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1. INTRODUCTION
Water availability from glaciated catchments is strongly affected by the ongoing climate change (Huss
and Hock 2018). Future reductions of water availability are especially precarious for regions, which have
already been suffering from (seasonal) water scarcity in the past and present. In the Tropical Andes of
Peru, water shortages could be related to changing climatic patterns affecting glaciers and socioeconomic
shifts (Drenkhan et al. 2015). Schauwecker et al. (2017) found that even under optimistic climate scenarios
glaciers are expected to continue to shrink considerably during the next decades.
A limited number of studies addresses global scale hydrological consequences of the ongoing glacier
decline. Kaser et al. (2010) estimated some years ago, that in the Santa catchment, 26 % of the precipitation
falling on glaciers becomes available as seasonally delayed water during the dry season. This has strong
effect on the water availability in the lowlands of the catchment during the dry months. At the entire
catchment scale, glacier melt water was estimated to account for 1.4 % of total runoff only, however, in
July, 36 % of the runoff is seasonally delayed runoff from glacier melt. For the future, Huss and Hock (2018)
calculated that runoff in the Santa catchment during the dry season will be reduced by 21 to 59 % due to
glacier decline.
Those studies point out, that glacier retreat will affect future water availability in glaciated catchments
located in the tropics such as the Santa catchment, in particular at seasonal scales. However, these global
approaches do not account for local peculiarities and do not resolve processes at high temporal and
spatial resolutions. To increase the necessary understanding of ongoing processes and for operational
purposes, more specific approaches are necessary. Whereas, glacier melt has been well investigated
for mid-latitude glaciers, only a limited number of studies has so far addressed tropical glacier melt and
related processes are still poorly understood. Glacier melt models were usually developed for Alpine
glaciers and do not account for peculiarities of the tropical glaciers. Furthermore, data availability for
tropical catchments is limited and therefore, model calibration and validation are often hampered.
This report provides a general introduction into relevant processes for the modelling of glacier melt, it
points out peculiarities for glaciers located in the tropical Andes, particularly in the Cordilleras of Peru
based on summarized data and examples from literature. This introduction is followed by a general
introduction into the surface energy balance of glaciers and points out implications for glaciers located in
the tropics. Thereafter, a short theoretical introduction to glacier melt modelling and selected examples
follow. The main text ends with concluding remarks and recommendations. Please refer to literature for
a more comprehensive review of glacier melt models and the theoretical background (e.g. Hock 2005).
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2. ENERGY BALANCE
2.1. INTRODUCTION TO ENERGY BALANCE
Glacier melt depends on the energy available at the glacier surface and is described with the surface energy
balance given in Equation 1.
QM = SWnet + LWnet + QH + QLE + QI + QG + QR						(Equation 1)
Where QM is the energy available for ice or snow melt (respectively refreezing if negative) and equals the
sum of the following energy fluxes: the net shortwave radiation SWnet, the net longwave radiation LWnet, the
turbulent sensible QH and latent QLE heat fluxes, the change of the internal heat content QI, the heat flux from
the subsurface QG and the sensible heat flux from liquid precipitation QR. Energy fluxes towards the glacier
surface are positive; fluxes away from the surface are negative.
Melt rates M are calculated from the available energy by Equation 2.
M = QM / (ρw Lf )									(Equation 2)
with ρw the density of water and Lf = 0.334 × 106 J kg-1 the latent heat of fusion.
The net shortwave radiation SWnet depends on the incoming shortwave or solar radiation SWin and the
surface albedo α (Equation 3).
SWnet = SWin * (1 - α)								(Equation 3)
SWin depends on cloud coverage and varies seasonally. The seasonal variation increases with increasing
distance from the equator. During night SWin = 0 W m-2 and therefore also SWnet = 0 W m-2. Values are positive
during the day. α values are high for fresh snow and reduce with snow aging. α values for ice are generally
lower than for snow.
The net longwave radiation LWnet is the sum of the incoming LWin and outgoing longwave LWout radiation
(Equation 4).
LWnet = LWin + LWout									(Equation 4)
LWout depends on the glacier surface temperature and equals to -315.6 W m-2 for melting conditions, which
is its minimum possible value. LWin depends on the emissivity of the atmosphere which varies with cloud
coverage and the air temperature.
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The sum of SWnet and LWnet is referred as the radiation balance R (Equation 5):
R = SWnet + LWnet								(Equation 5)
The turbulent heat fluxes depend on turbulence and gradients of temperature (QH) respectively vapour
pressure (QLE) between the glacier surface and the overlying air. These fluxes can vary strongly on short
time scales (hours, days). The vapour pressure of a melting glacier surface is 6.11 hPa. When the vapour
pressure of the air is above (below) this value, condensation (sublimation) occurs and QLE is positive
(negative). The latent heat of sublimation (Ls = 2.834 × 106 J kg-1) is much bigger than the latent heat of fusion
(Lf = 0.334 × 106 J kg-1) and therefore, condensation (sublimation) can be an important source (sink) of energy.
Sensible heat fluxes are usually positive. Turbulent heat fluxes can be calculated based on the MoninObukhov theory which is the basis for profile and bulk approaches (Hock 2005). Temperature, humidity and
wind speed measurements for several levels close to the glacier surface serve as an input. However, these
measurements are rarely available. Furthermore, roughness parameters need to be determined for the
calculation of the turbulent heat fluxes. It has been shown, that uncertainties in the estimations of those
parameters are high and that this may cause large errors in the estimation of turbulent heat fluxes (Hock
2005; Wagnon et al. 1999a).
QI is negative, when the glacier surface temperature is below 0°C as energy is consumed for warming. At
melting conditions, glacier surface temperature equals 0°C, QI = 0 Wm-2.
QG is usually small compared to the other fluxes and can be derived from temperature-depth profiles (Marks
and Dozier 1992).
QR is only relevant during the particular event of rainfalls on the glacier surface.

2.2. ENERGY FLUXES ON TROPICAL GLACIERS
In general, the climate in the outer tropics is characterised by two distinct seasons: the dry austral winter
season from May to August and the wet austral summer season from October to March with transition
periods in between. Overall, the highest melt rates on glaciers in the outer tropics are observed during the
accumulation season (October-March), what leads to discharge maxima, whereas, during the dry season,
melt is strongly reduced and together with the lack of precipitation proglacial river discharges are low
(Juen et al. 2007; Wagnon et al. 1999a).
Several meteorological variables, which show a distinct seasonality for mid-latitude locations are
characterised by short-term variations rather than by seasonal fluctuations in tropical Andes.
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Wagnon et al. (1999a) analysed measurements from an automatic weather station located on Zongo glacier
in Bolivia (Table 1) and state the following: Wet season temperatures are only slightly above dry season
values and seasonal variations are similar to diurnal temperature differences. Mean temperatures for both
seasons at the ELA (5150 m a.s.l.) of the glacier are negative. Wind speed varies strongly within a few days,
with slightly stronger katabatic night winds during the dry season. Cloudiness is much stronger during
the wet season, when precipitation is abundant. Relative humidity is almost constant throughout the year;
however, daytime values are lower during the dry season.
Table 1: Characteristics of selected tropical glaciers.

Latitude

Minimum
elevation
(m. a.s.l.)

Maximum
elevation
(m. a.s.l.)

Surface Orientation
(km2)
of the tongue

ELA
(m. a.s.l.)

Glacier

Cordillera

Shallap

Cordillera
Blanca

9°20' S

4700

5740

7.0

west

4950

Artesonraju

Cordillera
Blanca

9°58' S

4750

6025

5.7

west

5150

Zongo

Cordillera
Real

16°15' S

4900

6000

2.1

east

5150

Eastern
Antizana 15 Cordillera
Ecuador

0°28' S

4840

5760

0.7

north-west

5030

The fluctuation of the meteorological variables affects the components of the energy balance for tropical
glaciers. As individual terms of the energy balance are affected by several meteorological variables, some
variations may compensate for each other. Wagnon et al. (1999a) found that the net radiation balance R
(Equation 5) was relatively constant over the year for Zongo glacier (Figure 1a). On tropical glaciers, R
depends on the following seasonal characteristics:
•

Albedo values are higher during the wet season due to snowfall events and decrease throughout the
dry season (Wagnon et al. 1999a). Wet season temperatures affect the albedo, as a persistent snowpack
will only cover lower parts of the glacier under cold enough conditions (Gurgiser et al. 2013a).

•

The potential solar radiation is higher during the wet season, however, SWin is reduced, as clouds are
abundant (Wagnon et al. 1999a).

•

LWin is higher during the wet season due to more clouds (Sicart et al. 2011).

•

During dry season nights, R is more negative than during wet season nights as there are no clouds
(Wagnon et al. 1999a).
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Figure 1: Monthly mean values from energy fluxes calculated from direct measurements on tropical glaciers (ablation
area) published in literature. (a) Energy fluxes on Zongo glacier at 5150 m a.s.l. (Wagnon et al. 1999a, Figure 7 therein).
(b) Energy fluxes on Anizana 15 glacier at 4890 m a.s.l. (Favier et al.2004a, Figure 9 therein) . QLE is the latent heat flux, R
the net all wave radiation, QH the sensible heat flux and QG the heat flux from the subsurface.

Wagnon et al. (1999a) investigated the turbulent fluxes on Zongo glacier and found that they are usually
negligible during the night throughout the year due to a stably stratified atmosphere. During the day, the
atmosphere is usually moderately stable, and the sensible heat flux is positive whereas the latent heat
flux negative. The latter is characterised by big seasonal variation being more negative during the dry
season when wind speed is higher and the gradients of vapour pressure between the surface and the
adjacent air are stronger than during the wet season (Figure 1a). They furthermore found that daytime
relative humidity measured on Zongo glacier is lower during the dry season than during the humid season.
Moreover, the surface roughness which also affects the turbulent heat fluxes is much higher during the dry
season, when penitents (elongated, thin blades of hard snow) are observed on tropical glaciers (Wagnon et
al. 1999a). However, the formation of penitents varies spatially and from dry season to dry season which
affects sublimation rates on Artesonraju glacier (Winkler et al. 2009). Also for Zongo glacier seasons dry
with high penitents such without penitents have been reported (Sicart et al. 2005; Wagnon et al. 1999a). Also
in the inner tropics, the latent heat fluxes are minimal during the wet period (Figure 1b). Favier et al. (2004a)
show that sublimation is far from negligible and related to intense easterly winds on Antizana 15 glacier.
QR on tropical glaciers is often neglected as usually only the lowermost parts of the glaciers are exposed to
rainfall and rain temperatures are usually close to 0°C (Winkler et al. 2009).
QI and QG play a minor role compared to the radiative and turbulent fluxes (Gurgiser et al. 2013a; Wagnon
et al. 1999a) .
In addition, it is important to mention that there are feedback mechanisms between different processes
and terms of the energy balance. Sublimation and melt influence the surface characteristics of a glacier
including albedo and roughness, which affect terms of the energy balance (SWnet, QLE, QH) (Winkler et al.
2009).
Studies for different tropical glaciers identify distinct mechanisms for different sites: Whereas Wagnon
et al. (1999a) attribute very low dry season melt rates on Zongo glacier to sublimation, Sicart et al. (2011)
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argue that very negative LWnet is counteracting the strongly positive SWnet. For Shallap glacier, Gurgiser et
al. (2013b) state, that melt is rather inhibited due to reduced SWnet than due to high sublimation or strongly
negative LWnet. On Artesonraju glacier, located relatively close to Shallap glacier, sublimation was found
to play an important role by consuming 60-90 % of the available energy during the dry season (Winkler et
al. 2009). On Antizana 15 glacier, where the seasonal variation of temperature and humidity are absent,
a seasonal variation of melt rates is explained with (i) varying latent heat fluxes related to wind speed
seasonality and with (ii) varying albedo values (Favier et al. 2004a). Despite this differences, fluctuating melt
rates from year to year have been reported for the different sites. There are a few studies, which investigate
inter-annual energy balance and melt variations in relation with the El Niño/Southern Oscillation (ENSO).
However, ENSO seems to act very differently for distinct sites (e.g. Maussion et al. 2015; Perry et al. 2014;
Vuille et al. 2008)
A spatial gradient of energy balance sensitivities from the outer tropics towards the inner tropics is
mentioned in literature (e.g. Kaser 2001). Temperatures are sufficiently low to ensure glacier-wide snowfall
in the Cordillera Real (16° S) and melt rates vary due to changing sublimation rates related to surface
roughness and vapour pressure gradients and varying LWin related o cloudiness. Closer to the equator, in
the inner tropics (0°S) air temperatures are higher and overall melt rates are highly sensitive to the wet
season air temperature affecting snow cover extent and albedo respectively SWnet. The Cordilleras Blanca
(9° S) and Vilcanota (14° S) are located in between.
As sublimation has been identified an important process on tropical glaciers during the dry season and as it
consumes 8.5 times more energy than melt, it needs to be accounted for when estimating melt on tropical
glaciers. Furthermore, following Sicart et al. (2011), variations of LWin, related to distinct cloud coverage
between the different seasons, play a key role for tropical glaciers. In addition, Gurgiser et al. (2013b) point
out, that ablation is sensitive to wet season air temperature which affects the snowline altitude and the
amount of snow and therefore has consequences on the surface albedo and SWnet. They state, that colder
wet seasons lead to a more persisting snowpack, which also affects the albedo and the dry season melt
rates.
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3. MODELLING GLACIER MELT
3.1. INTRODUCTION TO MELT MODELS
Models of different complexity are used to quantify glacier melt. There is usually a trade-off between model
complexity and data availability.
Sophisticated models solving the energy balance (Equation 1) at the glacier surface to quantify glacial melt
(e.g. Hock and Holmgren 2005; Klok and Oerlemans 2002; Mölg et al. 2008). need a considerable amount of
high quality measurements and high temporal resolution. Usually such data is – if at all - only available for
limited periods.
Simple approaches based on statistical relations between air temperature and melt rates are often used
to calculate melt rates for sites with limited input data. So-called temperature-index (TI) or degree-day
approaches can be run on a daily timescale with air temperature as the only input. Such models have been
successfully applied for glaciers in mid and high latitudes where temperature controls seasonality (Ohmura
2001). However, the relation between melt and air temperature is not constant over space and time and
therefore melt factors of TI-models need to be calibrated (Hock 2005).
Several authors suggest to use adapted TI-approaches with varying melt factors (e.g. Braun, Grabs, and
Rana 1993) or by including additional information such as potential direct solar radiation and propose
different parametrisations (e.g. Hock 1999; Pellicciotti et al. 2005).
Glacier melt models are often coupled to accumulation models accounting for solid precipitation and
further accumulation processes adding glacier mass and affecting the surface albedo and thereby melt
rates. Accumulation patterns on glaciers as well as solid precipitation quantities are difficult measure, and
therefore, add uncertainties to model results (e.g. Sold et al. 2016).
For distributed modelling approaches, the melt distribution over the glacier surface is usually computed
applying lapse rates, mainly the temperature lapse rates. More complex approaches may include grids
of potential direct solar radiation and further parameters. The spatial resolution of an approach depends
on the size of the studied glacier/catchment, its characteristics and on the model complexity. The model
type furthermore affects the temporal resolution. Models, which reproduce sub-daily processes, are run at
resolution of a few hours, whereas TI-index approaches are usually applied on daily time scales.
Overall, the simpler the melt parametrisation in a model is the higher is the need of calibration data to
produce a meaningful output as parameters vary from site to site and are temporally not stable (Hock
2005). A melt model validation with independent data should be performed in any case. However, potential
validation data also bare uncertainties. Melt measurements are only available for point locations and
may be highly site specific. If models are validated against distributed mass balances obtained from the
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extrapolation of glaciological measurements , the data contains the respective uncertainties (e.g. EscherVetteret et al. 2009; Kenzhebaev et al. 2017). The validation against discharge measurements includes
uncertainties due to fact that the different runoff components need to be separated (e.g. Baraer et al. 2012;
Schmieder et al. 2018).

3.2. EXAMPLES OF PREVIOUS MELT MODEL APPLICATIONS FOR TROPICAL GLACIERS
As meteorological variables change greatly during diurnal cycles and as ablation only indirectly relates to
temperature, TI-approaches are not suitable to model daily melt on tropical glaciers (Sicart et al. 2008).
Sicart et al. (2008) analysed the correlation of melt and air temperature by evaluating different energy
fluxes for glaciers in different climate settings. They found, that on the tropical Zongo glacier mass balance
is better correlated to air temperature on a yearly scale than melt rates on a daily resolution because it
integrates the ablation and accumulation processes on a long period.
Therefore, Cuffey and Paterson (2010) recommend to use calculations of the full energy budget at a
high enough temporal resolution to model ablation on tropical glaciers. Nonetheless, models of different
complexity have been applied to model tropical glaciers. Selected conclusions from different model
applications for tropical glaciers are described below. Table 2 in the appendix summarizes energy fluxes
and melt rates modelled and/or measured for selected glaciers located in the tropical Andes.
By applying a distributed energy balance model from Hock and Holmgren (2005) for Zongo glacier for one
year Sicart et al. (2011) analyse the spatial and temporal variations in the mass balance of Zongo Glacier.
They show that cloud cover and precipitation are responsible for the seasonal changes in melt energy which
supports Wagnon et al. (1999b) who concluded that humidity is the main meteorological input controlling
the runoff seasonality. Sicart et al. (2011) furthermore discuss the high spatial variability of mass balance.
During the wet season, large vertical gradients were found for the ablation area, which implies an important
melt contribution of the lowermost areas of the glacier.
Frans et al. (2015) run a glacio-hydrological model which includes the simulation of surface accumulation
and ablation (solving the energy balance) and glacier ice flow at an hourly time step. The physical based
model is applied over a period from 1987-2100. Future runoff estimations are highly sensitive to surface
energy balance parameters and the authors point out the uncertainties of future prediction and the
necessity of applying coupled glacio-hydrological models of high complexity. They furthermore underline
the importance of in-situ measurments.
A distinct energy balance model (Mölg et al. 2012) was applied to Shallap glacier by (Gurgiser et al. 2013a;
Gurgiser et al. 2013b; Maussion et al. 2015). For a short modelling period based on station measurements
available for two years, Gurgiser et al. (2013a) found lower than expected sublimation rates and a higher
temperature sensitivity of ablation related to albedo changes for Shallap glacier than previously described
for Zongo glacier. Surprisingly Gurgiser et al. (2013a) modelled very similar melt energy for the dry and wet
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seasons (Table 2). By the use of downscaled reanalysis data, Maussion et al. (2015) extend the modelled
time series. However, they conclude that the short period of available validation data is major source of
uncertainty in their study.
Winkler et al. (2009) applied the surface energy balance of an earlier version of the model by Mölg
et al. (2012) to estimate sublimation rates for Artesonraju glacier. They were able to reproduce daily
cycles of sublimation and melt rates and show that melt rates are high on days with low sublimation
rates and vice-versa. They furthermore show, that sublimation rates are highly dependent on surface
roughness and the uncertainties in quantifying the share of energy consumed by sublimation are high
for the transition periods between wet and dry season.
A lower complexity model called ITTG-2.0(-R) was applied in several studies (Juen 2006; Juen et al. 2007;
Kronenberg et al. 2016; Winkler 2007; Winkler et al. 2009). ITTG-2.0 was developped to model glacier
mass balance on tropical glaciers for which only limited data is available, it was extended to ITTG-2.0-R
which includes a simple runoff routine . The model is extended from a vertical balance profile described
by (Kaser 2001). It accounts for ablation driven by the atmospheric moisture content and temperature,
which makes it more adequate for tropical glaciers than other simple approaches such as TI-models.
Juen (2006) used the model to reconstruct the mass balance of several glaciers located in the Cordillera
Blanca for the period 1953-1994 and found a synchronous glacier mass balance behaviour for glaciers
from five different catchments. Juen et al. (2007) modelled the runoff of the Llanganuco catchment
(31 % glaciericed) from 1953 to 1997 and were able to reproduce observed runoff on a monthly scale.
Furthermore, based on climate scenarios, they estimated future runoff and show that a glacier retreat
will strongly affect runoff seasonality. Winkler (2007) and Winkler et al. (2009) evaluated the sublimation
estimation of ITTG-2.0 and could show, that the model performs well during the wet and dry season
and that uncertainties remain for the transition periods. Kronenberg et al. (2016) used ITTG-2.0 for an
analysis of glacier-atmosphere interactions with regard to projected changes in energy fluxes in the
Cordillera Vilcanota. They conclude that projected changes in atmoshperic moisture content are likely to
lead to an important increase in melt energy causing an unsustainable increase in available melt water.
Razafimaharo (2018) derived a full energy balance for Artesonraju glacier based on Weather Research &
Forecasting (WRF) reanalysis data and also applied different modifications of a conceptual semi-lumped
model based on a TI-approach called GSM-SOCONT (Schaefli et al. 2005). To validate the modelled
glacier melt, they applied a glacier area change routine to the modelled melt volumes and compared the
modelled glacier extents to observations from remote sensing data. A sinusoidal variation of melt factors
(reduced melt rates during the dry season) and the use of day-time temperatures yielded better results
than the original TI-melt model and a model version including incoming shortwave radiation following
Pellicciotti et al. (2005). They point out, that uncertainties are high and the robustness of their study
is limited by the fact of data scarcety and inconsistencies. Nevertheless, they see a potential in using
WRF data for modelling provided that there is calibration data (such as in situ ablation measurements)
available.
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Overall, there are only a very few studies modelling melt for tropical glaciers compared to other regions
in the world. Modelled periods and the robustness of modelling output are limited due to the scarcity of in
situ measurements and uncertainties therein. The fact, that the number of glaciers investigated is limited
makes it difficult to derive general conclusions. The different authors identified different pecularities
for their investigation sites. Distinct melt rates and therefore responsible energy fluxes were identified
by different studies for different sites (Table 2). Site specific processes but also uncertainties of the
respective results related to the method applied and the data used may be the reasons therefore. The
study periods are too short to make comparisons between sites or to derive typical melt rates for one site.
In general, melt rates from literature (Table 2) need to be put into context as values from a few studies
show a big variation, which are related to methods and resolution applied. For glaciers in the Cordillera
Blanca dry season melt rates vary from 1 to 28 mm w.e. d-1; and wet season values published by Gurgiser
et al. (2013b) for Shallap glacier lie within this range. In their study, the modelled energy available during
the dry season is 1.7 times higher than during the wet season. However, they could only validate their
data against annual ablation measurements and not at a seasonal resolution. Other studies such as
Razafimaharo (2018) modelled a distinct energy seasonality for glaciers in the Cordillera Blanca:
Modelled melt rates and ablation energy on Artesonraju glacier are reduced during the dry season if
compared to wet season months December and January. This indicates, that published melt rates may be
prone to uncertainties related to the input data used to produce them. This is also the case, for the other
examples given in Table 2. In general, melt rates are highly variable and depend on the chosen modelling
approach, the input data used and on the temporal and spatial resolution. Analyzing a point site close to
the ELA on Zongo glacier, Wagnon et al. (1999a) found melt rates of 2.7 (wet) and 0.9 (dry) mm w.e. d-1.
A rough glacier-wide estimation, however, indicates much higher melt rates of 8.3 (wet) and 3.0 (dry)
mm w.e. d-1. Furthermore, the direct comparison of melt rates (a given in Table 2) or energy flux values (as
given in Figure 1a and b) between two sites is hampered by the fact that study periods are distinct and
measurements are taken at not directly comparable sites. The weather station on Zongo glacier is located
near the ELA, wheras the station on Antizana 15 glacier is located in the lower ablation area. Instead of
comparing direct values, it seems more reasonable to compare ongoing processes at different sites as
for example done by Favier (2004b) for Antizana 15 and Zongo glacier.
Despite the large uncertainties for past and present conditions which also imply any future scenarios,
there are some attemps to estimate future melt water contributions from glaciers. Applications of simple
models overall show, that climate change is likely to lead to changes in runoff seasonality related to more
direct runoff and reduced melt due to reduced glacial area (e.g. Huss and Hock 2018; Juen et al. 2007).
Melt rates from glaciers will also in future depend on the energy available for melt (Equation 1). It’s very
challenging to estimate how the different terms of the energy balance of glaciers will behave in future in a
certain region, as these terms depend not only on general trends of global warming, like an increase in air
temperature or atmospheric moisture content, but also on regional climate variation in global radiation,
precipitation, wind speed and direction etc. The consequences of these future regional climate variations
for the different terms of the energy balance and the corresponding feedbacks are still largely unknown.
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4. CONCLUDING REMARKS AND PRACTICAL RECOMMENDATIONS
1.

Melt models should be chosen according to the aim of the study and the availability of data.
a.

Temperature-index models need to be calibrated, as melt factors are highly site and time
dependent. The availability of calibration data is thus a precondition to use such models. TImodels were found to be not suitable to model melt on tropical glaciers. Furthermore, they
are inadequate to model future glacier melt as melt factors vary temporally.

b.

The application of energy balance approaches is often limited by the data availability.
Nevertheless, they are suitable to improve the understanding of ongoing processes.

c.

Models of intermediate complexity adapted for conditions on tropical glaciers may be a
useful option.

2.

Uncertainties of the model input data affect modelled melt rates. Input and calibration data need to be
quality controlled.

3.

The temporal and spatial model resolution should depend on the aim of the study and the availability
of data.
a.

Temporal resolution: The different energy fluxes show variations at distinct temporal
resolutions. If modelling at a high temporal resolution, the corresponding variations should
be accounted for. E.g. It only makes sense to model hourly melt rates when diurnal variations
of the energy fluxes are accounted for.

b.

The spatial resolution is related to the temporal resolution, the model complexity and the size
of the glacier/catchment.

4.

As SWin is the main energy source for ablation and as its absorption is dependent on the highly varying
α, a melt model should account for differences between snow covered and snow free parts of the
glacier, where ice is exposed to the surface. Distinct melt factors (TI-approaches) or α values (more
complex models) should be used for the respective zones. Depending on the temporal resolution, the
border between those zones (i.e. snowline) needs to be varied (cf. next point).

5.

In-situ measured data is absolutely necessary:
a.

To run melt models

b.

To calibrate melt models

c.

And to validate melt models.

14 MODELLING MELT FROM TROPICAL GLACIERS

5. REFERENCES
5.1. CITED REFERENCES
Baraer, M. et al. 2012. “Glacier Recession and Water Resources in Peru’ s Cordillera Blanca.” 58(207):134–50.
Braun, L. N., W. Grabs, and B. Rana. 1993. “Application of a Conceptual Precipitation-Runoff Model in the
Langtang Khola Basin, Nepal Himalaya.” Snow and Glacier Hydrology (Proceedings of the Kathmandu
Symposium, November 1992) 218(218):221–37.
Cuffey, K. M. and W. S. B. Paterson. 2010. The Physics of Glaciers. 4th Edition. Elsevier.
Drenkhan, F. et al. 2015. “The Changing Water Cycle: Climatic and Socioeconomic Drivers of Water-Related
Changes in the Andes of Peru.” WIREs Water 2:715–33.
Escher-Vetter, H., M. Kuhn, and M. Weber. 2009. “Four Decades of Winter Mass Balance of Vernagtferner and
Hintereisferner, Austria: Methodology and Results.” Annals of Glaciology 50(50):87–95.
Favier, V. et al. 2004a. “One-Year Measurements of Surface Heat Budget on the Ablation Zone of Antizana
Glacier 15, Ecuadorian Andes.” Journal of Geophysical Research Atmospheres 109(18):1–15.
Favier, V., P. Wagnon, and P. Ribstein. 2004b. “Glaciers of the Outer and Inner Tropics: A Different Behaviour
but a Common Response to Climatic Forcing.” Geophysical Research Letters 31(16):1–5.
Frans, C. et al. 2015. “Predicting Glacio-Hydrologic Change in the Headwaters of the Zongo River, Cordillera
Real, Bolivia.” Water Resources Research.
Gurgiser, W. et al. 2013a. “Modeling Energy and Mass Balance of Shallap Glacier, Peru.” The Cryosphere
7(6):1787–1802.
Gurgiser, W. et al. 2013b. “Mass-Balance Model Parameter Transferability on a Tropical Glacier.” Journal of
Glaciology 59(217):845–58.
Hock, R. 2005. “Glacier Melt: A Review of Processes and Their Modelling.” Progress in Physical Geography
29(3):362–91.
Hock, R. and B. Holmgren. 2005. “A Distributed Energy Balance Model for Complex Topography and Its
Application to Storglaciären, Sweden.” Journal of Glaciology 51(172):25–36.
Hock, R. 1999. “A Distributed Temperature-Index Ice- and Snownelt Model Including Potential Direct Solar
Radiation.” Journal of Glaciology 45(149):101–11.
Hock, R. 2005. “Glacier Melt: A Review of Processes and Their Modelling.” Progress in Physical Geography
29(3):362–91.
Huss, M. and R. Hock. 2018. “Global-Scale Hydrological Response to Future Glacier Mass Loss.” Nature
Climate Change 8(2).
Juen, I., G. Kaser, and C. Georges. 2007. “Modelling Observed and Future Runoff from a Glacierized Tropical
Catchment (Cordillera Blanca, Perú).” Global and Planetary Change 59:37–48.
Juen, I. 2006. “Glacier Mass Balance and Runoff in the Tropical Cordillera Blanca , Perú.” University of
Innsbruck.
Kaser, G. 2001. “Glacier-Climate Interaction at Low Latitudes.” 47:195–204.
Kaser, G., M. Grosshauser, and B. Marzeion. 2010. “Contribution Potential of Glaciers to Water Availability in
Different Climate Regimes.” Proceedings of the National Academy of Sciences 107(47):20223–27.
Kenzhebaev, R. et al. 2017. “Mass Balance Observations and Reconstruction for Batysh Sook Glacier, Tian

GLACIARES+ PROJECT 15

Shan, from 2004 to 2015.” Cold Regions Science and Technology 135:76–89.
Klok, E. J. and J. Oerlemans. 2002. “Model Study of the Spatial Distribution of the Energy and Mass Balance
of Morteratschgletscher, Switzerland.” Journal of Glaciology 48(163):505–18.
Kronenberg, M. et al. 2016. “The Projected Precipitation Reduction over the Central Andes May Severely
Affect Peruvian Glaciers and Hydropower Production.” Energy Procedia 97:270–77.
Marks, D. and J. Dozier. 1992. “Climate and Energy Exchange at the Snow Surface in the Alpine Region of the
Sierra Nevada 1. Snow Cover Energy Balance.” Water Resources Research 28(11):3043–54.
Maussion, F., W. Gurgiser, M. Großhauser, G. Kaser, and B. Marzeion. 2015. “ENSO Influence on Surface
Energy and Mass Balance at Shallap Glacier, Cordillera Blanca, Peru.” The Cryosphere 9(4):1663–83.
Mölg, T. et al. 2008. “Mass Balance of a Slope Glacier on Kilimanjaro and Its Sensitivity to Climate.”
International Journal of Climatology 28:881–92.
Mölg, T. et al. 2012. “The Footprint of Asian Monsoon Dynamics in the Mass and Energy Balance of a Tibetan
Glacier.” Cryosphere 6(6):1445–61.
Ohmura, A. 2001. “Physical Basis for the Temperature-Based Melt-Index Method.” Journal of Applied
Meteorology 40(4):753–61.
Pellicciotti, F. et al. 2005. “An Enhanced Temperature-Index Glacier Melt Model Including the Shortwave
Radiation Balance: Development and Testing for Haut Glacier d’Arolla, Switzerland.” Journal of
Glaciology 51(175):573–87.
Perry, L. B., A. Seimon, and G. M. Kelly. 2014. “Precipitation Delivery in the Tropical High Andes of Southern
Peru: New Findings and Paleoclimatic Implications.” International Journal of Climatology 34(February
2013):197–215.
Razafimaharo, C. S. 2018. “Hydrological Analysis of a Glaciated Catchment in the Cordillera Blanca (Peru).”
University of Stuttgart.
Schaefli, B. et al. 2005. “A Conceptual Glacio-Hydrological Model for High Mountainous Catchments.”
Hydrology and Earth System Sciences Discussions 2(1):73–117.
Schauwecker, S. et al. 2017. “The Freezing Level in the Tropical Andes, Peru: An Indicator for Present and
Future Glacier Extents.” Journal of Geophysical Research Atmospheres 122:5172–89.
Schmieder, J. et al. 2018. “Spatio-Temporal Tracer Variability in the Glacier Melt End-Member — How Does
It Affect Hydrograph Separation Results?” Hydrological Processes 32(12):1828–43.
Sicart, J. E. et al. 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.
Atmos. 116:1–18.
Sicart, J. E., R. Hock, and D. Six. 2008. “Glacier Melt, Air Temperature, and Energy Balance in Different Climates:
The Bolivian Tropics, the French Alps, and Northern Sweden.” J. Geophys. Res. 113(D24113):1–11.
Sicart, J. E., P. Wagnon, and P. Ribstein. 2005. “Atmospheric Controls of the Heat Balance of Zongo Glacier
(16°S, Bolivia).” Journal of Geophysical Research D: Atmospheres 110(12):1–17.
Sold, L. et al. 2016. “Mass Balance Re-Analysis of Findelengletscher, Switzerland; Benefits of Extensive
Snow Accumulation Measurements.” Frontiers in Earth Science 4(18).
Vuille, M. et al. 2008. “Climate Change and Tropical Andean Glaciers: Past, Present and Future.” EarthScience Reviews 89(3–4):79–96.
Wagnon, P. et al. 1999a. “Annual Cycle of Energy Balance of Zongo Glacier, Cordillera Real, Bolivia.” Journal

16 MODELLING MELT FROM TROPICAL GLACIERS

of Geophysical Research 104(D4):3907–23.
Wagnon, P. et al. 1999b. “Energy Balance and Runoff Seasonality of a Bolivian Glacier.” Global and Planetary
Change 22:49–58.
Winkler, M. 2007. “Die Rolle Der Sublimation in Der Energie – Und Massenbilanz Des Tropischen Glaciar
Artesonraju.” Universität Innsbruck.
Winkler, M. et al. 2009. “Measured and Modelled Sublimation on the Tropical Glaciar Artesonraju , Perú.” The
Cryosphere 3:21–30.

5.2. ADDITIONAL REFERENCES
Andres, N. et al. 2014. “Water resources and climate change impact modelling on a daily time scale in the
Peruvian Andes.” Hydrological Sciences Journal 59(11): 2043–2058.
Bradley, R. S. et al. 2006. “Threats to Water Supplies in the Tropical Andes”. Science 312: 17551756.
Bradley, R. S. et al. 2009. “Recent changes in freezing level heights in the Tropics with implications for the
deglacierization of high mountain regions. ” Geophysical Research Letters 36(LI7701): 2–5.
Cogley, J. G. et al. 2011. “Glossary of Glacier Mass Balance.” IHP-VII Technical Documents in Hydrology, IACS
Contribution No.2(Vol. 86). Paris.
Corripio, J. G. 2002. “Modelling the energy balance of high altitude glacierised basins in the Central Andes.”
University of Edinburgh.
Drenkhan, F. et al. 2018. “Current and future glacier and lake assessment in the deglaciating VilcanotaUrubamba basin, Peruvian Andes.” Global and Planetary Change 169: 105–118.
Fernandez, A., and B. G. Mark. 2016. “Modeling modern glacier response to climate changes along the Andes
Cordillera: A multiscale review.” Journal of Advances in Modelling Earth Sciences 8:1–29.
Francou, B. et al.2003. “Tropical climate change recorded by a glacier in the central Andes during the last
decades of the twentieth century: Chacaltaya, Bolivia, 16°S.” Journal of Geophysical Research,
108(D5):1–12.
Hastenrath, S. 1978. “Heat-budget measurements on the Quelccaya ice cap, Peruvian Andes.”, Journal of
Glaciology 20(82):85–97.
Hastenrath, S. 1997. “Measurements of Diurnal Heat Exchange on the Quelccaya Ice Cap, Peruvian Andes.”
Meteorol. Atmos. Phys. 62:71–78.
Hastenrath, S. 1997. “Annual cycle of upper air circulation and convective activity over the tropical Americas.”
Journal of Geophysical Research 102(D4):4276–4274.
Hofer, M., B. Marzeion, B., and T. Mölg. 2012. “Comparing the skill of different reanalyses and their ensembles
as predictors for daily air temperature on a glaciated mountain (Peru).” Climate Dynamics 39(7–
8):1969–1980.
Hofer, M., B. Marzeion, and T. Mölg. 2015. “A statistical downscaling method for daily air temperature in datasparse, glaciated mountain environments.” Geoscientific Model Development 8(3):579–593.
Huggel, C. et al. 2002. “Assessment of Glacier Hazards and Glacier Runoff for Different Climate Scenarios

GLACIARES+ PROJECT 17

Based on Remote Sensing Data : a Case Study for a Hydropower Plant in the Peruvian Andes.”
EARSeL EProceedings 23(6):22–33.
Huggel, C. et al. 2015. “How useful and reliable are disaster databases in the context of climate and global
change? A comparative case study analysis in Peru.” Natural Hazards and Earth System Science
15(3):475–485.
Jarvis, A., et al. 2004. “Practical use of SRTM data in the tropics – Comparisons with digital elevation models
generated from cartographic data.” Tropical Agriculture 198(32).
Kaser, G., A. Ames, and M. Zamora. 1990. “Glacier fluctuations and climate in the cordillera Blanca, Peru.”
Annals of Glaciology 14:136–140.
Kaser, G., and C. Georges. 1997. “Changes of the equilibrium-line altitude in the tropical Cordillera Blanca,
Peru, 1930-50, and their spatial variations.” Annals of Glaciuology 24:344–349.
Malone, A. G. O. et al. 2015. “Constraints on southern hemisphere tropical climate change during the Little
Ice Age and Younger Dryas based on glacier modeling of the Quelccaya Ice Cap, Peru.” Quaternary
Science Reviews 125:106–116.
Mölg, T., N. J. Cullen, G. and Kaser, 2009. “Solar radiation, cloudiness and longwave radiation over lowlatitude glaciers: implications for mass-balance modelling.” Journal of Glaciology, 55(190): 292–302.
Molina, E. et al. 2015. “Iniciación de un monitoreo del balance de masa en el glaciar Suyuparina, Cordillera
Vilcanota, Perú.” UNSAAC. (May 2014).
Neukom, R. et al. 2015. “Facing unprecedented drying of the Central Andes? Precipitation variability over the
period AD 1000–2100.” Environmental Research Letters, 10(8):084017.9326/10/8/084017
Salzmann, N. et al. 2013. “Glacier changes and climate trends derived from multiple sources in the data
scarce Cordillera Vilcanota region, southern Peruvian Andes.” The Cryosphere 7(1):103–118.
Schauwecker, S. et al. 2014. “Climate trends and glacier retreat in the Cordillera Blanca, Peru, revisited.”
Global and Planetary Change 119:85–97.
Scheel, M. et al. 2011. “Evaluation of TRMMn Multi-satellite Precipitation Analysis (TMPA) performance in
the Central Andes region and its dependency on spatial and temporal resolution”. Hydrol. Earth Syst.
Sci. 15:2649–2663.
Sicart, J. E. et al.2010. “Sky longwave radiation on tropical Andean glaciers: Parameterization and sensitivity
to atmospheric variables.” Journal of Glaciology 56(199):854–860.
Sorooshian, S. et al. 2000. “Evaluation of PERSIANN system satellite-based estimates of tropical rainfall.”
Bulletin of the American Meteorological Society 81(9): 2035–2046.
Suarez, W. et al. 2015. "Air temperature, radiation budget and area changes of Quisoquipina glacier in the
Cordillera Vilcanota (Peru).” Geophysical Research Abstracts EGU2015-56.
Sugg, J. et al. 2013. “Climate-Glacier Interaction in the Tropical Andes: Field Observations from the Cordillera
Vilcanota , Peru”. Annual meeting of the Southeastern Division of the Association of American
Geographers. (Poster). Roanoke, VA.
Vergara, W., et al. 2007. “Economic Impacts of Rapid Glacier Retreat in the Andes.” Eos, Transactions
American Geophysical Union. 88(25):261.

18 MODELLING MELT FROM TROPICAL GLACIERS

6. APPENDIX
Table A1: Overview of measured and modelled parameters
on tropical glaciers from selected studies. Energy fluxes
named as in section 2.1. Additional fluxes listed in the table
are the subsurface melt QMs, total precipitation PT, the share
of liquid precipitation PL %, air temperature T, air temperature
during precipitation events TP, snow line altitude SLA, specific
humidity q and the sublimation/melt ratio f.
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