Northumbria Research Link
Citation: Bravo, Claudio, Quincey, D. J., Ross, A. N., Rivera, Andrés, Brock, Benjamin,
Miles, E. and Silva, A. (2019) Air Temperature Characteristics, Distribution, and Impact on
Modeled Ablation for the South Patagonia Icefield. Journal of Geophysical Research:
Atmospheres, 124 (2). pp. 907-925. ISSN 2169-897X
Published by: American Geophysical Union
URL: https://doi.org/10.1029/2018JD028857 <https://doi.org/10.1029/2018JD028857>
This
version
was
downloaded
from
http://nrl.northumbria.ac.uk/id/eprint/38107/

Northumbria

Research

Link:

Northumbria University has developed Northumbria Research Link (NRL) to enable users
to access the University’s research output. Copyright © and moral rights for items on
NRL are retained by the individual author(s) and/or other copyright owners. Single copies
of full items can be reproduced, displayed or performed, and given to third parties in any
format or medium for personal research or study, educational, or not-for-profit purposes
without prior permission or charge, provided the authors, title and full bibliographic
details are given, as well as a hyperlink and/or URL to the original metadata page. The
content must not be changed in any way. Full items must not be sold commercially in any
format or medium without formal permission of the copyright holder. The full policy is
available online: http://nrl.northumbria.ac.uk/policies.html

This document may differ from the final, published version of the research and has been
made available online in accordance with publisher policies. To read and/or cite from the
published version of the research, please visit the publisher’s website (a subscription
may be required.)

RESEARCH ARTICLE
10.1029/2018JD028857
Key Points:
• Distinct lapse rates prevail on the
east and west sides of the iceﬁeld
• A strong glacier cooling effect
relative to off‐glacier air temperature
was observed
• Ablation is estimated using
temperature extrapolation
approaches; divergent results
highlight the need for realistic
temperature distributions
Supporting Information:
• Supporting Information S1

Correspondence to:
C. Bravo,
gycabl@leeds.ac.uk

Citation:
Bravo, C., Quincey, D. J., Ross, A. N.,
Rivera, A., Brock, B., Miles, E., & Silva, A.
(2019). Air temperature characteristics,
distribution, and impact on modeled
ablation for the South Patagonia
Iceﬁeld. Journal of Geophysical
Research: Atmospheres, 124, 907–925.
https://doi.org/10.1029/2018JD028857
Received 18 APR 2018
Accepted 31 DEC 2018
Accepted article online 8 JAN 2019
Published online 30 JAN 2019

Air Temperature Characteristics, Distribution,
and Impact on Modeled Ablation for the
South Patagonia Iceﬁeld
C. Bravo1

, D. J. Quincey1, A. N. Ross2

, A. Rivera3,4, B. Brock5

, E. Miles1, and A. Silva3

1

School of Geography, University of Leeds, Leeds, UK, 2School of Earth and Environment, University of Leeds, Leeds, UK,
Centro de Estudios Cientíﬁcos, Valdivia, Chile, 4Departamento de Geografía, Universidad de Chile, Santiago, Chile,
5
Department of Geography and Environmental Sciences, Northumbria University, Newcastle upon Tyne, UK
3

Abstract The glaciers of Patagonia are the largest in South America and are shrinking rapidly, raising
concerns about their contribution to sea level rise in the face of ongoing climatic change. However,
modeling studies forecasting future glacier recession are limited by the scarcity of measured on‐glacier air
temperatures and thus tend to use spatially and temporally constant lapse rates. This study presents
9 months of air temperature observations. The network consists of ﬁve automatic weather stations and three
on‐glacier air temperature sensors installed on the South Patagonia Iceﬁeld along a transect at 48°45′S.
Observed lapse rates are, overall, steeper on the east (−0.0072 °C/m) compared to the west (−0.0055 °C/m)
and vary between the lower section (tongue, ablation zone) and the upper section (plateau, accumulation
zone) of the glaciers. Warmer off‐glacier temperatures are found in the east compared to the west for similar
elevations. However, on‐glacier observations suggest that the glacier cooling effect is higher in the east
compared to the west. Through application of distributed temperature‐index and point‐scale energy balance
models we show that modeled ablation rates vary by up to 60%, depending on the air temperature
extrapolation method applied, and that melt is overestimated and sublimation is underestimated if the
glacier cooling effect is not included in the distributed air temperature data. These results can improve
current and future modeling efforts of the energy and mass balance of the whole South Patagonia Iceﬁeld.
1. Introduction
On midlatitude glaciers, near‐surface air temperature is the main control on energy exchange over a snow or
ice surface (Petersen et al., 2013; Shaw et al., 2016) and for glaciological applications, it is used as input for
melt calculations ranging from empirical temperature index (Hock, 2003) through to physically based energy
balance models (Greuell & Genthon, 2003). The air temperature is used to calculate the incoming longwave
radiation and the sensible heat and also where air temperature inﬂuences other variables such as moisture,
which is used to calculate latent heat (Ebrahimi & Marshall, 2016). In terms of accumulation processes, the
accurate distribution of air temperature over the glacier surface is essential for distinguishing areas where
precipitation falls as rain or snow (Minder et al., 2010), and it also has a direct impact on snowpack metamorphism affecting snow redistribution (Carturan et al., 2015). Glacier mass balance models thus rely on
accurate spatial distribution of the air temperature (Carturan et al., 2015).
Patagonia (40–55°S) contains the largest glacierized area in South America, but recent evidence shows that
most of these glaciers are shrinking rapidly (Davies & Glasser, 2012; Foresta et al., 2018; Malz et al., 2018;
Meier et al., 2018; White & Copland, 2015). This deglaciation is primarily a matter of concern for sea level
rise (Foresta et al., 2018; Gardner et al., 2013; Rignot et al., 2003; Willis et al., 2012). However, very little is
known about how glacial areal changes and mass balance processes are linked to changes in climate
(Malz et al., 2018; Pellicciotti et al., 2014; Weidemann et al., 2018). Overall, these changes are generally
attributed to temperature increase as the glaciers in Patagonia are strongly sensitive to temperature change
(Malz et al., 2018; Masiokas et al., 2008). This is because ablation is dominated by melt (Sagredo & Lowell,
2012). Thus, an in‐depth understanding of air temperature variability and on‐glacier near‐surface meteorology is needed to understand the current and future state of these glaciers.
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side experiences high precipitation and humidity and lower lapse rates (LRs; Lenaerts et al., 2014; Schneider
et al., 2003; Smith & Evans, 2007). However, little attention has been given to the implications of these spatial contrasts for glacier mass balance and response to climate. Schneider et al. (2003) demonstrated a relationship between atmospheric circulation and glacier response, stating that wetter conditions caused by a
change in circulation on one side lead to drier conditions on the other and vice versa. Despite its importance
for glaciological applications, there are no empirical studies of the spatial and temporal variability of air temperature over the surface of both sides of the Patagonian Iceﬁelds, and hence, its signiﬁcance to the climatic
response of glaciers is unknown.
Vertical LRs are the most common method of distributing air temperature in modeling studies (Marshall
et al., 2007; Petersen & Pellicciotti, 2011; Wheler et al., 2014) and are one of the parameters to which melt
models are most sensitive (Heynen et al., 2013). However, due to the complex boundary layer meteorology
of mountainous areas and the general lack of detailed on‐glacier measurements (Hanna et al., 2017), constant and linear LRs are commonly used for glacier ablation estimations, rather than distributed air temperature ﬁelds for glacier ablation estimations (Ayala et al., 2015). This is a major simpliﬁcation, as it has been
widely recognized that air temperature LRs are spatially and temporally variable in mountainous regions
(Petersen & Pellicciotti, 2011), both on‐glacier (Ayala et al., 2015; Hanna et al., 2017; Shaw et al., 2017)
and off‐glacier (Heynen et al., 2016; Shen et al., 2016). Many studies use off‐glacier data that do not account
for the variability of the air temperature associated with katabatic boundary layer ﬂows and the damping
and ice surface cooling effect observed over glacier surfaces (Ayala et al., 2015; Carturan et al., 2015;
Petersen & Pellicciotti, 2011; Petersen et al., 2013; Shaw et al., 2016). The cooling effect occurs under positive
atmospheric temperatures as the lowest layers of air are cooled by sensible heat exchange with the underlying ice. The magnitude of the cooling effect is deﬁned as the difference between screen‐level temperatures
over a glacier compared to equivalent‐altitude ambient temperatures. This cooling is not homogenous over
a glacier surface and depends on the geometric characteristics (Carturan et al., 2015). Cold dense air ﬂows
down glacier as a katabatic ﬂow whose temperature structure can be simpliﬁed as a balance between adiabatic warming and cooling by sensible heat exchange with the glacier (Greuell & Böhm, 1998). Due to this
reason, on‐glacier LRs are typically lower than the environmental lapse rates (ELRs; Shaw et al., 2017).
In Patagonia, a few reported LRs exist, but most are based on off‐glacier observations. Regarding on‐glacier
observations, Takeuchi et al. (1996) and Stuefer et al. (2007) both estimated a LR of −0.0080 °C/m at the
lower end of Perito Moreno glacier on the eastern side of the South Patagonia Iceﬁeld (SPI), while
Popovnin et al. (1999) reported an on‐glacier LR for the small De Los Tres glacier, which is located outside
the SPI. This study reported a mean LR over the glacier surface of −0.015 °C/m over the terminus area and
noted frequent thermal inversions. Above 1,400 m above sea level (a.s.l.), the LR reduced to −0.0017 °C/m
(Popovnin et al., 1999). While useful, these observations are limited by their short observation period of
approximately 5 weeks, from 26 January to 4 March 1996.
Usually, mass balance modeling and temperature sensitivity analyses in Patagonia distribute the air temperature using the ELR (−0.0060 to −0.0065 °C/m; Barry, 2008) as a spatially and temporally constant value
(Bravo et al., 2015; Kerr & Sugden, 1994; Schaefer et al., 2013; Schaefer et al., 2015). At best, studies use a
monthly variable LR (Mernild et al., 2016, following Liston & Elder, 2006) and distribute the air temperature
using climate data from regional and global models. Constant LRs have also been used to extrapolate off‐
glacier meteorological data; for example, Rivera (2004) used a constant LR of −0.0060 °C/m to distribute
the monthly air temperature over Chico Glacier, and De Angelis (2014) used a constant LR of
−0.0080 °C/m to distribute daily air temperature across all the SPI.
Historically, meteorological observation on the plateau of the SPI has been difﬁcult, due to the harsh
weather conditions and the extreme logistical challenges. In spite of these restrictions, a weather station network was installed in 2015 (CECs‐DGA, 2016), providing 9 months of continuous temperature measurements for a longitudinal proﬁle at around 48°45′S enabling spatial and temporal patterns of air
temperature to be investigated.
In this work, we present an analysis of the air temperature and the LRs observed in this ﬁrst automatic
weather station (AWS) network across the SPI. First, we describe the air temperature observations, concentrating on the spatial differences along the proﬁle. Then, the vertical structure of the air temperature is analyzed at the glacier scale, and comparison between on‐glacier and off‐glaciers air temperature conditions is
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conducted. Finally, the impacts on ablation processes are assessed, for which we use both a distributed
degree‐day model (DDM) and a point‐based energy balance model to quantify the effects of different air temperature parametrizations on the modeled melt.

2. Materials and Methods
2.1. Study Area and Observations
The largest ice mass in Patagonia is the SPI which extends over 350 km between the latitudes 48°20′S and
51°30′S, along the meridian 73°30′W, with an area of ~13,000 km2 (De Angelis, 2014). The SPI comprises
48 main glacier basins, which end primarily in fjords on the western side and in lakes on the eastern side
(Aniya et al., 1996). These glaciers are joined in the accumulation zone (“plateau”), with an average altitude
of ~1,500 m a.s.l. The SPI is the second largest freshwater reservoir in the Southern Hemisphere, after
Antarctica (Warren & Sugden, 1993).
In recent decades, the majority of the outlet glaciers in the SPI have been retreating (Davies & Glasser, 2012).
Overall, White and Copland (2015) report a total area loss of 542 km2 (~4% of the SPI) between the end of the
1970s and 2008–2010. Nevertheless, the rates and trends are neither homogeneous nor synchronous
(Sakakibara & Sugiyama, 2014) and include episodes of advance (e.g., Pio XI glacier, Wilson et al., 2016).
This work focuses on the northern sector of the SPI (Figure 1) using data from a series of ﬁve AWSs, installed
on proglacial zones and nunataks, running west‐east across the ice divide. We take the AWS installed on the
west side to be representative of glaciers Tempano (334 km2), Occidental (235 km2), Greve (428 km2), HPS8
(35 km2), and one unnamed glacier (41 km2). AWSs installed on the east side are representative of glaciers
O'Higgins (762 km2), Pirámide (27 km2), and Chico (239 km2; Figure 1; De Angelis, 2014).
Each AWS recorded a full set of meteorological variables between October 2015 and June 2016, comprising
air temperature, relative humidity, wind speed and direction, incoming shortwave and longwave radiation,
and atmospheric pressure (Table 1). In addition, three ultrasonic depth gauges (UDGs) were installed
directly on the glacier surface over the plateau. In the same structure, two air temperature sensors were also
installed at an initial height of 2 and 4 m above ground level. We call these glacier boundary layer (GBL) air
temperature stations (GBL1, GBL2, and GBL3 in Figure 1 and Table 1). We use these data to validate air temperature estimated with the different methods and to compare the ablation estimations. Unfortunately, the
observations during three months (July, August, and September 2016) are not complete or are completely
absent, probably due to the harsh weather conditions and logistical difﬁculties in recovering the data; hence,
we discard these periods.
The environment at proglacial and nunatak sites is inﬂuenced by local warming from solar heated rocks,
although a partial inﬂuence of the GBL at these locations is expected. Two AWS (GO and GT) are proglacial
stations. GT is located in a valley at a distance of 2.5 km from one of the calving fronts of the Tempano glacier, separated from the glacier by a fjord and by a hill of ~350 m a.s.l. At the time of the measurements, GO
was located approximately 0.5 km from the glacier terminus, separated from the ice by a small branch of the
O'Higgins lake. Three AWS (HSNO, HSG, and HSO) are located on nunataks on the plateau. HSNO is
located on a small nunatak (1.8 km2 in area) on the Greve glacier. This AWS is located 100–150 m above
the elevation of the tongue of the glacier, but a sector of the nunatak, east of the AWS, is still covered by
ice. HSG is located on a narrow nunatak (1.6 km2 in area). The relative height over the plateau of the location
of HSG reaches 50–60 m of the west side of the nunatak and 10–15 m to the east side of the nunatak. HSO is
also located on a nunatak (2.8 km2 in area) close to the elevation of the equilibrium line altitude of the
O'Higgins glacier. This AWS is located at a relative height over the glacier surface of 50 to 250 m.
Air temperature sensors were installed in a naturally ventilated radiation screen. Errors due to radiative
heating of the sensors are likely to be minor due to the prevalence of strong winds over the iceﬁeld
(Garreaud et al., 2013). Except for HSG all the stations have 100% of the observations during the periods indicated in Table 1. A gap of data was detected in HSG, between the hours 2100 and 2200, for the entire observation period. These gaps were ﬁlled using linear interpolation. We take the measurements error to be that
declared by the manufacturer (Table 1), and unfortunately, no intercomparison was possible as the AWS and
GBL were installed at different dates. The air temperature sensors at 4 m were used to verify the observations
at 2 m.
BRAVO ET AL.

909

Journal of Geophysical Research: Atmospheres

10.1029/2018JD028857

Figure 1. (a) Spatial conﬁguration of the AWSs (red triangles) and ultrasonic depth gauges (GBL1, GBL2, and GBL3). Glacier contours (blue lines) are from De
Angelis (2014). Purple line is the proﬁle in (b). The satellite image is a Landsat from 8 April 2014. Contour lines are 400 m spaced. (b) Longitudinal proﬁle of
the elevations of AWS and sonic ranges. Bedrock topography is derived from thickness observed data from Gourlet et al. (2016, black line) and thickness modeled
data from Carrivick et al. (2016, green line). Dashed black line represents the ice divide. SRTM = Shuttle Radar Topography Mission; AWS = automatic weather
station.
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Note. The name of each AWS is the ofﬁcial name given by the Dirección General de Aguas (Chilean Water Cadastre, DGA, www.dga.cl). AWS = automatic weather station; GBL = glacier boundary layer.

2
±0.3 °C at 23 °C
Young 41382VC
48°55′47″S/73°08′21″W/310
GO
Glaciar O'Higgins
Rock

2
±0.1 °C at 23 °C
Rotronic HC2‐S3
48°55′28″S/73°16′26″W/1234
HSO
Hielo Sur en Glaciar O'Higgins
Nunatak

2
±0.1 °C to ±0.5 °C
Thermistor 109‐L
48°54′30″S/73°27′47″W/1378
GBL3

BRAVO ET AL.

East

Glacier boundary layer station 3

2
±0.2 °C to ±0.5 °C
Thermistor 107‐L
48°51′34″S/73°31′37″W/1294
GBL2
Glacier boundary layer station 2

1.2
±0.2 °C to ±0.5 °C
Thermistor 107‐L
48°50′02″S/73°34′51″W/1415
GBL1
Glacier boundary layer station 1
Glacier surface

2
±0.3 °C at 23 °C
Young 41382VC
48°49′55″S/73°34′53″W/1428
HSG

2
Rotronic HC2‐S3
48°49′59″S/73°43′25″W/1040
HSNO

Hielo Sur en Glaciar Greve,
Nunatak Occidental
Hielo Sur en Glaciar Greve
Nunatak

±0.1 °C at 23 °C

1 October 2015 to
30 June 2016
1 October 2015 to
30 June 2016
1 October 2015 to
30 June 2016
17 October 2015 to
15 February 2016
25 October 2015 to
31 March 2016
10 April 2016 to
30 June 2016
17 October 2015 to
30 June 2016
1 October 2015 to
30 June 2016
2
±0.3 °C at 23 °C
Young 41382VC
48°42′09″S/73°59′17″W/50
GT
Glaciar Témpano
West

Rock

Height (m)
Error
Air temperature sensors
Latitude/longitude/(m a.s.l.)
Acronym
Automatic weather station
Location

Table 1
Details of the Location, Period of Measurements, and Sensor Characteristics of the Five AWSs and the Three GBL stations

Period
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2.2. Lapse Rates
We concentrate our analysis on the observed LRs between AWSs and their
spatial and temporal differences. For calculation of LRs, it has been suggested
that multiple measurements should be used, as this allows calculation of the
strength of the relationship between air temperature and elevation (Heynen
et al., 2016). We thus calculate the SPI LRs from the regression of all mean
temperature values, and the measure of the strength of the elevation dependence is provided by the determination coefﬁcients (R2) of the linear regression. In addition, to establish the differences between the western and
eastern sides of the iceﬁeld, stepwise air temperature LRs were estimated at
hourly intervals.
As HSG is located 2.9 km from the glacier divide (Figure 1), the LRs for the west
side were estimated between GT‐HSNO and HSNO‐HSG and on the east side
between GO‐HSO and HSO‐HSG. The observed air temperatures at GBL1,
GBL2, and GBL3 were used to assess how representative the different extrapolation methods are of temperatures within the glacier surface layer.
2.3. Air Temperature Distribution
Based on these observations, we apply ﬁve different extrapolation methods to
simulate air temperature distribution, using air temperatures observed in
HSNO for the west side and HSO for the east side as the primary input data sets.
For all ﬁve methods, the hourly air temperature was distributed using the LP
DAAC NASA Version 3 Shuttle Radar Topography Mission Digital Elevation
Model (hereafter, SRTM DEM; National Aeronautics and Space
Administration Jet Propulsion Laboratory, 2013) using the local UTM zone
18S. Considering the hypsometry of this zone and to maximize computational
efﬁciency, we resampled the SRTM DEM to 200‐m resolution.
First, air temperature was distributed using a constant LR of −0.0065 °C/m
(Barry, 2008) corresponding to the ELR. This value is the most commonly used
value in the literature for glaciological and hydrological modeling (e.g., Schaefer
et al., 2015).
Second, the seasonal mean observed LRs (MLR) were used to characterize the
spatial differences between east and west sides and also between the plateau
and the tongue of the glaciers.
Third, stepwise observed and hourly variable LRs (VLR) were applied. This
method includes both spatial and temporal variability. On the west side, we used
the GT‐HSNO LR between 0 and 1,040 m a.s.l. and the HSNO‐HSG LR between
1,041 and 3,500 m a.s.l. (the highest point). On the east side, we used the
GO‐HSO LR between 250 m (approximately the elevation of the front of
O'Higgins glacier) and 1,234 m a.s.l. and the HSO‐HSG LR between 1,235
and 3,500 m a.s.l.
As the second and third methods use data from both proglacial and nunatak
weather stations, they represent nonglacial surface temperatures rather than
the GBL temperature. Hence, VLR corresponds to the variable atmospheric
LR. For input to a glacier ablation model the air temperature using VLR must
be adjusted for the GBL cooling effect. The fourth method therefore compared
the VLR air temperatures with observations from on‐glacier sensors
(VLRBias). GBL2 is assumed to be representative of the west side and GBL3 of
the east side. The adjustment of the air temperature (Tvlra) consists of a bias correction of the data using the following expression (Teutschbein & Seibert, 2012):
T vlra ¼ T vlr þ μm ðT obs Þ−μm ðT vlr Þ

(1)

911

Journal of Geophysical Research: Atmospheres

10.1029/2018JD028857

where Tvlr is the air temperature estimated with the VLR method at the elevation of the GBL2 on the west
side and of the GBL3 on the east side, and μm is the mean of the observed air temperature at GBL2 and
GBL3 (Tobs) and of the Tvlr. This approach is the same as that adopted by Ragettli et al. (2014) and Ayala
et al. (2016) for glaciers in central Chile. Considering that the time series of GBL2 and GBL3 are shorter
(Table 1), it is assumed that the difference in the mean is constant along the period and is isotropic. This
approach attempts to replicate data observed on‐glacier rather than AWSs off‐glacier alone. We only used
data from GBL2 and GBL3, considering that the air temperature sensor in GBL1 was installed at 1.2 m.
Finally, the ﬁfth method corresponds to the method of Shea and Moore (2010, SM10 hereafter), which was
then applied to alpine glaciers by Carturan et al. (2015) and Shaw et al. (2017). The advantage of this method
is that it uses off‐glacier data to extrapolate the air temperature and is a function of the ﬂowline distance,
which is the average from a summit or ridge (Shaw et al., 2017). In our case, the distance was calculated
using the SRTM DEM (Figure S1 in the supporting information). The air temperature is estimated using a
statistical model that accounts for the differences between ambient temperature and on‐glacier temperature:
(
T sm10 ¼



T 1 þ k 2 T vlr −T * ;
 *

T 1 −k1 T −T vlr ;

T vlr ≥T *
T vlr <T *

(2)

Tvlr is representative of the free atmospheric air temperature. The k1 and k2are parameters obtained from the
slope of the linear piecewise regression, modeled as exponential functions of the ﬂow distance. These
parameters related the 2‐m air temperature with the free atmospheric temperature (Figure S1) below and
above the threshold T*, which is deﬁned as a function of the ﬂow distance (Df; Carturan et al., 2015; Shaw
et al., 2017):
T* ¼

C 1 Df
C 2 þ Df

(3)

where C1and C2are 6.61 and 436.04, respectively, corresponding to ﬁtted coefﬁcients. T1 is the air temperature threshold for katabatic effects and is calculated as T* · k1.
The parameters used in this model are the same as those used by SM10 as the three on‐glacier observation
sites in this study are insufﬁcient to deﬁne a new exponential curve. However, the resulting factors (k1and
k2) obtained are compared with those used by SM10 and Shaw et al. (2017). In the case of GBL1 and
GBL2 the factors agree with the previous curves of k1and k2, but the GBL3 factors do not (Figure S1).
Considering the distance of GBL3 to the nearest ridge, it is expected that the factors k1and k2 reach values
close to 1; however, we obtained values around ~0.5 (Figure S1).
2.4. Melt and Ablation Models
Two models commonly used in the glaciological literature were applied to quantify the impact of air temperature distribution method on the melt and ablation over the SPI surface. First, a standard DDM (e.g.,
Hock, 2003, 2005) was used with an hourly time step for each air temperature distribution. We chose this
model over an enhanced temperature index model (Pellicciotti et al., 2005), as the purpose is to identify
the impacts of the air temperatures in the model rather than quantify the real melt of these glaciers. This
basic model has been used to predict future response of glaciers worldwide in many recent works (e.g.,
Bliss et al., 2014; Davies et al., 2014; Radić et al., 2014), and so it is important to evaluate the corresponding
parameters and assumptions used. In this model, the melt is assumed to increase linearly with air temperature above a given critical threshold assumed in this case to be at 0 °C. The only data requirement is air temperature and empirically calibrated degree‐day factors (DDFs) that are used to scale the air temperatures to
melt rates (Tsai & Ruan, 2018). The DDFs account for the different properties of snow, ﬁrn, and ice (Mackay
et al., 2018). As we do not have enough data to calibrate the DDFs, as, for example, stake measurements in
the east side, we used a range of values between 3 and 10 mm w.e.·°C−1·day−1 based on previous work
(Hock, 2003, 2005).
The second model is an energy balance at the point scale where meteorological observations are available. Radiative ﬂuxes (incoming shortwave and longwave radiation) and the meteorological inputs
(wind speed, relative humidity, and atmospheric pressure) were taken from HSNO (west) and HSO
BRAVO ET AL.
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(east) observations. Air temperature input is also variable depending on the method used for air distribution. As the air temperature distributions of the ELR, MLR, and VLR were extrapolated from the
observations at HSNO and HSO, at this elevation the observed air temperature is the same as that
obtained from these methods. Hence, energy balance was calculated using VLR, the VLRBias, and
the SM10 air temperatures. Energy available for melt (W/m2) was determined following Oerlemans
(2001), assuming that the conductive heat ﬂux and sensible heat brought to the surface by rain or snow
are considered negligible. Indeed, recent work calculated 1 W/m2 for sensible ﬂux due to rain and
4 W/m2 for ground heat ﬂux (Weidemann et al., 2018) for two glaciers in the south of our study area.
Surface temperature is assumed constant at 273.15 K (0 °C). The heat ﬂuxes were calculated using the
bulk approach (Cuffey & Paterson, 2010), and stability corrections were applied to turbulent ﬂuxes
using the bulk Richardson number, which is used to describe the stability of the surface layer
(Oke, 1987).
The complete set of equations used for the calculations of the turbulent ﬂuxes is presented in Bravo et al.
(2017) and references therein.

3. Results
3.1. Characterization of the Observed Air Temperature
The observed 2‐m daily and hourly mean of the air temperature for each station are shown in Figure 2.
Lower air temperatures are recorded at the higher elevation AWS (HSG), and positive daily means at this
high elevation site (1,428 m a.s.l.) are observed in summer months and even in fall where it is possible to
see inversion episodes of the air temperature. Hence, higher values are observed on the plateau when compared with off‐glacier values.
The off‐glacier air temperature shows positive values throughout the observational period with higher mean
values generally registered at GO despite being located at a higher elevation than GT. At similar elevations,
air temperatures at GBL1 are lower than at HSG, except in February. We associate this difference with the
cooling effect of the glacier surface (Carturan et al., 2015), as HSG is installed on the rock surface and GBL1
is on snow on the glacier surface. The daily mean amplitude is higher on the west at GT (~4.5 °C) compared
with eastern AWS GO (~2 °C).
The diurnal temperature range is higher at the off‐glacier AWS compared to on‐glacier AWS (Figure 2),
revealing the dampening effect of the ice surface. The hourly mean values show that the highest Pearson's
correlations coefﬁcients (r) are between plateau air temperatures (Table S1) with r > 0.88 in almost all the
cases. The r between off‐glacier temperatures and plateau temperatures are in all cases <0.52. The r between
the AWSs on the west side (GT and HSNO) is 0.44 and 0.47 between the eastern AWSs (GO and HSO). The
correlation is higher if the time series are compared between October and March with 0.67 and 0.59, respectively. Large‐scale climate anomalies during the austral fall (Garreaud, 2018) lead to a lower correlation
between off‐glacier AWS and on‐glacier and nunataks AWS. The observations reveal that this circulation
pattern increases the air temperature over the plateau more than over the off‐glacier sites. Interestingly, r
between both off‐glacier (67‐km distance) air temperatures is 0.77.
3.2. LRs at Glacier Scale
The comparison between monthly mean air temperature and the elevation of the AWS on the SPI
(Table 2) shows that LRs are highly linear with coefﬁcient of determination (R2) values over 0.90 from
October to March. In the fall months this correlation diminishes to values close to 0.61, and during May
the R2 value is very low (0.18) when using all AWSs, suggesting an important control other than elevation at this scale (Figure S2). Spatially and temporally, the LRs estimated are steeper in the east compared to the west. Both sides show higher R2 values (0.99) when considered separately, with the
exception of fall (Table 2).
The stepwise hourly LRs show a range of values (Figure 3 and Table 2). The estimated hourly observed LR
between each pair of AWS shows that on the west side, LRs are shallower (mean value −0.0055 °C/m) compared with the LRs observed on the east side (mean value −0.0072 °C/m). Mean values of LR on the west side
(GT‐HSNO and HSNO‐HSG) are close to the ELR (−0.0065 °C/m). On the east side, the mean values are
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Figure 2. (a) Time series of the mean daily temperature of the ﬁve automatic weather stations (AWSs) and the three snow sensors. Sensors are located 2 m above
the ground, except GBL1 located at 1.2 m. Gray shadows correspond to the minimum and maximum values in each day. The order from top to bottom is from
west to east. Note that y axis is different between plots. (b) Hourly mean for each AWSs for the period 25 October 2015 to 15 February 2016 and (c) hourly mean
for each AWSs for the period 10 October 2016 to 30 June 2016.

between the ELR and the dry adiabatic LR (−0.0098 °C/m). On the east side, the plateau LRs (HSO‐HSG) are
steeper than the tongue LRs (HSO‐GO). On‐glacier LRs (GBL1 and GBL2) are shallower, with values in
October, November, and December close to −0.0040 °C/m followed by predominantly thermal inversions
episodes in January and February (Figure S2).
In the west, GT‐HSNO shows higher variability than the HSNO‐HSG rate. In the latter case, the mean
values and the median for each month are close to the ELR, while mean and median values for GT‐
HSNO show higher intermonthly variability. In the east, the difference between GO‐HSO and HSO‐
HSG is less evident. In both cases, during the spring and summer months, the LRs are between the
ELR and the dry adiabatic LR. LRs calculated for the HSO‐HSG show a great number of steeper negative outlier values.
Thermal inversions are observed on both sides of the divide. Multisite regression and stepwise statistics
show that these episodes are more frequent on the west side, especially during fall. The data in Table 2
show that the episodes of thermal inversion are not necessarily concordant between the lower and the
higher part of the glaciers on each side. Interestingly, the time series for the east side shows that a plateau (HSO‐HSG) thermal inversion could occur with decreasing temperatures on the tongue (GO‐HSO)
and vice versa. On the west side, it is also possible to identify episodes of thermal inversion on the tongue (GT‐HSNO); meanwhile, the plateau (HSNO‐HSG) shows a decrease in temperature with elevation.
Therefore, a more complex structure in the air temperature LRs is detected. The lower R2 values coincide with more frequent thermal inversion episodes, but an important difference is that the signal of the
thermal inversion in the fall months, especially May, is not strong in the distribution of the LRs
of HSNO‐HSG.
3.3. Air Temperature Distribution
A comparison of the observed air temperature (GBL) with air temperature extrapolated using the VLR
method (Figure 4) shows an offset, especially at GBL1 (Figure 4a) and GBL2 (Figure 4b). This offset is associated with the cooling effect that off‐glacier and nunatak air temperatures observations cannot account for.
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The variability of the time series is almost the same, especially GBL1 and GBL2 where
the correlation coefﬁcients are 0.98 and 0.92, whereas in the location of GBL3 it is 0.54
(Figure 4c). Comparing these two time series reveals that spatial differences exist
regarding the cooling effect. The observed on‐glacier air temperature shows that the
cooling effect on the west side reaches a mean value between 0.8 (GBL1) and 1.3 °C
(GBL2), while on the east side it reaches 3.3 °C, with signiﬁcantly more scatter (GBL3,
Figure 4c). The strength of the glacier cooling effect could be also related to humid
conditions on both sides. Figure 4 shows that under lower relative humidity values,
the differences between VLR and the observed air temperatures are higher, and hence,
the correlation is poor, especially at the GBL3 location (Figure 4c). We veriﬁed these
data by comparing the observations from the same station at 4 m; the correlation coefﬁcient is 0.95, and the mean difference is 0.6 °C. As the differences become more pronounced with lower values of relative humidity, and the east side is drier than the west
side, we might expect to see greater differences in the east.
The mean values of the air temperature distribution for each of the methods are presented in Figure 5. At comparable elevations, warmer conditions are observed in the
east using the ELR, MLR, and the VLR methods. The mean air temperature calculated
with the VLR and MLR is similar on both sides, implying a reduction of 0.5 to 0.6 °C
relative to the ELR.
On the west side, ELR, VLR, and MLR showed similar values, except on the tongues of
the glaciers, where ELR shows mean air temperature over 10 °C. The lowest mean air
temperature is obtained with the SM10 method. SM10 shows a lower air temperature
across all glacier surfaces, especially notable at the tongue of each of the glaciers. At
the point scale, the comparison of the observed air temperature at GBL2 compared
with the SM10 shows a mean difference of 0.6 °C. This represents a reduction of the
difference with the other methods (ELR, MLR, and VLR) implying that SM10 captures
some of the cooling effect of the glacier surface.
On the east side, the lowest mean air temperature is obtained with the VLRBias
method. The SM10 just captures a small portion of the cooling effect as at the location
of the GBL3, the mean difference with the observed data is only reduced by 0.1 °C compared with the difference using VLR. On both sides, some uncertainties exist in the
magnitude of the real cooling effect using SM10 as we used the original parameters
of SM10 and not newly calibrated parameters.
On the east side, the difference between ELR/MLR and VLR is smaller along the plateau and the tongues of the glaciers. However, at higher elevations, the VLR determines warmer conditions due to the thermal inversion episodes. The vertical
extension of the thermal inversion is an uncertainty, considering that there are no
observations over ~1,500 m a.s.l.; hence, the data at higher elevations must be taken
with caution.
On both sides the VLRBias air temperature distribution shows colder conditions compared with the ELR, MLR, and the VLR. On the west side, the SM10 method gives
higher cooling compared to VLRBias below 1,000 m a.s.l. and similar conditions in
the range 1,000 to 1,500 m a.s.l. At higher elevations, SM10 shows warmer conditions
than VLRBias. However, the area above 1,500 m a.s.l. is only ~10% of the total, which
explains the generally colder conditions of SM10 compared to VLRBias on the west
side (Figure 5). In the east, at the lower elevational range the SM10 presents colder
conditions compared with VLRBias; this is a small portion of the total area of the glaciers as their fronts are located at ~250–300 m a.s.l.
Spatially, the differences between the west and east side depend on the method used
for the air temperature distribution. The ELR method determines almost the same
condition for each elevation range between west and east, while the MLR and VLR
method determine warm conditions on the east compared to the west in all the
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Figure 3. (a–f) Monthly boxplot of the lapse rates (LRs) estimated for each pair of automatic weather station. Upper and lower box limits are the 75% and 25%
quartiles, the red horizontal line is the median, the ﬁlled green circle is the mean, and crosses are outlying values. As a reference, the environmental lapse rate
and the dry adiabatic lapse rate are indicated. For (e) note the different y axis scale (dashed lines correspond to the range in all other panels). The gray line corresponds to zero lapse rate. (a) GT‐HSNO; (b) HSNO‐HSG; (c) West, GT‐HSNO‐HSG; (d) GO‐HSO; (e) HSO‐HSG; and (f) East, GO‐HSO‐HSG.

elevation ranges. The opposite is true using the VLRBias method with warmer conditions in the west up to
~2,000–2,500 m a.s.l. and then warmer conditions in the east due to the great number of thermal inversion
episodes.
3.4. Ablation Estimates
Hourly distributed degree‐day modeling (DDM) shows the effects of the different air temperature distributions on estimating melt across the SPI during the period 1 October 2015 to 30 June 2016. For comparison,
Figure 6 shows the differences in the melt between each of the methods used to distribute the air temperature. The differences are shown by elevation range and for a range of DDFs.

Figure 4. Scatterplot of the observed air temperature and the estimated air temperature using the variable lapse rate method. Locations are (a) GBL1, (b) GBL2, and
(c) GBL3. Colored according to the relative humidity observed at HSG. Black line is the best ﬁt, and the dashed line is the one‐to‐one relation. GBL = glacier
boundary layer.
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Figure 5. Mean air temperature for each method to distribute the air temperature on both sides of the South Patagonia Iceﬁeld. Color bar units are in degrees
Celsius. Elevation contour lines interval 200 m. The top row shows the west side, and the bottom row shows the east side. ELR = environmental lapse rate;
MLR = mean observed lapse rate; VLR = variable lapse rate.

Figure 6. Melt differences between each of the methods used to distribute the air temperature using a range of DDF in a simple degree‐day model. Upper panels
correspond to the west side, and lower panels correspond to the east side. Note that at east side the lowest elevation is 250 m above sea level. ELR = environmental
lapse rate; MLR = mean observed lapse rate; VLR = variable lapse rate; DDF = degree‐day factor.
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In the west, the larger differences between all the methods are concentrated at elevations below 1,000 m a.s.l.
The ELR melt is highest for most of the elevation range, except the greatest elevations where all the other
methods tend to be similar or higher melt rate. The highest melt differences are between ELR/MLR and
SM10, reaching values between 7 and 14 m w.e. at the lower elevations. The VLR estimated greater melt
than VLRBias, as expected; depending on the DDF used, this difference could reach more than 3 m w.e.
in the tongue of the glacier (0 to 1,000 m a.s.l.). However, with the typical DDF used for ice (6 to
7 mm w.e.·°C−1·day−1), the difference is 1.5–2 m w.e. Interestingly, the differences between MLR and
VLR are very low and the differences between VLRBias and SM10 are also low except at the very lower
elevations, suggesting that greater cooling effect in the tongue of the glacier is represented by SM10. At
the locations of GBL1 and GBL2 and over 1,000 m a.s.l. the differences are close to 0 m w.e.
On the east side, the VLR modeled melt is higher than the ELR at higher elevations and similar at lower elevations. Higher differences are observed in the lower sector between ELR and SM10, between MLR and
SM10, and between VLR and SM10, in all these cases with a maximum of 8 m w.e. assuming higher DDF.
Differences between 4 and 6 m w.e. are observed for more typical DDF for ice (6 to 8 mm w.e.·°C−1·day
−1
). The VLRBias‐SM10 difference shows that the SM10 captures the cooling effect at the lower elevations,
as the difference is close to 0 m w.e.
The results of the estimated melt using the ﬁve methods are compared with the observations of the
ablation using UDGs at GBL1 and GBL2 locations (Table S2). The observed air temperatures at these
locations, following the same DDM approach, suggest that the DDF to replicate the observed melt is
close to 8.5 mm w.e.·°C−1·day−1, which compares well with values derived in other glaciated areas
(Hock, 2003). On both sides, ELR, MLR, and VLR melt are higher than the observed; 0.4–0.5 m w.e.
at GBL1 and 1.3 m w.e. at GBL2 location. VLRBias and SM10 melt rate are close to the observed values
with an overestimation of 0.2–0.3 m w.e. at GBL2. This emphasizes that the inclusion of the cooling
effect is necessary for melt estimations as this is a comparison with an independent source of data from
the UDGs.
The results of the energy balance at point scale (Figure 7) show the spatial differences related to the
meteorological conditions between the east side and the west side. Incoming shortwave radiation is
higher in the east due to less humidity and cloud cover, and incoming longwave radiation is slightly
higher in the west due to more persistent cloud cover. Turbulent ﬂuxes are the smaller contributors
to the energy balance on both sides and are the most sensitive ﬂuxes to the changes in the air temperature distribution method.
The sensitivity of the energy ﬂuxes to three methods of air temperature distribution (VLR, VLRBias, and
SM10) is shown in Figures 7c and 7f. In the west, the greatest change is observed in energy available for melt,
as the 208 W/m2 estimated by the VLR method reduces to 180 (VLRBias) and 157 W/m2 (SM10). Refreezing
values are similar. The mean latent heat changes from 45 (VLR) to 24 (VLRBias) and 19 W/m2 (SM10), and
the sensible heat changes from 68 (VLR) to 47 (VLRBias) and 43 W/m2 (SM10). On the east side the changes
in the turbulent ﬂuxes are even higher; latent heat changes from 20 (VLR) to −76 (VLRBias) and 0 W/m2
(SM10), and the sensible heat changes from 91 (VLR) to −24 (VLRBias) and 70 W/m−2 (SM10). The energy
for melt also decreases from VLR to VLRBias but increases comparing VLRBias and SM10.
The ablation impacts associated with the different methods to distribute the air temperature to input the
point‐scale energy balance are show in Figures 7c and 7f. The accumulated melt on the west side decreases
from 7.4 (VLR) to 5.9 (VLRBias) and 5.4 m w.e. (SM10), while sublimation increases from 0.03 (VLR) to 0.05
(VLRBias) and 0.04 m w.e. (SM10). In any case, these sublimation values represent a very small fraction (less
than 0.8%) of the total melt. On the east side the differences are more evident, the accumulated melt
decreases from 8.2 (VLR) to 3.0 (VLRBias) and 6.6 m w.e. (SM10). The accumulated sublimation increases
from 0.1 (VLR and SM10) to 0.4 m w.e. (VLRBias). This means that in the east and using the VLRBias, sublimation comprises 12% of the total ablation. On the west side, a qualitative comparison of the ablation is
obtained from UDGs data at GBL1 and GBL2. As GBL1 and GBL2 are located at higher elevation it is
expected that the ablation will be lower with respect to the HSNO (1,040 m a.s.l.). Unfortunately, the
UDG installed at GBL3 on the east side did not record data during the period of analysis. However, the
UDG at GBL2 located at ~20 km from HSO represents an estimate, suggesting the VLRBias air temperature
is closest to the observed ablation.
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Figure 7. Results of the point‐scale energy balance: (a) Estimated mean energy ﬂuxes using different air temperature distributions schemes. (b) Observed radiation
ﬂuxes. (c) Estimated cumulative melt and sublimation and observed ablation at GBL1 and GBL2 locations. Shadowed area corresponds to the range of snow
densities observed at both locations. (a)–(c) On the west side at the location of HSNO. (d)–(f) On the east side at the location of HSO. Note that in (c) and (f) sublimation is on different scales. VLR = variable lapse rate; GBL = glacier boundary layer; SWR = shortwave radiation; LWR = longwave radiation.

4. Discussion
4.1. Uncertainties
In estimating LRs from observations, it is important to recognize the inﬂuence that the number and position
of stations may have on the derived values. For example, sites located at valleys bottoms, on mountain
passes, and in positions elevated above glacier surfaces may not be representative of the wider terrain
(Minder et al., 2010). In the current study, the correlation matrix of air temperatures revealed that GT and
GO showed the weakest relationship. GT is located at the lower end of a small valley frequently affected
by temperature inversion (Carturan et al., 2015). GO is located close to the front of the O'Higgins glacier
but in an area also affected by the wind dynamics of the valley of Pirámide glacier. Additionally, both
AWSs are located close to water bodies, GT is close to a fjord and GO to a lake, and the boundary layer
dynamics of these water bodies could also inﬂuence the air temperature at these locations. The great number
of factors that potentially inﬂuence the air temperature observations indicates that corrections are necessary
for using such data over glacier surfaces.
The reliability of on‐glacier temperatures is crucial for the robustness of the VLRBias method. Our data show
that GBL1 and GBL2 are well correlated with the observed air temperature at the nunataks (Table S1) and
hence could be representative of the on‐glacier conditions on the plateau of the west side. However, at GBL3,
there is a greater uncertainty considering the short time series and the large‐scale climate anomalies during
this period, which were characterized by the predominance of high sea level pressure in fall (April to May)
2016 that brought about unusual weather conditions (Garreaud, 2018). Overall, correlation coefﬁcients are
lower between all the time series during the April–June period, especially when comparing rock AWS with
nunatak AWS, with values around 0.01. However, the correlations between nunatak AWSs (HSNO, HSG,
and HSO) are still between 0.88 and 0.94, which means that conditions on the plateau seem to be inﬂuenced
in the same direction. This gives conﬁdence that the GBL3 data set, installed on the plateau, may reliably
represent the long‐term conditions on the east side of the SPI or at least is representative of the cooling effect
under sunny and warm conditions. These conditions were predominant in fall 2016 due to large‐scale climate anomalies (Garreaud, 2018). This is also supported by previous observations, as greater cooling effect
has been observed under warm and sunny weather, while minimum values were observed during overcasts
and unsettled weather (Carturan et al., 2015). However, the dispersion of the data still suggests that local
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conditions exist at this point, and hence, the conditions may not be representative of all the glacier area.
Probably, this is the main reason that the correlation coefﬁcient in GBL3 (~0.60) is not as high as GBL1
and GBL2, at least when compared to nunatak AWS (>0.90).
4.2. LRs and Air Temperature Spatial Patterns
Previous glacier mass balance modeling in the Patagonia region has not used spatial parametrization of LRs,
but the results presented in this work demonstrate that clear spatial differences exist. Speciﬁcally, we show
here that the observed LRs are low in the west relative to the east. Such differences across mountains are
likely a common feature (e.g., the Cascade Mountains: Minder et al., 2010). At a smaller scale, there are also
differences in the LRs observed between the lower and upper regions of the iceﬁeld on both sides. Observed
on‐glacier LRs are lower than off‐glacier LRs and the ELR, in agreement with ﬁndings for the Canadian
Arctic (Gardner & Sharp, 2009; Marshall et al., 2007) but contrasting with steep LRs observed over valley glaciers in the Central Andes of Chile (e.g., Bravo et al., 2017; Petersen & Pellicciotti, 2011).
Despite their common use in modeling studies, our results suggest that while the ELR, MLR, and VLR methods of temperature distribution do not represent the real on‐glacier conditions, the VLR does appear to capture the on‐glacier variability. Furthermore, the MLR captures the general spatial pattern and hence could
also potentially be used.
For input to a glacier ablation model, including the glacier cooling effect in the air temperature distribution
should theoretically give a more realistic estimate of the ablation. Considering that (i) observed on‐glacier
LRs are difﬁcult to obtain during longer periods, due to glacier surface characteristics (e.g., tilt of the structure by ice ﬂux) and (ii) that the correlations between observed and estimated air temperature over the glacier surface are good (Figure 4), the glacier cooling effect could be represented by a bias correction (VLRBias,
equation (2)) or by using the model of SM10, equation (3)). However, for both cases, further on‐glacier data
would be useful for calibrating the approach. In the ﬁrst case, it is necessary to include spatial differences
between the on‐glacier and off‐glacier air temperatures, due to cold spots and different lateral conditions
with respect to the centerlines that have been observed over other glaciers (Shaw et al., 2017). In the second
case, further observations are needed to calibrate the parameters of the statistical model of SM10, especially
because the glaciers of the study area presents a longer fetch with respect to previous application on Alpine
glaciers (e.g., Carturan et al., 2015; Shaw et al., 2017). An alternative to these corrections is the physically
based model that was proposed to capture on‐glacier air temperature conditions under katabatic ﬂow events
developed by Greuell and Böhm (1998), applied by Petersen et al. (2013), and its modiﬁed version previously
used by Ayala et al. (2015) and Shaw et al. (2017).
The dominant control of LRs depends of the size of the ice mass; Gardner et al. (2009) found that the free‐
atmosphere air temperature is the main control of the LRs rather than katabatic ﬂow in iceﬁelds of the
Canadian Arctic, but Petersen and Pellicciotti (2011) found that katabatic ﬂow plays an important role in
deﬁning on‐glacier air temperatures for a valley glacier. More in‐depth analysis is therefore necessary to
determine if katabatic ﬂow plays an important role in the SPI and hence assess the applicability of the
Greuell and Böhm (1998) and SM10 models with greater conﬁdence. The relationship between wind speed
and LRs at the tongue of each side (LRs at GT‐HSNO and GO‐HSO, Figure S3) seems to suggest a control from
katabatic ﬂow especially on the east side due to the larger temperature gradient between surface and off‐
glacier conditions. However, the wind speed could also be related to synoptic conditions on both sides and
strong foehn winds in the east, as was previously suggested by Ohata et al. (1985) in the North Patagonia
Iceﬁeld, thus preventing the development of near continuous katabatic ﬂow. Independent of the physical
explanation it is clear that at the tongues, wind speed also plays a role in deﬁning the variability of the LRs.
The meteorological conditions clearly play an important role in deﬁning the characteristics of the LRs on
both sides of the northern sector of the SPI. Shen et al. (2016) indicated that the role of water vapor in the
air is an essential driver of the spatial pattern of LRs. Gentle LRs are associated with moister atmospheric
conditions, as rising air parcels cool more slowly in a humid environment than in a dry environment.
Thus, the magnitude of temperature change with elevation is reduced. This mechanism can be revealed
by the spatial variability of precipitation and humidity, which are higher on the western side than the eastern
side as the meteorological observations and previous work indicates (Lenaerts et al., 2014; Schneider et al.,
2003; Smith & Evans, 2007).
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LR variability also depends on atmospheric circulation patterns. For example, the observed LRs in the area
show episodes of thermal inversions, particularly in the fall months. These episodes respond to atmospheric
circulation that favor the advection of warm air to the SPI (Garreaud, 2018). During these episodes, on the
west side, negative LRs were observed on the plateau, while positive LRs were observed on the tongues. At
the end of April, the air temperature at HSNO and HSG increased, reaching positive values during this period. Meanwhile, GT does not show this increase (Figure 2). This could indicate that the air temperature close
to the glacier surface does not rise uniformly and the air temperature at higher elevation responds more linearly to a free‐air temperature increase, as was previously suggested by Gardner et al. (2009).
It is generally accepted that at the regional scale, colder air temperatures prevail on the eastern side compared to the west side over both Patagonia Iceﬁelds (Garreaud et al., 2013; Villarroel et al., 2013), related
to the topographic elevation differences between both ﬂanks. However, at similar elevations, the use of
VLR and the off‐glacier observations near the front of the glaciers (GT and GO) seems to describe warmer
conditions in the east compared to the west but a steeper LR on the east, in apparent support of the results
of Mernild et al. (2016).
4.3. Glacier Cooling Effect
On‐glacier air temperature measurements reveal that the cooling effect associated with the glacier surface is
higher in the east. Observed mean glacier cooling reaches a maximum of 3.3 °C relative to the VLR extrapolated between neighboring stations at the location of the GBL3 on the east side and under severe drought
conditions in Patagonia (Garreaud, 2018). Similar magnitudes (3 to 4 °C) were previously observed at the
Skagastøl Glacier (Norway) (Carturan et al., 2015) and in Juncal Norte glacier in central Chile (~33°S),
where Ragettli et al. (2014) found a cooling effect of 2.9 °C. However, the values of the k1 and k2 parameters
at GBL3 suggests a strong cooling effect besides been locate close to the ridge (Figure S1). The curves of SM10
and Shaw et al. (2017) suggest that the cooling effect at this point must be low. This discrepancy could be
explained if the location of GBL3 is a cold spot. These special features require further investigation as the
models cannot replicate (Shaw et al., 2017). Meanwhile, at GBL1 and GBL2, located on the west side, the
cooling was between 0.8 and 1.3 °C. Although the one point of on‐glacier validation and the extension of
the GBL3 time series is insufﬁcient to deﬁne the real cooling effect and its spatial differences, previous work
suggests that the east side of the SPI is indeed cooler than the west. Monahan and Ramage (2010) used passive microwave observations to show that the melt‐refreeze processes below 1,500 m a.s.l. start in July on the
western part of the SPI, while in the east they start in September; sustained melt onset also tends to occur 25
to 35 days earlier on the west of the divide than in the east. De Angelis et al. (2007) showed larger areas of
slush in the west compared to the east, as well as a greater degree of snow metamorphism associated with
melt‐freeze episodes in the west, suggesting warmer conditions.
The SM10 method also suggests slightly colder on‐glacier conditions in the east compared to the west but
limited to the elevation range between 1,000 and 2,000 m a.s.l., where 80% of the glacier area is concentrated.
At the other elevation ranges, SM10 shows warmer on‐glacier conditions in the east. This spatial variability
reinforces the need for more distributed and longer term on‐glacier observations.
4.4. Ablation Impacts
There is an evident impact in the reduction of the melt using a DDM with the VLRBias and SM10 air temperature data set compared to the DDM using the ELR, MLR, and VLR air temperatures. At point scale,
these differences are higher in the east reaching values between 4 and 6 m w.e. for DDFs between 6 and
9 mm w.e.·°C−1·day−1 at 500 m a.s.l. Assuming the mean annual melt of ~10–12 m w.e. for the tongue of
O'Higgins glacier, estimated by Mernild et al. (2016), the difference between the methods represents between
33% and 60% of the melt at point scale. At the distributed scale, the mean melt in the period 1979/1980 and
2013/2014 estimated by Mernild et al. (2016) reached a mean value of 8.1 m w.e. on the west side (Greve,
Tempano, and Occidental glaciers) and 6.3 m w.e. on the east side (O'Higgins and Chico glaciers).
Although there are some restrictions in comparing these data (mean of 30 years) and the results of the current study (one particular season and an estimated DDF of 8.5 mm w.e.·°C−1·day−1), it appears that in the
east, the melt determined by Mernild et al. (2016) is too high even compared with the melt obtained from
the ELR and MLR (5.6 and 5.9 m w.e.), while in the west the value obtained by Mernild et al. (2016) is close
to our VLRBias estimation.
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Overall, the use of the constant ELR, MLR, and VLR appears to overestimate the melt calculated by a DDM.
However, MLR and VLR describe the variability of the on‐glacier air temperature and hence could be used,
after a correction, to estimate the melt. As the MLR represents the general spatial conditions (east‐west;
tongue‐plateau), it should be noted that the MLR does not capture thermal inversion episodes and could
underestimate the melt/ablation at higher elevations. The use of VLR has been highlighted as an important
issue in glaciology applications (Marshall et al., 2007; Petersen & Pellicciotti, 2011).
The point‐scale energy balance showed that the energy available decreases from VLR to VLRBias and SM10;
hence, the melt decreases, notably on the east side. The energy balance results highlight that the most important impacts on the energy balance are related to the change in the sign of the turbulent ﬂuxes using the
VLRBias compared to the VLR as input to the energy balance model on the east side. The sublimation here,
after a change in the sign of the mean latent heat, reaches 12% of the total ablation at 1,234 m a.s.l. This percentage could be even larger at higher elevations on the east side. Overall, the sublimation is considered a
small percentage of the total ablation with values in the order of 0.1 m w.e. for the glaciers of the study area
(Mernild et al., 2016). However, if the cooling effect is as high as the data from GBL3 suggest, the sublimation
on the east side could be higher, and hence, attention must be given to this ablation component when modeling future climate response.
Although the data in the current study are not conclusive, it does appear that spatially variable cooling
effects must be considered as an important control on the differential response of the glaciers in this region,
which has previously been attributed to the hypsometric characteristics and calving dynamics (e.g., De
Angelis, 2014; Minowa et al., 2015; Rivera et al., 2012).

5. Conclusions
This work presents air temperature variations across the SPI along an east‐west transect at approximately
48°45′S. We analyzed 9 months of observations from a network of ﬁve complete series of AWSs installed
close to glacier fronts and on nunataks, supplemented by three air temperature sensors installed directly
over the glacier surface. By analyzing these time series of observed air temperature and distributed values
modeled with the observed LRs, including a bias correction over glacier surfaces, we identiﬁed spatial variability in the air temperature structure between the east and the west sides of the iceﬁeld. This work represents the ﬁrst robust assessment of air temperature variability on the SPI. The main ﬁndings are as follows:
1. There is considerable spatial and temporal variability in LRs. Observed LRs are, overall, steeper in the
east (−0.0072 °C/m) compared to the west (−0.0055 °C/m), and also differences and even contrasting
behavior in the LRs exist between the lower sections (tongue of glacier, ablation zone) and upper sections
(plateau, accumulation zone) on each side of the SPI. In the west, the mean LR at the tongue (GT‐HSNO)
reached −0.0045 °C/m, while at the plateau (HSNO‐HSG) it reached −0.0064 °C/m. In the east, mean LR
reached −0.0066 °C/m at the tongue (GO‐HSO) and −0.0078 °C/m at the plateau (HSO‐HSG).
2. Off‐glacier temperature measurements are not representative for calculating on‐glacier LRs. While off‐
glacier LR accounts for the variability of the on‐glacier air temperature, a bias exists in comparing the
estimated and the observed air temperature time series. Applying a bias correction and/or the model
of SM10, we ﬁnd that on‐glacier conditions are warmer on the west side compared to the east. The methods to distribute air temperature could reach differences of ~1 °C in the west and 3.3 °C in the east when
comparing mean values. At the local scale, differences reach values higher than 10 °C especially on the
tongues at each side. Certainly, more on‐glacier measurements are needed to account for this effect at the
scale of the entire iceﬁeld.
3. These two factors (1 and 2) have an impact on ablation estimates. Investigating the sensitivity of ablation
to modeled air temperatures shows that important differences exist depending on the method used for air
temperature distribution. Distributed temperature‐index modeling and point‐scale energy balance analysis reveal that melt could be overestimated and sublimation could be underestimated if the glacier cooling effect is not included in the distributed temperature data. These uncertainties can lead to large
variations in the estimated ablation. Overall, on the east side, total melt without air temperature corrections (ELR, MLR, and VLR) decreases by 51–56% for bias‐corrected air temperatures (VLRBias) and 13–
22% for the model of SM10. On the west side, this decrease is 21–31% and 54–60%, respectively. At the
local scale, the energy balance shows that in the east (HSO), a reduction of 59% exists in the total
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ablation between VLR and VLRBias and a reduction of 19% exists between VLR and SM10. In the west
(HSNO) this reduction is 20% and 27%, respectively. The turbulent ﬂux analysis also shows that with
the greater glacier cooling effect on the east side, sublimation could reach 12% of the total ablation.
In view of these ﬁndings, the main implication is that using a single, constant LR value for both sides to distribute the air temperature is not representative. Considering the overall, strong correlation between air temperature time series, the use of VLR captures the on‐glacier variability. Also, the use of MLR captures the
general spatial different conditions and hence could be used. However, for both cases, including the glacier
cooling effect in the air temperature distribution gives more reliable ablation estimations. The correction
could be done by a bias corrections as was proposed here (VLRBias), using the model of SM10 or by testing
the applicability of other models (e.g., Greuell & Böhm, 1998). The calculation of the surface mass balance in
these glaciers and others could be improved considering the spatial differences in the observed LR and taking account of the cooling effect to distribute the air temperatures.
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