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[1] A distributed energy balance model was applied to Zongo Glacier, Bolivia (16°S, 6000–
4900 m above sea level, 2.4 km2), to investigate atmospheric forcing that controls seasonal
variations in the mass balance and in meltwater discharge of glaciers in the outer tropics.
Surface energy fluxes andmelt rates were simulated for each 20 × 20m2 grid cell at an hourly
resolution, for the hydrological year 1999–2000, using meteorological measurements in
the ablation area. Model outputs were compared to measurements of meltwater discharge,
snow cover extent, and albedo at two weather stations set up on the glacier. Changes in melt
rate in three distinct seasons were related to snowfall and cloud radiative properties. During
the dry season (May to August), the low melt rate was mainly caused by low long‐wave
emission of the cloudless thin atmosphere found at these high altitudes. From September to
December, meltwater discharge increased to its annual maximum caused by an increase
in solar radiation, which was close to its summer peak, as well as a decrease in glacier albedo.
From January on, melt was reduced by snowfalls in the core wet season via the albedo effect
but was maintained thanks to high long‐wave emission from convective clouds. The
frequent changes in snow cover throughout the long ablation season lead to large vertical
mass balance gradients. Annual mass balance depends on the timing and length of the wet
season, which interrupts the period of highest melt rates caused by solar radiation.

Citation: Sicart, J. E., R. Hock, P. Ribstein, M. Litt, and E. Ramirez (2011), Analysis of seasonal variations in mass balance and
meltwater discharge of the tropical Zongo Glacier by application of a distributed energy balance model, J. Geophys. Res., 116,
D13105, doi:10.1029/2010JD015105.

1. Introduction

[2] Glaciers can provide insight into climate variations in
low‐latitude regions, which are characterized by high water
and energy exchanges between the surface and the atmo-
sphere. Tropical glaciers are directly exposed to the influence
of the El Niño–Southern Oscillation (ENSO), one of the
dominant modes of interannual climate variability in low‐
latitude to midlatitude regions [Jones et al., 2001]. The
asynchronous fluctuations of low‐latitude and midlatitude
glaciers since the Last Glacial Maximum has not been thor-
oughly investigated [Hastenrath, 2009; Jomelli et al., 2009].
Recent observations point to a general trend of glacier
recession at low latitudes throughout the 20th century [Kaser,

1999; Francou et al., 2003] that has been linked to increases
in air temperature [e.g., Bradley et al., 2009]. Nevertheless,
owing to the lack of process‐based studies, interactions
between low‐latitude glaciers and climate remain poorly
understood.
[3] Climate controls glacier mass balance through energy

and mass fluxes at the ice or snow surface. Energy flux
measurements on tropical glaciers began in the 1960s but are
still relatively rare [e.g., Platt, 1966; Hastenrath, 1978;
Hardy et al., 1998; Mölg et al., 2009a]. In 1995, automated
weather stations began to be used to monitor surface energy
fluxes in the ablation area of Zongo Glacier, Bolivia, and
Antizana 15 Glacier, Ecuador [Wagnon et al., 1999; Favier
et al., 2004]. These studies showed that ice sublimation
greatly reduces melt energy during dry periods.Wagnon et al.
[2001] showed that the high melt rates measured at the Zongo
Glacier weather station during the 1997–1998 El Niño year
were mainly due to reduced solid precipitation and the
associated low albedo. Sicart et al. [2005] showed that gla-
ciers in the outer tropics are characterized by marked sea-
sonality of long‐wave incoming radiation because cloud
emission during the wet season considerably increases long‐
wave clear‐sky emission from the thin atmosphere. They also
showed that during the dry season, turbulent fluxes are
increased by katabatic winds in a cloudless sky.
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[4] The interpretation of point‐scale energy flux measure-
ments can lead to erroneous generalizations of melt char-
acteristics when they are extrapolated to the whole glacier.
For example, albedo is highly variable near the snowline, so
that the contribution of solar radiation to melt energy depends
on the location of the weather station. A distributed energy
balance model is thus required to investigate the link between
atmospheric forcing and the total glacier mass balance and
quantify the contribution of meltwater to water resources
downstream. In the tropics, Mölg et al. [2009b] applied a
distributed energy balance model to a slope glacier on Mount
Kilimanjaro, equatorial East Africa, to investigate the cli-
matic causes of the glacial recession that began at the end of
the 19th century.
[5] This paper discusses the application of the distributed

energy balance model of Hock and Holmgren [2005, here-
inafter HH05] to Zongo Glacier in Bolivia. The model was
developed on Storglaciären, Sweden, and has been applied to
the King George Island ice cap [Braun and Hock, 2004].
HH05 calculates the surface energy fluxes for each glacier
grid cell from measurements collected at a weather station in
the ablation area. The model is based on equations of mass
and energy conservation and the parameters have, in principle
[Beven, 1989], a physical interpretation, so they can be linked
to measurable physical quantities. However, natural subgrid
heterogeneities often cause a mismatch of scales between
measured and modeled variables [Klemes, 1983; Seibert,
1999]. For instance, the characteristic length scale of the
glacier albedo is a few tens centimeters, whereas the grid size
of distributed models is at best a few tens meters. Conse-
quently, the HH05 model had to be adapted to tropical high
mountains. This adaptation mainly concerned parameteriza-
tion of (1) the snow albedo due to the frequent alternation of
melt and snowfall during the wet season and (2) the sky long‐

wave radiation due to its marked seasonality. To achieve
general applicability and to avoid compromising their phys-
ical interpretation, parameters were as far as possible taken
from the literature or from field observations, independently
of model runs. A parsimonious approach was chosen to
minimize the number of parameters and to match model
complexity with the availability of field observations.
[6] The objective was to examine the climatic factors that

control seasonal and spatial variations in the mass balance of
Zongo Glacier, specifically the sources of melt energy, the
drastic reduction in the melt rate during the dry season, and
the large vertical mass balance gradients. The simulations
were analyzed in the framework summarized by Grayson
et al. [1992, p. 2659]: “The most appropriate uses of
processes‐based, distributed‐parameter models are to assist
in the analysis of data, to test hypotheses in conjunction with
field studies, to improve our understanding of processes and
their interactions and to identify areas of poor understanding
in our process description.” First, we discuss the point‐scale
parameterization and spatial extrapolation of each energy
flux in the specific context of tropical high mountains.
Second, we analyze the grid‐based energy flux simulations
and resulting discharges for the hydrological year September
1999 to August 2000.

2. Physical Setting and Model Data

2.1. Location and Measurements

[7] Zongo Glacier is situated in the Huayna Potosi Massif
(16°15′S, 68°10′W, Cordillera Real, Bolivia) on the western
margin of the Amazon basin and on the eastern margin of the
Altiplano catchment. This valley type glacier is 3 km long,
has a surface area of 2.4 km2, and ranges from 6000 to 4900m
above sea level (asl) (Figure 1). The equilibrium line altitude

Figure 1. Map of Zongo Glacier showing the locations of the monitoring equipment.
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is roughly 5200 m asl for a zero annual mass balance [Sicart
et al., 2007]. Zongo Glacier is part of the 3.7 km2 drainage
basin of the limnimetric station located at 4830 m asl. The
station comprises a water level recorder and a triangular weir
to measure the proglacial stream discharge at 15 min time
steps.
[8] Two Campbell Automatic Weather Stations located on

the glacier (AWS1 at 5150 m asl and AWS2 at 5060 m asl)
collected data from September 1999 to August 2000 (Figure 1
and Table 1). Sensor characteristics and measurement un-
certainties at AWS2 are discussed by Sicart et al. [2005].
Qualitative observations of the glacier surface and meteoro-
logical conditions were made every 15–20 days during field
visits throughout the year. Precipitation, temperature and
humidity measurements beyond the thermal influence of the
glacier were recorded by a weather station located at 4750 m
asl, approximately 1 km from the glacier front.
[9] The AWS2 measurements of air temperature and

humidity, wind speed and global radiation (short‐wave irra-
diance) were used as model inputs. No data were recorded
from 3 to 10 February 2000. During the remaining study
period, errors in temperature, humidity and radiation mea-
surements were detected for about 4% of the hourly data. The
anemometer was out of order from 25 February to 24 April
2000. These data gaps were filled using correlations with
measurements made at AWS1. Owing to errors stemming
from the fact the pyranometer was covered with snow during
snowfall, the short‐wave irradiance data were adjusted to
yield a maximum fresh snow albedo of 0.9.
[10] Solid precipitation was derived from ultrasonic depth

gauge measurements at AWS1 following the methods
described by Sicart et al. [2002]. Owing to the alternation of
melt and snowfall during the wet season, variations in the
height of the ultrasonic gauge were calculated at a 3 h time
step. The changes in height were multiplied by a fresh snow
density of 250 kg m−3, derived by comparing ultrasonic and
rain gauge measurements, to be converted into units of water

equivalent. The snowfall rate was then considered to be
constant for each hour within the recorded 3 h time step. As
the rain gauge network in the basin did not reveal any sig-
nificant altitude gradient in precipitation [Sicart et al., 2007],
the snowfall events recorded by the ultrasonic gauge were
considered to be uniformly distributed throughout the basin.
No rainfall was observed on the glacier but some hail may
have fallen near the glacier snout during the wet season. Rain
and hail were distinguished from snow on the basis of an air
temperature threshold of +1.5°C [Lejeune et al., 2007].

2.2. Climate

[11] The Huayna Potosi Massif is located in the outer tro-
pics, characterized bymarked seasonality of precipitation and
cloud cover, with a single wet season in austral summer and
a pronounced dry season in winter [Troll, 1941]. The dry
season (May–August) is produced by the northward dis-
placement of the midtropospheric and upper tropospheric
westerlies that prevent moisture influx from the east. During
the wet season (September–April), precipitation is associated
with intense solar heating of the Altiplano surface leading to
destabilization of the boundary layer and to deep convection
and moist air advection from the eastern interior of the con-
tinent linked with the South American monsoon [e.g., Vera
et al., 2006; Garreaud et al., 2009]. In winter, nonstormy
precipitation occasionally occurs when the tropical atmo-
sphere is destabilized by extratropical cold air incursions.
[12] Figure 2 shows atmospheric forcing on Zongo Glacier

during the 1999–2000 hydrological year counting from
1 September, the end of the dry season. Precipitation events
became increasingly frequent from September to December.
The core of the wet season lasted from January to March and
was characterized by frequent snowfalls, on average two days
out of three. The snowfalls ended in April and remained rare
until the end of the dry season, in August. The annual cycle of
air humidity reflected the alternation of the wet and dry sea-
sons. In contrast, thermal seasonality was low: less than 8°C

Table 1. List of Sensors at AWS1 and AWS2 With Their Specificationsa

Quantity
AWS2 (5060 m asl)
Sensor Type (Heightb)

AWS1 (5150 m asl)
Sensor Type (Heightb)

Accuracy According
to the Manufacturer

Air temperaturec (°C) Vaisala HPM45C (1 m) Vaisala HPM45C aspirated (0.3 and 1.8 m) ±0.2°C
Relative humidityc (%) Vaisala HPM45C (1 m) Vaisala HPM45C aspirated (0.3 and 1.8 m) ±2% in (0–90%),

±3% in (90–100%)
Wind speed (m s−1) Young 05103 (2.5 m) Young 05103 (0.3 and 1.8 m) ±0.3 m s−1

Wind direction (deg) Young 05103 (2.5 m) Young 05103 (0.3 and 1.8 m) ±3 deg
Incident short‐wave

radiation (W m−2)
Kipp & Zonen CM3 (1 m),

0.3 < l < 2.8 mm
SKYE SKS1110 (1 m), 0.4 < l < 1.1 mm CM3: ±10% for daily sums,

sp1100: ±3%
Reflected short‐wave

radiation (W m−2)
Kipp & Zonen CM3 (1 m),

0.3 < l < 2.8 mm
SKYE SKS1110 (1 m), 0.4 < l < 1.1 mm CM3: ±10% for daily sums,

sp1100: ±3%
Incoming long‐wave

radiation (W m−2)
Kipp & Zonen CG3 (1 m),

5 < l < 50 mm
– ±10% for daily sums

Outgoing long‐wave
radiation (W m−2)

Kipp & Zonen CG3 (1 m),
5 < l < 50 mm

– ±10% for daily sums

Net all‐wave
radiation (W m−2)

Calculated from the four
preceding quantities

REBS Q7 (1 m), 0.25 < l < 60 mm ±10% for daily sums

Surface elevation
changes (mm)

– Ultrasonic depth gauge
Campbell UGD01 (1.5 m)

±1 cm

aData (half hourly means) were recorded at 20 s time intervals except for wind direction and accumulation/ablation, which are instantaneous values recorded
every 30 min. Sensors whose data were used as inputs in the model are in bold. For locations of AWS1 and AWS2, see Figure 1.

bAWS2 is a tripod resting freely on the surface of the glacier. Themast of AWS1was drilled into the ice. Height changes were derived from ultrasonic depth
gauge measurements and field visits every 15–20 days.

cThe Vaisala hygro‐thermometers at AWS2 were shielded from solar radiation and artificially ventilated. Artificial aspiration could not be maintained at
AWS1 because of insufficient power supply.
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using daily averages. Changes in precipitation, humidity and
temperature at 4750 m asl were similar to the mean annual
cycles for the period 1995–2009, suggesting no anomalous
climatic conditions during the study year. However, there
was a slight precipitation deficit, the wet season ended early,
and the dry season was slightly colder than average.
[13] Tropical glaciers receive high clear‐sky solar radiation

because of the high Sun elevation (low latitude) and high
atmospheric transmissivity (high altitude) (Figure 2). Clouds
caused marked interdaily variations in solar irradiance at
the glacier surface. In contrast, seasonal variations in solar

irradiance were not remarkable because of the low latitude
and frequent presence of clouds in summer (wet season) when
extraterrestrial solar radiation is highest. In the central Andes,
cloud emissions influence the variations in long‐wave radi-
ation much more than clear‐sky emissivity or the temperature
of the emitting atmosphere [Sicart et al., 2010]. Figure 2
shows that clouds caused high long‐wave irradiance during
the wet season. During the dry season, long‐wave irradiance
was very low owing to prevailing clear‐sky conditions,
and the rare clouds caused abrupt increases in long‐wave
irradiance.

Figure 2. Precipitation (P, daily and cumulative values), air specific humidity (q), and temperature (T )
recorded outside the glacier at 4750 m asl and incoming short‐wave (S↓) and long‐wave (L↓) radiation
fluxes recorded at AWS2 (5060 m asl) from September 1999 to August 2000 (solid black lines). The gray
lines show the averages of cumulated P, q, and T for the period 1995–2009. The dashed line shows theo-
retical extraterrestrial solar irradiance (Sextra).
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2.3. Simulation Periods and Validation Data

[14] The simulations were conducted for two periods for
which continuous records of all input and discharge data were
available: 24 November 1999 to 2 February 2000 in the wet
season (period 1, 71 days) and 12 February to 31 July 2000,
which includes the end of the wet season and most of the dry
season (period 2, 170 days). Figure 3 shows the time series of
precipitation, proglacial discharge, snow free area as a per-
centage of glacier surface, albedo, and relative height of the
surface. The annual 1999/2000 mass balance was slightly
positive: +120 mm w.e. Proglacial discharge was highest in
the wet season and lowest in the dry season. At the outlet of
the basin, around 85% of the annual precipitation and 70% of
the annual discharge occur between October and March
[Sicart et al., 2007].
[15] Variations in snow cover extent determined from

photos and visual observations during field visits were gen-
erally in agreement with those inferred from albedo mea-
surements (Figures 3b–3d). The snow cover was thin at the
start of the first simulation period, which facilitated modeling
initialization. From September to December, snowfalls
alternated with periods of strong melting. The glacier sur-
face at AWS1 remained snow covered, whereas new snow
rapidly melted at AWS2, causing the albedo to drop to ice
values. Proglacial discharge was greatest from November to
December, when the snowline was highest. From January to
April, snowfalls were frequent enough to maintain a snow
cover over most of the glacier surface and the albedo remained
high at both weather stations. The discharge remained quite
high, at >0.20 m3 s−1. Subsequently the albedo at AWS1
gradually decreased to values around 0.6, indicating a firn
surface, only interrupted by a few snowfalls. Discharge
dropped after a heavy snowfall in early June and remained low
until the end of the hydrological year.
[16] Model outputs were compared to observations of the

snow cover extent andmeasurements of discharge and albedo
at the two weather stations. Whereas on midlatitude glaciers,
the snowline progressively rises in elevation during the
summer, tropical glaciers are frequently covered by a thin
cover of snow during the ablation season (Figure 3). Ablation
stakes were not used as validation data because the mea-
surements were not available at a short enough time step, and
the snow density was not routinely measured.

3. Surface Energy Balance and Runoff Model

[17] Melt energy was derived from the energy balance
equation for every hour and for each 20 × 20 m2 grid cell:

Rþ H þ LE þ Ph ¼ DQM þDQS ;

DQS ¼ R z*
0

d � c Tð Þ
dt

dz;
ð1Þ

where R is net radiation, H and LE are the turbulent fluxes
of sensible and latent heat, respectively, and Ph is the heat
advected by precipitation. The term DQS represents the
change in heat content in a control volume of ice or snow and
DQM is the energy used for melting (positive) or freezing
(negative). r and c are density and specific heat, respectively,
and T is the ice temperature. z* is the depth at which the
energy fluxes become zero. The fluxes are expressed in

W m−2 and are considered as positive if they supply energy
to the control volume. Ph is very low on Zongo Glacier and
is disregarded hereafter [Sicart et al., 2005].
[18] When the rates of change over a period of 1 h are small,

steady state conditions can be assumed:

Rþ H þ LE ¼ DQM : ð2Þ

The energy available for melt, DQM (W m−2), derived from
equation (2), is converted into meltwater equivalent (mm
h−1), which provides the input for runoff modeling.Meltwater
is routed through the glacier by three parallel linear reservoirs
representing the storage properties of firn, snow, and ice,
using storage constants of 350, 30, and 16 h, respectively,
taken from HH05. Firn is here defined as snow that was not
ablated during the previous year. Water flows through the
Zongo Glacier are poorly known and major uncertainties
remain in this simple drainage model. The firn area is defined
as the glacier area above 5150 m asl. Off the glacier, snow
rarely lasts for more than a few days. Nonglaciered areas
(30% of the basin representing around 10% of the total dis-
charge in the wet season) are mainly composed of lateral
moraines and outcrops of granodiorite. Its runoff is estimated
with a constant runoff coefficient ce = 0.8 [Ribstein et al.,
1995]. Sicart et al. [2007] showed that the uncertainty of
this coefficient has a limited effect on the estimation of glacier
meltwater discharge. The calculations of each energy flux are
detailed in HH05 and are summarized below, with emphasis
on the adaptations required for tropical high mountains.

3.1. Radiation

[19] Net radiation can be written as

R ¼ S # �S " þ L# �L" ¼ S # 1� �ð Þ þ L# " � " � T 4
s ;

ð3Þ

where S↓ is global radiation, S↑ is reflected short‐wave
radiation (S = S↓ – S↑ is net short‐wave radiation), and L↓ and
L↑ are long‐wave irradiance and emittance, respectively (L =
L↓ − L↑ is net long‐wave radiation). a is surface albedo,
" is the long‐wave emissivity of ice, s = 5.67 10−8Wm−2 K−4

is the Stefan‐Boltzmann constant, and Ts is surface temper-
ature (K).
3.1.1. Global Radiation
[20] Measured global radiation was separated into direct (I)

and diffuse (D) components, which were then extrapolated
individually to each grid cell taking terrain effects into
account. The separation is based on the atmospheric trans-
missivity of short‐wave radiation (tatm) calculated as the ratio
of measured global radiation S↓ to theoretical extraterrestrial
solar radiation Sextra:

�atm ¼ S #=Sextra: ð4Þ

With increasing cloudiness, tatm decreases while the diffuse
portion D/S↓ increases.
[21] Hourly measurements with a shadow band at AWS1

from 25 to 30 July 2000 showed that, owing to the thin
atmosphere at high altitude, clear‐sky diffuse irradiance
represented only ∼6% of global radiation. This is in agree-
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Figure 3. (a) Discharge: hourly (in gray) and daily (in black) values. Measurement gaps in October and
November were filled using correlations with meteorological data (dashed line) [Berthier et al., 2001].
Precipitation recorded at 4750 m asl is shown on the y axis on the right. (b) Bare ice area as a percent of
glacier surface. (c, d) Albedo measured daily at AWS1 and AWS2, respectively (the gray line shows snow
albedo calculated from equation (7)). (e) Daily ultrasonic depth at AWS1: a decrease in height is due to
ablation or snowpacking, and an increase in height is due to snowfall. Figures 3a–3e are for September 1999
to August 2000.
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ment with other measurements made on high‐altitude tropical
glaciers [e.g., Hastenrath, 1978;Mölg et al., 2009a] while on
Storglaciären, northern Sweden, a percentage of ∼15% was
found [Hock and Holmgren, 2005]. The measurements also
indicated that the empirical relationship of HH05 between
D/S↓ and tatm can be applied to Zongo Glacier:

D=S # ¼ 0:06 if �atm � 0:8; ð5aÞ

D=S # ¼ 0:929þ 1:134�atm � 5:111�2atm þ 3:106�3atm
if 0:15 < �atm < 0:8; ð5bÞ

D=S # ¼ 1:0 if �atm � 0:15: ð5cÞ

Equation (5a) was corrected for low clear‐sky diffuse radia-
tion at high elevations. Global radiation is entirely diffuse
when measured S↓ is <15% of Sextra (equation (5c)). For
each hour between sunrise and sunset, equation (5), together
with measured global radiation, was used to obtain diffuse
radiation at AWS2, which was then subtracted from global
radiation to yield the direct solar radiation at this site.
Topographic shading was calculated for each hour and for
each grid cell from the path of the Sun and the effective
horizon. If the weather station was shaded by the surrounding
topography, any measured global radiation was assumed to
be diffuse. Clear‐sky direct solar irradiance was calculated for
each grid cell from the theoretical potential direct solar irra-
diance considering grid slope and aspect, reduced by clear‐
sky attenuation, which is about 13% on Zongo Glacier. The
attenuation of direct solar irradiance by clouds was derived
from the AWS2 measurements and assumed to be uniform
at the scale of the glacier.
[22] Total diffuse irradiance (Dt) was calculated for each

grid cell by distinguishing sky diffuse radiation, which was
uniform at the scale of the glacier, from radiation reflected by
surrounding slopes:

Dt ¼ D Vf þ S # �s 1� Vf

� �
; ð6Þ

where Vf is the sky view factor (the fraction of the celestial
hemisphere visible from the surface, defined normal to the
slope) and as is calculated as the mean albedo over all grid
cells in the drainage basin.
3.1.2. Albedo
[23] HH05 calculates the snow albedo in a recursive way:

the change in albedo from the previous time step is a function
of temperature and precipitation. In the dry season, snow
metamorphism on Zongo Glacier is slow and diurnal changes
in albedo are almost not detectable by the pyranometers. In
fact, hourly measurements of clear‐sky albedo are disturbed
by the surface slope even at small slope angles [Sicart et al.,
2001]. In the wet season, snow metamorphism is faster and
should be detected by the pyranometers. However, frequent
snowfalls may cover the sensors and disturb the measure-
ments, and the spectral effects of cloud on the albedo may be
significant at a short time step [Warren, 1982]. For these
reasons, we considered that the HH05 albedo calculations
could not be tested on Zongo Glacier owing to the lack of
reliable observations at an hourly time scale. Instead, we
applied the U.S. Army Corps of Engineers’ [1956] wide-

spread aging curve approach, which represents the rapid
decrease in snow albedo (asnow) after snowfall by an expo-
nential function of the number of days since snowfall (n):

�snow ¼ �firn þ �fresh � �firn

� �
e �n=n*ð Þ: ð7Þ

The snow albedo decreases from the fresh snow value
(afresh = 0.9) toward an asymptote representing the firn
albedo (afirn = 0.6), with n* being the time scale parameter
(days). Figure 3c suggests that the time scale n* = 10 days,
which is similar to values applied in tropical and in midlati-
tude glaciers [e.g., Kuhn et al., 1999; Mölg et al., 2009b], is
appropriate to simulate the albedo transition from fresh snow
to firn when the snowpack is thick.
[24] To account for solar radiation penetration through the

snow to the underlying ice, the albedo of thin snow layers was
calculated as a polynomial function of the snow water
equivalent (s), similarly to Oerlemans and Knap [1998]:

� ¼ �snow þ �ice � �snowð Þ 1þ s=s*ð Þ�3; ð8Þ

whereasnow is derived from equation (7),aice is the ice albedo
and s* is a scale parameter (mm w.e.). Different depths of
solar radiation penetration through snow have been docu-
mented, from a few centimeters to a few decimeters [e.g.,
Bergen, 1971; Grenfell and Maykut, 1977]. Most of this
variation may be due to differences in snow density and in the
characteristics and concentration of dust in the snow [Warren,
1984]. Here, we consider s* = 6 mm w.e., so that the
underlying ice starts to affect the surface snow albedo at about
3 s* = 18 mm w.e.
[25] Snowfall rates are generally low on Zongo Glacier,

less than a few millimeters w.e. per hour [Sicart et al., 2002].
During light snowfalls, the albedo of the underlying ice tends
to reduce the snow albedo. Following HH05, the increase in
albedo (Da) during snowfall was assumed to be proportional
to the snowfall intensity (Ps, in mm w.e. h−1) as

D� ¼ c Ps; ð9Þ

where c = 0.02 (mm w.e.)−1.
[26] The ice albedo on Zongo Glacier varied from around

0.4 to 0.2, with no steady pattern emerging (e.g., Figure 3),
owing to the concentration of dust and cryoconite holes that
developed at the surface. As the concentration of dust is
expected to increase toward the glacier front, the simulation
of temporal and spatial variations of the ice albedo would
require at least two parameters that are difficult to estimate
[e.g., Mölg et al., 2009b]. Here we assumed a constant and
uniform value of aice = 0.35, corresponding to the average of
the AWS2 measurements over the two hydrological years
1998–1999 and 1999–2000.
3.1.3. Long‐Wave Radiation
3.1.3.1. Sky Emission
[27] HH05 derives sky long‐wave irradiance as the residual

of the radiation balance at the weather station using mea-
surements of net radiation, global and reflected solar radi-
ation, and the computed value of outgoing long‐wave
radiation. However, bias errors accumulate in residual meth-
ods and net radiation measurements can be affected by large
errors [Halldin and Lindroth, 1992]. Here, we use the equation
that Sicart et al. [2010] derived from measurements on Zongo
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Glacier and on Antizana Glacier in Ecuador. Clear‐sky
emissivity was calculated according to Brutsaert [1975], and
cloud emissivity was calculated as a linear function of the
daily atmospheric transmissivity of short‐wave radiation
(tatm, equation (4)). The sky long‐wave irradiance in an open
environment, L0↓ (W m−2), is then written as

L0 # ¼ 1:15 e=Tð Þ1=7 1:67� �atm0:83ð Þ� T 4; ð10Þ

where e is hourly air vapor pressure (hPa) and T is hourly
temperature (K).
3.1.3.2. Emission From the Surrounding Terrain
[28] In HH05, the long‐wave emission from surrounding

slopes is simulated using the parameterization of Plüss and
Ohmura [1997], which accounts for the emission of air
between the emitting surface and the receiving surface. On
Zongo Glacier, this parameterization led to an air emission
of less than 10 W m−2, that is, close to the measurement
uncertainty range. Thus, assuming isotropic sky and terrain
radiance, the surface long‐wave irradiance in rugged terrain
is simply written as

L# ¼ Vf L0 # þ 1� Vf

� �
"s � T 4

s ; ð11Þ

where Vf is the sky view factor, "s is the terrain emissivity,
close to unity for most natural surfaces, and Ts is the tem-
perature of the emitting terrain (K), computed as

Ts ¼ 273:2 K; ð12aÞ

for emitting ice and snow surfaces (highest emission), and

Ts ¼ T þ ctS #; ð12bÞ

for emitting rock faces, where ct = 0.01 K W−1 m2. Uncer-
tainty can be large in equation (12b), which was derived on an
alpine glacier by Greuell et al. [1997]. However, Sicart et al.
[2006] showed that in steep topography, total incoming long‐
wave radiation is more sensitive to the sky view factor than
to the temperature of the emitting surfaces. Except for a
rock face on the west side of the glacier, which reduces
the effective horizon for the plateau at 5200–5300 m asl
(Figure 1), the sky view factor is rather high on ZongoGlacier
with a mean of 0.87 and a standard deviation of 0.07. The
temperature of the rock face derived from equation (12b) did
not exceed 15°C, which seems reasonable. For the 60% of
the glacier area where Vf > 0.85, the increase in L0↓ caused
by terrain emission was slight, close to measurement uncer-
tainty. In the remaining 40% of the glacier area with a steep
slope or surrounded by steep topography, terrain emission
was significant and could increase L0↓ by a few tens of
W m−2, causing approximately 20% of spatial variability in
long‐wave irradiance.
3.1.3.3. Glacier Emission
[29] Ice is considered to be a full emitter (" = 1), so the

reflection of long‐wave radiation is disregarded (equation (3)).
This assumption, which affects the apparent surface tempera-
ture by a few degrees when Ts is close to 273 K, is acceptable
considering the accuracy of long‐wave radiation measure-
ments. The surface temperature is assumed to be the melting
point if the energy available for melt is positive. If melt energy
turns negative, the surface temperature is lowered iteratively in

0.25 K steps until the energy budget reaches zero. An iterative
loop is needed because the surface temperature affects emis-
sion of long‐wave radiation and turbulent heat fluxes.

3.2. Turbulent Fluxes

[30] The turbulent fluxes of sensible (H) and latent (LE)
heat were calculated using the bulk aerodynamic method,
including stability correction. The nondimensional stability
functions for momentum, heat, and moisture are expressed
in terms ofMonin‐Obukhov length according toBeljaars and
Holtslag [1991] for the stable case and to the Businger‐Dyer
expressions for the infrequent unstable case. The Monin‐
Obukhov length, in which the buoyant flux is approximated
byH, was determined by iteration at each time step at AWS2,
as detailed inHH05. The stability functions were then assumed
to be spatially invariant across the glacier.
[31] On Storglaciären, HH05 calibrated the roughness

lengths to yield optimal agreement between the simulated and
measured discharge, obtaining z0 = 10 mm for momentum
and z0T = z0q = z0 /100 for temperature and humidity,
respectively. OnZongoGlacier,Wagnon et al. [1999] assumed
that the three roughness lengths were equal and used them as a
calibration parameter to fit the calculated sublimation derived
from LE to the measured sublimation with weighing lysi-
meters. During the year 1999–2000, no penitents appeared
and the effective roughness length varied from 1 to 5 mm
(mean, 3 mm) at AWS2 [Sicart et al., 2005]. Wind and
temperature profile data were collected from an eight‐level
6 m mast at 5060 m asl during a period of one month in the
2007 dry season [Ben Tahar, 2008]. The results gave z0
values ranging from 1 to 10 mm and z0T ≈ z0 /100, in agree-
ment with the observed rough surface. Eddy correlation
measurements during the same experiment confirmed this
range of values for z0. Here, the values z0 = 10 mm and z0T =
z0q = z0 /100 were applied at the AWS2 location. A 15%
decrease in roughness length per 100 m increase in altitude
was applied and the lengths for fresh snow were reduced
by a factor of 10 compared to ice and snow [e.g., Smeets and
van den Broeke, 2008].
[32] The weather stations were located too close to one

another to enable investigation of spatial variability of tem-
perature, humidity, or wind speed. A constant lapse rate of air
temperature was set at −0.55 K per 100 m [Berthier et al.,
2001], whereas relative humidity and wind speed were
assumed to be invariant in space.

4. Results

[33] As the spatial distribution of long‐wave irradiance is
more uniform than that of short‐wave irradiance or of the
turbulent fluxes, and as accurate simulation of the surface
temperature would require more complete calculation of
the subsurface heat flux, the reference simulation considers
the incoming and outgoing long‐wave radiation fluxes as
uniform inputs derived from measurements made at AWS2
(Ts is derived from L↑). The calculation of long‐wave irra-
diance is tested in section 4.4. Two sensitivity tests are
described in section 4.2: (1) the time scale parameter for snow
albedo recession was set at n* = 6 days instead of at 10 days
as in the reference run (equation (7)), and (2) the turbulent
fluxes were constrained to zero.
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4.1. Discharge and Energy Fluxes in the Wet Season
(Period 1)

[34] During period 1, discharge was substantial, its cumu-
lative sumwas 12.6 105m3, corresponding to about half of the
yearly total (Figure 3a). Figure 4 compares simulated and
measured discharge. Differences were large at short time
scales: for instance, many peaks in early January were missed
by the model. Toward the end of period 1, the simulated base

flow was slightly overestimated. Overall, most of the errors
canceled each other out and the total meltwater production
was close to observed values (cumulated difference, 7%). The
high discharges from November to December were mostly
due to icemelting, characterized by a short delay in runoff and
marked diurnal cycles (Figure 5). From January on, the
snowline remained low and ice melt was reduced. Melting of
snow temporarily covering the ablation area progressively

Figure 4. (top) Hourly discharge during period 1: measurements (blue line), reference simulation (red
line), and simulation using calculations of the long‐wave radiation fluxes (black line). (bottom) Difference
between the reference simulation and the measurements (hourly and cumulative values).

Figure 5. Contribution of firn, snow, and ice areas to meltwater discharge during period 1.
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Figure 6. Mean hourly energy fluxes over the entire glacier during period 1. The y axis on the left refers to
hourly fluxes (turbulent fluxes not shown), and the y axis on the right shows cumulative energy amounts.
Net short‐wave radiation (S, in blue), net long‐wave radiation (L, in red), and the sum of turbulent fluxes
(in black). The black line with dots shows the cumulative sum of the atmospheric energy fluxes (SUM).

Figure 7. (a, b) Measured (thick line) and simulated (thin line) albedo during period 1 at AWS2 and
AWS1, respectively. (c, d) Cumulative error in melting due to differences between measured and calculated
albedo at AWS2 and AWS1, respectively (Dmelting < 0 if the simulated albedo is too high).
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increased, and, at the end of period 1, reached similar amounts
to the meltwater outflow from the firn area, which remained
fairly constant.
[35] Turbulent fluxes were low in the wet season; hourly

averages during period 1 did not exceed 20 W m−2 in any
glacier grid cell. The (small) energy gain in turbulent sensible
heat flux mostly offset the energy loss in latent heat (subli-
mation). Radiation fluxes prevailed in the energy balance and
the day‐to‐day variations in melt energy were controlled by
net short‐wave radiation (Figure 6). From November to
December, net short‐wave radiation was high, reaching
hourly values of 400 W m−2 as averaged over the entire
glacier, causing the highest discharges of the year (Figures 3
and 4). Net long‐wave radiation was negative, offsetting
about 25% of the highest gains in S aroundmidday. Snowfalls
became frequent from late December on, the high albedo of
fresh snow reduced S and meltwater discharge. Owing to
cloud emissions, net long‐wave radiation was close to nil
(and often slightly positive), thus contributing to (or at least
not reducing) melt energy.
[36] Figure 7 compares the albedo simulations with mea-

surements made at the two weather stations. Also shown is
the cumulated error in melting due to the errors in albedo. The
simulations were in rough agreement with observations;
the transitions from snow to ice were quite well simulated
because equation (8) accounts for the albedo of thin snow
layers. At first, overestimation of the ice albedo at AWS2

caused a slight underestimation of the melt rate. When snow
remained at the surface, calculations slightly overestimated
albedo causing significant underestimation of cumulated
melt, which reached about 200 mmw.e. at the end of period 1
(around 20% of total melt). Errors in snow albedo at AWS1
also caused underestimation of the melt rate, but to a lesser
extent. The discharge peaks of ice melt in early January were
underestimated because albedo errors caused overestimation
of the snow cover (Figures 3b and 4).

4.2. Changes in Melt Rate From the Wet to the Dry
Season (Period 2)

[37] The snowline was low and discharge remained mod-
erate during period 2 (Figure 3). The sum of discharge was
12 105 m3, similar to the amount in period 1, which was less
than half as long. The discharge simulations were in rea-
sonable agreement with observations; the drastic reduction in
melt in the dry season was well simulated (Figure 8). How-
ever, like in period 1, the simulated base flow, which mainly
came from the firn area, was often too high (especially in
May) and many discharge peaks were missed by the model
(e.g., in April). The simulation overestimated cumulated
discharge by 14%.
[38] Solar radiation at the glacier surface was not greatly

reduced in the dry season compared to the summer wet season
(Figure 2). Net solar radiation remained less than 250 W m−2

as a mean over the glacier owing to high albedo (the mean for

Figure 8. (top) Hourly discharge during period 2: measurements (blue line), reference simulation (red
line), and simulation with H + LE = 0 (green line). Snowfalls measured at AWS1 are on the y axis on the
right. (bottom) Difference between the reference simulation and the measurements (hourly and in cumula-
tive values).
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period 2 was 0.7; Figure 9). Net long‐wave radiation, close
to nil in the wet season, represented a large energy sink on
cloudless days during the dry season (frequently less than
−100Wm−2). The turbulent fluxesH + LEwere negative, and
reached −50 W m−2. The cumulated sum of energy fluxes
started to decrease in April as diurnal energy gains did not
compensate for high losses during the night.
[39] During the night of 4 June, heavy snow covered the

entire glacier (80 mm at AWS2), causing a drop in discharge
(Figures 3 and 8). The energy available for melt remained
low until the end of the dry season. However, the simulated
albedo and snow cover were overestimated at both weather
stations, as in period 1. At AWS2, the simulated snow cover
did not disappear during period 2, whereas measured albedo
decreased to ice values in July (Figure 10, n* = 10 days,

reference run). In order to accelerate the decrease in the snow
albedo, a simulation was run with the time scale parameter n*
= 6 days (equation (7)). As a result, the June snowfall melted
in July, but the simulated snow cover also disappeared in
May, whereas the measured albedo remained high (Figure 10).
The decrease in the albedo after snowfall was too rapid when
n* = 6 days, causing too much melting and very high dis-
charges (+58% compared to values measured during period 2).
In fact, in the dry season, the model overestimated the sensi-
tivity of the melt rate to the albedo. The simulated discharge
significantly increased as the snowline rose in July, whereas
measured discharge remained low; it did not increase when
ice appeared at 5060 m asl (Figures 3 and 8).
[40] Figure 8 also shows a simulation with turbulent fluxes

constrained to zero. In the wet season up to May, turbulent

Figure 9. Mean hourly energy fluxes over the entire glacier during period 2. The y axis on the left refers to
hourly fluxes, and the y axis on the right refers to the cumulated energy. Net short‐wave radiation (blue line),
net long‐wave radiation (red line), and the sum of turbulent fluxes (black line). The black line with dots
shows the cumulative sum of the atmospheric energy fluxes (SUM).

Figure 10. Albedo measurements at AWS2 and simulated snow depth with n* = 10 days (reference run)
and with n* = 6 days, during period 2.
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fluxes were low, with no significant effect on the melt rate.
Subsequently, sublimation prevailed in the turbulent fluxes,
which became an energy sink during the day and reduced
the melt rate. Switching off the turbulent fluxes increased
meltwater discharge, especially its firn outflow component.
However, the melt rate was drastically reduced in June even
when simulations were performed without turbulent fluxes.

4.3. Variations in Energy Fluxes and Melt Rate
According to Elevation

[41] Figure 11 shows the strong dependence of the simu-
lated energy fluxes on elevation. In the ablation area, the large
gradient of the time‐averaged net radiation flux reflects
changes in the position of the snowline throughout the wet
season due to the alternation of snowfall and melting periods:
snow falls more frequently and lasts longer at high elevations.
The spatial variability of the turbulent fluxes resulted from
the air temperature lapse rate, spatially invariant relative
humidity and wind speed, the computed surface temperature
(and associated saturating humidity), and changes in rough-
ness lengths (section 3.2). As the lapse rate for air temperature
is steeper than for surface temperature, gains in sensible heat
decrease with increasing elevation. In contrast, drier air at
high elevations, due to uniform relative humidity and lower
temperatures, causes more intense sublimation (LE < 0).
Calculations resulted in a marked increase in the contribution
of the turbulent fluxes (as energy losses) to the energy balance
with increasing elevation. At low elevations, the gains in H
tended to cancel out most of the losses in LE and large radi-
ation fluxes prevailed in the energy balance. At high eleva-
tions, the energy losses in LE exceeded the gains in H and
high snow albedo caused small net solar radiation fluxes.
[42] In the wet season, high melt rates were caused by the

radiation fluxes whose spatial variations were mostly driven
by albedo. The mean melt rate over the entire glacier was
around 7 mm w.e. per day during period 1. It decreased from
around 20 mmw.e. per day at the snout to around 14 mmw.e.
per day at 5150 m asl. In the firn area, the albedo remained
high causing a small and uniformly distributed melt rate

(about 5 mm w.e. per day). The glacier area from 4850 to
5150 m asl (30% of the total surface area) produced 58%
of the total meltwater. The area below 5000 m asl, which
represents 10% of the glacier surface, produced 22% of the
total meltwater. In spite of lowmelt rates, due to its large area,
the firn area produced 42% of the total meltwater. This con-
tribution was overestimated since the model did not ade-
quately account for the mass and energy transfers within the
snowpack. The error was small at the grid cell scale given the
small energy inputs at high altitudes, but it was systematic
and affected a large surface area.

4.4. Calculations of Incoming Long‐Wave Radiation

[43] The model was run with incoming long‐wave radia-
tion derived from equations (10) and (11) and with the
surface temperature adjusted to close the energy balance
(section 3.1.3). The comparison with the reference run
(measured L↓ and L↑) was examined during the wet season,
when sky emission is highest and spatial variations in surface
temperature are small; simulated Ts ranged from −5 to −2°C
from the top to the snout, averaged over period 1, whereas its
mean measured value at AWS2 was −1.4°C. Figure 4 shows
that there was no major difference in discharge whether the
long‐wave irradiance was simulated or measured. Differ-
ences were more apparent in late January, when net long‐
wave radiation contributed to melt energy (Figure 6). The
calculation of long‐wave radiation caused a slight decrease in
discharge, which may be due to (1) simulation errors on L↓,
in particular since diurnal changes in cloud cover were not
simulated, and/or (2) measured L↓ was assumed to be spa-
tially invariant in the reference run. We found that calculating
L↓ without spatial variability did not significantly alter dis-
charge: the largest long‐wave irradiances were due to clouds
which also dampened their spatial variability. This suggests
that point 2 is not dominant. Sicart et al. [2010] showed that
equation (10) tends to underestimate high emissions by
convective clouds. Hence, (small) simulation errors in long‐
wave irradiance reduced the meltwater discharge, slightly
decreasing agreement between observed and simulated values.
Nevertheless, equations (10)–(12) appear to be appropriate to
simulate the variations in time and space of downward long‐
wave radiation in distributed melt models applied to tropical
glaciers.

5. Discussion

5.1. Simulation Uncertainties and Validation Problems

5.1.1. Turbulent Fluxes
[44] Turbulent fluxes are quite well known in the ablation

area of Zongo Glacier, with an uncertainty of about ±20%,
owing to the comparison of different methods of measure-
ment, for example, the bulk aerodynamic method, sublima-
tion measurement with lysimeters, and eddy covariance
measurements [Wagnon et al., 1999; Ben Tahar, 2008]. The
model does not account for an increase in heat advection
toward the edge of the glacier, which should increase the melt
rate locally but only has a minor impact on the total ablation
of the glacier. Modeling assumptions resulted in an altitudinal
decrease in the energy gains in the turbulent sensible heat flux
due to colder air, whereas drier air caused more intense
sublimation at high elevations (section 4.3). These trends are
in agreement with the rare observations available on summits

Figure 11. Hourly energy fluxes versus elevation averaged
over periods 1 and 2.
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of tropical mountains [e.g., Wagnon et al., 2003], but their
quantification is inaccurate and they do not account for wind
variations, which mainly control turbulent fluxes. The energy
loss in turbulent fluxes is thus an important component of the
energy balance in the firn area, affecting the discharge mainly
through the meltwater base flow (Figure 8). High roughness
lengths tended to increase the turbulent fluxes in the simu-
lations, whereas the assumption of spatially constant stability
functions derived at low altitudes (with higher air tempera-
tures) tended to reduce these fluxes at high altitudes. Overall,
the assumption that all meltwater runoff reaches the basin
outlet led to overestimation of the influence of the firn area,
and hence that of the turbulent fluxes (and their uncertainties),
on meltwater discharge.
[45] Turbulent fluxes affect, and depend on, surface tem-

perature. Two options were tested: Ts was overestimated at
high elevations when it was derived from the long‐wave
radiation measurement in the ablation area, but was under-
estimated when adjusted to cancel the negative energy bud-
gets because the subsurface heat flux was not accounted for.
The second error is dominant because of large subsurface heat
fluxes during cold periods. Although the method of calcu-
lating surface temperature significantly affected the turbulent
fluxes, it had little effect on meltwater discharge. This is
because changes in turbulent fluxes, due to Ts whether sim-
ulated or derived from measurements, mostly occur in no‐
melting conditions, whereas the model derives the melt rate
from the positive sums of energy fluxes.
5.1.2. Energy Balance Closure and Model Structure
[46] In the wet season, the radiation fluxes largely prevail in

the surface energy balance and most of the glacier is con-
tinuously in melting conditions, which enables a reliable
closure of the energy budget and correct simulation of the
meltwater discharge. However, the model tended to overes-
timate the snow albedo, owing to errors in its parameteriza-
tion and/or on the hourly snowfall input, which is difficult
to measure accurately. Through feedback processes, small
errors in snow albedo caused significant errors in meltwater
discharge, especially in the wet season when the ice was
sporadically covered by snow. As the parameters of albedo
calculation are difficult to estimate independently from
complete modeling of all energy and mass fluxes, their cali-
brated values may compensate for other modeling errors,
thereby losing their physical interpretation. Errors in snow
albedo that caused overestimation of the snow depth and
underestimation of the melt rate were partly compensated by
overestimation of the meltwater originating from the firn area
due to poor simulation of themass and energy transfers within
the snowpack.
[47] Additional sources of uncertainties arise in the dry

season because the glacier is not in permanent melting con-
ditions; marked daily surface temperature cycles imply large
subsurface heat fluxes, which were not correctly simulated.
Omission of the subsurface heat flux caused the melt rate to

be overly sensitive to albedo, as shown by the erroneous
peaks of meltwater discharge in July (Figure 8). The turbulent
fluxes associated with large uncertainties were greater than in
the wet season. The sum of atmospheric energy fluxes was
low, with a large relative error; even its sign, sink or source,
could be erroneous. The comprehensive analysis of the
uncertainties in this distributed model, which includes
numerous parameters, is a complex problem beyond the
scope of this paper. It would require complete exploration of
the parameter space and resulting nonlinear effects caused by
combined uncertainties inmultiple parameters [e.g.,Machguth
et al., 2008].
[48] More complete models could be used; for instance, to

simulate the mass and energy transfers within the snow or
changes in subglacial water storage and flows. However,
adding complexity to the model without additional observa-
tions would not improve the understanding of the physical
processes [e.g., Klemes, 1983]. A reliable estimation of the
subsurface heat fluxes would require temperature profile
measurements within the first decimeters of ice or snow,
which is a difficult task over long periods owing to changes in
surface height. More observations in the firn area would also
be required, such as temperature, water content, and density
profiles in the snow, tracing experiments to document water
movements, or melt rate measurements. Difficult access due
to high altitudes partly explains the scarcity of observations
in the accumulation area of tropical Andean glaciers.

5.2. Seasonal Changes in Energy Fluxes and Melt Rate

5.2.1. Energy Sources of Melting
[49] Table 2a shows the partitioning of the energy fluxes

averaged over the glacier surface at three periods of the year:
during the progressive establishment of the wet season
(December), in the core wet season (January), and in the dry
season (July). Table 2b quantifies the share of each energy
flux in the sum of all fluxes expressed in absolute values
to show the contribution of each flux to the total energy
exchange, or energy turnover. The sum of atmospheric
energy fluxes was positive in December and January, and
largely negative in July. During the melt period, which lasts
roughly from September to May, turbulent fluxes remained

Table 2b. Monthly Energy Fluxes Averaged Over the Glacier
Surface in December, January, and July During the 1999–2000
Hydrological Year, Showing the Contribution of Each Flux to
the Sum of All Fluxes in Absolute Values

Period SUMABS
a (W m−2) Sb (%) L (%) H (%) LE (%)

December 97 53 33 2 12
January 39 66 16 5 14
July 143 22 57 3 18

aSUMABS is the sum of the energy fluxes in absolute values: ∣S∣ + ∣L∣ +
∣H∣ + ∣LE∣.

bThe contribution of flux X was calculated as ∣X∣/SUMABS.

Table 2a. Monthly Mean Energy Fluxes Averaged Over the Glacier Surface in December, January, and July During the 1999–2000
Hydrological Year

Period S (W m−2) L (W m−2) H (W m−2) LE (W m−2) R (W m−2) H+LE (W m−2) R+H+LE (W m−2)

December 52 −32 2 −11 19 −9 10
January 26 −6 −2 −5 19 −7 12
July 31 −82 5 −25 −51 −21 −72
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low because of low wind speed and small temperature and
humidity gradients between the glacier and the air, and
radiative fluxes largely prevailed in the energy balance. From
September to December, precipitation and clouds were not
yet frequent and the snowline was high, causing low glacier
albedo (Figure 3). Solar irradiance approached its summer
peak and caused intense melting, resulting in the highest
discharge of the year. A marked diurnal cycle of discharge
characterized ice melting caused by solar radiation, with a
short time lag before runoff from the glacier reached the basin
outlet. Melt energy, mainly provided by short‐wave radia-
tion, was reduced by long‐wave radiation losses due to high
surface temperatures and low long‐wave emissions of the
atmosphere with a low cloud cover (Tables 2a and 2b).
Clouds and snowfall were most frequent from January to
March. High long‐wave emission from low warm convective
clouds maintained the melt rate despite the decrease in net
solar radiation due to the clouds and to the high albedo of
fresh snow. The contribution of sky long‐wave radiation to
melt energy and the transfer of meltwater through the snow
dampened the diurnal discharge cycle. In April, the end of
the precipitation season caused a rise in the snowline.
Lower albedo and increased sky transmissivity of solar
radiation tended to counteract the decrease in potential
solar radiation in winter and the reduction in long‐wave
incoming radiation due to the cloudless sky, so that net
radiation and melt energy were not significantly reduced.
[50] Schematically, meltwater discharge was maintained

thanks to the alternation of ice melting by solar radiation
during clear‐sky periods and snow melting by long‐wave
radiation during cloudy periods with frequent snowfalls. This
alternation of sources of melt energy occurred at different
time scales: from the September to December transition
season to the January to March wet season, and in the alter-
nation of 5–10 day periods of wet and dry conditions during
the precipitation season [Garreaud, 2000; Sicart et al., 2002].
5.2.2. Causes of Low Melt in the Dry Season
[51] In the wet season, precipitation associated with local

convection can deposit hail near the glacier front, which
rapidly melts owing to low albedo. During the dry season,

precipitation associated with extratropical perturbations
generally deposits a thick snow cover over the entire glacier,
drastically reducing the melt rate (e.g., the early June snow-
fall, Figure 8). The energy available for melt then remains low
owing to small energy gains in solar radiation and large
energy losses in long‐wave radiation and in turbulent fluxes.
[52] Averaged over the entire glacier surface, the energy

losses in turbulent latent heat flux were high, but lower
than long‐wave radiation losses (Table 2a). The turbulent
latent heat flux contributed most in the dry season but never
exceeded 20% of the total energy exchanges (Table 2b).
At the same time, long‐wave radiation losses represented
around 60% of the energy exchanges. The variations in
atmospheric energy fluxes were driven by radiation (Figure 9),
as shown by the correlations in July: r2(DQM,R) = 0.77,
r2(DQM,S) = 0.36, r2(DQM,L) = 0.10, r2(DQM,H+LE) = 0.26
(r2 is the determination coefficient for the hourly spatially
averaged fluxes during the day, N = 256). Radiation fluxes
dominated both energy gains (short‐wave) and losses (long‐
wave) of the glacier throughout the year. As discussed in
section 5.1, large uncertainties remain concerning the turbu-
lent fluxes but none is likely to significantly reduce the weight
of these fluxes in the energy balance.
[53] The long‐wave radiation deficit due to low emission

from the dry, cloudless, and thin atmosphere at very high
altitudes was sufficient to maintain low meltwater discharges
during the dry season. The energy deficit reached maximum
during daytime owing to high surface temperatures, which
reduced the energy available for melting. Long‐wave radia-
tion losses caused marked cooling of the glacier during the
night, which in turn, delayed the onset of melting during the
day. A delay in melting can also be expected at the beginning
of the wet season owing to the subsurface cold content
accumulated during the dry season, as happens in spring in
midlatitude glaciers.
5.2.3. Melt Duration as an Index of Seasonal Climate
Forcing
[54] Figure 12 shows the daily discharge at the gauging

station versus a point‐scale index of melt duration at AWS2.
The values were smoothed to account for the time lag before

Figure 12. Daily discharge versus melt duration represented by the number of hours when Ts > −1°C at
AWS2. Short melt duration corresponds to a 24 h period with clear skies. Running averages are over 7 days,
1999–2000.
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runoff from the glacier reaches the stream gauge station.
During clear‐sky conditions in the day, glacier melting is
mostly caused by solar radiation, whereas the surface is
cooled during cold nights. When the sky is overcast, the
emission of long‐wave radiation by clouds can maintain
melting conditions throughout the night. The low discharges
in the dry season were associated with a short melting period.
After the September equinox, increased solar radiation and
decreased surface albedo increased the energy available for
melt. The meltwater discharge increased with the lengthening
of the melting period, to reach a peak when clear‐sky solar
radiation caused intense melting for 10–12 h per day, around
the summer solstice in December. From January on, when the
wet season was fully established, frequent clouds maintained
the glacier close to melting conditions day and night.
Discharge was reduced but was nevertheless maintained by
long‐wave radiation emitted by clouds. The relationship
between point‐scale melt duration and total meltwater dis-
charge thus distinguishes three seasons in the hydrological
year. Figure 12 summarizes climate forcing on the glacier and
shows that cloud cover and precipitation control the seasonal
changes in melt energy.
[55] The annual mass balance depends on the onset of the

wet season, which interrupts the period of maximal melting
by solar radiation. Observations on Zongo Glacier since 1991
have shown a regular pattern of rapid increase in discharge
from September to December or January, followed by a
progressive decrease until the very low discharges in the dry
season. The seasonality of discharge contrasts with the pro-
gressive establishment of the precipitation season and its
rather sudden termination around April (Figure 2). The gla-
cier accumulation season is short, 3–4 months in the core of
the wet season, roughly from January to April [Sicart et al.,
2007]. Any delay in the onset of the wet season, as hap-
pened during the 1997–1998 El Niño event, results in a very
negative mass balance due to limited accumulation and very
high ablation.

6. Summary and Concluding Remarks

[56] With the objective of investigating seasonal climate
forcing on the mass balance and meltwater discharge of
tropical glaciers, the spatially distributed energy balance
model of Hock and Holmgren [2005] was applied to the
Bolivian Zongo Glacier (16°15′S, 6000 to 4900 m asl) at an
hourly time step over a hydrological year. The model was
adjusted to tropical high mountains mainly for the calcula-
tion of albedo, owing to the frequent alternation of melt and
snowfall periods during the wet season, and of long‐wave
incoming radiation, owing to the pronounced seasonality of
sky emission.
[57] Three seasons can be distinguished in this outer trop-

ical glacier. In the dry season from June to August, discharge
is low, mainly owing to the surface deficit in long‐wave
radiation due to the low emissivity of the cloudless thin
atmosphere at very high altitudes, and not primarily owing to
sublimation as postulated in previous studies [e.g., Kaser
et al., 1996; Wagnon et al., 1999]. During the transition
season from September to December, the meltwater dis-
charge progressively increases to reach its highest annual
values due to high solar irradiance, with the Sun close to
zenith, and low glacier albedo. From January on, the frequent

snowfalls in the wet season reduce the melt rate, which is
nevertheless maintained by high long‐wave radiation emitted
from convective clouds. The annual mass balance depends
on the onset of the wet season, which interrupts the period
of high melt caused by solar radiation. Any delay in the onset
of the wet season causes a very negative mass balance, owing
to reduced snow accumulation and very large ablation. The
mass balance is not greatly affected by turbulent fluxes,
which are significant only in the dry season. These tropical
Andean conditions contrast with the drier climate of high‐
altitude glaciers on Kilimanjaro (East Africa), where melt
is limited and sublimation dominates ablation [Mölg et al.,
2009b].
[58] During the wet season, radiation fluxes dominate in the

surface energy balance and most of the glacier is in melting
conditions, allowing for reliable closure of the energy budget
and good simulation of meltwater discharge. However, the
model tends to overestimate the snow albedo owing to errors
in its parameterization and/or in snowfall input. The melt rate
is very sensitive to albedo when thin layers of snow tempo-
rarily cover the glacier ice. Errors in albedo are partly com-
pensated by overestimation of the meltwater runoff from
the firn area due to poor simulation of the energy and mass
transfers within the snowpack. The glacier is not continuously
in melting conditions in the dry season; marked daily surface
temperature cycles imply large subsurface heat fluxes, which
are not correctly estimated.
[59] These simulations underline the need for further

experimental studies. Clouds and precipitation have distinct
properties in the wet and in the dry seasons, which need to
be further investigated in relation with the mass balance.
Observations of the melt processes and meltwater transfers
are lacking in the firn area. Investigations of the atmospheric
boundary layer would provide insights into wind properties
(e.g., height and strength of the maximum speed of katabatic
wind), which are necessary to estimate turbulent fluxes and
their areal variations more accurately. Subglacial hydrology,
which is related to the considerable length of the ablation
period, has not yet been thoroughly investigated.
[60] Tropical glaciers are characterized by large vertical

mass balance gradients of about 2mw.e. (100m)−1 yr−1 in the
ablation area [e.g., Kaser et al., 1996; Soruco et al., 2009],
implying a significant contribution of the lowest areas to total
ablation. The mass balance gradient is steepest in the wet
season and smallest in the dry season when neither melt nor
accumulation is substantial. Kuhn [1984] noted the influence
of the length of the ablation period. In the present study, the
simulations showed that the frequent changes in snow cover
throughout the ablation season enhance the vertical mass
balance gradients.
[61] The ablation and accumulation processes are closely

related in tropical glaciers. Melt depends on the duration and
timing of the wet season, which may have changed during
the Holocene [Servant and Servant‐Vildary, 2003]. Models
based on annual precipitation amount (and annual tem-
perature) may underestimate mass balance variability. In
low‐latitude mountains estimates of precipitation at intra‐
annual scales are rare in past records and not very reliable in
scenarios of future climate changes. Climate reconstitutions
based on past glacier extents and studies of the impact of
future glacier changes are therefore challenging in tropical
mountains.
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