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ABSTRACT. The supply of glacier water to La Paz city, Bolivia, between 1963 and 2006 was assessed at
annual and seasonal timescales based on the mass-balance quantification of 70 glaciers located within
the drainage basins of La Paz. Glaciers contributed ~15% of water resources at an annual scale (14%
in the wet season, 27% in the dry season). Uncertainties in our estimation are related to the assumed
constant precipitation (~0.5% for ice-free areas and up to 6.5% for glaciated areas), the constant
runoff coefficient (~1%), the surface areas of the glaciers and catchments (~5%) and the mean mass-
balance uncertainty of the 21 glaciers used to obtain the mass balance of the 70 glaciers (12% of the
total discharge). Despite the loss of 50% of the glacierized area during the study period, runoff at La
Paz did not change significantly, showing that increase in ice melt rates compensated for reduction in
the surface area of the glaciers. In the future, assuming complete disappearance of the glaciers and no
change in precipitation, runoff should diminish by ~12% at an annual scale, 9% during the wet season

and 24% during the dry season.
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1. INTRODUCTION

Glacier mass balance is a valuable indicator of climate
change over the past century (Stocker and others, 2013).
Tropical glaciers are very sensitive and respond rapidly to
climate fluctuations, mainly due to their relatively small size
(Rabatel and others, 2006, 2013; Soruco and others, 2009a),
the strong atmosphere—surface-energy exchanges at low
latitudes (Francou and others, 2000), and tropical climate
conditions that maintain the lower reaches of glaciers in
almost permanent ablation conditions all year round. As a
result, small changes in temperature and precipitation
strongly impact the glacier mass balance. In a recent review
of glaciological surveys in the tropical Andes, Rabatel and
others (2013) show that glacier shrinkage has accelerated in
recent decades in response to climate change and, in
particular, increasing temperatures. In addition to the
importance of tropical glaciers as climate indicators at high
altitudes in the tropics, it is widely accepted that these
glaciers are crucial water resources for high-altitude inhab-
ited areas, especially during the dry season (e.g. Ribstein
and others, 1995; Coudrain and others, 2005; Vergara and
others, 2007; Kinouchi and others, 2013; Rangecroft and
others, 2013). However, only a few studies have focused on
the real contribution of glaciers to the water resources of
large cities in the Andean region (e.g. Mark and Seltzer,
2003; Vergara and others, 2007; Gascoin and others, 2011;
Baraer and others, 2012; Buytaert and De Bievre, 2012).
More specifically, assessing the contribution of glaciers to
the supply of water to La Paz and El Alto cities is essential for
future water management in Bolivia (Buytaert and De Biévre,
2012). Indeed, the population of La Paz and El Alto is
increasing (2 million inhabitants in 2012), while the

surrounding glaciers have lost mass continuously since the
late 1970s (Soruco and others, 2009a; Liu and others, 2013;
Rabatel and others, 2013), particularly during El Nifio events
(Wagnon and others, 2001). In addition, general circulation
models point to maximum temperature increases at high
altitudes in the tropical Andes in the future (Bradley and
others, 2006). Vergara and others (2007) estimated the
contribution of glaciers to the water resources of La Paz city
at 30-40%, but they did not use mass-balance data from
glaciers located in the La Paz drainage basin. Decadal
changes in glacier volume estimated from differences in
digital elevation models (DEMs) (the so-called geodetic
method) are recognized as the most accurate way of
providing an unbiased estimation of the mean annual mass
balance over time (Thibert and Vincent, 2009; Zemp and
others, 2013). Mean annual changes in glacier mass
computed for 21 glaciers close to La Paz city using the
geodetic method were presented in Soruco and others
(2009a). This information allows accurate estimation of the
contribution of ice melt, which is indispensable for advanced
planning, and assessment of the economic cost of future
dams to ensure the supply of fresh water to La Paz city.

A long-term glaciological monitoring program in Bolivia
started in 1991 on Glaciar Zongo, Glaciar Chacaltaya (which
disappeared in 2009) and Glaciar Charquini Sur (since 2002)
in the framework of the observatory GLACIOCLIM (les
GLAClers, un Observatoire du CLIMat: http:/www-Igge.ujf-
grenoble.fr/ServiceObs/SiteWebAndes/index.htm) (Francou
and others, 1995; Rabatel and others, 2013). The aim of
the present study is to assess the contribution of glaciers to
water discharge at La Paz city at annual and seasonal scales.
To this end, we calculated the different contributions of
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Fig. 1. Map of the study area, showing the La Paz city drainage areas and glaciers in the region. The inset shows the location of the study site

in Bolivia.

discharge due to glacier melting and precipitation. We
estimate the potential contribution of glaciers to runoff at La
Paz and the decrease in runoff after the hypothetical
disappearance of all glaciers in the contributing basins.

2. STUDY AREA AND GENERAL SETTINGS

La Paz city is located at 16°29’S, 68°08' W, on the Altiplano
plateau between 4000 and 3300ma.s.l. (Fig. 1). Climate
conditions in this area are characterized at an annual scale
by low temperature seasonality, contrasting with high
precipitation seasonality, with the wet season lasting from
October to March and the dry season from April to
September. The majority of glaciers in the Bolivian
Cordillera Oriental are south-facing (Jordan, 1991). As
shown in previous studies (Wagnon and others, 1999; Sicart
and others, 2005), the mass balance of these glaciers is
mainly driven by surface albedo and radiation, which, in
turn, are controlled by solid precipitation and cloud cover.
The hydrological year runs from September to August
(Ribstein and others, 1995). The October—December period
is characterized by strong ice melt over the ablation zone,
mainly due to reduced snow cover and strong solar
radiation close to the austral summer solstice (Wagnon

and others, 1999; Rabatel and others, 2012). The January—
March period is the height of the wet season and corres-
ponds to the glaciers’ accumulation period. In this season,
ablation is nevertheless high in the lower part of the glaciers
mainly due to snowmelt, enhanced by atmospheric long-
wave radiation from the cloud cover (Sicart and others,
2005; Rabatel and others, 2012). May—August is the dry
season, when the accumulation rate is very low. During this
period, sublimation is the main ablation process (Wagnon
and others, 1999; Sicart and others, 2005).

The La Paz city water system mainly comprises four
drainage areas (Fig. 1): from north to south, Tuni-Condoriri
(78 km?), Milluni (71km?), Hampaturi (60km?) and Inca-
chaca (18km?). The water is collected in three drinking-
water treatment plants: El Alto station collects water from
the Tuni-Condoriri area, Achachicala station collects water
from the Milluni area, and Pampahasi station collects water
from the Hampaturi and Incachaca areas. According to the
1975 aerial photographs used for the Bolivian glacier
inventory (Jordan, 1991), Tuni-Condoriri, Milluni, Hampa-
turi and Incachaca contained respectively 30 glaciers
(9.1km?), 13 glaciers (3.6km?), 18 glaciers (3.2 km?) and
9 glaciers (1.8 km?), corresponding respectively to 12%, 5%,
5% and 10% of the glacierized area of each catchment area.
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Tropical glaciers in South America have been retreating
since 1975 (Rabatel and others, 2013). Glaciers located
below 5400ma.s.l. show an average annual loss of
~1.2mw.e.a”" over the past three decades, which is twice
that of glaciers whose accumulation area is located above
5400 ma.s.l. (Rabatel and others, 2013). Between 1975 and
2006, the glacierized areas of Tuni-Condoriri and Milluni
decreased by ~50% (Soruco and others, 2009a).

3. METHODOLOGY AND DATA

The total annual discharge of high-altitude catchment areas
(Dca; m*a™), which includes all the La Paz drainage basins,
is the sum of the annual ice- and snowmelt discharge
produced by the glacierized area (Dga; m*a™) and the
annual discharge from ice-free areas (Droia; m>a™).

Snow and ice melt at the glacier surface (Mg; mw.e.a™")
is obtained from (Paterson, 1994)

Mg =P—B,—SB (1)

where P is precipitation (ma™'), B, is the annual mass
balance (mw.e.a™") and SB is the sublimation (mw.e.a™).

The discharge of the glacierized area, Dga, is obtained
from the cumulated meltwaters from all the glaciers:

Dga = MgSca (2)

where Scx is the overall surface area (m?) of all the glaciers
located in the catchment area averaged over the study
period.

On the other hand, discharge from the ice-free area,
Droia, can be obtained from

Droian = CePSroia (3)

where C, is the runoff coefficient, P is precipitation (m a™h
and Seora is the surface area (m?) of the ice-free area.

To solve these equations, the terms B,, P, SB, Sca, Sroia
and C. need to be estimated. The 1975 Bolivian glacier
inventory recorded 1826 glaciers in the Cordillera Real
(Jordan, 1991). As mentioned above, only three glaciers
have been monitored in Bolivia since 1991 using the
traditional glaciological method (Rabatel and others, 2013).
Mass-balance series over the tropical Andes are sparse,
discontinuous and cover short time periods (Rabatel and
others, 2013). To estimate the mass balances of the
70 glaciers located in the drainage basins of La Paz city,
we used a relationship established by a linear multiple
regression analysis with mass balance as the dependent
variable, and altitude and exposure as independent pre-
dictors (Soruco and others, 2009a). This relationship was
established on the basis of the analysis of DEMs of
21 glaciers over the Cordillera Real using digital photo-
grammetry on aerial photographs of 1956, 1963, 1975, 1983,
1997 and 2006. Soruco and others (2009a) showed that the
mean altitude and exposure of a glacier explains a significant
amount of its glacier-wide mass balance (r*=0.88) over the
1963-2006 period. According to this relationship, the mean
annual mass balance (mw.e.a™") of each glacier averaged
over the 1963-2006 period is expressed as a function of its
mean altitude Z (ma.s.l.) and exposure E (°):

By =0.0011Z —0.2584sin (E+135) —6.16  (4)

Discharge measurements for each catchment area are only
available between 2000 and 2007. These daily measure-
ments were made at the outlet of the dams located in each
catchment, by the private company Aguas del Illimani
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(today the La Paz city water resources are controlled by the
public company EPSAS (Empresa Publica Social del Agua y
Saneamiento S.A.)).

Long-term meteorological data around the drainage basin
are sparse, and only available from three weather stations:
San Calixto (3600 ma.s.l., since 1891), El Alto (4000 ma.s.l.,
since 1943) and P4750 (a pluviometer located at
4750ma.s.l. near Glaciar Zongo, since 1971). The average
annual precipitation measured at San Calixto (Psc) and El
Alto (Pea) weather stations was 0.584 and 0.611ma”"
respectively for the period 1963-2006. The average annual
precipitation measured by P4750 was 0.858ma' for the
period 1971-2007. The average difference in the annual
precipitation amount between San Calixto-El Alto weather
stations and P4750 is ~30%. However, P4750 is located on
the Amazonian side of the Cordillera Real, whereas San
Calixto and El Alto stations, like our study catchments, are
located on the Altiplano side, which is drier. In addition,
according to Sicart and others (2007), there is no correlation
between precipitation and elevation on Glaciar Zongo
(4900-6100ma.s.l.). Over glaciers located above
5000 ma.s.l., the precipitation term is assumed to be solid.
This assumption is supported by measurements made at an
automatic weather station (AWS) on Glaciar Zongo as part
of the GLACIOCLIM program and surface energy-balance
studies showing that precipitation over the glacier surface is
almost entirely solid (e.g. Sicart and others, 2005).

The glacier sublimation term (SB) was estimated using
monthly values of US National Centers for Environmental
Prediction (NCEP)-US National Center for Atmospheric Re-
search (NCAR) reanalysis data at 500 hPa (~5500ma.s.l.)
(Kalnay and others, 1996; Kistler and others, 2001) from
the gridcell including the study area and an empirical
relationship (Favier and others, 2008) given by SB=
a(g — gs)v (mw.e.month™) where g, g, and v are reana-
lyzed NCEP-NCAR data for air specific humidity (gkg™),
saturated specific humidity (gkg™) and horizontal wind
speed (ms™') respectively, and « is a coefficient for
homogeneity of the empirical relationship (Favier and others,
2008). This coefficient, set at 0.694, was calibrated from
monthly sublimation data measured at AWSs located on
Glaciar Zongo, by Wagnon and others (2001) from Septem-
ber 1996 to August 1998 and by Sicart (2002) from
September 1999 to August 2000. We used a constant annual
sublimation value over the period 1963-2006 for the 70
glaciers computed from the above-described relationship:
SB=-0.170ma"".

The surface area of the glaciers in the glacierized area was
obtained from photogrammetric measurements using aerial
photographs taken in 1975 and 2006 (Jordan, 1991; Soruco
and others, 2009a). From photogrammetric measurements
performed on 21 glaciers located within and around the
study area, Soruco (2008) showed that reduction in the
surface area of the glaciers was very limited (~4%) during the
1963-75 period. The ice-free surface area of each catchment
was computed from National Chart SE19-03 (1:250000) of
the Geographic Military Institute (IGM), Bolivia.

Finally, the runoff coefficient, Ce, for the ice-free area was
set at 0.56 according to Ramirez and others (2007). This
coefficient was obtained from different theoretical coeffi-
cients according to different soil types in the Tuni-Condoriri
catchment area. Since no measurements of the runoff
coefficient were available for the other areas, we used the
same value for all the catchment areas.
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Fig. 2. Monthly runoff from La Paz drainage basins, monthly mean precipitation measured at San Calixto and El Alto weather stations and
monthly mean temperature measured at El Alto station over the period 2000-07.

To validate our results, we compared the calculated with
the measured total discharge for each catchment area. As
mentioned above, discharge measurements were only
available between 2000 and 2007 (Ramirez and others,
2007). Figure 2 shows the discharge measurements avail-
able for each catchment, the mean precipitation measured
at San Calixto and El Alto weather stations and the mean
temperature measured at El Alto weather station for the
2000-07 period. During the same period, the surface area of
the glaciers was only measured once, in 2006. However,
given that the impact of changes in area between 2000 and
2006 is small compared to other uncertainties, the com-
parison between calculated and measured discharges in the
different drainage basins is appropriate. This point is
discussed further below. Given that Eqn (4) was only
calibrated for the 1963-2006 period, the glacier mass
balances needed to be corrected to match the discharge
measurement period. To this end, we used the geodetic
mass-balance data obtained from digital photogrammetry
for the 1997-2006 period (i.e. the average annual mass
balance over the 10 years) for ten glaciers located in the La
Paz—El Alto drainage basins (Soruco, 2008). From these
data, we obtained a difference of -0.5mw.ea” in the
average annual mass balance of these glaciers between
1963-2006 and 1997-2006. This difference was used to
infer the 1997-2006 average annual mass balance from the
1963-2006 average annual mass balance for all the other
glaciers in the drainage area.

The monthly hydrological mass balance of nearby Glaciar
Zongo was used to assess the seasonal (wet and dry seasons)
contribution of all glaciers to the La Paz water system. The
Glaciar Zongo hydrological series is available from 1973 to
2006. This is the longest mass-balance series in South
America and has been validated using the geodetic method.
The difference found between these two independent

methods (i.e. hydrological and geodetic methods) was
0.55mw.e. for the cumulative mass balance over the
1975-2006 period (Soruco and others, 2009b), which is a
very small discrepancy (<0.02mw.e.a™'). The average
contribution of each month of the hydrological year to
annual melt was computed using this time series and showed
that glacier melt during the wet (dry) season represents 66%
(34%) of total annual melt. This relative seasonal contri-
bution to annual melt is primarily driven by climate
conditions and can be considered similar for all the glaciers
in the study region. Regarding sublimation, the wet (dry)
season represents 27% (73%) of total annual sublimation.
Regarding precipitation, the wet (dry) season represents 84%
(16%) of the total annual amount. As we knew their seasonal
contributions, we were able to transform the annual mass
balance, the annual sublimation and the annual precipitation
terms to seasonal terms, thereby enabling estimation of the
glacier’s contribution at a seasonal scale.

4. RESULTS AND DISCUSSION

4.1. Water production from catchment areas for the
periods 1963-2006 and 1997-2006

Table 1 lists the calculated discharge at different periods for
the four catchment areas that supply water to La Paz city. The
comparison between calculated and measured total dis-
charges over the four catchment areas shows that the main
differences are in the Milluni and Incachaca catchment
areas. However, when the cumulative total discharge meas-
ured over the 2000-07 period was compared with that
calculated for the entire period (1963-2006) and for the
shorter 1997-2006 period, the difference was only 2.9% and
3.4%, respectively. From these results, and assuming that
uncertainties on each term of our estimate (Section 4.2) do
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Table 1. Left: the data used for each catchment area in terms of mass balance, surface glacierized and ice-free areas. Centre: the results
obtained in this study for each catchment area in terms of mean annual discharge over the periods 1963-2006 and 1997-2006, for the
glacierized, ice-free and entire catchment areas. Right: comparison between calculated (1963-2006 and 1997-2006) and measured

(2000-07) discharges

Catchment area Mass balance Surface Surface ice-free  Discharge Discharge Discharge catchment Difference in discharge
(By) glacierized area area (Sroia)  glacierized area ice-free area areas (Dca) catchment areas
(Sca) (Dga) (Droia)
1963— 1997- 1963- 1997- 1963- 1997- 1963- 1997- 1963- 1997- 1963- 1997- 2000- 1963- 1963-— 1997-
2006 2006 2006 2006 2006 2006 2006 2006 2006 2006 2006 2006 2007 2006 2006 2006
1997— 2000- 2000-
2006 07 07
ma™ km? km? 10°m3a™ 10°m3a™ 10°m3a™ %
Tuni-Condoriri  -0.59 -1.09 7.04 4.58 70.47 72.92 7.2 6.9 23.7 245 309 314 305 -1.6 1.3 2.9
Milluni -0.43 -0.93 2.51 1.31 68.49 69.69 2.1 1.7 23 23.4 251 25.1 20 0 22,6 226
Hampaturi -0.68 -1.2 2.47 1.56 57.03 5794 238 2.5 19.2 19.5 22 22 23.9 0 -8.3 -8.3
Incachaca -0.60 -1.1 1.42 0.89 16.54 17.06 1.6 1.5 5.6 5.7 7.2 7.2 8.4 0 -15.4 -154
Total discharge 852 857 82.8 -0.6 2.9 3.4

not compensate for each other, we conclude that (1) dis-
charge has been fairly stable since 1963-2007, and (2) our
assessment captures the main components of the water
discharge. The uncertainty on each term is discussed in
Section 4.2.

Table 1 shows very small differences in discharge
between the whole period (1963-2006) and 1997-2006.
The average annual mass balance was more negative and the
surface area of the glaciers decreased considerably over the
recent period, but the two effects tended to balance out. The
glacierized area reduction tended to decrease glacier runoff,
whereas the glacier melt increase tended to increase runoff.
This suggests that, on average, these glaciers have not yet
reached the threshold beyond which the impact of the
surface area reduction will predominate (Baraer and others,
2012). The most significant difference would be expected in
the Tuni-Condoriri catchment area (Table 1), because Tuni-
Condoriri had the greatest glacierized area of the catchments
studied here. Based on the analysis of 376 glaciers, Soruco
and others (2009a) concluded that the surface area of
glaciers over the Cordillera Real decreased by ~50%
between 1975 and 2006. However, changes in runoff were
minor (the difference in total discharge of the four catchment
areas was —0.6%), evidence that the glaciers are still
maintaining runoff due to higher melt rates per surface area.

It is worth emphasizing that at annual and seasonal
timescales, the results obtained by Baraer and others (2012)
in the Peruvian Cordillera Blanca are similar to those
obtained in the present study for the La Paz region. To
analyze the contribution of glaciers to the hydrological
regime, Baraer and others (2012) used time series of daily
discharge measured over the period 1953-2009 at nine
measurement points located in the Cordillera Blanca, a
region whose precipitation regime resembles that observed
in the Bolivian Andes. However, their results showed that
the glacier retreat in some of the watersheds in the
Cordillera Blanca also resulted in a decrease in annual
discharge, with a more pronounced decrease during the dry
season. Baraer and others (2012) concluded that the water
peak had been crossed in these catchments, which, in 2006,
was not the case in the La Paz drainage areas studied here.

4.2. Uncertainties and sensitivity to model
parameters

The main source of uncertainty in the discharge assessment
is the assumed constant precipitation and a constant runoff
coefficient for each catchment area. Precipitation and the
runoff coefficient control the majority of water produced in
the catchment areas (91-96% of the surface area of each
catchment in 1963 was ice-free). Sensitivity experiments
were carried out for these two variables. On the one hand,
results revealed that a 10% change in the runoff coefficient
leads to a change in water production from the ice-free area
of ~1% on average, for the four catchment areas concerned.
We conclude that the sensitivity of the runoff coefficient for
the ice-free area is low. On the other hand, a 10-30%
change in precipitation leads to an average change in water
production from the ice-free area and glacierized area of
about 10-30% and 6.5-17.8%, respectively, for the four
catchment areas. Thus, a change in precipitation amount
results in changes of similar proportions in the production of
water from the ice-free areas. In the glacierized areas, the
sensitivity of water production to precipitation (6.5-17.8%)
remains low in absolute terms, due to the low percentage of
glacier coverage in each catchment area (12-5%).

The uncertainty due to the sublimation term is low
because the glacierized areas are small compared to the ice-
free areas. The uncertainty of this parameter is difficult to
assess; for Glaciar Zongo, it was assumed to be
<0.1mw.ea”!' (Soruco and others, 2009b).

Given that the exact size of the areas was obtained from
precise photogrammetric data, the uncertainty on the
glacierized and ice-free areas is <5% (Soruco and others,
2009a). The uncertainty on the mass balance was assessed
based on the standard deviation in Soruco and others
(2009a) from the fit of Eqn (4) on the mass balances of the
21 glaciers, yielding 0.5mw.ea™ (Soruco, 2008), and
leading to an average uncertainty of 12% on the total
discharge, which equaled 85 x 10°m*a™".

To compute the year-to-year contribution of glaciers,
instead of computing an average annual contribution over a
given time period (as we did), the annual mass-balance
variation of each glacier must be known. For the Bolivian
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Fig. 3. (a, b) Annual and seasonal mean discharges from each of the catchment areas to La Paz city over the 1997-2006 period (a) from the
glacierized areas and (b) from entire catchment areas. The red portions in (b) represent the potential loss in discharge in the case of complete
disappearance of all the glaciers. (c) Annual and seasonal contribution of the discharge from the glacierized areas to the total discharge.

Cordillera Real, the only available long-term annual mass-
balance data series is for Glaciar Zongo and starts in 1975
(Soruco and others, 2009b).

However, Glaciar Zongo (~1.8 km?) is a relatively large
glacier in the Cordillera Real, compared to the others in the
studied catchment (average glacier surface area in 1963 was
0.26 km?). Rabatel and others (2013) showed that, in recent
decades, tropical glaciers in South America located at low
altitudes (<5400ma.s.l.) have lost about twice as much
mass as glaciers located at high altitudes (>5400 ma.s.l.).
Thus, interannual variations in the Glaciar Zongo mass
balance cannot be directly extrapolated to the other glaciers
in the catchments studied here, because local effects due to
the reduced size of these glaciers are stronger than the
regional climate effect (Soruco and others, 2009a; Rabatel
and others, 2013).

4.3. Seasonal glacier contribution to La Paz city water
resources

The glaciers’ contribution to the water resources of La Paz
city at annual and seasonal timescales is shown in Figure 3.
At an annual scale and considering the four catchment areas
together, the glaciers’ contribution reaches 15%. At seasonal
scale, their contribution is 14% in the wet season and 27%
in the dry season. Note that the discharge from the
glacierized areas during the dry season (4.3 x 10°m’>a™)
accounts for only half of the discharge during the wet season
(8.4 x 10°m*a™"). This effect is typical for tropical glaciers,
whose ablation rates are high during the wet season,
concomitant with the higher accumulation amount. How-
ever, it should also be noted that 15% of water supplied at
an annual timescale is the result of glacier melt, so the
glaciers’ contribution cannot be disregarded.

Finally, we estimated the water loss for La Paz city
according to a scenario in which the glaciers completely
disappear considering Sca=0% and Sgoia = 100%, with no
change in precipitation. Even if snow can fall at high
altitudes, at annual timescales, this does not represent water
storage as the snow generally melts within a few days (i.e.
neither seasonal nor perennial snow cover is observed
outside the glaciers). According to this scenario, the water
production of the four catchment areas would undergo an
annual decrease of 12%, 9% in the wet season and 24% in

the dry season. The uncertainty on total discharge is 3.4%;
however, the uncertainty in each individual catchment
ranges from 3% to 23%. The most affected catchment basins
would be Tuni-Condoriri (17% at annual scale, 13% in the
wet season and 33% in the dry season) and Incachaca (17%
at annual scale, 12% in the wet season and 31% in the dry
season) due to their large glacierized area. Due to the
geographical location of the water purification stations, the
northern and southern sides of the city would be most
affected by the drop in water production.

5. CONCLUSIONS

This is the first time the contribution of glaciers to the water
resources of La Paz city has been estimated. This estimate
was made by assessing the average annual mass balance of
70 glaciers located within the four drainage basins of La Paz
city. Average values of precipitation, sublimation and runoff
coefficients were assumed to drive the discharge produced
by the ice-free and the glacierized areas. The assumption of
constant precipitation (in time and space) leads to the main
uncertainty in the assessment of the discharge produced by
the ice-free areas, and, to a lesser extent, of the discharge
produced by the glacierized areas. Uncertainty in the
assessment of discharge due to the other parameters remains
low. The comparison of calculated and measured average
discharge for the four catchment areas for the period 2000
07 revealed a difference of only 3.4%, thus confirming that
our assessment captured the main contributions to the
discharge despite the assumption that the parameters
remained constant. We conclude that glaciers contributed
15% of the water resources of La Paz city at an annual
timescale over the entire study period. At a seasonal
timescale, the most significant influence of the glaciers
occurs in the dry season, when the glacier contribution to
total discharge reaches 27%, ranging from 13% to 38%
depending on the percentage of glacial coverage of the
catchment concerned. Regardless of the marked downward
trend of glacier extent in the region in recent decades, the
difference in water production in the four catchment areas
between the periods 1963-2006 and 1997-2006 was only
-0.6%, confirming that glacier melt continues to maintain
runoff. We conclude that, at least until 2006, the loss in
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glacier surface area was compensated for by the increas-
ingly negative glacier mass balance. In the future, in the case
of the complete disappearance of glaciers and assuming no
change in precipitation, total water production for La Paz
city will decrease by 12% at an annual scale and by 24%
during the dry season.

To increase our knowledge of the hydro-glaciological
functioning of these Bolivian watersheds, two main tasks are
recommended for future research. First, the need for better
understanding of the precipitation regime must be addressed
with an increase of in situ data, validation of satellite
products (e.g. Tropical Rainfall Measuring Mission (TRMM))
and with the use of data generated by regional downscaled
models that will help grasp the spatial and temporal
variability of this key variable. Second, an integrated
spatially distributed hydrologic and glacier dynamic model
as described by Naz and others (2014) and Réveillet and
others (2015) could be a good way to quantify the effect of
the glacier recession on variations in streamflow and to
predict future water resources in this Andean region.
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