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Abstract

For the past 30 years, a process of glacier retreat has been observed in the Andes,
raising alarm among regional water resources managers. The purpose of this paper
is to develop a model of the role of Andean glaciers in the hydrology of their associ-
ated watersheds, which is appropriate for application at a river basin scale, with an
eye towards creating an analytical tool that can be used to assess the water manage-
ment implications of possible future glacier retreat. While the paper delves deeply into
our formulation of a glacier module within a water resources management modelling
system, the widely subscribed Water Evaluation and Planning System (WEAP), the
originality of our work lies less in the domain of glaciology and more in how we ap-
ply an existing reduced form representation of glacier evolution within a model of the
climate-glacier-hydrology-water management continuum. Key insights gained pertain
to appropriate ways to deploy these reduced form representations in a relatively data
poor environment and to effectively integrate them into a modelling framework that
places glaciers within a wider water management context. The study area is the Rio
Santa watershed in Peru which contains many of the expansive glaciers of the singular
Cordillera Blanca. The specific objectives of this study included: (i) adequately simu-
lating both monitored glacier retreat and observed river flows from the last forty years
using historical climate time series as model input; (ii) quantifying the proportion of river
flow in the Rio Santa produced from melting glaciers during this period; (iii) estimating
the historical contribution of groundwater accretions to river flows; and (vi) reproducing
a reasonable simulation of recent hydropower operations in the Rio Santa system. In
pursuit objective (i), a split sample calibration-validation of the model was conducted by
comparing the simulated glacier area to Landsat images taken in 1987 and 1998 and
observed and simulated river flow at 16 control points in the Rio Santa watershed. At
the global scale of the watershed, the glacier retreat is correctly simulated for the pe-
riod 1970/1999 with a calculated retreat equals to —23% when the observed retreat is
of —24%. Having established that the model can respond to these scientific objectives,
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the ultimate goal of the study was to demonstrate how this integrated modelling system
can be used as a decision support tool to assist in planning water management adap-
tation to climate change. This sort of integrated assessment is required to adapt water
resources management in the Andes to a range of future climatic conditions, improving
the resilience of developing Andean economies such Peru’s in the face of a major drive
of global change.

1 Introduction

Approximately 99% of the world’s tropical glaciers are found in the Andes of South
America, of which 71% are located in Peru (Kaser and Osmaston, 2002). The
Cordillera Blanca, located in the western branch of the Andes in Peru (South Lati-
tude: 7°57'-10°13' and West longitude: 77°17'-78°18'), is the highest and most ex-
tensive expanse of tropical glaciers in the world, representing approximately 35% of
the total area of Peruvian glaciers (Zapata et al., 2008). Analysis of remotely sensed
images (photographic and satellite) testify to the fact that glaciers in the Cordillera
Blanca are retreating. Over a long period from 1960 and 2003 the estimated reduc-
tion in glacier area was from 728 to 536 km? (Ames et al., 1989; Zapata et al., 2008).
Between 1987 and 1996 the spatial extent of all glaciers in the Cordillera decreased
from 643 +63km? to 600 +61km? (Silverio and Jacquet, 2005). A recent study by
Racoviteanu et al. (2008) based on analysis of high quality SPOT5 satellite data from
2003 estimated the total glaciated area for the Cordillera Blanca was 569.6 + 21 km?.
Research has been carried out to understand what may be driving these changes.
Some have speculated that the primary causes are changes in temperature and hu-
midity (Vuille et al., 2003). In a more recent paper, however, Vuille et al. (2008a) argued
that temperature, which usually co-varies with precipitation, is probably of secondary
importance. According to this study, regional-scale precipitation variability linked to
large scale atmospheric circulation is the principal factor in glacier mass balances in
the Cordillera Blanca. Ultimately, it seems likely that the combined impact of changes
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in all climatic forcing variables is contributing to the retreat (Vuille et al., 2008b), and
that the water management implications of these changes are worrisome. Vergara et
al. (2007) estimated the consequences of observed glacier retreat on the power and
water supply sectors in Peru, indicating large future costs to the Peruvian economy in
the absence of adaptation measures in response to continued glacier retreat.

What is missing from among the currently available tools is a framework that can be
used to evaluate the performance of various water management adaptation strategies
to climate change while taking into consideration the differential evolution of Andean
glaciers under future climate scenarios. Certainly there will be uncertainties associ-
ated such a tool, which may come from the lack of sufficient climatic and hydrometric
data to calibrate models, uncertainties from the climate models in developing future cli-
mate scenarios, and uncertainties within the hydrologic and water resources modelling
approaches selected (Kundzewicz et al., 2008). Even acknowledging all the associ-
ated uncertainties, however, this type of analytical framework is essential to provide
water resources managers with insight into promising water management adaptation
strategies (Kundzewickz et al., 2008) in Andean systems where large populations rely
on glacier melt to supply water and hydropower (Barnett et al., 2005). There is a critical
need to capture the key features of possible future changes in glacier extent and con-
tribution to river flow within a water resources management context, which requires the
development of a temporally and spatially appropriate glacier evolution routine, nested
within a water resources modelling framework, the subject of this paper.

The western slope of the Cordillera Blanca lies within the Rio Santa Basin, which ul-
timately discharge into the Pacific Ocean. Many tributaries to the Rio Santa are at least
partially fed by the glacier melt water from the Cordillera Blanca and together they pro-
vide critical urban and agricultural water supplies for roughly one million people living
in the upper portion of the Rio Santa watershed. Below the main population centres of
the upper watershed, the Rio Santa passes through the narrow Canon del Pato where
a major river diversion is made to provide water for a critical hydropower production fa-
cility that has been in operation since 1954 and which underwent a substantial capacity
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expansion in 1998. Below the Canon del Pato powerhouse, close to the coastal plain,
two significant water diversions send water out of the basin towards irrigation districts to
the north (Chavimochic, 144 385 ha, www.chavimochic.gob.pe) and south (Chinecas,
44220 ha, www.pechinecas.gob.pe) of the Rio Santa mouth (Fig. 1).

Past hydrologic studies of the Rio Santa Basin reveal the importance of glacier melt
water to the overall water supply in the watershed under current conditions. For exam-
ple, Mark and Seltzer (2003) evaluated the hydrological impact of glacier melt water
from the Cordillera Blanca in small glaciated catchments and in the larger Rio Santa
watershed. Using a water balance model and hydrochemical analysis to quantify the
different sources of water in the Rio Santa, they concluded that: (i) the annual maxi-
mum glacier melt occurs during the austral spring; and that (ii) annually, at least 10%,
and potentially as much as 20%, of the Rio Santa upper watershed discharge comes
from melting glacier ice. The Mark and Seltzer (2003) study, which concentrates on
the upper part of the basin down to the “La Balsa” gauge station, the main point of
diversion for the Canon del Pato hydropower project, is typical of a series of studies
which do not consider the more that 50% of the total watershed area below La Balsa,
including the region characterized by substantial growth in irrigation along the coastal
plain (Mark and McKenzie, 2007; Juen et al., 2007; Suarez et al., 2008; Pouyaud et
al., 2005). Perhaps more critically, these studies do not included transient simulations
of glacier retreat and associated river flows, relying instead on the analysis of obser-
vational data. This calls into question how useful this information can be to water
managers who want to evaluate the performance of specific, river basin wide, water
management adaptations to future climate change. Further, at a catchment scale,
groundwater plays a significant role in the river's flow regime as roughly half of dry
season discharge is provided by aquifers (Kaser et al., 2003; Mark et al., 2005; Baraer
et al., 2009). As with the representation of glacier evolution, the role of groundwater
in the Rio Santa river is not commonly analyzed using transient modelling techniques
differentiated between the sub-catchments.
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The purpose of this paper is to develop and then test a methodology to quantify the
role of Andean glacier evolution and associated hydrologic change relative to the chal-
lenges and opportunities that currently confront water managers in the Rio Santa sys-
tem and those that will takes on increasing importance in the face of potential climate
change. The approach taken uses the planning tool Water Evaluation and Planning
(WEAP) system which has been under developed by researchers at the Stockholm
Environment Institute (SEI) for over 15 years (Yates 1996, Yates et al., 2005a,b) as
a point of departure. The research sought to refine the existing WEAP software, which
integrates both hydrologic processes and representations of the operations of built
infrastructure, so that it could capture changing hydrologic and water management
conditions in heavily glaciated Andean watersheds.

The originality of this work does not lie in the formulation of a new conceptual models
or analytical routines. The Rio Santa WEAP application joins a glacial module derived
from the reduced form degree-day method for simulating glacier evolution, WEAP’s ex-
isting rainfall-runoff hydrology module of non-glaciated portions of the watershed, and
WEAP’s existing functionality to represent water management infrastructure and op-
erating regimes. What is original in this work is that the Rio Santa application spans
the climate-glacier-hydrology-water management continuum in a manner that is ap-
propriate to respond to the planning challenges facing water managers and decision
makers in a relatively data poor and high vulnerable region of the world. The primary
objective of this study included accurately simulating both river flows and glacier re-
treat during a recent forty year period and quantifying the proportion of the water in
the different Rio Santa sub-watershed that are directly produced from the melting of
glaciers and groundwater accretions. Much of this paper focuses on how we met this
specific objective. Having demonstrated the reasonable performance of the new tool,
however, it will be possible to demonstrate how the impact of future climate projections
and the potential effectiveness of possible water management adaptation strategies
can be analyzed.
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2 Model description
2.1 General structure of the WEAP model

Within the existing version of the WEAP software, rainfall-runoff processes are simu-
lated by dividing a watershed into sub-watershed areas above points of river flow mea-
surement or management control. For a WEAP study in a mountainous region, each
sub-watershed area is typically divided into elevation bands in order to capture eleva-
tion related climatic gradients. Each sub-watershed/elevation band is then represented
as a unique WEAP catchment object within which temporally variable land cover and
temporally variable yet spatially homogeneous climatic conditions can be imposed on
a time step-by-time step basis. Land cover variability in each catchment is represented
by subdividing the area into representative land cover types that are parameterized in-
dividually. For each catchment, rainfall-runoff processes are simulated using a 2-bucket
representation of a root zone layer and a deep layer (Yates 1996; Yates et al., 2005a).
Equations (1) and (2) are the mathematical formulation of rainfall-runoff hydrology in
WEAP:

dzy; 52y ; —22121/- ali » »
Sij =P, (t) - PET(t)k, (1) (T) -P(t)z,; —fiksZy - (1-F))kszy . (1)
az, ; 5 5
DW/-T =—kyZ] Gt (1- f/-)kszzyj @)

Where Sw (mm) is the soil water capacity of the top bucket, z, is the relative soil water
storage, and P, in mm is effective precipitation. The second term in Eq. (1) is evapo-
transpiration from each fractional area, j where PET is the Penman-Monteith reference
crop potential evapotranspiration given in mm/day and k_, is the crop/plant coefficient
for each fractional land cover. The third term in Eq. (1) represents surface runoff where
RRF is the runoff resistance factor. The fourth and fifth terms are the interflow and
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deep percolation, where the parameter k;, is an estimate of the upper storage con-
ductivity (mm/time) and f; is a tuning parameter related to soil, land cover type, and
topography that fractionally partitions water as either horizontal, f; or vertically (1-7;)
drainage. In Eq. (2), Dw is the deep water storage capacity (mm) where the inflow the
deep percolation from the upper root zone from Eq. (1), and k, is the conductivity rate
of the lower bucket (mm/time). The second term in Eq. (2) represents the baseflow.
The baseflow and interflow are the components of groundwater flow to a river network.
Equations (1) and (2) are solved numerically in WEAP using a simultaneous solution
routine.

In cold regions the rainfall-runoff routines in WEAP can simulate the accumulation
and melting of snow within a catchment as described previously. In addition to con-
sidering the rainfall-runoff processes, WEAP has a water management algorithm that
allows for the analysis of current and projected scenarios of water allocation under
a user-defined set of demand priorities and supply preferences (Yates et al., 2005a,b).

In this study, both the rainfall-runoff and water management algorithms in WEAP
were used to represent conditions across the entire Rio Santa watershed. Given the
interest in assessing potential impact of climate change on hydropower production,
special attention was paid to calibrating the application at La Balsa where the primary
diversion to the Canon del Pato hydropower plant occurs (Fig. 1).

2.2 Glacier module

This section describes the approach used to add a transient representation of evolving
glacial melt water contributions into the existing WEAP rainfall-runoff routine. Again,
the key innovation in this section is not related to the routines themselves, but rather
to how existing reduced form representations of glacier evolution can be configured
for integration within an integrated water resources modelling framework. In this for-
mulation each elevation band in a given sub-watershed was divided, into glaciated and
non-glaciated areas (Fig. 2) with the glaciers being conceptualized via a modification to
an existing degree-day model (DDM). Some studies, for example Sicart et al. (2008) or
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Kaser (2001), point out that the degree-day approaches are not well adapted for sim-
ulating glacier melt water contributions to river flow at daily time step in tropical zones.
However, other studies have successfully changed the temporal resolution of this sort
of model to a monthly time step in order to make long term projections of changes
in glacier mass balances caused by climate change (Braithwaite and Zhang, 1999;
Suarez et al., 2008). We considered that a modified DDM applied using a monthly time
step constitutes an appropriate approximation for studies of climate impacts at large
temporal and spatial scales such as that of the Rio Santa watershed. This assumption
is also consistent with the rainfall-runoff and water allocation routines in WEAP, which
are commonly run on a monthly time step.

The degree-day factor in this study is then a degree-month factor. In general, this
factor may change depending on the climatic conditions. Recent studies in the region,
however, indicate no significant decrease or increase in annual precipitation, and an in-
crease in annual air temperatures on the order of 0.5 °C per decade (Racoviteanu et al.,
2008). Consequently, for simplification purposes, we assumed that the degree-month
factor would be constant. Maintaining the degree-month factor constant for all subwa-
tersheds and during the modelling period provided a robust approach by reducing the
degrees of freedom available during model calibration. Here it is worth pointing out
that developing a climate driven degree-month factor for the various Cordillera Blanca
glaciers in the Rio Santa watershed would be a worthy glaciological investigation. As
is the case with many of the assumptions in our model, however, we sought to make
the model as general as possible, expecting that the implications of these assumptions
would be captured implicitly in a successful model calibration.

This same goal of generality shaped our decision to not use a full energy balance
model that would have explicitly captured all key glacier processes and relationships,
such as sublimation (Winkler et al., 2009) as energy balance models are notoriously
difficult to apply at large scales and in the absence of detail input data. For now, we
provide a simplified model that can be applied at large temporal and spatial scales,
assuming that the implications of these simplifications will be implicitly captured during
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calibration. WEAP is flexible enough as a modelling platform, however, that these
assumptions and simplifications can be revised in future studies.

The degree-month glacier evolution routines were implemented at two time scales,
a monthly time step, ¢, for estimations of glacier contributions to runoff, and an an-
nual time step, y, for annual ice mass balances and glacier area adjustments. In this
notation, a subscript t=0 suggests that the expression pertains to conditions at the
beginning of a hydrologic year, y, before any of the monthly time step calculations are
carried out and as such, y, t=12 is the time equivalent to y+1, t=0. The notation for
initial conditions is y=0, t=0.

2.2.1 |Initial conditions

The initial spatial extent of glaciers within each elevation band of each sub-watershed
(a unique WEAP Catchment model object) is used to allocate the area within each
Catchment, A,, defined in units of km? between glaciated and non-glaciated area:

2
A= sz=O,t=0,/’,/‘ (3)
j=1
with the total initial extent of glaciers in a sub-watershed was defined as:
n
Aglacier.y=0,t=0 = D Ay=0.t=0.i.j1 (4)
I=m
where j sums over glaciated and non-glaciated areas, n is the total number of elevation
bands within a sub-watershed and m is the lowest elevation band containing glacier ice.
Initial glacier area calculations are feasible in the Peruvian context, and specifically,
for the Rio Santa watershed, given that 1969 data was available for each of the 17
sub-watersheds in the Rio Santa WEAP application (see Sect. 3.3.1). Note that Ai is
constant but the relative proportion between A;_; (glaciated) and A;_, (non-glaciated)
will vary after each hydrologic year.
879

Based on an empirical relationship that relates glacier ice volume (V) expressed in
km® to glacier area for individual glaciers (Bahr et al., 1997), the initial glacial volume
in each sub-watershed was estimated as:

—c.Ab
Vglacier,y:O,t:O =C Aglacier,y:O,t:O (5)

Where ¢ and b are scaling factors related to the width, slope, side drag, and mass
balance of a glacier. Analysis of 144 glaciers around the world glaciers worldwide
suggests that factor values of b=1.36 and ¢=0.048 (Bahr et al., 1997; Klein and Isacks,
1998). Note that this volume corresponds to the entire initial ice mass within a WEAP
sub-watershed. An allocation of this volume between glaciated elevation bands was
not attempted.

2.2.2 Surface runoff at the sub-watershed level

For each monthly time-step, the volume of surface runoff within a sub-watershed was
the sum of the contribution of melting snow and ice for the glaciated portion of the
sub-watershed and the runoff coming from the simulation of rainfall-runoff processes
in non-glaciated portions of the sub-watershed.

n

Osub-watershed,y,t = Z (V'Dliq,y,t,/',j=1 + VOsnow,y,t,i,j=1 + Voice,y,t,i,j=1)

= \ ©)

+IZ1 Qweapytij=2  (M°)
The contribution of snow and ice melt in volume (V) from the jith Catchment to surface
flow from a sub-watershed and the accumulation of snow on the surface of the glacier
were determined by accounting for the surface area of the glacier within the elevation
band.

Vosnow,y,t,i,j=1 = (anow,y,t,/,j=1/1000) 'Ay,1‘=0,i,j=1 '10002 (mS) (Sa)
VQieytij=1=(Queyrij=1/1000)-A, ;o ; j-4-1000>  (m°) (6b)
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VPBiqy.ij=1= (Piqy.ij=1/1000)-4, ;o ; i_1-1000%(m?) (6¢)

Where for monthly time step, ¢, during hydrologic year, y:
Qsnow.y.1.i,j=1=/th Catchment discharge from snow reservoir (mm/month)
Qice.y 1 i, j=1=/th Catchment discharge from ice reservoir (mm/month)
Pliqy 1.1, j=1=Rainfall on glacier surface in ith Catchment (mm/month)

_ Py,t,/" 7-y,z‘,i 2 7-0

{ 0, T,+1i<To (6d)
P, 1 ;=ith Catchment total monthly precipitation, also used in j=2 (mm/month)

T, ; i=ith Catchment monthly average temperature, also used in j=2 (°C)
To=threshold temperature (°C)

Obviously the amount of monthly precipitation is a key input variable in Eq. (6), along
with the estimation of the monthly average temperature. The development of these key
input time series is described below (see Sect. 3.3.2). Using Eq. (6) the total runoff
volume from a sub-watershed was calculated and compared to actual observed runoff
data at the discharge point of each sub-watershed. This comparison constituted the
main criterion for calibration of the model.

To quantify snow melt, ice melt and liquid runoff from glaciated portions of each ele-
vation band and simplification of the degree-day method proposed by Schaefli (Schaefli
et al., 2005) was used. We should acknowledge that the Schaefli model does not ex-
plicitly represent sublimation. A study by Winkler et al. (2008) carried out a very local
scale for a glacier in the Andes concludes that sublimation accounts for 60—90% of
energy available for ablation in the dry season and 10—15% in the wet season. Here is
an example of where in the interest of creating a general modelling framework we as-
sumed that a modified DDM formulation, calibrated against observed glacier area and
runoff at an annual scale could implicitly integrate all the energy exchange processes
(and so the sublimation process) by the mean of the threshold temperature parameter.
It is likely that any errors created in calibrating out model against sub-watershed runoff

881

and glaciated area observations are captured in our estimation of the evolving glacier
ice volume, for which there is no regional set of observations against which to calibrate.

The main modification with respect to Schaefli’'s formulation of snow and ice melt
contribution to runoff was the elimination of the exponential autocorrelation factors
which for monthly time-step do not have much relevancy (month to month autocor-
relation coefficient in observed river flow are typically inferior to 0.6). For a particular
elevation band:

Osnow,y,t,i,j=1 = Msnow,y,t,i,/=1 (7)

where for monthly time step, ¢, during hydrologic year, y:
Msnow,y t.i j=1=Snow melt from glacier surface in /ith Catchment (mm/month)

— min { Slnitial,, ; ; i_4 (72)

pot snow,y t,i,j=1
Slnitial, ; ; ;_4=snow water equivalent on the glacier surface in /th Catchment (mm)

=SFinaly ;_; j=1 +Psnow,y.t.i,j=1 (7b)
Penow,y 1.i j=1=Show accumulation on glacier surface in ith Catchment (mm/month)
0 T, ;=T

— , yti="0 7c

{ Pyti Tyri<To (7e)
Moot snow,y.1.i,j=1 =Potential snow melt in the jth Catchment (mm/month)
— asnow(Ty,t,/' _TO): Ty,t,i 2 7-O
- { 0, Ty1i<To (79)

Agnow=SNOW melt degree-month factor (mm/month/°C), a calibration parameter.

T, constitutes a threshold value for conversion of liquid precipitation into snow and is
a calibration parameter. At the end of each monthly time-step the snow water equiva-
lent accumulated on the surface of the glacier must be update to account for snow melt
runoff.

SFinal, ; ; =1 =SFinaly ;_1 j =1+ Psnow,y t.i j=1 = Qsnow,y ¢ i, j=1 (8)
882

| Jedeq uoissnosiq | Jeded uoissnasiqg

Jaded uoissnosiq

Jaded uoissnosiq

Jadeq uoissnosiq | Jaded uoissnosiq

| 1adeq uoissnosig |
' M ! ! M M I

Jaded uoissnosiq

HESSD
8, 869-916, 2011

Modelling the
hydrologic role of
glaciers within a
Water

T. Condom et al.

I

HESSD
8, 869-916, 2011

Modelling the
hydrologic role of
glaciers within a
Water

T. Condom et al.




10

15

20

25

10

15

20

When the potential snow melt in a given month, ¢, exceeds the actual accumulated
amount of snow water equivalents on the surface of the glacier within elevation band
i. the surface of the glacier ice became exposed. In this case an additional set of
equations were executed to estimate the contribution of melting glacier ice to surface
flow in the ith Catchment.

Qicey.ti.j=1 = SFreey +; i 1Myotice y 1.7, j=1 9)

Where SFree, ; ; ;_qis a weighting factor related to the snow free portion of the month
and where the preceding definitions for snow apply for ice with the modifications that

Moot ice,y ¢ i, j=1 =POtential ice melt from the /th Catchment (mm/month)
_JaiceTy1i=To). Ty1i2To
- { 0. Tyri<To (%2)

a,.e=ice melt degree-month factor (mm/month/°C), a calibration parameter

Initial efforts to calibrate the parameters a,,, and a,.. were based on the range
of values presented by Hock (2003), Brugger (2006) and Singh et al. (2000) who
found that the degree-day factor for snow ranged between 1.3 to 11.6mmd™' °C™"
and between 5.5 to 18.6mmd~'°C™" for ice. For our monthly model, we inves-
tigated ranges between 40 to 400 mm month™' °C™" for snow and between 165 to
600 mmmonth~"' °C~" for ice.

2.2.3 Annual mass balance

At the end of the 12 monthly time steps, ¢, in a hydrologic year, y, a mass balance was
carried out to assess changes in the overall volume glacier ice within a sub-watershed.
This was carried for each of the n—-m+1 elevation bands within a sub-watershed that
contained glacial ice at the start of a hydrologic year. The goal was to account for all
water that has entered a particular elevation band, /, and had not flowed from the band
during the hydrologic year. The input of water to a band comes either through liquid
precipitation or snow fall. Outputs of water include the estimated runoff from melting
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snow and the melting of glacial ice, (Egs. 7 and 9), which take into consideration runoff
associated with liquid precipitation falling on the surface of a glacier within elevation

band /, Rig y 1, j=1- Considering first the liquid phase, the annual mass balance is:

12 12 12
AVigy t=12 = z VPBigy.t.ij=1~ <z VQsnow,y 1 j=1+ z VQice,y,t,i,j=1> (m®)  (10)

t=1 t=1 t=1

If this balance is positive the implication is that some portion of the liquid water that has
fallen within the elevation band has not been offset by liquid water leaving the band,
and as a result, on net, there is a volume of liquid water free within the elevation band
at the end of the hydrologic year. The mass balance for the snow phase at the end of
the hydrologic year y is

AVgnow,y t=12,; = VSFinaly ;_15; i_1 (m?) (11)

expressed as a water equivalent. The total net accumulation of water within the /th
Catchment during hydrologic year, y , expressed as a mass (AM) in units of g, is

AI\/’water,y,t=12,i = (Avliq,y,t=12,/' + Al/snow,y,t=12,/) *Pwater’ 1 003 (g) (1 2)

where p.ier IS the density of liquid water expressed in units of g/cms.

At the end of each year, we assumed that all water within a Catchment, /, is frozen
and converted to ice. In this case the change in the volume of ice within the /th Catch-
ment during hydrologic year, y, is

AM,

water,y,t=12,/

Pice+ 1003 (m?) (13)

Al/ice,y,t=12,i =

where p,., is the density of frozen ice expressed in units of g/em?®.
From the annual mass balance conducted on each of the m elevation bands contain-
ing ice at the start of a hydrologic year y, the overall change in the volume of glacial
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ice within a sub-watershed was estimated.

n
Al/glacier,y,t=12 = z Al/ice,y,t=12,i (mS) (1 4)
i=m
Based the change in ice volume within each elevation band / in Eq. (14) it was possible
to estimate the position of the point where the change in mass is essentially zero for
the hydrologic year, or equilibrium line of accumulation (ELA).

2.2.4 Annual glacier geometry evolution

Based on the value of Eq. (14), it was possible to adjust the overall volume and extent
of the glacial ice within a sub-watershed. Ideally this would be done by assessing
the internal dynamics of ice movement within the glacier. This is another case where
we made a simplifying assumption in the interest of generality, that changes in the
total volume of ice manifest themselves at the low part or tongue of the glacier. The
estimated surface area of the glacier at the end of the hydrologic year y is:

AVa6i -
glacier,y,t=12
5| Vglacier,y t=0 + — 0505

- (km?) (15)

Aglacier,y,t=12 =

The next step was to assess the estimated change in the surface area of the glacier
during the hydrologic year using Eq. (16).

A’4glacier,y,t:12 = Aglacier,y,t:12 - Aglacier,y,t:O (1 6)

The assumption is that the change in surface area will be concentrated within the lowest
elevation band containing ice, /=m, during the hydrologic year, within limits. Depending
on the mass balance of the year, the storage in the glacier will be positive, negative or
null. The final step in the annual adjustment to the glacial extent in a sub-watershed
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will be to compensate for change in the extent of glacial ice in the areas defining the
non-glaciated portion of a particular elevation band /.

Ay =12 j=2 = A=Ay 112 j=1 (17)

This WEAP glacier module uses only three parameters, T, a;,, and ag,,,, and provides
a transient modelling framework for simulating the dynamics of glacier surface exten-
sion glacier melt water contribution to the outflow from each glaciated sub-watershed
driven by time series of climatic input data.

2.2.5 Efficiency criterions

In order to test the validity of the different simulations scenarios and to calibrate the
different parameters values, we use three statistics: (a) the Root Mean Square Error
(RMSE); (b) the BIAS; and (c) the Nash-Sutcliffe parameter (Nash and Sutcliffe, 1970).

n L )2
RMSE = éV 2/=1(@si= Q0" (18)
Q, n
BIAS = 100 [(5S —50)/50] (19)
i (Os,i - Qo,i)2
Er=1-2 (20)
Z (Oo,/ _0_0)2

[0}
g

I

Where Q; and Q,,; are simulated and observed outflow data for each time step /, and

n=193 for the calibration period, n=168 for the validation period, and n=120 for the

estimation of the monthly average values for either the calibration or the validation. For

the RMSE, the smaller the number, the better the performance of the model is consid-

ered, with an RMSE of zero indicating a perfect fit between model and observed data.
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For the BIAS, over-prediction is indicated with positive values, while under-prediction is
indicated with negative values. For the E;, although it can range from minus infinity to
1. When E; are beneath 0, the mean predicts better the variable than the model, when
E; is comprised between 0 and 1 the model is functioning with normal cases and if £
equals to 1 the model is with the maximum efficiency.

3 Case study: the Rio Santa and the Cordillera Blanca
3.1 Study area

The Rio Santa watershed covers an area of 12300km?. The basin reaches 6768 m
(the Huascaran peak) and discharges to the Pacific Ocean. Glaciers within the Rio
Santa watershed are located at high elevations of the western side of the Cordillera
Blanca. The use of the water from the Rio Santa, which relies on both non-glacier
and the glacier sources, is vital for the economy and livelihoods in the region. The
economic activities in the watershed, starting at the high elevation and moving down to
the ocean include (Chevallier et al., 2010).

— Above 5000 m, the glaciers themselves and the mountain tops above them are
a tourist attraction for mountaineers from all over the world

— Between 2000 and 4000 m, for centuries the Quechua peasants have used irri-
gated slope agriculture which entails a complex system of small channels called
acequias that are contoured to the slope of the mountains

— Below 2000 m, taking advantage of the extraordinary natural site of the Canon
del Pato a hydropower project converts the waters of the Rio Santa into electrical
energy.

— Below 800 m, at the foot of the Andes, water from the Rio Santa is used to ir-
rigate huge agricultural areas recently created in the barren coastal zone, thus
887

considerably increasing the traditional irrigation areas of the main deltas of small
coastal rivers.

In the context of both climate change analysis and sustained economic and social
development in the basin, it would seem necessary to develop a modelling tool that
captures the hydrologic functioning of the watershed along with the water management
pursued to support human livelihoods and development.

Based on the presence of either a flow measurement gage for which data was avail-
able or a known point of water management control, the Rio Santa watershed was
divided into 17 sub-watersheds as shown in Fig. 1. The main population centers
in the upper watershed, in order decreasing population, are: Santa (390171 hab.),
Huaraz (143415 hab.), Santiago de Chuco (57 526 hab.), Yungay (54 489 hab.), Caraz
(52845 hab.), Carhuaz (43652 hab.), Recuay (18 126 hab.), Corongo (7786 hab.) ac-
cording to the 2005 census. Water demand in these population centers was approx-
imated in WEAP by assuming a total per capita water demand for urban and rural
populations in each area.

3.2 Climatic settings

The regional climate is strongly marked by the mountain barrier of the Andes. In the
tropical Andes the main source of precipitation comes from the Atlantic Ocean and
the Amazon Basin. The later plays the role of recycling water via intense evapo-
transpiration and the principal transport mechanism of this humidity into the Andes is
the seasonal easterly wind (Johnson, 1976; Aceituno, 1998). This seasonality allows
the development of one wet season centred during the austral summer December-
January-February (DJF) and a dry season during the austral winter (JAS). Along the
whole South American’s western coastal strip, the proximity of the South Pacific anti-
cyclone and its accompanying subsidence, reinforced by the cold Humboldt current
which flows parallel to the Pacific coast, generate a dry climate. Garreaud et al. (2003)
gives a detailed description of climate in the tropical Andes.
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At the scale of the Cordillera Blanca longitudinal and a latitudinal gradients of precip-
itation are present. For the dry Pacific coast and the humid summits the mean annual
values ranged between 93 to 1542 mm y'1 for the period 1967-1998. The weighted
average for the entire Rio Santa watershed was 868 mm y'1. Concerning tempera-
ture, the inner tropic location of the watershed (Kaser and Osmaston, 2002) makes
the annual variation less important than the diurnal variation. Nevertheless seasonal
variation is observed and the range of mean annual temperature values falls between
-7°C y'1 (higher parts of the watershed) to 30°C y'1 (lower parts of the watershed) for
the period 1967—-1998 with a weighted mean value of 8°C y'1.

In summary, both the mean annual temperature and precipitation for the Rio Santa
watershed show strong latitudinal, longitudinal and altitudinal gradients. These gra-
dients offer a great contrast between the hot arid zone to the west and the cold and
wet high elevation zone to the east with an average annual precipitation of more than
1500 mm y_1 at the Huascaran Glacier (Fig. 3).

3.3 Input data
3.3.1 Terrain and hydrologic data pre-processing

The DEM issued by the maps of the National Geographic Institute of Peru (IGM) (scale
1/100000) was used to define sub-watershed above all the points where gauging of
streamflow volumes, reservoirs, managed natural lagoons for hydroelectric production,
points of water extraction, and points of water return exist. The DEM (cell size of 100 m)
was also processed to define elevation bands within each sub-watershed, with a range
of 700 m in the lower parts of the basin and 300m in the higher parts of the basin
in order to afford a greater level of detail in the zone occupied by glaciers (Table 1).
The intersection between sub-watersheds and elevation bands constituted a WEAP
catchment. The area of each catchment was calculated as well as the percentage of
various land cover types within the catchment. The land cover data set was obtained
from the Chavimochic project (ATA-INADE, 2002) and was reclassified form its original
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classification scheme into tundra, coastal plain, shrub and agriculture categories.

Two data sets on the spatial evolution of glaciated area were used: one for Arteson-
cocha sub-watershed alone (2001-2007) derived from Landsat images and another for
the whole Rio Santa watershed (1969-1999) from an inventory published by Ames et
al. (1989) based on analysis of 168 aerial photos. This later set was used to define ini-
tial glaciated area conditions. The different glaciated areas in the Rio Santa watershed
are shown in the Fig. 3.

In order to characterize the human and agricultural water consumption in the Rio
Santa watershed, we added water demand nodes to represent each province which
included information on the number of inhabitants (rural and urban). Total water de-
mands in each province were estimated by multiplying the number of inhabitants by
a per capita water use of 300I/day, which is a rough estimate of the combined urban
and agricultural water use in each region.

3.3.2 Meteorological data pre-processing
Precipitation

As the objective of this study was to obtain a continuous simulation of the evolution of
glaciers in the Rio Santa watershed, continuous climate time series were required for
each of the catchments in the model. A total of 39 pluviometric stations are located
within the Rio Santa watershed. The time-series of available data from the stations
extended from 1968 to 1999 on a monthly basis. The stations were submitted to the
Regional Vector Method — RVM (Hiez, 1977; Brunet-Moret, 1979) to assess their data
quality and to isolate climatologic regions (see Espinoza et al., 2009 for more details
about this method). Data from other stations within a group were used to fill gaps in
the record of individual stations. From these stations, an inverse distance squared
interpolation scheme was used to generate a precipitation time series for each catch-
ment. This analysis was done using Hydracess software (Vauchel, 2005) for the RVM
and with ArcGIS for the spatial interpolation. Although precipitation in this watershed
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might be controlled by spatial variability due to barrier effects and altitudinal gradient,
the interpolation technique used is well suited to maximize utility of the available data.
The 39 stations are evenly distributed in the watershed and thus provide a reliable de-
parture point to obtain a dataset that can approximate the actual spatial variability of
precipitation in the watershed.

Temperature, humidity and wind speed

Concerning temperature and humidity data, only one good quality, long, continuous
time-series exists for the Rio Santa watershed, the Recuay station (9°50' S, 76°20" W).
Continuous temperature data for each catchment was obtained using a temperature
gradient of 0.6 °C/100 applied to the temperature observed at Recuay. For the humidity
and wind speed, we assumed that the long-term monthly average time series at Re-
cuay applied to all catchments. The simplicity of the interpolation of the temperature,
humidity and wind speed for each sub-watershed was driven by the scarcity of the
weather station data. Although the temperature gradient can vary, the classical range
is given between 0.5 to 1°C/100 m as a function of the atmospheric humidity. In order
to simplify the modelling, we assumed that the gradient would be stable and equal to
0.6°C/100m as it is classically done for zones where the number of air temperature
station is scarce. We recognize that the quality of the modelling would be improved
by more spatially continuous information on actual climatic conditions, but the type of
analysis we propose cannot wait until a perfect input data set is available.

4 Results
4.1 Calibration of the glacier module for the recent period 2000-2007

The first effort to calibrate the proposed glacier module focused on the well docu-
mented Artesoncocha sub-watershed (No. 9 on the Fig. 1). This watershed extends
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over 8.8 km? with an initial percentage of glacier coverage equal to 73%. Researchers
from the IRD (Institut de Recherche pour le Developpement) in collaboration with the
INRENA (Instituto Nacional de Recursos Naturales, a public entity of Peru dedicated
on environmental studies) have studied the evolution of the glacier in the Arteson-
cocha since 2000 (Pouyaud et al., 2005). At the Artesoncocha streamflow gauging
station, pluviometers and temperature sensors have been installed and maintained
by researchers to continuously monitor the climatic conditions in the watershed. The
calibration procedure was structured to understand the role of each glacier module pa-
rameter in the simulation of glacier evolution, a critical precursor to the effort to calibrate
the glacier module for all of the glaciers in the Rio Santa Watershed.

The Artesoncocha sub-watershed is characterized by a vertical gradient of temper-
ature and precipitation. For the period 2000-2007, conditions at the bottom of the
sub-watershed between 4000 and 4400 meters above sea level (m a.s.l.), were on av-
erage 900 mm y~! (total precipitation) and 5.9°C (average temperature). At the top of
the watershed between 5900 to 6200 m a.s.l., the annual averages are 1780 mm y!
and -3.7 °C. To calibrate the degree-day factors a;., and agp,, Without access to spe-
cific reference values for the Cordillera Blanca we began with the compilations provided
by Singh et al. (2000) and Hock (2003). These suggest that generally the degree-day
factor for ice is higher than the degree-day factor for snow and that the ranges are 1.3
to 11.6mmd~"°C™" for snow and 5.5 to 20mmd~"°C™" for ice (we scaled these daily
values for use in our monthly time step model). To calibrate 7,, we assumed that the
value fell somewhere between —2°C and 2°C.

Monthly comparisons between simulated and observed outflow from the Arteson-
cocha subwatershed are presented in Fig. 4. Given that the available time-series was
relatively short, all the data was used to calibrate the three glacier parameters 7, a;c¢
and aq,,,, Without considering a validation period. The optimized parameters obtained
were 1.45°C for T,, 380 mmmonth™" °C™" for a4,,,, and 600 mmmonth™ °C™" for a,,.
The agreement between simulated and observed data is good (the Pearson correla-
tion’s coefficient is R2=0.7 with p<0.01) and the seasonal cycle is well represented by
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the model. Some discrepancies occur which are likely due to the fact that the concep-
tual monthly approach is not able to represent all physical processes involved in the
hydrologic cycle of a glaciated area.

4.2 Model calibration and validation for the historical period 1970-1998 for the
Rio Santa watershed

For the entire Rio Santa watershed, the calibration strategy was to calibrate the stan-
dard WEAP rainfall-runoff parameters for the Tablachaca and Corongo sub-watersheds
as these lack glacier coverage (Table 2). The parameters obtained for non-glaciated
subwatersheds were applied uniformly to the entire basin. Next, the calibrated glacier
parameters obtained for Artesoncocha (see Sect. 4.1) were used to run the model for
a calibration and a validation period. As monthly time series of precipitation and tem-
perature were available for the period 1968-1999. The period 1970-1984 was set as
the calibration period and the 1985-1999 period was used for validation (in some wa-
tersheds some years of data were missing, so the calibration and validation periods
change accordingly). During the calibration period small adjustments of the Arteson-
cocha glacier parameters were allowed to capture improve the calibration across the
basin. The efficiency criterions results for RMSE, Bias and E; for all subwatersheds
are presented in the Table 3.

Figure 5a shows the correspondence between simulated (continuous think line) and
observed (discontinuous thick line) stream flow at La Balsa gauge station between
September 1969 and August 1997. La Balsa gauge station includes the aggregated
response of most glaciated subwatersheds in the Rio Santa system and it represents
a critical water management time series as it lies at the point of diversion to the Canon
del Pato hydroelectric facility. The performance of the model in capturing the structure
of the observed hydrograph at La Balsa is notable.

In order to see if the model captures the inter-annual variations in flow, we plotted
simulated and observed annual flows for La Balsa gauge station during the years 1969—
1997. Comparing simulated and observed values (Fig. 5b), we can be confident of the
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ability of the model to represent the inter-annual variations. The long term trend is well
represented and the magnitude is captured. In Fig. 5b EI-Niho events are plotted in
grey (Smith et al., 2000). We note that generally, the EI-Niho years are associated with
high flows as for example the years 70—-71 or 82—83 but more average flows can also
be observed during these climatic events (90-91). One point should be mentioned,
for the extremely high flows (for example during the year 82/83 or 93/94) the observed
data is very highly influenced by extreme daily events which are inherently difficulty to
measure because of the precision of the calibration curve.

Figure 6 shows that good agreement between observed and simulated outflows was
achieved for Chuquicara, Quillcay and La Balsa sub-watershed. Nevertheless, some
discrepancies exist for Paron watershed and Puente Carretera sub-watershed (see Ta-
ble 3). For Paron, the historical operation of the regulated glacier lake was probably not
fully captured in the model. For Puente Carretera, the observed hydrologic response
likely includes changes in the river geomorphology at this meandering, gravel domi-
nated, lower slope reach which are not present at higher elevation sub-watersheds.
Further effort could have been made to develop sub-watershed specific model param-
eters to improve the calibration on a sub-watershed by sub-watershed basis, but this
would by necessity be done in an ad hoc manner that would potentially limit the robust-
ness of the calibration. Again, as the management focus of the study was potential
impacts at the Canon del Pato diversion, no effort was made to correct these more
small scale and local discrepancies at this time.

Another important test of model performance is the differentiation of the simulated
amount of streamflow that comes from glaciated and non-glaciated portions of the wa-
tershed. An analysis of the total simulated water passing through La Balsa for the
modelling period 1969-1999 indicates that on an annual basis 38% of the flow comes
from melting glaciers (Table 4). This value is similar to the 37% value presented by
Vergara et al. (2007) based on analysis of observed climatic and hydrologic data. Sea-
sonally, the model suggests that melting glacier contribute 30% of streamflow at La
Balsa during the wet season (December, January, February) and 67% during the dry
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season. This result provides insight into the importance of glaciers as water reser-
voirs during the dry season and the implications of their accelerated melting on water
resources management in the region.

The model allows the computation of interflow and baseflow for each elevation band
and each sub-watershed. Table 4 shows the total outflow as well as the proportions
of water from melting glacier and from groundwater accretions for each sub-watershed
and for each season (wet and dry). The total outflow is always higher during the wet
season. If we consider only the sub-watersheds where the ice area covers more than
20% of the total area, we note that the proportion of glacier melt water is higher dur-
ing the dry season. For groundwater, the seasonal importance varies depending the
conditions in each sub-watershed. If we consider the mean proportion of groundwater
accretions in the total outflow we found 32% during the humid season and 35% during
the dry season. Figure 6 show the annual dynamic of these water balance components
for Chugquicara, La Balsa and Quilcay.

The model allows for an estimation of the proportion of river flow originating as glacier
runoff (snow and ice melt water) and groundwater accretions. The results are compiled
in the Table 4. For groundwater, the sub-watershed with lowest aquifers contribution
are LLanganuco and Paron with 11% during the period 1969-1999. These lower val-
ues can be explained by the high altitude of these sub-watershed where the aquifers
are of small lateral extent. At the scale of the entire Rio Santa watershed, the mean
proportion of groundwater accretions is 30% of total annual discharge volume (period
1969-1999). The glacier melt water of annual discharge volume is directly linked with
the ice area of the sub-watershed.

The proportion of glacier runoff in the total runoff is comprised between 77% for Llan-
ganuco to 0% for Tablachaca (see Table 4). At La Balsa gauge station and during the
period 1969-1999, the glacier melt water was equal to 38% of total annual discharge
volume. For the Querococha sub-watershed the value is 15%, which is in accordance
with the 10% that was calculated in previous study (Mark and Seltzer, 2003). At the
scale of total watershed the results of this study are also in agreement with those
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presented by Mark and Seltzer in 2003 who estimated that more than 20% of the an-
nual discharge volume to the Rio Santa in the Callejon de Huaylas comes from the
glacier melt water. Based on all of this information one can consider that the model
captures the hydrological setting in the Rio Santa system reasonably well.

4.3 Simulation of the glacier area evolution since the 70’s

In addition to simulating river flows, we would like to be confident that our glacier mod-
ule captures observed changes in glaciated area in the Cordillera Balance. An analysis
of the trends in glacier area evolution for the Rio Santa watershed indicates good cor-
respondence between simulated and observed data (Fig. 7 and Table 5). The model
captures the overall change in area between both the 1970-1987 (characterized by
rapid glacier retreat) and 1987-1999 (characterized by less pronounced retreat). Note
that the 1970 glaciated areas are the same for observed and simulated cases since
these values were used as the initial conditions for the model runs.

Looking at glacier area evolution of individual sub-watersheds, the model provides
good correspondence with observed data (periods 1970-1987 and 1987—-1999), par-
ticularly for the sub-watersheds with larger initial glacier area cover (Fig. 7). When
looking at some of the smaller sub-watersheds like Colca, Pachacoto and Quitaracsa
the correspondence between observed and simulated data is reduced. One explana-
tion for the lower correspondence for small glaciers is the fact that the observed data
has an intrinsic error on the order of £5% of the total glacier area. In addition, glacier
model, being based on empirically derived relationships, may not represent particular
physical characteristics of small glaciers, such slope and aspect, which will tend to
have more average aggregate characteristics for larger glaciers.

This observation is evident in Fig. 7 where the evolving observed and simulated
glacier areas in sub-watersheds with glacier cover >10 km? tend to align well with the
1:1 line, while the glacier area of sub-watersheds with glacier cover <10km? tend to
diverge from the 1:1 line some times under-predicting and some other times over-
predicting.
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4.4 Simulation of the electric power at Canon del Pato

Climate impacts are anticipated to change the hydrology in high mountain regions and
understanding these impacts is essential to plan and implement adaptation measures
in the hydropower sector. Given that one of the most important water management
features of the Rio Santa watershed is the use of water for hydropower production
at Canon del Pato, an assessment was made of the ability of the model to simulate
hydropower production. The hydropower facilities modelled include a diversion element
at La Balsa with a maximum capacity of 82 m>/s, a fixed generating head of 382m,
a plant factor at Canon del Pato of 64%, and a diversion logic which sought to divert
water at maximum capacity at La Balsa throughout the year. This is a fairly rough
characterization of the hydropower system, which could be improved. Nonetheless, the
model seems to reflect the actual management of the system reasonably well. During
the dry winter months all of the water in the river is diverted through the canal at an
average rate of about 40 m®/s, while during the wet summer months flows can exceed
150m°>/s on average with the maximum diversion capacity being utilized (Fig. 10).

The current installed capacity of the Canon del Pato hydropower plant was put in
place in 1998. Since the modelling period is 1969—-1998, it as possible to obtain only
one year of simulated generation results for comparison to the reported total capacity
of 1484 GW-h of the plant. The model output for the 1998 water year was 1120 GW-h,
which corresponds to 75% of the installed capacity. As the actual generation values
were not available from the system operator, this correspondence with the installed
capacity seems to suggest the the key features of the Canon de Pato plant are being
captured. Improving the calibration of actual generation time series will be the focus of
future efforts when attention turns to estimating the effects of changes in climate and
hydrology on different management objectives in the Rio Santa system.

To demonstrate the utility of the model in the study of the effects of climate change
on hydropower production, we developed two simplified climate scenarios under which
the calibrated WEAP application could be run. Using climate data from WCRP CMIP3
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multi-model database project (www.earthsystemgrid.org) for the Caraz, Paron, Huaraz,
and Collota stations, month by month standard deviations from the mean precipitation
and temperature data from 16 global circulation models run under two carbon emission
scenarios, A1b and B1, where used to define two scenarios: a wet-warmer scenario
(+15% increase in precipitation and +0.5°C in temperature) and a dry-warmest sce-
nario (—10% decrease in precipitation and +2 °C in temperature). We used the historic
conditions as the reference case upon which we imposed the changes anticipated in
our scenarios and ran the model to investigate potential changes the hydrology of the
Canon del Pato diversion (not shown here). Both scenarios provide a slight increase
in monthly average flows during the wet season (summer and fall) with respect to the
reference historical climate for the 30 year modeling period. The increase in monthly
flows for the wet-warmer scenario is due to increased precipitation, while the increase
in monthly flows for the dry-warmest scenario is due to increased glacier melt linked to
increased temperatures. The wet-warmer scenario produced a decrease in base flows
during the dry season (winter) because the temperature increase of 0.5°C increase
watershed yield, while the dry-warmest scenario presented similar base flow magni-
tudes than the reference scenario because the increase in +2°C in temperature has
the capacity to melt higher elevation glaciers during the winter. Looking at the results
of these scenarios shows how the WEAP application can be used to evaluate possible
adaptation strategies in the region.

5 Conclusion and discussion

Understanding hydrology and having the capacity to model it is crucial in Andean trop-
ical mountains as part of efforts to plan and manage water resources. The main chal-
lenge in this region is to be able simulate the hydrology with a scarce availability of
meteorological and hydrological data which has high spatial variability similar to the
temperature and precipitation gradients observed in the Rio Santa watershed. Several
assumptions need to be made and interpolation methods need to be implemented in
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order to obtain continuous climate time-series that can feed hydrologic models. This
paper makes an attempt to respond to these challenges, but certainly more research
is needed to define the best approach for developing continuous climate fields in the
Andes.

The originality in this work however goes beyond the preparation of usable climate
input data and rests on the successful linkage of transient climate time series, a model
of glacier evolution within a rainfall-runoff modelling framework, to simulate the hy-
drology of glaciated watersheds and the water management implications. In this pa-
per, glacial melt water and groundwater flows were computed taking into account the
spatio-temporal variations in climate at the scale of a fairly large river basins.

This is critical for in addition to the hydrologic dimension of the model, the WEAP
software provides the ability to represent and simulate different water uses and water
system elements. Further steps into this modelling exercise should focus on detailing
the implications of hydrologic change on water demands including hydropower and
agriculture, and the consequent economic implications. Having developed the basic
analytical framework, future research will focus more heavily on the water management
impact and adaptation aspects of potential climate change projections. To accomplish
this, the next step will be to simulate the implications of climate change on glaciated
watersheds in the tropical Andes using future scenarios derived from global climate
models.

Acknowledgements. We thank the associate editor to improve the quality of the paper. This
study takes place in the World Bank project No. SOF/TF055069(70)-P110305 entitled “As-
sessing the Impacts of Climate Change on Mountain Hydrology: Development of a methodol-
ogy through a Case Study in Peru” undertaken at the request of the Government of Peru and
we thank to Alejandro Deeb and Adriana Valenciana for their important support. Furthermore,
the authors thank the following organisation and persons for the data gathering the Unit of
Glaciology and Water Resources (UGRH) of the National Authority of Water (ANA) by its great
support in the investigations in glaciology and the hydrology group from the SENAMHI (Na-
tional Service of Meteorology and Hydrology in Peru), at Lima Peru. The results and opinions
are those of the authors and not necessarily represent the opinion of the World Bank.

899

INSU

Institut national des sciences de I'Univers

The publication of this article is financed by CNRS-INSU.

References

Aceituno, P.: On the functioning of the southern oscillation in the South American sector, Part
I: Surface climate, Mon. Weather Rev., 116, 505-524, 1988.

Ames, A., Dolores, S., Valvedere, A., Evangelist, P., Corcino, D., Ganvini, W., Zuiiga, J., and
Gomez, V.: HIDRANDINA, Inventario de Glaciares del Perd, Fuente: Fotografias aeras de
1962, 1963, 1970, Part 1, Huaraz, Peru, Hidrandina SA, 1989.

ATA (Company “Asesore Tecnicos Asociados”): INADE (Governmental institute “Instituto Na-
cional de Desarrollo”) Diagnostico Consolidado de la Cuenca de Gestion Chavimochic,
2002.

Bahr, D. B., Meier, M. F,, and Peckham, S. D.: The physical basis for glacier volume-area
scaling, J. Geophys Res., 102, 20355-20362, 1997.

Baraer, M., McKenzie, J. M., Mark, B. G., Bury, J., and Knox, S.: Characterizing contributions
of glacier melt and groundwater during the dry season in a poorly gauged catchment of the
Cordillera Blanca (Peru), Adv. Geosci., 22, 41-49, doi:10.5194/adgeo-22-41-2009, 2009.

Barnett, T. P., Adam, J. C., and Lettenmaier, D. P.: Potential impacts of a warming climate on wa-
ter availability in snow-dominated regions, Nature 438, 303—-309, doi:10.1038/nature04141,
2005.

Braithwaite, R. J. and Zhang, Y.: Modeling changes in glacier mass balance that may occur
as a result of climate changes, Geogr. Ann. A, 81, 489-495, doi:10.1111/1468-0459.00078,
1999.

Brugger, K. A.: Late Pleistocene climate inferred from the reconstruction of the Taylos

900

Jadedq uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosig | Jeded uoissnosiqg

Jadeq uoissnosiq | Jaded uoissnosiq

| 1adeq uoissnosig |
: M ! ! M M I

Jaded uoissnosiq

HESSD
8, 869-916, 2011

Modelling the
hydrologic role of
glaciers within a
Water

T. Condom et al.

| i

HESSD
8, 869-916, 2011

Modelling the
hydrologic role of
glaciers within a
Water

T. Condom et al.




10

15

20

25

30

10

15

20

25

30

River glacier complex, Southern Sawatch Range, Colorado, Geomorphology, 75, 318-329.
doi:10.1016/j.geomorph.2005.07.020, 2006.

Brunet-Moret, Y.: Homogénéisation des precipitations, Cah. ORSTOM, Série Hydrologie, 16,
3-4, 1979.

Chevallier, P., Pouyaud, B., Suarez, W., and Condom, T.: Climate change threats to
environment, in: The Andes: glaciers and water resources, Reg. Environ. Change,
doi:10.1007/s10113-010-0177-6, in press, 2010.

Espinoza, J. C., Ronchalil, J., Guyot, J. L., Cochonneau, G., Naziano, F., Lavado, W., Pom-
bosa, R., and Vauchel, P.: Spatio-temporal rainfall variability in the Amazon basin coun-
tries (Brazil, Peru, Bolivia, Colombia, and Ecuador), Int. J. Climatol., 29, 1574-1594,
doi:10.1002/joc.1791, 2009.

Garreaud, R., Vuille, M., and Clement, A.: The climate of the Altiplano: observed cur-
rent conditions and mechanisms of past changes, Palaeogeogr. Palaeocl., 194, 5-22,
doi:10.1016/S0031-0182(03)00269-4, 2003.

Hiez, G.: Lhomogénéité des données pluviométriques, Cah. ORTSTOM, Série Hydrologie, 14,
129-172, 1977.

Hock, R.: Temperature index melt modelling in mountain areas, J. Hydrol., 282, 104-115,
doi:10.1016/S0022-1694(03)00257-9, 2003.

Johnson, A. M: Climate of Peru, Bolivia, and Ecuador, in: World Survey of Climatology, vol. 12,
edited by: Schwerdtfeger, W., Elsevier, New York, 147-218, 1976.

Juen, |., Kaser, G., and Georges, C.: Modelling observed and future runoff from a glacier-
ized tropical catchment (Cordillera Blanca, Peru), Global Planet. Change, 59, 37-48.
doi:10.1016/j.gloplacha.2006.11.038, 2007.

Kaser, G.: Glacier-climate interaction at low latitudes, J. Glaciol., 47(157), 195-204, 2001.

Kaser, G. and Osmaston, H.: Tropical Glaciers, Cambridge University Press, New York, 2002.

Kaser G., Juen, |., Georges, C., Gomez, J., and Tamayo, W.: The impact of glaciers on the
runoff and the reconstruction of mass balance history from hydrological data in the tropical
Cordillera Blanca, Peru, J. Hydrol., 282, 130—144, 2003.

Klein, A. and Isacks, B.: Alpine glacial geomorphological studies in the Central Andes using
landsat thematic mapper images, Glacial Geology and Geomorphology, available at: http:
//ggg.qub.ac.uk/papers/full/1998/rp011998/rp01.htm, 1998.

Kundzewicz, Z. W., Mata, L. J., Arnell, N. W., Doll, P, Jimenez, B., Miller, K., Oki, T., Sen, Z.,
and Shiklomanov, I.: The implications of projected climate change for freshwater resources

901

and their management, Hydrolog. Sci. J., 53, 3—10, 2008.

Mark, B. G. and McKenzie, J. M.: Tracing increasing tropical Andean glacier melt with stable
isotopes in water, Environ. Sci. Technol., 40(20), 6955-6960, 2007.

Mark, B. G. and Seltzer, G. O.: Tropical glacial meltwater contribution to stream discharge:
a case study in the Cordillera Blanca, Perd, J. Glaciol., 49(165), 271-281, 2003.

Mark, B. G., McKenzie, J. M., and Gomez, J.: Hydrochemical evaluation of changing glacier
meltwater contribution to stream discharge: Callejon de Huaylas, Peru, Hydrolog. Sci. J.,
50(6), 975-987, 2005.

Nash, J. E. and Sutcliffe, J. V.: River flow forecasting through conceptual models — Part 1:
A discussion of principles, J. Hydrol., 27(3), 282-290, 1970.

Pouyaud, B., Zapata, M., Yerren, J., Gomez, J., Rosas, G., Suarez, W., and Ribstein, P.: Avenir
des ressources en eau glaciaire de la Cordillere Blanche, Hydrolog. Sci. J., 50(6), 9991022,
2005.

Racoviteanu, A. E., Arnaud, Y., Williams, M. W., and Ordonez, J.: Decadal changes in glacier
parameters in the Cordillera Blanca, Peru, derived from remote sensing, J. Glaciol., 54, 186,
499-510, 2008.

Schaefli, B., Hingray, B., Niggli, M., and Musy, A.: A conceptual glacio-hydrological model for
high mountainous catchments, Hydrol. Earth Syst. Sci., 9, 95-109, doi:10.5194/hess-9-95-
2005, 2005.

Sicart, J. E, Hock, R., and Six, D.: Glacier melt, air temperature, and energy balance in different
climates: the Bolivian Tropics, the French Alps, and Northern Sweden, J. Geophys. Res.,
113, D24113, doi:10.1029/2008JD010406, 2008.

Silverio, W. and Jaquet, J. M.: Glacial cover mapping (1987-1996) of the Cordillera Blanca
(Peru), Remote Sens. Environ., 95, 342—-350, 2005.

Singh, P., Kumar, N., and Arora, M.: Degree-day factors for snow and ice for Dokriani Glacier,
Garhwal Himalayas, J. Hydrol., 235, 1—11, doi:10.1016/S0022-1694(00)00249-3, 2000.

Smith, C. A. and Sardeshmukh, P.: The Effect of ENSO on the intraseasonal variance of surface
temperature in winter, Int. J. Climatol., 20, 1543-1557, 2000.

Suarez, W., Chevallier, P., Pouyaud, B., and Lopez, P.: Modelling the water balance in the
glacierized Paron Lake basin (White Cordillera, Peru). Hydrolog. Sci. J., 53(1), 266277,
2008.

Vauchel, P.: HYDRACESS: Software for Management and processing of hydro-meteorological
data, www.mpl.ird.fr’hybam/outils/logiciels.htm, 2005.

902

Jadedq uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosig | Jeded uoissnosiqg

| 1adeq uoissnosiq

Jaded uoissnosiq

| 1adeq uoissnosiq
' M ! ! M M I

Jaded uoissnosiq

HESSD
8, 869-916, 2011

Modelling the
hydrologic role of
glaciers within a
Water

T. Condom et al.

| i

HESSD
8, 869-916, 2011

Modelling the
hydrologic role of
glaciers within a
Water

T. Condom et al.




10

15

20

Vergara W., Deeb, A., Valencia A. M., Bradley, R. S., Francou, B., Zarzar A., Grunwaldt, A.,
and Haeussling, M.: Economic impacts of rapid glacier retreat in the Andes, EOS T. Am.
Geophys. Un., 88(25), 261-268, 2007.

Vuille, M., Bradley, R. S., Werner, M., and Keimig, F.: 20th century climate change in the tropical
Andes: observations and model results, Climatic Change, 59(1-2), 75-99, 2003.

Vuille, M., Kaser, G., and Juen, |.: Glacier mass balance variability in the Cordillera Blanca,
Peru and its relationship with climate and the large-scale circulation, Global Planet. Change,
62(1-2), 14-28, doi:10.1016/j.gloplacha.2007.11.003, 2008a.

Vuille, M., Francou, B., Wagnon, P, Juen, |., Kaser, G., Mark, B., and Bradley, R.: Climate
change and tropical Andean glaciers: past, present and future, Earth-Sci. Rev., 89(3-4),
79-96, doi:10.1016/j.earscirev.2008.04.002, 2008b.

Winkler, M., Juen, I., Molg, T., Wagnon, P., Gémez, J., and Kaser, G.: Measured and mod-
elled sublimation on the tropical Glaciar Artesonraju, Peru, The Cryosphere, 3, 21-30,
doi:10.5194/tc-3-21-2009, 2009.

Yates, D.: WatBal: an integrated water balance model for climate impact assessment of river
basin runoff, Water Res. Devel., 12(2), 121-139, 1996.

Yates, D., Sieber, J., Purkey, D., and Huber-Lee, A.:. WEAP21 — a demand-, Opriority- and
preference-driven water planning model — Part 1: Model characteristics, Water Int., 30, 487—
500, 2005a.

Yates, D., Sieber, J., Purkey, D., and Huber-Lee, A.. WEAP21 — a demand-, priority-, and
preference-driven water planning model — Part 2: Aiding freshwater ecosystem service eval-
uation, Water Int., 30(4), 501-512, 2005b.

Zapata, M., Arnaud, Y., and Gallaire, R.: Inventario de glaciares de la Cordillera Blanca, 13th
IWRA World Water Congreso, 1-4 September, Montpellier, France, 2008.

903

Table 1. Altitude bands for the different sub-catchment and notification of the presence or
absence of glacier for each band. The spacing of altitude is accurate for the higher zone
(300 m) in order to report correctly the glacier behaviour.

Elevation Bands Low level (m a.s.l.) High level (m a.s.l.) Mid point (m) Spacing (m)
Land use 1 0 500 250 500
2 500 1200 850 700

3 1200 1900 1550 700

4 1900 2600 2250 700

5 2600 3100 2850 500

6 3100 3600 3350 500

7 3600 4000 3800 400

Land use and Glacier 8 4000 4400 4200 400
9 4400 4700 4550 300

10 4700 5000 4850 300

11 5000 5300 5150 300

Glacier 12 5300 5600 5450 300
13 5600 5900 5750 300

14 5900 6200 6050 300

15 6200 6500 6350 300

16 6500 6800 6650 300
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Table 2. Land uses parameters for the non glacial part and parameters values for the glacier
module for all the watersheds.
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Sub-watershed Period n RMSE BIAS E; Period n RMSE BIAS E; 8
1 - La Recreta 1969-1979 120 0.77 39% 0.63 1979-1989 120 0.87 44% 0.50 QP
2 — Pachacoto 1969-1979 120 0.43  -9% 064 1979-1989 120 043 -13% 055 o
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Table 4. Results for simulated and observed runoff, subterranean part and glacier part for the
calibration and the validation period (1969-1999). Station on the Santa River are shaded with
grey. DJF (December, January, February) — wet season; JJA (June, July, August) — dry season.
Groundwater outflow is the sum of simulated interflow and baseflow.

Sub-watershed

Area

Ice % area ice

DJF total  JJAtotal DJF ice

JUA ice

DJF

JJA  Glacier meltwater

Groundwater

Area in1970  Outflow  Outflow Outflow Outflow groundwater groundwater (snow-+ice) of part of annual
Outflow Outflow annual discharge discharge volume
km?  km® % m®s m®s % % % % % %
1-La Recreta 231 0.12 0.05 7.39 0.83 0.0 0.0 30.4 57.4 0.01 34
2 — Pachacoto 203 21.76 10.72 5.83 1.64 28.0 67.3 29.5 27.9 35 30
3 - Querococha 58 3.55 6.12 262 0.57 10.6 36.3 34.2 49.6 15 37
4 - Olleros 175 18.91 10.79 7.70 2.05 25.0 60.8 30.2 32.0 32 31
5 - Quillcay 245 4617 18.84 10.98 3.76 40.9 76.5 28.0 211 50 27
6 — Chancos 265 71.15 26.87 13.04 5.41 53.2 83.8 22,0 14.3 61 20
7 - Llanganuco 83 35.80 43.03 4.21 225 70.7 93.2 13.3 6.3 7 "
8 — Paron 31 20.00 64.02 1.95 1.00 739 93.4 10.4 5.6 79 "
9 - Artesoncocha 9 6.27 s * * * * * N * *
10 - Colcas 234  45.89 19.60 9.27 3.58 46.2 79.9 251 17.6 53 23
11 - Los Cedros 106 23.00 21.65 4.24 1.74 45.8 74.9 228 15.8 52 21
12 - Quitaracsa 310 14.13 4.56 12.51 3.58 11.9 30.2 252 252 15 25
13 - La Balsa 4696 420.77 8.96 129.69 38.70 30.8 68.0 33.9 28.3 38 33
14 - Corongo (Manta) 562 5.03 0.89 13.40 2.10 35 16.2 51.6 76.0 5 56
15 — Chuquicara 9540 44265 4.64 228.47 57.98 18.8 48.6 441 426 23 44
16 — Tablachaca (Condorcerro) 3179 1.66 0.05 56.61 9.09 0.1 0.1 66.8 97.5 0 7
17 - Puente Carretera 10776 443.00 411 247.30 70.04 17.8 45.7 446 43.2 25 40
907

Table 5. Simulated and observed data of glaciers evolution between 1970 and 1999.

Total Areas  1970* 1987 1999 % Change

(km?) 70-87  87-99 70-99
Simulated 507 411 391 -19% -5% —23%
Observed 507 396 387 —-22% -2% -24%

* Observed data error £25 km?

908

Jadedq uoissnaosiq | Jadedq uoissnosiq | Jeded uoissnosig | Jeded uoissnosiq

Jaded uoissnasiq | Jeded uoissnosig | Jededq uoissnosig | Jaded uoissnosiq

HESSD
8, 869-916, 2011

Modelling the
hydrologic role of
glaciers within a
Water

T. Condom et al.

HESSD
8, 869-916, 2011

Modelling the
hydrologic role of
glaciers within a
Water

T. Condom et al.

IMII
1Ak




77"39'0”W

8°0'0"S

8°30'0"S

9°0'0"S
Pacific Ocean

Legend

9°30'0"S

¥ Cites

Rivers

10°0'0"S

20 10 0 20

Weather stations

®  Gauging stations

[ -

| s oo

9°300°"S 9°00'S 8°300°S 8°00"S

10°00"S

78°300"W

Fig. 1. Study area with the delimitation of the watersheds, the position of the modern glaciers,
the cities, the principal rivers, the weather stations, the gauging stations. The numbers indicate
each sub-watershed : 1 —La Recreta; 2 — Pachacoto. 3 — Querococha; 4 — Olleros; 5 — Quillcay;
6 — Chancos; 7 — Llanganuco; 8 — Paron ; 9 — Artesoncocha; 10 — Colcas; 11 — Los Cedros;
12 — Quitaracsa ; 13 — La Balsa; 14 — Corongo (Manta); 15 — Chuquicara; 16 — Condorcerro

(Tablachaca) ; 17 — Puente Carretera.

Fig. 2. Schematic of a subwatershed with glacier, dividing each elevation band, /, into either

78°00'W,
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a glaciated (j=1) or non-glaciated (j=2) portion.
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Fig. 3. Evolution of the glacier extension between the 3 periods 1970, 1987 and 2006 (with

a zoom on the Huascaran Massif).
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Fig. 4. Outflow at Artesoncocha gauge station: comparison between observed and simulated
values between September 2001 and August 2005, Pearson correlation of observed and simu-

lated values: R?=0.7p<0.01.
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Fig. 5. (A) Correspondence between, simulated (continuous think line) and observed (discon-
tinuous thick line) stream flow at Balsa gauge station between September 1969—August 1997
the lowest pour point before the Canon del Pato hydroelectric facility, which includes the aggre-
gated response of most glaciated subwatersheds in the Rio Santa basin. Pearson correlation
of observed and simulated values: R2=0.74p50.01 . (B) Interannual variability of simulated and
observed streamflow at La Balsa gauge station between the hydrologic years 1969/1970 and
1996-1997. Distribution of the Nifio and Nifa events (Smith et al., 2000).
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Fig. 6. Mid-mensual calculated and simulated streamflows of 3 subwatersheds

((A) Chuquicara, (B) La Balsa and (C) Quillcay) during the period 1969—1998. For each calcu-
lated sub-watershed streamflow are indicated the total streamflow (continuous grey line), the
glacial part (dash line) and the groundwater part (black dash lines).
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Fig. 7. Scatter plot graph with observed versus simulated glacier areas for the two periods

(1987 and 1998).
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Fig. 8. A. Monthly average streamflow calculated through the Cafion del Pato diversion in 1998.
Maximum flow diversion (gray line) is compared to flow diversion in 1998 (black line) and to the
average flows in the Rio Santa at the point of diversion of La Balsa for the modelling period
1969-1998 (dotted line).
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