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ABSTRACT

Within an interdisciplinary feasibility study for a hydropower plant in the Peruvian Andes, an as-
sessment of glacier-related hazards and a simulation of future glacier and runoff scenarios were per-
formed. Due to the remoteness of the study area, a remote sensing-based approach has proven to be
the only feasible way. For the hazard assessment, an algorithm for glacier lake detection based on
ETM+ data was applied. A potentially hazardous glacier lake was thus discovered, and ASTER data
was then used to compute a digital elevation model (DEM). A lake outburst flood model, based on
the DEM and hydrological flow modeling, indicated areas of different hazard potential. Though no
direct hazard for the hydropower plant was found, a lake outburst could temporally dam the main
river and thus cause a sudden extremely high discharge. For the simulation of scenarios of the fu-
ture glacier area and runoff, a parameterization scheme was applied using basic glacier parameters.
Calibration of the parameterization scheme was achieved by glacier parameters derived from ETM+
data. The glacier inventory of Peru from 1962 served as the basic data set. The simulation showed
that with a continuing atmospheric warming trend the glacier area and volume will decrease very
significantly. Glacier runoff, of great importance for the hydropower operation during the dry sea-
son, is supposed to decrease almost completely in case of a temperature rise of 1.2°C. The study
furthermore showed the large potential of ASTER data for deriving DEM’s and subsequent model-
ing, particularly for remote areas.

INTRODUCTION

The present contribution is part of an interdisciplinary hazard assessment and feasibility study for a
hydropower plant in the Peruvian Andes (1), (Fig. 1). The study focussed on glacier-related and
geomorphodynamic hazards that might affect the hydropower plant. Particularly hazards from gla-
cier lake outbursts have repeatedly been a serious problem in Peru and caused the loss of human
lives and enormous damage to structures (2), (3), (4). Since the outburst catastrophe from Laguna
Palcacocha in 1941 with over 6,000 victims in the city of Huardz mitigation measures for glacier
lakes have been initiated and intensified (2), (4). With increasing exploitation of the hydropower
resources in Peru, such hazards have gained importance. A recent high-magnitude debris flow event
in 1998 (25 to 50 mill. m’ of sediment) which destroyed the hydropower plant of Machu Picchu (5)
has enhanced the attention and risen concern in the hydropower business. As a consequence, an in-
tegrated hazard assessment study was initiated for the San Gaban hydropower plant.

For such hazard assessments an interdisciplinary approach is highly important (6), (7). In the pre-
sent case, the co-operation of experts from the fields of geology, seismology, hydrology, glaciology,
and geomorphology has proven to be successful. In this paper, the methods and results from glaci-
ology and related geomorphodynamic processes only are presented. Results from hydrology and
geomorphology have been presented in (8).
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The paper consists of two main parts: The first part is concerned with the detection and evaluation
of glacier-related hazards. Due to the remoteness of the study area, a remote sensing-based ap-
proach has proven to be the best feasible way. In the second part, a parameterization scheme is ap-
plied to the glaciers in the catchment of the hydropower plant, and scenarios under continued at-
mospheric warming are simulated enabling the expected future runoff decrease during the dry sea-
son to be estimated.
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Figure 1: Location and study area in Peru (left) and view of the San Gaban hydropo
(right)
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The catchment of the San Gaban hydropower plant (Central Hidroeléctrica San Gaban II, 2,200 m
a.s.l.) can be divided into two morphologically different zones (Fig. 2). The larger part is repre-
sented by the Altiplano (4,000 — 4,500 m a.s.l.) with low precipitation, scarce vegetation, and glaci-
erized peaks reaching elevations of 5,800 m a.s.l. Erosion processes are comparably weak, and mo-
raines from the last glaciation (about 18,000 years ago) are still well preserved.
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Figure 2: Overview of the study area (ETM+ image). The San Gaban hydropower plant is below
clouds.
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In strong contrast to the Altiplano, there are deeply incised canyons draining towards the hydro-
power plant and to the Amazonian plain. This part is characterized by dense vegetation and abun-
dant precipitation with high fluvial dynamics. The extremely steep lateral slopes show clear signs of
slope instabilities, occasionally with large terrain displacements.

Two glacierized mountain ranges are part of the catchment (Fig. 2): Cordillera Carabaya in the
southeast and Cordillera Vilcanota in the west. Both ranges drain to the Altiplano to a large extent
and are relatively distant from the hydropower plant. In the Cordillera Vilcanota, only small glaci-
erets form part of the catchment, except for the outlet glaciers of the Quelccaya ice cap. The climate
is strongly dependent on the seasonal position of the Intertropical Convergence Zone (ITCZ) and on
the topography. In the wet summer season, moisture-laden air masses from the Amazonian plain
bring abundant precipitation, the amount of precipitation is decreasing with increasing altitude as it
is typical of tropical mountain systems. Advection of wet air masses from the Atlantic stops during
winter which is the dry season. Hence, glaciologically, the accumulation season is from December
to April. Ablation is effective throughout the whole year but more marked in summer, though abla-
tion can also reach relatively high values during winter with clear skies and high radiation (9), (10).

ASSESSMENT OF GLACIER HAZARDS

Data

Due to the remoteness of the study area, the survey of sufficiently reliable data was a crucial ele-
ment of the study. The glacier inventory of Peru (11) represents a valuable basis of detailed infor-
mation on each glacier, but does not represent the present situation since it is based on aerial photo-
graphs from 1962. Available topographic maps have a scale of 1:100°000 and are based on aerial
photographs from 1962 and 1963. The remoteness of as well as the poor access to the mountain
ranges made a complete field inspection impossible. Therefore, satellite images were used to com-
pile current information over large areas. A Landsat-7 Enhanced Thematic Mapper (ETM+) scene
(9 August 1999) and a Advanced Spaceborne Thermal Emission and Reflection Radiometer (AS-
TER) scene (29 July 2001) were used.

Detection of glacier lakes

Glacier lakes and their possible outbursts are one of the main hazards which the hydropower plant
may face from glacial environments. An algorithm enabling lake detection was applied on the
ETM+ scene. The NDWI algorithm (Normalizd Difference Water Index) uses ETM+ spectral bands
1 and 4 for maximum and minimum spectral reflectance of water, respectively (12):

NDWI = (TM4 — TM1)/(TM4 + TM1)

Fig. 3 shows the resulting image for Cordillera Carabaya where lakes are denoted in black. The
lakes thus detected in Cordilleras Vilcanota and Carabaya underwent a closer analysis considering
the following factors:

e relation between glacier and lake (direct contact, possibility of ice break-offs and snow ava-
lanches into the lake)

e topographic situation of the lake (surrounded by steep glaciers and/or rock walls, flat or steep
terrain) and size of the lake (area, volume)

e dam characteristics (rock, moraine, ice)

e downvalley characteristics (topography, further lakes, erodible material, length of path to hy-
dropower plant)

e occurrence of seismic events, climatic variability
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More detailed information on the assessment of glacier lake hazard potentials is discussed in (12).
For a closer analysis of the physical environment of the lakes detected, considering the factors men-
tioned above, the ETM+ pan channel was co-registered and fused (IHS-transformation) with the
multispectral channels 4,3,2. Hence, a better visual interpretation of hazard-relevant structures and
morphology was enabled. According to this analysis, most glacier lakes were found to be too far
from the hydropower plant to present a hazard and/or drained into major lagunas that would act as
full retention basins in case of outburst floods. One glacier lake, however, was detected and rated to
be potentially hazardous. It is located at the foot of a glacier descending from Nevado Allin Cépac
(5,824 m a.s.l.) and has formed behind a frontal moraine, yet did not exist on the maps from 1962.
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Figure 3: NDWI image of Cordillera Carabaya. Lakes are shown in black.

Hazard Assessment

Other glacier hazards such as ice avalanches from other glaciers in Cordilleras Vilcanota and Cara-
baya could be excluded, because the ice masses were too remote from the hydropower plant to rep-
resent either direct or indirect hazards (e.g. lake outbursts due to ice avalanches). Therefore, the fol-
lowing hazard assessment concentrates on the above-mentioned glacier lake (called ‘Laguna
Nueva’) detected to be potentially dangerous.

The glacier calving into Laguna Nueva reaches an inclination of more than 40° and thus is assumed
to be potentially unstable (7), (13) and able to produce ice break-offs. The maximum ice break-off
volumes were estimated as 800’000 m’. Further rock and ice avalanche hazards were considered
from the lateral hanging glaciers and rock walls. The frontal moraine damming the lake is from the
Little Ice Age (LIA) and consists of typical unconsolidated morainic material. The Laguna Nueva
thus clearly showed an outburst potential which had to be assessed quantitatively.
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The lake area was measured on the 1999 ETM+ scene as 170,000 m?. For a volume estimate, three
different average depths (5, 10, and 15 m) were assumed and, as such, entered the calculation.
Based on empirical data, the maximum discharge of an outburst can be expressed as (12):

Qumax = 0.00077 V"7

Maximum discharge values of lake outbursts were related to the reach of damage and travel dis-
tance of corresponding outburst floods (amount of water > 50%) and debris flows (amount of water
< 50%), respectively, by (14). Thereby, a critical average slope (calculated as the elevation differ-
ence divided by the distance between the starting and the end point of an outburst flood) is defined
for a given maximum discharge. The following values were thus found for an outburst of Laguna
Nueva, where the critical average slope is derived from the relation in (14):

Lake volume

Critical average slope

Critical average slope

Water amount < 50 %

Water amount > 50 %

Debris flow Flood
Vs =845000 m® Qumax = 821 m/s 11° /19.4% 2°/3.5%
Vio = 1690°000 m® Q= 1661 m®/s 10.5°/18.5 % 1.8°/3.1%
Vis = 2'350'000 m®*  Quax = 2322 m®/s 10.4°/18.4% 1.7°/3.0%

The amount of available unconsolidated material downvalley from the Laguna makes the formation
of a debris flow the most probable scenario in case of an outburst.

Downvalley from the Laguna Nueva, three more lagunas (lakes) were found (Suirococha, Cafiocota,
Huafiunacocha). An outburst flood of Laguna Nueva would have to pass through them. Smaller
outbursts can be absorbed by these lagunas, as they act as retention basins. The terrain is further-
more not very steep in between these lagunas. It can, however, not definitely be excluded that an
outburst of maximum size (full breach of the lake) would pass all over through the lagunas and a
debris flow would form below the lowermost laguna reaching the main valley of San Gaban. There-
fore, considerations are made about an outburst reaching the lowermost laguna Huafiunacocha and a
subsequent debris flow from laguna Huafiunacocha to the main valley. Three different lake depths
and volumes of laguna Huafiunacocha are considered:

Lake volume Critical average slope | Critical average slope
Water amount < 50 % | Water amount > 50 %
Debris flow Flood
V5= 560’000 m® Qmax.= 540 m®/s 11.7°/20.7% 2.3°/4.0%
V40=1"120°000 m? Qmax =1093 m®/s 10.9°/19.3% 1.9°/3.3%
V45=1'680"000 m?® Qmax =1651 m®/s 10.5°/18.5% 1.8°/3.1%

The average slope from laguna Huafiunacocha down to the main valley of Rio San Gaban is
12.8°/22.7%. A debris flow from laguna Huafiunacocha would thus reach the main valley. A rough
estimate of the amount of material transported and deposited at the confluence with Rio San Gaban
is 100,000 m’. This could cause a blockage of the main river and, in case of a rupture of the block-
age, a sudden peak discharge of up to 1,000 m’/s. Such an extreme discharge could seriously dam-
age structures of the hydropower plant as well as dwellings and people at the riverside around the
location of Ollachea. It seems that a similar event of river blockage has happened somewhere along
Rio San Gaban in 1995 when a peak discharge of up to 500 m’/s was observed. In the Cordillera
Vilcanota, no glacier-related hazards which would pose a threat to the hydropower plant could be
found using the described approach.
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Outburst Flood Modeling

The case of an outburst of Laguna Nueva was investigated in more detail on the basis of the July
2001 ASTER scene. As for the ETM+ scene, collection of ground control points had to be made on
the basis of 1:100°000 topographic maps, since no better information was available. With roughly
20 ground control points distributed evenly over the whole scene a root mean square error of about
3 pixels was achieved. In view of the scarcity of data in such a remote area, this was considered to
be sufficient to compute a digital elevation model (DEM) for outburst flood modeling. The potential
of ASTER data for deriving DEMs is owing to stereo viewing of a separate sensor. For DEM calcu-
lation, an epipolar image pair with the co-registered nadir-looking (3N) and back-looking channel
(3B) is computed. A DEM of the whole scene with coarser ground resolution (60 m) for orthorecti-
fication of the multispectral channels 3N,2,1 and a DEM of a subset with higher resolution (30 m)
for outburst flood modeling was then calculated (15), (16).

Input data to the outburst flood model is basically the DEM derived from ASTER data and the area
of Laguna Nueva extracted from the NDWI image. The pixels of the lake represent the starting
point of the outburst model. The modeling is performed within a GIS-environment and is based on
hydrological flow modeling. The direction of the downhill flow is according to the next steepest
neighbour in a 3x3 window (D8 method), (17). In addition to the flow along the steepest path, a fac-
tor is introduced which allows the flow to divert horizontally up to 45° on both sides. A linear func-
tion defines that the more the flow diverts from the steepest downslope direction the greater is the
resistance. Following the specific terrain downvalley from the outburst source, a certain area is cov-
ered by the outburst flood. The probability that a pixel at the very side of this area be affected is
lower than for a corresponding pixel along the steepest downslope direction. Fig. 4 shows the out-
burst flood model starting from Laguna Nueva. The colors relate to the probability that a certain
pixel be covered by the outburst flood. The outburst flood can be simulated with satisfactory level
of detail. Downvalley from laguna Huafiunacocha, the model fails due to errors in the DEM caused
by cloud cover. The main part of the distance is marked by a medium-probability hazard.

e SRS
7 aNe) 5

= n G & ¥

A S ;

T et :
L e 4 D

low hazard
propability

13°54'

e

l high hazard
Ao i propability
0 2 km 70°25'

Figure 4: Outburst flood model from Laguna Nueva. The DEM and hence the model is not valid
under clouds.

EARSeL eProceedings No. 2



Proceedings of EARSeL-LISSIG-Workshop Observing our Cryosphere from Space, Bern, March 11 — 13, 2002 28

Glacier and Runoff Scenarios

A decrease in glacier area and runoff in the catchment of Rio San Gaban will have a major impact
on the hydropower plant operation. The method to quantitatively evaluate the possible decrease is
described in the following.

A parameterization scheme developed within a former UNEP (United Nations Environment Pro-
gramme) project (18) was applied on the glaciers of Cordillera Vilcanota and Carabaya. The
scheme uses simple algorithms for non-measured glaciers, i.e. where only basic parameters are
known. The model then enables additional parameters to be derived which are necessary for the
simulation of the future change in glacier area, volume, and runoff.

As a complete database on all glaciers in the mountain ranges under question, the glacier inventory
of Peru (11) was used. The inventory, however, is based on aerial photographs from 1962 and, thus,
is not appropriate for direct estimates of present glacier extents. Therefore, the 1999 ETM+ scene
was used to derive basic parameters of a set of test glaciers (19). These glaciers were selected ac-
cording to the requirement of a representative set of different glacier types and of mapping the ex-
tent of the last maximum of the LIA (around 1880) according to LIA-moraines visible on the satel-
lite image (Fig. 5).
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Figure 5: Quelccaya ice cap and outlet glaciers. Moraines of the last LIA-maximum are clearly
visible and indicated (ETM+ image merged from pan and multispectral channels).
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The basis of the parameterization scheme consists of input data on the total length (L), maximum
and minimum altitude (Hmax, Hmin) and total surface area (F) of the investigated glaciers. Corre-
sponding information was collected for the time steps of 1999 (satellite image), 1962 (inventory
data), and 1880 (derived from satellite image).

The set of test glaciers for the period of 1962 to 1999 was used to calibrate the model and to derive
the change in mass balance which is needed to calculate the glacier changes of all glaciers. The
concept of glacier-length changes is based on given disturbances of mass balance with respect to the
characteristic dynamic response time (20) in the sense of step functions between steady-state condi-
tions. A given disturbance in mass balance db is derived from 6b = dLby/ Ly, where OL is the gla-
cier-length change and b; the annual ablation at the glacier tongue which is computed as b, = db/dH
(Hm- Hmin). Hp 1s the mean altitude (Hy, = [Hmax — Hmin]/2) and db/dH the mass-balance gradient
(18), (21). The mass-balance gradient is a key parameter of the model and had to be evaluated in
several test runs, since no corresponding information was available for Cordillera Carabaya and
Vilcanota. It was then set as db/dH = 1.7 m w.e. per 100 m in accordance with studies in the Cordil-
lera Blanca by (9).

In order to calculate the change of the equilibrium-line altitude (OELA) and of the air temperature
(0T) between 1962 and 1999, SELA can be expressed as SELA = db/(db/dH). For the period be-
tween 1962 and 1999, 6ELA is thus calculated as ELA = 52 m with a corresponding temperature
rise of 8T = 0.34°C with a temperature gradient of 0.65°C per 100 m and assuming that the mass-
balance change is only caused by a change in air temperature. A temperature rise of 0.34°C is actu-
ally a very realistic value for the period between 1962 and 1999. The data on the glacier extents of
1880 and its modeled comparison with 1999 was needed to further calibrate the model and estimate
the behaviour of the glaciers in Cordillera Vilcanota and Carabaya. This was essential for a largely
unknown and remote region where no corresponding measurements have been done to date. For the
period between 1880 and 1999, SELA was computed as SELA = 125 m with a temperature rise of
0T =0.8°C.

Once 0b and b were obtained for the period between 1962 and 1999, the glacier-length changes of
all glaciers of Cordillera Vilcanota and Carabaya could be calculated following the relation oL =
LoOb/b;. Glacier area and volume were computed applying an empirical relation between glacier
length and area and glacier area and volume derived from the inventory data and the volumes calcu-
lated for the test glaciers (21).

For the future operation of the San Gaban hydropower plant, the runoff from glaciers will be essen-
tial, in particular in the dry season. Therefore, different climate scenarios were defined to calculate
the expected change in glacier area and volume as well as glacier runoff. According to present
global climate models (22) three different scenarios for approximately the next 50 years were de-
fined.

Scenario +0.15°C (2007 — 2015):

Starting from 1999, this scenario assumes a temperature rise of 0.15°C until a period between 2007
and 2015 depending on the climate model applied. It suggests a continuation of the rate of tempera-
ture rise as observed since 1962. The rise in ELA is 23 m and &b, hence, -0.39 ma’.

Scenario +0.3°C (2015 — 2025):

A temperature rise of 0.3°C for 2015 to 2030 is accompanied by a rise in ELA of 48 m and a db of -
0.82 ma™.

Scenario +1.2°C (2040 - 2060):

This scenario is on a more long-term basis but equally important for the hydropower plant, since its
operation-time horizon is in the range of 50 years. SELA is then 178 m and &b -3.0 ma.
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Simulation Results

In view of gaining significant results for the San Gaban hydropower plant, only those glaciers of
Cordillera Vilcanota and Carabaya that are part of the catchment of Rio San Gaban were selected.
For a more detailed analysis, in particular concerning the runoff, a further differentiation was made
for glaciers part of

1. the total catchment of Rio San Gaban
2a. Cordillera Vilcanota as part of the San Gaban catchment
2b. Cordillera Carabaya as part of the San Gaban catchment

3a. Cordillera Vilcanota draining directly towards San Gaban without passing through lagunas with
water damping effects

3b. Cordillera Carabaya draining directly towards San Gaban

The glacierized area of the total San Gaban catchment was reduced by a third between 1962 and
1999 (Fig. 6, Tab. 1). This is an impressive rate for the past four decades. The annual mass balance
decrease during the same period was about 0.20 ma-1 on average. While Cordillera Vilcanota
showed a considerably larger glacierized area than Cordillera Carabaya in 1962, the latter has be-
come slightly larger in 1999. In fact, the glacierized area of Cordillera Vilcanota is decreasing and
will decrease in the future at a higher rate than Cordillera Carabaya. This is related to the character-
istics of each Cordillera, especially with respect to the altitudinal extension of the glaciers. In gen-
eral, the glaciers of Cordillera Carabaya extend over a larger range of altitude than those of Cordil-
lera Vilcanota.

According to the simulations, the glaciers would lose another fifth of their area from 1999 to the
2007-2015’ scenario and about two fifths until ‘2015-2025° with the assumed climatic scenario.
For the long-term scenario (‘2040-2060’), only a marginal part of the current glacier area will per-
sist. The volume will decrease accordingly such that a very significant part of the water reserves
will be lost.

Table 1: Change of glacier area and volume and related runoff according to the scenarios defined.

Total runoff 1962 1999 scenario| scenario| scenario
2007/15| 2015/25| 2040/60
Total area (km2) 87.42 57.60 46.12 35.13 7.89
Total volume (km®) 1.69 1.12 0.89 0.68 0.15
Max. runoff (m*/s) 7.59 5.00 4.00 3.05 0.68
Min. runoff (m3/s) 2.53 1.67 1.33 1.02 0.23
Average runoff 5.06 3.33 2.67 2.03 0.46
(m%/s)
Direct runoff 1962 1999 scenario| scenario| scenario
2007/15| 2015/25| 2040/60
Total area (km2) 52.87 28.25 22.68 16.59 2.63
Max. runoff (m3/s) 459 2.45 1.97 1.44 0.23
Min. runoff (m3/s) 1.53 0.82 0.66 0.48 0.08
Average runoff 3.06 1.64 1.31 0.96 0.15
(m%/s)
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Figure 6: Glacier (left) and runoff (average values, right) changes for the scenarios defined.

The runoff from the glaciers of the San Gaban catchment was derived from the results of the above
scenarios. Since there is abundant water supply in the wet season (summer), the glacier runoff was
calculated only for the dry season (winter), when the hydropower plant heavily relies on runoff
from glaciers. 200 days of ablation were considered for the dry season with an average ablation of
between 2 m and 3 m. The ablation area was taken as varying between 25% and 50% of the total
area of each glacier. Therefore, a minimum and a maximum runoff value resulted for each scenario
(Tab. 1). The runoff values are divided into direct and indirect runoff following the same scheme as
for glacier area (cf. above). This was done in order to evaluate the amount of water directly draining
towards the hydropower plant. Water draining through major lagunas does not exhibit a significant
influence on daily runoff variations, since the lagunas have an important damping effect.

The results show a sharp decrease in runoff between 1962 and 1999, and this trend will continue
with the scenario ‘2015-2025° (Fig. 7). For a temperature rise of 1.2°C (scenario ‘2040-2060’), the
direct runoff from glaciers in the dry season decreases almost to zero. Taking into account that such
a climate scenario is well placed within probable scenarios (22), serious concern about the operation
of the hydropower plant in the dry season may arise.

CONCLUSIONS

The present study has shown that remote sensing imagery is a very valuable — and in fact the only —
tool to close information gaps in remote high mountain regions. In particular the advent of the AS-
TER sensor opens a new way to obtain digital elevation data of such areas. This is a premise for
digital modeling of processes for hazard assessments but also for use in other fields of geoscience.
With respect to the hydropower plant of San Gaban, no direct glacier-related hazard was found, be-
cause the hazard sources were too distant from the plant. The hazard analysis, however, recognized
that an outburst of a specific glacier lake in the Cordillera Carabaya could indirectly represent a
hazard, mainly by blocking the main river with a subsequent peak flood in the main river. Field
works confirmed the hazard potential of the lake, and mitigation measures were recommended.
Analysis of the present state of glaciers in the San Gabéan catchment and simulation of scenarios of
future glacier shrinkage revealed that a process of rapid glacier shrinkage has taken place in the past
four decades and that this trend will continue under current climate change predictions. For the San
Gaban hydropower plant in particular, and for the water resource exploitation in Peru and compara-
ble regions in general, the rapid glacier shrinkage, and thus the runoff decrease during the dry sea-
son, give reason for serious concern in the near and distant future.
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