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Abstract: The Cordillera Darwin Icefield loses mass at a similar rate as the Northern and
Southern Patagonian Icefields, showing contrasting individual glacier responses, particularly between
the north-facing and south-facing glaciers, which are subject to changing climate conditions.
Detailed investigations of climatic mass balance processes on recent glacier behavior are not available for
glaciers of the Cordillera Darwin Icefield and surrounding icefields. We therefore applied the coupled
snow and ice energy and mass balance model in Python (COSIPY) to assess recent surface energy
and mass balance variability for the Schiaparelli Glacier at the Monte Sarmiento Massif. We further
used COSIPY to simulate steady-state glacier conditions during the Little Ice Age using information of
moraine systems and glacier areal extent. The model is driven by downscaled 6-hourly atmospheric
data and high resolution precipitation fields, obtained by using an analytical orographic precipitation
model. Precipitation and air temperature offsets to present-day climate were considered to reconstruct
climatic conditions during the Little Ice Age. A glacier-wide mean annual climatic mass balance of
−1.8 ± 0.36 m w.e. a−1 was simulated between between April 2000 and March 2017. An air temperature
decrease between −0.9 ◦ C and −1.7 ◦ C in combination with a precipitation offset of up to +60% to recent
climate conditions is necessary to simulate steady-state conditions for Schiaparelli Glacier in 1870.
Keywords: Monte Sarmiento Massif; Schiaparelli Glacier; glacier climatic mass balance; glacier
surface energy and mass balance model; Little Ice Age
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1. Introduction
1.1. Rationale
Along with the Northern (NPI) and Southern Patagonian Icefield (SPI), the Cordillera Darwin
Icefield (CDI) and surrounding icefields have experienced extraordinary losses of ice during the
last few decades. The CDI is located in the southernmost Andes in Tierra del Fuego (54◦ 200 S to
55◦ 000 S, 68◦ 150 W to 71◦ 200 W) [1] (Figure 1). It is composed of a main continuous ice body along
the mountain range with an area of 1760 km2 [2] and a few smaller ice bodies farther west which
are separated by fjords. In total the CDI and neighboring ice bodies cover an area of 2605 km2
(derived from satellite imagery acquired in the period 2001 to 2004) [3]. The highest peak of the
main icefield is Monte Darwin (2488 m a.s.l.) [1], while the most prominent peak of the western
ice bodies is Monte Sarmiento (2300 m a.s.l.) [4], which lies at the center of a 138 km2 icefield [2],
which we refer to as Monte Sarmiento Massif (MSM) [4]. Many glaciers in the Cordillera Darwin
advanced during the Little Ice Age (LIA) [4–7], as did glaciers elsewhere in the Southern Patagonian
Andes (e.g., [8–11]). Most glaciers reached their maximum extent during a series of late advances
between 1700 to 1900 [4,5,7]. Despite a high regional variability in climate anomalies during the
LIA, a well-defined cold-interval has been reconstructed between ~1640 and ~1850. During this
period, the mean air temperature was 0.86◦ C lower than the 1900–1990 mean for the southern
parts of the Southern Andes [12]. Glacier recession has been documented between the late LIA
maximum and 1920, while the following period until the 1960s was dominated by standstills and
minor readvances [4,8]. After changes in the Pacific Decadal Oscillation in 1976 [12], summer air
temperatures increased [13] and most glaciers in Patagonia and Tierra del Fuego started to retreat,
some at extraordinary rates [2,14,15]. Mass loss of the CDI occurred at an average thinning rate of
−1.5 ± 0.6 m w.e. a−1 , which contributed to sea-level rise by 0.001 ± 0.004 mm a−1 between 2000 and
2011 [3]. Similarly to observations at the NPI and SPI [1,14,16–23], individual glacier responses come
along with the long-term demise of the icefield mainly caused by a warming climate and changing
precipitation patterns [15].
The predominantly south and southwesterly airflow during winter in particular leads to enhanced
precipitation at the southern and western side of the east–west running Cordillera Darwin and
drier conditions along the north-eastern part [1,4,15]. Changes in wind pattern have enhanced the
precipitation gradient between south-facing and north-facing glaciers since the beginning of the 20th
century [15,24]. Thinning rates are almost twice as large for glaciers located on the north-eastern part
of the CDI compared to those on the south-western side [3]; in particular, land and lake-terminating
glaciers in the Cordillera Darwin have been subject to a remarkable retreat within recent decades [2,14].
The increasing number of remote sensing studies of the Southernmost Andes are particularly
useful for updating the glacier inventories of the Southern Andes and for assessing glacier volume
and area changes for different periods (e.g., [2,14,22,25]). However, to improve our understanding of
glacier processes and to estimate future changes, the applications of dynamical ice models and surface
mass balance models need to be further extended. In this respect, accurate estimates of downscaled
atmospheric variables and in-situ observations are crucial to achieve reliable model results [26].
In this study we present a detailed estimate of the climatic mass balance (CMB) for recent and
past glacier extents of the Schiaparelli Glacier, the largest glacier of the Monte Sarmiento Massif in
Tierra del Fuego (Figure 1). We follow the methodological approach of [27] to simulate the CMB by
applying the coupled snowpack and ice surface energy and mass balance model in Python COSIPY
(updated version of COSIMA) [28,29]. We force the model with downscaled 6-hourly ERA-interim
data. Model results are calibrated and validated by means of meteorological observation and ablation
measurements. The study focuses on the detailed validation of the downscaling results of atmospheric
input data, modeled surface energy-fluxes and modeled climatic mass balance for the study period
2000 and 2017. In addition, precipitation and air temperature offsets are applied to the downscaled
ERA-interim data to derive both the recent and LIA glacier steady-state conditions. This procedure
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allows one to reconstruct LIA climate by simulating CMB in equilibrium using the glacier extent
in 1870.

Figure 1. Location of the Monte Sarmiento Massif and location of the weather stations used in this
study; glacier outlines are visualized for 2016 based on the glacier inventory by [2]. Sources of the
satellite imagery: ESRI, Digital Globe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA,
USGS, AeroGRID, IGN, and the GIS User Community. Elevation contour lines of 100 m are illustrated.
The coordinates are in UTM zone 19S in meters.

1.2. Study Site
Schiaparelli Glacier descends north-west from Monte Sarmiento (54.39◦ S to 54.45◦ S, 70.90◦ W
to 70.77◦ W), at the southwestern tip of Isla Grande de Tierra del Fuego (Figure 1). The glacier
calves into a moraine-dammed proglacial lake which formed after glacier recession in the 1940s [7].
Schiaparelli Glacier underwent late Little Ice Age advances [7]. The existence of three terminal
moraine ridges at Schiaparelli Glacier implies a glacial recession without distinct readvances since
1749 ± 5 CE [7]. This year reflects the maximum date of the first moraine stabilization. The oldest
deposition of the middle moraine and the one closest to the recent glacier front were dated to
1789 ± 5 CE and 1867 ± 5 CE [7]. The glaciated parts of the Monte Sarmiento Massif have shrunk from
199.3 km2 in 1870 to 183.1 km2 in 2011 [14], in particular, due to the shrinkage of the land-terminating
glaciers. Area loss was accelerated between 1986 and 2001 [14] while it slowed down after 2001.
At Schiaparelli Glacier, an area loss of about 7.5 km2 from 31.8 km2 in ∼1870 to 24.3 km2 2016 was
determined [2].
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2. Materials and Methods
2.1. Meteorological and Glaciological Observations
Two automatic weather stations (AWS) are situated within the study area of the Schiaparelli
Glacier (Figure 2). AWSGLACIER is located on the lower part of the glacier at 54.4◦ S, 70.87◦ W at about
140 m a.s.l. (location measured in September 2015). The AWS was installed in March 2013 but had to
be reinstalled in June 2015 due to the glacier’s movement and the formation of crevasses close to the
station. A second AWS (AWSROCK ) has been installed additionally on rock to minimize measurement
inaccuracies and failures. The AWS is located on the southern side of the glacier close to the glacier
margin (Figure 2) at 54.4◦ S, 70.87◦ W, 92 m a.s.l. Both AWS measure hourly air temperature, relative
humidity, incoming solar radiation, wind speed, and wind direction. Surface pressure is measured at
AWSGLACIER , while precipitation is measured using an unshielded and unheated tipping-bucket rain
gauge at AWSROCK . For modeling purposes, we use hourly data of air temperature, relative humidity,
surface pressure, and wind speed of AWSGLACIER and incoming solar radiation and precipitation of
AWSROCK .

Figure 2. Location of installed measuring devices at Schiaparelli Glacier; locations of ablation stakes
(S1–S3) are illustrated as in April 2016. "HYDRO" denotes the location of a lake level measurement
device at the outflow of the proglacial lake Lago Azul. Glacier outlines are visualized for LIA (1870),
1986/87, and 2016/17 based on the glacier inventory by [2] and for 2000 based on the RGI 6.0
inventory [30]. The coordinates are in UTM zone 19S in meters.

Precipitation datasets of three weather stations, provided by the Chilean Water Directorate (DGA),
and one weather station of Charlie Porter ([24], provided by Eñaut Izagirre Estibaritz via personal
communication) are used to validate the spatial distribution of modeled precipitation. The data of
the following four weather stations (geographical location, data period) have been chosen: Marinelli
Glacier (Charlie Porter) (54.43◦ S, 69.57◦ W, 08/2011 to 07/2014), Río Azopardo (DGA) (54.50◦ S,
68.82◦ W, 08/2011 to 08/2016), Puerto Navarino (DGA) (54.93◦ S, 68.32◦ W, Aug 08/2011 to 02/2017
with short data gaps), Río Cóndor (DGA) (54.00◦ S, 70.08◦ W, 01/2012 to 02/2017) (Figure 1).
Ablation on the glacier was measured between September 2015 and April 2017. The reading of the
ablation stakes (S1 to S3) has been performed twice a year. A higher temporal resolution of individual
ablation measurement (S3) was achieved by means of time-lapse imagery (CAM, Figure 2) between
September 2015 and April 2016 at the glacier margin. Therefore, we installed a self-constructed time
lapse camera south of the glacier margin which took pictures of the glacier area with one installed
ablation stake every two hours. The stake is marked every 1.5 m. From this image time series we can
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determine the periods in which 1.5 m of melt had occurred, providing higher temporal resolution
compared to the manual semi-annual readings of ablation stakes.
Lake water level and temperature have been recorded hourly using a HOBO water level pressure
sensor (HYDRO, Figure 2). It was installed close to the glacier outflow at the southwest margin of
Lago Azul between April 2016 and March 2017. Data gaps occurred during the first austral winter
because the measurement site fell dry due to a unexpectedly low lake level.
2.2. Reanalysis Data
Atmospheric model input datasets for COSIPY and the orographic precipitation model
(OPM) [27,31] were derived from the latest large-scale ERA-interim reanalysis product supplied
by the European Centre for Medium-Range Weather Forecasts (ECMWF) [32]. COSIPY is forced by
downscaled 6-hourly surface incoming solar radiation SWin (W m−2 ) and air temperature T2m ( ◦ C),
surface pressure ps (hPa) as well as relative humidity rH2m (%), cloud cover fraction N, and wind speed
u2m (m s−1 ) at 2 m. Data are derived as the means from four grid points covering the study site (−54.5◦ S
and −54.75◦ S, 71.25◦ W, and 70.5◦ W) for the time period from 1 April 2000 to 31 March 2017. Running
the OPM to compute total precipitation requires 6-hourly ERA-interim datasets of horizontal and
vertical wind components, air temperature at the 850 and 500 hPa level, relative humidity, geopotential
heights, and large-scale precipitation. Time series of wind, precipitation, and relative humidity are
taken from the 850 hPa level to describe the large-scale prevailing wind conditions and to calculate
the background precipitation and filter constraints within the OPM routine [27]. Atmospheric input
data were averaged over four grid points located west along the Cordillera Darwin (54.0◦ S to 54.75◦ S,
75◦ W to 74.25◦ W) to represent upstream conditions.
2.3. Elevation and Glacier Outline
The digital elevation model (DEM) generated from the Shuttle Radar Topography Mission
(SRTM) [33,34] is used as the reference surface elevation in 2000 for COSIPY and OPM runs.
COSIPY and OPM runs are carried out with spatial resolutions of 200 m and 1000 m, respectively.
Glacier outlines for COSIPY model runs have been obtained from the glacier inventory of [2] for
1870 and for 2016 (Figure 2). According to [2], glacier extent during the LIA was digitized manually
using the 1986 glacial extent as the starting point and clearly visible morphological evidence, such as
vegetation trimlines or moraine systems. The latter represents the maximum extent of the LIA which
does not necessarily represent the end of the LIA (∼1870 AD).
2.4. Surface Energy and Climatic Mass Balance Model
Surface energy fluxes and climatic mass balance are estimated using the open-source surface and
energy mass balance model COSIPY [29] which is the updated version of the former coupled snowpack
and ice surface energy and mass balance model (COSIMA) [28], with updated physics and optimized
computational performance. COSIMA is described in detail in [28] and has been successfully applied
for selected glaciers at the Southern Patagonia Icefield [27]. Only a short description of the model
physics is therefore provided in the following. COSIPY combines a surface energy balance model with
a multi-layer sub-surface snow and ice model to resolve estimated energy fluxes and surface mass
balance processes [29]. All energy fluxes F that contribute to the surface energy budget and the energy
available for surface melting Qmelt [35] are considered in the energy balance model:
F = SWin · (1 − α) + LWin + LWout + Qsens + Qlat + Q g .

(1)

The model takes into consideration: the incoming shortwave radiation SWin , the albedo α, the incoming
LWin and outgoing longwave radiation LWout , the sensible Qsens and latent heat fluxes Qlat , and the
ground heat flux Q g . Ablation occurs due to sublimation, evaporation, subsurface melt, and surface
melt. Qmelt requires the surface temperature Ts to be at the melting point (0 ◦ C) and a positive energy
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flux F towards the surface to prevail. In this case, Qmelt equals F. Each layer is characterized by a
temperature, density, and liquid water content. Turbulent heat fluxes Qsens and Qlat , are calculated
based on the the bulk aerodynamic method [35] between the surface and two meters above ground
by means of T2m , rH2m , and u2m . Q g consists of fluxes of heat conduction and penetrating shortwave
radiation [28]. Detailed information about the parameter settings in COSIPY, e.g., model domain,
layer depth, and albedo values, can be found in Table 1.
Table 1. COSIPY and OPM parameter settings based on findings from [27]. Values denoted with * are
mean values.
Parameter

Value/Range

Unit

Fixed/Calculated

COSIPY

Total domain depth
Model layer thickness
Ice albedo
Fresh snow albedo
Firn albedo
Initial subsurface temperature
Air temperature lapse rates
Surface pressure gradient
Snow density for Psolid
Threshold for Psolid to Pliq
Snow pack density profile

100
0.1
0.3
0.9
0.45
273.15
−0.67, −0.73
−0.105
250
0–2.0
250 to 550

m
m
◦C
◦ C 100 m−1
hPa m−1
kg m−3
◦C
kg m−3

F
F
F
F
F
F
F
F
F
F
C

Source
[36]
[28]
[36]
[27]
[27]
[27]
[28]
[37]
[28]

OPM

Uplift sensitivity factor
Water vapor scale height
Conversion/fallout time scale
Brunt-Väisälä frequency
Averaged falling speed
Thresholds relative humidity

0.006 *
2382 *
1824 *
0.009 *
1.3
80, 85, 90

m
m s−1
s−1
m s−1
%

C
C
C
C
F
F

[38]
[38]
[39]
[38]
[27]
[38]

2.4.1. Climate Forcing of COSIPY
COSIPY is driven by surface incoming solar radiation SWin (W m−2 ), air temperature T2m ( ◦ C),
relative humidity rH2m (%), surface pressure ps (hPa), wind speed at 2 m u2m (m s−1 ), cloud cover
fraction N, and total precipitation RRR. We use different approaches to downscale ERA-interim data
of T2m , rH2m , ps , SWin , and total precipitation RRR by means of observed data which are described in
more detail in [27].
Precipitation fields are modeled using an analytical OPM based on the linear steady-state theory of
airflow dynamics [38,40]. A more detailed description and validation of the model itself is given by [38]
and [40] while the methodical application as used in this study is described in more detail in [27,31].
The OPM estimates RRR resulting from the forced orographic uplift of air masses over a mountain
assuming stable and saturated atmospheric conditions. The model estimates the condensation rate by
the terrain-induced vertical air velocity, and the horizontal wind speed and advection of water vapor,
and includes effects of airflow dynamics and downslope evaporation as well. The main term of the
linear model describing the orographic precipitation (Poro ) generation is solved in Fourier space for
each Fourier component (k,l) as follows.
P̂oro (k, l ) =

Cw · i · σ · ĥ(k, l )
.
(1 − i · m · Hw )(1 + i · σ · τc )(1 + i · σ · τ f )

(2)

Equation (2) includes an uplift sensitivity factor Cw , the water vapor scale height Hw , the complex
number i, the intrinsic frequency σ, the Fourier transform of the orography ĥ, the vertical wavenumber
m, and the delay time scales for conversion τc and fallout τf of hydrometeors. The thermodynamic
sensitivity Cw accounts for the effects of saturation water vapor density, and the moist adiabatic and
environmental lapse rates. Hw mainly depends on the environmental air temperature and lapse rate.
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Airflow dynamics are represented by the intrinsic frequency, including the vertical and horizontal
winds. One of the airflow features included is the decay of vertical velocity with altitude which is
described by m. The calculation of m contains the buoyancy frequency in a saturated atmosphere
and the moist Brunt-Väisälä frequency Nm to consider the effect of moist air masses on the static
stability. Additionally, the precipitation generation is shifted downstream from the water source
region depending on the wind speed and the cloud time parameters τc and τ f . The total amount of
precipitation RRR is assessed by considering the large-scale precipitation which in this study is derived
from ERA-interim precipitation data. For detailed information about the procedure and the parameter
settings, the reader is referred to [27] and Table 1. The amount of solid precipitation is determined in
COSIPY by applying a hyperbolic tangent function [27,37] to the modeled OPM precipitation fields.
The proportion of solid precipitation to total precipitation is smoothly scaled between 100% and 0%
within a T2m range of 0 ◦ C and 2 ◦ C [27,37]. The temperature range of the transition from liquid to
solid is similar to the assumptions used by [36,41] to determine the solid precipitation fraction.
OPM runs have been carried out with varying thresholds of the model constraint rH according to
the values used in previous studies (e.g., [27,42–44]) to find the best model fit compared to observed
data. OPM runs were calibrated with observed data from AWSROCK between October 2015 to
September 2016. Best-fits have been achieved using the constraint rH ≥ 85. Best-fit OPM results
were compared to observed precipitation data of five weather stations (Figure 3A). The explained
variance between modeled and observed monthly precipitation data was 93% for ROCK, 74% for
AZO, 71% for MAR, 43% for NAV, and 44% for CON. The amount of modeled orographic precipitation
of the total modeled precipitation amount is highest for AWSROCK with 43%. The AWS is located
at the western side of the Monte Sarmiento Massif and therefore strongly influenced by orographic
effects. OPM results for the other weather stations were mainly determined by the downscaling
results of ERA-interim precipitation, because their locations are less influenced by orographic effects.
The glacier-wide mean of RRR averaged over the study period 2000 to 2017 is 4.0 m w.e. a−1 with a
maximal amount of 5.6 ± 0.5 m w.e. a−1 in the upper part of the glacier. The glacier-wide amount of
solid precipitation to total precipitation is about 38 %.

Figure 3. Downscaled ERA-interim vs. observed data for (A) precipitation and (B) air temperature.
In (A) monthly modeled precipitation (mm) by OPM simulations and observed precipitation of the
weather stations at Schiaparelli Glacier (ROCK), Rio Azopardo en Desembocadura (AZO), Marinelli
Glacier (MAR), Puerto Navarino (NAV), and at Rio Condor (CON) are shown. (B) Observations from
April 2013 to February 2015 at AWSGLACIER were used as a validation dataset and the calibration was
based on observations between October 2015 and April 2017.
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T2m , rH2m , and ps were statistically downscaled from ERA-interim data to AWSGLACIER by using
quantile mapping (e.g., [45,46]). Bias-corrected air temperature and surface pressure were spatially
interpolated using a fixed lapse rates from the AWS location (Table 1). Downscaling results of daily
ERA-interim T2m by means of station data are visualized in Figure 3B. For the validation period,
the chosen downscaling method tends to overestimate low temperatures while high temperatures are
slightly underestimated. The glacier-wide mean T2m averaged between 2000 and 2017 is 0.6 ± 0.3 ◦ C.
Incoming shortwave radiation SWin was also downscaled from ERA-interim data to the measured
solar radiation at AWSROCK using quantile mapping. The spatial distribution of SWin was then derived
from a modified radiation model according to [47] that computes clear-sky direct and diffuse shortwave
radiation depending on the geographical position, elevation, albedo, and shading by the surrounding
terrain, and the slope and aspect over the glacier domain. At each time step and grid cell, the potential
clear-sky radiation is corrected for cloud cover by means of downscaled SWin . Therefore, we calculate
the ratio between potential clear-sky radiation at AWSROCK and any other pixel within the glacier
domain. SWin at each pixel is then derived by multiplying the calculated ratio and the downscaled
SWin at AWSROCK . The glacier-wide mean SWin averaged between 2000 and 2017 is +91 W m−2 .
2.4.2. Uncertainty Assessment of COSIPY and OPM
Ablation stake measurements carried out at Schiaparelli Glacier between 2015 and 2017 were
used to validate the modeled climatic mass balance. We forced COSIPY once with observed timeseries.
In this case only N was taken from ERA-interim and used to calculate longwave incoming radiation.
Secondly, we ran COSIPY with downscaled ERA-interim data. The RMSE between model ran and
observed values were ± 0.67 m w.e. for the AWS run and ± 0.71 m w.e. for the ERA-interim run
between October 2015 and March 2017. COSIPY driven by both observed and downscaled input
data reproduces measured ablation well (Figure 4). The uncertainties of modeled climatic mass
balance were estimated by accounting for uncertainties in the spatial distributions of input datasets
of air temperature and solid precipitation due to the lack of observations in the accumulation area.
The spatial distribution of air temperature is determined by the chosen lapse rate, while the amount of
modeled precipitation is mainly controlled by the OPM filter constraint rH which regulates the amount
of orographic induced precipitation to large-scale precipitation within the OPM [27]. We therefore
include varying values of air temperature lapse rate and the OPM filter constraint rH for the assessment
of climatic mass balance uncertainties. In total, six runs were carried out for the mass balance years
2015/16 and 2016/17 to assess the uncertainty of glacier-wide climatic mass balance. As lower and
upper air temperature lapse rates, we assumed 0.67 ◦ C and 0.73 ◦ C 100 m−1 as used in earlier mass
balance studies (e.g., [27]). Thresholds of 80%, 85%, and 90% for rH were considered. The standard
deviation between those six different model runs was ± 0.36 m w.e. Best-fit simulation results were
achieved using 0.67 ◦ C and running the OPM with a rH threshold of 85%.

Figure 4. Comparison of modeled (automatic weather stations (AWS) and ERA) and observed climatic
mass balance at Schiaparelli Glacier by means of (A) ablation stake S3 and (B) ablation stakes S1 and S2
as mean values (Figure 2).
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2.5. Little Ice Age Estimations
We followed the approach of [48] to reconstruct LIA climate by assuming that the glacier was in
equilibrium over a short period of time during the formation of the associated terminal moraines when
climate started to shift from LIA to present-day climate conditions. First, we simulated the climatic
conditions which were needed to derive steady-state conditions for the recent extent of Schiaparelli
Glacier. Therefore, precipitation and air temperature offsets to the present-day climate were used as
COSIPY forcing to derive an average CMB in equilibrium. We chose the time period 2000 to 2010 as
the simulation period. LIA climate was then reconstructed, using precipitation and air temperature
offsets along with the LIA glacier extent [49] and adapted glacier height by means of SRTM data
and moraine system information. All other input parameters of COSIPY as well as the altitudinal
gradients remained unchanged. Glacier height during the LIA was reconstructed by using glacier
outline information from 2000 and LIA as well as SRTM data with a resolution of 200 m (Figure 5).
First, we compared vegetation trimline and moraine information [7] with SRTM heights extracted at
the LIA outline of the glacier. We then calculated height differences (hdi f ) for each pixel between the
glacier outline of 2000 and LIA (Figure 5A). We then manually digitized the glacier flowline based on
the center of elevation contours (contour lines of 50 m). The maximum height difference along the
LIA outlines (hdi f ,max ) perpendicular to any position along the flowline was added to the height (h)
of the pixel at this position of the flowline (Figure 5A). Finally, we linearly interpolated between the
heights at the glacier’s LIA outlines and the height adjusted flowline (Figure 5A). This procedure was
limited to the part of the glacier where the LIA glacier outline extends further than the glacier outline
in 2000 (Figure 5A, inset). The resulting height changes are visualized in Figure 5B. For Schiaparelli
Glacier, this area approximately coincides with the area below the ELA. The heights of the upper parts
were left unchanged. For LIA climate reconstruction, COSIPY was driven using the DEM adapted to
LIA conditions. We further used COSIPY runs based on the initial SRTM heights for comparison and
uncertainty assessment. The standard deviation between all runs is ± 0.12 m w.e.

Figure 5. Schematic illustration of Little Ice Age (LIA) height calculations using SRTM data and glacier
outlines from 1870 (LIA) [2] and 2000 [30] (A), and calculated height differences between the digital
elevation model (DEM) adapted to LIA conditions and the initial SRTM-dervied DEM (B).

3. Results and Discussion
The evaluations of COSIPY-modeled surface energy fluxes and climatic mass balance are discussed
in the following.
The glacier-wide mean annual surface energy balance and climatic mass balance components are
shown in Figure 6A,B. The glacier-wide energy input is dominated year-around by LWin (+292 W m−2 )
and SWin (+91 W m−2 ), followed by Qsens (+32 W m−2 ). Available energy at the glacier surface is
consumed by LWout (-296 W m−2 ), SWout (−65 W m−2 ), Qlat (−9 W m−2 ), Q g (−1 W m−2 ), and Qmelt
(−44 W m−2 ). The modeled glacier-wide mean annual CMB for Schiaparelli Glacier is estimated
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to −1.8 ± 0.36 m w.e. a−1 averaged between April 2000 and March 2017. The CMB is negative for
each year during the complete study period (Figure 6B). Glacier melt was highest during the mass
balance year 2016/17, followed by the mass balance years between 2003/04 and 2006/07. The highest
CMB of −0.7 ± 0.36 m w.e. a−1 is modeled for the mass balance year 2009/10 which coincides with
above-average Psolid amounts and lower T2m values (Figure 7A). Mean annual T2m values which are
above the average as in the mass balance years 2007/08 and 2008/09 cause high negative CMB values
and cannot be fully compensated by positive Psolid amounts or low SWin values. In general, the climatic
mass balance is dominated by surface melt (60%) and solid precipitation (37%). Sublimation, deposition,
refreezing, and evaporation play only minor roles. Strong correlations between CMB and T2m
(r = −0.77) and CMB and Psolid (r = 0.80) reflect this finding (Figure 7B). However, we cannot find any
meaningful correlation between CMB and SWin . Modeled annual ELA ranges from 650 ± 50 m a.s.l. to
800 ± 50 m a.s.l. with a mean of 730 ± 50 m a.s.l. These ranges are similar to values in [4].

Figure 6. Annual surface energy balance components (A) and climatic mass balance (B) averaged
between April 2000 and March 2017. Abbreviations are explained in Equation (1).

Figure 7. Modeled annual climatic mass balance (CMB) based on COSIPY simulations and standardized
anomalies of Psolid , T2m , and SWin from the mean between April 2000 to March 2017 for each mass
balance year (A) and correlations between modeled annual CMB and standardized anomalies of Psolid ,
T2m , and SWin from the mean between April 2000 to March 2017 (B).

In a previous study of [27], CMB simulations using the former version of COSIPY were carried
out at the two lake-terminating glaciers Grey and Tyndall located at the eastern side of the SPI (Table 2).
Climate conditions at Grey Glacier and Tyndall Glacier are wetter and colder compared to Schiaparelli
Glacier as a result of higher altitudes in general and the stronger influence of orographic effects on
precipitation distribution (e.g., [27,50]). Comparing the energy balance components, it is striking that
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the shortwave net radiation is much lower at the MSM than at the SPI while the sensible heat flux
is more important as a source of energy input at the glacial surface. All three glaciers underwent a
massive retreat in the past decade. However, climatic mass balance simulations are positive with a
glacier-wide mean annual of +0.86 ± 0.52 m w.e. a−1 for Grey Glacier and +0.41 ± 0.54 m w.e. a−1
for Tyndall Glacier between 2000 and 2016, while the CMB of Schiaparelli Glacier is clearly negative
with −1.69 ± 0.36 m w.e. a−1 . The positive CMB of Grey Glacier and Tyndall Glacier cannot fully
compensate the mass loss which is caused by dynamical ice processes, especially calving into the
lakes and frontal ablation. Remote sensing studies of [3,23] do not show extensive glacier thinning
at Schiaparelli Glacier. Therefore, we conclude that mass loss due to surface mass balance processes
seems to be the main reason for the recent areal changes of Schiaparelli Glacier. This is in accordance
with several other studies [24,51] that suggest that the recent mass loss of most glaciers at the CDI and
surrounding icefields is rather driven by atmospheric warming than by dynamical ice processes such
as calving, except for a few calving glaciers, such as Marinelli, which has experienced a remarkable
retreat of more than 10 km between 1945 and 2000 [52].
Table 2. Comparison of glacier characteristics and COSIPY/COSIMA results between the glaciers Grey
(SPI), Tyndall (SPI), and Schiaparelli (MSM), averaged over the period 2000–2016. Listed are glacier size
(km2 ) and modeled annual glacier-wide mean CMB, ELA, Psolid , T2m , SWnet , LWnet , Qsens , and Qlat .
Glacier

Size
km2

CMB
m w.e.

ELA
m a.s.l

Psolid
m w.e.

T2m
◦C

SWnet
W m−2

LWnet
W m−2

Qsens
W m−2

Qlat
W m−2

Grey
Tyndall
Schiaparelli

239
301
24

+0.86 ± 0.52
+0.41 ± 0.54
−1.69 ± 0.36

960 ± 70
920 ± 60
730 ± 50

5.9 ± 1.0
7.1 ± 1.1
2.3 ± 0.3

−2.4 ± 0.6
−0.7 ± 0.5
0.6 ± 0.3

39
45
26

−9
−18
−5

11
16
32

−9
−7
−10

3.1. Link between Climatic Mass Balance and Lake Level Changes
We compare meteorological data and modeled climatic glacier mass balance with lake level height
changes at Lago Azul on a daily basis for a short measurement period during the austral summer
2016/2017 (Figure 8). Relating daily air temperature to the height of the lake level showed the highest
correlation r=0.6 using a time lag of +1 day (d + 1) (Figure 8A). Lower correlations were calculated for
larger time lags. There was no pronounced link between the other meteorological observations and
lake level changes; in particular, we could not obtain any meaningful correlation between precipitation
and lake level (Figure 8B) .

Figure 8. Correlations between (A) daily observed air temperature and change of lake level, (B) daily
observed total precipitation and change of lake level, and (C) climatic mass balance averaged over the
ablation area and changes of lake level height for the period October 2015 and April 2016. A time lag of
+1 day (d + 1) is also considered.

The correlation between CMB, averaged over the area beneath the mean modeled ELA, and lake
level height changes is r = 0.40 at d + 1 (Figure 8C). Information on frontal ablation and lake bathymetry
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will allow a more extensive analysis of the link between glacier runoff and changes in lake level height
and outflow in the future.
3.2. Reconstruction of LIA Climate
The reconstruction of steady state climate conditions during LIA requires as starting point a
glacier in equilibrium under present-day climate conditions. We therefore, first simulate the climatic
conditions which are needed to derive steady-state conditions for the recent extent of Schiaparelli
Glacier. Several temperature (TO) and precipitation offset (PO) combinations lead to a zero CMB of
Schiaparelli Glacier based on the recent extent (Table 3). An air temperature decrease between −0.5 ◦ C
and −0.9 ◦ C in combination with a precipitation increase of up to 30% seems to be realistic. A zero
CMB under actual climate conditions between 2000 and 2010 would imply a glacier length reduction
of about 3.8 km back from the glacier front in 2016. Precipitation and air temperature offsets to the
present-day climate are used as COSIPY forcing to derive an average CMB in equilibrium. We choose
the combination TO = −0.6 ◦ C and PO = 20% for representing the recent steady-state climate conditions.
LIA climate is then reconstructed, using precipitation and air temperature offsets along with the LIA
glacier extent [2] and the adapted glacier height. Forcing COSIPY with the recent steady-state climate
conditions, the CMB of Schiaparelli Glacier in 1870 is negative with −1.64 ± 0.48 m w.e. a−1 . A nearly
zero CMB is simulated by forcing the model with air temperature offsets between −0.4 and −0.8 ◦ C in
combination with an increase in precipitation of up to 30% to the artificial steady-state of 2000–2010
(Table 4). The higher the air temperature offset, the smaller the precipitation offset. Previous studies
about Holocene climate reconstruction in Southern Patagonia [53–55] indicate colder and wetter
conditions during the LIA. According to [4] temperature anomalies differed regionally; the mean air
temperature was below the 1900–1990 means by 0.86 ◦ C in the southern parts of Southern Andes.
For Schiaparelli Glacier, we obtained with respect to the actual climate in 2000–2010, a combined
lowering of air temperature between −0.9 ◦ C and −1.7 ◦ C, a precipitation increase of up to +60% by
summing up the offsets for steady state conditions in 2000–2010, and the further adjustment of climate
to allow LIA steady-state conditions of CMB.
Table 3. Precipitation (PO) and air temperature offsets (TO) are combined to simulate steady-state
conditions (m w.e. a−1 ) for the recent extent of Schiaparelli Glacier.
TO/PO

−10%

−5%

◦C

0.0
−0.4 ◦ C
−0.5 ◦ C
−0.6 ◦ C
−0.7 ◦ C
−0.8 ◦ C
−0.9 ◦ C
−1.0 ◦ C

0%

5%

10%

15%

20%

−0.14
0.06

−0.22
−0.01
0.20

25%

30%

−0.29
−0.08
0.13

−0.17
0.05

−1.81

−0.10

−0.13
0.05

−0.16
0.02
0.19

−0.02

−0.07
0.12

Table 4. Precipitation (PO) and air temperature offsets (TO) are combined to simulate steady-state
conditions (m w.e. a−1 ) for the LIA extent of Schiaparelli Glacier based on the adapted SRTM heights.
TO/PO

−10%

−5%

◦C

0.0
−0.4 ◦ C
−0.5 ◦ C
−0.6 ◦ C
−0.7 ◦ C
−0.8 ◦ C
−0.9 ◦ C
−1.0 ◦ C

0%

5%

10%

15%

20%

25%

30%

−0.23
−0.02

−0.09
0.12

0.05

−1.64

−0.13
0.05

0.01
0.19

−0.03
0.17
0.34

−0.08
0.12

−0.13
0.07

−0.17
0.03
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4. Conclusions
The surface energy and mass balance model COSIPY was applied to simulate the climatic mass
balance of Schiaparelli Glacier between 2000 and 2017 and during the LIA (1870). A glacier-wide mean
annual climatic mass balance of −1.8 ± 0.36 m w.e. a−1 was simulated between between April 2000
and March 2017. A lowest negative CMB of −0.7 ± 0.36 m w.e. a−1 was modeled for the mass balance
year 2009/10 as the result from the above-average Psolid amounts and lower T2m values compared to
the mean between 2000 and 2017. Incoming solar radiation and the sensible heat flux are the main
sources of energy input at the glacial surface. The contributions of subsurface melt, sublimation,
refreezing, and evaporation are comparatively small. Observed air temperature and modeled climatic
mass balance can be linked to changes in lake level heights at Lago Azul. Frontal ablation and calving
seem to play a minor role in the mass balance of Schiaparelli Glacier when compared to other larger
glaciers in CDI and SPI. An extended record of lake level from on-going measurements combined with
runoff measurements at the outlet from the lake to the sea will allow a more detailed assessment of the
glacial hydrology at Schiaparelli glacier in future studies. We assumed a zero CMB at the turning point
of Schiaparelli Glacier from being in equilibrium in 1870 to retreating until now. Assuming recent
steady-state climate conditions, the CMB of Schiaparelli Glacier in 1870 would have been significantly
negative with −1.64 ± 0.48 m w.e. a−1 . A nearly zero CMB was simulated by forcing COSIPY with air
temperature offsets between −0.4 to −0.8 ◦ C in combination with an increase in precipitation of up to
+30% to the present-day steady state climate conditions. The upper limit of air temperature decrease
is similar to previous studies about Holocene climate reconstruction in Southern Patagonian [53–55]
which also indicate colder and wetter conditions during the LIA. The lack of observed accumulation
data causes high uncertainties in surface mass balance simulations regarding the glacier-wide amount
of solid precipitation. Missing information about the bedrock topography or ice thickness limited
the applicability of dynamical ice models up to now. Future studies incorporating ice-dynamical
modeling will allow one to quantify ice’s dynamical processes and their impact on the overall mass
loss compared to the climatic mass balance forcing.
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Climatic Mass Balance
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MSM
NPI
OPM
PO
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COupled Snowpack and Ice Surface Energy and Mass Balance Model
Equilibrium Line Altitude
Little Ice Age
Monte Sarmiento Massif
Northern Patagonia Icefield
Orographic Precipitation Model
Precipitation Offset
Southern Patagonia Icefield
Temperature Offset
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