Open Journal of Modern Hydrology, 2014, 4, 27-43 ’0:0 Scientific
Published Online April 2014 in SciRes. http://www.scirp.org/journal/ojmh ’02:0 Research
http://dx.doi.org/10.4236/0imh.2014.42003

Estimation of Glacier Melt Water
Contribution for Human Consumption
in the Royal Andes Considering
Temperature Measurement Errors

V. Moya Quiroga?’, A. Mano?, Y. Asaokal, K. Udoz, S. Kure?, J. Mendoza3

'Graduate School of Engineering, Tohoku University, Sendai, Japan

’International Research Institute of Disaster Science, Tohoku University, Sendai, Japan
*Instituto de Hidraulica e Hidrologia, Universidad Mayor de San Andres, La Paz, Bolivia
Email: ‘moyav@potentiall.civil.tohoku.ac.jp, vladyman@hotmail.co.uk

Received 10 December 2013; revised 10 January 2014; accepted 17 January 2014

Copyright © 2014 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).

Abstract

Glaciers from the West side of the Royal Andes are an important source of fresh water for some of
the most important Bolivian cities like El Alto. Temperature is an important datum for hydrologi-
cal modelling and for glacier melt estimation. All temperature measurement devices have some
degree of uncertainty due to systematic errors; thus, any temperature measurement has some er-
rors. It is important to estimate the influence of such errors on the results from hydrological mod-
els and the estimation of melt water. The present study estimates the melt water contribution
from the glaciers Tuni and Huayna West as a source of water supply for human consumption of El
Alto considering the errors from temperature measurements. The hydrologic response of the ba-
sins was simulated with a hydrologic model. The glacier melt contribution was estimated as the
difference between the discharge from the current scenario (with glaciers) and the discharge from
a scenario without glaciers. Several volumes of melt water were estimated considering the tem-
perature measurement and its possible errors. The uncertainty of such melt water volume was
addressed by performing a Monte Carlo analysis of the possible melt water. The melt water con-
tribution from glacier Tuni and Huayna West during the hydrologic year 2011-2012 was between
1.37 x 10 m3 and 1.72 x 106 m3. Such water volume is enough to meet the yearly water demand of
between 6.81% and 8.55% of El Alto.
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1. Introduction

Glaciers are an important source of freshwater in the mountainous river basins of the Andes. For example, in the
Bolivian Altiplano important populated cities like EI Alto (68.2°W, 16.5°S) developed above 4000 meters above
sea level (m. a. s. |.) and close to glacier areas. The city of EI Alto relies on water from glacierized basins. Water
is so valuable that El Alto people is decided to do any sacrifice in order to defend their right to water, as already
happened in previous years when El Alto defied one of the largest water multinationals in the water world [1].
Unfortunately, glacier retreat was reported all around the world [2]-[4]. Changing hydrological conditions due to
glacier retreat will affect water supply, economic activities and the environmental equilibrium [5]. Thus, the
long term availability of water in El Alto is sensitive to climate variability and glacier retreat. Therefore, it is
important to assess the impact of climate change and glacier retreat on the hydrology and water resources of the
basins that supply water for EI Alto. One important step for such goal is the estimation of melt water contribu-
tion to the total discharge.

One approach for analyzing the impact of climate change and glacier retreat on the water resources of glacie-
rized basins is the use of hydrological models and comparing the hydrological simulation of current conditions
with the hydrological simulation of future conditions without glaciers [6]-[8]. One important datum for such
models is temperature. Usually temperature is obtained from field measurements. Nevertheless, temperature
measurements are affected by systematic errors of the equipment that should be considered [9]-[12]. Consider-
ing that Andean glaciers are particularly sensitive to temperature changes [13], such temperature errors may be
an important source of uncertainty.

In the present study, we aim to estimate the glacier melt water contribution from the Tuni and Huayna West
glaciers as a source of water supply for the human consumption of El Alto during the hydrological year 2011-
2012; unlike traditional analysis that consider the measured temperature as the true value, the present study con-
siders the systematic errors of the temperature measurements and quantifies the melt water contribution consi-
dering the whole range of possible true temperature values. The melt water contribution was estimated by simu-
lating the hydrological response of the basins under the current condition (with glaciers) and the hydrological
response of the basins under a future scenario without glaciers. The uncertainty of the possible volumes of melt
water contribution due to temperature errors was addressed by performing a Monte Carlo analysis of the possi-
ble melt water volumes. Section 2 provides a short description of the study area and the meteorological equip-
ment. Section 3 describes the methodology; the hydrological model that was used, the parameterization of tem-
perature measurement errors and the Monte Carlo analysis. Section 4 presents the main results. Section 5 pre-
sents the conclusions.

2. Study Area

The present study analyses the melt water contribution of the basins Tuni and Huayna West. The study area is
located in the Bolivian Altiplano some 25 km North of El Alto. The study area is within the Capricorn tropic.
The wet season is coincident with the austral summer (October to March) when the inter-tropical convergence
zone (ITCZ) oscillates over the Bolivian Amazonia; on the other hand, the dry season is coincident with the aus-
tral winter (April to September), characterized by air stability and lower availability of water vapor [14]. The
hydrological year is from September to October. This is a mountainous region with elevations ranging from
4500m.a.s.l. to 6000 m.a.s.l. The study area is divided into three basins: Tuni, Condoriri and Huayna West. The
basins are composed by glacierized areas, bare ground areas and wetlands areas. The basins are located in the
West side of the Royal Cordillera in the Bolivian Andes. The Royal Cordillera separates the cold dry Altiplano
in the West from the warm wet Amazonian basin in the East. The discharge from the basins flows towards the
Tuni reservoir that has a capacity of 21.55 x 10° m®. The Tuni reservoir is one of the most important water
supply reservoirs for the city of EI Alto. Besides, the discharge from the basins is important for the ecologic
equilibrium of the wetlands. The basins are being studied by the Glacier Retreat impact Assessment and Nation-
al policy Development (GRANDE) project since 2011.

The present study considered the basins Huayna West and Tuni. The Condoriri basin was not considered be-
cause of the reservoir effect of the ChiarKhotalake which is part of a separate analysis. In July 2011 the
GRANDE project installed meteorological stations equipped with a HOBO-U30 data logger. The stations record
automatically every 10 minutes several meteorological data such as precipitation, solar radiation, wind velocity
or relative humidity. Precipitation is measured with a HOBO Pendant Event data logger integrated into a tip-
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ping-bucket rain gauge (TBRG) with an upper orifice of 15.24 cm diameter, a tip resolution of 0.2 mm and a
time resolution of 10 minutes; both resolutions are within the suggested ranges for this kind of RG [15]. Wind
speed is measured with a HOBO wind speed smart sensor using a three cup anemometer. It measures wind
speed in a range between 0.0 m s ! and 45.0 m s . It reports the average wind speed every 10 minutes. The
TBRG were installed at the same level as the anemometers. Temperature is measured using a HOBO tempera-
ture smart sensor with a measurement range between —40°C and 75°C and a resolution of 0.02°C. The stations
were installed in the basins Huayna West and Condoriri. Due to the closeness of the Tuni basin and the Condo-
riri basin, the data from the Condoriri stations was assumed as representative for the Tuni basin. Besides the
meteorological stations, three weir gauging stations were installed; one in each basin. The data from the weir
gauging stations and the meteorological stations was processed and expressed at hourly data. Table 1 shows the
areal distribution of each basin considering the weir stations as the outlet of the respective basin. Figure 1 shows
the study area.

3. Methodology

The melt water contribution was estimated by simulating the hydrological response of the basins considering

two scenarios: one current scenario with glaciers (HG) and one scenario without glaciers (HNG). The present

study used the hydrological model Supertank. The model was calibrated under the current condition (with glaci-

ers) for the hydrological year 2011-2012 and considering the temperature measurements. Then, the hydrological

simulation was performed assuming a scenario without glaciers. Then, the whole range of possible temperature

measurements errors was estimated according to the specifications of the equipment. The uncertainty due to the

possible temperature errors was addressed by performing a Monte Carlo (MC) analysis:

e The temperature measurements were corrected by sampling one random possible temperature error.

e Then, a hydrological simulation was performed considering the scenario with glaciers and the corrected
temperature (HGCT).

e The melt water contribution according to that simulation was estimated as the difference between the water

volume from HGCT and the water volume from HNG.

Then, temperature measurements were corrected by sampling another random possible error.

Then, a new hydrological simulation was performed considering such error (HGCT + 1).

The melt water contribution according to the new simulation HGCT + 1 was then estimated.

The last three steps were repeated until MC analysis reached convergence in the melt water mean volume

and the melt water volume standard deviation.

e Then, the melt water contribution was estimated considering the 95% and 5% confidence intervals.

3.1. Hydrological Model

The present study used the hydrological model Supertank which has been applied to other hydrological studies
[16] [17]. This is a conceptual semi-distributed model. The basin is semi-distributed as described by [18]; every
river cell is considered as the outlet of a sub-basin composed by all the grid cells upstream of such river cell.
Every sub-basin grid cell is simulated based on the tank concept [19] improved by including physical base fea-
tures [20]; every grid cell consists of three vertical tanks and the uncertainties are transferred into one calibration
coefficient. Then, the discharge is routed throughout the basin to the outlet with a kinematic wave routing
scheme.

The super tank model considers different hydrological response for different ground types: bare ground, im-
poundments and glacier [21]. In the bare ground cells the actual evapotranspiration is extracted from the top
tank as a function of the potential evapotranspiration and the water available at such tank, similar to the method

Table 1. Areal distribution of the basins Tuni and Huayna West.

Basin Tuni Huayna West
Total area [km?] 9.34 13.91
Bare ground [km?] 7.31 4.95
Wetland [km?] 1.62 7.02
Glacier [km?] 0.41 1.94
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Figure 1. Study area located in the West side of the Bolivian Royal Andes. The Bolivian Royal Andes separate the warm
wet Amazon on the East and the dry cold Altiplano on the West. The discharge from the basins flows towards the Tuni
reservoir. Water stored at the Tuni reservoir is used for human water supply.

proposed by [22]. The conversion relation between potential evapotranspiration (PET) and actual evapotranspi-
ration (AET) requires a welting point threshold and a field capacity threshold. The wilting point and the field
capacity threshold were expressed as a saturation percentage of the soil. The field capacity and the wilting point
were assumed as 46% and 20% respectively, as they are typical values suggested for clay soils [23]. In the wet-
land cells the AET extracts water from the bottom tank. AET from wetland cells is equal to the PET since any
water deficit is replaced by water from the saturated zone [24]. The glacier cells do not consider evaporation
since sublimation influences the mass balance, but not the hydrologic response of the cell. The discharge from
glacier cells is separated into a fast englacial flow from surface, delayed englacial flow and a subglacial flow
[25]. Thus, the linear cascade of 3 vertical tanks is also applied, but with a correction factor accounting for dif-
ferent hydraulic conductivity. Figure 2 shows the linear cascade of the three vertical tanks. Due to the lack of
vegetation there is no interception on the bare ground cells. It is important to note that the model assumed that
land cover does not change during the simulation, i.e., the area covered by glacier remains constant. The dy-
namic glacier evolution process will be covered by further research. The Supertank model requires two kinds of
data: meteorological data and geographical data.

3.1.1. Meteorological Data

This data refers to the external meteorological conditions of the basin. It consists of time series data of precipita-

tion, glacier melting and potential evapotranspiration. Precipitation was obtained from the tipping bucket rain

gauges. The wind induced errors of the precipitation measurements were corrected according to the World Me-

teorological Organization [26]. However, such measurements are point ones. The spatial distribution of precipi-

tation was obtained by considering that precipitation increases with elevation at a rate of 0.24 mm m™ [27].
Glacier ablation was obtained considering the energy balance method [28] [29].

Qu = SWI —SWO +LWI - LWO +Q,, +Q, +Q, @)

where Qy, is the energy flux available for ablation (W m?), SWI is the incoming short wave radiation (W m™?),
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Figure 2. Schematization of the vertical cascade of tanks of the Supertank model.

LWI is the incoming long wave radiation (LWR) (W m?), SWO is the outgoing short wave radiation (W m™?),
LWO is the outgoing LWR (W m™?), Qy is the sensible heat flux (W m2), Q_ is the latent heat flux (W m2), and
Q, are other minor heat fluxes like rain (W m2). Since the energy from Q, is small compared to the other
sources of energy, it was neglected. The turbulent and sensible heat fluxes were estimated according to the bulk
aerodynamic approach. Sensible heat flux was calculated according to:

pPu (T —To)
PO In (Z/Zow)ln (Z/Zol)

where C,, is the specific heat air at constant pressure (1010 J/kg K), k is the Von Karman constant (0.41), p is the
air density (1.29 kg/m®), P is the atmospheric pressure (Pa), u is the wind speed (m/s), P, is the standard atmos-
pheric pressure (101325 Pa), Z is the instrument height (m), Z,, is the roughness for wind logarithmic profile
(m), Zy is the roughness for temperature logarithmic profile (m), T is the local temperature (K), Ty is the freez-
ing temperature (273.15 K). The latent heat flux was calculated according to:

pu (ez —Cice )
where L is the latent heat flux of evaporation or sublimation (kJ/kg), e, is the vapour pressure at 2 m (Pa), €jc iS

O,

Qu =C,K

@

Q, =0.623Lk? 3)
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the vapour pressure at melting surface (Pa), Zq. is the roughness parameter (m). The roughness coefficients were
assumed as Zye = Zot = Zowl10; Z,=10 mm [30].

The total energy available for ablation was converted into its water equivalent by considering the latent heat
of fusion (334 kJ/kg) in the case of melting or the latent heat of sublimation (2838 kJ/kg) in the case of sublima-
tion. It is important to differentiate melting from sublimation because melting glacier enters the basin as water;
on the other hand, sublimation does not enter the basin and goes directly to the atmosphere. Energy is used for
sublimation when latent heat flux is negative [31]. The sign of such flux is defined by the vapour pressure at 2 m
and the vapour pressure at melting ice surface. VVapour pressure at 2 m was estimated by [32]:

e, =0.6108exp 1.2 RH 4)
T+273.3)100
The vapour pressure of melting ice was computed by [33]:
B = EXP (9.550426 _ 5723265 +3.53068In (T, ) —0.00728332T, j (5)
0

where Ty is the freezing temperature (0°C) in Kelvin degrees (273.15 K). Thus, the vapour pressure of melting
ice is 611.15 Pa. Any meteorological conditions of temperature and relative humidity that result in a vapour
pressure lower than 611.15 Pa will produce sublimation.

Potential evapotranspiration was obtained according to the Priestley-Taylor method [34].

= (R,-G) (6)

A+y

where R, is the solar radiation(W m?), G is the ground flux(W m2), G is the slope of saturation vapour pressure

[kPa °C™"], A is the psychrometric constant [kPa °C™'], y is the coefficient that relates the aerodynamic evapora-

tion as a percentage of the radiative evaporation (1.74). Ground flux was assumed as percentage of the net radia-
tion [35]. y is given by:

PET =«

7 =0.000665P 7

where P is the atmospheric pressure (kPa). The value of A is given by:

4098| 0.6018expexp _Lrarm
T+273.15

A= 2
(T +273.15)

(8)
where T is the air temperature (°C).

3.1.2. Geographical Data

It consists on the data representing the landforms and physical characteristics of each basin. This data is used for
the semi distribution of the model. It consists of different raster files. The respective raster files were obtained
using a digital elevation model (DEM) from the ASTER mission. The DEM was processed with the TauDEM
algorithm implemented in the GIS software MAPWINDOWS [36].

Other important raster file is the one defining the land cover of the grid cells. This file was obtained by proc-
essing remote sensing data from the Advanced Visible and Near Infrared Radiometer type 2 sensor (AVNIR-2)
of the Advanced Land Observation Satellite (ALOS). The ALOS AVNIR-2 images were processed using the
multispectral image data analysis system software [37]. Figure 3 shows the raster maps used in the present
study.

The only geographical data that was not obtained from the rasters is the hydraulic conductivity. Hydraulic
conductivity was obtained from field measurements using the minidisk infiltrometer [38]. The assumed hydrau-
lic conductivity was 0.04 cm h ™.

3.2. Modelling

The model was calibrated at the Tuni basin considering the hydrological year 2011-2012. Then, the model was
validated at the Tuni basin for the hydrologic year 2012-2013 and at the Huayna West basin for the hydrologic

O,
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Figure 3. Rasters used for the hydrological simulation of the basins Tuni and Huayna West. Such rasters are used for the
semi-distribution of the model.

year 2011-2012 (Table 2). The performance of the model was evaluated according to the Nash Sutcliffe Effi-
ciency (NSE), root mean square error ratio (RSR), percentage bias (BIAS) and correlation coefficient(CC)
[39]-[41]. NSE is calculated by:

z:(Qobs,l _Qsim,l )2
Z; (Qobs,l - Qav )2

where Qqps is the observed discharge [m® s7] at time step I, Qsn, is the simulated discharge at time step | and
Q. is the average discharge [m®s™'].
RSR is calculated by:

NSE =1- ©)

- \/Zln:l(QObSJ = Quin, )2

RSR = (10)

VS (Quer ~Qu )

The BIAS is calculated by:

zrzl(Qobs,l = Qqim ) *100
Zln:1(Qobs,| )

BIAS = (11)

The CC is calculated by:

CC = Zrzl(Qobsvl -Q,, )(Qsim,l _Qsav)
V0 (Quet = Q) V] (Qun ~ Q)

where Q. is the average simulated discharge (m*s™).

In order to have an evaluation of the glacier melt water, two scenarios were modelled and compared: one cur-
rent scenario including glaciers and one hypothetical scenario without glaciers. For the scenario without glaciers,
all the glacier cells were assumed as bare ground cells. The meteorological conditions of both scenarios were the
same. The total volume of water discharge from the simulation without glacier (VNG) was estimated:

O,

(12)
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Table 2. Simulation periods used for simulating the basins Tuni and Huayna West.

Basin Begin End Observation

Tuni 01/09/2011 31/08/2012 Calibration

Tuni 01/09/2012 10/07/2013 Validation

Huayna West 01/09/2011 31/08/2012 Validation
VNG =>"" Q s *3600 (13)

The melt water contribution of both basins during the hydrological year 2011-2012was estimated.

3.3. Temperature Uncertainty

The present study considered temperature measurements from a HOBO temperature smart sensor. This sensor
has a measurement range between —40°C and 75°C with a resolution of 0.02°C. The accuracy of the sensor var-
ies with temperature [11] and the possible temperature measurement errors are estimated by:

t _{i(O.Zl"C—0.00Stm) if t, <0°C

= . (14)
+0.21 if 0°C <t <30°C

e

where t,, is the measured temperature ("C) and t is the error of the measured temperature (°C). Then, the real but
unknown temperature can be expressed by the corrected temperature t. (*C):

t=t, +t, (15)

The uncertainty induced by temperature was addressed by performing a Monte Carlo (MC) analysis. The MC
analysis was performed by running the hydrological model s multiple times considering different values of tem-
perature. Then, the total cumulated discharge of each simulation was calculated:

ve=3" Q%3600 (16)

where V* is the total water volume from the simulation s, Q;® is the hourly discharge at time step i of the simula-
tion s and n is the total number of time steps. The melt water contribution from simulation s (MV®) was esti-
mated as the difference between the cumulated discharge with glaciers (V°) and the cumulated discharge without
glaciers (VNG).
MV*® =V*® -VNG 17)
The MC analysis included a convergence analysis considering the variation of the mean and standard devia-
tion as the number of iterations increases [42] [43].

MMV, = %Z::l MV ® (18)

MSD, = \/%Z'S‘_l(mvs ~MMY, ) (19)

where MMV, and MSDy are the mean and standard deviation of the melt water up to the K" run. Then, the hy-
drological simulations from the confidence levels of 95% and 5% were selected as the upper and lower confi-
dence estimations respectively. The melt water was then estimated as the difference between the volume from
the simulation with glaciers and the volume from the simulation without glaciers.

4. Results

4.1. Hydrological Model Calibration

The hydrological model Supertank was initially applied to the Tuni basin for the hydrological year 2011-2012.
Once it was satisfactorily calibrated it was validated at the Tuni basin for the hydrological year 2012-2013 and
at the Huayna West basin for the hydrological year 2011-2012. The Supertank model was calibrated considering
the measured temperature. Table 3 shows the parameters of the calibrated model. Table 4 shows the perfor-
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mance of the model. Figure 4 shows the observed and simulated hydrographs for the calibration period. Figure
5 and Figure 6 show the observed and simulated hydrographs at the Tuni basin and the Huayna West basin for
the verification periods.

4.2. Temperature Errors

Figure 7 shows the maximum possible temperature measurement errors for both basins. In both stations the er-
rors during winter are higher than the errors during summer. Between November and March, the errors at the
Condoriri station are almost constant of £0.21°C. On the other hand, the errors for those same months at the
Huayna West station are quite higher, with more errors higher than £0.21°C.

The hydrological model was applied to the basins Tuni and Huayna West considering the possible errors due
to temperature measurements. The uncertainties of the temperature errors were addressed by applying a MC
analysis. The melt water contribution was estimated considering the temperature measurements and the possible
errors. The temperature measurement errors were sampled according to a uniform distribution considering the
whole range of possible errors. The average cumulated discharge and standard deviation of the cumulated dis-
charge are stable after 1500 iterations in the case of Tuni (Figure 8) and after 1000 iterations in the case of
Huayna West (Figure 9). Thus, 1500 iterations is a reasonable number of simulations that provides reliable re-
sults.

4.3. Glacier Melt Water

Figure 10 shows the monthly melt water contribution for the hydrological year 2011-2012 considering the 5%
and 95% confidence intervals for the basins Tuni and Huayna West. Although the winter months have the high-
est errors, the highest uncertainty in melt water contribution occurs during the summer months (wet season). The
yearly melt water contribution from the Tuni and Huayna West basins during the hydrological year 2011-2012
was between 1.37 x 10° m® and 1.72 x 10° m® (Table 5). Comparing with the total observed discharge, the total
melt water contribution accounts for about 13.45% of the total discharge (5% confidence) and 17.01% of the to-
tal discharge (95% confidence).

Table 3. Parameters of the calibrated Supertank model.

Parameter Value Note
Ax [m] 30 Grid cell
At [h] 1 Time step
C 1 Correction coefficient
In [m] 0 Interception
Cg 0.5 Correction for glacier
k [cm s-1] 0.004 Hydraulic conductivity
H1 [m] 1 Capacity of tank 1
H2 [m] 0.5 Capacity of tank 2
H3 [m] 7 Capacity of tank 3
hl, 05 Initial content of tank 1
h2, 0.01 Initial content of tank 2
h3p 35 Initial content of tank 3
n 0.035 Roughness coefficient

Table 4. Performance evaluation of the hydrological model for the basins Tuni and Huayna West.

Basin Tuni Tuni Huayna West Performance
Year 2011-2012 2012-2013 2011-2012
NSE 0.65 0.80 0.61 >0.5 satisfactory [39]
BIAS —5.88 -9.8 5.98 <25% Satisfactory; <10% Very good [39]
RSR 0.59 0.44 0.61 <0.7 Satisfactory [39]
cC 0.63 0.71 0.68 >0.5 Acceptable [41]

©,
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Figure 4. Observed and simulated discharge of the Tuni basin
for the hydrologic year 2011-2012.

4.4. General Discussion

According to the parameterization of the systematic errors, temperatures lower than 0°C have higher errors than
temperatures above 0°C. For this reason, in both basins the highest temperature errors occur during the dry sea-
son months (between April and September) which is coincident with the winter. During the winter months the
freezing temperatures below zero occur more often. Figure 11 shows that during winter 40% of the temperature
measurements from the Huayna West station are below 0°C and 30% of the temperature measurements from the
Condoriri station are below 0°C. On the other hand during summer months the occurrence of freezing tempera-
tures is lower than 5%. The measurement errors at the Huayna West station are higher than the errors at the
Condoriri station. This is because the Huayna West station is located at higher elevation and has lower tempera-
tures than the Condoriri station. Thus, temperature measurement devices installed at higher elevations are prone
to higher errors.

Although temperature errors are higher during winter, uncertainties related to melt water contribution are
higher during summer. This is because during winter most of the ablation is due to sublimation [44] which goes
to the atmosphere. Thus, the total amount of melt water during winter is minimum.

The melt water contributed from glaciers is higher during the wet season, which is coincident with the austral
summer. 87% of Tuni melt water contribution occurs during the wet season (October to March) and 81% of the
Huayna West melt water contribution occurs during the wet season. It is important to remember that the seaso-
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Figure 5. Observed and simulated discharge of the Tuni basin
for the hydro- logic year 2012-2013.

nality of the area is defined not by temperature cycles, but by hygric conditions [45] defined by the seasonal os-
cillation of the inter-tropical convergence zone (ITCZ). During the austral winter the ITCZ is north and the
study area has a clod dry season; but during the austral summer the ITCZ is south. During the summer months
the ITCZ oscillates over the Bolivian Amazonia coincident with the eastern inter-tropical flux that brings water
vapor from the so called Amazon Ocean [14]. Thus, the wet season coincides with the eastern inter-tropical flux
that brings water vapor from the Atlantic [46]. For this reason the relative humidity during summer is much
higher than the relative humidity during winter. This higher relative humidity influences the amount of energy
used for melting. Melting occurs when the vapor pressure is higher that the vapor pressure at melting surface
[31]. Water pressure in turn depends on temperature and relative humidity. The small temperature variation of
tropical latitudes leads to small increments of water pressure; thus, temperature increase does not increase the
energy used for melting. On the other hand, the higher relative humidity of the wet season will lead to higher in-
crements in the vapor pressure; thus, there is more energy used for melting.

The total melt water contribution for the hydrological year 2011-2012 was between 13.45% and 17.01% of
the total discharge. The comparison of such contribution with contributions from other tropical glaciers is quite
difficult, because there are few studies to compare and the high variability of melt water contribution. One trop-
ical glacierized basin with a similar degree of glaciation is the Rio Santa in the Cordillera Blanca (Peru) which is
about 10% glacierized (in the present study the glacier area is about 10.1% of the total area). Studies from the
Rio Santa showed a high variability of the melt water contribution. The melt water contribution from Rio Santa

O,
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during the hydrological period 1998-1999 was between 12% and 20% [47]; but the melt water contribution for
the hydrological period 2001-2004 was between 30% and 40% [48]. For the same periods and the same river
(Rio Santa), other studies [49] estimated the melt water to be between 16.5% and 20.1%. The melt water contri-
bution from the present study is similar to the mentioned ranges (Table 6). Nevertheless, the present estimation
seems a low one compared with estimation of the Rio Santa for the period 2001-2004. Such difference may be
due to the fact that Rio Santa is located in the inner tropics where the melting is constant throughout the year,
while the present study is located in the outer tropics where melting occurs mainly during the wet season [13].

Unlike other tropical glacier studies that estimated melt water contribution, the melt water contribution from
the present study is directly related to the human consumption of a big city (EI Alto). Thus, it is also important
to express the melt water contribution related to human consumption (Table 7). Considering the population of
El Alto (1182319 habitants) and that the estimated water demand of El Alto is about 46.7 | habitant * day* [50],
the melt water contributed by the Tuni-Huayna West glaciers is equivalent to the yearly demand of 6.81% to
8.55% of the city of El Alto (between 80497 habitants and 101148 habitants respectively).

5. Conclusions

The present study analyzed the melt water contribution from the Glaciers Tuni and Huayna West to their respec-
tive basins considering the systematic errors of the temperature measurements. Melt water contribution from the
Tuni and Huayna West glaciers was estimated for the hydrologic year 2011-2012.
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Figure 7. Errors from the temperature measurements from the Condoriri station (a) and the Huayna West station (b).
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Figure 8. Convergence of the Monte Carlo analysis applied to the Tuni basin. a) The average melt water volume converges
to stability after 1000 iteration. b) The standard deviation converges to stability after 1000 iteration.
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Figure 9. Convergence of the Monte Carlo analysis applied to the Huayna West basin. a) The average melt water volume
converges to stability after 1500 iteration. b) The standard deviation converges to stability after 1000 iteration.

The hydrological model Supertank was satisfactorily applied to the basins Tuni and Huayna West. Then, the
hydrological model was applied considering a scenario without glaciers. The melt water contribution was esti-
mated as the difference between those scenarios.

The temperature measurement errors are higher during freezing temperatures. Thus, the temperature mea-
surements from winter months have higher errors. Temperature measurements from higher elevations (lower
temperatures) are expected to have higher errors.

Most of the melt water contribution occurs during the wet season months (October to March). 87% of melt
water from Tuni glacier occurs during the wet season and 81% of the melt water contribution from the Huayna
West glacier occurs during the wet season.

Although temperature measurement errors are higher during the dry season, the melt water contribution un-
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Figure 10. Monthly melt water contribution from the Tuni glacier (a) and the Huayna west glacier (b).

Table 5. Melt water contribution from the glaciers Tuni and Huayna West for the hydrological year 2011-2012 considering
confidence level of 5% (CL5) and 95% (CL95). The contribution is expressed in terms of water volume and water
percentage from the total discharge.

Basin CL5 [m?] CL95 [m?] CL5 [%] CL95 [%]
Tuni 0.53 x 10° 0.62 x 10° 13.96 16.33
Huayna West 0.83 x 10° 1.10 x 10° 13.04 17.28
Total 1.37 x 10° 1.72 x 10° 13.45 17.01
12 a) Winter months 12

b) Summer months
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Figure 11. Probability curve of the temperature measurements from the Condoriri station and the Huayna West station for
the winter months (a) and the summer months (b).

Table 6. Comparisson of melt water contribution from the present study with the melt water contribution estimated at the
Rio Santa by other studies.

Location Period Melt water contribution [%)] Source

Rio Santa 1998-1999 12-20 [47]

Rio Santa 2001-2004 30-40 [48]

Rio Santa 1998-1999 16.5-20.10 [49]

Rio Santa 2001-2004 16.5-20.10 [49]
Tuni-Huayna West 2011-2012 13.45-17.01 Present study

Table 7. Melt water contribution from the glaciers Tuni and Huayna West for the hydrological year 2011-2012 considering
confidence levels of 5% and 95%. The melt water volume is expressed in volume, in percentage from the total discharge,
percentage of El Alto water demand (EAWD) and equivalent EI Alto population (EAP).

Confidence Volume [m?] Total discharge [%] EAWD [%] EAP [hab]
5% 1.37 x 10° 13.45 6.81 80497
95% 1.72 x 10° 17.01 8.55 101148
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certainties due to temperature measurement errors are higher during the wet season. This is because during the
dry season the total melting is reduced to its minimum.

The melt water contribution from the Tuni and Huayna West glaciers during the hydrological year 2011-2012
was between 1.37 x 10° m? (for a 95% confidence) and 1.72 x 10° m* (for a 5% confidence). Such volumes are
equivalent to 13.45% and 17.01% of the total discharge.

The melt water contribution from the Tuni and Huayna West glaciers during the hydrologic year 2011-2012
was equivalent to the yearly water demand of 6.81% to 8.55% of El Alto (Bolivia). Those percentages are
equivalent to 80497 habitants and 101148 habitants respectively.
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