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Key Points:

e Distinct lapse rates prevail on the east and westddittee icefield.
e A strong glacier cooling effect relative to off-glacier i@mperature was observed.

e Ablation is estimated using temperature extrapolation appesaDivergent results
highlight the need for realistic temperature distributions
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Abstract

The glaciers of Patagonia are the largest in South ien@nd are shrinking rapidly, raising
concerns about their contribution to sea-level-rise in fde® of ongoing climatic change.
However, modelling studies forecasting future glacier recessie limited by the scarcity of
measured on-glacier air temperatures, and thus tend to uisdyspat temporally constant lapse
rates. This study presents nine months of air-temperahservations. The network consists of
five automatic weather stations (AWS) and three on-glagiegiemperature 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¥hcompared to the west (-0.0055 °Cnand vary between the lower
section (tongue, ablation zone) and the upper sectiongplaecumulation zone) of the glaciers
Warmer off-glacier temperatures are found in the easpared to the west for similar elevations.
However, on-glacier observations suggest that the glaoming effect is higher in the east
compared to the west. Through application of distributegéeature-index and point-scale energy
balance models we show that modelled ablation ratesbyanp to 60%, depending on the air
temperature extrapolation method applied, and that melivérestimated and sublimation is
underestimated if the glacier cooling effect is not includetthe distributed air temperature data.
These results can improve current and future modelling eftdihe energy and mass balance of
the whole South Patagonia Icefield.

1 Introduction

On mid-latitude glaciers, near-surface air temperatuteisnain control on energy exchange over
a snow or ice surface (Petersen et al., 2013, Shaw et al., @8 &r glaciological applications,

it is used as input for melt calculations ranging from ieicgd temperature-index (Hock, 2003)
through to physically-based energy balance models (Greuell &hG®n2003). The air
temperature is used to calculate the incoming longwavatiadiand the sensible heat, and also
where air temperature influences other variables sucloassure, which is used to calculate latent
heat (Ebrahimi & Marshall, 2016). In terms of accumulapoocesses, the accurate distribution
of air temperature over the glacier surface is essdatidistinguishing areas where precipitation
falls as rain or snow (Minder et al., 2010), and it alss hadirect impact on snowpack
metamorphism affecting snow redistribution (Carturan eR@ll5). Glacier mass balance models
thus rely on accurate spatial distribution of the amgderature (Carturan et al., 2015).

Patagonia (40° S 55° S) contains the largest glacierised area in Southriéay but recent
evidence shows that most of these glaciers are shrimfpidly (Foresta et al., 2018; Davies &
Glasser, 2012; Malz et al., 2018; Meier et al., 2018; White gl&wal, 2015). This deglaciation is
primarily a matter of concern for sea level rise (Btaeet al., 2018; Gardner et al., 2013; Rignot
et al., 2003, Willis et al., 2012). However, very little is ¥moabout how glacial areal changes and
mass balance processes are linked to changes in climdgegihad, 2018; Pellicciotti et al., 2014
Weidemann et al., 2018pverall, these changes are generally attributed to tetmperacrease
as the glaciers in Patagonia are strongly sensitiveetoperature change (Malz et al., 2018;
Masiokas et al., 2008).This is because ablation is donditgtenelt (Sagredo et al., 2012) . Thus,
an in-depth understanding of air temperature variability@mglacier near-surface meteorology
is needed to understand the current and future state ofglaesers.



60
61
62
63
64
65
66
67
68
69
70

71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

93
94
95
96
97
98
99
100
101

102
103

Confidential manuscript submitted Journal of Geophysical Research: Atmospheres

Previous research has described the steep gradients ofrete®rological variables on the east
sideofthe Southern Andes, which is a relatively dry ‘rain shadow’ leading to a foehn effect, while
the windward west side experiences high precipitation and ltynadd lower lapse rates
(Lenaerts et al., 2014; Schneider et al., 2003; Smith & EX&45,). However, little attention has
been given to the implications of these spatial corgtifastglacier mass balance and response to
climate. Schneider et al. (2003) demonstrated a relatph&tween atmospheric circulation and
glacier response, stating that wetter conditions causedchgnge in circulation on one side lead
to drier conditions on the other, and vice versa. Desfstemportance for glaciological
applications, there are no empirical studies of thead@and temporal variability of air temperature
over the surface of both sides of the Patagoniareldsf and hence its significance to the climatic
response of glaciers is unknown.

Vertical lapse rates, are the most common method tildisng air temperature in modelling
studies (Marshall et al, 2007; Petersen & Pellicciotti, 2011elé/fet al, 2014) and are one of the
parameters to which melt models are most sensitive (Hesthah, 2013). However, due to the
complex boundary-layer meteorology of mountainous aredgte general lack of detailed on-
glacier measurements (Hanna et al., 2017), constant andléipsa rates are commonly used for
glacier ablation estimations, rather than distribua@dtemperature fields for glacier ablation
estimations (Ayala et al., 2015). This is a major simpliiicg as it has been widely recognized
that air temperature lapse rates are spatially and tathpeariable in mountainous regions
(Petersen & Pellicciotti, 2011), both on-glacier (Ayalalgt2015; Hanna et al., 2017; Shaw et al.,
2017) and off-glacier (Heynen et al., 2016; Shen et al., 2016). Btanyes use off-glacier data
which do not account for the variability of the air tempamatassociated with katabatic boundary
layer flows and the damping and ice surface cooling eflestrved over glacier surfaces (Ayala
et al., 2015; Carturan et al., 2015; Petersen and Pellic@0iiil; Petersen et al., 2013; Shaw et
al., 2016). The cooling effect occurs under positive atmogpteanperatures as the lowest layers
of air are cooled by sensible heat exchange with the lyimdgice. The magnitude of the cooling
effect is defined as the difference between screendemgeratures ovea glacier compared to
equivalent-altitude ambient temperatures. This coolinggishomogenous over a glacier surface
and depends on the geometric characteristics (Carttuian 2015). Cold dense air flows down
glacier as a katabatic flow whose temperature structurdeasimplified as a balance between
adiabatic warming and cooling by sensible heat exchangethétlylacier (Greuell and Bohm,
1998). Due to this reason, on-glacier lapse rates are lydmaer than the environmental lapse
rates (Shaw et al., 2017).

In Patagonia, a few reported lapse rates exist, but medbvemed on off-glacier observations.
Regarding on-glacier observations, Takeuchi et al. (19%b5turefer et al. (2007) both estimated
a lapse rate of -0.0080°C’nat the lower end of Perito Moreno glacier on the eastigle of the
South Patagonia Icefield (SPI), while Popovin et al. (198pdred an on glacier lapse rate for
the small De Los Tres glacier, which is located outdigeSPI. This study reported a mean lapse
rate over the glacier surfaoé -0.015 °C rmt over the terminus area, and noted frequent thermal
inversions. Above 1,400 m a.s.l., the lapse rate reduced to -C0Q017 (Popovin et al., 1999).
While useful, these observations are limited by theirtshloservation period of approximately 5
weeks, from 26 January to 4 March 1996.

Usually, mass balance modelling and temperature sensitialys@s in Patagonia distribute the
air temperature using the environmental lapse rate (ELB)60 to -0.0065 °C W) (Barry, 2008)
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as a spatially and temporally constant value (Bravo,&2@l5; Kerr & Sugden, 1994; Schaefer et
al., 2013; Schaefer et al., 2015). At best, studies use a meatidple lapse rate (Mernild et al.,
2016 following Liston & Elder, 2006), and distribute the air temapure using climate data from
regional and global models. Constant lapse rates Hawebaen used to extrapolate off-glacier
meteorological data; for example, Rivera (2004) used aaunkpse rate of -0.0060 °Crto
distribute the monthly air temperature over Chico Gtagird De Angelis (2014) used a constant
lapse rate of -0.0080 °Co distribute daily air temperature across all the SPI.

Historically, meteorological observation on the pdatef the SPI has been difficult, due to the
harsh weather conditions and the extreme logisticallenges. In spite of these restrictions, a
weather station network was installed in 2015 (CECs-DGA, 20d®yiding 9 months of
continuous temperature measurements for a longitudinal profile at around 48° 45° S enabling
spatial and temporal patterns of air temperature to betigass.

In this work, we present an analysis of the air tempesaind the lapse rates observed in this first
Automatic Weather Station (AWS) network across the Bifdt, we describe the air temperature

observations, concentrating on the spatial differeatoesy the profile. Then, the vertical structure

of the air temperature is analyzed at the glacier saatbcomparison between on-glacier and off-

glaciers air temperature conditions are conductedll¥iiae impacts on ablation processes are
assessed, for which we use both a distributed degree-day mddepaint-based energy balance

model to quantify the effects of different air temparatparametrizations on the modelled melt.

2 Materialsand M ethods
2.1 Study area and observations

The largest ice mass in Patagonia is the SP1 whicmdxtever 350 km between the latitudes
48°20'S and 51°30'S, along the meridian 73°30'W, with aroéreE3000 km (De Angelis, 2014).
The SPI comprises 48 main glacier basins, which end primarijords on the western side and

in lakes on the eastern side (Aniya et al., 1996). Thesergare 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 AntaaqWarren and Sudgen, 1993).

In recent decades, the majority of the outlet gladretee SPI have been retreating (Davies et al.,
2012). Overall, White and Copland (2015) report a total area fds42okn? (~4% of the SPI)
between lie end of the 1970’s and 2008-2010. Nevertheless, the rates and trends are neither
homogeneous nor synchronous (Sakakibara & Sugiyama, 2014) ardeiepisodes of advance
(e.g. Pio Xl glacier, Wilson et al., 2016).

This work focuses on the northern sector of the SPI (Eidyirusing data from a series of five
AWSs, installed on proglacial zones and nunataks, runningeesstacross the ice dividé/e
take the AWS installed on the west side to be represemtafiglaciers Tempano (334 Rmn
Occidental (235 ki), Greve (428 krf), HPS8 (35 krf) and one unnamed glacier (41 3nmAWSs
installed on the east side are representative of glaciers O’Higgins (762 km?), Piramide (27 kr)
and Chico (239 kA) (Figure 1) (DeAngelis, 2014).

Each AWS recorded a full set of meteorological variabktsveen October 2015 and June 2016,
comprising air temperature, relative humidity, wind speed @edtan, incoming shortwave and

4
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longwave radiation and atmospheric pressure (Table apdition, three ultrasonic depth gauges
(UDGs) were installed directly on the glacier surfacer ole plateau. In the same structure, two
air temperature sensors were also installed at an ihgight of 2 and 4 m above ground level
(a.g.l.). We call these Glacier Boundary Layer (GBL)tamperature stations (GBL1, GBL2 and

GBL3 in Figure 1 and Table 1). We use these data to validatenaperature estimated with the

different methods and to compare the ablation estimatidm®rtunately, the observations during

three months (July, August and September 2016) are not efmmml are completely absent,

probably due the harsh weather conditions and logidifficulties in recovering the data, hence

we discard these periods.

The environment at proglacial and nunatak sites is infeeetby local warming from solar heated
rocks, although a partial influence of the glacier-bountaygr at these locations is expected. Two
AWS (GO and GT) are proglacial stations. GT is locatedvallay at a distance of 2.5 km from
one of the calving fronts of the Tempano glacier, sepdritom the glacier by a fjord and by a
hill of ~350 m a.s.l. At the time of the measurements, GOlezated 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, HSO) are located on nunataks on the plateau. HSNOtedl@rea small nunatak
(1.8 knt in area) on the Greve glacier. This AWS is located 1890m above the elevation of the
tongue of the glacier but a sector of the nunatak, eabecAWS, is still covered by ice. HSG is
located on a narrow nunatak (1.6%imarea). The relative height over the plateau ofdbation

of HSG reaches 50-60 m of the west side of the nunatak ab8 d(to the east side of the nunatak.
HSO is also located on a nunatak (2.8 kmarea) close to the elevation of the Equilibrium Line
Altitude (ELA) 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 \aetil radiation screen. Errors due to
radiative heating of the sensors are likely to be mihe to the prevalence of strong winds over
the icefield (Garreaud et al., 2013). Except for HSG all @ugosis hae 100% of the observations
during the periods indicated in Table 1. A gap of data wastéetén HSG, between the hours
2100 and 2200, for the entire observation period. These gapdileet using linear interpolation.
We take the measurements error to that declared by the manufacturer (Table 1) and
unfortunately, no inter-comparison was possible as the AWdSGBL were installedt different
dates. The air temperature sensors at 4 m were usedfyotiverobservations at 2 m.

2.2 Lapse rates

We concentrate our analysis on the observed lapse (ladRs) between AWSs, and their spatial
and temporal differences. For calculation of LRsag heen suggested that multiple measurements
should be used, as this allows calculation of the sthasfghe relationship between air temperature
and elevation (Heynen et al., 2016). We thus calculate theR8from the regression of all mean
temperature values, and the measure of the strengthel&traion dependence is provided by the
determination coefficientéR?) of the linear regression. In additjolo establish the differences
between the western and eastern sides of the Icefiefulyise air temperature lapse rates were
estimated at hourly intervals.

As HSG is located 2.9 km from the glacier divide (Figure 1), tRe for the west side were
estimated between GT-HSNO and HSNO-HSG and on the east side betwé¢n@and HSO-



186
187
188

189

190
1901
192
193
194
195
196

197
198
199

200
201

202
203
204
205
206
207

208
209
210
211
212
213
214
215

216

217
218
219
220
221
222
223
224

Confidential manuscript submitted Journal of Geophysical Research: Atmospheres

HSG. The observed air temperatures at GBL1, GBL2 and GBL3 weretoisassess how
representative the different extrapolation methodsoatemperatures within the glacier surface
layer.

2.3 Air temperature distribution

Based on these observations we apply five different exttapo methods to simulate air
temperature distribution, using air temperatures observid®MO for the west side and HSO for
the east side as the primary input datasets. For all fitboehe, the hourly air temperature was
distributed using the LP DAAC NASA Version 3 Shuttle Radar dgspphy Mission Digital
Elevation Model (hereafter, SRTM DEM; NASA JPL, 2013) usihg local UTM zone 18S
Considering the hypsometry of this zone and to maxinopeptitational efficiency we resampled
the SRTM DEM to 200 m resolution.

First, air temperature was distributed using a constantof. R0.0065 °C mt (Barry, 2008)
corresponding to the ELR. This value is the most commoséd walue in the literature for
glaciological and hydrological modelling (e.g. Schaefeal.e2015).

Second, the seasonal mean observed LRs (MLR) were usbkdraxterize the spatial differences
between east and west sides and also between the @attthe tongue of the glaciers.

Third, stepwise observed and hourly variable LRs (VLR) vapmdied. This method includes both
spatial and temporal variability. On the west side, we use&T-HSNO lapse rate between 0 and
1,040 m a.s.l. and the HSNO-HSG lapse rate between 1041 and 3,50 (tha.highest point).

On the east side, we used the GO-HSO lapse rate between 2pproxifaately the elevation of

the front of O’Higgins glacier) and 1234 m a.s.l. and the HSO-HSG lapse rate between 1,235 and
3,500 m a.s.l.

As the second and third methods use data from both progladialunatak weather stations, they
represent non-glacial surface temperatures ratherttigaglacier-boundary layer temperature.
Hence VLR corresponds to the variable atmospheric lapgee Far input to a glacier ablation
model the air temperature using VLR must be adjusted fogldwer boundary layer cooling
effect. The fourth method therefore compared the VLRemrperatures with observations from
on-glacier sensors (VLRBIas). GBL2 is assumed to be reprsendf the west side and GBL3
of the east side. The adjustment of the air temperéfyse) consists of a bias-correction of the
data using the following expression (Teutschbein & SeiRé12):

Toira = Tyir + Um (Tobs) — W (Tvlr) (1)

whereT,,, is the air temperature estimated with the VLR methodeatkkvation of the GBL2 on

the west side and of the GBL3 on the east sidepgnd the mean of the observed air temperature
at GBL2 and GBL3T,,,) and of theT,,;,.. This approach is the same as that adopted by Ragettli
et al (2013) and Ayala et al. (2016) for glaciers in CenthadleCConsidering that the time series
of GBL2 and GBL3 are shorter (Table 1), it is assumedthigatlifference in the mean is constant
along the period and is isotropic. This approach attemptspticake data observed on-glacier
rather than AWSs off-glacier alone. We only used data {GBL2 and GBL3, considering that
the air temperature sensor in GBL1 was installed at 1.2 m.
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225 Finally, the fifth method corresponds to the method of SmeaMoore (2010; SM10 herealter
226  which was then applied to alpine glaciers by Carturan €2@15) and Shaw et al. (2017). The
227 advantage of this method is that it uses off-glacier waéxtrapolate the air temperature and is a
228 function of the flowline distance which is the averagefa summit or ridge (Shaw et al., 2017).
229 Inour case, the distance was calculated using the SBEM (Figure S1). The air temperature is
230 estimated using a statistical model that accounts édifferences between ambient temperature
231 and on-glacier temperature:

_ Tl + k2 (Tvlr - T*); Tvlr =T
232 e @

233 Ty, is representative of the free atmospheric air tenpexae, and k,are parameters obtained

234 from the slope of the linear piecewise regression, modas exponential functions of the flow

235 distance. These parameters related the 2 m air teraperaith the free atmospheric temperature
236 (Figure S1) below and above the thresHbldvhich is defined as a function of the flow distance
237 (Dy) (Carturan et al., 2015; Shaw et al. 2017):

238 y— 3)

Cy+ Df

239 whereC;andC,are 6.61 and 436.04 respectively; corresponding to fitted cieeiifs.T;is the air
240 temperature threshold for katabatic effects and is leatiasr™ - k; .

241 The parameters used in this model are the same asusesddy Shea and Moore (2010) as the
242  three on-glacier observation sites in this study m@safficient to define a new exponential curve.
243 However, the resulting factorg,@ndk,) obtained are compared with those used by Shea and
244  Moore (2010) and Shaw et al. (2017). In the case of GBL1 and Gl fattors agree with the
245 previous curves at;andk,, but, the GBL3 factors do not (Figure S1). Considering thardie

246 of GBL3 to the nearest ridge is expected that the faciqesmd k,, reach values close to 1,
247  however, we obtained values around ~0.5 (Figure S1).

248 2.4 Melt and ablation models

249  Two models commonly used in the glaciological literaturesvegaplied to quantify the impact of
250 air temperature distribution method on the melt and iablatver the SPI surface. First, a standard
251 degree-day model (DDM) (e.g. Hock, 2003, 2005) was used with aryhimoel step for each air
252 temperature distribution. We chose this model over an rieeloh Temperature Index model
253 (Pellicciotti et al., 2005), as the purpose is to identifyitheacts of the air temperatures in the
254 model, rather than quantify the real melt of theseigia. This basic model has been used to
255 predict future response of glaciers worldwide in mangmeworks (e.g. Bliss et al., 201davies
256 et al., 2014; Radic et al., 2014) and so, it is important &duate the corresponding parameters
257 and assumptions used. In this model, the melt is assunmextdase linearly with air temperature
258 above a given critical threshold assumed in this cabe & 0°C. The only data requirement is air
259 temperature and empirically calibrated degree-day factors D2 are used to scale the air
260 temperatures to melt rates (Tsai and Ruan, 2018). The Dbé&srador the different properties
261 of snow, firn and ice (Mackay et al., 2017). As we do noelenough data to calibrate th®Fs
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as for example stake measurements in the east sidesedea range of values between 3 mm w.e.
°C!'d'and 10 mmw.e. °Cd! based onprevious work (Hock, 2003; 2005).

The second model is an energy balance at the poiletst@re meteorological observations are
available. Radiative fluxes (incoming shortwave and longwagd&tion) and the meteorological
inputs (wind speed, relative humidity and atmospheric preysvere taken from HSNO (west)
and HSO (east) observations. Air temperature input is atsbl@depending on the method used
for air distribution. As the air temperature distribnsoof the ELR, MLR and VLR were
extrapolated from the observations at HSNO and HSO, at thisitiele the observed air
temperature is the same as that obtained from that®dse Hence, energy balance was calculated
using VLR, the VLRBias and the SM10 air temperaturesr@navailable for melt (W m) was
determined following Oerlemans (2010), assuming that the comduetat flux and sensible heat
brought to the surface by rain or snow are considered it#gligndeed, recent work calculat&d
Wm2 for sensible flux due to rain and 4 WPrfor ground heat flux (Weidemman et al., 2018) for
two glaciers in the south of our study area. Surfac@eeature is assumed constant at 273.15 K
(0 °C). The heat fluxes were calculated using the bulk approach (Cuffey and Paterson, 2010) and
stability corrections were applied to turbulent fluxes ushegliulk Richardson number, which is
used to describe the stability of the surface layer (Oke, 1987).

The complete set of equations used for the calculatibtise turbulent fluxes are presented in
Bravo et al. (2017) and references therein.

4 Results
4.1 Characterization of the observed air temperature

The observed 2 m daily and hourly mean of the air temyrerédr each station are shown in Figure
2. Lower air temperatures are recorded at the highertelevAWS (HSG) and positive daily
means at this high elevation site (1,428 m a.s.l.) aserged in summer months and even in fall
where it is possible to see inversion episodes of théeaiperature. Hence higher values are
observed on the plateau when compared with off-glaclaesa

The off-glacier air temperature shows positive valleeughout the observational period with
higher mean values generally registered at GO despite loemtgd at a higher elevation than GT.
At similar elevations, air temperatures at GBL1 are lowantat HSG, except in February. We
associate this difference with the cooling effecthe glacier surface (Carturan et al., 2015), as
HSG is installed on the rock surface and GBLL1 is on snowengl#tier surface. The daily mean
amplitude is higher on the west at GT (~4.5°C) compared witer@s&WS GO (~2°C).

The diurnal temperature range is higher at the off-glasW&S compared to on-glacier AWS
(Figure 2), revealing the dampening effect of the ice surface hdbrly mean values show that
the highesPearson’s correlations coefficients (r) are between plateateanperatures (Table S1)
with r>0.88 in almost all the cases. The r between aitigt temperatures and plateau
temperatures are in all cases <0.52. The r between thedkMa west side (GT and HSNO) is
0.44 and 0.47 between the eastern AWS (GO and HSO). The tiorr@ehigher if the time series
are compared between October and March with 0.67 and 0.59%treslye Large-scale climate
anomalies during the austral fall (Garreaud, 2018) leadawer correlation between off-glacier
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AWS and on-glacier and nunataks AWS. The observations Ireéveathis circulation pattern
increases the air temperature over the plateau mareotiea the off-glacier sites. Interestingly, r
between both off-glacier (67 km distanedr)temperatures is 0.77.

4.2 Lapse rates at glacier scale

The comparison between monthly mean air temperature areevation of the AWS on the SPI
(Table 2) shows that LRs are highly linear with CoeffitigiDetermination (R values over 0.90
from October to March. In the fall months this correlatibminishes to values close to 0.61 and
during May the Rvalue is very low (0.18) when using all AWSs, suggesting an impiocontrol
other than elevation at this scale (Figure S2). Spatait temporally, the LRs estimated are
steeper in the east compdto the west. Both sides show highénlues (0.99) when considered
separately, with the exception of fall (Table 2).

The stepwise hourly LRs show a range of values (Figur€aBle 2). The estimated hourly
observed lapse rate between each pair of AWS showsnhidie west side, LRs are shallower
(mean value -0.0055 °C ) compared with the LRs observed on the east siden(velae -
0.0072 °C ). Mean values of LR on the west side (GT-HSNO and HSNO-HSG)ame t the
ELR (-0.0065 °C m). On the east side, the mean values are between thariLfRe dry adiabatic
lapse rate (DALR, -0.0098 °CH On the east side, the plateau LRs (HSO-HSG) are stisgyper
the tongue LRs (HSO-GO). On-glacier lapse rates (GBL1 and GBeXhallower, with values
in October, November and December close to -0.0040*@Howed by predominantly thermal
inversions episodes in January and February (Figure S2).

In the west, GT-HSNO shows higher variability than the HSNO-HSG Irathe latter case, the
mean values and the median for each month are clde ©LR, while mean and median values
for GT-HSNO show higher inter-monthly variability. In the easg tlifference between GO-HSO
and HSO-HSG is less evident. In both cases, during the sprirguamder months, the LRs are
between the ELR and the dry adiabatic lapse rate chRsilated for the HSO-HSG show a great
number of steeper negative outlier values.

Thermal inversions are observed on both sides of thdediilulti-site regression and stepwise
statistics show that these episodes are more frequahteavest side, especially during fall. The
data in Table 2 show that the episodes of thermal ilmreese not necesshr concordant between
the lower and the higher part of the glacienseach side. Interestingly, the time series for te e
side shows that a plateau (HSO-HSG) thermal inversion coald @aGth decreasing temperatures
on the tongue (GO-HSO) and vice-versa. On the west sidgl#oigossible to identify episodes
of thermal inversion on the tongue (GT-HSNO), meanwhile ptaeau (HSNO-HSG) shows a
decrease in temperature with elevation. Therefore,ra owmplex structure in the air temperature
lapse rates is detected. The lower VRilues coincide with more frequent thermal inversion
episodes, but, an important difference is that the bafrthe thermal inversion in the fall months,
especially May, is not strong in the distribution of ks of HSNO-HSG.

4.3 Air temperature distribution

A comparison of the observed air temperature (GBL) witheanperature extrapolated using the
VLR method (Figure 4) shows an offset, especially at GBLdufiei 4a) and GBL2 (Figure 4Db).
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This offset is associated with the cooling effect tbtitglacier and nunatak air temperatures
observations cannot account for. The variability oftiime series is almost the same, especially
GBL1 and GBL2 where the correlation coefficients are 0.98B0a82, whereas in the location of
GBL3 it is 0.54 (Figure 4c). Comparing these two time seelesals that spatial differences exist
regarding the cooling effect. The observed on-glacier mpéeature shows that the cooling effect
on the west side reaches a mean value between 0.8°C (G&dL1).2tC (GBL2) while on the
east side it reaches 3.3°C, with significantly moretec§GBL3, Figure 4c). The strength of the
glacier cooling effect could be also related to humid canditon both sides. Figure 4 shows that
under lower relative humidity values, the differenceswben VLR and the observed air
temperatures are higher, and hence the correlation isgspacially at the GBL3 location (Figure
4c). We verified thee data by comparing the observations from the same statidnm; the
correlation coefficient is 0.95 and the mean differead®6°C. As the differences become more
pronounced with lower values of relative humidity, andeést side is drier than the west side,
we might expect to see greater differences in the east.

The mean values of the air temperature distributioedch of the methods are presented in Figure
5. At comparable elevations, warmer conditions are obdemhe east using the ELR, MLR and
the VLR methods. The mean air temperature calculated w@tWtR and MLR is similar on both
sides, implying a reduction of 0.5 to 0.6°C relative to thRE

On the west side, ELR, VLR and MLR showed similar valuesggxon the tongues of the
glaciers, where ELR shows mean air temperature over. T0f€lowest mean air temperature is
obtained with the SM10 method. SM10 shows a lower air ¢eatpre across all glacier surfaces,
especially notable at the tongue of each of the gladérthe point scale, the comparison of the
observed air temperature at GBL2 compared with the SM10 shonean difference of 0.6°C.
This represents a reduction of the difference with therotmethods (ELR, MLR and VLR)
implying that SM10 captures some of the cooling effect of theigr surface.

Onthe east side, the lowest mean air temperatureamettwith the VLRBias method. The SM10
just captures a small portion of the cooling effect as atldbation of the GBL3, the mean
difference with the observed data is only reduced by 0.dof@pared with the difference using
VLR. On both sides, some uncertainties exist in themnihagde of the real cooling effect using
SM10 as we used the original parameters of Shea and M2@16)(and not newly calibrated
parameters.

On the east side, the difference between ELR/MLR and Mldrnaller along the plateau and the
tongues of the glaciers. However, at higher elevationy/ltRedetermines warmer conditions due
to the thermal inversion episodes. The vertical extergditime thermal inversion is an uncertainty,
considering that there are no observations over ~1,5808.in hence the data at higher elevations
must be taken with caution.

On both sides the VLRBias air temperature distributiamnshcolder conditions compared with
the ELR, MLR and the VLR. On the west side, the SM1thoeigives higher cooling compared
to VLRBIas below 1,000 m a.s.l. and similar conditions i tange 1,000 to 1,500 m a.s.l. At
higher elevations, SM10 shows warmer conditions than ilaRBHowever, the area above 1,500
m a.s.l. is only ~10% of the total, which explains the gdiyemlder conditions of SM10
compared to VLRBIas on the west side (Figure 5). In the atthe lower elevational range the
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SM10 presents colder conditions compared with VLRBIias;ishassmall portion of the total area
of the glaciers as their fronts are located at ~250-3@0srh

Spatially, the differences between the west and east sidaddepethe method used for the air
temperature distribution. The ELR method determines alrttmstsame condition for each
elevation range between west and east, while the MLR and MeBiod determine warm
conditions on the east compared to the west in all tivat@e ranges. The opposite is true using
the VLRBias method with warmer conditions in the west up2®00-2,500 m a.s.l. and then
warmer conditions in the east due to the great numbéeohnal inversion episodes.

4.4 Ablation estimates

Hourly distributed degree-day modeling (DDM) shows the effefctiseodifferent air temperature
distributions on estimating melt across the SPI dutegperiod 1 October 2015 to 30 June 2016
For comparison, Figure 6 shows the differences in i lmetween each of the methods used to
distribute the air temperature. The differences aosvehby elevation range and for a range of
degree-day factors (DDFs).

In the west, the larger differences between all théhou=t are concentrated at elevations below
1,000 m a.s.l. The ELR melt is highest for most of tls/ation range, except the greatest
elevations where all the other methods tend to be simil&igher melt rate. The highest melt
differences are between ELR/MLR-SM10, reaching values betWed 14 m w.e at the lower
elevations. The VLR estimated greater melt than VLRBagsexpected; depending on the DDF
used this difference could reach more than 3 m w.e.eirtdhgue of the glacier (0 to 1,000 m
a.s.l.). However, with the typical DDF used for ice (6 tom w.e. °Ct d?), the difference is 1.5-

2 m w.e. Interestingly, the differences between MLR-VaR very low and the differences
between VLRBIias-SM10 are also low except at the very |l@lesrations, suggesting that greater
cooling effect in the tongue of the glacier is represebye8M10. At the locations of GBL1 and
GBL2 and over 1,000 m a.s.l. the differences are clo®ariav.e.

On the east side, the VLR modeled melt is higher than tiedElbigher elevations and similar at
lower elevations. Higher differences are observedaridtver sector between ELR-SM10, MLR-
SM10, VLR-SM10, in all these cases with a maximum of 8 m wssuming higher DDF.
Differences between 4 to 6 m w.e. are observed for mpreal DDF for ice (6 to 8 mm w.e. °C
1 d1). The VLRBias-SM10 difference shows that the SM10 captheesooling effect at the lower
elevations, as the difference is close to 0 m w.e.

The results of the estimated melt using the five methoglsompared with the observations of the
ablation using UDGs at GBL1 and GBL2 locations (Table S2). Therged air temperatures at
these locations, following the same DDM approach, suggest#h&DF to replicate the observed
melt is close to 8.5 mm w.e. <Gf!, which compares well with values derived in other gladiate
areas (Hock, 2003). On both sides, ELR, MLR and VLR melt ateehithan the observed; 0.4-
0.5 mw.e. at GBL1 and 1.3 m w.e. at GBL2 location. VLRBias aviti(Smelt rate are close to
the observed values with an overestimation of 0.2-0v@.en at GBL2. This emphasizes that the
inclusion of the cooling effect is necessary for metingations as this is a comparison with an
independent source of data from the UDGs.

The results of the energy balance at point scatpu(€i7) show the spatial differences related to
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the meteorological conditions between the east sidetla® west side. Incoming shortwave
radiation is higher in the east due to less humidity daddccover and incoming longwave
radiation is slightly higher in the west due to more géesit cloud cover. Turbulent fluxes are the
smaller contributors to the energy balance on both siddsare the most sensitive fluxes to the
changes in the air temperature distribution method.

The sensitivity of the energy fluxes to three methoflsir temperature distribution (VLR,
VLRBias and SM10) are shown in Figures 7c and 7f. In the, wWesgreatest change is observed
in energy available for melt, as the 208 W estimated by the VLR method reduces to 180 W m
2 (VLRBias) and 157 W i (SM10). Refreezing values are similar. The mean lateattdanges
from 45 W n? (VLR) to 24 W n¥ (VLRBias) and 19 W m (SM10) and the sensible heat changes
from 68 W n¥ (VLR) to 47 W n¥ (VLRBias) and 43 W m (SM10). On the east side the changes
in the turbulent fluxes are even higher; latent hbanges from 20 W rh(VLR) to -76 W n?
(VLRBias) and 0 W n? (SM10) and the sensible heat changes from 91 %\hR) to -24 W m

2 (VLRBias) and 70 W m (SM10). The energy for melt also decreases from VLRLUBBIas,

but increases comparing VLRBIas and SM10

The ablation impacts associated with the differentioes to distribute the air temperature to input
the point-scale energy balance are show in Figuresd@@faihe accumulated melt on the west
side decreases from 7.4 m w.e (VLR) to 5.9 m w.e. (VLRBaasg) 5.4 m w.e. (SM10), while
sublimation increases from 0.03 mw.e. (VLR) to 0.05 mw.e. (VLRBiad 0.04 m w.e. (SM10).
In any case, these sublimation values represent a vei/feaction (less than 0.8%) of the total
melt. On the east side the differences are more evidtengccumulated melt decreases from 8.2
m w.e. (VLR) to 3.0 m w.e. (VLRBIas) and 6.6 (SM10). The aadated sublimation increase
from 0.1 mw.e. (VLR and SM10) to 0.4 m w.e. (VLRBIas). Thisn®ethat in the east and using
the VLRBIas, sublimation comprises 12% of the total ablat@m the west side, a qualitative
comparison of the ablation is obtained from UDGs da@Bitl and GBL2. As GBL1 and GBL2
are located at higher elevation it is expected that feti@an will be lower with respect to the
HSNO (1,040 m a.s.l.). Unfortunately, the UDG installed at GBL&ereast side did not record
data during the period of analysis. However, the UDG at GBL&tdolcat ~20 km from HSO
represents an estimate, suggesting the VLRBIas air tetapeisiclosest to the observed ablation.

5 Discussion
5.1 Uncertainties

In estimating lapse rates from observations, it is g to recognize the influence that the
number and position of stations may have on the deriveetszaFor example, sites located at
valleys bottoms, on mountain passes, and in positionstettahove glacier surfaces may not be
representative of the wider terrain (Minder et al. 20X0)hé current study, the correlation matrix
of air temperatures revealed that GT and GO showed the weelt®nship. GT is located at the
lower end of a small valley frequently affected by tempeeatversion (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 Piramide glacier. Additionalbgpth AWSs are located close to water
bodies, GT is close to a fjord and GO to a Jak&d the boundary layer dynamics of these water
bodies could also influence the air temperature at fbeadons. The great number of factors that
potentially influence the air temperature observationatdithat corrections are necessary for
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using such data over glacier surfaces.

The reliability of on-glacier temperatures is cructalthe robustness of the VLRBIias method. Our
data show that GBL1 and GBL2 are well correlated with theerobdg air temperature at the
nunataks (Table S1) and hence could be representative ohtglacier conditions on the plateau
of the west side. However, at GBL3, there is a greater @egrtonsidering the short time series
and thelarge-scale climate anomalies during this period, which vebaacterized by the
predominance of high sea level pressure in fall (April to )MeB46 that brought about unusual
weather conditions (Garreaud, 2018). Overall, correlati@fficeents are lower between all the
time series during the April-June period, especially whempawing rockAWS with nunatak
AWS, with values around 0.01. However, the correlatiomeden nunatak AWS (HSNO-HSG-
HSO) are still between 0.88 and 0.94 which means that condtioriee plateau seem to be
influenced in the same direction. This gives confidehes the GBL3 dataset, installed on the
plateau, may reliably represent the long-term conditmmthe east side of ti&P], or at least is
representative of the cooling effect under sunny and wamditions. These conditions were
predominant in fall 2016 due to large-scale climate anomaliesg&at, 2018). This is also
support by previous observations, as greater cooling effscbé®mn observed under warm and
sunny weather, while minimum values were observed during otveraad unsettled weather
(Carturan et al., 2015). However, the dispersion of the, datl suggests that local conditions
exist at this point and hence the conditions may bsotepresentative of all the glacier area.
Probably, this is the main reason that the correlata@ificient in GBL3 (~0.60is not as high as
GBL1 and GBL2, at least when compared to nunatak AWS (>0.90).

5.2 Lapse rates and air temperature spatial patterns

Previous glacier mass balance modeling in the Patagonianrelggs not used spatial
parametrization of LRs, but the results presented m wuork demonstrate that clear spatial
differences exist. Specifically, we show here that treepled LRs are low in the west relative to
the east. Such differences across mountains are likelgnanon feature (e.g. the Cascade
Mountains: Minder et al., 2010). At a smaller scale, thezeakso differences in the LRs observed
between the lower and upper regions of the Icefield on sidds. Observed on-glacier LRs are
lower than off-glacier LRs and the ELR, in agreemerthJindings for the Canadian Arctic
(Marshall et al., 2007; Gardner and Sharp, 2009), but contrasiihgt®ep LRs observed over
valley glaciers in the Central Andes of Chile (e.g. Rete and Pellicciotti, 2011; Bravo el al.,
2017).

Despite their common use in modeling studies, our resudigest that while the ELR, MLR and
VLR methods of temperature distribution do not represemnteiddeon-glacier conditions, the VLR
does appear to capture the on-glacier variability. Furtherntbe MLR captures the general
spatial pattern and hence could also potentially be used.

For input to a glacier ablation model, including the glaciling effect in the air temperature
distribution should theoretically give a more realigtitimate of the ablation. Considering that i)
observed on-glacier lapse rates are difficult to oldaiing longer periods, due to glacier surface
characteristics (e.g. tilt of the structure by ice ¥lard ii) that the correlations between observed
and estimated air temperature over the glacier surfacgaod (Figure 4), the glacier cooling
effect could be represented by a bias-correction (VLREgsation 2) or by using the model of
Shea and Moore (2010, SM10, Equation 3). However, for both dast®r on-glacier data would
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be useful for calibrating the approach. In the firsiecdt is necessary to include spatial differences
between the on-glacier and off-glacier air temperatwtas to cold spots and different lateral
conditions with respect to the centerlines that haenlobserved over other glaciers (Shaw et al.,
2017). In the second case, further observations are neéedemibrate the parameters of the
statistical model of Shea and Moore (2010), especiallyusecthe glaciers of the study area
presents a longer fetch with respect to previous applicatigxipne glaciers (e.g. Carturan et al.,
2015; Shaw et al., 2017). An alternative to these correctiotige physicdy-based model that
was proposed to capture on-glacier air temperature camgliimder katabatic flow events
developed by Greuell and Bohm (1998), applied by Petersen et al. @@iLB3 modified version
previously used by Ayala et al. (2015) and Shaw et al. (2017).

The dominant control of LRs depends of the size of thenges; Gardner et al. (2009) found that
the free-atmosphere air temperature is the main dasfttbe LRs rather than katabatic flow in
icefields of the Canadian Arctic, but Petersen anddedlliti (2011) found that katabatic flow
plays an important role in defining on-glacier air tempees for a valley glacier. More in-depth
analysis is therefore necessary to determine if kataflaiv plays an important role in the South
Patagonia Icefield, and hence assess the applicaHilihedGreuell and Bohm (1998) and Shea
and Moore (2010) models with greater confidence. The refdtiprioetween wind speed and LRs
at the tongue of each side (LRs at GT-HSNO and GO-HSO, Figuree33 $e suggest a control
from katabatic flow especially on the east side due to tlyerddemperature gradient between
surface and off-glacier conditions. However, the wind dpssuld also be related to synoptic
conditions on both sides and strong foehn windke east, as was previously suggested by Ohata
et al. (1985) in the North Patagonia Icefield, thus prermgritie development of near continuous
katabatic flow. Independent of the physical explanatias élear that at the tongues, wind speed
also plays a role in defining the variability of the LRs

The meteorological conditions clearly play an impartafe in defining the characteristics of the
LRs on both sides of the northern sector of the SRén et al. (2016) indicated that the role of
water vapor in the air is an essential driver of theiaigadittern of LRs. Gentle LRs are associated
with relatively moister atmospheric conditions, &g air parcels cool more slowly in a humid
environment than in a dry environment. Thus, the magnitudengdérature change with elevation
isreduced. This mechanism can be revealed by the spatabiityiof precipitation and humidity,
which are higher on the western side than the eastirasithe meteorological observations and
previous work indicates (Lenaerts et al., 2014; Schneider, 083; Smith and Evans, 2007).

LR variability also depends on atmospbaegirculation patterns. For example, the observed LRs
in the area show episodes of thermal inversions, pantigutathe fall months. These episodes
respond to atmospheric circulation that favor the adweaif warm air to the South Patagonia
Icefield (Garreaud, 2018). During these episodes, on the wlestrsigative LRs were observed
on the plateau, while positive LRs were observed on thguem At the end of April, the air
temperature at HSNO and HSG increased, reaching positive valuegtthisiperiod. Meanwhile,
GT does not show this increase (Figure 2). This could irelitat the air temperature close to the
glacier surface does not rise uniformly and the air teatpes at higher elevation responds more
linearly to a free-air temperature increase, as was prayisuggested by Gardner et al. (2009).

It is generally accepted that at the regional scale jvelgtcolder air temperatures prevail on the
eastern side compared to the west side over both PatagofddicéGarreaud et al., 2013;
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Villarroel et al., 2013), related to the topographic elevatilifferences between both flanks.
However, at similar elevations, the use of VLR and the laitigr observations near the front of
the glaciers (GT and GO) seem to describe warmer conditiath&® east compared to the west,
but a steeper LR on the east, in apparent support ofshksref Mernild et al. (2016).

5.3 Glacier cooling effect

On-glacier air temperature measurements reveal that thiegedfect associated with the glacier
surface is higher in the east. Observed mean glaciéingoeaches a maximum of 3.3 °C relative
to the VLR extrapolated between neighbouring stations abtation of the GBL3 on the east
side and under severe drought conditions in Patagonia gadir2018). Similar magnitudes (3
°C to 4 °C) were previously observed at the Skagastgl Gl@da@way) by Erikkson (1958) (in
Carturan et al., 2015) and in Juncal Norte glacier in @e@thile (~33°S), where Ragettli et al.
(2013) found a cooling effect of 2.9°Bowever, the values of the &nd k parameters at GBL3
suggests a strong cooling effect besides been locate cldseridge (Figure S1). The curves of
Shea and Moore (2010) and Shaw et al. (2017) suggests thabtimg @ffect at this point must
be low. This discrepancy could be expédif the location of GBL3 is a cold spoth&e special
features require further investigation as the models c¢areplicate (Shaw et al, 2017)
Meanwhile, at GBL1 and GBL2, located on the west side, thengowlas between 0.8°C and
1.3°C. Although the one point of on-glacier validatiod #me extension of the GBL3 time series
is insufficient to define the real cooling effect and itstigpaifferences, previous work suggests
that the east side of the SPI is indeed cooler thawése. Monahan and Ramage (2010) used
passive microwave observations to show that the me#tazdrprocesses below 1,500 m a.s.l. start
in July on the western part of the SPI, while in the gasy start in September; sustained melt
onset also tends to occur 25 to 35 days earlier on the wibst diivide than in the east. De Angelis
et al. (2007) showed larger areas of slush in the west cothpratbe east, as well as a greater
degree of snow metamorphism associated with melt-frepgodes in the west, suggesting
relativdy warmer conditions.

The SM10 method also suggests slightly colder on-glaoieditions in the east compared to the
west, but limited to the elevation range between 1,000-2,000.im alsere 80% of the glacier
area is concentrated. At the other elevation range403¥ows warmer on-glacier conditions in
the east. This spatial variability reinforces the needniore distributed and longer term on-glacier
observations.

5.4 Ablation impacts

There is an evident impact in the reduction of the oitg a DDM with the VLRBias and SM10
air temperature dataset compared to the DDM using the ELR, &fild VLR air temperatures. At
point scale, these differences are higher in thereashing values between 4 to 6 m w.e. for DDFs
between 6 and 9 mm w.e.?@? at 500 m a.s.l. Assuming the mean annual melt of ~10-12 mw.e
for the tongue of O’Higgins glacier, estimated by Mernild et al. (2016), the difference battlee
methods represents between 33% and 60% of the melt atspalat At the distributed scale, the
mean melt in the period 1979/80 and 2013/14 estimated by Mernild 2056)(reached a mean
value of 8.1 m w.e. on the west side (Greve, Tempano andé)tal 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 thentwitudy (one particular season and an
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estimated DDF of 8.5 mm w.e. 4@t?), it appears that in the east, the melt determined by Mernil
et al. (2016) is too high even compared with the melt obtdnoed the ELR and MLR (5.6 and
5.9 m w.e.) while in the west the value obtained by Mernild.€R&lL6) is close to our VLRBIas
estimation.

Overall, the use of the constant ELR, MLR and VLR appeaoverestimate the melt calculated
by a DDM. However, MLR and VLR describe the variabilitytieé on-glacier air temperature and
hence could be used, after a correction, to estimatm¢iite As the MLR represents the general
spatial conditions (east-west; tongue-plateau), it shbeldoted that the MLR does not capture
thermal inversion episodes and could underestimate thabtation at higher elevations. The use
of VLR has been highlighted as an important issue in d@agyoapplications (Marshall et al.,
2007; Petersen and Pellicciotti, 2011).

The point-scale energy balance showed that the eneagglale decreases from VLR to VLRBIas
and SM10, hence, the melt decreases, notably on thedsasitse energy balance results highlight
that the most important impacts on the energy balamcesated to the change in the sign of the
turbulent fluxes using the VLRBIas compared to the VLR as itgptite energy balance model on
the east side. The sublimation here, after a chartpe sign of the mean latent heat, reaches 12%
of the total ablation at 1,234 m a.s.l. This percentageldmikbven larger at higher elevations on
the east side. Overall, the sublimation is consideradadl percentage of the total ablation with
values in the order of 0.1 m w.e. for the glaciers ofthdy area (Mernild et al., 2016). However,
if the cooling effect is as high as the data from GBL3 sugdes sublimation on the east side
could be higher and hence attention must be given to thisaabtaomponent when modelling
future climate response.

Although the data in the current study are not conclusiviipds appear that spatially variable
cooling effects must be considered as an important cooirdhe differential response of the
glaciers in this region, which has previously been attribigtéioe hypsometric characteristics and
calving dynamics (e.g. De Angelis, 2014; Minowa et al., 2015; Reeas 2014).

6 Conclusions

This work presents air temperature variations acrosSakgh Patagonia Icefield (SPI) along an
eastwest transect at approximately 48° 45° S. We analyzed nine months of observations from a
network of five complete series of automatic weathatists (AWSSs) installed close to glacier
fronts and on nunataks, supplemented by three air tempessnsors installed directly over the
glacier surface. By analyzing these time series of gbdeair temperature and distributed values
modeled with the observed lapse rates, including a biaseatmn over glacier surfaces, we
identified spatial variability in the air temperature stawe between the east and the west sides of
the icefield. This work represents the first robust aseest of air temperature variability on the
SPI. The main findings are as follows:

1. There is considerable spatial and temporal hiéityain LRs. Observed lapse rates are,
overall, steeper in the east (-0.0072 °¢)mompared to the west (-0.0055 °CYand also
differences and even contrasting behavior in the LRst britween the lower sections (tongue of
glacier, ablation zone) and upper sections (plateau, adatiom zone) on each side of the SRl. |
the west, the mean LR at the tongue (GT-HSNO) reached -0.004%5! 4€hile at the plateau
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(HSNO-HSG) it reached -0.0064 °C'nin the east, mean LR reached -0.0066 *Catthe tongue
(GO-HSO) and -0.0078 °C hat the plateau (HSO-HSG).

2. Off-glacier temperature measurements are natgeptative for calculating on-glacier LRs.
While off-glacier LR accounts for the variability of tha-glacier air temperature, a bias exists in
comparing the estimated and the observed air temperat@aseéries. Applying a bias-correction
and/or the model of Shea and Moore (2010), we find that amegleonditions are warmer on the
west side compared to the east. The methods to distributsrguerature could reach differences
of ~1°C in the west and 3.3°C in the east when comparing meaesvaAt the local scale,
differences reach values higher than 10°C especiallyetotigues at each side. Certainly, more
on-glacier measurements are needed to account for this affé® scale of the entire icefield.

3.  These two factors (1 and 2) have an impact ati@blestimates. Investigating the sensitivity
of ablation to modeled air temperatures shows that impadtéetences exist depending on the
method used for air temperature distribution. Distributed tespe=-index modeling and point-
scale energy balance analysis reveal that melt caulolvbrestimated and sublimation could be
underestimated if the glacier cooling effect is not inaludethe distributed temperature data.
These uncertainties can lead to large variations iestimated ablation. Overall, on the east side,
total melt without air temperature corrections (ELR, MaRd VLR) decreases by 51-56% for
bias-corrected air temperatures (VLRBIas) and 13-22% fomtieel of Shea and Moore (2010).
On the west side, this decrease is 21-31% and 54-60%, resjye&tvde local scale, the energy
balance shows that the east (HSO), a reduction of 59% exists in the total ahlagtween VLR
and VLRBias and a reduction of 19% exists between VLR and SMlfie west (HSNO) this
reduction is 20% and 27%, respectively. The turbulent fluidyars also shows that with the
greater glacier cooling effect on the east side, sublimaballd reach 12% of the total ablation.

In view of these findings, the main implication is thaingsa single, constant LR value for both
sides to distribute the air temperature, is not repraseet Considering the overall, strong
correlation between air temperature time series, thefogeR captures the on-glacier variability.
Also, the use of MLR captures the general spatial diffecentitions and hence could be used.
However, for both cases, including the glacier coolingcefiie the air temperature distribution
gives more reliable ablation estimations. The cowaatould be done by a bias-corrections as was
proposed here (VLRBIias), using the model of Shea and M@OE( SM10) or by testing the
applicability of other models (e.g. Greuell and Bohm, 1998). cEtheulation of the surface mass
balance in these glaciers and others could be impramesidering the spatial differences in the
observed lapse rate and taking account of the coolingt effalistribute the air temperatures.
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916 Table 1. Details of the location, period of measurements andosecharacteristics of the five AWSs and the three
917  GBL stations. The name of each AWS is the official eagiven by the DGAwWww.dga.d).
Automatic Latitude/ Air tem Height
L ocation Weather Acronym Longitude/ p. Error 9 Period
: Sensors [m]
Station [masl]
. 48°42'09"S/
Glaciar o mia Young o o 1 October 2015 -
Témpano GT TIBOLTWI py3gpyc  F03Cat 23°C 2 30 June 2016
Rock 50
Hielo Sur en
) 48°49'59"S/ .
Glaciar Greve, oAyt Rotronic o o 1 October 2015 -
Nunatak HSNO 73°4325"W/ HC2-S3 +0.1°C at 23°C 2 30 June 2016
. 1040
Occidental
Nunatak
°49'55" Youn o o
West Hielo Sur en 48°4955'S/ 413823C $0.3°Cat 23°C 1 October 2015 -
. HSG 73°34'53"W/ 2
Glaciar Greve 30 June 2016
1428
Glacier 48°50'02"S/ .
Boundary  GBLL  733451'W/ oSt sopec.s0scc 12 L[ Ocober201s -
Layer Station 1 1415 Y
. Glacier 48°51'34"S/ .
Slacier Boundary  GBL2  73°3137'W/ oo s02:c-soscc 2 25 OCOPerZOls-
suriace Layer Station 2 1294
Glacier 48°54'30"S/ . .
Boundary GBL3  73°27'47"WI Thfggftor +0.1°C - +0.5°C 2 10 gﬂﬂ:fzoolfsso
Layer Station 3 1378
East
Hielo Sur en 48°55'28"S/ .
Nunatak Glaciar HSO  73°1626"w/  ROWOMC g 1ec ato3eC 2 17October 2015 -
e HC2-S3 30 June 2016
O'Higgins 1234
. 48°55'47"S/
Glaciar O oyin A b Young o o 1 October 2015 -
Rock O'Higgins GO 3 03%1 Wi 41380y *03°Cat 23°C 2 30 June 2016
918
919
920
921
922
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923 Table 2. Mean seasonal lapse rate at hourly time step for gsabon. Spring is October to December, summer is
924  January to March and fall April to June. Number of casesndicated by n and number of thermal inversamisodes
925  (abbreviation t.i.) in bracket3he table include data from multi-linear regressioniote@mperature observations
926  against elevation where parenthesis indicate theeRtionship. Also data obtained between each pak\Wi§ is
927  showed (stepwise)
Stepwise
Multi-sitelinear regression
West East
All AWSs All AWSs West All AWSs East GT-HSNO HSNO-HSG GO-HSO HSO-HSG
Season Lapse Lapse Lapse
n rate n rate n rate n L;Ft)ze n L;Ft)ze n L;’z:e n L;’z:e
. Bl . Sl . Sl . . . .
(tl) [ C(:Rg; ] (tl) [ %err; ] (tl) [ ((:Rg; ] (tl) [oC ml] (tl) [oC ml] (tl) [oC ml] (tl) [oc ml]
: 1672 -0.0074 2024 -0.0066 1672 -0.0081 2208 2208 1824 1672
Spring ") ©097) (16)  (0.99) ) (0.09) (36) 00086 io7 00068 o -0.0080 e -0.0092
1998 -0.0069 1971 -0.0059 2002 -0.0077 2180 2180 2184 2002
Summer g9y (0.93) (84)  (0.99) (85)  (0.99) (115 00058 47y 00065 4gyy 00077 gg 00082
1993 -0.0028 1993 -0.0029 2002 -0.0048 2175 2175 2184 2002
Fall  428) (061) (471) (0.86) (320) (0.98) (732) 00020 77y 00060 397 00046 54,  -0.0064
928
929
930
931
932
933
934
935
936
937
938
939
940
941
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Figure 1. a) Spatial configuration of the AWSs (red triangles) dhrasonic depth gauges (GBL1, GBL2 and GBL3).
Glacier contours (blue lines) are from De Angelis (2014). IBuipe is the profile in b). The satellite image is a
Landsat from the 8 April 2014. Contour lines are 400 m spagéanigitudinal profile of the elevations of AWS and
Sonic Ranges. Bedrock topography is derived from thickness\ail data from Gourtel et al. (2015, black line) and
thickness modelled data from Carrivick et al. (2016, griee).|Dashed black line represents the ice divide.

Figure2.a) Time series of the mean daily temperature of treeAWS and the three snow sensors. Sensors are located
2 m above the ground, except GBL1 located at 1.2 m. Greégpeisacorrespond to the minimum and maximum values
in each day. The order from top to bottom is from wesiassi. Note that y-axis is different between plots. h)riyo
mean for each AWSs for the period 25-Oct-2015 to 15-Feb-2G16)adourly mean for each AWSs for the period
10-Oct-2016 to 30-Jun-2016

Figure 3. Monthly boxplot of the LRs estimated for each pair of @VWpper and lower box limits are the 75% and
25% quatrtiles, the red horizontal line is the median,illed fyreen circle is the mean, and crosses are ogtisalues.
As a reference, the ELR and the dry adiabatic lapgsear® indicated. For panel e) note the different y-sséde
(dashed lines correspond to the range in all other panbks)rey line corresponds to zero lapse rate.

Figure 4. Scatter plot of the observed air temperature andstimated air temperature using the VLR method.
Locations are a) GBL1, b) GBL2 and c) GBL3. Colored accordirthe relative humidity observed at HSG. Black
line is the best fit and the dashed line is the torane relation.

Figure 5. Mean air temperature for each method for distributeithteraperature on both sides of the SPI. Color bar
units are °C. Elevation contour lines interval 200 m. ™perow shows the west side and the bottom row thie eas
side.

Figure 6. Melt differences between each of the methods useidttibdte the air temperature using a range of DDF
in a simple degree-day model. Upper panels correspohd tedst side and lower panels to the east side. Notatthat
east side the lowest elevation is 250 m a.s.l.

Figure 7. Results of the point-scale energy balance: a) Estohratan energy fluxes using different air temperature
distributions schemes; b) Observed radiation fluxes; déjnattd cumulative melt and sublimation and observed
ablation at GBL1 and GBL2 locations; Shadowed area qunas to the range of snow densities observed at both
locations. a), b) and c) are on the west side at tagitm of HSNO. d), €) and f) are on the east side dbdation of
HSO. Note that in panels ¢) and f) sublimation are onrdiftescales.
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