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Tropical Glacier (Zongo Glacier, Bolivia, 16°S): New Insights
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!University Grenoble Alpes, CNRS, IRD, Grenoble-INP, Institut des Géosciences de I’Environnement (IGE, UMR 5001),
Grenoble, France, Facultad de Ciencias Geoldgicas, Universidad Mayor de San Andrés, La Paz, Bolivia, *Department of
Geoscience, Oslo University, Oslo, Norway, *Geophysical Institute, University of Alaska, Fairbanks, AK, USA

Abstract The application of a distributed energy balance model over nine years at an hourly time step

to a 20 x 20 m grid cell over Glacier Zongo (Bolivia, 16°S) enabled assessment of the climate factors that
control the interseasonal and interannual variability of its surface mass balance. The model was validated by
comparing the measured and simulated discharge at the outlet, albedo at the Automatic Weather Station, surface
state and annual mass balance both glacier-wide and as a function of altitude. Analysis of the mean monthly
energy fluxes highlighted the importance of the meteorological conditions over October and November on the
variability of the annual surface mass balance. Two sensitivity analyses are presented, one of the distribution
of precipitation over time which maintains a physical coherence between the different meteorological variables
and one of the impact of prolonged periods of intense cloud radiative forcing on the surface mass balance.

The distribution of precipitation events over time and their associated amounts are the main drivers of the
interannual variability of the surface mass balance via an albedo feedback effect. Additionally, prolonged
periods of negative cloud radiative forcing, specifically over the month of November, notably reduce the melt
rate.

Plain Language Summary This study aimed at identifying the meteorological variables

which control the seasonal and annual melt rates of a tropical glacier in Bolivia considering nine years of
measurements at the hourly timescale. The analysis of the energy fluxes at the weather station has shown
that the period between the austral winter and summer is the period during which most melt can be generated
making it key in defining the annual melt rates. The analysis of the impact of measured meteorological
variables on the melt rate has shown that it is the solar energy that controls most of it. The amount of solar
energy available for melt is defined by the state of the glacier surface (snow, ice, debris) which controls the
amount of reflected energy. In this context, the frequency of the snowfall events plays a key role in controlling
the melt as frequent events imply a whiter glacier which is able to reflect most of the incoming solar energy.
Similarly, because clouds can block large portions of solar energy, sustained cloud periods can play an
important role in reducing the melt rate.

1. Introduction

In recent decades, both field observations and remote sensing have shown a trend of glacier retreat in tropical
South America (e.g., Dussaillant et al., 2019; Kaser, 1999; Masiokas et al., 2020; Rabatel et al., 2013; Seehaus
et al., 2020; Soruco et al., 2009; Vincent et al., 2018), with specific mass losses over the last decades even larger
than the global mean (e.g., Rabatel et al., 2013; Zemp et al., 2019). Previous studies have linked these mass
changes to the high sensitivity of tropical glaciers to changes in moisture-related variables including precipita-
tion, albedo, and cloudiness rather than directly to air temperature (e.g., Sicart et al., 2005). Bradley et al. (2009)
found statistical correlations between mass changes and air temperature for the Quelccaya Ice Cap, however, these
might result from the indirect effect of air temperature on the phase of precipitation (e.g., Gurgiser, Marzeion,
Nicholson, Ortner, & Kaser, 2013). Hence, air temperature increase does not increase melt directly, but it may
change the local hygric regime. In addition, most studies conducted to understand the complex climate-glacier

AUTIN ET AL.

1 of 21


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-5830-1629
https://orcid.org/0000-0001-8336-9441
https://doi.org/10.1029/2021JD035410
https://doi.org/10.1029/2021JD035410
https://doi.org/10.1029/2021JD035410
https://doi.org/10.1029/2021JD035410
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021JD035410&domain=pdf&date_stamp=2022-04-07

A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2021JD035410

relationships in the tropics have been carried out with data acquired over a short period (Hurley et al., 2016;
Litt et al., 2014; Maussion et al., 2015; Molg et al., 2008, 2009; Prinz et al., 2016; Sicart et al., 2005; Wagnon
et al., 1999).

Glacier surface mass balance is controlled by the climate via energy and mass fluxes between the atmosphere and
the glacier surface (e.g., Cuffey & Paterson, 2010). These fluxes are modulated by conditions specific to tropical
glaciers, including small seasonal air temperature variations, marked cloud and precipitation seasonality, very
high elevations, and pronounced sublimation (e.g., Nicholson et al., 2013; Prinz et al., 2016; Sicart et al., 2011).
Understanding the relationship between mass and energy balances and identifying the key meteorological vari-
ables that control the glacier surface mass balance is crucial to better estimate past and future changes of these
glaciers and their consequences, for example, on water availability for human consumption, irrigation, or hydro-
electricity production (e.g., Soruco et al., 2015).

Several studies put forward different atmospheric/meteorological factors as being responsible for the interannual
variability of the surface mass balance of tropical glaciers in the Andes (e.g., Abermann et al., 2014; Gurgiser,
Marzeion, et al., 2013; Gurgiser, Molg, Nicholson, & Kaser, 2013; Hastenrath, 1997; Maussion et al., 2015;
Vuille et al., 2008). Some highlighted the importance of the onset of the wet season (Francou et al., 1995; Sicart
et al., 2011). However, Ramallo (2013) found poor correlations between the surface mass balance and the onset
or end of the wet season primarily due to the difficulty in precisely identifying the latter which generally starts
between mid-November and January in the eastern Andes of Bolivia. Other studies (e.g., Francou et al., 2004;
Rabatel et al., 2013) considered the role of large-scale climatic indices like El Nifilo Southern Oscillation
(ENSO) that promote increased surface mass loss due to reduced precipitation and increased air temperatures.
However, poor correlations have also been reported between the ENSO and precipitation: based on 18 yr of data,
Ramallo (2013) finds that the two variables have less than 10% of common variance at interannual scale on the
Altiplano and less than 30% in the Zongo Valley.

In this context, distributed energy balance models (DEBAMs) are useful tools as they provide insight into the
mechanisms that control interseasonal and interannual surface mass-balance variability of entire glaciers. Here,
we focus on Zongo Glacier, located in the outer tropical Andes of Bolivia, where diverse long-term observations
are available from previous studies.

Wagnon et al. (1999) calculated the surface energy balance of Zongo Glacier at the automatic weather station
(AWS) in the ablation area over one hydrological year (1997/1998). This was the first study of the annual surface
energy balance over the glacier; it showed that the main driver of mass loss is the net all-wave radiation, which
is primarily controlled by an albedo feedback effect. The authors also pointed out that because the meteoro-
logical conditions favor sublimation during the austral winter (between May and August, also known as the
dry season) the melt rate over this period is lower than over the rest of the year, a process already identified by
Kaser et al. (1990). Using data acquired between 1999 and 2000, Sicart et al. (2011) applied the physically-based
DEBAM, (Hock & Holmgren, 2005) to the whole glacier in order to study the seasonal variability of the surface
mass balance. This study highlighted the notable influence of processes that occur during the transition period
between the dry (June—August) and wet season (January—March) on the annual surface mass balance. In addition,
they show that at the glacier scale sublimation does not play an important role in controlling seasonal melt rate
changes.

Lejeune et al. (2007) applied the CROCUS-ISBA model forced by meteorological data from an AWS on the
moraine of Zongo Glacier. These authors showed that the rapid melting of snow on the moraine is mainly driven
by incident shortwave radiation.

In this study, we applied DEBAM to Zongo Glacier over nine years to obtain deeper insights into the atmospheric/
meteorological factors that control the interannual variability of the surface mass balance. The long data set
available at Zongo Glacier provides a unique opportunity to investigate the climate factors that control both inter-
annual and seasonal variabilities of the surface mass balance. Model experiments are performed to investigate the
role of precipitation frequency and cloud cover on mass balance based on synthetic climate scenarios constructed
from reorganized climate observations.
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Figure 1. Location of Zongo Glacier and its monitoring network. SAMA is the on-glacier AWS, ORE is the AWS on the
moraine and PLATAFORMA is the one at the pass. TUBO is a discharge gauging station. The bottom left inset map shows
the location of the glacier in South America. The thick black line is the glacier outline in 1999. Thin black lines are elevation
contours every 100 m from the 1999 digital elevation model (the first elevation contour being 5,000 m a.s.1.). The image in
the background was acquired by the Pléiades satellite in 2013, © CNES-Airbus D&S.

2. Study Area and Climate Setting
2.1. Zongo Glacier

Zongo Glacier (16°15°S, 68°10’W) is located on the southern side of Huayna Potosi peak (Cordillera Real,
Bolivia). It is a valley-type glacier extending 2.8 km from about 6,000 m a.s.l. down to about 4,950 m a.s.l. and
had a surface area of 1.7 km? in 2016. In collaboration with the French Research Institute IRD, the Bolivian
authorities started a meteorological, glaciological, and hydrological observation program on Zongo Glacier in
1991 (Francou et al., 1995; Ribstein et al., 1995). The location of the AWS s on and around the glacier as well
as the ablation stakes have varied over time but measurements have continued uninterrupted since the beginning
of the program; see Rabatel et al. (2013) for a detailed overview of the monitoring network, and Figure S1 in
Supporting Information S1 for the operating periods of the three AWS s. Figure 1 shows the location of the glacier
along with its monitoring network.

2.2. Tropical Climate and Glaciological Regime

Since Zongo Glacier is located in the outer tropics, its climate is characterized by marked seasonality with
frequent cloud cover and precipitation events primarily during the austral summer and a pronounced dry season
during the austral winter (Troll, 1941). The glaciological regime over this region was described by Kaser (2001):
most accumulation occurs during the wet season (austral summer) whereas during the dry season (austral
winter) predominant clear-sky conditions and dry air favor sublimation. This overall pattern has been well estab-
lished from in situ monitoring, for instance by Kaser et al. (1990) over glaciers in the Cordillera Blanca, Hardy
et al. (1998) on Sajama Ice cap and by Wagnon et al. (1999) at Zongo Glacier. Sicart et al. (2011) found that the
low ablation rate during the dry season is linked to the large longwave emission deficit during this period. Note
that the hydrological year for Zongo Glacier begins in September and ends the following August.

We analyzed the mass-balance record (1992-2017, Vincent et al., 2018) to characterize the glaciological regime
of the glacier. As shown in Figure 2, the ablation zone of Zongo Glacier experiences the highest net mass losses
from September to November (—0.21 to —0.50 m w.e./month). This period is considered as the transition period
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to deep convection events (Garreaud, 2000). Previous studies (e.g., Sicart
et al., 2011) have shown that this period plays a key role in explaining the
> : J_ ; annual surface mass balance.
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These upslope winds transport moisture from the Amazon Basin to the trop-

Figure 2. Box plot showing the monthly surface mass balances of the ablation ~ ical Andes. The solar heating of the surface leads to strong afternoon/early
zone of Zongo Glacier calculated from 20 ablation stakes (between 5,000 and evening convection events in the Bolivian Andes and Altiplano (Garreaud

5,200 m a.s.l.) for the 27 mass balance years 1990/1991-2016/2017.

et al., 2003). According to Sicart et al. (2016), nearly half the cloud events
during this period can be linked to Surazo conditions. These correspond to a
destabilization of the tropical atmosphere by extra tropical cold air intrusion
related to low-level southern wind incursion (Ronchail, 1989). In the Bolivian lowlands, Espinoza et al. (2013)
found an average of 3.4 such events lasting 2.7 days for each austral winter (JJA) between 1975 and 2002. Over
this region, such events can cause sudden drops in temperature associated with deep convection events (Sicart
et al., 2016). These events are responsible for up to a quarter of the summer precipitation in central Amazonia
(Garreaud & Wallace, 1998). Over Zongo Glacier, they are marked by the arrival of cold high-altitude clouds
which bring snow events which usually last for a few days. These events differ from the monsoon events which are
convective events (i.e., thick and warm clouds) resulting from moist air advection from the Amazon Basin toward
the eastern Andes due the destabilization of the boundary layer via the intense heating of the Altiplano between
December and March (Sicart et al., 2016).

Throughout this period (wet season), there is little net mass loss since most of the melt energy goes to melting
fresh snow (70% of the annual melt; Ramallo, 2013). Indeed, as shown by Sicart et al. (2011), throughout this
season at the glacier snout, periods of snow melt during cloud events alternate with periods of ice melt during
clear sky periods.

Finally, between April and August, surface mass-balance in the ablation area becomes increasingly negative,
and both the top of atmosphere shortwave and incoming longwave radiation fluxes are low. The large incoming
longwave deficit leaves little energy available for melt (Sicart et al., 2005). In addition, the negative latent heat
fluxes during this period favor strong sublimation (Wagnon et al., 1999). About 10% of the annual precipitation
occurs during this period (Ramallo, 2013), and 87% of the cloud events can be linked to Surazo conditions (Sicart
et al., 2016).

While the top of atmosphere shortwave radiation peaks between September and November (Figure 3a), incoming
shortwave radiation is at its maximum during the dry season (May—August). In contrast, the incoming longwave
radiation is highest during the core wet season (January—March) and minimal during the dry season (Figure 3b).
Sicart et al. (2010) showed that clouds increased the longwave radiation by up to 55% during the wet season and
by about 20% on average. This effect contributes to the significant mass loss in the ablation area during the tran-
sition period (September—November, Figure 2).
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Figure 3. Annual cycle of (a) incoming shortwave radiation (SWin) and top of the atmosphere shortwave radiation (Smp) and (b) incoming longwave radiation (LWin)

at the on-glacier weather station (SAMA) and theoretical clear-sky incoming longwave radiation (L

). L

clear

was derived by dividing LWin by the cloud longwave

‘clear:

emission factor (F). Daily mean station data are averaged over the nine simulated years between 1999 and 2017. (c) Boxplot showing the interannual variability of the
monthly mean near-surface air temperature at the PLATAFORMA weather station (Figure 1).

Both incoming short and longwave radiation fluxes (averaged over each mass-balance year) are rather poorly
correlated with the annual surface mass balance (R? = 0.28 and 0.0, respectively) for the nine study years.

Figure 3c shows the interannual variability of the monthly mean temperatures at PLATAFORMA over a period
of 14 yr (between 1999 and 2017): as expected the seasonal variability of the monthly average is low (the median
temperatures vary between 1.5°C and 2.2°C). We correlated monthly mass balances to monthly mean air temper-
atures at the on-glacier weather station (SAMA) and found the best correlation during the core wet season (up
to R? = 0.69). The best correlations with glacier-wide surface mass balance derived from extrapolating the point
balances across the glacier using a nonlinear statistical model (Vincent et al., 2018) were obtained at the annual
scale but remained low (R* = 0.18).

Seasons can also be defined by looking at the distribution of the cloud radiative properties and more specifically
at cloud radiative forcing, that is, the combined effect of clouds on the incoming radiation fluxes resulting from
an increase in longwave radiation and a reduction in incoming shortwave radiation, the latter being dominant.
Following the methodology of Sicart et al. (2016), we calculated the cloud radiative forcing of cloudy days for
each month of 13 yr between 1999 and 2017, and analyzed the monthly probability density functions (Figure 4).
Results indicate that cloud radiative forcing is distinctly different for the core wet season (January—March), the
dry season (June—August) and the transition period (September—November), and therefore can be used as a crite-
rion to identify these three seasons.

Between September and November (transition period, Figure 4a), the bimodal distribution of the cloud radiative
forcing suggests the presence of two different types of clouds: those with little impact on the radiation budget
(cold high-altitude thin clouds), and clouds with a considerable impact on the radiative budget as evidenced by
the peak around —120 W m~2; that is, thick clouds typical of convective events. During the core wet season (Janu-

ary —March, Figure 4b) the cloud distribution is unimodal, and the peak is centered around —150 W m~2

» suggest-
ing predominantly thick clouds. Finally, the distribution is again unimodal during the dry season, centered around

—20 W m~2, indicating predominantly thin clouds at high altitude with a small impact on the radiation budget.
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Figure 4. Probability distribution functions of cloud radiative forcing for the transition period (a), the core wet season (b) and the dry season (c) based on 13 yr of data
(between 1999 and 2017) at both the on-glacier and PLATAFORMA weather stations.

3. Mass-Balance Modeling

We apply the open-source mass-balance model DEBAM (Hock & Holmgren, 2005; https://regine.github.io/melt-
model/) to nine non-consecutive years between 1999 and 2017 when weather station data were available to reli-
ably simulate the energy and mass fluxes over the glacier surface at the hourly time step. Although less complex
than other physically based models (e.g., CROCUS-ISBA), DEBAM requires less meteorological input variables,
and therefore is well suited to study the interannual variability of Zongo Glacier surface mass balance. This model
has been applied to glaciers in the Northern Hemisphere (Hock & Holmgren, 2005; @stby et al., 2017; Reijmer &
Hock, 2008), the Sub-Antarctic (Braun & Hock, 2004) and on Zongo Glacier (Sicart, 2002; Sicart et al., 2011).

3.1. Input Data Sets

The model is forced with seven meteorological input variables at hourly resolution: air temperature, precipitation,
incoming shortwave and longwave radiation, outgoing longwave radiation, relative humidity, and wind speed.
Due to the difficulty of maintaining a fully operational AWS on the glacier, sufficient data were only available
for nine non-consecutive years within an 18 yr period from 1999 to 2017: 1999 to 2001, 2004 to 2006, 2008 to
2010, 2011 to 2013, and 2016/2017.

We use the data from the SAMA AWS located on the glacier surface at 5,050 m a.s.l (Figure 1, Table 1). Text S1
in Supporting Information S1 details the gap-filling methodology used.

Irl:zv?loefihe Equipment at SAMA Along With the Sensor Heights and Precision According to the Manufacturer
Variable Sensor Sensor height ~ Precision (according to the manufacturer)
Temperature CS2115 (since 23/02/2011) 1.00 m +0.2°C

Vaisala HMP45C (up to 23/02/2011) 1.57 m +0.9°C
Relative humidity CS2115 (since 23/02/2011) 1.00 m +2%

Vaisala HMP45C (up to 23/02/2011) 1.57 m +4%
Wind speed (m/s) Gill Solent (since 23/02/2011) 1.74 m +5%

Young 05103 (up to 23/02/2011) 2.50 m +0.3 m/s

Incoming and outgoing shortwave radiation (W/m?) Kipp & Zonen CM3 0,305 < 4 < 2,8 pm 1.00 m +3%
Incoming and outgoing longwave radiation (W/m?) Kipp & Zonen CG3 5 < 4 < 50 pm 1.00 m +3%
Snow height, ultrasonic measurements Campbell, SR50AT 1.15m +1 c¢cm or 0.4% of the distance
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a. b.

Figure 5. (a) Zongo glacier front positions between the first (1999) and the last modeled year (2016). (b) Simulated glacier-wide annual surface mass balance (B
vs. balances derived from stake observations and geodetic balances (B

7 ® Adjusted DEM: R?=0.8
A 1997 DEM: R?=0.5

01999 02005 2011
=12000 ©=2008 432012
12004 ©—2009 232016

Bsim (m w.e.)

-4 -3 -2 -1 0 1
Bmeas (m w.e.)

sim)

Vincent et al., 2018), including the 1:1 line. Simulations using annually adjusted DEMs are

meas’

compared to those keeping the 1997 DEM and outline constant.

Precipitation was derived from the ultrasonic gauge measurements following Sicart et al. (2002): precipitation
amounts were obtained by comparing the means of three consecutive measurements spread over one hour at 3
hr intervals, in order to identify changes in surface height of at least 1 cm. The amounts in water equivalent were
then derived by applying a fresh snow density of 220 kg m~ for the transition period and the dry season and a
higher density of 250 kg m~3 for the wet season due to slightly higher temperatures during the austral summer.

Between 1999 and 2016, the glacier lost 12% of its surface area (Figure 5a) and thinned considerably (the altitude
of the grid points making up the glacier front in 2016 were 55 m lower in 2016 than in 1999). To account for the
changing geometry, digital elevation models (DEMs) were generated for each modeled year. The glacier topog-
raphy was interpolated (or extrapolated) linearly between two measured DEMs: one from 1997 based on aerial
photographs (Soruco et al., 2009) and one from 2013 made from Pléiades satellite stereo-images (Cusicanqui
et al., 2015). The glacier contours were based on differential GPS measurements made each year during field
campaigns.

Figure 5a illustrates the glacier retreat during the modeled period while plot 5b shows the impact of accounting
for changing surface elevations compared to the use of the 1997 DEM on the simulated annual surface mass
balance (B,
simulated glacier-wide annual surface mass balances and those derived from observations (R? went from 0.5 to

Vincent et al., 2018). Accounting for the glacier retreat improved the correlation between the
0.84). This is because accounting for glacier retreat adjusts the size of the ablation zone thereby significantly
reducing the overall melt.

In addition, when keeping the glacier topography constant, the simulated snowline is at a higher altitude than
what observations indicate. Therefore, simulated glacier-wide albedo is too low which in turn increases both melt
and total mass loss.

Hourly discharge data from the TUBO gauging station (Figure 1), a V-shaped weir with an automatic limnigraph,
were used for validation as it is representative of the overall amount of melt water. In addition, surface mass
balance observations at 20 ablation stakes distributed over the ablation area were used. Finally, photos taken
during field campaigns were used to compare the modeled and observed snow line positions.

3.2. Model Description
DEBAM (Hock & Holmgren, 2005) solves the following surface energy balance equation:

Ov=G(1—-a)+LW,u+H+ LE +Q¢+R (D
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where Q,, is the energy available for melt, G is the global (or shortwave incoming, SW, ) radiation, « the albedo,
LW, the net longwave radiation balance, H and LE are the sensible and latent heat fluxes, respectively, O is the
ground heat flux and R the sensible heat supplied by rain (negligible over Zongo as shown by Sicart et al., 2011).
The model convention is such that energy fluxes directed toward the surface are positive and those away from the
surface are negative.

The model also includes a runoff module which routes glacier melt and rain water through the glacier using three
linear reservoirs representing firn, snow and ice. We use storage constants of 350, 30, and 16 hr, respectively,
according to Sicart et al. (2011).

3.2.1. Incoming Radiation Fluxes

To extrapolate global radiation across the glacier, measured radiation was split into its direct and diffuse compo-
nents using a calibrated empirical relationship between the ratio of global radiation at the top of the atmosphere
and the potential diffuse radiation considering a clear sky attenuation of 13% at the daily time scale (Sicart
et al., 2011). The diffuse radiation component was considered to be spatially variable and extrapolated accord-
ing to topographic shading based on the sun's path, the effective horizon and sky view factor of the grid cell
(Hock, 1998). The direct component of incoming shortwave radiation was extrapolated according to the slope and
orientation of the grid cells. The incoming longwave radiation was taken from the weather station measurements
and assumed to be spatially constant over the glacier, a reasonable assumption given the small glacier surface
area (1.7 km?).

3.2.2. Parameterization of Albedo

Because DEBAM was originally developed to model glaciers in the Northern Hemisphere, a key adaptation to
tropical glacier on the albedo calculation was implemented in the model by Sicart (2002), and was used here.
It consists of a modified version of Oerlemans and Knap (1998)'s albedo parameterization that accounts for the
rapid alternation of accumulation and melt in the wet season as well as the impact of ice on the albedo over shal-
low snow depths.

In the absence of precipitation, the snow albedo decreases as follows:
Osnow = Ofin + (Qfresh-snow — Clfirn) e_"j/"* )
a = Usnow + (Aice — Asnow) (1 + e:/ef)_3 3

where n* is the time constant of decrease in albedo (10 days), nj is the number of days since the last snowfall,
e, the snow depth and e * the critical snow depth below which the ice starts to influence the modeled albedo,
considered here to be 6 mm w.e. according to Sicart (2002).

During precipitation events, the albedo increases proportionally to precipitation rate (Pr) (Sicart, 2002):

Aa = cpPrwith cp = 0.02h/mm “)

3.2.3. Surface Temperature

Surface temperature was derived from measured outgoing longwave radiation and assumed constant across the
glacier. The subsurface snow module (Hock & Tijm-Reijmer, 2012) was not used to evaluate the surface tempera-
ture spatial evolution due to lack of data to constrain the model (i.e., subsurface temperature and density profiles).
In addition, most of the melt occurs between September and March when the surface temperatures in the ablation
area remain close to the melting point (Sicart et al., 2011). Thus its application would significantly increase the
model uncertainty and hence the risk of error compensation.

3.2.4. Turbulent Energy Fluxes

The sensible and latent turbulent heat fluxes were calculated according to the aerodynamic profile method
between the glacier surface and measurements as a function of 1.57 m air temperature, relative humidity, and
wind speed based on the Monin-Obukhov similarity theory (see Hock & Holmgren, 2005 for more details).
Stability functions were assumed constant across the glacier and based on Beljaars and Holtslag (1991) for stable
conditions and on the Businger-Dyer expressions from Paulson (1970) for the less frequent unstable cases.
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Figure 6. Validation of the model results exemplified for the hydrological year 2008/2009. Modeled and measured (a) daily
mean albedo (a), (b) daily discharge (Q) and (c) annual specific surface mass balance (B) profiles.

3.2.5. Model Application and Calibration

The model was run with hourly resolution and on a 20 x 20 m grid. Air temperature was extrapolated across the
glacier using a constant lapse rate of —0.55 K/100 m. A precipitation gradient of +10%/100 m was applied up to
5,400 m a.s.l., above which it remained constant (based on an analysis of measurements at different altitudes).
Relative humidity and wind speed were assumed constant across the glacier. At the beginning of each hydrologi-
cal year (1 September), the model was initialized with a map of the extent of the firn zone estimated from in situ
terrestrial photographs or LANDSAT images and a map of snow cover derived from field photographs, and snow
depth derived from observations.

First, the melt rate was calculated at the AWS. The energy fluxes were then extrapolated across the glacier.

We chose to use a constant set of parameters for the nine years to guarantee robust calibration, the calibration
process involved a trade-off between very precise modeling of specific years (e.g., years with high precipitation)
and obtaining a globally efficient parameter set. Special emphasis was placed on reproducing the transition
periods as accurately as possible as they play an important role in the interannual variability of the surface mass
balance (Sicart et al., 2011). We focused on two main sets of parameters: albedo and roughness lengths.

The albedo was calibrated using measurements at SAMA for two contrasting years (1999/2000, B = —0.08 m w.e
and 2004/2005, B = —1.90 m w.e.). It implied a trade-off between the simulated albedo for these two years. It was
validated over the remaining years. Accordingly, the following albedo values were assumed: 0.85 for fresh snow,
0.6 for firn and 0.3 for ice.

The roughness length for momentum over ice was calibrated using eddy covariance (EC) measurements in June
2011 and set to 0.026 m. Those of momentum over snow and of temperature and humidity were considered
constant and set to a tenth of the roughness length of momentum over ice (i.e., 0.0026 m). These values were
then validated over the other period where EC measurements were available (July—August 2007, Litt et al., 2014).

3.3. Model Validation

To validate model performances, we focus on the following observations: albedo at SAMA, discharge at TUBO
gauging station, observations of surface type (snow, ice) from terrestrial photographs, glacier-wide surface mass
balances derived from observations, and point surface mass balances as a function of altitude.

Figure 6 illustrates the results for the year 2008/2009, a year with high albedo variability at the AWS. Overall,
variations in albedo are well simulated but the amplitude is sometimes off (Figure 6a), suggesting that precipita-
tion events are well represented, but not always their intensity. This is due to both the precipitation measurements
uncertainties (Sicart et al., 2002) and the assumption of a constant value for the time constant of decrease in albedo
(10 days, Equation 2) although snow ages faster in the wet season than in the dry season (Sicart et al., 2011).
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Errors in modeled albedo have a significant impact on modeled melt rate, since solar irradiance is often the main
source of energy for melt (Sicart et al., 2005) and its effect on melt is controlled via an albedo feedback effect
(and hence the glacier surface state). In addition, errors in simulated surface state lead to erroneous turbulent flux
simulations as different roughness lengths are used over snow and ice.

Simulated discharge is in good agreement with the measurements up to the end of the wet season (Figure 6b)
although the model underestimates some peaks probably due to errors in accurately modeling the snow line on a
daily scale. During the dry season, the discharge is systematically overestimated likely because the model does
not account for the ground heat flux. Hence, the glacier surface does not cool enough and cannot delay the diurnal
melt.

Figure 6¢ compares modeled and observed surface mass-balance as a function of altitude. The model underesti-
mates mass loss close to the glacier front however, this has little impact on the glacier-wide surface mass balance
since this region represents only a very small fraction of the ablation area. The mass balance for the remaining
glacier area is well simulated.

Measured and simulated surface mass balance profiles for all nine simulated years are shown in Figure S2
in Supporting Information S1. Overall, the simulated equilibrium-line altitude is in good agreement with the
measurements.

One of the main drawbacks of calibrating a single parameter set for all the modeled years is that the model is
not equally accurate for each of the years modeled: in some years, melt in the ablation zone is underestimated
(e.g., 2005/2006) whereas in others, it is overestimated (e.g., 2004/2005). Considering the nine-year average,
the overall mass loss is overestimated by 0.18 m w.e. with an average surface mass balance of —0.88 m w.e. The
simulation errors for years with significant net mass loss tend to be higher than for years with limited mass loss.

Overall, a variety of error sources can explain the differences between measured and simulated variables (Sicart
et al., 2011). In the model, the surface temperature is calculated using the measured outgoing longwave radiation
at the weather station and considered constant. As a result, the model is not able to capture the intense night
cooling of the surface in the firn area, which in turn, delays the diurnal melting period of the surface, leading to
potential overestimation of the melt rate. Furthermore, erroneous surface temperatures affect the simulated turbu-
lent fluxes which in turn, affect the surface temperature, leading to rapid uncertainty propagation. This process
is particularly important in the dry season when nighttime cooling of the surface in the accumulation area is at
its highest.

3.4. Generation of Scenarios for Precipitation Sensitivity Analysis

We perform a series of sensitivity experiments to analyze the impact of the timing of precipitation amounts
during the transition season (September—November) on the annual surface mass balance. Three scenarios (S1—
S3) were generated by shuffling the time series of daily meteorological data during the transition season:

1. S1: All days with precipitation events >2 mm/d were evenly distributed in time. For example, if there are 30
such days, then, in the scenario, such a day occurred every third day as there are 91 days in the season. Days
were shuffled manually so that each day was moved as little as possible (maximum was 12 days). The thresh-
old was chosen because it allows the formation of at least 1 cm of snow, which in turn, enables considerable
changes in albedo and hence has a notable impact on the melt rate

2. S2: Same as S1 except the threshold was 9 mm/d (to assess the threshold impact)

3. S3: All precipitation events exceeding 2 mm/d within a given month were moved to the beginning of that
month

The procedure guarantees that precipitation amounts in the transition period are conserved (i.e., only the temporal
distribution of the events changes).

To guarantee physical coherence between the different meteorological variables for each day, all the other mete-
orological input data for the corresponding day were shuffled as well.

AUTIN ET AL.

10 of 21

5UO1T SUOWILIOD BAIR1D 3|edt|dde a3 Aq pauseAoh ae sapie YO ‘esn Jo Sajnt 10} Akiq i autuQ AS|IAN UO (SUO I IPUOD-pUe-SWLIBY /WD A3 | IM" AReiq 1 U1 |UO//SANY) SUOIPUOD pue SWiB | 3Y} 88S *[7202/T0/80] U0 ARiqiauluQ A8|IAn ‘9ouelH aueiyoo) Aq 0THSE0ArT202/620T OT/I0p/w0d A8 |1m AR lq 1 puljuosgndnfe//sdny wo.j papeojumod ‘Z ‘2202 ‘96686912



A~y )
M\I Journal of Geophysical Research: Atmospheres 10.1029/2021JD035410

ADVANCING EARTH
AND SPACE SCIENCE

Table 2

Scenarios S1-S3 were generated for three contrasting years: 1999/2000

Summary of the 66th Percentile Value of the Cloud Radiative Forcing (CF) represents a year with little melt (B, ., = —0.08 m w.e.), 2008/2009 repre-
Per Month and the Corresponding Cloud Longwave Emission Factor (F'o*) sents a mass balance close to the nine-year average (B, =—1.14 m w.e.).

meas

and Bulk Cloud Shortwave Transmissivity (Tn“") Values Retained for the The year 2004/2005 had the highest recorded net mass loss of the nine years

Scenario

studied (B, ... = —1.90 m w.e.).

meas —

Month 66th percentile value of CF (W m~2) JEEC i S

September —-109
October —-128
November —136

Moving days around also impacts the daily total incoming radiation at the
LaZ Ly glacier surface via cloud radiative forcing as moving precipitation events also
1.30 0.51 involve displacing clouds. But, as melt was generally limited during precip-

1.23 0.53 itation events, the cloud radiative forcing induced by moving the clouds was

of little importance.

3.5. Generation of Scenarios for Cloud Sensitivity Analysis

To assess the impact of the cloud cover on the annual surface mass balance, we constructed three scenarios that
change the cloud radiative forcing (which is the net effect of clouds on the incoming radiation fluxes) to mimic a
cloud cover sustained over an entire month. In practice, we changed the incoming shortwave and longwave radi-
ation for each time step, separately for each of the three months of the transition period (September—November)
for all nine simulated years resulting in three scenarios: Sce_S, Sce_O, and Sce_N. The radiative forcing of all
other months and all other meteorological data for the entire period remained unaltered.

To achieve this we used the cloud emission factor F which represents the increase in sky longwave emission due
to clouds and the bulk cloud shortwave transmissivity Tn which represents the attenuation of incoming shortwave
radiation linked to the presence of clouds (Sicart et al., 2010, 2016).

Thus, the incoming longwave radiation flux in each scenario (LW, 5°¢) was calculated by:
LwinSce — (Fcloud/Fmeas) Lwinmeas (5)

where LW, is the measured longwave incoming radiation, F™* is the measured cloud emission factor and Feloud
is the emission factor needed to construct the scenario.

Similarly, the incoming shortwave radiation (SW, 5°) was calculated by scaling measured SW, ™ by the ratio
of the bulk shortwave transmissivity representing cloudy conditions (Tn**d) and the measured transmissivity
(Tnmcas):

SWinSce — (Tnclaud/T”meas) Swinmeas (6)

Felovd and Tneovd were derived from the long-term (nine-year) monthly 66th percentile of cloud radiative forcing.
We assume that the 66th percentile of daily values over the nine simulated years represents thick cloud cover.
Table 2 lists the cloud radiative properties for each month. The F and Tn values are typical of thick warm clouds:
regardless of the month considered, the clouds reduce the incoming shortwave radiation by at least 47% and
increase the incoming longwave radiation by at least 23% (Sicart et al., 2016 considered that clouds have a strong
impact on the radiative budget when F > 1.15).

Although changing the incoming radiation fluxes values led to a loss of physical coherence between radiation
fluxes and the other meteorological variables (temperature, relative humidity, and wind speed), the loss was
considered acceptable since the main impact is on the turbulent fluxes which, according to Sicart et al. (2011),
tend to be small during the transition period.

In order to assess the impact of generating the cloud cover scenarios compared to measured conditions, the
mean number of cloud events per month over 13 yr was calculated based on the methodology defined in Sicart
et al. (2016). Accordingly, there were 20 cloudy days in September, 25 in October, and 24 in November. Hence,
on average the scenarios implied adding 10 cloudy days in September and six cloudy days in both October and
November.

It is worth noting that the cloud radiative forcing values applied were significantly lower than the measured values:
for each month, the mean cloud radiative forcing was 34% more negative than the nine-year average (as the 66th
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Table 3
Simulated Annual Glacier-Wide Surface Mass Balance, Melt and Precipitation in the Nine Simulated Years, Along With the
Differences From Their Respective Mean Values

Simulated variable X Difference from mean values (X — Y)

Years B (mw.e.) Melt (m w.e.) Precipitation (m) B (mw.e.) Melt (m w.e.)  Precipitation (m)

1999/2000 -0.21 1.93 1.74 0.85 —-0.64 0.13
2000/2001 —0.04 2.03 1.98 1.02 -0.53 0.37
2004/2005 —2.47 3.49 1.35 —1.41 0.93 —-0.26
2005/2006 -0.36 2.25 1.91 0.70 -0.32 0.31
2008/2009 -1.14 2.38 1.41 -0.08 -0.19 -0.20
2009/2010 —1.84 3.00 1.47 —-0.79 0.43 —-0.14
2011/2012 -0.88 2.55 1.76 0.18 -0.01 0.15
2012/2013 -0.97 2.51 1.53 0.09 -0.06 -0.80
2016/2017 —-1.62 2.96 1.32 —-0.56 0.39 —-0.29
X —-1.06 2.60 1.61 NA NA NA
o 0.81 0.50 0.25 0.81 0.50 0.25
+ 0/2). The

Note. The three years in italics are years in which the mass loss is considerably less than the average (B > B
three years in bold are years with considerable mass loss (B < B_ ... — 0/2).

mean

mean

percentile of the absolute cloud radiative forcing was used to build the scenarios). In terms of intrinsic cloud
radiative properties, this increased the cloud longwave emission factor (F) by 12%, 1%, and 6% in the September,
October, and November scenarios, respectively. Similarly, it reduced bulk cloud shortwave transmissivity (7n)
by 33%, 14%, and 9% in September, October, and November, respectively. Therefore, this scenario generation
method allows the assessment of the impact of strong sustained cloud cover on the surface mass balance.

4. Results and Discussion
4.1. Analysis of the Interannual Variability of the Simulated Energy Fluxes

Simulated annual glacier-wide surface mass balances range between 0.49 and —1.90 m w.e. indicating contrasting
climate conditions between the nine simulated years. The average annual balance is strongly negative (—0.88 m
w.e.) suggesting that the glacier is not at equilibrium with climate.

Table 3 shows the modeled annual surface mass balance, melt, precipitation and their differences to the nine-year
average. Years with limited net mass loss are years when the precipitation amounts were well above aver-
age (P> P .
P .. —ol2).

mean

+ 0/2). Similarly, years with high net mass losses were years with a precipitation deficit (P <

The monthly mean energy fluxes at the automatic weather station (SAMA) averaged over all nine years and for
two contrasting years are presented in Figure 7. The AWS fluxes are presented rather than glacier-wide average
fluxes in order to avoid simulation errors that are due to spatial extrapolation (e.g., temperature and precipitation
gradients).

On average the sum of radiative and turbulent fluxes is lower during the dry season (June—August, Figure 7a).
During this period, net longwave radiation deficit is greatest due to the absence of longwave radiation emit-
ting clouds (Sicart et al., 2011). Conversely, during the transition period, the increase in surface temperatures
combined with the increased frequency of cloud events and the increase in incoming solar radiation combined
with a relatively low albedo result in large amounts of energy available for melt.

Figure 7b shows that much more energy is available for melt in the strongly negative mass-balance year. This
is due to a significantly higher shortwave energy budget, while the longwave budget is less different than the
long-term average.
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Figure 7. Monthly mean energy fluxes (a) averaged over the nine simulated years, (b) for a year with a highly negative surface mass balance (2016/2017, —1.62 m w.e.)
and (c) for a year with limited net mass loss (1999/2000, —0.21 m w.e.). The cumulative energy fluxes shown are the simulated fluxes at the automatic weather station
(SAMA). Note, a positive sum implies that energy is available for melt, whereas a negative one implies surface cooling via the ground heat flux.

For a year with a limited net mass loss (Figure 7¢), some energy was available for melt during the wet season, but
the sum of the radiative and turbulent fluxes was mostly negative, resulting in surface cooling rather than melting.
The differences to the long-term average are mainly explained by a lower net shortwave radiation budget due to
a higher glacier-wide albedo.

Overall Figure 7 illustrates that the transition period controlled most of the annual surface mass balance as, both
on average and for the year with significant mass loss, the transition period is when most energy is available for
melt. When the sum of the energy fluxes is negative or close to zero during this period, the annual net mass loss
is significantly lower than average (Figure 7c).

To better understand the interannual variability of the surface mass balance, three years with limited net mass
loss: 1999/2000, 2000/2001, and 2005/2006 were compared to three years with high mass loss: 2004/2005,
2009/2010, and 2016/2017 (Table 3).

Results (illustrated for two contrasting years in Figure 8) show that during the transition period, years with limited
mass loss systematically had a higher glacier-wide albedo (Figure 8a). This trend was sometimes inverted between
March and May. At the annual scale, the mean annual albedo of the three years with limited melt was 13% higher
than the mean for the three years with significant melt. During the transition period, it was 11% higher, while
during the dry season it was 30% higher. However, during the core wet season, it was only 1% higher, this small
difference is due to the frequent precipitation events during this period regardless of the year considered.

a b.
e
- W 1999/00 (B=-0.21 m w.e.) &
O 2016/17 (B=-1.62 mw.e.) =
@
@ 4
«©
o
@ | %
o © T ©
g £ S
2 3
< < _| k=] <
o (&) P
9V}
o 7| g -
o _| | | o _|
o o
SONDJFMAMUJJA SONDJFMAMUJ JA

Figure 8. (a) Modeled monthly mean glacier-wide albedo (), and (b) monthly mean cloud index (CI) for both a year with
limited net mass loss (1999/2000; B = —0.21 m w.e.) and a year with high net mass loss (2016/2017; B = —1.62 m w.e.).
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In addition, years with a significant mass loss tended to be less cloudy than years with a limited mass loss
(Figure 8b). This is quantified by the mean monthly cloud cover index (CI) defined by Sicart et al. (2016) which
is the difference between the cloud longwave emission factor and the bulk cloud shortwave transmissivity factor.
The higher the index, the greater the ability of the clouds to reduce incoming solar radiation and increase incom-
ing longwave radiation as. At the annual scale, the mean CI of the three years with limited mass loss was 15%
higher that for years with significant mass loss, and at least 6% higher regardless of the season considered.

During the transition period, melt is highest during clear sky days (CI close to 0) as clouds reduce the amount
of incoming energy at the surface. This coupled to the gradually increasing top of atmosphere radiation (as the
summer solstice approaches) and the limited number of cloud events throughout the period make the albedo
a key variable in controlling melt energy (via a feedback effect). Indeed, although the annual mass balance is
poorly correlated with the incoming shortwave radiation (R? = 0.28 when considering the nine years), it is well
correlated with net shortwave radiation (R? = 0.84) which highlights the importance of the albedo in the energy
budget. Thus, despite observed similar differences in mean glacier-wide albedo and CI between years with low
and high mass loss (Figure 8), it is the albedo that has the highest impact on melt energy.

This analysis shows that the transition period is most important in terms of controlling the interannual variabil-
ity of the surface mass balance mainly because solar radiation approaches its maximum while cloud events are
still sporadic, meaning it has the highest net incoming radiation. Coupled with the fact that during the transition
period, the surface temperature in the ablation zone is close to 0°C, which limits the magnitude of the ground heat
flux. As a result, most of the excess energy in the energy balance is converted into melt.

Finally, in order to assess if the mass balance deficit occurring during the transition season was persistent across
the year, we carried out model runs where the data of the transition season of a year with limited mass loss
(e.g., 2005/2006) was replaced by the data from another year with significant mass loss (e.g., 2004/2005) and
vice-versa. The simulations show that the mass balance generated by the transition season is repercuted through-
out the year. For example, when the year 2004/2005 is run with the transition season of 2005/2006, the annual
simulated mass loss is reduced by 1.18 m w.e. Similarly, when 2005/2006 is run with the 2004/2005 transition
season, the simulated annual net mass loss is increased by 1.00 m w.e.

4.2. Sensitivity to Precipitation Scenarios
4.2.1. Application to Three Contrasting Years

Figure 9 shows some impacts of the three scenarios over the 2008/2009 transition period. Overall patterns are
similar for years with high and limited mass balances (not shown).

Evenly redistributing the precipitation events (S1 and S2) maintained a larger snow-covered area (Figure 9a)
throughout most of the transition period, as also indicated by a generally higher albedo (Figure 9b), and hence
a lower net shortwave radiation balance (Figure 9c), which in turn, resulted in a lower melt rate (Figure 9d).
Averaged over the three years to which the scenarios were applied, scenarios S1 and S2 reduced the melt rate by
7% and 2%, respectively, whilst scenario S3 increased the melt rate by 12% over the transition period. Note that
because scenario S1 involved moving more precipitation events than scenario S2, it reduced the melt rate more
than the latter (as it maintained a larger glacier fresh snow cover).

In contrast, with scenario S3, grouping all the precipitation events at the beginning of the month yielded a much
thicker snow cover at the beginning of the month (except in September 2008, due to a small amount of measured
precipitation: 29 mm w.e.). However, due to a lack of precipitation for the rest of the month, this snow cover
disappeared, resulting in a lower albedo than in the reference run, and thus, over the whole period, to larger
amounts of energy available for melt.

Impacts of each scenario on the surface mass balance are shown in Figure S3 in Supporting Information S1 and
Table 4 lists the precipitation amounts, simulated surface mass balances for scenario S1 and the reference run
over the transition period.

Scenario S1 resulted in a smaller net mass loss over the transition period than the reference run in all years while
scenarios S2 and S3 resulted in higher or lower net mass loss depending on the year. Overall, S3 led to the largest
deviations from the reference run in all three years.
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Figure 9. Impact of the three precipitation scenarios S1-S3 on glacier-wide (a) daily fresh snow cover area, (b) albedo, (c) net shortwave radiation and (d) melt
compared to the reference run for the period September—November 2008. Results are shown as daily anomalies (a, b) and cumulative anomalies from the reference

model run (c, d).

In 2004/2005, scenario S1 led to a smaller reduction in net mass loss than in the other two years because the
precipitation events were already rather well distributed over time (data not shown). Compared to the reference
run, the melt rate for scenario S1 was lower in September and October (Table S1 in Supporting Information S1)
due to increased precipitation events. On the other hand, in November, scenario S1 resulted in six fewer precipi-
tation events, and, combined with the fact that November is the month with the highest potential solar irradiance,
there was an overall decrease in the glacier-wide albedo that significantly increased the melt rate. As a result,
all the reduction in melt rate obtained between September and October was offset by the increased melt rate in
the second half of November.

Table 4

Summary of the Precipitation Amounts and Number of Events Above 2 mm/d Along With Simulated Surface Mass Balance
(B) and Melt for Both the Reference Model Runs (Using Measurements Used as Model Inputs) and the Model Run Forced
by the S1 Scenario) Over the Transition Period (September—November)

Precipitation Reference model run Scenario S1 model run

Years Amounts (m) #P > 2 mm/d B (mw.e.) Melt (m w.e.) B (mw.e.) Melt (m w.e.)
1999/2000 0.42 36 —0.12 0.55 —0.05 0.50
2000/2001 0.32 29 —-0.39 0.67 —0.16 0.45
2004/2005 0.29 32 —-0.99 1.23 —-1.00 1.22
2005/2006 0.52 48 0.11 0.45 0.22 0.35
2008/2009 0.25 22 -0.73 0.91 —-0.69 0.87
2009/2010 0.37 30 —0.30 0.59 -0.23 0.45
2011/2012 0.39 35 —-0.33 0.76 —-0.39 0.81
2012/2013 0.32 26 —0.49 0.81 —-0.50 0.81
2016/2017 0.13 22 —0.96 1.04 —0.90 0.98

X 0.33 31 -0.47 0.78 -0.41 0.72

c 0.11 8 0.37 0.26 0.40 0.29
Note. The three years in italics are years in which the annual mass loss is significantly less than the average (B > B, ., + 0/2).
The three years in bold are those in which the annual mass loss is significant (B < B, — 6/2).
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Figure 10. Simulated glacier-wide (a) surface mass balance and (b) net shortwave radiation over the transition period of all nine simulated years for both the reference

model run and the precipitation scenario S1.

In contrast, for this year, scenario S3 reduced the net mass loss more than S1 and S2, as it allowed the formation
of a thick snow-pack over the glacier. This snow-pack remained throughout the rest of the month due to numerous
precipitation events of less than 2 mm/d (hence left untouched in the scenario).

Additionally, precipitation at the weather station during the transition period was lower in 2004/2005 than the
nine-year average: 294 mm vs. 334 mm, partly explaining the strongly negative mass balance that year. The
impact of the scenarios for the year 2004/2005 highlights the important role of the temporal distribution of
precipitation in the surface mass balance variability.

Because scenario S1 was the scenario that generated the largest reduction in melt over the transition period, we
applied this scenario to all nine simulated years.

4.2.2. Application of Scenario S1 to All Years

Figure 10 shows the impact of S1 on the surface mass balance and net shortwave energy (plots a, b). As seen,
the impact of the scenarios on the net shortwave radiation and surface mass balance are very similar: the more
scenario S1 reduces the net shortwave energy balance, the smaller the surface mass loss. Averaged over the nine
simulated years, scenario S1 reduced the mass loss by 0.06 m w.e. over the transition season (Figure 10a) and
0.05 m w.e. at the annual scale.

Scenario S1 reduced the net shortwave radiation on average by 9% compared to the reference runs (Figure 10b).
This effect is directly linked to the fact that spreading out the precipitation events maintained a greater Snow cover
extent (Figure 9a) and hence a higher glacier-wide albedo (Figure 9b).

The sensible heat flux was reduced by 25% and the latent heat flux was 9% less negative compared to the refer-
ence runs. These differences are linked to the different types of glacier surface: scenario S1 yielded a larger snow
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Figure 11. Comparison of precipitation scenario S1 model run with reference run for the transition period (September—November). (a, ¢) Daily and cumulative
precipitation at the weather station used for model forcing. (b, d) Modeled daily glacier area with fresh snow and cumulative melt. Results are shown for a year where
S1 has a limited impact (2012/2013, plots a, b) and a year where it has a strong impact (2005/2006, plots c, d).

cover extent than the reference run which reduced the roughness heights of wind on the surface (2, ¢, = Zgice/10)-
Despite these rather large differences, the turbulent fluxes remained small throughout the transition period and
had a limited impact on melt rate. Finally, the impact scenario S1 had on the air temperature and relative humidity
was negligible on the simulated surface mass balance.

Figure 11 illustrates the impact of scenario S1 in a year when it has a negligible impact on the surface mass balance
(2012/2013, Figures 11a and 11b) and in a year when it has a significant impact (2005/2006, see Figures 11c
and 11d and Table 4 for the numerical values).

In 2012/2013, because the measured precipitation events were well distributed (Figure 11a), scenario S1 results
did not differ much from those of the reference run. In terms of mass loss at the monthly scale, for September and
October, the scenario did not reduce the net mass loss much. In November a large precipitation event was missed
(moved to October) causing the scenario to generate a higher mass loss than the reference run. Therefore, for this
year, scenario S1 did not have much of an impact on the fresh snow cover and hence on the melt rate (Figure 11b).
As for 2004/2005, the seasonal precipitation amount (316 mm) was below average (334 mm) partly explaining
the large mass loss over the season.

Conversely, in 2005/2006, the observed precipitation events were concentrated (Figure 11c¢). In this case, spread-
ing out the precipitation events maintained a thicker and larger cover of fresh snow on the glacier compared to
the reference run resulting in a higher albedo and hence a lower melt rate (Figure 11d and Table 4). Significantly
higher precipitation during the transition period (517 mm) than the long-term average (334 mm), contributed to
a positive surface mass balance over this period.

Scenario S1 had contrasting impacts at the annual scale. For 2005/2006, scenario S1 limited mass loss more at the
annual scale than over the transition period (see Table S1 in Supporting Information S1), because the snow-pack
over the glacier at the end of November was thick enough to guarantee limited melt in December (until the arrival
of the core wet season). On the other hand, in years when scenario S1 had a negligible impact over the transition
season (e.g., 2012/2013), redistribution of the precipitation event resulted in a thinner snow-pack in December,
as a result, the glacier-wide albedo decreased and the melt rate increased, resulting in greater annual mass loss.
Overall, when scenario S1 increased the mass loss over the transition period, it increased the annual mass loss
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Figure 12. Transition period surface mass balance anomalies of the cloud scenarios (scenario—reference run) for three contrasting years along with their incoming

radiation fluxes.

systematically (by 5% on average). This observation highlights the combined importance of the seasonal precipi-
tation amounts and their temporal distribution on the melt rate in the period preceding the arrival of the core wet
season.

In years with large annual net mass loss (2004/2005, 2009/2010, and 2016/2017), on average, scenario Sl
reduced the mass loss by 0.04 m w.e. at both transition period and annual scales. In years with limited mass loss
(1999/2000, 2000/2001, and 2005/2006), net mass loss was reduced by an average of 0.14 m w.e. during the tran-
sition period and 0.15 m w.e. at the annual scale. Such marked differences between years with limited mass loss
and years with significant mass loss can be explained by both precipitation amounts and by the number of events
greater than or equal to 2 mm/d that occurred during the transition period. As can be seen in Table 4, years with a
significant mass loss had an average of 264 mm of precipitation during the transition period in 28 events, whereas
years with limited mass loss had an average of 419 mm of precipitation in 38 events.

Our investigation of the energy balance components showed that the net short-wave energy budget (via an albedo
feedback effect) tends to control melt. Finally, analysis of the nine years showed that the impact of any scenario
is limited if the measured precipitation events are already evenly distributed over time.

4.3. Sensitivity to Cloud Scenarios

Cloud scenarios had a strong impact on the surface mass balance compared to the reference runs as they systemat-
ically reduced the melt rate (Figure 12 and Figure S4 in Supporting Information S1). Averaged over all nine years,
the melt rate over the transition period decreased by 6%, 15%, and 20% in the September, October, and November
scenarios respectively. At the annual scale, it decreased by 2%, 5%, and 6%, respectively, thereby underlining the
strong impact of clouds on surface mass balance.

As mentioned above, the November scenario limited the mass loss most. This was true for seven out of the nine
years. The two exceptions were the years 1999/2000 and 2004/2005, when the October scenario limited the melt
rate most. This is because these were the only two years during which there were more clear sky days in October
than in November.

Although the cloud scenarios reduced the melt rate, which implied that the albedo in the ablation zone did not
decay as fast as in the reference run, they had a limited impact on the glacier-wide albedo as the ablation zone
represents less than 30% of the glacier surface area.

The highest observed mean difference (considering the nine-year average) in the simulated turbulent fluxes
between the scenarios and the reference runs was —5% in the October scenario. This confirms that the loss of
coherence between measured parameters in the cloud scenarios has a small impact on the calculation of the
turbulent fluxes.

Figure 12 shows that net mass loss during the transition period decreases as incoming radiation decreases.
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Sce_S has the least impact on the surface mass balance although September is the month with the highest average
number of clear-sky days: F was largest and Tn lowest (Table 2). The limited impact can be explained by the
seasonal changes in incoming radiation at the top of the atmosphere. In September, the daily mean top of atmos-
phere shortwave radiation (+ standard deviation of daily values) is 402 + 13 W m~2, 435 + 6 W m~2 in October,
and 446 + 1 W m~2 in November. Therefore, Scenario Sce_S reduced less incoming shortwave energy than the
October or November scenarios.

Thus, the cloud scenarios had a significant impact on the surface mass balance but these are probably under-
estimated because adding overcast conditions over the whole month would most certainly add precipitation
events that would further limit the mass loss. Basic statistics linking the number of cloudy days and precipitation
during the transition period in the nine years showed that there is an average of one precipitation event of 4.5 mm
w.e. per 1.7 cloudy days. From this information, adding 10 cloudy days in September would add six precipitation
events whereas adding six cloudy days in October and November would add three to four precipitation events.

5. Summary and Conclusions

A nine-year data set at hourly time scale was used as input data for a distributed energy mass balance model on
Zongo Glacier. This allowed the evaluation of different processes that impact the melt rate and the mass balance.

In contrast to previous classifications based on surface mass balance variations (e.g., Rabatel et al., 2012, 2013)
or precipitation and melt rates (Sicart et al., 2011), we found that three seasons (wet, dry, and transition) can be
identified based on the cloud radiative properties. During the transition period, clouds have a moderate impact on
the sum of the incoming short and longwave radiation fluxes with a peak distribution centered around —120 W
m~2, During the wet season, the clouds have a strong attenuation impact on the incoming radiation fluxes with
a peak around —150 W m~2. Such a strong impact is typical of thick (sunlight attenuating) cumulus-type clouds
resulting from convective events. Finally, during the dry season, the cloud impact on the incoming radiation
fluxes is low (peak around —20 W m~2), which is typical of thin high-altitude clouds. The changes in cloud radi-
ative properties have an impact on the melt rate especially toward the end of the transition season and during the
wet season when solar attenuation is at its maximum as these offset the effect of the increased top of atmosphere
radiation (as it is the austral summer).

During model calibration, we found that adjusting the DEMs and glacier contours for each year enhanced the
simulation precision specifically for years with significant mass loss because, for these years, melt would other-
wise be overestimated.

Melt energy and its interannual variations were maximum during October and November which means that it is a
key period in controling the annual variability of the surface mass balance. Although some energy was available
during the dry season, most was converted into ground heat flux due to the intense night cooling of the glacier
surface thereby shortening the daily melting period, resulting in low melt rates.

The sensitivity analysis of the distribution of the precipitation events over the transition period validated the
hypothesis that the frequency of precipitation events is a key driver of the interannual variability of the surface
mass balance: evenly distributed precipitation events with no change in the seasonal snow amounts maintained
a larger cover of fresh snow on the glacier surface, which increased the glacier-wide albedo. As a result, the net
shortwave radiation budget was reduced, in turn reducing the melt rate. The contrasting impacts on the melt rate
reduction (very strong impact in years with average or above average seasonal precipitation amounts and smaller
impact in years with below average precipitation) highlights the combined importance of the distribution of
precipitation events over time and of the seasonal precipitation amounts.

The sensitivity analysis of the cloud cover showed that prolonged cloudy periods in October—and more particu-
larly in November—had the potential to dramatically reduce the melt rate at both the seasonal and annual scales.
A sustained cloud cover in November had more impact than in the other months of the transition period as
November is the month when potential solar irradiance is close to its annual maximum.

These results emphasize the role of the onset of the wet season on the annual glacier surface mass balance as
hypothesized by Sicart et al. (2011) based on the analysis of the seasonal changes of the energy fluxes during one
hydrological year.
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All in all, the temporal distribution of precipitation is a key driver of the interannual variability of the surface
mass balance via an albedo feedback effect that reduces the net shortwave radiation budget (main driver of melt)
and hence the melt rate.

The methodology used to generate the precipitation scenarios could be used to assess past and future climate over
Zongo Glacier using paleoclimate proxy information or global climate model (GCM) outputs to constrain climate
scenarios. Such studies would be of interest as the future of Zongo Glacier and the neighboring glaciers in the
Cordillera Real of Bolivia is crucial both in terms of water supply and for hydroelectricity production.

Data Availability Statement

The data used in this study can be found at the following link: https://glacioclim.osug.fr/335-Energy-balance-on-
a-tropical-glacier-in-Bolivia (Autin et al., 2022).
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