we reproduced the outburst event of 
Lake Luggye in 1994 by adjusting the soil parameters of 
the moraine dam, and then applied the obtained 
parameters to the moraine dams of our target glacial lakes 
in the Mangde Chhu River basin. 

 
3.3 Parameter generalization from the 1994 GLOF 

from Lake Luggye 
In 1994 a GLOF with a total flood volume of  

18 million m3 was measured at the Wangdue Rapid 
gauging station, 100 km downstream of Lake Luggye 
(Leber et al., 2000). Several previous studies have tried 
to estimate the breach hydrograph of the Lake Luggye 
outburst by reproducing the event using models. They 
reported the peak discharge as approximately 1,800 - 
2,500 m3/s (e.g., JICA, 2001). Yamada et al. (2004) 
measured the outlet discharge of Lake Luggye as 2.5 -  
5.0 m3/s during the period of September - October, 2000 
which corresponds to the 1994 GLOF event (7 October 
1994). Since no rainfall was reported at the time of the 
GLOF, the same amount of constant flow discharge could 
have been streaming. Although the direct trigger of the 
1994 GLOF is unknown, the moraine dam was deemed to 
be at a critical level for breaching under a constant flow 
of 5.0 m3/s. Accordingly, we arranged the parameters of 
the moraine dam so that it didn’t breach under flows less 
than 5.0 m3/s, but it breached when the outlet constant 
flow exceeded 5.0 m3/s resulting in about 18 million m3 
in total flood volume and 1,800 - 2,500 m3/s in peak dis-
charge. 

The original profile of the moraine dam of Lake 
Luggye was duplicated from an adjacent moraine figure 
using ALOS/PRISM DSM (Fig. 4a) showing slopes of 
1/1.5 on both sides of the moraine dam and 28 m of crest 
width. The basic soil characteristics such as grain size 
and unit weight measured at our target lakes are almost 
identical to those from Lake Imja in Nepal (Umemura & 
Dangol, 2000). Thus, we basically employed the same 
soil constants, but adjusted Manning’s N to reproduce the 
1994 Luggye outburst well, satisfying the above condi-
tions. 

As a result of the trial commutations, the Luggye 
moraine started to breach under the soil parameters 
shown in Table 1, with 17.0 million m3 in total volume 
and 2,200 m3/s in peak discharge released over the  
5.0 m3/s inflow/outflow discharge (Fig. 5). Accordingly, 
we generalized these parameters and applied them to our 
target moraines in the Mangde Chhu River basin as 
follows. 

 
3.4 Breach potentials & hydrographs 
3.4.1 Lake Zanam B 

Lake Zanam B has the third largest surface area,  
0.85 km2, among lakes in the Mangde Chhu River basin. 
According to a bathymetric survey by Komori et al. 
(2010b), the lake is divided into two sub-basins as shown 
in Fig. 4b. The maximum depth of the rear basin is 
approximately 100 m and the one of frontal basin is 15 m. 
However, due to the threshold between two basins, which 
is at 7 m depth, the maximum possible runoff must be 
limited. The upstream and downstream slopes of the 
moraine dam are 1/6.0 and 1/8.5 respectively, and the 
crest width is 20 m as shown in Fig. 4b. 

The results of our computation (Fig. 6) show the 
actual runoff by a breach would be 2.0 million m3 of the 
total reservoir capacity of 28 million m3. The breach peak 
discharge, excluding the constant inflow from upstream 
would only be 170 m3/s. When the constant inflow was  
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Fig. 5 Breach hydrographs of the reproduced Lake Luggye 
outburst. 

 

Table 1 Soil parameters for the breach model of the 1994 Luggye
outburst. 

 

 

 

Fig. 4 Topographical features and profiles of the target lakes, compiled from ALOS/PRISM DSM and bathymetric surveys by 
Komori et al. (2010b). (a): Lake Luggye, (b): Lake Zanam B, (c): Lake Zanam C, (d): Lake Metatshota. 
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less than 40 m3/s, no breach was observed. As the catch-
ment area of Lake Zanam B is about one-fourth that of 
Lake Luggye, the regular outlet discharge can be ex-
pected to be less than 5 m3/s even in the monsoon season. 
Consequently, it can be concluded that the breach poten-
tial of Lake Zanam B is relatively lower than that of Lake 
Luggye, but it may breach if the outlet discharge is tem-
porarily increased over 40 m3/s due to an ice avalanche or 
slope mass failure into the reservoir. Indeed, the lake has 
several hanging glaciers and steep cliffs behind it. 

 
3.4.2 Lake Zanam C 

Lake Zanam C is elevated about 200 m above the 
main stream of the Sacha Chhu River (Fig. 4c). Because 
of the steeply sloping moraine dam with less vegetation, 
it seems to have a high potential topographically for 
breaching. Similarly to Lake Zanam B, however, the lake 
is composed of two sub-basins, a frontal basin of 10 m 
depth and rear basin of 28 m depth as shown in Fig. 4c. 
According to a geophysical exploration by Ohashi et al. 
(2012) in this issue, the actual thickness of the moraine 
dam was estimated at only 20 m of the total height of  
200 m, and deeper than that it seems to be base-rock. The 
topographic profile of the moraine was set as in Fig. 4c, 
based on a bathymetric survey and ALOS/PRISM DSM. 

In this geometric condition, the outlet discharge was 
computed under constant inflows which were varied 
from 30 to 70 m3/s. The results showed a breach to start 
when the constant inflow exceeded 40 m3/s, the same as 

at Lake Zanam B. The total runoff and peak discharge 
were 0.9 million m3 and 140 m3/s respectively (Fig. 7). It 
can be said that the flood magnitude of both of the two 
lakes, Zaman C and B, under this assumption would be 
much smaller than the case of the Lake Luggye breach, 
and they may not affect the downstream area. 

 
3.4.3 Lake Metatshota 

Lake Metatshota has the largest surface area of any 
lake in the Mangde Chhu River basin and has a number 
of hanging glaciers on the cliff behind it, which could 
trigger a GLOF. The total reservoir capacity is estimated 
at 41 million m3. The deepest part of the lake reaches  
120 m depth, but the frontal basin near the outlet is less 
than 40 m depth. The moraine dam near the outlet has 
been deeply eroded so the actual height of the dam crest 
from the frontal plain is only 25 m as shown in Fig. 4d. 
The downstream slope of the moraine dam is as gentle as 
1/12 and the crest width is 110 m. 

Figure 8a shows the calculated hydrographs at 1.7 km 
downstream of the outlet. Under this geometric condition 
of the moraine dam, no breach event could be generated 
for any amount of inflow up to 5,000 m3/s. Due to the 
gentle downstream slope and the large crest width of the 
moraine dam, the erosion rate of the outlet channel was 
small enough to sustain itself, so that the lake water level 
could follow, corresponding to a lowering crest height, 
and not lead to a rapid increment of discharge. Conse-
quently, the breach potential of Lake Metatshota is defi-

Fig. 6 Simulated breach hydrographs from Lake Zanam B. 

Fig. 7 Simulated breach hydrographs from Lake Zanam C. 

 

Fig. 8 Simulated breach hydrographs from Lake Metatshota, 
using moraine features of (a): the original moraine, (b): 
a modified moraine (crest width: 0 m, downslope: 10 
degrees). 
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nitely low at the moment. 
However, the existence of such a huge natural reser-

voir upstream still remains a threat for the residents set-
tled in the downstream area. In consideration of future 
destabilization due to continuous erosion of the moraine 
dam, we repeated the calculation assuming that the crest 
width is going to be reduced by recession of the down-
stream slope of the moraine. Figure 8b shows our 
recalculated hydrographs at various inflows, with the 
conditions of 0 m crest width and 10 degrees of down 
slope. When the inflow exceeded 50 m3/s, the moraine 
dam drastically started to breach with a total runoff 
volume of 20.5 million m3 and peak discharge of  
2,750 m3/s, which are comparable with the 1994 GLOF 
from Lake Luggye. In the flood analysis which follows, 
we regard this breach hydrograph as a probable large- 
scale scenario of a GLOF in the Mangde Chhu River 
basin. 

 
4. Flood Analysis 

 
4.1 Flood routing 

Given the probable large-scale scenario of a GLOF 
generated by the breaching of Lake Metatshota, we con-
ducted a flood analysis using the FLO-2D model to pre-

dict the flood’s arrival time and hydrograph downstream. 
The FLO-2D, which is a flood routing model using 
dynamic wave approximation, computes a one dimen-
sional unsteady flow along the river channel and a two 
dimensional overbank/floodplain flow when the channel 
capacity is exceeded. An interface routine calculates the 
exchange between the channel flow and floodplain flow 
based on the computational grid’s elevation at the river 
banks (O’Brien, 2009). 

The channel cross-sections were extracted from 
ALOS/PRISM DSM at 1 km intervals, and were inter-
polated by 100 m computational grids. A two-year 
probable flood (nearly equal to the average of the yearly 
maximum flood) measured at two gauging stations at 
Bjizam and Thingtibi, was applied for the base flow. 
Likewise, the lateral inflows into the main river channel 
were estimated by specific discharges based on the 
two-year probable flood. 

Figure 9 shows the resulting hydrographs at each 
location along the Mangde Chhu River. The peak 
discharge generated from the outburst of Lake Metathota 
quickly decays from 2,700 m3/s to 2,000 m3/s before 
reaching Bjizam village, 62 km downstream. However  
it maintains a peak flow of approximately 1,800 -  
2,000 m3/s due to the lateral inflows from tributaries. The 

 
Fig. 9 Calculated hydrographs at areas to be protected along the Mangde 

Chhu River. 
 
 

 
Fig. 10 Hydrological profiles along the Mangde Chhu River  

(gray area: supercritical flow zone). 
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times it takes the flood to reach areas to be protected are 
three hours at Bjizam village, four hours at the site of  
the hydroelectric power plant and about six hours at 
Thingtibi village, 123 km downstream from the source of 
the GLOF. The average flood velocity from Lake 
Metatshota to Bjizam is calculated as 5.7 m/s, which is 
faster than the 4.4 m/s of the Po Chu River estimation 
based on Meyer et al. (2006). This may be due to the 
steep riverbed gradient of the Mangde Chhu River (1/20) 
compared to the Po Chhu River (1/28). 

Figure 10 shows calculated hydrological profiles of 
the GLOF’s peak discharge (blue dotted line), base flow 
(blue dash-dot line) and the total peak discharge (blue 
solid line). The GLOF, generated at Lake Metatshota, 
starts the torrent in the tributary with a peak flow of  
2,750 m3/s and continues to run for 30 km without the 
peak flow receding until it reaches the confluence with 
the Mangde Chhu main stream. The flood then decays 
rapidly to 1,500 m3/s until a point 70 km downstream 
from the Lake. It keeps running with a relatively stable 
peak flow until the point near the power plant site 90 km 
downstream. The flood’s peak flow again decays gradu-
ally as it continues further downstream. At Thingtibi, the 
peak of the GLOF and the total peak discharge are 
estimated at 1,000 m3/s and 1,750 m3/s, respectively. 

The riverbed profile of the Mangde Chhu River has 
two discontinuous steep gradient sections, upstream and 
in the middle stretch, the same as the other main rivers in 
Bhutan (Motegi, 1998). Reflecting this character of the 
riverbed profile, there are two supercritical flow zones, at 
0-36 km and 70-80 km, according to our analysis results 
(grey-colored area in Fig. 10), which almost correspond 
to the discharge profile sections where the flood peak 
discharge has not attenuated. Accordingly, it has been 
proven that the flood discharge keeps its high peak in the 
supercritical flow zone in the river, whereas it rapidly 
decays in subcritical flow zone. 

 
4.2 Disaster risk analysis 

GLOF inundation maps in Bjizam and Thingtibi vil-
lages were prepared based on the hydrograph assuming 
the probable large-scale scenario of a Lake Metatsota 

outburst (Fig. 11). The computational grid size is 5 m for 
Bjizam and 10 m for Thingtibi, which were generated 
from ALOS/PRISM DSM with modifications of river 
profiles using cross-sections at the gauging stations and 
bridge design specifications.  

Bjizam village is located on an alluvial fan deposit 
from a tributary. There are at least two terrace plains. The 
higher terrace plain, where Bjizam Primary School is 
situated, is at 10 to 12 m relative height above the 
riverbed. The lower terrace plain is 6 to 8 m above the 
bed. The computed results show that the peak water level 
would reach the lower terrace plain within tens of 
minutes, and several houses with more than ten residents 
would be directly affected by the flood. The primary 
school is not at risk from the assumed GLOF inundation. 
The Bjizam Bridge across the Mangde Chhu River, 
which is designed for high water levels comparable to 
3,200 m3/s, would be safe in the assumed flood. 

The main village of Thingtibi lies on a higher terrace 
plain, over 50 m above the riverbed, so it would not be 
affected by the assumed GLOF under the estimated peak 
discharge of 1,750 m3/s at this point. However the farm-
land around Takabi settlement, located 800 m northwest 
of Thingtibi village, on the lowest terrace plain would be 
affected. This settlement experienced flood inundation as 
a result of Cyclone Aila in 2009 (Takenaka, 2012, in this 
issue), with a recorded discharge of 2,243 m3/s. 

 
5. Discussion 

 
Figure 12 elucidates the differences between the peak 

discharge profiles of a storm flood (Cyclone Aila in 2009 
and 100-years probable flood) and the GLOF estimated 
in this study. In a storm flood, the peak discharge 
increases accordingly from upstream toward downstream 
by merging with lateral inflows from tributaries. In con-
trast, a GLOF event produces a huge discharge at the 
breaching point, most upstream, and gradually decays 
toward downstream. In a GLOF event, considering its 
nature of only rare occurrence, the rapidly rising dis-
charge flows down, involving a huge amount of drift 
trees uprooted from the river bank slope, especially from 

 
Fig. 11 Flood depth at Bjizam village (left) and Thingtibi village (right) in a provable large-scale scenario of a GLOF. 
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upstream, where a storm flood discharge is compara-
tively smaller than that of a GLOF. 

These differences between storm floods and GLOFs 
suggest that the GLOF risk is higher upstream, whereas 
the storm flood risk is comparatively higher downstream. 
Assuming a 100-year probable flood in the Mangde Chhu 
River, for example, the level of inundation risks of a 
GLOF and a storm flood may be equivalent around the 
site of the hydroelectric power plant, as shown in Fig. 12. 

It is helpful for understanding GLOF risk to compare 
their hydrographic characteristics with those of storm 
floods. The observed hydrograph of the GLOF in 1994 at 
the Wangdue Rapid gauging station on the Po Chhu River, 
as well as the simulated hydrograph of a probable 
large-scale scenario of a GLOF at the Thingtibi station on 
the Mangde Chhu River, are both comparatively smaller 
in peak discharge and total flow than those observed 
during the storm flood of Cyclone Aila in 2009 (Fig. 13). 
The rate of rise of an approaching GLOF’s water level, 
however, is much higher than that of a storm flood. The 
maximum flood rising rates of GLOFs, for example, are 
2.55m and 3.55m in 30 minutes on the Po Chhu River 
and the Mangde Chhu River, respectively.  

Unlike a storm flood, the sudden rising of the GLOF 
water, in addition to the condition of no precursor 
phenomena, makes it difficult for people to quickly and 
safely evacuate themselves, even if they notice the rising 
water and start to take action. In fact, most of the  
21 victims of the 1994 GLOF in the Pusaka district were 
said to have been killed by sudden hydraulic assault, even 
though their settlement area along the riverbank was just 
beside a safe place, according to the administrative 
officers of the district. This means that some early warn-
ing measures could mitigate GLOF disaster risks. 
 
6. Conclusion 

 
Breach potentials and hydrographic characteristics 

were studied targeting glacial lakes in the Mangde Chhu 
River basin. To simulate breach scenarios of hetero-

geneous moraine material, the soil parameters were 
generalized, reproducing the Lake Luggye outburst in 
1994, and applied to glacial lakes in the Mangde Chhu 
River basin. From the results, we concluded that: (1) the 
breach potentials of the target lakes are relatively lower 
than that of Lake Luggye, (2) Lake Zanam B and C have 
a possibility of breaching assuming an ice avalanche 
and/or slope mass failure into the lake, (3) the breach 
potential of Lake Metatshota, the largest glacial lake in 

  
Fig. 12  Peak discharge profiles of storm floods and GLOFs. 

 
Fig. 13 Comparison between a GLOF and cyclone Aila 

observed at (a) the Wangdue Rapid station downstream 
on the Po Chhu River, and (b) the Thingtibi station on 
the Mangde Chhu River, compiled from HMSD (2009).
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the basin, is low because of its wide crest and the gentle 
slope of moraine dam, and (4) a possible breach scenario 
of Lake Metatshota considering future destabilization 
shows a flood volume of 20.5 million m3, which is 
comparable to that of the 1994 GLOF from Lake Luggye. 

In terms of disaster risks downstream, under the 
assumption of Lake Metatshota breaching, the destruc-
tive GLOF would arrive in Bjizam village, affecting 
several houses and some farmland situated on the lower 
terrace plain. Since the GLOF water level would rise very 
quickly and there would be no precursor phenomenon, 
people in the affected areas could not safely evacuate 
themselves. Some early warning measures could be 
effective at mitigating GLOF disaster risks.  
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