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Abstract 18 

The glaciers of Patagonia are the largest in South America and are shrinking rapidly, raising 19 
concerns about their contribution to sea-level-rise in the face of ongoing climatic change. 20 
However, modelling studies forecasting future glacier recession are limited by the scarcity of 21 
measured on-glacier air temperatures, and thus tend to use spatially and temporally constant lapse 22 
rates. This study presents nine months of air-temperature observations. The network consists of 23 
five automatic weather stations (AWS) and three on-glacier air temperature sensors installed on 24 
the South Patagonia Icefield along a transect at 48° 45’ S. Observed lapse rates are, overall, steeper 25 
on the east (-0.0072 °C m-1) compared to the west (-0.0055 °C m-1) and vary between the lower 26 
section (tongue, ablation zone) and the upper section (plateau, accumulation zone) of the glaciers. 27 
Warmer off-glacier temperatures are found in the east compared to the west for similar elevations. 28 
However, on-glacier observations suggest that the glacier cooling effect is higher in the east 29 
compared to the west. Through application of distributed temperature-index and point-scale energy 30 
balance models we show that modelled ablation rates vary by up to 60%, depending on the air 31 
temperature extrapolation method applied, and that melt is overestimated and sublimation is 32 
underestimated if the glacier cooling effect is not included in the distributed air temperature data. 33 
These results can improve current and future modelling efforts of the energy and mass balance of 34 
the whole South Patagonia Icefield. 35 

1 Introduction 36 

On mid-latitude glaciers, near-surface air temperature is the main control on energy exchange over 37 
a snow or ice surface (Petersen et al., 2013, Shaw et al., 2016) and for glaciological applications, 38 
it is used as input for melt calculations ranging from empirical temperature-index (Hock, 2003) 39 
through to physically-based energy balance models (Greuell & Genthon, 2003). The air 40 
temperature is used to calculate the incoming longwave radiation and the sensible heat, and also 41 
where air temperature influences other variables such as moisture, which is used to calculate latent 42 
heat (Ebrahimi & Marshall, 2016). In terms of accumulation processes, the accurate distribution 43 
of air temperature over the glacier surface is essential for distinguishing areas where precipitation 44 
falls as rain or snow (Minder et al., 2010), and it also has a direct impact on snowpack 45 
metamorphism affecting snow redistribution (Carturan et al., 2015). Glacier mass balance models 46 
thus rely on accurate spatial distribution of the air temperature (Carturan et al., 2015). 47 

Patagonia (40° S – 55° S) contains the largest glacierised area in South America, but recent 48 
evidence shows that most of these glaciers are shrinking rapidly (Foresta et al., 2018; Davies & 49 
Glasser, 2012; Malz et al., 2018; Meier et al., 2018; White & Copland, 2015). This deglaciation is 50 
primarily a matter of concern for sea level rise (Foresta et al., 2018; Gardner et al., 2013; Rignot 51 
et al., 2003, Willis et al., 2012). However, very little is known about how glacial areal changes and 52 
mass balance processes are linked to changes in climate (Malz et al., 2018; Pellicciotti et al., 2014; 53 
Weidemann et al., 2018). Overall, these changes are generally attributed to temperature increase 54 
as the glaciers in Patagonia are strongly sensitive to temperature change (Malz et al., 2018; 55 
Masiokas et al., 2008).This is because ablation is dominated by melt (Sagredo et al., 2012) . Thus, 56 
an in-depth understanding of air temperature variability and on-glacier near-surface meteorology 57 
is needed to understand the current and future state of these glaciers. 58 

  59 
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Previous research has described the steep gradients of some meteorological variables on the east 60 
side of the Southern Andes, which is a relatively dry ‘rain shadow’ leading to a foehn effect, while 61 
the windward west side experiences high precipitation and humidity and lower lapse rates 62 
(Lenaerts et al., 2014; Schneider et al., 2003; Smith & Evans, 2007). However, little attention has 63 
been given to the implications of these spatial contrasts for glacier mass balance and response to 64 
climate. Schneider et al. (2003) demonstrated a relationship between atmospheric circulation and 65 
glacier response, stating that wetter conditions caused by a change in circulation on one side lead 66 
to drier conditions on the other, and vice versa. Despite its importance for glaciological 67 
applications, there are no empirical studies of the spatial and temporal variability of air temperature 68 
over the surface of both sides of the Patagonian Icefields, and hence its significance to the climatic 69 
response of glaciers is unknown.  70 

Vertical lapse rates, are the most common method of distributing air temperature in modelling 71 
studies (Marshall et al, 2007; Petersen & Pellicciotti, 2011; Wheler et al, 2014) and are one of the 72 
parameters to which melt models are most sensitive (Heynen et al., 2013). However, due to the 73 
complex boundary-layer meteorology of mountainous areas and the general lack of detailed on-74 
glacier measurements (Hanna et al., 2017), constant and linear lapse rates are commonly used for 75 
glacier ablation estimations, rather than distributed air temperature fields for glacier ablation 76 
estimations (Ayala et al., 2015). This is a major simplification, as it has been widely recognized 77 
that air temperature lapse rates are spatially and temporally variable in mountainous regions 78 
(Petersen & Pellicciotti, 2011), both on-glacier (Ayala et al., 2015; Hanna et al., 2017; Shaw et al., 79 
2017) and off-glacier (Heynen et al., 2016; Shen et al., 2016). Many studies use off-glacier data 80 
which do not account for the variability of the air temperature associated with katabatic boundary 81 
layer flows and the damping and ice surface cooling effect observed over glacier surfaces (Ayala 82 
et al., 2015; Carturan et al., 2015; Petersen and Pellicciotti, 2011; Petersen et al., 2013; Shaw et 83 
al., 2016). The cooling effect occurs under positive atmospheric temperatures as the lowest layers 84 
of air are cooled by sensible heat exchange with the underlying ice. The magnitude of the cooling 85 
effect is defined as the difference between screen-level temperatures over a glacier compared to 86 
equivalent-altitude ambient temperatures. This cooling is not homogenous over a glacier surface 87 
and depends on the geometric characteristics (Carturan et al., 2015). Cold dense air flows down 88 
glacier as a katabatic flow whose temperature structure can be simplified as a balance between 89 
adiabatic warming and cooling by sensible heat exchange with the glacier (Greuell and Böhm, 90 
1998). Due to this reason, on-glacier lapse rates are typically lower than the environmental lapse 91 
rates (Shaw et al., 2017). 92 

In Patagonia, a few reported lapse rates exist, but most are based on off-glacier observations. 93 
Regarding on-glacier observations, Takeuchi et al. (1996) and Stuefer et al. (2007) both estimated 94 
a lapse rate of -0.0080°C m-1 at the lower end of Perito Moreno glacier on the eastern side of the 95 
South Patagonia Icefield (SPI), while Popovin et al. (1999) reported an on glacier lapse rate for 96 
the small De Los Tres glacier, which is located outside the SPI. This study reported a mean lapse 97 
rate over the glacier surface of -0.015 °C m-1 over the terminus area, and noted frequent thermal 98 
inversions. Above 1,400 m a.s.l., the lapse rate reduced to -0.0017 °C m-1 (Popovin et al., 1999). 99 
While useful, these observations are limited by their short observation period of approximately 5 100 
weeks, from 26 January to 4 March 1996. 101 

Usually, mass balance modelling and temperature sensitivity analyses in Patagonia distribute the 102 
air temperature using the environmental lapse rate (ELR, -0.0060 to -0.0065 °C m-1) (Barry, 2008) 103 



Confidential manuscript submitted to Journal of Geophysical Research: Atmospheres 

4 
 

as a spatially and temporally constant value (Bravo et al., 2015; Kerr & Sugden, 1994; Schaefer et 104 
al., 2013; Schaefer et al., 2015). At best, studies use a monthly variable lapse rate (Mernild et al., 105 
2016 following Liston & Elder, 2006), and distribute the air temperature using climate data from 106 
regional and global models. Constant lapse rates have also been used to extrapolate off-glacier 107 
meteorological data; for example, Rivera (2004) used a constant lapse rate of -0.0060 °C m-1 to 108 
distribute the monthly air temperature over Chico Glacier, and De Angelis (2014) used a constant 109 
lapse rate of -0.0080 °C m-1 to distribute daily air temperature across all the SPI. 110 

Historically, meteorological observation on the plateau of the SPI has been difficult, due to the 111 
harsh weather conditions and the extreme logistical challenges. In spite of these restrictions, a 112 
weather station network was installed in 2015 (CECs-DGA, 2016), providing 9 months of 113 
continuous temperature measurements for a longitudinal profile at around 48° 45’ S enabling 114 
spatial and temporal patterns of air temperature to be investigated. 115 

In this work, we present an analysis of the air temperature and the lapse rates observed in this first 116 
Automatic Weather Station (AWS) network across the SPI. First, we describe the air temperature 117 
observations, concentrating on the spatial differences along the profile. Then, the vertical structure 118 
of the air temperature is analyzed at the glacier scale, and comparison between on-glacier and off-119 
glaciers air temperature conditions are conducted. Finally, the impacts on ablation processes are 120 
assessed, for which we use both a distributed degree-day model and a point-based energy balance 121 
model to quantify the effects of different air temperature parametrizations on the modelled melt. 122 

2 Materials and Methods 123 

2.1 Study area and observations 124 

The largest ice mass in Patagonia is the SPI  which extends over 350 km between the latitudes 125 
48°20'S and 51°30'S, along the meridian 73°30'W, with an area of ~13000 km2 (De Angelis, 2014). 126 
The SPI comprises 48 main glacier basins, which end primarily in fjords on the western side and 127 
in lakes on the eastern side (Aniya et al., 1996). These glaciers are joined in the accumulation zone 128 
(“plateau“), with an average altitude of ~1,500 m a.s.l. The SPI is the second largest freshwater 129 
reservoir in the Southern Hemisphere, after Antarctica (Warren and Sudgen, 1993). 130 

In recent decades, the majority of the outlet glaciers in the SPI have been retreating (Davies et al., 131 
2012). Overall, White and Copland (2015) report a total area loss of 542 km2 (~4% of the SPI) 132 
between the end of the 1970’s and 2008-2010. Nevertheless, the rates and trends are neither 133 
homogeneous nor synchronous (Sakakibara & Sugiyama, 2014) and include episodes of advance 134 
(e.g. Pio XI glacier, Wilson et al., 2016).   135 

This work focuses on the northern sector of the SPI (Figure 1) using data from a series of five 136 
AWSs, installed on proglacial zones and nunataks, running west-east across the ice divide. We 137 
take the AWS installed on the west side to be representative of glaciers Tempano (334 km2), 138 
Occidental (235 km2), Greve (428 km2), HPS8 (35 km2) and one unnamed glacier (41 km2). AWSs 139 
installed on the east side are representative of glaciers O’Higgins (762 km2), Pirámide (27 km2) 140 
and Chico (239 km2) (Figure 1) (DeAngelis, 2014).  141 

Each AWS recorded a full set of meteorological variables between October 2015 and June 2016, 142 
comprising air temperature, relative humidity, wind speed and direction, incoming shortwave and 143 
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longwave radiation and atmospheric pressure (Table 1). In addition, three ultrasonic depth gauges 144 
(UDGs) were installed directly on the glacier surface over the plateau. In the same structure, two 145 
air temperature sensors were also installed at an initial height of 2 and 4 m above ground level 146 
(a.g.l.). We call these Glacier Boundary Layer (GBL) air temperature stations (GBL1, GBL2 and 147 
GBL3 in Figure 1 and Table 1). We use these data to validate air temperature estimated with the 148 
different methods and to compare the ablation estimations. Unfortunately, the observations during 149 
three months (July, August and September 2016) are not complete or are completely absent, 150 
probably due the harsh weather conditions and logistical difficulties in recovering the data, hence 151 
we discard these periods. 152 

The environment at proglacial and nunatak sites is influenced by local warming from solar heated 153 
rocks, although a partial influence of the glacier-boundary layer at these locations is expected. Two 154 
AWS (GO and GT) are proglacial stations. GT is located in a valley at a distance of 2.5 km from 155 
one of the calving fronts of the Tempano glacier, separated from the glacier by a fjord and by a 156 
hill of ~350 m a.s.l. At the time of the measurements, GO was located approximately 0.5 km from 157 
the glacier terminus, separated from the ice by a small branch of the O’Higgins lake. Three AWS 158 
(HSNO, HSG, HSO) are located on nunataks on the plateau. HSNO is located on a small nunatak 159 
(1.8 km2 in area) on the Greve glacier. This AWS is located 100-150 m above the elevation of the 160 
tongue of the glacier but a sector of the nunatak, east of the AWS, is still covered by ice. HSG is 161 
located on a narrow nunatak (1.6 km2 in area).  The relative height over the plateau of the location 162 
of HSG reaches 50-60 m of the west side of the nunatak and 10-15 m to the east side of the nunatak. 163 
HSO is also located on a nunatak (2.8 km2 in area) close to the elevation of the Equilibrium Line 164 
Altitude (ELA) of the O’Higgins glacier. This AWS is located at a relative height over the glacier 165 
surface of 50 to 250 m.  166 

Air temperature sensors were installed in a naturally ventilated radiation screen. Errors due to 167 
radiative heating of the sensors are likely to be minor due to the prevalence of strong winds over 168 
the icefield (Garreaud et al., 2013). Except for HSG all the stations have 100% of the observations 169 
during the periods indicated in Table 1. A gap of data was detected in HSG, between the hours 170 
2100 and 2200, for the entire observation period. These gaps were filled using linear interpolation. 171 
We take the measurements error to be that declared by the manufacturer (Table 1) and 172 
unfortunately, no inter-comparison was possible as the AWS and GBL were installed at different 173 
dates. The air temperature sensors at 4 m were used to verify the observations at 2 m. 174 

2.2 Lapse rates 175 

We concentrate our analysis on the observed lapse rates (LRs) between AWSs, and their spatial 176 
and temporal differences. For calculation of LRs, it has been suggested that multiple measurements 177 
should be used, as this allows calculation of the strength of the relationship between air temperature 178 
and elevation (Heynen et al., 2016). We thus calculate the SPI LRs from the regression of all mean 179 
temperature values, and the measure of the strength of the elevation dependence is provided by the 180 
determination coefficients (R2) of the linear regression. In addition, to establish the differences 181 
between the western and eastern sides of the Icefield, stepwise air temperature lapse rates were 182 
estimated at hourly intervals.  183 

As HSG is located 2.9 km from the glacier divide (Figure 1), the LRs for the west side were 184 
estimated between GT-HSNO and HSNO-HSG and on the east side between GO-HSO and HSO-185 
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HSG. The observed air temperatures at GBL1, GBL2 and GBL3 were used to assess how 186 
representative the different extrapolation methods are of temperatures within the glacier surface 187 
layer. 188 

2.3 Air temperature distribution 189 

Based on these observations we apply five different extrapolation methods to simulate air 190 
temperature distribution, using air temperatures observed in HSNO for the west side and HSO for 191 
the east side as the primary input datasets. For all five methods, the hourly air temperature was 192 
distributed using the LP DAAC NASA Version 3 Shuttle Radar Topography Mission Digital 193 
Elevation Model (hereafter, SRTM DEM; NASA JPL, 2013) using the local UTM zone 18S. 194 
Considering the hypsometry of this zone and to maximize computational efficiency we resampled 195 
the SRTM DEM to 200 m resolution.  196 

First, air temperature was distributed using a constant LR of -0.0065 °C m-1 (Barry, 2008) 197 
corresponding to the ELR. This value is the most commonly used value in the literature for 198 
glaciological and hydrological modelling (e.g. Schaefer et al., 2015). 199 

Second, the seasonal mean observed LRs (MLR) were used to characterize the spatial differences 200 
between east and west sides and also between the plateau and the tongue of the glaciers. 201 

Third, stepwise observed and hourly variable LRs (VLR) were applied. This method includes both 202 
spatial and temporal variability. On the west side, we used the GT-HSNO lapse rate between 0 and 203 
1,040 m a.s.l. and the HSNO-HSG lapse rate between 1041 and 3,500 m a.s.l. (the highest point). 204 
On the east side, we used the GO-HSO lapse rate between 250 m (approximately the elevation of 205 
the front of O’Higgins glacier) and 1234 m a.s.l. and the HSO-HSG lapse rate between 1,235 and 206 
3,500 m a.s.l.  207 

As the second and third methods use data from both proglacial and nunatak weather stations, they 208 
represent non-glacial surface temperatures rather than the glacier-boundary layer temperature. 209 
Hence VLR corresponds to the variable atmospheric lapse rate. For input to a glacier ablation 210 
model the air temperature using VLR must be adjusted for the glacier boundary layer cooling 211 
effect. The fourth method therefore compared the VLR air temperatures with observations from 212 
on-glacier sensors (VLRBias). GBL2 is assumed to be representative of the west side and GBL3 213 

of the east side. The adjustment of the air temperature ( ௩ܶ) consists of a bias-correction of the 214 
data using the following expression (Teutschbein & Seibert, 2012): 215 

௩ܶ ൌ ௩ܶ  Ɋሺ ܶ௦ሻ െ Ɋሺ ௩ܶሻ                                  (1) 216 

where ܶ ௩  is the air temperature estimated with the VLR method at the elevation of the GBL2 on 217 

the west side and of the GBL3 on the east side, and Ɋ is the mean of the observed air temperature 218 
at GBL2 and GBL3 (ܶ௦) and of the ܶ௩. This approach is the same as that adopted by Ragettli 219 
et al (2013) and Ayala et al. (2016) for glaciers in Central Chile. Considering that the time series 220 
of GBL2 and GBL3 are shorter (Table 1), it is assumed that the difference in the mean is constant 221 
along the period and is isotropic. This approach attempts to replicate data observed on-glacier 222 
rather than AWSs off-glacier alone. We only used data from GBL2 and GBL3, considering that 223 
the air temperature sensor in GBL1 was installed at 1.2 m. 224 
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Finally, the fifth method corresponds to the method of Shea and Moore (2010; SM10 hereafter) 225 
which was then applied to alpine glaciers by Carturan et al. (2015) and Shaw et al. (2017). The 226 
advantage of this method is that it uses off-glacier data to extrapolate the air temperature and is a 227 
function of the flowline distance which is the average from a summit or ridge (Shaw et al., 2017). 228 
In our case, the distance was calculated using the SRTM DEM (Figure S1). The air temperature is 229 
estimated using a statistical model that accounts for the differences between ambient temperature 230 
and on-glacier temperature:  231 

௦ܶଵ ൌ ൜ ଵܶ   ݇ଶ ሺ ௩ܶ െ ሻǡ      ௩ܶכܶ   ଵܶ  כܶ െ  ݇ଵ ሺ ܶכ  െ  ௩ܶሻǡ    ௩ܶ ൏  232 (2)                                      כܶ

௩ܶ is representative of the free atmospheric air temperature. ݇ ଵ and ݇ ଶare parameters obtained 233 
from the slope of the linear piecewise regression, modeled as exponential functions of the flow 234 
distance. These parameters related the 2 m air temperature with the free atmospheric temperature 235 

(Figure S1) below and above the threshold ܶכwhich is defined as a function of the flow distance 236 

כܶ 237 :(Carturan et al., 2015; Shaw et al. 2017) (ܦ) ൌ  భ  మା                                                                           (3) 238 

where ܥଵand ܥଶare 6.61 and 436.04 respectively; corresponding to fitted coefficients. ܶ ଵis the air 239 

temperature threshold for katabatic effects and is calculated as ܶ כ  ݇ଵ. 240 

The parameters used in this model are the same as those used by Shea and Moore (2010) as the 241 
three on-glacier observation sites in this study are insufficient to define a new exponential curve. 242 

However, the resulting factors (݇ଵand ݇ ଶ) obtained are compared with those used by Shea and 243 
Moore (2010) and Shaw et al. (2017). In the case of GBL1 and GBL2 the factors agree with the 244 

previous curves of ݇ଵand ݇ ଶ, but, the GBL3 factors do not (Figure S1). Considering the distance 245 

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

2.4 Melt and ablation models 248 

Two models commonly used in the glaciological literature were applied to quantify the impact of 249 
air temperature distribution method on the melt and ablation over the SPI surface. First, a standard 250 
degree-day model (DDM) (e.g. Hock, 2003, 2005) was used with an hourly time step for each air 251 
temperature distribution. We chose this model over an Enhanced Temperature Index model 252 
(Pellicciotti et al., 2005), as the purpose is to identify the impacts of the air temperatures in the 253 
model, rather than quantify the real melt of these glaciers. This basic model has been used to 254 
predict future response of glaciers worldwide in many recent works (e.g. Bliss et al., 2014; Davies 255 
et al., 2014; Radic et al., 2014) and so, it is important to evaluate the corresponding parameters 256 
and assumptions used. In this model, the melt is assumed to increase linearly with air temperature 257 
above a given critical threshold assumed in this case to be at 0°C. The only data requirement is air 258 
temperature and empirically calibrated degree-day factors (DDF) that are used to scale the air 259 
temperatures to melt rates (Tsai and Ruan, 2018).  The DDFs account for the different properties 260 
of snow, firn and ice (Mackay et al., 2017). As we do not have enough data to calibrate the DDFs, 261 
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as for example stake measurements in the east side, we used a range of values between 3 mm w.e. 262 
°C−1 d −1 and 10 mm w.e. °C−1 d−1 based onprevious work (Hock, 2003; 2005).  263 

The second model is an energy balance at the point-scale where meteorological observations are 264 
available. Radiative fluxes (incoming shortwave and longwave radiation) and the meteorological 265 
inputs (wind speed, relative humidity and atmospheric pressure) were taken from HSNO (west) 266 
and HSO (east) observations. Air temperature input is also variable depending on the method used 267 
for air distribution. As the air temperature distributions of the ELR, MLR and VLR were 268 
extrapolated from the observations at HSNO and HSO, at this elevation the observed air 269 
temperature is the same as that obtained from these methods. Hence, energy balance was calculated 270 
using VLR, the VLRBias and the SM10 air temperatures. Energy available for melt (W m-2) was 271 
determined following Oerlemans (2010), assuming that the conductive heat flux and sensible heat 272 
brought to the surface by rain or snow are considered negligible. Indeed, recent work calculated 1 273 
Wm-2 for sensible flux due to rain and 4 W m-2 for ground heat flux (Weidemman et al., 2018) for 274 
two glaciers in the south of our study area. Surface temperature is assumed constant at 273.15 K 275 
(0 ƕC). The heat fluxes were calculated using the bulk approach (Cuffey and Paterson, 2010) and 276 
stability corrections were applied to turbulent fluxes using the bulk Richardson number, which is 277 
used to describe the stability of the surface layer (Oke, 1987). 278 

The complete set of equations used for the calculations of the turbulent fluxes are presented in 279 
Bravo et al. (2017) and references therein. 280 

4 Results 281 

4.1 Characterization of the observed air temperature  282 

The observed 2 m daily and hourly mean of the air temperature for each station are shown in Figure 283 
2. Lower air temperatures are recorded at the higher elevation AWS (HSG) and positive daily 284 
means at this high elevation site (1,428 m a.s.l.) are observed in summer months and even in fall 285 
where it is possible to see inversion episodes of the air temperature. Hence higher values are 286 
observed on the plateau when compared with off-glacier values. 287 

The off-glacier air temperature shows positive values throughout the observational period with 288 
higher mean values generally registered at GO despite being located at a higher elevation than GT. 289 
At similar elevations, air temperatures at GBL1 are lower than at HSG, except in February. We 290 
associate this difference with the cooling effect of the glacier surface (Carturan et al., 2015), as 291 
HSG is installed on the rock surface and GBL1 is on snow on the glacier surface. The daily mean 292 
amplitude is higher on the west at GT (~4.5°C) compared with eastern AWS GO (~2°C). 293 

The diurnal temperature range is higher at the off-glacier AWS compared to on-glacier AWS 294 
(Figure 2), revealing the dampening effect of the ice surface. The hourly mean values show that 295 
the highest Pearson’s correlations coefficients (r) are between plateau air temperatures (Table S1) 296 
with r>0.88 in almost all the cases. The r between off-glacier temperatures and plateau 297 
temperatures are in all cases <0.52. The r between the AWS on the west side (GT and HSNO) is 298 
0.44 and 0.47 between the eastern AWS (GO and HSO). The correlation is higher if the time series 299 
are compared between October and March with 0.67 and 0.59, respectively. Large-scale climate 300 
anomalies during the austral fall (Garreaud, 2018) lead to a lower correlation between off-glacier 301 
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AWS and on-glacier and nunataks AWS. The observations reveal that this circulation pattern 302 
increases the air temperature over the plateau more than over the off-glacier sites. Interestingly, r 303 
between both off-glacier (67 km distance) air temperatures is 0.77. 304 

4.2 Lapse rates at glacier scale 305 

The comparison between monthly mean air temperature and the elevation of the AWS on the SPI 306 
(Table 2) shows that LRs are highly linear with Coefficient of Determination (R2) values over 0.90 307 
from October to March. In the fall months this correlation diminishes to values close to 0.61 and 308 
during May the R2 value is very low (0.18) when using all AWSs, suggesting an important control 309 
other than elevation at this scale (Figure S2). Spatially and temporally, the LRs estimated are 310 
steeper in the east compared to the west. Both sides show higher R2 values (0.99) when considered 311 
separately, with the exception of fall (Table 2). 312 

The stepwise hourly LRs show a range of values (Figure 3, Table 2). The estimated hourly 313 
observed lapse rate between each pair of AWS shows that on the west side, LRs are shallower 314 
(mean value -0.0055 °C m-1 ) compared with the LRs observed on the east side (mean value -315 
0.0072 °C m-1). Mean values of LR on the west side (GT-HSNO and HSNO-HSG) are close to the 316 
ELR (-0.0065 °C m-1). On the east side, the mean values are between the ELR and the dry adiabatic 317 
lapse rate (DALR, -0.0098 °C m-1). On the east side, the plateau LRs (HSO-HSG) are steeper than 318 
the tongue LRs (HSO-GO). On-glacier lapse rates (GBL1 and GBL2) are shallower, with values 319 
in October, November and December close to -0.0040 °C m-1 followed by predominantly thermal 320 
inversions episodes in January and February (Figure S2).   321 

In the west, GT-HSNO shows higher variability than the HSNO-HSG rate. In the latter case, the 322 
mean values and the median for each month are close to the ELR, while mean and median values 323 
for GT-HSNO show higher inter-monthly variability. In the east, the difference between GO-HSO 324 
and HSO-HSG is less evident. In both cases, during the spring and summer months, the LRs are 325 
between the ELR and the dry adiabatic lapse rate. LRs calculated for the HSO-HSG show a great 326 
number of steeper negative outlier values.  327 

Thermal inversions are observed on both sides of the divide. Multi-site regression and stepwise 328 
statistics show that these episodes are more frequent on the west side, especially during fall. The 329 
data in Table 2 show that the episodes of thermal inversion are not necessarily concordant between 330 
the lower and the higher part of the glaciers on each side. Interestingly, the time series for the east 331 
side shows that a plateau (HSO-HSG) thermal inversion could occur with decreasing temperatures 332 
on the tongue (GO-HSO) and vice-versa. On the west side, it is also possible to identify episodes 333 
of thermal inversion on the tongue (GT-HSNO), meanwhile, the plateau (HSNO-HSG) shows a 334 
decrease in temperature with elevation. Therefore, a more complex structure in the air temperature 335 
lapse rates is detected. The lower R2 values coincide with more frequent thermal inversion 336 
episodes, but, an important difference is that the signal of the thermal inversion in the fall months, 337 
especially May, is not strong in the distribution of the LRs of HSNO-HSG. 338 

4.3 Air temperature distribution 339 

A comparison of the observed air temperature (GBL) with air temperature extrapolated using the 340 
VLR method (Figure 4) shows an offset, especially at GBL1 (Figure 4a) and GBL2 (Figure 4b). 341 
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This offset is associated with the cooling effect that off-glacier and nunatak air temperatures 342 
observations cannot account for. The variability of the time series is almost the same, especially 343 
GBL1 and GBL2 where the correlation coefficients are 0.98 and 0.92, whereas in the location of 344 
GBL3 it is 0.54 (Figure 4c). Comparing these two time series reveals that spatial differences exist 345 
regarding the cooling effect. The observed on-glacier air temperature shows that the cooling effect 346 
on the west side reaches a mean value between 0.8°C (GBL1) and 1.3°C (GBL2) while on the 347 
east side it reaches 3.3°C, with significantly more scatter (GBL3, Figure 4c). The strength of the 348 
glacier cooling effect could be also related to humid conditions on both sides. Figure 4 shows that 349 
under lower relative humidity values, the differences between VLR and the observed air 350 
temperatures are higher, and hence the correlation is poor, especially at the GBL3 location (Figure 351 
4c). We verified these data by comparing the observations from the same station at 4 m; the 352 
correlation coefficient is 0.95 and the mean difference is 0.6°C. As the differences become more 353 
pronounced with lower values of relative humidity, and the east side is drier than the west side, 354 
we might expect to see greater differences in the east. 355 

The mean values of the air temperature distribution for each of the methods are presented in Figure 356 
5. At comparable elevations, warmer conditions are observed in the east using the ELR, MLR and 357 
the VLR methods. The mean air temperature calculated with the VLR and MLR is similar on both 358 
sides, implying a reduction of 0.5 to 0.6°C relative to the ELR.  359 

On the west side, ELR, VLR and MLR showed similar values, except on the tongues of the 360 
glaciers, where ELR shows mean air temperature over 10°C. The lowest mean air temperature is 361 
obtained with the SM10 method. SM10 shows a lower air temperature across all glacier surfaces, 362 
especially notable at the tongue of each of the glaciers. At the point scale, the comparison of the 363 
observed air temperature at GBL2 compared with the SM10 shows a mean difference of 0.6°C. 364 
This represents a reduction of the difference with the other methods (ELR, MLR and VLR) 365 
implying that SM10 captures some of the cooling effect of the glacier surface.  366 

On the east side, the lowest mean air temperature is obtained with the VLRBias method. The SM10 367 
just captures a small portion of the cooling effect as at the location of the GBL3, the mean 368 
difference with the observed data is only reduced by 0.1 °C compared with the difference using 369 
VLR. On both sides, some uncertainties exist in the magnitude of the real cooling effect using 370 
SM10 as we used the original parameters of Shea and Moore (2010) and not newly calibrated 371 
parameters. 372 

On the east side, the difference between ELR/MLR and VLR is smaller along the plateau and the 373 
tongues of the glaciers. However, at higher elevations, the VLR determines warmer conditions due 374 
to the thermal inversion episodes. The vertical extension of the thermal inversion is an uncertainty, 375 
considering that there are no observations over ~1,500 m a.s.l., hence the data at higher elevations 376 
must be taken with caution. 377 

On both sides the VLRBias air temperature distribution shows colder conditions compared with 378 
the ELR, MLR and the VLR. On the west side, the SM10 method gives higher cooling compared 379 
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 380 
higher elevations, SM10 shows warmer conditions than VLRBias. However, the area above 1,500 381 
m a.s.l. is only ~10% of the total, which explains the generally colder conditions of SM10 382 
compared to VLRBias on the west side (Figure 5). In the east, at the lower elevational range the 383 
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SM10 presents colder conditions compared with VLRBias; this is a small portion of the total area 384 
of the glaciers as their fronts are located at ~250-300 m a.s.l.  385 

Spatially, the differences between the west and east side depend on the method used for the air 386 
temperature distribution. The ELR method determines almost the same condition for each 387 
elevation range between west and east, while the MLR and VLR method determine warm 388 
conditions on the east compared to the west in all the elevation ranges. The opposite is true using 389 
the VLRBias method with warmer conditions in the west up to ~2,000-2,500 m a.s.l. and then 390 
warmer conditions in the east due to the great number of thermal inversion episodes. 391 

4.4 Ablation estimates 392 

Hourly distributed degree-day modeling (DDM) shows the effects of the different air temperature 393 
distributions on estimating melt across the SPI during the period 1 October 2015 to 30 June 2016. 394 
For comparison, Figure 6 shows the differences in the melt between each of the methods used to 395 
distribute the air temperature. The differences are shown by elevation range and for a range of 396 
degree-day factors (DDFs).  397 

In the west, the larger differences between all the methods are concentrated at elevations below 398 
1,000 m a.s.l. The ELR melt is highest for most of the elevation range, except the greatest 399 
elevations where all the other methods tend to be similar or higher melt rate. The highest melt 400 
differences are between ELR/MLR-SM10, reaching values between 7 and 14 m w.e at the lower 401 
elevations. The VLR estimated greater melt than VLRBias, as expected; depending on the DDF 402 
used this difference could reach more than 3 m w.e. in the tongue of the glacier (0 to 1,000 m 403 
a.s.l.). However, with the typical DDF used for ice (6 to 7 mm w.e. °C-1 d-1), the difference is 1.5-404 
2 m w.e. Interestingly, the differences between MLR-VLR are very low and the differences 405 
between VLRBias-SM10 are also low except at the very lower elevations, suggesting that greater 406 
cooling effect in the tongue of the glacier is represented by SM10. At the locations of GBL1 and 407 
GBL2 and over 1,000 m a.s.l. the differences are close to 0 m w.e.  408 

On the east side, the VLR modeled melt is higher than the ELR at higher elevations and similar at 409 
lower elevations. Higher differences are observed in the lower sector between ELR-SM10, MLR-410 
SM10, VLR-SM10, in all these cases with a maximum of 8 m w.e. assuming higher DDF. 411 
Differences between 4 to 6 m w.e. are observed for more typical DDF for ice (6 to 8 mm w.e. °C-412 
1 d-1). The VLRBias-SM10 difference shows that the SM10 captures the cooling effect at the lower 413 
elevations, as the difference is close to 0 m w.e. 414 

The results of the estimated melt using the five methods are compared with the observations of the 415 
ablation using UDGs at GBL1 and GBL2 locations (Table S2). The observed air temperatures at 416 
these locations, following the same DDM approach, suggest that the DDF to replicate the observed 417 
melt is close to 8.5 mm w.e.  °C-1 d-1, which compares well with values derived in other glaciated 418 
areas (Hock, 2003). On both sides, ELR, MLR and VLR melt are higher than the observed; 0.4-419 
0.5 m w.e. at GBL1 and 1.3 m w.e. at GBL2 location. VLRBias and SM10 melt rate are close to 420 
the observed values with an overestimation of 0.2-0.3 m w.e. at GBL2. This emphasizes that the 421 
inclusion of the cooling effect is necessary for melt estimations as this is a comparison with an 422 
independent source of data from the UDGs.  423 

The results of the energy balance at point scale (Figure 7) show the spatial differences related to 424 
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the meteorological conditions between the east side and the west side. Incoming shortwave 425 
radiation is higher in the east due to less humidity and cloud cover and incoming longwave 426 
radiation is slightly higher in the west due to more persistent cloud cover. Turbulent fluxes are the 427 
smaller contributors to the energy balance on both sides and are the most sensitive fluxes to the 428 
changes in the air temperature distribution method. 429 

The sensitivity of the energy fluxes to three methods of air temperature distribution (VLR, 430 
VLRBias and SM10) are shown in Figures 7c and 7f. In the west, the greatest change is observed 431 
in energy available for melt, as the 208 W m-2 estimated by the VLR method reduces to 180 W m-432 
2 (VLRBias) and 157 W m-2 (SM10). Refreezing values are similar. The mean latent heat changes 433 
from 45 W m-2 (VLR) to 24 W m-2 (VLRBias) and 19 W m-2 (SM10) and the sensible heat changes 434 
from 68 W m-2 (VLR) to 47 W m-2 (VLRBias) and 43 W m-2 (SM10). On the east side the changes 435 
in the turbulent fluxes are even higher; latent heat changes from 20 W m-2 (VLR) to -76 W m-2 436 
(VLRBias) and 0 W m-2 (SM10) and the sensible heat changes from 91 W m-2 (VLR) to -24 W m-437 
2 (VLRBias) and 70 W m-2 (SM10). The energy for melt also decreases from VLR to VLRBias, 438 

but increases comparing VLRBias and SM10.  439 

The ablation impacts associated with the different methods to distribute the air temperature to input 440 
the point-scale energy balance are show in Figures 7c and 7f. The accumulated melt on the west 441 
side decreases from 7.4 m w.e (VLR) to 5.9 m w.e. (VLRBias) and 5.4 m w.e. (SM10), while 442 
sublimation increases from 0.03 m w.e. (VLR) to 0.05 m w.e. (VLRBias) and 0.04 m w.e. (SM10). 443 
In any case, these sublimation values represent a very small fraction (less than 0.8%) of the total 444 
melt. On the east side the differences are more evident, the accumulated melt decreases from 8.2 445 
m w.e. (VLR) to 3.0 m w.e. (VLRBias) and 6.6 (SM10). The accumulated sublimation increases 446 
from 0.1 m w.e. (VLR and SM10) to 0.4 m w.e. (VLRBias). This means that in the east and using 447 
the VLRBias, sublimation comprises 12% of the total ablation. On the west side, a qualitative 448 
comparison of the ablation is obtained from UDGs data at GBL1 and GBL2. As GBL1 and GBL2 449 
are located at higher elevation it is expected that the ablation will be lower with respect to the 450 
HSNO (1,040 m a.s.l.). Unfortunately, the UDG installed at GBL3 on the east side did not record 451 
data during the period of analysis. However, the UDG at GBL2 located at ~20 km from HSO 452 
represents an estimate, suggesting the VLRBias air temperature is closest to the observed ablation. 453 

5 Discussion 454 

5.1 Uncertainties 455 

In estimating lapse rates from observations, it is important to recognize the influence that the 456 
number and position of stations may have on the derived values. For example, sites located at 457 
valleys bottoms, on mountain passes, and in positions elevated above glacier surfaces may not be 458 
representative of the wider terrain (Minder et al. 2010). In the current study, the correlation matrix 459 
of air temperatures revealed that GT and GO showed the weakest relationship. GT is located at the 460 
lower end of a small valley frequently affected by temperature inversion (Carturan et al., 2015). 461 
GO is located close to the front of the O’Higgins glacier, but in an area also affected by the wind 462 
dynamics of the valley of Pirámide glacier. Additionally, both AWSs are located close to water 463 
bodies, GT is close to a fjord and GO to a lake, and the boundary layer dynamics of these water 464 
bodies could also influence the air temperature at these locations. The great number of factors that 465 
potentially influence the air temperature observations indicate that corrections are necessary for 466 
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using such data over glacier surfaces. 467 

The reliability of on-glacier temperatures is crucial for the robustness of the VLRBias method. Our 468 
data show that GBL1 and GBL2 are well correlated with the observed air temperature at the 469 
nunataks (Table S1) and hence could be representative of the on-glacier conditions on the plateau 470 
of the west side. However, at GBL3, there is a greater uncertainty considering the short time series 471 
and the large-scale climate anomalies during this period, which were characterized by the 472 
predominance of high sea level pressure in fall (April to May) 2016 that brought about unusual 473 
weather conditions (Garreaud, 2018). Overall, correlation coefficients are lower between all the 474 
time series during the April-June period, especially when comparing rock AWS with nunatak 475 
AWS, with values around 0.01. However, the correlations between nunatak AWS (HSNO-HSG-476 
HSO) are still between 0.88 and 0.94 which means that conditions on the plateau seem to be 477 
influenced in the same direction. This gives confidence that the GBL3 dataset, installed on the 478 
plateau, may reliably represent the long-term conditions on the east side of the SPI, or at least is 479 
representative of the cooling effect under sunny and warm conditions. These conditions were 480 
predominant in fall 2016 due to large-scale climate anomalies (Garreaud, 2018). This is also 481 
support by previous observations, as greater cooling effect has been observed under warm and 482 
sunny weather, while minimum values were observed during overcasts and unsettled weather 483 
(Carturan et al., 2015).  However, the dispersion of the data, still suggests that local conditions 484 
exist at this point and hence the conditions may not be representative of all the glacier area. 485 
Probably, this is the main reason that the correlation coefficient in GBL3 (~0.60) is not as high as 486 
GBL1 and GBL2, at least when compared to nunatak AWS (>0.90). 487 

5.2 Lapse rates and air temperature spatial patterns 488 

Previous glacier mass balance modeling in the Patagonia region has not used spatial 489 
parametrization of LRs, but the results presented in this work demonstrate that clear spatial 490 
differences exist. Specifically, we show here that the observed LRs are low in the west relative to 491 
the east. Such differences across mountains are likely a common feature (e.g. the Cascade 492 
Mountains: Minder et al., 2010). At a smaller scale, there are also differences in the LRs observed 493 
between the lower and upper regions of the Icefield on both sides. Observed on-glacier LRs are 494 
lower than off-glacier LRs and the ELR, in agreement with findings for the Canadian Arctic 495 
(Marshall et al., 2007; Gardner and Sharp, 2009), but contrasting with steep LRs observed over 496 
valley glaciers in the Central Andes of Chile (e.g. Petersen and Pellicciotti, 2011; Bravo el al., 497 
2017).  498 

Despite their common use in modeling studies, our results suggest that while the ELR, MLR and 499 
VLR methods of temperature distribution do not represent the real on-glacier conditions, the VLR 500 
does appear to capture the on-glacier variability. Furthermore, the MLR captures the general 501 
spatial pattern and hence could also potentially be used.  502 

For input to a glacier ablation model, including the glacier cooling effect in the air temperature 503 
distribution should theoretically give a more realistic estimate of the ablation. Considering that i) 504 
observed on-glacier lapse rates are difficult to obtain during longer periods, due to glacier surface 505 
characteristics (e.g. tilt of the structure by ice flux) and ii) that the correlations between observed 506 
and estimated air temperature over the glacier surface are good (Figure 4), the glacier cooling 507 
effect could be represented by a bias-correction (VLRBias, Equation 2) or by using the model of 508 
Shea and Moore (2010, SM10, Equation 3). However, for both cases, further on-glacier data would 509 
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be useful for calibrating the approach. In the first case, it is necessary to include spatial differences 510 
between the on-glacier and off-glacier air temperatures, due to cold spots and different lateral 511 
conditions with respect to the centerlines that have been observed over other glaciers (Shaw et al., 512 
2017). In the second case, further observations are needed to calibrate the parameters of the 513 
statistical model of Shea and Moore (2010), especially because the glaciers of the study area 514 
presents a longer fetch with respect to previous application on Alpine glaciers (e.g. Carturan et al., 515 
2015; Shaw et al., 2017). An alternative to these corrections is the physically-based model that 516 
was proposed to capture on-glacier air temperature conditions under katabatic flow events 517 
developed by Greuell and Bohm (1998), applied by Petersen et al. (2013) and its modified version 518 
previously used by Ayala et al. (2015) and Shaw et al. (2017).  519 

The dominant control of LRs depends of the size of the ice mass; Gardner et al. (2009) found that 520 
the free-atmosphere air temperature is the main control of the LRs rather than katabatic flow in 521 
icefields of the Canadian Arctic, but Petersen and Pellicciotti (2011) found that katabatic flow 522 
plays an important role in defining on-glacier air temperatures for a valley glacier. More in-depth 523 
analysis is therefore necessary to determine if katabatic flow plays an important role in the South 524 
Patagonia Icefield, and hence assess the applicability of the Greuell and Bohm (1998) and Shea 525 
and Moore (2010) models with greater confidence. The relationship between wind speed and LRs 526 
at the tongue of each side (LRs at GT-HSNO and GO-HSO, Figure S3) seems to suggest a control 527 
from katabatic flow especially on the east side due to the larger temperature gradient between 528 
surface and off-glacier conditions. However, the wind speed could also be related to synoptic 529 
conditions on both sides and strong foehn winds in the east, as was previously suggested by Ohata 530 
et al. (1985) in the North Patagonia Icefield, thus preventing the development of near continuous 531 
katabatic flow. Independent of the physical explanation it is clear that at the tongues, wind speed 532 
also plays a role in defining the variability of the LRs. 533 

The meteorological conditions clearly play an important role in defining the characteristics of the 534 
LRs on both sides of the northern sector of the SPI. Shen et al. (2016) indicated that the role of 535 
water vapor in the air is an essential driver of the spatial pattern of LRs. Gentle LRs are associated 536 
with relatively moister atmospheric conditions, as rising air parcels cool more slowly in a humid 537 
environment than in a dry environment. Thus, the magnitude of temperature change with elevation 538 
is reduced. This mechanism can be revealed by the spatial variability of precipitation and humidity, 539 
which are higher on the western side than the eastern side as the meteorological observations and 540 
previous work indicates (Lenaerts et al., 2014; Schneider et al., 2003; Smith and Evans, 2007). 541 

LR variability also depends on atmospheric circulation patterns. For example, the observed LRs 542 
in the area show episodes of thermal inversions, particularly in the fall months. These episodes 543 
respond to atmospheric circulation that favor the advection of warm air to the South Patagonia 544 
Icefield (Garreaud, 2018). During these episodes, on the west side, negative LRs were observed 545 
on the plateau, while positive LRs were observed on the tongues. At the end of April, the air 546 
temperature at HSNO and HSG increased, reaching positive values during this period. Meanwhile, 547 
GT does not show this increase (Figure 2). This could indicate that the air temperature close to the 548 
glacier surface does not rise uniformly and the air temperature at higher elevation responds more 549 
linearly to a free-air temperature increase, as was previously suggested by Gardner et al. (2009). 550 

It is generally accepted that at the regional scale, relatively colder air temperatures prevail on the 551 
eastern side compared to the west side over both Patagonia Icefields (Garreaud et al., 2013; 552 
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Villarroel et al., 2013), related to the topographic elevation differences between both flanks. 553 
However, at similar elevations, the use of VLR and the off-glacier observations near the front of 554 
the glaciers (GT and GO) seem to describe warmer conditions in the east compared to the west, 555 
but a steeper LR on the east, in apparent support of the results of Mernild et al. (2016).  556 

5.3 Glacier cooling effect 557 

On-glacier air temperature measurements reveal that the cooling effect associated with the glacier 558 
surface is higher in the east. Observed mean glacier cooling reaches a maximum of 3.3 °C relative 559 
to the VLR extrapolated between neighbouring stations at the location of the GBL3 on the east 560 
side and under severe drought conditions in Patagonia (Garreaud, 2018). Similar magnitudes (3 561 
°C to 4 °C) were previously observed at the Skagastøl Glacier (Norway) by Erikkson (1958) (in 562 
Carturan et al., 2015) and in Juncal Norte glacier in Central Chile (~33°S), where Ragettli et al. 563 
(2013) found a cooling effect of 2.9°C. However, the values of the k1 and k2 parameters at GBL3 564 
suggests a strong cooling effect besides been locate close to the ridge (Figure S1). The curves of 565 
Shea and Moore (2010) and Shaw et al. (2017) suggests that the cooling effect at this point must 566 
be low. This discrepancy could be explained if the location of GBL3 is a cold spot. These special 567 
features require further investigation as the models cannot replicate (Shaw et al., 2017). 568 
Meanwhile, at GBL1 and GBL2, located on the west side, the cooling was between 0.8°C and 569 
1.3°C. Although the one point of on-glacier validation and the extension of the GBL3 time series 570 
is insufficient to define the real cooling effect and its spatial differences, previous work suggests 571 
that the east side of the SPI is indeed cooler than the west. Monahan and Ramage (2010) used 572 
passive microwave observations to show that the melt-refreeze processes below 1,500 m a.s.l. start 573 
in July on the western part of the SPI, while in the east they start in September; sustained melt 574 
onset also tends to occur 25 to 35 days earlier on the west of the divide than in the east. De Angelis 575 
et al. (2007) showed larger areas of slush in the west compared to the east, as well as a greater 576 
degree of snow metamorphism associated with melt-freeze episodes in the west, suggesting 577 
relatively warmer conditions.  578 

The SM10 method also suggests slightly colder on-glacier conditions in the east compared to the 579 
west, but limited to the elevation range between 1,000-2,000 m a.s.l., where 80% of the glacier 580 
area is concentrated. At the other elevation ranges, SM10 shows warmer on-glacier conditions in 581 
the east. This spatial variability reinforces the need for more distributed and longer term on-glacier 582 
observations. 583 

5.4 Ablation impacts 584 

There is an evident impact in the reduction of the melt using a DDM with the VLRBias and SM10 585 
air temperature dataset compared to the DDM using the ELR, MLR and VLR air temperatures. At 586 
point scale, these differences are higher in the east reaching values between 4 to 6 m w.e. for DDFs 587 
between 6 and 9 mm w.e. °C-1 d-1 at 500 m a.s.l. Assuming the mean annual melt of ~10-12 m w.e. 588 
for the tongue of O’Higgins glacier, estimated by Mernild et al. (2016), the difference between the 589 
methods represents between 33% and 60% of the melt at point scale. At the distributed scale, the 590 
mean melt in the period 1979/80 and 2013/14 estimated by Mernild et al. (2016) reached a mean 591 
value of 8.1 m w.e. on the west side (Greve, Tempano and Occidental glaciers) and 6.3 m w.e. on 592 
the east side (O’Higgins and Chico glaciers). Although there are some restrictions in comparing 593 
these data (mean of 30 years) and the results of the current study (one particular season and an 594 
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estimated DDF of 8.5 mm w.e. °C-1 d-1), it appears that in the east, the melt determined by Mernild 595 
et al. (2016) is too high even compared with the melt obtained from the ELR and MLR (5.6 and 596 
5.9 m w.e.) while in the west the value obtained by Mernild et al. (2016) is close to our VLRBias 597 
estimation. 598 

Overall, the use of the constant ELR, MLR and VLR appears to overestimate the melt calculated 599 
by a DDM. However, MLR and VLR describe the variability of the on-glacier air temperature and 600 
hence could be used, after a correction, to estimate the melt. As the MLR represents the general 601 
spatial conditions (east-west; tongue-plateau), it should be noted that the MLR does not capture 602 
thermal inversion episodes and could underestimate the melt/ablation at higher elevations. The use 603 
of VLR has been highlighted as an important issue in glaciology applications (Marshall et al., 604 
2007; Petersen and Pellicciotti, 2011). 605 

The point-scale energy balance showed that the energy available decreases from VLR to VLRBias 606 
and SM10, hence, the melt decreases, notably on the east side. The energy balance results highlight 607 
that the most important impacts on the energy balance are related to the change in the sign of the 608 
turbulent fluxes using the VLRBias compared to the VLR as input to the energy balance model on 609 
the east side. The sublimation here, after a change in the sign of the mean latent heat, reaches 12% 610 
of the total ablation at 1,234 m a.s.l. This percentage could be even larger at higher elevations on 611 
the east side. Overall, the sublimation is considered a small percentage of the total ablation with 612 
values in the order of 0.1 m w.e. for the glaciers of the study area (Mernild et al., 2016). However, 613 
if the cooling effect is as high as the data from GBL3 suggest, the sublimation on the east side 614 
could be higher and hence attention must be given to this ablation component when modelling 615 
future climate response.  616 

Although the data in the current study are not conclusive, it does appear that spatially variable 617 
cooling effects must be considered as an important control on the differential response of the 618 
glaciers in this region, which has previously  been attributed to the hypsometric characteristics and 619 
calving dynamics (e.g. De Angelis, 2014; Minowa et al., 2015; Rivera et al, 2014). 620 

6 Conclusions 621 

This work presents air temperature variations across the South Patagonia Icefield (SPI) along an 622 
east-west transect at approximately 48° 45’ S.  We analyzed nine months of observations from a 623 
network of five complete series of automatic weather stations (AWSs) installed close to glacier 624 
fronts and on nunataks, supplemented by three air temperature sensors installed directly over the 625 
glacier surface. By analyzing these time series of observed air temperature and distributed values 626 
modeled with the observed lapse rates, including a bias-correction over glacier surfaces, we 627 
identified spatial variability in the air temperature structure between the east and the west sides of 628 
the icefield. This work represents the first robust assessment of air temperature variability on the 629 
SPI. The main findings are as follows: 630 

1.       There is considerable spatial and temporal variability in LRs. Observed lapse rates are, 631 
overall, steeper in the east (-0.0072 °C m-1) compared to the west (-0.0055 °C m-1) and also 632 
differences and even contrasting behavior in the LRs exist between the lower sections (tongue of 633 
glacier, ablation zone) and upper sections (plateau, accumulation zone) on each side of the SPI. In 634 
the west, the mean LR at the tongue (GT-HSNO) reached -0.0045 °C m-1 while at the plateau 635 
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(HSNO-HSG) it reached -0.0064 °C m-1. In the east, mean LR reached -0.0066 °C m-1 at the tongue 636 
(GO-HSO) and -0.0078 °C m-1 at the plateau (HSO-HSG). 637 

2.       Off-glacier temperature measurements are not representative for calculating on-glacier LRs. 638 
While off-glacier LR accounts for the variability of the on-glacier air temperature, a bias exists in 639 
comparing the estimated and the observed air temperature time series. Applying a bias-correction 640 
and/or the model of Shea and Moore (2010), we find that on-glacier conditions are warmer on the 641 
west side compared to the east. The methods to distribute air temperature could reach differences 642 
of ~1°C in the west and 3.3°C in the east when comparing mean values. At the local scale, 643 
differences reach values higher than 10°C especially on the tongues at each side. Certainly, more 644 
on-glacier measurements are needed to account for this effect at the scale of the entire icefield. 645 

3.       These two factors (1 and 2) have an impact on ablation estimates. Investigating the sensitivity 646 
of ablation to modeled air temperatures shows that important differences exist depending on the 647 
method used for air temperature distribution. Distributed temperature-index modeling and point-648 
scale energy balance analysis reveal that melt could be overestimated and sublimation could be 649 
underestimated if the glacier cooling effect is not included in the distributed temperature data. 650 
These uncertainties can lead to large variations in the estimated ablation. Overall, on the east side, 651 
total melt without air temperature corrections (ELR, MLR and VLR) decreases by 51-56% for 652 
bias-corrected air temperatures (VLRBias) and 13-22% for the model of Shea and Moore (2010). 653 
On the west side, this decrease is 21-31% and 54-60%, respectively. At the local scale, the energy 654 
balance shows that in the east (HSO), a reduction of 59% exists in the total ablation between VLR 655 
and VLRBias and a reduction of 19% exists between VLR and SM10. In the west (HSNO) this 656 
reduction is 20% and 27%, respectively. The turbulent flux analysis also shows that with the 657 
greater glacier cooling effect on the east side, sublimation could reach 12% of the total ablation.  658 

In view of these findings, the main implication is that using a single, constant LR value for both 659 
sides to distribute the air temperature, is not representative. Considering the overall, strong 660 
correlation between air temperature time series, the use of VLR captures the on-glacier variability. 661 
Also, the use of MLR captures the general spatial different conditions and hence could be used. 662 
However, for both cases, including the glacier cooling effect in the air temperature distribution 663 
gives more reliable ablation estimations. The correction could be done by a bias-corrections as was 664 
proposed here (VLRBias), using the model of Shea and Moore (2010, SM10) or by testing the 665 
applicability of other models (e.g. Greuell and Bohm, 1998). The calculation of the surface mass 666 
balance in these glaciers and others could be improved considering the spatial differences in the 667 
observed lapse rate and taking account of the cooling effect to distribute the air temperatures.  668 
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Table 1. Details of the location, period of measurements and sensor characteristics of the five AWSs and the three 916 
GBL stations. The name of each AWS is the official name given by the DGA (www.dga.cl). 917 

Location 
Automatic 
Weather 
Station 

Acronym 
Latitude / 

Longitude / 
[m a.s.l.] 

Air temp. 
sensors Error 

Height 
[m] Period 

West 

Rock 

Glaciar 
Témpano 

GT 
48°42'09''S/ 
73°59'17'W/ 

50 

Young 
41382VC 

±0.3°C at  23°C 2  
1 October 2015 -

30 June 2016 

       

Nunatak 

Hielo Sur en 
Glaciar Greve, 

Nunatak 
Occidental 

HSNO 
48°49'59''S/ 
73°43'25''W/ 

1040 

Rotronic 
HC2-S3 

±0.1°C at 23°C 2  
1 October 2015 -

30 June 2016 

       

Hielo Sur en 
Glaciar Greve 

HSG 
48°49'55''S/ 
73°34'53''W/ 

1428 

Young 
41382VC 

±0.3°C at  23°C 
2  

1 October 2015 -
30 June 2016 

  

Glacier 
surface 

       

Glacier 
Boundary 

Layer Station 1 
GBL1 

48°50'02''S/ 
73°34'51''W/ 

1415 

Thermistor 
107-L 

±0.2°C - ±0.5°C 1.2  
17 October 2015 -
15 February 2016 

       

Glacier 
Boundary 

Layer Station 2 
GBL2 

48°51'34"S/ 
73°31'37"W/ 

1294 

Thermistor 
107-L 

±0.2°C - ±0.5°C 2  
25 October 2015 -

31 March 2016 

East 

       

Glacier 
Boundary 

Layer Station 3 
GBL3 

48°54'30"S/ 
73°27'47"W/ 

1378 

Thermistor 
109-L 

±0.1°C - ±0.5°C 2  
10 April 2016 -30 

June 2016 

Nunatak 

       

Hielo Sur en 
Glaciar 

O'Higgins 
HSO 

48°55'28''S/ 
73°16'26''W/ 

1234 

Rotronic 
HC2-S3 

±0.1°C at 23°C 2  
17 October 2015 -

30 June 2016 

       

Rock 
Glaciar 

O´Higgins 
GO 

48°55'47''S/ 
73°08'21'W/ 

310 

Young 
41382VC 

±0.3°C at  23°C 2  
1 October 2015 -

30 June 2016 
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Table 2. Mean seasonal lapse rate at hourly time step for each season. Spring is October to December, summer is 923 
January to March and fall April to June. Number of cases are indicated by n and number of thermal inversions episodes 924 
(abbreviation t.i.) in brackets. The table include data from multi-linear regression of air temperature observations 925 
against elevation where parenthesis indicate the R2 relationship. Also data obtained between each pair of AWS is 926 
showed (stepwise).  927 

  
Multi-site linear regression 

Stepwise 

Season 

West East 

All AWSs All AWSs West All AWSs East GT-HSNO HSNO-HSG GO-HSO HSO-HSG 

n       
(t.i.) 

Lapse 
rate    

[°C m-1] 
(R2) 

n       
(t.i.) 

Lapse 
rate     

[°C m-1] 
(R2) 

n       
(t.i.) 

Lapse 
rate      

[°C m-1] 
(R2) 

n       
(t.i.) 

Lapse 
rate     

[°C m-1] 

n       
(t.i.) 

Lapse 
rate     

[°C m-1] 

n       
(t.i.) 

Lapse 
rate     

[°C m-1] 

n       
(t.i.) 

Lapse 
rate     

[°C m-1] 

Spring 
1672 
(7) 

-0.0074 
(0.97) 

2024   
(16) 

-0.0066 
(0.99) 

1672 
(2) 

-0.0081 
(0.99) 

2208 
(36) 

-0.0066 
2208 
(17) 

-0.0068 
1824 
(14) 

-0.0080 
1672 
(46) 

-0.0092 

Summer  
1998 
(89) 

-0.0069 
(0.93) 

1971   
(84) 

-0.0059 
(0.99) 

2002 
(85) 

-0.0077 
(0.99) 

2180 
(115) 

-0.0058 
2180 
(47) 

-0.0065 
2184 
(164) 

-0.0077 
2002 
(75) 

-0.0082 

Fall 
1993 
(428) 

-0.0028 
(0.61) 

1993 
(471) 

-0.0029 
(0.86) 

2002 
(320) 

-0.0048 
(0.98) 

2175 
(732) 

-0.0020 
2175 
(77) 

-0.0060 
2184 
(397) 

-0.0046 
2002 
(341) 

-0.0064 
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Figure 1. a) Spatial configuration of the AWSs (red triangles) and Ultrasonic depth gauges (GBL1, GBL2 and GBL3). 942 
Glacier contours (blue lines) are from De Angelis (2014). Purple line is the profile in b). The satellite image is a 943 
Landsat from the 8 April 2014. Contour lines are 400 m spaced. b) Longitudinal profile of the elevations of AWS and 944 
Sonic Ranges. Bedrock topography is derived from thickness observed data from Gourtel et al. (2015, black line) and 945 
thickness modelled data from Carrivick et al. (2016, green line). Dashed black line represents the ice divide. 946 

 947 
Figure 2.a) Time series of the mean daily temperature of the five AWS and the three snow sensors. Sensors are located 948 
2 m above the ground, except GBL1 located at 1.2 m. Grey shadows correspond to the minimum and maximum values 949 
in each day. The order from top to bottom is from west to east. Note that y-axis is different between plots. b) Hourly 950 
mean for each AWSs for the period 25-Oct-2015 to 15-Feb-2016 and c) Hourly mean for each AWSs for the period 951 
10-Oct-2016 to 30-Jun-2016.  952 

Figure 3. Monthly boxplot of the LRs estimated for each pair of AWS. Upper and lower box limits are the 75% and 953 
25% quartiles, the red horizontal line is the median, the filled green circle is the mean, and crosses are outlying values. 954 
As a reference, the ELR and the dry adiabatic lapse rate are indicated. For panel e) note the different y-axis scale 955 
(dashed lines correspond to the range in all other panels). The grey line corresponds to zero lapse rate. 956 

Figure 4. Scatter plot of the observed air temperature and the estimated air temperature using the VLR method. 957 
Locations are a) GBL1, b) GBL2 and c) GBL3. Colored according to the relative humidity observed at HSG. Black 958 
line is the best fit and the dashed line is the one-to-one relation. 959 

Figure 5. Mean air temperature for each method for distribute the air temperature on both sides of the SPI. Color bar 960 
units are °C. Elevation contour lines interval 200 m. The top row shows the west side and the bottom row the east 961 
side. 962 

Figure 6. Melt differences between each of the methods used to distribute the air temperature using a range of DDF 963 
in a simple degree-day model. Upper panels correspond to the west side and lower panels to the east side. Note that at 964 
east side the lowest elevation is 250 m a.s.l.  965 

Figure 7. Results of the point-scale energy balance: a) Estimated mean energy fluxes using different air temperature 966 
distributions schemes; b) Observed radiation fluxes; c) Estimated cumulative melt and sublimation and observed 967 
ablation at GBL1 and GBL2 locations; Shadowed area corresponds to the range of snow densities observed at both 968 
locations. a), b) and c) are on the west side at the location of HSNO. d), e) and f) are on the east side at the location of 969 
HSO. Note that in panels c) and f) sublimation are on different scales. 970 
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