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Abstract 

Patagonia (40°S-55°S) includes two large icefields, the Northern and 

Southern Patagonian Icefields (NPI and SPI). Most of the glaciers within these 

icefields are shrinking rapidly, raising concerns about their contribution to sea-

level rise and the local to regional impacts of glacier shrinking in the face of 

ongoing climatic change. Empirically based studies that characterize the 

fundamental glacier conditions are scarce in this region. Consequently, our 

understanding of how the glaciers are responding to changes in climate, and 

what the key controls are, is limited. The aim of this project was to describe, 

estimate and analyse key meteorological and glaciological characteristics 

using nine months of meteorological observations, gridded-climate products 

and glacier modelling in a multi-scale approach.  

In the north of the SPI and between October 2015 and June 2016, humid and 

warm on-glacier conditions prevailed to the west of the main topographic 

divide, whereas dry and cold conditions prevailed to the east. Air temperature 

lapse rates were steeper in the east (−0.0072°C m-1) compared to the west 

(−0.0055°C m-1). Modelled energy balance fluxes revealed that the controls 

of ablation differ along the west-east transect, although sensible heat and net 

shortwave radiation fluxes provided the main sources throughout. Melt was 

high on both sides of the divide, but at comparable elevations, it was greater 

on the western side. At glacier-wide scale, this disparity is amplified by the 

accumulation-area ratio, leading to the west having more melt (8.2. m w.e) 

than the east (2.1 m w.e.). 

At the Icefield scale, surface mass balance (SMB) modelling (1976-2050), 

forced only by climate data, revealed that the NPI is currently losing mass 

while the SPI is not. Ice mass loss previously detected in the SPI is attributed 

to frontal ablation of calving glaciers. Glaciers in balance, however, are 

restricted to areas where snow accumulation has increased during the period 

2000–2015. Projections until 2050 suggest a mean reduction in SMB of 

between 1.5 and 1.9 m w.e. in the NPI and between 1.1 and 1.5 m w.e in the 

SPI. SMB decrease is associated with melt increase due to projected air 

temperature increase. SMB is still projected to be positive in the SPI, however, 

assuming equal frontal ablation of the recent past, both Icefields will continue 

losing mass and contributing to sea-level rise. Additionally, an increase in 

meltwater availability could act as positive feedback by affecting ice dynamics 

and inducing greater frontal ablation for calving glaciers. This multi-scale 

assessment has increased our knowledge of the meteorological and 

glaciological characteristics of Patagonian glaciers, and quantified the 

response of these glaciers to atmospheric changes. 
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Chapter 1                                                                     

Introduction 

1.1 Introduction 

Glaciers are important indicators of climate change (Mackintosh et al., 2017) 

and have shown almost ubiquitous negative mass changes between 1961 and 

2016  (Zemp et al., 2019). In western South America, the Andes extend 8000 

km from north to south, and comprise more than 31000 km2 of glacierized 

area (Braun et al., 2019). Between 2006 and 2016, glaciers in this region 

showed more negative specific mass changes than any other region in the 

world (Zemp et al., 2019). These glaciers are located under a great variety of 

topographic and climatic conditions, resulting in numerous mountain glaciers, 

rock glaciers, ice-caps and ice-fields, located in tropical, dry and wet climate 

conditions, and spanning elevations from sea level to over 6000 m a.s.l. 

(Dusaillant et al., 2019; Masiokas et al., 2020). 

In southern South America lies Patagonia (40° S – 55° S), a region with a 

remarkable concentration of ice masses. Here, inventory work has 

characterised mountain glaciers (e.g. Falaschi et al., 2013; Casassa et al. 

2002, 2014; Masiokas et al., 2015; Barcaza et al., 2017; Meier et al., 2018; 

Zalazar et al., 2020), ice-caps (e.g. Schneider et al., 2007a) and three ice-

fields: Northern Patagonian Icefield (NPI, e.g. Aniya, 1988; Rivera et al., 

2007), Southern Patagonian Icefield (SPI, e.g. Casassa et al., 2014) and 

Cordillera Darwin (CD, e.g. Bown et al., 2014). It has been widely recognized 

that glaciers in Patagonia are shrinking rapidly (Davies and Glasser, 2012; 

White and Copland, 2015; Malz et al., 2018; Foresta et al., 2018; Abdel-Jaber 

et al., 2019; Dusaillant et al., 2018, 2019), being the Andean sub-region with 

the greatest rates of glacier surface lowering (Braun et al., 2019). Despite their 

notoriety, empirically-based studies that characterize the fundamental glacier 

conditions are scarce in this region. Consequently, our understanding of how 

the glaciers are responding to changes in climate, and what the key controls 

are, is limited (Pellicciotti et al., 2014). 

The main reason for this dearth of empirical data is associated with the 

sparsity of in-situ long-term meteorological observations, especially on the 

plateaus of the Icefields, where extreme weather conditions prevail throughout 

most of the year. High uncertainty therefore exists in previous modelling 

efforts, as no on-glacier observations have been available to validate the 

driving meteorological variables (e.g. Schaefer et al., 2013, 2015; Lenaerts et 

al., 2014; Mernild et al. 2016).  
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Air temperatures are projected to continue to rise over coming decades across 

the Andes (Huss et al., 2017; Pabón-Caicedo et al., 2020). Additionally, the 

frequency of extreme events that dramatically accelerate the ice loss as the 

strong El Niño event around 2016 (Li et al., 2019) are projected to increase in 

the future (Wang et al., 2017), impacting the inter-annual variability of the 

precipitation in this region. As a consequence, glaciers in Patagonia are likely 

to increase in ablation and/or reduce accumulation, inducing high thinning and 

negative mass balances, as has been observed in past decades (e.g. Rignot 

et al., 2003; Braun et al., 2019; Dusaillant et al., 2019). This ice volume loss 

has led to a changing landscape in Patagonia. In addition to the rapidly 

receding glacier tongues (Lopez et al., 2010; Rivera et al., 2012; Davies and 

Glasser, 2012; White and Copland, 2015), other consequences have been 

described and analysed at different spatial scales: an increase in both area 

and number of glacial lakes (Loriaux et al., 2013, Wilson et al., 2018, Shugar 

et al., 2020), an increase in landslide occurrence and glacial-lake outburst 

flood (GLOFs) events (Dusaillant et al., 2010, Wilson et al., 2018, Iribarren-

Anacona et al., 2015), an increase in debris-covered area over ice surfaces 

(Glasser et al., 2016), and impacts on aquatic ecosystem and sediment 

dynamics (Gutierrez et al. 2015; Quiroga et al., 2016). 

The improve of the understanding of the mechanisms controlling surface mass 

balance has also societal implications in terms of water resources. An 

increase demand on water resources for irrigation, domestic consumption and 

industrial activities has been recognized in southern South America and 

glacier meltwater are recognized as one of the main supplies (Immerzeel et 

al., 2020). This can be particularly critical in the basins in the Atlantic coast 

that depends on the rivers feeder by glacier meltwater and where a medium 

to high water risk has been determined (Schoolmeester et al., 2018). 

In summary, appropriate knowledge of the processes and meteorological 

controls on the surface mass balance, its components and spatial differences 

are necessary to increase the confidence in models that simulate the 

behaviour of the glaciers in Patagonia. In attempting to fill this knowledge gap, 

this thesis focuses on 1) characterising the meteorological conditions and 

controls on the surface ablation and accumulation at both sides of Patagonian 

Icefields, 2) assessing how Patagonian glaciers respond to atmospheric 

forcing changes and its spatial variability and 3) quantifying changes in 

glaciological parameters due to projected scenarios of climate change. 
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1.2 Glacier response to atmospheric changes 

Glaciers are strongly coupled to the atmosphere, which importantly defines 

the inputs and outputs of the glacier system and its response. Glacier 

response depends primarily on the regional climate setting as well as on the 

local climate characteristics (Cuffey and Paterson, 2010). For instance, high-

precipitation (e.g. maritime) glaciers are more sensitive to air temperature 

fluctuations than glaciers located in dry environments (e.g. continental types). 

Due to the relatively large mass turnover in maritime environments, small 

changes in air temperature can cause large changes in accumulation 

(Mackintosh et al., 2017). However, sensitivity depends on the time scale of 

analysis, as changes in the Southern Westerly Winds with associate changes 

in precipitation have driven glacial advances in the past over southern South 

America (Davies et al., 2020). 

The exchange in mass over a glacier surface, i.e. the surface mass balance 

(SMB), defines the glacier-wide mass gain or loss (Cuffey and Paterson, 

2010). The glacier mass balance quantifies the relationship between 

accumulation and ablation during a hydrological year. In Patagonia, where the 

glaciers can be considered temperate (Masiokas et al., 2020), accumulation 

is associated with snowfall from low-pressure systems as well as orographic 

processes. In turn, ablation is controlled by the surface energy balance, which 

defines melt as the primary ablation mechanism. Overall, shortwave radiation 

is the primary energy source for melt, but interannual variability in mass 

balance depends mainly on air temperature (Mackintosh et al., 2017). 

An important issue to note is that glaciers located in different climatic settings 

can respond with great diversity to the same climate perturbation (Sagredo 

and Lowell, 2012). In Patagonia, winter and summer precipitation and summer 

temperatures are the most important determinants of the mass balance and 

the position relative to the coast is also relevant (Cook et al. 2003). According 

to Cook et al. (2003), on the western side of the icefields, the high precipitation 

rates dominate the surface mass balance, while on the eastern side, ablation 

mechanisms were deemed more important. In particular, glaciers to the east 

showed enhanced sensitivity to air temperature, wind speed and humidity. On 

the other hand, it has also been stated that glaciers in a wetter environment 

(i.e. those to the west of the icefields), are sensitive to temperature fluctuations 

because ablation is dominated by melt (Sagredo et al., 2012). Patagonian 

glaciers are generally in the elevation range of the 0°C isotherm, meaning that 

changes in temperature cause a ‘double effect’. First, less or more energy is 

available for melt. Secondly, a small decrease in air temperature below 0°C 
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during the accumulation season alters the partitioning between rain and snow, 

thus impacting on a glacier’s net mass balance (Rodbell et al. 2009).  

In terms of changes to the Equilibrium-Line Altitude (ELA), the amount of 

precipitation required to compensate its rise within a forcing of 1°C is ~33%, 

which means that future precipitation changes in Patagonia could also play an 

important role in the mass balance (Sagredo et al., 2014). Unfortunately, the 

works of Sagredo and Lowell (2012) and Sagredo et al. (2014) did not include 

a comparative analysis of the sensitivities of glaciers located between the west 

and east margins over the Patagonian Icefields, concentrating their analysis 

within the latitudinal gradient that defines the climate regions where glaciers 

exists. There remains, therefore, considerable uncertainty on exactly what the 

controls are on glaciers to either side of the topographic divide, and their 

relative importance. 

1.3 Mass balance measurements, modelling and 

meteorological observations on the Patagonian Icefields 

Field-based mass balance measurements and on-glacier meteorological 

observations are lacking for both Patagonian Icefields, primarily because of 

the extreme weather conditions. Nevertheless, valuable data exists dating 

back to the 1980s, thanks to the periodic field campaigns of Japanese 

research teams, focussing first on the NPI, and subsequently the SPI. The 

results of each campaign were published in the Bulletin of Glaciological 

Research (https://web.seppyo.org/bgr-en), which compiled reports describing 

the meteorological observations as well as some estimations of surface mass 

balance and energy balance fluxes (e.g. Ohata et al., 1985a and 1985b; 

Fukami and Naruse, 1987; Kondo and Inoue, 1988; Koizumi and Naruse, 

1992; Takeuchi et al., 1995, 1996). These publications were invaluable for 

providing the long-term context in which the analysis of this thesis sits. 

There are some additional early observations available for the SPI, mostly 

concentrated along the eastern margin due to its relatively easy access. 

Observations exist on the Perito Moreno Glacier (Takeuchi et al., 1999; 

Stuefer et al, 2007; Rott et al., 1998), Upsala Glacier (Naruse et al., 1997), 

Tyndall Glacier (Koisumi and Naruse, 1992; Takeuchi et al., 1999) and Chico 

Glacier (Rivera, 2004). Though temporally limited (mostly to single ablation 

seasons) the observations have been used to calculated melt, using degree-

day models. For instance, at Chico Glacier, Rivera (2004) estimated the 

surface mass balance using the glaciological method. Ablation towards the 

terminus of the glacier (~250 m a.s.l.) reached a mean value of 16.1 m w.e. 

yr-1 for the period 1994/95 to 2001/02, decreasing almost linearly up to 1500 
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m a.s.l. where the ablation reached 4 m w.e. yr-1. At higher elevations, the 

ablation reduced more gradually. Three stakes located at 1445, 1577 and 

1833 m a.s.l., were used to estimate the accumulation (Rivera, 2004). The 

values reached 9.63±1.36 m w.e. yr-1 at the highest stake and 4.07±0.54 m 

w.e. yr-1 at the lower stake. These distributions indicate an exponential 

relationship between precipitation and elevation.  

Further accumulation estimations have been derived from ice core analysis. 

Schwikowski et al. (2013) estimated a mean annual accumulation of 5.8 m 

w.e. in the accumulation zone of Pio XI Glacier (~2600 m asl) within a range 

of 3.4-7.1 m w.e. These values are somewhat subdued compared to other 

(modelled and observed) datasets, and suggest that even at the flat plateau 

of the Pío XI site, the influence of snowdrift and wind erosion cannot be 

excluded. 

In the NPI, Koppes et al. (2011) used a combination of the sparse 

observations and climate re-analysis data to estimate the mass balance of the 

San Rafael Glacier between 1950 and 2005. A compilation of these works, 

their results and an analysis of the degree-day factor approach was presented 

and discussed by Fernandez and Mark (2016). 

Modelling efforts have largely focussed on estimating the energy balance 

fluxes (see Table 1.1 for a summary). These studies are also limited in 

number, and undermined to an extent by a lack of calibration/validation data, 

but they provide the historical context for the calculations presented in 

subsequent chapters. In particular, and as described above, Ohata et al. 

(1985a,b), Kobayashi and Sato (1985), and Kondo and Inoue (1988) used 

field data to drive analyses of the energy fluxes and their spatial variability, 

comparing those estimated for San Rafael Glacier (46.7°S) to the west of the 

NPI, with those derived for Soler Glacier (46.9°S) on the eastern side of the 

NPI. The key finding was that the Soler Glacier presented favourable 

conditions for strong föhn events increasing the turbulent exchange when 

compared to the San Rafael Glacier, and that overall, net shortwave radiation 

was the main source for melt followed by the sensible heat flux. Konya and 

Matsumoto (2010) focussed specifically on energy fluxes in Exploradores 

Glacier in the NPI and under different weather conditions, finding that during 

cloudy/rainy days the turbulent fluxes exceed those on clear-sky days, during 

which stability and weak winds prevail. As might be expected, net radiation 

was also larger on clear-sky days. Besides the short period, these findings 

underline the importance of the turbulent fluxes and melt under cloud cover, 

conditions that tend to prevail over the glaciers of Patagonia. 
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In the SPI, Takeuchi et al. (1995) similarly characterized the energy balance 

of the Perito Moreno (50.5°S) and Tyndall (51.3°S) glaciers during the 

summers of 1993 and 1994. Although the measurements were for relatively 

short periods of time (15-18 days), they confirmed the importance of both net 

radiation and sensible heat fluxes, and revealed that latent heat flux was the 

most variable among the studied glaciers. At long time-scales, the importance 

of net shortwave radiation and sensible heat flux was also confirmed by 

Weidemann et al. (2018) for Tyndall and Grey (51°S) glaciers. The energy 

balance fluxes were analysed at wide-glacier scales being the net shortwave 

radiation the most important contributor for melt followed by sensible heat flux. 

Only recently has there been published work that analysed the energy fluxes 

supported by in-situ meteorological observations (Schaefer et al., 2020). One 

of the aims of this work was to analyse the differences in the point-scale fluxes 

estimated on glaciers located from Central Chile to Patagonia. In accordance 

with previous studies in Patagonia (Exploradores and Tyndall glaciers, Table 

1.1) the turbulent fluxes were shown to be an important source of energy. The 

contribution of Schaefer et al., (2020) represents a major step forward in 

understanding of the energy fluxes, their control on surface melt and their 

latitudinal differences due to different climate settings in the Andes.  
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Table 1.1 Compilation of previous energy balance fluxes estimation in 
Patagonia at point-scale and distributed. 

Reference 
Glacier/  

Elevation 
Period 

Sensible 
heat flux 
[W m-2] 

Latent 
heat flux 
[W m-2] 

Net 
shortwave 
radiation   
[W m-2] 

Net 
longwave 
radiation  
[W m-2] 

Point-scale, AWS 

NPI 

Ohata et al. 
(1985a,b) 

San Rafael 
104 m a.s.l. 

29 Dec. 
1983-1 
Jan. 1984 

103 41 110 25 

Kobayashi 
and Saito 
(1985) 

Soler           
400 m a.s.l. 

15-29 Dec. 
1983  

138 82 181 -100 

Fukami and 
Naruse 
(1987) 

Soler           
378 m a.s.l. 

1-5 Nov. 
1985 

64 -9 86 -24 

25-29 Nov. 
1985 

88 -4 191 -25 

Kondo and 
Inoue (1988) 

San Rafael 
1045 m a.s.l. 

19-23, 30 
Jan-1 Feb. 
1986 

52 29 54 - 

Konya and 
Matsumoto 
(2010) 

Exploradores 
200 m a.s.l. 

27 Dec. 
2006-3 
Jan. 2007* 

50 27 127*** 

3-7 Jan. 
2007** 

19 8 169*** 

Schaefer et 
al.(2020)*** 

Exploradores 
191 m a.s.l. 

1 Jan. - 31 
Mar. 2015 

65/51/64 38/32/46 143/141/129 -2/-18/-10 

SPI 

Takeuchi et 
al. 
(1995,1999) 

Moreno     
330 m a.s.l. 

12-27 Nov. 
1993 

126 -9 138*** 

Tyndall      
700 m a.s.l. 

9-17 
Dec.1993 

111 19 136*** 

Schaefer et 
al.(2020)**** 

Tyndall      
608 m a.s.l. 

1 Jan. - 31 
Mar. 2015 

65/52/70 9/5/9 94/92/132 -14/-30/-22 

1 Jan. - 31 
Mar. 2016 

76/55/75 9/5/8 110/109/135 -13/-29/-21 

Gran Campo Nevado 

Schneider et 
al. (2007) 

Lengua      
450 m a.s.l. 

22 Feb.-13 
Apr. 2000 

86 12 57*** 

Glacier-wide, observations and reanalysis climate data 

SPI 

Weidemann 
et al. (2018) 

Grey 
2000-2016 

11 -9 39 -9 

Tyndall 16 -7 45 -18 

Monte Sarmiento 

Weidemann 
et al. (2020) 

Schiaparelli 2000-2016 32 -10 26 -5 

* Cloudy days / ** Clear days 

*** Net radiation 

**** Schaefer et al. (2020) estimated the EB fluxes using three models 
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Further modelling has attempted to quantify surface mass balance using 

downscaled re-analysis and global circulation model (GCM) data to drive 

glacier-wide simulations.   

Slightly negative to near-zero SMB conditions have generally been modelled 

for the NPI, but with a positive trend in recent years (Schaefer et al., 2013; 

Lenaerts et al., 2014; Mernild et al., 2016). However, projected (future) surface 

mass balances suggest that accelerating negative mass balance will prevail 

until the end of the century (Schaefer et al., 2013). On the contrary, in the SPI 

(e.g. Lenaerts et al., 2014; Schaefer et al., 2015; Mernild et al., 2016), surface 

mass balance has been shown to be increasingly positive over recent 

decades, although subdued to an extent by increases in calving losses 

(Schaefer et al., 2015).  

At the Icefield scale, the control on surface mass balance strongly depends 

on the extreme orographic precipitation due to the narrow Andes barrier, as 

the modelling results of Lenaerts et al. (2014) suggest. This topographic high 

separates the west, with a wet climate, from the east, with less precipitation, 

as well as stronger near-surface winds and colder winters. The maximum 

amount of simulated annual precipitation was extremely high, reaching 10 m 

w.e. yr-1 on the plateau (and even 30 m w.e. yr-1 in the southern part of the 

SPI).  

The west-to-east climatic and meteorological differences at the Icefield scale 

have been also observed by remote sensing studies. These studies have 

characterized the glacier surfaces and given insights into meteorological 

conditions, their spatial heterogeneity, and the spatial patterns of 

ablation/accumulation processes. For instance, the earlier onset of melt on 

western-facing glaciers has been described (Monahan and Ramage, 2010), 

partly explaining the disparity in total melt between each side of the divide. 

The snow facies classification of De Angelis et al. (2007) in the SPI also 

showed that along the western margin there were large areas of slush, as well 

as a greater degree of snow metamorphism associated with melt‐freeze 

episodes, suggesting relatively warmer conditions. 

While all of the investigations discussed here give important information about 

recently observed and future predicted glacier response, and how this will vary 

through space and time, limitations still exist in our understanding of the 

meteorological controls. Specifically, our gap is related in how the spatial 

differences in the meteorological conditions driven by the orographic effect 

impacts the ablation rates. 
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The knowledge that we do have is built on three main methodologies. First, 

on-glacier meteorological observations have been used to calculate energy 

balance fluxes, albeit limited to the point-scale and to very short periods. In a 

second group, surface mass balance calculated at the scale of the Icefields 

has concentrated on quantifying and discussing changes in terms of air 

temperature and precipitation patterns and comparing these observations with 

geodetic mass balance. In a third group, a minority of studies have used a 

combination of on-glacier observations and modelling to estimate the surface 

mass balance and its controls.  

This thesis builds on the limited number of studies comprising the lattermost 

group (e.g. Weidemann et al., 2018, 2020), using a combination of 

meteorological observations, gridded climate data and glaciological 

modelling. The distinctive data input to this thesis was the observations 

acquired by an Automatic Weather Station network installed in the SPI (CECs-

DGA, 2016). These data were used to distribute the meteorological variables, 

recognizing and discussing their spatial differences, and to conduct a 

distributed energy balance allowing a spatial analysis of the energy fluxes that 

control ablation. Here, the focus is to assess if the glaciers located on either 

side of the SPI shows different sensitivities and ablation controls due to 

different meteorological conditions. In a second step and in combination with 

gridded-climate products and other secondary sources of data, these 

analyses are extended to both Icefields, focusing on inferring the past, present 

and future response of Patagonian glaciers through the quantification of the 

surface mass balance and its components. The focus here is to assess how 

these glaciers are responding to ongoing climate change and how differently 

these glaciers will respond to future climate change scenarios. 

1.4 Aims and Objectives 

Aim 

The overall aim of this thesis is to integrate on-glacier observations, climate 

data and glacier modelling to produce detailed and robust estimations of 

Patagonian glacier response to current and future climate change. 

Objectives 

There are four objectives that will need to be met in order to satisfy this aim: 

1. to characterize meteorological conditions based on observations 

acquired along a longitudinal profile across the northern part of the Southern 

Patagonian Icefield. 



- 10 - 

2. to identify the main meteorological drivers and surface controls on 

ablation along this longitudinal profile. 

3. to quantify the role of accumulation and its uncertainty in the surface 

mass balance of the Patagonian Icefields. 

4. to model the surface glacier mass balance response to future climate 

change on the Patagonian Icefields. 

In order to achieve the main goal, this thesis is structured following each of 

the objectives. In order to address objective 1, chapter 3 is focused on the 

differences in the air temperature characteristics and how these differences 

are important in order to quantify the ablation at point and distributed scale. 

Part of objective 1 as well as objective 2 are addressed in chapter 5. Here, 

most of the meteorological variables necessary to feed an energy balance are 

spatially distributed, allowing a spatial analysis of the energy fluxes that 

control ablation. Both, chapters 3 and 5 are largely focused on meteorological 

observations. To address objective 3, through the use of a regional climate 

model, chapter 4 is focused on recognizing the spatial differences in the 

accumulation rates and trends along both Icefields and how these 

characteristics are related with the previously estimated elevational changes 

over both Icefields. Objective 4 is addressed in chapter 6, where the focus is 

on modelling the future response of both Icefields under two pathway 

scenarios using a regional climate model. Finally, in chapter 7 an integrated 

discussion of the key findings presented in each chapter is performed. 

1.5 Study Area 

1.5.1 Patagonia climate 

In Patagonia, there are a small number of long-standing meteorological 

stations (Garreaud et al., 2013) that do not adequately represent the 

climatology and meteorological conditions of this zone, especially at higher 

elevations. Data from the Climate Research Unit (Sagredo and Lowell, 2012) 

and the western fjord zone (Puerto Eden; 49.1°S, 74.4°W) (Carrasco et al., 

2002), show that this zone is characterized by a marked seasonal temperature 

variation, and spatially variable precipitation patterns. In particular, south of 

49°S the precipitation is equally distributed throughout the year, with slight 

maxima in March and April (Sagredo and Lowell, 2012), yet to the north, there 

is a marked annual cycle.  

The longitudinal distribution of precipitation is strongly influenced by the 

presence of the Andes topography, which although in Patagonia is relatively 

subdued, still generates an extreme gradient with humid western slopes and 
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arid eastern slopes. At the regional scale, precipitation and the 850 hPa zonal 

wind are correlated positively (negatively) in the western (eastern) sector of 

the Andes. The mechanical effect of the mountain chain forces air to ascend 

in the western sector leading to saturation, and hence precipitation, while air 

subsidence in the east inhibits rainfall and leads to much reduced annual 

totals (Garreaud et al., 2013; Lenaerts et al., 2014). Between 42° and 52°S 

typical totals can reach 10000 mm yr-1 to the west, and 300-400 mm yr-1 to 

the east (Garreaud et al., 2013), with this zone overall being one of the best 

examples of orographic precipitation and shadow effect (Smith and Evans, 

2007). 

Precipitation changes and interannual variability strongly impact the surface 

mass balance of Patagonian glaciers, considering that snow is the main 

process of mass accumulation at these latitudes. Interannual precipitation 

variability responds to hemispheric scale patterns such as the Southern 

Annular Mode (SAM) or Antarctic Oscillation (AAO), El Nino Southern 

Oscillation (ENSO) and the Interdecadal Pacific Oscillation (IPO) (Garreaud 

et al., 2013). For instance, precipitation variability in northern Patagonia is 

driven largely by the different phases of ENSO events (Quintana and 

Aceituno, 2013), and Garreaud et al. (2013) find a strong correlation between 

summer precipitation and SAM. 

In particular, the SAM in this zone has a significant impact on precipitation 

(and also on temperatures) where positive (negative) SAM are associated with 

higher (lower) temperatures (Gillet et al., 2006) and to a weakening 

(intensification) of the westerlies (Hall and Visbeck, 2002) which generates a 

decrease (increase) in precipitation in the study area. The SAM has shown a 

trend to positive values during the second half of the 20th century (Marshall, 

2003) affecting the climatological characteristics, and in particular the strength 

of summer precipitation. 

1.5.2 Climate change in Patagonia 

It is generally accepted that air temperature in Chile has increased in recent 

decades. Although, in the Chilean Lake District region (38° - 42°S), located in 

the northern border of Patagonia, surface temperatures show a cooling in the 

second half of the 20th century; yet, in the middle to upper troposphere, 

radiosonde data from Puerto Montt (41.5°S) show a warming trend between 

0.019°C a-1 to 0.031°C a-1 (Bown and Rivera, 2007). In southern Patagonia, 

warming of ~0.5°C in the last 40 years was detected by Rasmussen et al. 

(2007) using NCEP-NCAR reanalysis at 850 hPa level and Braun et al. (2019) 
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also detected generalized regional warming in Patagonia using ERA-Interim 

reanalysis. 

Precipitation patterns are heterogeneous through space and time. Between 

37° and 43°S, a downward trend in annual precipitation was detected from 

1950. This trend was interrupted by a positive trend in the mid-70s, registered 

by all available stations, except between 40°S and 43°S. A negative trend then 

intensified in the last part of the 20th century (Quintana & Aceituno, 2012). 

According to Garreaud et al. (2013), a tendency for weaker westerlies has 

been detected at mid-latitudes (~45°S), while around 60°S an increase in 

westerlies prevails. This tendency in the westerlies accounts for a decrease 

of 300-800 mm dec-1 over the north-central Patagonia and an increase of ~200 

mm dec-1 further south (50°S) (Garreaud et al., 2013). In terms of precipitation 

phase (solid vs liquid), the warming detected over the Patagonian Icefields 

had caused an estimated decrease in the amount of solid precipitation of 5% 

between 1960 and 1999 (Rasmussen et al., 2007).   

1.5.3 Patagonian Icefields 

The study area includes two large temperate ice masses: the Northern 

Patagonian and Southern Patagonian Icefields (NPI and SPI, Figure 1.1). The 

NPI extends from 46.5° to 47.5°S (Figure 1.1), stretching almost 120 km 

north–south. It covers an area of ∼3675 km2 in 2016 (Meier et al., 2018) 

extending from sea level to elevations above 4000 m a.s.l. at the summit of 

Mount San Valentin. It has a mean altitude of 1340 m a.s.l. (Davies and 

Glasser, 2012) and is composed of 38 glaciers larger than 0.5 km2 (Dusaillant 

et al., 2018). Between 1870 and 2011, it has been estimated that the total 

area reduced by 14.2% (Davies and Glasser, 2012). 

The SPI spreads over 400 km between the latitudes 48.3°S and 51.5°S 

(Figure 1.1b), covering an area of 12232 km2 in 2016 (Meier et al., 2018). The 

SPI includes a total of 48 main glacier basins, ending mainly in fjords on the 

western side and in lakes on the eastern side (Aniya et al., 1996). These 

glaciers are joined in the accumulation zone (“plateau“) with a measured 

thickness of more than 700 m (Rivera and Casassa, 2002) and a maximum 

estimate of ice thickness around ~1250 m (Gourlet et al., 2016). Between 

1870 and 2011, the areal reduction was estimated to be 11.1% (Davies and 

Glasser, 2012). 
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Figure 1.1. Location of the Patagonian Icefields in southern South America. 
Inset corresponds to regional context of the location in South America. 
Base maps were taken from ESRI and red rectangle correspond to the 
zone showed in Figure 2.2. 

1.5.4 Glaciers in the northern sector of the Southern Patagonian 

Icefield 

The analysis contained within this thesis is largely based on meteorological 

observations acquired by a network of five Automatic Weather Stations (AWS) 

concentrated in the northern section of the SPI. Given their locations, it was 

assumed that AWSs installed on the western side are representative of 

glaciers Témpano, Occidental, Greve, HPS8, HPS9 and one unnamed glacier 

(Figure 1.2). AWSs installed on the east side are deemed to be representative 

of glaciers O’Higgins, Pirámide and Chico (Figure 1.2). 

The glaciers in the study zone show a great variety of size (Table 1.2). 

O’Higgins Glacier is the third largest glacier in all the SPI after Pio XI and 

Viedma glaciers. The smaller glaciers are HPS8 on the west side and 

Pirámide on the east side. All these glaciers terminate in lakes on the east 

side (O’Higgins and Chico glaciers, Figure 1.2) while in the west, glaciers 
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terminate in both lakes (Témpano, Greve and Occidental glaciers) and fjords 

(a portion of Témpano Glacier front). 

Table 1.2 Area estimate of the glaciers of the study area by different 
inventories. 

  
Area [km2] 

West side East side 

Year and reference Témpano Occidental Greve O`Higgins Chico 

1986 (Aniya et al., 1996)*  332 (333) 244 (245) 438 (439) 893-747(902-754) 306-243(320-255) 

 2001 (DeAngelis, 2014)   334±4.7 235±3.8 428±4.3 762±6.9 239±4.3 

1986 (Casassa et al., 2014)   292.6 182.2 519.2 797.9 202.6 

2000 (Casassa et al., 2014)  285.5 176 496.4 790.5 197.9 

* Total area are listed without bedrock exposure; however, for additional information, those including bedrock exposure 
are also indicate in parentheses. 

 

 

Figure 1.2 Glaciers in the northern sector of the SPI. a) Calving front of the 
O’Higgins Glacier, b) Calving front of Chico Glacier and c) View to the 
west from the plateau at the location of HSNO (Figure 1.4). Photos by 
the Author. 

Area change analyses (Table 1.3) show an overall loss estimated for the last 

decades in the glaciers in the northern zone of the SPI. At long time-scales, 

Davies and Glasser (2012) estimated that O’Higgins Glacier lost 10.9% of its 

area between 1870 and 2011. Most of this loss occurred between 1870 and 

1986, the period of the fastest recession. Recently, between years 2016 and 

2017, O’Higgins Glacier experienced a strong frontal retreat. This retreat was 
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due to continuous calving events, concentrated during most of the 2017 

austral autumn (Figure 1.3). Consequently, a total frontal area loss of 2.03 

km2 was estimated between July 2016 and July 2017 (www.glaciologia.cl).  

On the western side, Greve, Témpano and Occidental glaciers are also losing 

mass (Table 1.3). At long time-scales, these glaciers experienced their fastest 

retreat between 1986 and 2011, with Occidental Glacier showing the largest 

retreat between 2001 and 2011 with a linear frontal retreat estimated in 216 

m yr-1 (Davies and Glasser, 2012).  

Despite the ice loss generalized in this zone of the SPI (Table 1.3), the periods 

of fastest recession for these glaciers are not homogeneous, revealing the 

diverse response of these glaciers to climate change in conjunction with other 

factors.  

Table 1.3 Area change estimates for the glaciers of the study area. 

  
Area Change [km2] 

West side East side 

Period of change and 
reference 

Témpano Occidental Greve O`Higgins Chico 

1984/85/86-2000/01/02 
(White and Copland, 

2015) 
-7.3 -7.5 -18.6 -5.6 -2.6 

2000/01/02-2009/10    
(White and Copland, 

2015) 
-3.8 -8.1 -8.4 -2.2 -1.6 

1976/79-2009/10         
(White and Copland, 

2015) 
-20.6 -23.0 -32.2 -15.0 -6.3 

1986-2000              
(Casassa et al., 2014) 

-7.2±10.7 -6.2±9.0 -22.8±14.1 -7.4±33.3 -4.7±16.4 

1944/45-1986/87         
(Aniya et al., 1997) 

-11.5 -2.1 -33.3 -49.6 -1.6 

 

Both Patagonian Icefields have been the focus of geodetic mass balance 

studies leading to estimated volume changes for a large number of these 

glaciers. Prior to 2000, Rignot et al. (2003) showed an increase in volume 

losses towards the end of the century, with peak values recorded over 

Témpano and Occidental glaciers between 1995-2000 (Table 1.4). In 

contrast, thinning at O’Higgins Glacier (to the east) was just 1.4±0.2 m w.e. yr-

1 between 1975 and 2000 and 2.8±0.8 m w.e. yr-1 between 1995 and 2000 

(Table 1.4). 

 

http://www.glaciologia.cl/
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Figure 1.3 Different stages of the calving event at the front of O’Higgins 
Glacier in the austral autumn of 2017. The blue line indicates the position 
of the intact glacier terminus. Images obtained from www.planet.com. 

More recently, a range of new studies have attempted to quantify mass losses 

for the region using the geodetic approach (Table 1.4). They are uniform in 

their assessment of region-wide negative mass balances, with peak values 

again detected over Occidental and Témpano glaciers and with thinning 

higher on glaciers to the west side of the divide, compared to those in the east.  

Table 1.4 Geodetic mass balance for the glaciers in the northern sector of 
the SPI. Units are m w.e. 

  
Rignot et 
al. (2003) 

Rignot et 
al. (2003) 

Willis et al. 
(2012) 

Willis et al. 
(2012) 

Malz et 
al. 

(2018) 

Abdel-
Jaber et al. 

(2019) 

Abdel-
Jaber et al. 

(2019) 

Dusaillant 
et al. 

(2019) 

WEST 1975-2000 1995-2000 
2000-2012 

Abl. 
2000-2012 

Acc. 
2000-
2016 

2000-2012 2012-2016 2000-2018 

Occidental -1.98±0.22 -5.61±0.87 -3.21±0.96 -1.67±1.35 -1.43 -2.41±0.05 -2.59±0.17 -2.35±0.28 

Témpano -1.98±0.22 -5.61±0.87 -3.64±0.89 -1.67±1.02 -1.43 -1.67±0.04 -1.97±0.17 -1.63±0.25 

Greve -1.24±0.19 -3.47±0.87 -3.51±1.04 -0.93±1.68 -1.43 -1.68±0.04 -1.81±0.17 -1.53±0.27 

EAST                 

O'Higgins -1.37±0.18 -2.75±0.87 -2.34±1.15 -1.22±1.18 -0.93 -1.05±0.03 -1.00±0.14 -0.63±0.11 

Chico -0.50±0.21 -1.22±0.76 -2.47±0.50 -0.76±0.58 -0.89 -1.03±0.03 -1.37±0.10 -0.99±0.10 
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Chapter 2                                                                            

Methods Summary 

2.1 Overview 

The analysis in this thesis spans two spatial scales. First, the focus is on a 

suite of nine glaciers in the northern sector of the SPI, but concentrating the 

analyses of results in the three main glaciers of the west (Greve, Témpano 

and Occidental) and the two main glaciers of the east (O’Higgins and Chico). 

The analysis is strongly based on a longitudinal profile of AWS observations 

(details in section 2.2). Second, the analysis is upscaled to a spatial extent 

that encompasses both the NPI and the SPI, with gridded climate products 

being the main inputs. These analyses interact throughout, with parameters 

and assumptions made at the scale of the Icefield taken (or estimated) from 

point-based observations, and inputs from the gridded products compared, 

validated and corrected using the point-scale observations. In parallel, data 

from gridded products were used to estimate non-observed variables 

necessary for the distributed energy balance model in the northern sector of 

the SPI, such as rates of accumulation, which in turn were used to derive 

albedo. Figure 2.1 presents the key steps followed in this work and the 

connection between datasets and the results of this thesis. Additionally, data 

from previous works were used to discuss the findings and infer some 

potential feedbacks. 

The details of the methods and physical approaches used to distribute, 

estimate and quantify meteorological and glaciological variables, are 

presented in each individual Chapter. The following sections therefore focus 

on a description of the data used as well as the general approaches to 

estimate meteorological and glaciological variables. 

 

Figure 2.1 Schematic representation of the steps taken in the present 
research. 
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2.2 Automatic Weather Stations (Chapters 3, 4 and 5) 

In the context of a project of the Chilean government, through the Chilean 

Water Cadastre (DGA, Spanish acronym) and executed by the Centre for 

Scientific Studies (CECs, Spanish acronym), a network of five full weather 

stations and three on-glacier temperature sensors and ultrasonic depth-

gauges were installed on the glaciers of the northern sector of the SPI (Figure 

2.2; CECs-DGA, 2016). This project aimed to characterize the glaciological 

conditions in the northern sector of the SPI. Several field campaigns during 

2014, 2015 and 2016 were conducted (prior to the commencement of this PhD 

study). These field campaigns included radar and LIDAR measurements, 

snow pits, installations of shelters on nunataks along the plateau of the SPI 

(at same locations of the AWS), bathymetry measurements and pro-glacial 

lake level measurements (CECS-DGA, 2016). The author of this thesis 

participated in two of the field campaigns (2014 and 2015) being part of the 

team that configured and installed the three AWSs located on the plateau 

(HSNO, HSG, HSO, Figure 2.2). 

The meteorological network consists of five AWSs (Tables 3.1 and 5.1 for 

details). Three were located on nunataks on the plateau and two were located 

close to the fronts of glaciers O’Higgins (GO) and Témpano (GT) (Figure 2.3). 

On the plateau, both AWSs were installed on Greve Glacier at different 

elevations (HSNO and HSG) and one on O’Higgins Glacier (HSO) (Figure 

2.3). Since October 2015, each station recorded a full set of meteorological 

variables including air temperature, humidity, wind speed and direction, 

incoming shortwave and longwave radiation and atmospheric pressure. The 

time step of the recorded data was 15 minutes. Although some of these AWSs 

had data available for previous years (GT, GO and HSG), the analysis was 

concentrated on the period between October 2015 and June 2016, where all 

five AWSs obtained simultaneous observations.  

Additionally, three on-glacier air temperature and ultrasonic depth gauges 

(UDG) were installed (Tables 3.1 and 5.1).  These stations were called GBL1-

3 (Figure 2.2). These data were used to validate air temperatures estimated 

with the different methods (Chapter 3) and to compare the accumulation and 

ablation estimations (Chapters 4 and 5 respectively). 
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Figure 2.2 Location of the AWSs (orange triangles) and ultrasonic depth 
gauges (GBL1, GBL2, and GBL3, red circles) on the plateau of the SPI. 
Glacier outlines in green and contour lines in blue every 200 m. The 
satellite image is a Landsat 8 OLI from 1 April 2014.  

 

Figure 2.3 AWS installed in the surrounding (GT and GO) and on the plateau 
(HSNO, HSG, HSO) of the SPI. Photos by Claudio Bravo (HSNO, HSO), 
Alejandro Silva (GT, HSG) and Jonathan Oberreuter (GO).  

2.3 Regional Climate Model and re-analysis (Chapter 4, 5 

and 6) 

For the broader-scale Icefield analysis, gridded products were used. A 

Regional Climate Model (RCM) was used to assess the snow accumulation 

pattern and changes on both Patagonia Icefields in the period between 1980 

and 2015 (Chapter 4) as well as to feed an energy and mass balance to 

estimate the past and future surface mass balance of the Patagonia Icefields 

(1976-2050, Chapter 6). The RCM chosen was the RegCM4.6 (Bozkurt et al., 
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2019). This simulation has a resolution of 10 km. For the period 1980-2015, 

the initial and boundary conditions were provided by ERA-Interim (Bozkurt et 

al., 2019). In this case, the output used in the analysis was the total 

precipitation (Chapter 4). For the surface mass balance simulation of the 

historical period (1976-2005) and the scenarios RCP2.6 and 8.5 (2006-2050) 

(Chapter 6) RegCM4.6 was used to downscale lateral boundary conditions 

derived from MPI-ESM-MR Earth System Model (Giorgetta et al., 2013) on a 

nested domain centred over Chile at 10-km spatial resolution (Bozkurt et al., 

2019). In this case, the variables used were daily mean near-surface 

temperature, total precipitation, wind speed, surface pressure, near-surface 

relative humidity, incoming shortwave and longwave radiation. 

Additionally, in order to estimate the ablation and the surface mass balance in 

the glaciers of the northern sector of the SPI (Chapter 5), the ERA5-Land 

reanalysis product was used (9 km, CS3, 2019). The variables used were 2 

m air temperature, 2 m dewpoint temperature (as a proxy to surface 

temperature), surface pressure, 10 m u and v wind components, incoming 

shortwave, longwave radiation and total precipitation. 

2.4 Analysis of meteorological observations and spatial 

distribution (Chapter 3 and 5) 

As a first step, the AWSs observations were used to characterize the 

meteorological conditions and their spatial variability. Air temperature lapse 

rates were calculated using regression with all the available AWS at each side 

as well as using a stepwise approach. From these, fields of distributed air 

temperature were obtained. These fields were compared with on-glacier air 

temperatures where available and estimation of the glacier cooling effect was 

derived and discussed. Following this same approach, the rest of the 

meteorological variables were spatially distributed using different methods 

depending on the variable. Considering the spatial configuration of the AWSs, 

most of the variables were distributed using elevation gradients, a common 

approach in modelling frameworks for many disciplines, but perhaps more 

scarce within glaciological applications (Mölg et al., 2020). The main inputs 

were i) Digital Elevation Models (DEM), which in this case were SRTM (90 m) 

and TanDEM-X (12 m), both re-scaled to 200 m resolution, and ii) glacier 

outlines acquired from De Angelis (2014) and corrected, especially in the 

frontal zone of each glacier, to the conditions close to the dates of the 

observed data (October 2015 to June 2016). 
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Use of the AWS network in this way facilitated a clear analysis of the 

meteorological differences between the west and east margins of the Icefield, 

and how this exerts control on the regional glacier response. 

2.5 Glaciological modelling (Chapter 4, 5, 6 and 7) 

In order to estimate glacier response to any observed spatial differences in 

the meteorological conditions, the surface mass balance and its individual 

components were quantified, at both glacier- and regional-scales. Here, and 

using the meteorological observations in the northern sector of the SPI, the 

focus was on the ablation component. 

To evaluate the efficacy of different air temperature distribution approaches, 

in a first step a classic degree-day modelling was applied. A second step was 

to model the surface energy balance using the meteorological observations 

and their spatially distributed fields as input. Distributed fields for temperature 

and precipitation were available from the earlier analyses (above). Turbulent 

and radiative fluxes were estimated. In both cases, meteorological 

observations were the main input, but distribution steps were complemented 

with modelling approaches and gridded climate products. The method for the 

calculation of the turbulent fluxes was the bulk approach (Cuffey and 

Paterson, 2010). For radiative fluxes, the potential shortwave radiation was 

spatially estimated using solar geometry and a DEM and was corrected using 

observed incoming shortwave radiation at each side of the SPI. The correction 

factor was obtained from the ratio between the potential and the observed 

incoming shortwave radiation and the variability inherent in this approach is 

mainly associated with the cloud conditions. To estimate the reflected 

shortwave radiation (and hence the albedo), the model of Oerlemans and 

Knapp (1998) was used. This is based on the age of the snow. Therefore the 

main inputs were the precipitation field obtained from the gridded climate 

products and the air temperature (to define if the precipitation was rain or 

snow). 

Incoming longwave radiation was calculated using the distributed air 

temperature assuming the atmosphere as a blackbody with an emissivity. The 

atmospheric emissivity was obtained from the observations. The emitted 

longwave radiation was calculated from the temperature of the ice/snow 

surface. This variable was not observed along the study period so the 

approach used here was based on previous studies (e.g. Ayala et al., 2017). 

Another important variable associated with the turbulent fluxes is the surface 

roughness (Quincey et al., 2017; Smith et al., 2016). This variable was not 
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observed or measured, so a relationship with albedo was used. Finally, to 

close the energy balance equation, the energy released by rainfall was 

calculated using the approach of Hock and Holmgren (2005). The gridded 

precipitation and the air temperatures were used to differentiate between solid 

and liquid precipitation. 

Additionally, accumulation estimates were used to define some of the 

variables necessary for completing the energy balance. Here, the key input 

was the gridded climate products, and several methods were tested to define 

the ratio of snow and rain. These methods were all within the realm of what is 

known as precipitation Phase Partitioning Method (PPM) and are discussed 

in more detail in Chapter 4 at the scale of both Patagonian Icefields. The 

UDGs installed on-glacier (Section 4.3.1) were used to compare the 

accumulation rates of the different methods. However, due to the harsh 

weather conditions, the measurements obtained from GBL stations were 

limited to shorter periods. 

2.6 Long-term surface mass balance (Chapter 4, 5 and 6) 

Using the RegCM4.6 and ERA5-Land reanalysis (Section 2.3), extended time 

series of ablation and accumulation were estimated. To evaluate different 

sources of data, ERA5-Land reanalysis was used for assessing the glaciers 

of the northern sector of the SPI while RegCM4.6 was used at the scale of 

both Patagonian Icefields. In both cases, to estimate the ablation, the same 

energy balance was used, while the accumulation was estimated using the 

PPMs. Corrections to the inputs from the gridded data set were applied for 

variables that showed systematic differences when compared to the field-

based observations acquired over the coincident nine months. An additional 

parameterisation to account for glacier cooling was also introduced based on 

the findings from the analysis of the meteorological observations (Chapter 3). 
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Air Temperature Characteristics, Distribution, and Impact 

on Modeled Ablation for the South Patagonia Icefield 
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3.1 Abstract 

The glaciers of Patagonia are the largest in South America and are shrinking 

rapidly, raising concerns about their contribution to sea level rise in the face 

of ongoing climatic change. However, modeling studies forecasting future 

glacier recession are limited by the scarcity of measured on‐glacier air 

temperatures and thus tend to use spatially and temporally constant lapse 

rates. This study presents 9 months of air temperature observations. The 

network consists of five automatic weather stations and three on‐glacier air 

temperature sensors installed on the South Patagonia Icefield along a transect 

at 48°45′S. Observed lapse rates are, overall, steeper on the east (−0.0072 

°C/m) compared to the west (−0.0055 °C/m) and vary between the lower 

section (tongue, ablation zone) and the upper section (plateau, accumulation 

zone) of the glaciers. Warmer off‐glacier temperatures are found in the east 

compared to the west for similar elevations. However, on‐glacier observations 

suggest that the glacier cooling effect is higher in the east compared to the 

west. Through application of distributed temperature‐index and point‐scale 

energy balance models we show that modelled ablation rates vary by up to 

60%, depending on the air temperature extrapolation method applied, and that 

melt is overestimated and sublimation is underestimated if the glacier cooling 

effect is not included in the distributed air temperature data. These results can 

improve current and future modelling efforts of the energy and mass balance 

of the whole South Patagonia Icefield. 

3.2 Introduction 

On midlatitude glaciers, near‐surface air temperature is the main control on 

energy exchange over a snow or ice surface (Petersen et al., 2013; Shaw et 

al., 2016) and for glaciological applications, it is used as input for melt 

calculations ranging from empirical temperature index (Hock, 2003) through 

to physically based energy balance models (Greuell & Genthon, 2003). The 

air temperature is used to calculate the incoming longwave radiation and the 

sensible heat and also where air temperature influences other variables such 

as moisture, which is used to calculate latent heat (Ebrahimi & Marshall, 

2016). In terms of accumulation processes, the accurate distribution of air 

temperature over the glacier surface is essential for distinguishing areas 

where precipitation falls as rain or snow (Minder et al., 2010), and it also has 

a direct impact on snowpack metamorphism affecting snow redistribution 

(Carturan et al., 2015). Glacier mass balance models thus rely on accurate 

spatial distribution of the air temperature (Carturan et al., 2015).  
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Patagonia (40–55°S) contains the largest glacierized area in South America, 

but recent evidence shows that most of these glaciers are shrinking rapidly 

(Davies & Glasser, 2012; Foresta et al., 2018; Malz et al., 2018; Meier et al., 

2018; White & Copland, 2015). This deglaciation is primarily a matter of 

concern for sea level rise (Foresta et al., 2018; Gardner et al., 2013; Rignot et 

al., 2003; Willis et al., 2012). However, very little is known about how glacial 

areal changes and mass balance processes are linked to changes in climate 

(Malz et al., 2018; Pellicciotti et al., 2014; Weidemann et al., 2018). Overall, 

these changes are generally attributed to temperature increase as the glaciers 

in Patagonia are strongly sensitive to temperature change (Malz et al., 2018; 

Masiokas et al., 2008). This is because ablation is dominated by melt 

(Sagredo & Lowell, 2012). Thus, an in‐depth understanding of air temperature 

variability and on‐glacier near‐surface meteorology is needed to understand 

the current and future state of these glaciers.  

Previous research has described the steep gradients of some meteorological 

variables on the east side of the Southern Andes, which is a relatively dry “rain 

shadow” leading to a foehn effect, while the windward west side experiences 

high precipitation and humidity and lower lapse rates (LRs; Lenaerts et al., 

2014; Schneider et al., 2003; Smith & Evans, 2007). However, little attention 

has been given to the implications of these spatial contrasts for glacier mass 

balance and response to climate. Schneider et al. (2003) demonstrated a 

relationship between atmospheric circulation and glacier response, stating 

that wetter conditions caused by a change in circulation on one side lead to 

drier conditions on the other and vice versa. Despite its importance for 

glaciological applications, there are no empirical studies of the spatial and 

temporal variability of air temperature over the surface of both sides of the 

Patagonian Icefields, and hence, its significance to the climatic response of 

glaciers is unknown. 

Vertical LRs are the most common method of distributing air temperature in 

modeling studies (Marshall et al., 2007; Petersen & Pellicciotti, 2011; Wheler 

et al., 2014) and are one of the parameters to which melt models are most 

sensitive (Heynen et al., 2013). However, due to the complex boundary layer 

meteorology of mountainous areas and the general lack of detailed on‐glacier 

measurements (Hanna et al., 2017), constant and linear LRs are commonly 

used for glacier ablation estimations, rather than distributed air temperature 

fields for glacier ablation estimations (Ayala et al., 2015). This is a major 

simplification, as it has been widely recognized that air temperature LRs are 

spatially and temporally variable in mountainous regions (Petersen & 
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Pellicciotti, 2011), both on‐glacier (Ayala et al., 2015; Hanna et al., 2017; 

Shaw et al., 2017) and off‐glacier (Heynen et al., 2016; Shen et al., 2016). 

Many studies use off‐glacier data that do not account for the variability of the 

air temperature associated with katabatic boundary layer flows and the 

damping and ice surface cooling effect observed over glacier surfaces (Ayala 

et al., 2015; Carturan et al., 2015; Petersen & Pellicciotti, 2011; Petersen et 

al., 2013; Shaw et al., 2016). The cooling effect occurs under positive 

atmospheric temperatures as the lowest layers of air are cooled by sensible 

heat exchange with the underlying ice. The magnitude of the cooling effect is 

defined as the difference between screen‐level temperatures over a glacier 

compared to equivalent‐altitude ambient temperatures. This cooling is not 

homogenous over a glacier surface and depends on the geometric 

characteristics (Carturan et al., 2015). Cold dense air flows down glacier as a 

katabatic flow whose temperature structure can be simplified by a balance 

between adiabatic warming and cooling by sensible heat exchange with the 

glacier (Greuell & Böhm, 1998). Due to this reason, on‐glacier LRs are 

typically lower than the environmental lapse rates (ELRs; Shaw et al., 2017). 

In Patagonia, a few reported LRs exist, but most are based on off‐glacier 

observations. Regarding on‐glacier observations, Takeuchi et al. (1996) and 

Stuefer et al. (2007) both estimated a LR of −0.0080 °C/m at the lower end of 

Perito Moreno glacier on the eastern side of the South Patagonia Icefield 

(SPI), while Popovnin et al. (1999) reported an on‐glacier LR for the small De 

Los Tres glacier, which is located outside the SPI. This study reported a mean 

LR over the glacier surface of −0.015 °C/m over the terminus area and noted 

frequent thermal inversions. Above 1,400 m above sea level (a.s.l.), the LR 

reduced to −0.0017 °C/m (Popovnin et al., 1999). While useful, these 

observations are limited by their short observation period of approximately 5 

weeks, from 26 January to 4 March 1996. 

Usually, mass balance modeling and temperature sensitivity analyses in 

Patagonia distribute the air temperature using the ELR (−0.0060 to −0.0065 

°C/m; Barry, 2008) as a spatially and temporally constant value (Bravo et al., 

2015; Kerr & Sugden, 1994; Schaefer et al., 2013; Schaefer et al., 2015). At 

best, studies use a monthly variable LR (Mernild et al., 2016, following Liston 

& Elder, 2006) and distribute the air temperature using climate data from 

regional and global models. Constant LRs have also been used to extrapolate 

off-glacier meteorological data; for example, Rivera (2004) used a constant 

LR of −0.0060 °C/m to distribute the monthly air temperature over Chico 
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Glacier, and De Angelis (2014) used a constant LR of −0.0080 °C/m to 

distribute daily air temperature across all the SPI. 

Historically, meteorological observation on the plateau of the SPI has been 

difficult, due to the harsh weather conditions and the extreme logistical 

challenges. In spite of these restrictions, a weather station network was 

installed in 2015 (CECs‐DGA, 2016), providing 9 months of continuous 

temperature measurements for a longitudinal profile at around 48°45′S 

enabling spatial and temporal patterns of air temperature to be investigated. 

In this work, we present an analysis of the air temperature and the LRs 

observed in this first automatic weather station (AWS) network across the SPI. 

First, we describe the air temperature observations, concentrating on the 

spatial differences along the profile. Then, the vertical structure of the air 

temperature is analysed at the glacier scale, and comparison between on‐

glacier and off‐glaciers air temperature conditions is conducted. Finally, the 

impacts on ablation processes are assessed, for which we use both a 

distributed degree‐day model (DDM) and a point‐based energy balance model 

to quantify the effects of different air temperature parametrizations on the 

modeled melt. 

3.3 Materials and Methods 

3.3.1 Study Area and Observations 

The largest ice mass in Patagonia is the SPI which extends over 350 km 

between the latitudes 48°20′S and 51°30′S, along the meridian 73°30′W, with 

an area of ~13,000 km2 (De Angelis, 2014). The SPI comprises 48 main 

glacier basins, which end primarily in fjords on the western side and in lakes 

on the eastern side (Aniya et al., 1996). These glaciers are joined in the 

accumulation zone (“plateau”), with an average altitude of ~1,500 m a.s.l. The 

SPI is the second largest freshwater reservoir in the Southern Hemisphere, 

after Antarctica (Warren & Sugden, 1993). 

In recent decades, the majority of the outlet glaciers in the SPI have been 

retreating (Davies & Glasser, 2012). Overall, White and Copland (2015) report 

a total area loss of 542 km2 (~4% of the SPI) between the end of the 1970s 

and 2008–2010. Nevertheless, the rates and trends are neither homogeneous 

nor synchronous (Sakakibara & Sugiyama, 2014) and include episodes of 

advance (e.g., Pio XI glacier, Wilson et al., 2016). 

This work focuses on the northern sector of the SPI (Figure 3.1) using data 

from a series of five AWSs, installed on proglacial zones and nunataks, 

running west‐east across the ice divide. We take the AWS installed on the 
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west side to be representative of glaciers Témpano (334 km2), Occidental 

(235 km2), Greve (428 km2), HPS8 (35 km2), and one unnamed glacier (41 

km2). AWSs installed on the east side are representative of glaciers O'Higgins 

(762 km2), Pirámide (27 km2), and Chico (239 km2; Figure 1; De Angelis, 

2014). 

Each AWS recorded a full set of meteorological variables between October 

2015 and June 2016, comprising air temperature, relative humidity, wind 

speed and direction, incoming shortwave and longwave radiation, and 

atmospheric pressure (Table 3.1). In addition, three ultrasonic depth gauges 

(UDGs) were installed directly on the glacier surface over the plateau. In the 

same structure, two air temperature sensors were also installed at an initial 

height of 2 and 4 m above ground level. We call these glacier boundary layer 

(GBL) air temperature stations (GBL1, GBL2, and GBL3 in Figure 3.1 and 

Table 3.1). We use these data to validate air temperature estimated with the 

different methods and to compare the ablation estimations. Unfortunately, the 

observations during three months (July, August, and September 2016) are not 

complete or are completely absent, probably due to the harsh weather 

conditions and logistical difficulties in recovering the data; hence, we discard 

these periods. 

The environment at proglacial and nunatak sites is influenced by local 

warming from solar heated rocks, although a partial influence of the GBL at 

these locations is expected. Two AWS (GO and GT) are proglacial stations. 

GT is located in a valley at a distance of 2.5 km from one of the calving fronts 

of the Témpano glacier, separated from the glacier by a fjord and by a hill of 

~350 m a.s.l. At the time of the measurements, GO was located approximately 

0.5 km from the glacier terminus, separated from the ice by a small branch of 

the O'Higgins lake. Three AWS (HSNO, HSG, and HSO) are located on 

nunataks on the plateau. HSNO is located on a small nunatak (1.8 km2 in 

area) on the Greve glacier. This AWS is located 100–150 m above the 

elevation of the tongue of the glacier, but a sector of the nunatak, east of the 

AWS, is still covered by ice. HSG is located on a narrow nunatak (1.6 km2 in 

area). The relative height over the plateau of the location of HSG reaches 50–

60 m of the west side of the nunatak and 10–15 m to the east side of the 

nunatak. HSO is also located on a nunatak (2.8 km2 in area) close to the 

elevation of the equilibrium line altitude of the O'Higgins glacier. This AWS is 

located at a relative height over the glacier surface of 50 to 250 m. 
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Figure 3.1 (a) Spatial configuration of the AWSs (red triangles) and ultrasonic 
depth gauges (GBL1, GBL2, and GBL3). Glacier contours (blue lines) 
are from De Angelis (2014). Purple line is the profile in (b). The satellite 
image is a Landsat from 8 April 2014. Contour lines are 400 m spaced. 
(b) Longitudinal profile of the elevations of AWS and sonic ranges. 
Bedrock topography is derived from thickness observed data from 
Gourlet et al. (2016, black line) and thickness modelled data from 
Carrivick et al. (2016, green line). Dashed black line represents the ice 
divide. SRTM = Shuttle Radar Topography Mission; AWS = automatic 
weather station. 

Air temperature sensors were installed in a naturally ventilated radiation 

screen. Errors due to radiative heating of the sensors are likely to be minor 

due to the prevalence of strong winds over the icefield (Garreaud et al., 2013). 

Except for HSG all the stations have 100% of the observations during the 

periods indicated in Table 3.1. A gap of data was detected in HSG, between 

the hours 2100 and 2200, for the entire observation period. These gaps were 
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filled using linear interpolation. We take the measurements error to be that 

declared by the manufacturer (Table 3.1), and unfortunately, no 

intercomparison was possible as the AWS and GBL were installed at different 

dates. The air temperature sensors at 4 m were used to verify the 

observations at 2 m. 

Table 3.1 Details of the location, period of measurements and sensor 
characteristics of the five AWSs and the three GBL stations. The name 
of each AWS is the official name given by the DGA (www.dga.cl). 

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 

http://www.dga.cl/
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3.3.2 Lapse Rates 

We concentrate our analysis on the observed LRs between AWSs and their 

spatial and temporal differences. For calculation of LRs, it has been suggested 

that multiple measurements should be used, as this allows calculation of the 

strength of the relationship between air temperature and elevation (Heynen et 

al., 2016). We thus calculate the SPI LRs from the regression of all mean 

temperature values, and the measure of the strength of the elevation 

dependence is provided by the determination coefficients (R2) of the linear 

regression. In addition, to establish the differences between the western and 

eastern sides of the icefield, stepwise air temperature LRs were estimated at 

hourly intervals. 

As HSG is located 2.9 km from the glacier divide (Figure 3.1), the LRs for the 

west side were estimated between GT‐HSNO and HSNO‐HSG and on the 

east side between GO‐HSO and HSO‐HSG. The observed air temperatures 

at GBL1, GBL2, and GBL3 were used to assess how representative the 

different extrapolation methods are of temperatures within the glacier surface 

layer. 

3.3.3 Air Temperature Distribution 

Based on these observations, we apply five different extrapolation methods to 

simulate air temperature distribution, using air temperatures observed in 

HSNO for the west side and HSO for the east side as the primary input data 

sets. For all five methods, the hourly air temperature was distributed using the 

LP DAAC NASA Version 3 Shuttle Radar Topography Mission Digital 

Elevation Model (hereafter, SRTM DEM; National Aeronautics and Space 

Administration Jet Propulsion Laboratory, 2013) using the local UTM zone 

18S. Considering the hypsometry of this zone and to maximize computational 

efficiency, we resampled the SRTM DEM to 200 m resolution. 

First, air temperature was distributed using a constant LR of −0.0065 °C/m 

(Barry, 2008) corresponding to the ELR. This value is the most commonly 

used value in the literature for glaciological and hydrological modeling (e.g., 

Schaefer et al., 2015). 

Second, the seasonal mean observed LRs (MLR) were used to characterize 

the spatial differences between east and west sides and also between the 

plateau and the tongue of the glaciers. 
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Third, stepwise observed and hourly variable LRs (VLR) were applied. This 

method includes both spatial and temporal variability. On the west side, we 

used the GT‐HSNO LR between 0 and 1,040 m a.s.l. and the HSNO‐HSG LR 

between 1,041 and 3,500 m a.s.l. (the highest point). On the east side, we 

used the GO‐HSO LR between 250 m (approximately the elevation of the front 

of O'Higgins glacier) and 1,234 m a.s.l. and the HSO‐HSG LR between 1,235 

and 3,500 m a.s.l. 

As the second and third methods use data from both proglacial and nunatak 

weather stations, they represent nonglacial surface temperatures rather than 

the GBL temperature. Hence, VLR corresponds to the variable atmospheric 

LR. For input to a glacier ablation model the air temperature using VLR must 

be adjusted for the GBL cooling effect. The fourth method therefore compared 

the VLR air temperatures with observations from on‐glacier sensors 

(VLRBias). GBL2 is assumed to be representative of the west side and GBL3 

of the east side. The adjustment of the air temperature (𝑇𝑣𝑙𝑟𝑎) consists of a 

bias correction of the data using the following expression (Teutschbein & 

Seibert, 2012): 

𝑇𝑣𝑙𝑟𝑎 = 𝑇𝑣𝑙𝑟 + µ𝑚(𝑇𝑜𝑏𝑠) − µ𝑚(𝑇𝑣𝑙𝑟)                                                                        (1) 

where 𝑇𝑣𝑙𝑟 is the air temperature estimated with the VLR method at the 

elevation of the GBL2 on the west side and of the GBL3 on the east side, and 

µ𝑚 is the mean of the observed air temperature at GBL2 and GBL3 (𝑇𝑜𝑏𝑠) and 

of the 𝑇𝑣𝑙𝑟. This approach is the same as that adopted by Ragettli et al. (2014) 

and Ayala et al. (2016) for glaciers in central Chile. Considering that the time 

series of GBL2 and GBL3 are shorter (Table 3.1), it is assumed that the 

difference in the mean is constant along the period and is isotropic. This 

approach attempts to replicate data observed on‐glacier rather than AWSs 

off‐glacier alone. We only used data from GBL2 and GBL3, considering that 

the air temperature sensor in GBL1 was installed at 1.2 m. 

Finally, the fifth method corresponds to the method of Shea and Moore (2010, 

SM10 hereafter), which was then applied to alpine glaciers by Carturan et al. 

(2015) and Shaw et al. (2017). The advantage of this method is that it uses 

off‐glacier data to extrapolate the air temperature and is a function of the 

flowline distance, which is the average from a summit or ridge (Shaw et al., 

2017). In our case, the distance was calculated using the SRTM DEM 

(Supplementary Figure 3.1 in the supporting information). The air temperature 

is estimated using a statistical model that accounts for the differences 

between ambient temperature and on‐glacier temperature: 
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𝑇𝑠𝑚10 = {
𝑇1 +  𝑘2 (𝑇𝑣𝑙𝑟 −  𝑇∗),      𝑇𝑣𝑙𝑟 ≥ 𝑇∗ 

 𝑇1 −  𝑘1 ( 𝑇∗  −  𝑇𝑣𝑙𝑟),    𝑇𝑣𝑙𝑟 < 𝑇∗                                                                                (2) 

𝑇𝑣𝑙𝑟 is representative of the free atmospheric air temperature. The 𝑘1 and 𝑘2  

are parameters obtained from the slope of the linear piecewise regression, 

modeled as exponential functions of the flow distance. These parameters 

related the 2m air temperature with the free atmospheric temperature 

(Supplementary Figure 3.1) below and above the threshold 𝑇∗ , which is 

defined as a function of the flow distance (𝐷𝑓; Carturan et al., 2015; Shaw et 

al., 2017): 

𝑇∗ =  
𝐶1  𝐷𝑓

𝐶2+ 𝐷𝑓
                                                                                                                                                        (3) 

where 𝐶1  and 𝐶2  are 6.61 and 436.04, respectively, corresponding to fitted 

coefficients. 𝑇1 is the air temperature threshold for katabatic effects and is 

calculated as 𝑇∗ · 𝑘1 . 

The parameters used in this model are the same as those used by SM10 as 

the three on‐glacier observation sites in this study are insufficient to define a 

new exponential curve. However, the resulting factors (𝑘1 and 𝑘2 ) obtained 

are compared with those used by SM10 and Shaw et al. (2017). In the case 

of GBL1 and GBL2 the factors agree with the previous curves of 𝑘1 and 𝑘2 , 

but the GBL3 factors do not (Supplementary Figure 3.1). 

Considering the distance of GBL3 to the nearest ridge, it is expected that the 

factors 𝑘1 and 𝑘2  reach values close to 1; however, we obtained values 

around ~0.5 (Supplementary Figure 3.1). 

3.3.4 Melt and Ablation Models 

Two models commonly used in the glaciological literature were applied to 

quantify the impact of air temperature distribution method on the melt and 

ablation over the SPI surface. First, a standard DDM (e.g., Hock, 2003, 2005) 

was used with an hourly time step for each air temperature distribution. We 

chose this model over an enhanced temperature index model (Pellicciotti et 

al., 2005), as the purpose is to identify the impacts of the air temperatures in 

the model rather than quantify the real melt of these glaciers. This basic model 

has been used to predict future response of glaciers worldwide in many recent 

works (e.g., Bliss et al., 2014; Davies et al., 2014; Radić et al., 2014), and so 

it is important to evaluate the corresponding parameters and assumptions 

used. In this model, the melt is assumed to increase linearly with air 

temperature above a given critical threshold assumed in this case to be at 0 

°C. The only data requirement is air temperature and empirically calibrated 
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degree‐day factors (DDFs) that are used to scale the air temperatures to melt 

rates (Tsai & Ruan, 2018). The DDFs account for the different properties of 

snow, firn, and ice (Mackay et al., 2018). As we do not have enough data to 

calibrate the DDFs, as, for example, stake measurements in the east side, we 

used a range of values between 3 and 10 mm w.e.·°C−1·day−1 based on 

previous work (Hock, 2003, 2005). 

The second model is an energy balance at the point scale where 

meteorological observations are available. Radiative fluxes (incoming 

shortwave and longwave radiation) and the meteorological inputs (wind 

speed, relative humidity, and atmospheric pressure) were taken from HSNO 

(west) and HSO (east) observations. Air temperature input is also variable 

depending on the method used for air distribution. As the air temperature 

distributions of the ELR, MLR, and VLR were extrapolated from the 

observations at HSNO and HSO, at this elevation the observed air 

temperature is the same as that obtained from these methods. Hence, energy 

balance was calculated using VLR, the VLRBias, and the SM10 air 

temperatures. Energy available for melt (W/m2) was determined following 

Oerlemans (2001), assuming that the conductive heat flux and sensible heat 

brought to the surface by rain or snow are considered negligible. Indeed, 

recent work calculated 1 W/m2 for sensible flux due to rain and 4 W/m2 for 

ground heat flux (Weidemann et al., 2018) for two glaciers in the south of our 

study area. Surface temperature is assumed constant at 273.15 K (0 °C). The 

heat fluxes were calculated using the bulk approach (Cuffey & Paterson, 

2010), and stability corrections were applied to turbulent fluxes using the bulk 

Richardson number, which is used to describe the stability of the surface layer 

(Oke, 1987). 

The complete set of equations used for the calculations of the turbulent fluxes 

is presented in Bravo et al. (2017) and references therein. 

3.4 Results 

3.4.1 Characterization of the Observed Air Temperature 

The observed 2m daily and hourly mean of the air temperature for each station 

are shown in Figure 3.2. Lower air temperatures are recorded at the higher 

elevation AWS (HSG), and positive daily means at this high elevation site 

(1,428 m a.s.l.) are observed in summer months and even in fall where it is 

possible to see inversion episodes of the air temperature. Hence, higher 

values are observed on the plateau when compared with off‐glacier values. 
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The off‐glacier air temperature shows positive values throughout the 

observational period with higher mean values generally registered at GO 

despite being located at a higher elevation than GT. At similar elevations, air 

temperatures at GBL1 are lower than at HSG, except in February. We 

associate this difference with the cooling effect of the glacier surface (Carturan 

et al., 2015), as HSG is installed on the rock surface and GBL1 is on snow on 

the glacier surface. The daily mean amplitude is higher on the west at GT 

(~4.5 °C) compared with eastern AWS GO (~2 °C). 

The diurnal temperature range is higher at the off‐glacier AWS compared to 

on‐glacier AWS (Figure 3.2), revealing the dampening effect of the ice 

surface. The hourly mean values show that the highest Pearson's correlations 

coefficients (r) are between plateau air temperatures (Supplementary Table 

3.1) with r > 0.88 in almost all the cases. The r between off‐glacier 

temperatures and plateau temperatures are in all cases <0.52. The r between 

the AWSs on the west side (GT and HSNO) is 0.44 and 0.47 between the 

eastern AWSs (GO and HSO). The correlation is higher if the time series are 

compared between October and March with 0.67 and 0.59, respectively. 

Large‐scale climate anomalies during the austral fall (Garreaud, 2018) lead to 

a lower correlation between off‐glacier AWS and on‐glacier and nunataks 

AWS. The observations reveal that this circulation pattern increases the air 

temperature over the plateau more than over the off‐glacier sites. 

Interestingly, r between both off‐glacier (67 km distance) air temperatures is 

0.77. 
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Figure 3.2 (a) Time series of the mean daily temperature of the five automatic 
weather stations (AWSs) and the three snow sensors. Sensors are 
located 2 m above the ground, except GBL1 located at 1.2 m. Gray 
shadows correspond to the minimum and maximum values in each day. 
The order from top to bottom is from west to east. Note that y axis is 
different between plots. (b) Hourly mean for each AWSs for the period 
25 October 2015 to 15 February 2016 and (c) hourly mean for each 
AWSs for the period 10 October 2016 to 30 June 2016. 

3.4.2 LRs at Glacier Scale 

The comparison between monthly mean air temperature and the elevation of 

the AWS on the SPI (Table 3.2) shows that LRs are highly linear with 

coefficient of determination (R2) values over 0.90 from October to March. In 

the fall months this correlation diminishes to values close to 0.61, and during 

May the R2 value is very low (0.18) when using all AWSs, suggesting an 

important control other than elevation at this scale (Supplementary Figure 

3.2). Spatially and temporally, the LRs estimated are steeper in the east 

compared to the west. Both sides show higher R2 values (0.99) when 

considered separately, with the exception of fall (Table 3.2). 

The stepwise hourly LRs show a range of values (Figure 3.3 and Table 3.2). 

The estimated hourly observed LR between each pair of AWS shows that on 

the west side, LRs are shallower (mean value −0.0055 °C/m) compared with 

the LRs observed on the east side (mean value −0.0072 °C/m). Mean values 

of LR on the west side (GT‐HSNO and HSNO‐HSG) are close to the ELR 

(−0.0065 °C/m). On the east side, the mean values are between the ELR and 

the dry adiabatic LR (−0.0098 °C/m). On the east side, the plateau LRs (HSO‐

HSG) are steeper than the tongue LRs (HSO‐GO). On‐glacier LRs (GBL1 and 
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GBL2) are shallower, with values in October, November, and December close 

to −0.0040 °C/m followed by predominantly thermal inversions episodes in 

January and February (Supplementary Figure 3.2). 

In the west, GT‐HSNO shows higher variability than the HSNO‐HSG rate. In 

the latter case, the mean values and the median for each month are close to 

the ELR, while mean and median values for GT-HSNO show higher 

intermonthly variability. In the east, the difference between GO‐HSO and 

HSO-HSG is less evident. In both cases, during the spring and summer 

months, the LRs are between the ELR and the dry adiabatic LR. LRs 

calculated for the HSO‐HSG show a great number of steeper negative outlier 

values. 

Thermal inversions are observed on both sides of the divide. Multisite 

regression and stepwise statistics show that these episodes are more frequent 

on the west side, especially during fall. The data in Table 3.2 show that the 

episodes of thermal inversion are not necessarily concordant between the 

lower and the higher part of the glaciers on each side. Interestingly, the time 

series for the east side shows that a plateau (HSO‐HSG) thermal inversion 

could occur with decreasing temperatures on the tongue (GO‐HSO) and vice 

versa. On the west side, it is also possible to identify episodes of thermal 

inversion on the tongue (GT‐HSNO); meanwhile, the plateau (HSNO‐HSG) 

shows a decrease in temperature with elevation. Therefore, a more complex 

structure in the air temperature LRs is detected. The lower R2 values coincide 

with more frequent thermal inversion episodes, but an important difference is 

that the signal of the thermal inversion in the fall months, especially May, is 

not strong in the distribution of the LRs of HSNO‐HSG. 
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Figure 3.3 (a–f) Monthly boxplot of the lapse rates (LRs) estimated for each 
pair of automatic weather station. Upper and lower box limits are the 75% 
and 25% quartiles, the red horizontal line is the median, the filled green 
circle is the mean, and crosses are outlying values. As a reference, the 
environmental lapse rate and the dry adiabatic lapse rate are indicated. 
For (e) note the different y axis scale (dashed lines correspond to the 
range in all other panels). The gray line corresponds to zero lapse rate. 
(a) GT‐HSNO; (b) HSNO‐HSG; (c) West, GT‐HSNO‐HSG; (d) GO‐HSO; 

(e) HSO‐HSG; and (f) East, GO‐HSO‐HSG. 

Table 3.2 Mean seasonal lapse rate at hourly time step for each season. 
Spring is October to December, summer is January to March and fall 
April to June. Number of cases are indicated by n and number of thermal 
inversions episodes (abbreviation t.i.) in brackets. The table include data 
from multi-linear regression of air temperature observations against 
elevation where parenthesis indicate the R2 relationship. Also data 
obtained between each pair of AWS is shown (stepwise). 
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3.4.3 Air Temperature Distribution 

A comparison of the observed air temperature (GBL) with air temperature 

extrapolated using the VLR method (Figure 3.4) shows an offset, especially 

at GBL1 (Figure 3.4a) and GBL2 (Figure 3.4b). This offset is associated with 

the cooling effect that off‐glacier and nunatak air temperatures observations 

cannot account for. 

The variability of the time series is almost the same, especially GBL1 and 

GBL2 where the correlation coefficients are 0.98 and 0.92, whereas in the 

location of GBL3 it is 0.54 (Figure 3.4c). Comparing these two time series 

reveals that spatial differences exist regarding the cooling effect. The 

observed on‐glacier air temperature shows that the cooling effect on the west 

side reaches a mean value between 0.8 (GBL1) and 1.3 °C (GBL2), while on 

the east side it reaches 3.3 °C, with significantly more scatter (GBL3, Figure 

3.4c). The strength of the glacier cooling effect could be also related to humid 

conditions on both sides. Figure 3.4 shows that under lower relative humidity 

values, the differences between VLR and the observed air temperatures are 

higher, and hence, the correlation is poor, especially at the GBL3 location 

(Figure 3.4c). We verified these data by comparing the observations from the 

same station at 4 m; the correlation coefficient is 0.95, and the mean 

difference is 0.6 °C. As the differences become more pronounced with lower 

values of relative humidity, and the east side is drier than the west side, we 

might expect to see greater differences in the east. 

 

 

Figure 3.4 Scatterplot of the observed air temperature and the estimated air 
temperature using the variable lapse rate method. Locations are (a) 
GBL1, (b) GBL2, and (c) GBL3. Colored according to the relative 
humidity observed at HSG. Black line is the best fit, and the dashed line 
is the one‐to‐one relation. GBL = glacier boundary layer. 

The mean values of the air temperature distribution for each of the methods 

are presented in Figure 3.5. At comparable elevations, warmer conditions are 

observed in the east using the ELR, MLR, and the VLR methods. The mean 
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air temperature calculated with the VLR and MLR is similar on both sides, 

implying a reduction of 0.5 to 0.6 °C relative to the ELR. 

On the west side, ELR, VLR, and MLR showed similar values, except on the 

tongues of the glaciers, where ELR shows mean air temperature over 10 °C. 

The lowest mean air temperature is obtained with the SM10 method. SM10 

shows a lower air temperature across all glacier surfaces, especially notable 

at the tongue of each of the glaciers. At the point scale, the comparison of the 

observed air temperature at GBL2 compared with the SM10 shows a mean 

difference of 0.6 °C. This represents a reduction of the difference with the 

other methods (ELR, MLR, and VLR) implying that SM10 captures some of 

the cooling effect of the glacier surface. 

On the east side, the lowest mean air temperature is obtained with the 

VLRBias method. The SM10 just captures a small portion of the cooling effect 

as at the location of the GBL3, the mean difference with the observed data is 

only reduced by 0.1 °C compared with the difference using VLR. On both 

sides, some uncertainties exist in the magnitude of the real cooling effect 

using SM10 as we used the original parameters of SM10 and not newly 

calibrated parameters. 

On the east side, the difference between ELR/MLR and VLR is smaller along 

the plateau and the tongues of the glaciers. However, at higher elevations, the 

VLR determines warmer conditions due to the thermal inversion episodes. 

The vertical extension of the thermal inversion is an uncertainty, considering 

that there are no observations over ~1,500 m a.s.l.; hence, the data at higher 

elevations must be taken with caution. 

On both sides the VLRBias air temperature distribution shows colder 

conditions compared with the ELR, MLR, and the VLR. On the west side, the 

SM10 method gives higher cooling compared to VLRBias below 1,000 m a.s.l. 

and similar conditions in the range 1,000 to 1,500 m a.s.l. At higher elevations, 

SM10 shows warmer conditions than VLRBias. However, the area above 

1,500 m a.s.l. is only ~10% of the total, which explains the generally colder 

conditions of SM10 compared to VLRBias on the west side (Figure 3.5). In the 

east, at the lower elevational range the SM10 presents colder conditions 

compared with VLRBias; this is a small portion of the total area of the glaciers 

as their fronts are located at ~250–300 m a.s.l. 

Spatially, the differences between the west and east side depend on the 

method used for the air temperature distribution. The ELR method determines 

almost the same condition for each elevation range between west and east, 
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while the MLR and VLR method determine warm conditions on the east 

compared to the west in all the elevation ranges. The opposite is true using 

the VLRBias method with warmer conditions in the west up to ~2,000–2,500 

m a.s.l. and then warmer conditions in the east due to the great number of 

thermal inversion episodes. 

 

Figure 3.5 Mean air temperature for each method to distribute the air 
temperature on both sides of the South Patagonia Icefield. Color bar 
units are in degrees Celsius. Elevation contour lines interval 200 m. The 
top row shows the west side, and the bottom row shows the east side. 
ELR = environmental lapse rate; MLR = mean observed lapse rate; VLR 
= variable lapse rate. 

3.4.4 Ablation Estimates 

Hourly distributed degree‐day modeling (DDM) shows the effects of the 

different air temperature distributions on estimating melt across the SPI during 

the period 1 October 2015 to 30 June 2016. For comparison, Figure 3.6 shows 

the differences in the melt between each of the methods used to distribute the 

air temperature. The differences are shown by elevation range and for a range 

of DDFs. 

In the west, the larger differences between all the methods are concentrated 

at elevations below 1,000 m a.s.l. The ELR melt is highest for most of the 

elevation range, except the greatest elevations where all the other methods 

tend to be similar or higher melt rate. The highest melt differences are 

between ELR/MLR and SM10, reaching values between 7 and 14 m w.e. at 

the lower elevations. The VLR estimated greater melt than VLRBias, as 

expected; depending on the DDF used, this difference could reach more than 

3 m w.e. in the tongue of the glacier (0 to 1,000 m a.s.l.). However, with the 

typical DDF used for ice (6 to 7 mm w.e.·°C−1·day−1), the difference is 1.5–2 

m w.e. Interestingly, the differences between MLR and VLR are very low and 
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the differences between VLRBias and SM10 are also low except at the very 

lower elevations, suggesting that greater cooling effect in the tongue of the 

glacier is represented by SM10. At the locations of GBL1 and GBL2 and over 

1,000 m a.s.l. the differences are close to 0 m w.e. 

On the east side, the VLR modeled melt is higher than the ELR at higher 

elevations and similar at lower elevations. Higher differences are observed in 

the lower sector between ELR and SM10, between MLR and SM10, and 

between VLR and SM10, in all these cases with a maximum of 8 m w.e. 

assuming higher DDF. Differences between 4 and 6 m w.e. are observed for 

more typical DDF for ice (6 to 8 mm w.e.·°C−1·day−1). The VLRBias‐SM10 

difference shows that the SM10 captures the cooling effect at the lower 

elevations, as the difference is close to 0 m w.e. 

The results of the estimated melt using the five methods are compared with 

the observations of the ablation using UDGs at GBL1 and GBL2 locations 

(Supplementary Table 3.2). The observed air temperatures at these locations, 

following the same DDM approach, suggest that the DDF to replicate the 

observed melt is close to 8.5 mm w.e.·°C−1·day−1, which compares well with 

values derived in other glaciated areas (Hock, 2003). On both sides, ELR, 

MLR, and VLR melt are higher than the observed; 0.4–0.5 m w.e. at GBL1 

and 1.3 m w.e. at GBL2 location. VLRBias and SM10 melt rate are close to 

the observed values with an overestimation of 0.2–0.3 m w.e. at GBL2. This 

emphasizes that the inclusion of the cooling effect is necessary for melt 

estimations as this is a comparison with an independent source of data from 

the UDGs. 

The results of the energy balance at point scale (Figure 3.7) show the spatial 

differences related to the meteorological conditions between the east side and 

the west side. Incoming shortwave radiation is higher in the east due to less 

humidity and cloud cover, and incoming longwave radiation is slightly higher 

in the west due to more persistent cloud cover. Turbulent fluxes are the 

smaller contributors to the energy balance on both sides and are the most 

sensitive fluxes to the changes in the air temperature distribution method. 
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Figure 3.6 Melt differences between each of the methods used to distribute 
the air temperature using a range of DDF in a simple degree‐day model. 
Upper panels correspond to the west side, and lower panels correspond 
to the east side. Note that at east side the lowest elevation is 250 m 
above sea level. ELR = environmental lapse rate; MLR = mean observed 
lapse rate; VLR = variable lapse rate; DDF = degree‐day factor. 

The sensitivity of the energy fluxes to three methods of air temperature 

distribution (VLR, VLRBias, and SM10) is shown in Figures 3.7a and 3.7b. In 

the west, the greatest change is observed in energy available for melt, as the 

208 W/m2 estimated by the VLR method reduces to 180 (VLRBias) and 157 

W/m2 (SM10). Refreezing values are similar. The mean latent heat changes 

from 45 (VLR) to 24 (VLRBias) and 19 W/m2 (SM10), and the sensible heat 

changes from 68 (VLR) to 47 (VLRBias) and 43 W/m2 (SM10). On the east 

side the changes in the turbulent fluxes are even higher; latent heat changes 

from 20 (VLR) to −76 (VLRBias) and 0 W/m2 (SM10), and the sensible heat 

changes from 91 (VLR) to −24 (VLRBias) and 70 W/m2 (SM10). The energy 

for melt also decreases from VLR to VLRBias but increases comparing 

VLRBias and SM10. 

The ablation impacts associated with the different methods to distribute the 

air temperature to input the point‐scale energy balance are show in Figures 

3.7c and 3.7f. The accumulated melt on the west side decreases from 7.4 

(VLR) to 5.9 (VLRBias) and 5.4 m w.e. (SM10), while sublimation increases 

from 0.03 (VLR) to 0.05 (VLRBias) and 0.04 m w.e. (SM10). In any case, these 

sublimation values represent a very small fraction (less than 0.8%) of the total 

melt. On the east side the differences are more evident, the accumulated melt 

decreases from 8.2 (VLR) to 3.0 (VLRBias) and 6.6 m w.e. (SM10). The 

accumulated sublimation increases from 0.1 (VLR and SM10) to 0.4 m w.e. 

(VLRBias). This means that in the east and using the VLRBias, sublimation 
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comprises 12% of the total ablation. On the west side, a qualitative 

comparison of the ablation is obtained from UDGs data at GBL1 and GBL2. 

As GBL1 and GBL2 are located at higher elevation it is expected that the 

ablation will be lower with respect to the HSNO (1,040 m a.s.l.). Unfortunately, 

the UDG installed at GBL3 on the east side did not record data during the 

period of analysis. However, the UDG at GBL2 located at ~20 km from HSO 

represents an estimate, suggesting the VLRBias air temperature is closest to 

the observed ablation. 

 

Figure 3.7 Results of the point‐scale energy balance: (a) Estimated mean 
energy fluxes using different air temperature distributions schemes. (b) 
Observed radiation fluxes. (c) Estimated cumulative melt and 
sublimation and observed ablation at GBL1 and GBL2 locations. 
Shadowed area corresponds to the range of snow densities observed at 
both locations. (a)–(c) On the west side at the location of HSNO. (d)–(f) 
On the east side at the location of HSO. Note that in (c) and (f) 
sublimation is on different scales. VLR = variable lapse rate; GBL = 
glacier boundary layer; SWR = shortwave radiation; LWR = longwave 
radiation. 

3.5 Discussion 

3.5.1 Uncertainties 

In estimating LRs from observations, it is important to recognize the influence 

that the number and position of stations may have on the derived values. For 

example, sites located at valleys bottoms, on mountain passes, and in 

positions elevated above glacier surfaces may not be representative of the 

wider terrain (Minder et al., 2010). In the current study, the correlation matrix 

of air temperatures revealed that GT and GO showed the weakest 

relationship. GT is located at the lower end of a small valley frequently affected 

by temperature inversion (Carturan et al., 2015). GO is located close to the 

front of the O'Higgins glacier but in an area also affected by the wind dynamics 
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of the valley of Pirámide glacier. Additionally, both AWSs are located close to 

water bodies, GT is close to a fjord and GO to a lake, and the boundary layer 

dynamics of these water bodies could also influence the air temperature at 

these locations. The great number of factors that potentially influence the air 

temperature observations indicates that corrections are necessary for using 

such data over glacier surfaces. 

The reliability of on‐glacier temperatures is crucial for the robustness of the 

VLRBias method. Our data show that GBL1 and GBL2 are well correlated with 

the observed air temperature at the nunataks (Supplementary Table 3.1) and 

hence could be representative of the on‐glacier conditions on the plateau of 

the west side. However, at GBL3, there is a greater uncertainty considering 

the short time series and the large‐scale climate anomalies during this period, 

which were characterized by the predominance of high sea level pressure in 

fall (April to May) 2016 that brought about unusual weather conditions 

(Garreaud, 2018). Overall, correlation coefficients are lower between all the 

time series during the April–June period, especially when comparing rock 

AWS with nunatak AWS, with values around 0.01. However, the correlations 

between nunatak AWSs (HSNO, HSG, and HSO) are still between 0.88 and 

0.94, which means that conditions on the plateau seem to be influenced in the 

same direction. This gives confidence that the GBL3 data set, installed on the 

plateau, may reliably represent the long‐term conditions on the east side of 

the SPI or at least is representative of the cooling effect under sunny and 

warm conditions. These conditions were predominant in fall 2016 due to large‐

scale climate anomalies (Garreaud, 2018). This is also supported by previous 

observations, as greater cooling effect has been observed under warm and 

sunny weather, while minimum values were observed during overcasts and 

unsettled weather (Carturan et al., 2015). However, the dispersion of the data 

still suggests that local conditions exist at this point, and hence, the conditions 

may not be representative of all the glacier area. Probably, this is the main 

reason that the correlation coefficient in GBL3 (~0.60) is not as high as GBL1 

and GBL2, at least when compared to nunatak AWS (>0.90). 

3.5.2 LRs and Air Temperature Spatial Patterns 

Previous glacier mass balance modeling in the Patagonia region has not used 

spatial parametrization of LRs, but the results presented in this work 

demonstrate that clear spatial differences exist. Specifically, we show here 

that the observed LRs are low in the west relative to the east. Such differences 

across mountains are likely a common feature (e.g., the Cascade Mountains: 

Minder et al., 2010). At a smaller scale, there are also differences in the LRs 
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observed between the lower and upper regions of the icefield on both sides. 

Observed on‐glacier LRs are lower than off‐glacier LRs and the ELR, in 

agreement with findings for the Canadian Arctic (Gardner & Sharp, 2009; 

Marshall et al., 2007) but contrasting with steep LRs observed over valley 

glaciers in the Central Andes of Chile (e.g., Bravo et al., 2017; Petersen & 

Pellicciotti, 2011). 

Despite their common use in modeling studies, our results suggest that while 

the ELR, MLR, and VLR methods of temperature distribution do not represent 

the real on‐glacier conditions, the VLR does appear to capture the on‐glacier 

variability. Furthermore, the MLR captures the general spatial pattern and 

hence could also potentially be used. 

For input to a glacier ablation model, including the glacier cooling effect in the 

air temperature distribution should theoretically give a more realistic estimate 

of the ablation. Considering that (i) observed on‐glacier LRs are difficult to 

obtain during longer periods, due to glacier surface characteristics (e.g., tilt of 

the structure by ice flux) and (ii) that the correlations between observed and 

estimated air temperature over the glacier surface are good (Figure 3.4), the 

glacier cooling effect could be represented by a bias correction (VLRBias, 

equation (2)) or by using the model of SM10, equation (3)). However, for both 

cases, further on‐glacier data would be useful for calibrating the approach. In 

the first case, it is necessary to include spatial differences between the on‐

glacier and off‐glacier air temperatures, due to cold spots and different lateral 

conditions with respect to the centerlines that have been observed over other 

glaciers (Shaw et al., 2017). In the second case, further observations are 

needed to calibrate the parameters of the statistical model of SM10, especially 

because the glaciers of the study area presents a longer fetch with respect to 

previous application on Alpine glaciers (e.g., Carturan et al., 2015; Shaw et 

al., 2017). An alternative to these corrections is the physically based model 

that was proposed to capture on‐glacier air temperature conditions under 

katabatic flow events developed by Greuell and Böhm (1998), applied by 

Petersen et al. (2013), and its modified version previously used by Ayala et al. 

(2015) and Shaw et al. (2017). 

The dominant control of LRs depends of the size of the ice mass; Gardner et 

al. (2009) found that the free atmosphere air temperature is the main control 

of the LRs rather than katabatic flow in icefields of the Canadian Arctic, but 

Petersen and Pellicciotti (2011) found that katabatic flow plays an important 

role in defining on‐glacier air temperatures for a valley glacier. More in‐depth 

analysis is therefore necessary to determine if katabatic flow plays an 
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important role in the SPI and hence assess the applicability of the Greuell and 

Böhm (1998) and SM10 models with greater confidence. The relationship 

between wind speed and LRs at the tongue of each side (LRs at GT‐HSNO 

andGO‐HSO, Supplementary Figure 3.3) seems to suggest a control from 

katabatic flow especially on the east side due to the larger temperature 

gradient between surface and off-glacier conditions. However, the wind speed 

could also be related to synoptic conditions on both sides and strong foehn 

winds in the east, as was previously suggested by Ohata et al. (1985) in the 

North Patagonia Icefield, thus preventing the development of near continuous 

katabatic flow. Independent of the physical explanation it is clear that at the 

tongues, wind speed also plays a role in defining the variability of the LRs. 

The meteorological conditions clearly play an important role in defining the 

characteristics of the LRs on both sides of the northern sector of the SPI. Shen 

et al. (2016) indicated that the role of water vapor in the air is an essential 

driver of the spatial pattern of LRs. Gentle LRs are associated with moister 

atmospheric conditions, as rising air parcels cool more slowly in a humid 

environment than in a dry environment. Thus, the magnitude of temperature 

change with elevation is reduced. This mechanism can be revealed by the 

spatial variability of precipitation and humidity, which are higher on the 

western side than the eastern side as the meteorological observations and 

previous work indicates (Lenaerts et al., 2014; Schneider et al., 2003; Smith 

& Evans, 2007). 

LR variability also depends on atmospheric circulation patterns. For example, 

the observed LRs in the area show episodes of thermal inversions, particularly 

in the fall months. These episodes respond to atmospheric circulation that 

favor the advection of warm air to the SPI (Garreaud, 2018). During these 

episodes, on the west side, negative LRs were observed on the plateau, while 

positive LRs were observed on the tongues. At the end of April, the air 

temperature at HSNO and HSG increased, reaching positive values during 

this period. Meanwhile, GT does not show this increase (Figure 3.2). This 

could indicate that the air temperature close to the glacier surface does not 

rise uniformly and the air temperature at higher elevation responds more 

linearly to a free‐air temperature increase, as was previously suggested by 

Gardner et al. (2009). 

It is generally accepted that at the regional scale, colder air temperatures 

prevail on the eastern side compared to the west side over both Patagonia 

Icefields (Garreaud et al., 2013; Villarroel et al., 2013), related to the 

topographic elevation differences between both flanks. However, at similar 
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elevations, the use of VLR and the off‐glacier observations near the front of 

the glaciers (GT and GO) seems to describe warmer conditions in the east 

compared to the west but a steeper LR on the east, in apparent support of the 

results of Mernild et al. (2016). 

3.5.3 Glacier Cooling Effect 

On‐glacier air temperature measurements reveal that the cooling effect 

associated with the glacier surface is higher in the east. Observed mean 

glacier cooling reaches a maximum of 3.3 °C relative to the VLR extrapolated 

between neighboring stations at the location of the GBL3 on the east side and 

under severe drought conditions in Patagonia (Garreaud, 2018). Similar 

magnitudes (3 to 4 °C) were previously observed at the Skagastøl Glacier 

(Norway) (Carturan et al., 2015) and in Juncal Norte glacier in central Chile 

(~33°S), where Ragettli et al. (2014) found a cooling effect of 2.9 °C. However, 

the values of the 𝑘1 and 𝑘2  parameters at GBL3 suggests a strong cooling 

effect besides being locate close to the ridge (Supplementary Figure 3.1). The 

curves of SM10 and Shaw et al. (2017) suggest that the cooling effect at this 

point must be low. This discrepancy could be explained if the location of GBL3 

is a cold spot. These special features require further investigation as the 

models cannot replicate (Shaw et al., 2017). Meanwhile, at GBL1 and GBL2, 

located on the west side, the cooling was between 0.8 and 1.3 °C. Although 

the one point of on‐glacier validation and the extension of the GBL3 time 

series is insufficient to define the real cooling effect and its spatial differences, 

previous work suggests that the east side of the SPI is indeed cooler than the 

west. Monahan and Ramage (2010) used passive microwave observations to 

show that the melt‐refreeze processes below 1,500 m a.s.l. start in July on the 

western part of the SPI, while in the east they start in September; sustained 

melt onset also tends to occur 25 to 35 days earlier on the west of the divide 

than in the east. De Angelis et al. (2007) showed larger areas of slush in the 

west compared to the east, as well as a greater degree of snow 

metamorphism associated with melt‐freeze episodes in the west, suggesting 

warmer conditions. 

The SM10 method also suggests slightly colder on‐glacier conditions in the 

east compared to the west but limited to the elevation range between 1,000 

and 2,000 m a.s.l., where 80% of the glacier area is concentrated. At the other 

elevation ranges, SM10 shows warmer on‐glacier conditions in the east. This 

spatial variability reinforces the need for more distributed and longer term on‐

glacier observations. 
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3.5.4 Ablation Impacts 

There is an evident impact in the reduction of the melt using a DDM with the 

VLRBias and SM10 air temperature data set compared to the DDM using the 

ELR, MLR, and VLR air temperatures. At point scale, these differences are 

higher in the east reaching values between 4 and 6 m w.e. for DDFs between 

6 and 9 mm w.e.·°C−1·day−1 at 500 m a.s.l. Assuming the mean annual melt 

of ~10–12 m w.e. for the tongue of O'Higgins glacier, estimated by Mernild et 

al. (2016), the difference between the methods represents between 33% and 

60% of the melt at point scale. At the distributed scale, the mean melt in the 

period 1979/1980 and 2013/2014 estimated by Mernild et al. (2016) reached 

a mean value of 8.1 m w.e. on the west side (Greve, Témpano, and Occidental 

glaciers) and 6.3 m w.e. on the east side (O'Higgins and Chico glaciers). 

Although there are some restrictions in comparing these data (mean of 30 

years) and the results of the current study (one particular season and an 

estimated DDF of 8.5 mm w.e.·°C−1·day−1), it appears that in the east, the melt 

determined by Mernild et al. (2016) is too high even compared with the melt 

obtained from the ELR and MLR (5.6 and 5.9 m w.e.), while in the west the 

value obtained by Mernild et al. (2016) is close to our VLRBias estimation. 

Overall, the use of the constant ELR, MLR, and VLR appears to overestimate 

the melt calculated by a DDM. However, MLR and VLR describe the variability 

of the on‐glacier air temperature and hence could be used, after a correction, 

to estimate the melt. As the MLR represents the general spatial conditions 

(east‐west; tongue‐plateau), it should be noted that the MLR does not capture 

thermal inversion episodes and could underestimate the melt/ablation at 

higher elevations. The use of VLR has been highlighted as an important issue 

in glaciology applications (Marshall et al., 2007; Petersen & Pellicciotti, 2011). 

The point‐scale energy balance showed that the energy available decreases 

from VLR to VLRBias and SM10; hence, the melt decreases, notably on the 

east side. The energy balance results highlight that the most important 

impacts on the energy balance are related to the change in the sign of the 

turbulent fluxes using the VLRBias compared to the VLR as input to the 

energy balance model on the east side. The sublimation here, after a change 

in the sign of the mean latent heat, reaches 12% of the total ablation at 1,234 

m a.s.l. This percentage could be even larger at higher elevations on the east 

side. Overall, the sublimation is considered a small percentage of the total 

ablation with values in the order of 0.1 m w.e. for the glaciers of the study area 

(Mernild et al., 2016). However, if the cooling effect is as high as the data from 

GBL3 suggest, the sublimation on the east side could be higher, and hence, 
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attention must be given to this ablation component when modelling future 

climate response. 

Although the data in the current study are not conclusive, it does appear that 

spatially variable cooling effects must be considered as an important control 

on the differential response of the glaciers in this region, which has previously 

been attributed to the hypsometric characteristics and calving dynamics (e.g., 

De Angelis, 2014; Minowa et al., 2015; Rivera et al., 2012). 

3.6 Conclusions 

This work presents air temperature variations across the SPI along an east‐

west transect at approximately 48°45′S. We analyzed 9 months of 

observations from a network of five complete series of AWSs installed close 

to glacier fronts and on nunataks, supplemented by three air temperature 

sensors installed directly over the glacier surface. By analyzing these time 

series of observed air temperature and distributed values modeled with the 

observed LRs, including a bias correction over glacier surfaces, we identified 

spatial variability in the air temperature structure between the east and the 

west sides of the icefield. This work represents the first robust assessment of 

air temperature variability on the SPI. The main findings are as follows: 

1. There is considerable spatial and temporal variability in LRs. Observed LRs 

are, overall, steeper in the east (−0.0072 °C/m) compared to the west 

(−0.0055 °C/m), and also differences and even contrasting behavior in the 

LRs exist between the lower sections (tongue of glacier, ablation zone) and 

upper sections (plateau, accumulation zone) on each side of the SPI. In the 

west, the mean LR at the tongue (GT‐HSNO) reached −0.0045 °C/m, while at 

the plateau (HSNO‐HSG) it reached −0.0064 °C/m. In the east, mean LR 

reached −0.0066 °C/m at the tongue (GO‐HSO) and −0.0078 °C/m at the 

plateau (HSO‐HSG). 

2. Off‐glacier temperature measurements are not representative for 

calculating on‐glacier LRs. While off glacier LR accounts for the variability of 

the on‐glacier air temperature, a bias exists in comparing the estimated and 

the observed air temperature time series. Applying a bias correction and/or 

the model of SM10, we find that on‐glacier conditions are warmer on the west 

side compared to the east. The methods to distribute air temperature could 

reach differences of ~1 °C in the west and 3.3 °C in the east when comparing 

mean values. At the local scale, differences reach values higher than 10 °C 

especially on the tongues at each side. Certainly, more on‐glacier 
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measurements are needed to account for this effect at the scale of the entire 

icefield. 

3. These two factors (1 and 2) have an impact on ablation estimates. 

Investigating the sensitivity of ablation to modeled air temperatures shows that 

important differences exist depending on the method used for air temperature 

distribution. Distributed temperature‐index modeling and point‐scale energy 

balance analysis reveal that melt could be overestimated and sublimation 

could be underestimated if the glacier cooling effect is not included in the 

distributed temperature data. These uncertainties can lead to large variations 

in the estimated ablation. Overall, on the east side, total melt without air 

temperature corrections (ELR, MLR, and VLR) decreases by 51–56% for bias‐

corrected air temperatures (VLRBias) and 13– 22% for the model of SM10. 

On the west side, this decrease is 21–31% and 54–60%, respectively. At the 

local scale, the energy balance shows that in the east (HSO), a reduction of 

59% exists in the total ablation between VLR and VLRBias and a reduction of 

19% exists between VLR and SM10. In the west (HSNO) this reduction is 20% 

and 27%, respectively. The turbulent flux analysis also shows that with the 

greater glacier cooling effect on the east side, sublimation could reach 12% of 

the total ablation. 

In view of these findings, the main implication is that using a single, constant 

LR value for both sides to distribute the air temperature is not representative. 

Considering the overall, strong correlation between air temperature time 

series, the use of VLR captures the on‐glacier variability. Also, the use of MLR 

captures the general spatial different conditions and hence could be used. 

However, for both cases, including the glacier cooling effect in the air 

temperature distribution gives more reliable ablation estimations. The 

correction could be done by a bias corrections as was proposed here 

(VLRBias), using the model of SM10 or by testing the applicability of other 

models (e.g., Greuell & Böhm, 1998). The calculation of the surface mass 

balance in these glaciers and others could be improved considering the spatial 

differences in the observed LR and taking account of the cooling effect to 

distribute the air temperatures. 
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4.1 Abstract 

Recent evidence shows that most Patagonian glaciers are receding rapidly. 

Due to the lack of in situ long-term meteorological observations, the 

understanding of how glaciers are responding to changes in climate over this 

region is extremely limited, and uncertainties exist in the glacier surface mass 

balance model parameterizations. This precludes a robust assessment of 

glacier response to current and projected climate change. An issue of central 

concern is the accurate estimation of precipitation phase. In this work, we 

have assessed spatial and temporal patterns in snow accumulation in both 

the North Patagonia Icefield (NPI) and South Patagonia Icefield (SPI). We 

used a regional climate model, RegCM4.6 and four Phase Partitioning 

Methods (PPM) in addition to short-term snow accumulation observations 

using ultrasonic depth gauges (UDG). Snow accumulation shows that rates 

are higher on the west side relative to the east side for both icefields. The 

values depend on the PPM used and reach a mean difference of 1,500 mm 

w.e., with some areas reaching differences higher than 3,500 mm w.e. These 

differences could lead to divergent mass balance estimations depending on 

the scheme used to define the snow accumulation. Good agreement is found 

in comparing UDG observations with modeled data on the plateau area of the 

SPI during a short time period; however, there are important differences 

between rates of snow accumulation determined in this work and previous 

estimations using ice core data at annual scale. Significant positive trends are 

mainly present in the autumn season on the west side of the SPI, while on the 

east side, significant negative trends in autumn were observed. Overall, for 

the rest of the area and during other seasons, no significant changes can be 

determined. In addition, glaciers with positive and stable elevation and frontal 

changes determined by previous works are related to areas where snow 

accumulation has increased during the period 2000–2015. This suggests that 

increases in snow accumulation are attenuating the response of some 

Patagonian glaciers to warming in a regional context of overall glacier retreat. 

4.2 Introduction 

Patagonia is the largest glaciated area in the Southern Hemisphere outside 

Antarctica. Patagonian glaciers show a strong sensitivity to climate variations 

and recent evidence shows that most of these glaciers are receding rapidly 

(Davies and Glasser, 2012; White and Copland, 2015; Meier et al., 2018). This 

deglaciation process is a matter of concern due to their observed and potential 

contribution to sea level rise (Rignot et al., 2003; Willis et al., 2012; Gardner 

et al., 2013). Despite this, only a few studies have focused on understanding 
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how glacier mass balance is responding to changes in climate over this 

important region of the Southern Hemisphere (Pellicciotti et al., 2014; Malz et 

al., 2018). The main reason for the lack of research studies over this region is 

associated with the scarcity of in situ long-term meteorological observations, 

especially on the plateau of both icefields, where extreme weather conditions 

prevail throughout the year. 

Previous studies have focused on comparing surface elevation changes 

during recent decades derived from digital elevations model (DEMs) obtained 

from topographic and satellite data in both the North Patagonia Icefield (NPI) 

and the South Patagonia Icefield (SPI). Overall, these analyses show surface 

lowering in almost all the NPI, with some exceptions in the accumulation 

zones (Rivera et al., 2007; Dussaillant et al., 2018; Foresta et al., 2018). 

Meanwhile, negative changes are concentrated in the northern sector of the 

SPI (Foresta et al., 2018; Malz et al., 2018), whereas the south-central sector 

shows near balance conditions and even positive changes in elevation (e.g., 

Pío XI Glacier; Malz et al., 2018). As might be expected, the highest negative 

trends are concentrated in the ablation zone of the glaciers. The heterogeneity 

in glacial elevation changes reveals a complex spatial structure of the glacier 

responses in this region. The overall observed negative changes in surface 

elevation contrast with surface mass balance models studies that largely 

illustrate positive trends on both the NPI and SPI (Schaefer et al., 2013, 2015; 

Mernild et al., 2016b; Weidemann et al., 2018). One explanation suggested 

for this discrepancy is increasing ice flow velocities associated with ice loss 

due to calving. Unfortunately, to date there are no empirically-based studies 

of the meteorological conditions over both sides of the Patagonian Icefields 

that can constrain the mass balance modeling studies. Due to the lack of 

observation based analyses, high uncertainties exist in the glacier surface 

mass balance model parameterizations precluding a complete validation of 

the simulated accumulation (Villarroel et al., 2013) as well as a robust 

assessment of the response of the glaciers to projected climate change. 

Despite recent and past efforts, one of the main components of the glacier 

mass balance, the snowfall and hence the snow accumulation in Patagonia, 

remains poorly understood. Snow accumulation has been estimated at 

different scales from Global and Regional Climate Models (Schaefer et al., 

2013, 2015; Lenaerts et al., 2014; Mernild et al., 2016a; Weidemann et al., 

2018) to point scale estimates from stake observations (Rivera, 2004) and ice 

core data (Yamada, 1987; Matsuoka and Naruse, 1999; Shiraiwa et al., 2002; 

Schwikowski et al., 2013). Considering the spatial extent of both Patagonian 
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Icefields, ice cores and stake estimates are only representative of local 

conditions. Furthermore, the lack of observed accumulation data causes high 

uncertainties in the simulations regarding the glacier-wide amount of solid 

precipitation. For example, using a mass balance model for Tyndall and Grey 

glaciers on the SPI, Weidemann et al. (2018) showed that the accumulation 

values are significantly lower than those estimated by Mernild et al. (2016b). 

These discrepancies in the estimations are partially associated with 

atmospheric forcing fields and different precipitation schemes used in the 

mass balance models. 

The accurate estimation of precipitation phase is an issue of central concern 

regarding the uncertainties of mass balance models. To calculate 

accumulation in Patagonia, the precipitation phase has been parameterized 

using air temperature as the input for typical Phase Partitioning Methods 

(PPMs) such as static threshold (e.g., Rivera, 2004; Koppes et al., 2011) and 

linear transition (e.g., Schaefer et al., 2013, 2015; Weidemann et al., 2018) 

methods. However, recent studies have shown that precipitation phase is not 

only a function of surface air temperature, but is also influenced by relative 

humidity, wind speed, stability of the atmosphere, and interaction between 

hydrometeors (Behrangi et al., 2018 and references therein). According to 

Harpold et al. (2017), the first step toward improved hydrological (and 

glaciological) modeling in areas with a mixed precipitation phase such as the 

NPI and SPI, is to educate the scientific community about current techniques 

and their limitations and to highlight the areas where research is most needed. 

Given the general lack of data and analysis on accumulation estimates and 

thus associated uncertainties, as well as its relevance to understanding snow 

accumulation processes on the Patagonian Icefields, the main goal of this 

work is to analyze snow accumulation over the period 1980–2015 using a 

regional climate model simulation (RegCM4.6, at ∼10 km spatial resolution) 

and short-term on-glacier accumulation observations. In the first section, we 

compare the results of four PPMs, three of them previously used in the region. 

In the second section, we analyze the seasonal trends in snow accumulation 

over the period 1980–2015. In the third section, we compare the datasets with 

the in-situ observations and previous estimates made in the scientific 

literature. Finally, the results are discussed in terms of the implications for 

glacier surface mass balance modeling and the observed glacier response. 

 



- 64 - 

4.3 Materials and Methods 

4.3.1 Study Area 

The study area includes the two largest temperate ice masses located in the 

Southern Hemisphere: the North Patagonia Icefield (NPI) and the South 

Patagonia Icefield (SPI) (Figure 4.1). The NPI extends from 46°30′S to 

47°30′S (Figure 4.1B), stretching almost 125 km north–south. It covered an 

area of ∼3,675 km2 in 2016 (Meier et al., 2018) extending from sea level to 

elevations in excess of 4,000 m a.s.l. at the summit of Mount San Valentin. It 

is composed of 38 glaciers larger than 0.5 km2 (Dussaillant et al., 2018). 

 

Figure 4.1 (A) Regional climatic setting over the Patagonian region. Colors 
correspond to the predominant Köppen-Geiger climate classification for 
Patagonia (Beck et al., 2018) and the red rectangle corresponds to the 
study area. (B) SRTM topography at 1 km resolution of the study area 
and locations of some glaciers mentioned in the text, and (C) localization 
of the observations (Ultrasonic Depth Gauges) used in this work. The 
satellite image was acquired by Landsat 8 (OLI) on the 8 April 2014. 

The SPI spreads over 350 km between the latitudes 48°20′S and 51°30′S 

(Figure 4.1B), and is the most glaciated zone of the Andes, covering an area 

of 12,232 km2 in 2016 (Meier et al., 2018). The SPI includes a total of 48 main 

glacier basins, ending mainly in fjords on the western side and in lakes on the 

eastern side (Aniya et al., 1996). These glaciers are joined in the accumulation 
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zone (“plateau”), with an average altitude of 1,600m a.s.l., and a measured 

thickness of more than 700 m (Rivera and Casassa, 2002) with a maximum 

estimate of ice thickness of ∼1,250 m (Gourlet et al., 2016). 

This zone is strongly influenced by frontal systems associated with mid-

latitude cyclones forming over the South Pacific Ocean (Figure 4.1A). Given 

the complex terrain and extreme environment, there are a small number of 

meteorological stations (Garreaud et al., 2013) that only partially capture the 

climatology and meteorological conditions of this zone, especially at higher 

elevations. Data from the Climate Research Unit (CRU; Sagredo and Lowell, 

2012) and from Puerto Eden weather station located in the fjord zone (49° 

08′S, 74° 25′W, Carrasco et al., 2002), show that this zone is characterized by 

a seasonal variation in temperature with minimum values in the winter months 

(∼3°C) and maximum values in summer (∼11°C). South of 49°S, the 

precipitation is equally distributed throughout the year, with slightly maximum 

values in March and April (Sagredo and Lowell, 2012). However, given that 

Patagonian Icefields are in a transition zone, immediately to the north there is 

a marked annual cycle in the precipitation, with a winter maximum. At inter-

annual scales, precipitation variability responds to hemispheric scale patterns 

associated with the Southern Annular Mode (SAM) and El Nino Southern 

Oscillation (ENSO), which determine the year-to-year variability of the 

precipitation. Multidecadal variations are related to the Inter-decadal Pacific 

Oscillation (IPO; Garreaud et al., 2013). The SAM mode presents a significant 

impact on regional climate, where positive SAM is associated with higher 

temperatures (Gillett et al., 2006), an intensification of the westerlies toward 

higher latitudes (Hall and Visbeck, 2002) and an increase in precipitation over 

the south of the study area. Negative SAM leads to opposite effects. This is 

particularly of interest since SAM has shown a positive trend during the 

second half of the 20th century (Marshall, 2003) and is associated with 

anthropogenic effects (Abram et al., 2014) that will potentially affect 

climatological trends in coming decades. 

Although the southern Patagonian Andes is a relatively low elevation 

mountain belt, it has an influence on the longitudinal distribution of the 

precipitation in the region and generates an extreme climatic gradient, leading 

to very humid western slopes and dry eastern slopes (Schneider et al., 2003; 

Smith and Evans, 2007; Lenaerts et al., 2014). Garreaud et al. (2013) showed 

that the precipitation at regional scale is positively or negatively correlated with 

zonal wind component at 850 hPa, in the western or eastern sectors of the 

Andes, respectively, due to the mechanical effect of the mountain chain that 
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forces air to ascend in the western sector (windward side). On the other hand, 

these conditions favor downslope subsidence, and thus lead to arid conditions 

on the leeward side (Garreaud et al., 2013). Given these conditions, annual 

mean precipitation varies between 5,000 and 10,000 mm yr−1 on the windward 

side, while it decreases to < ∼300mm yr−1 on the leeward side (Garreaud et 

al., 2013). 

In addition to the precipitation characteristics, increases in air temperature are 

considered to have an impact on the mass balance (Cook et al., 2003), as 

these glaciers lie in the range of the 0°C isotherm. For instance, increases in 

air temperature may cause a compound effect; first, more energy becomes 

available for melting, and second, with a small increase in air temperature 

during the accumulation season, air temperature may rise above 0°C and alter 

the partitioning between rain and snow (Rasmussen et al., 2007). These 

changes eventually have an impact on the glacier’s net mass balance. This 

indicates that the Patagonian glaciers are mainly sensitive to air temperature 

increase, since ablation is dominated by melt (Sagredo and Lowell, 2012). It 

is also stated that warming is the main cause for glacier retreat over the region 

(Masiokas et al., 2009). Between 43 and 49°S, a warming in the land surface 

temperature of 0.78°C/per decade in the period 2001–2016 was determined 

by Olivares-Contreras et al. (2018). In southern Patagonia (∼50°S), warming 

of ∼0.5°C in the last 40 years was detected by Rasmussen et al. (2007) using 

NCEP-NCAR reanalysis at 850 hPa level. 

4.3.2 Observations 

We used data obtained from two ultrasonic depth gauges (UDGs) (Figure 

4.1C). These UDGs (model SR50) were installed directly on the glacier snow 

surface over the plateau (CECs-DGA, 2016). In the same structure, two air 

temperature sensors were also installed at an initial height of 2 and 4 m above 

ground level. Data obtained at 15 min time steps from these stations, referred 

to as Glacier Boundary Layer (GBL) air temperature stations (GBL1, GBL2 in 

Figure 4.1C and Table 4.1), are used to validate and compare snow 

accumulation against the estimated values obtained with the different PPMs 

(next sections). First, we separate the data between accumulation and 

ablation, before visually filtering the SR50 data to discard outlier values. Then, 

a moving average at hourly scale was applied in order to reduce the noise. 

Finally, the hourly data in meters was converted to mm w.e. using the method 

of estimation of density (𝜌𝑠) of Hedstrom and Pomeroy (1998) based on air 

temperature (𝑇𝑎) only: 

𝜌𝑠 = 67.92 + 51.25 𝑒(𝑇𝑎/2.59).                                                             (1) 
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Based on these results, we were able to estimate the daily accumulation. 

Table 4.1 Details of the two UDGs at the GBL stations. 

Acronym Latitude Longitude 
Elevation 

[m a.s.l.] 
Period 

Glacier Boundary 

Layer Station 1 (GBL1) 
48°50'02''S 73°34'51''W 1,415 

17 October 2015 - 

31 December 2015 

Glacier Boundary 

Layer Station 2 (GBL2) 
48°51'34"S 73°31'37"W 1,294 

25 October 2015 -

31 December 2015 

4.3.3 Data Compilation 

We compiled snow accumulation estimates of the Patagonian Icefields from 

previous studies to compare with the snow accumulation estimations 

performed in this work. Some studies measured the ablation and 

accumulation using short-term direct observation through the use of stakes. 

There is a lack of long-term mass balance measurements using the 

glaciological method on the NPI and SPI. In view of this fact, we also 

considered ice core and modeling estimations in this study. 

We also compiled glaciological data related to observed glacier changes 

mainly between 2000 and 2015 in both the NPI and SPI. In the current study, 

these data obtained at glacier scale are used to support our analysis of glacier 

response and its implications. The compilation corresponds to elevation 

changes in the SPI during the period 2000–2015 (Malz et al., 2018), elevation 

changes in the NPI during the period 2000–2014 (Braun et al., 2019), ice 

velocity in both Icefields (Mouginot and Rignot, 2015), frontal changes in the 

SPI (Sakakibara and Sugiyama, 2014), and estimation of the accumulation-

area ratio (AAR) in the NPI (Rivera et al., 2007) and in the SPI (Malz et al., 

2018). Finally, we compiled glacier characteristics from the Randolph Glacier 

Inventory 6.0 (RGI Consortium, 2017). 

4.3.4 Regional Climate Model (RegCM4.6) 

Regional Climate Model, version 4.6 (RegCM4.6) is a three-dimensional, 

primitive equation, hydrostatic regional climate model maintained by the 

International Center for Theoretical Physics (ICTP). RegCM4 was originally 

developed by Giorgi et al. (1993a,b) and its dynamical core is based on the 

hydrostatic version of the Penn State/NCAR mesoscale model MM5 (Grell et 

al., 1994). RegCM has been used in numerous regional climate model 

simulations, even over regions dominated by complex terrain features such 
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as the Atacama Desert (Bozkurt et al., 2016), the polar regions (Grassi et al., 

2013; Bozkurt et al., 2018), and the European Alps (Giorgi et al., 2016). 

Multiple physical schemes are available in the model. RegCM4 simulations 

used in the present study are based on (1) the land surface model Biosphere-

Atmosphere Transfer Scheme (BATS) of Dickinson et al. (1993); (2) the 

planetary boundary layer of Holtslag et al. (1990); (3) the radiative scheme of 

the NCAR Community Climate System Model Version 3 (CCSM3) (Kiehl et 

al., 1996); (4) the ocean flux parameterization of Zeng et al. (1998); and (5) 

the scheme of Pal et al. (2000) for representing resolvable precipitation. In 

terms of cumulus parameterization, there are several options for convective 

precipitation in the model; the Kuo-type scheme of Anthes (1977), the Grell 

scheme (Grell, 1993), the Emanuel scheme (Emanuel, 1991), and mixed 

schemes. Based on a couple of test simulations done with different convective 

schemes, the Grell scheme with a cumulus closure scheme of Fritsch and 

Chappell (Fritsch and Chappell, 1980) was applied in the simulations. A more 

detailed description of the model and physical parameterizations can be found 

in Giorgi et al. (2012). 

The simulations were performed on two domains at 0.44° (~50 km) and 0.09° 

(~10 km) spatial resolutions and 23 vertical sigma levels with a one-way 

nesting approach. The topography of the icefields from 10 km simulations is 

given in Supplementary Figure 4.1. The mother domain has 192 × 202 grid 

cells covering all South America and the nested domain has 320 × 520 grid 

cells centered on Chile and southwest South America based on a Rotated 

Mercator projection. Initial and boundary conditions for the mother domain 

were provided by the European Center for Medium-Range Weather Forecasts 

(ECMWF, ERA-Interim) Reanalysis dataset at 6-h intervals with a grid spacing 

of 0.75° resolution. The nested domain was then forced by the 3D atmospheric 

outputs of the model domain at 6-h intervals. ERA-Interim sea surface 

temperature fields (6-h intervals, 0.75° resolution) were used as surface 

boundary conditions. The simulations were performed continuously from 1 

January 1979 to 31 December 2015. The first year of simulations (1979) was 

selected as the spin-up period and, thus, was not considered in the analysis. 

Ongoing work found that, overall, RegCM4 is capable of reproducing mean 

spatial fields of important large-scale features such as South Pacific 

Subtropical Anticyclone dry regime, westerlies over Patagonia and low-level 

moisture distribution along both sides of the Andes barrier. The same study 

also demonstrates that the simulations tend to have stronger westerlies over 

Patagonia and further suggest that 10-km simulation results exhibit a 
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reasonable representation of spatial and temporal variability of temperature 

and precipitation. For instance, high-resolution simulation results reproduce 

reasonably well the observed spatial pattern of frost days with a close estimate 

of the observed number of days over the Patagonian Icefields. 

4.3.5 Phase Partitioning Methods (PPMs) 

To calculate and assess the snow accumulation under different schemes, four 

methods were used to separate between snowfall and rain. The primary input 

is the 10-km total precipitation simulations from RegCM4.6, as our intention is 

to assess the snow accumulation under four PPMs, three of them previously 

used in the Patagonian Icefields. In addition, 10 km simulations from 

RegCM4.6 of near-surface air temperature, relative humidity (at 2 m), and 

atmospheric surface pressure were used. In all cases, we used daily model 

output. In all these methods, the required inputs are air temperature and total 

precipitation, while in the fourth method a broader range of meteorological 

inputs are needed. 

The first method considers a threshold value in the air temperature to separate 

between rainfall and snowfall. The chosen threshold temperature is 2°C as 

this value was used in studies of the San Rafael Glacier in the NPI (Koppes 

et al., 2011) and the Chico Glacier in the SPI (Rivera, 2004). In this article, we 

refer to this method as 2C. This static temperature threshold is close to that 

used by the BATs scheme. 

The second method was used by Weidemann et al. (2018) (WE, hereafter), 

where the fraction of solid precipitation (𝑟) is estimated according to: 

𝑟 = 0.5 ∗ (− tanh((𝑇𝑎 − 1) ∗ 3) + 1).                                                (2) 

In this equation, the proportion of solid precipitation to total precipitation is 

smoothly scaled between 100 and 0% within an air temperature range of 0–

2°C, meaning that under 0°C the fraction of solid precipitation is 100%, while 

above the 2°C the fraction of solid precipitation is 0%. This method has been 

also applied to the Gran Campo Nevado Icefield in southernmost Patagonia 

(Möller et al., 2007; Weidemann et al., 2013). 

The third method was used by Schaefer et al. (2013, 2015) in the NPI and SPI 

(SC, hereafter). The accumulation (𝑞) is the fraction of the solid precipitation 

which is determined by the temperature (𝑇𝑎) in the grid cell (𝐼): 

𝑞(𝐼) =  {

0,                                 𝑇𝑎(𝐼) > 1.5°𝐶
1.5°𝐶−𝑇𝑎(𝐼)

1°𝐶
,          0.5°𝐶 < 𝑇𝑎(𝐼) < 1.5°𝐶

1,                                 𝑇𝑎(𝐼) < 0.5°𝐶.

                                                   (3) 



- 70 - 

Finally, the fourth method corresponds to the parameterization proposed by 

Ding et al. (2014) (DI, hereafter). This scheme was constructed using climate 

data from China and only evaluated over China; however, evaluations for 

further regions are recommended (Ding et al., 2014). This scheme defines 

three types of precipitation (snow, sleet and rain) using minimum and 

maximum temperatures (𝑇𝑚𝑖𝑛 and 𝑇𝑚𝑎𝑥) and the wet-bulb temperature 𝑇𝑤 [°C] 

as threshold: 

𝑡𝑦𝑝𝑒 = {

   𝑠𝑛𝑜𝑤, 𝑖𝑓 𝑇𝑤 ≤  𝑇𝑚𝑖𝑛;
𝑠𝑙𝑒𝑒𝑡, 𝑖𝑓 𝑇𝑚𝑖𝑛 <  𝑇𝑤

𝑟𝑎𝑖𝑛, 𝑖𝑓 𝑇𝑤 ≥  𝑇𝑚𝑎𝑥.

<  𝑇𝑚𝑎𝑥;                                     (4) 

𝑇𝑚𝑖𝑛 =  {
𝑇0 − ∆𝑆 ∗ 𝑙𝑛 [𝑒𝑥𝑝 (

∆𝑇

∆𝑆
) − 2 ∗ 𝑒𝑥𝑝 (−

∆𝑇

∆𝑆
)],     

∆𝑇

∆𝑆
> 2 

𝑇0 ,                                                                             
∆𝑇

∆𝑆
≤ 2

              (5) 

𝑇𝑚𝑎𝑥 =  {
2 ∗ 𝑇0 − 𝑇𝑚𝑖𝑛 ,                                                          

∆𝑇

∆𝑆
> 2 

𝑇0 ,                                                                               
∆𝑇

∆𝑆
≤ 2.

              (6) 

 𝑇𝑤 is calculated using: 

𝑇𝑤 =  𝑇𝑎 −  
𝑒𝑠𝑎𝑡(𝑇𝑎)(1−𝑓)

0.000643𝑝𝑠+ 
𝜕𝑒𝑠𝑎𝑡
𝜕𝑇𝑎

                                                              (7) 

where 𝑒𝑠𝑎𝑡(𝑇𝑎) is the saturated vapor pressure which is only a function of the 

air temperature and is calculated using the empirical equation of Bolton 

(1980), and 𝑝𝑠 is the surface atmospheric pressure in hPa. 

The three parameters (∆𝑇, ∆𝑆, 𝑇0) of this model depend not only on air 

temperature but also on other conditions such as relative humidity (𝑓, ranges 

from 0 to 1) and the elevation of the point in km (𝑍): 

∆𝑇 = 0.215 − 0.099 ∗ 𝑓 + 1.018 ∗ 𝑓2                                     (8) 

∆𝑆 = 2.374 − 1.634 ∗ 𝑓                                                            (9) 

𝑇0 =  −5.87 − 0.1042 ∗ 𝑍 + 0.0885 ∗  𝑍2 + 16.06 ∗ 𝑓 − 9.614 ∗  𝑓2 .              (10) 

∆𝑇 is the difference between the temperature of the probability threshold for 

snow (or snow and sleet) and the temperature of the centralized probabilities 

curve. ∆𝑆 represents a temperature scale in which an increase in value leads 

to widening of the temperature range of snow/ratio transitions. 𝑇0 is the 

temperature that approximately represents the center of 𝑇𝑤 range in which 

snow/rain transitions happens. This method is dynamic as it is dual-threshold 

when 𝑓 > 78% and single threshold method when 𝑓 ≤ 78%. The complete 

parameterization scheme and explanation for precipitation type discrimination 

and data used can be found in Ding et al. (2014). 
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To analyze the spatial differences in the snow accumulation spatial patterns 

and annual cycle, we divide the study area into six zones, classifying the 

glaciers according to their location. The NPI is separated into west (NPI W; 

the San Rafael and San Quintin glaciers) and east (NPI E; the Nef, Colonia, 

Pared Norte, Soler, Leones, etc. glaciers) while the SPI is separated into four 

zones, SPI north-west (SPI NW, the Jorge Montt, Bernardo, Témpano, 

Occidental, Greve, and Pío XI glaciers), SPI north-east (SPI NE; the 

O'Higgins, Chico, and Viedma glaciers), SPI south-west (SPI SW; the HPS29, 

HPS31, HPS34, Asia, and Amalia glaciers) and SPI south-east (SPI SE; the 

Ameghino, Perito Moreno, Grey, and Tyndall glaciers). 

4.3.6 Trend Analysis 

In order to identify trends in annual and seasonal snow accumulation for the 

four PPM in the period 1980–2015, we used two methods—linear least-

squares slopes and Sen's slope tests. The linear least-square slopes and the 

Sen's slope test allow to compute the magnitude of the trend. The slope of the 

snow accumulation at each season and at annual scale is regressed on time 

and hence used to quantify temporal trends. The Sen's slope test uses a linear 

model to estimate the slope of the trend choosing the median of the slopes, 

and the variance of the residuals should be constant in time (Salmi et al., 

2002). We also estimate the statistical significance at 95% (p-value <0.05) 

using the Mann-Kendall test. The trend calculation is also applied to seasonal 

time series values of each zone [Figure 4.1 and defined in section Phase 

Partitioning Methods (PPMs)] and to individual glaciers in the period 2000–

2015, in order to compare with the trends in the geodetic mass balance over 

the same period. 

4.4 Results 

4.4.1 Inter-comparison of PPMs 

The spatial patterns in the distribution of annual snow accumulation are similar 

between the four PPM methods (Figure 4.2). All PPM methods driven by the 

data from RegCM4.6 show that the west sides of both Patagonian Icefields 

receive a higher amount of snowfall relative to the east side, indicating the 

capability of RegCM4.6 to capture the extreme orographic effect (Table 4.2 

and Figure 4.2). Overall, in all the zones, the 2C method shows the highest 

amounts of snow accumulation, while the DI method shows the lowest values 

(Table 4.2). Interestingly, if we consider the sleet type as accumulation in the 

DI method, the total (snow plus sleet, Table 4.2 and Supplementary Figure 

4.2) is of a similar magnitude to that of the 2C method. This suggests that the 
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air temperature threshold used in the 2C method is appropriate for estimating 

the total rain, if we compare with the DI method. The WE and SC method are 

of similar magnitude at annual and season scale (Figure 4.2, Table 4.2, 

Supplementary Table 4.2). The interannual variability (Table 4.2) and 

seasonal scale (Supplementary Table 4.1) is higher on the west side in both 

icefields. Finally, the sleet type precipitation (Supplementary Figure 4.2) 

shows a higher rate on the western side of both icefields, in line with the more 

humid conditions that would be expected at the windward side of the Andes. 

A comparison of the maximum values of each PPM with respect to latitudinal 

variation of snow accumulation is given in Figure 4.3. Maximum values reach 

14,000 mm w.e. in the 2C method, the DI model reaches 11,500 mm w.e., 

and the WE and SC methods are around 13,000 mm w.e. at the same latitude 

(Figure 4.3). This maximum accumulation point corresponds to the HPS15, 

HPS19, and Penguin glaciers in the SPI. Other areas with a high amount of 

accumulation are the accumulation zones of the Pío XI and HPS34 glaciers, 

with maximum values around 12,000 mm w.e. (2C method) and 9,000 mm 

w.e. (DI method). For the NPI, a similar amount of snow accumulation is 

estimated throughout the accumulation zones of the glaciers on the west side, 

with values between 4,000 and 7,500 mm w.e. The maximum value in the NPI 

depends on the PPM used (Figure 4.3). For instance, 2C shows a peak value 

(7,000 mm w.e.) in the accumulation zone of the San Quintin Glacier (~47°S) 

while the DI method shows maximum value on the San Rafael Glacier 

accumulation zone and on the Benito, HPN1, and Acodado glaciers (~5,000 

mm w.e.). 

The annual mean differences between the models that give the highest (2C) 

and lowest amounts of snow accumulation (DI) reach a mean value of 1,626 

mm w.e. in NPI W, 373 mm w.e.in NPI E, 3,542 mm w.e. in SPI NW, 823 mm 

w.e. in SPI NE, 2,015 mm w.e. in SPI SW and 646 mm w.e. in SPI SE (Table 

4.2). Details of the maximum and minimum amount of snow accumulation per 

zone and per season are given in Supplementary Table 4.2. 

The mean annual cycle of snow accumulation for each PPM indicates that, 

overall, the minimum and maximum values exist in February and August, 

respectively (Figure 4.4). However, the annual cycles show some differences 

in the amplitude depending on the location. For instance, east side glaciers in 

all the zones exhibit snow accumulation equally distributed throughout the 

year, while west zones show a marked cycle in the snow accumulation. In the 

north-south direction, the east side zones show that the amplitude of the 

annual cycle is small in the SPI NE and SPI SE zones relative to the NPI E. 
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In summary, an overall spatial and temporal consistency exists between the 

four PPMs as all of them show consistently larger amounts of snow 

accumulation throughout the year on the west side zones of the icefields in 

comparison to those of the eastern zones. Also, similar annual cycles are 

simulated at each zone between the four PPMs. However, the absolute values 

in the snow accumulation simulated by the four PPMs differ widely in some 

cases. 

 

Figure 4.2 1980–2015 annual mean value of snow accumulation (mm w.e.) 
for each PPM. (A) 2C, (B) WE, (C) SC, and (D) DI method. Icefield 
contours in black were obtained from RGI consortium (2017) and edited 
using a Landsat 8 image (OLI) of the 8 April 2014. Coastlines are in gray. 
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Table 4.2 Annual mean and standard deviation 1980-2015 of the snow 
accumulation values by zone and PPM. 

Zone 

PPM / RegCM4.6 [mm w.e.] 

2C WE SC DI 
DI 

(snow+sleet) 

Mean 
Std 

Dev 
Mean 

Std 

Dev 
Mean 

Std 

Dev 
Mean 

Std 

Dev 
Mean 

Std 

Dev 

NPI W 4,941 463 4,313 416 4,314 416 3,315 381 4,892 459 

NPI E 1,084 107 913 98 914 99 710 92 1,084 107 

SPI NW 8,010 908 6,500 796 6,500 796 4,467 641 7,883 891 

SPI NE 4,186 381 3,873 358 3,874 358 3,363 326 4,166 380 

SPI SW 5,471 532 4,680 492 4,680 491 3,455 436 5,408 527 

SPI SE 3,033 226 2,801 215 2,801 216 2,388 201 3,027 224 

 

 

Figure 4.3 1980–2015 maximum mean value of snowfall for each PPMs. 
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Figure 4.4 Annual cycle of snow accumulation for the sub-regions of both 
Patagonia Icefields. (A) 2C, (B) WE, (C) SC, (D) DI. 

4.4.2 Seasonal Trends 1980–2015 

We further analyzed the seasonal trends obtained by three of the four PPMs 

(2C, WE, and DI) as the WE and SC methods show almost identical values 

and inter-annual variability. Trends obtained using Sen's slope and linear 

least-square slopes are similar spatially and in magnitude, therefore in this 

section we analyzed the result of the least-square slope (Figure 4.5), while the 

results of the Sen's slope are shown in the Supplementary Figure 4.3. 

Spatial heterogeneity exists in the trends, with some areas showing an 

increasing trend in snow accumulation while other areas show a decreasing 

trend or no change (Figure 4.5). Overall, throughout all the seasons, areas of 

no significant change correspond to terrain outside of both icefields. On the 

icefields, areas with increasing and decreasing trends in snow accumulation 

are concentrated on the plateau on the west and east sides of both icefields, 

respectively. Statistically significant positive trends are detected on the SPI in 

autumn. The location of these positive trends corresponds to the plateau or 

accumulation zones of the glaciers. On the other hand, in the ablation zones, 

especially those in the north-west section of the SPI (e.g., Témpano, 

Bernardo, Pío XI) there are no significant positive trends, and in some areas 

negative trends exist. In autumn, the significant negative trends are 

concentrated on the east side of the NPI and on the east side of the SPI in the 

zones of the O'Higgins, Chico, Upsala, Viedma, Ameghino, and Perito Moreno 

glaciers. In these areas, negative trends are also detected in spring but the 

values are not significant. In winter, a predominance of positive, although not 

significant, trends are determined on both icefields. 
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The time series of each zone are similar between the PPMs and [see section 

Phase Partitioning Methods (PPMs)] shows an important inter-annual 

variability. For instance, for the DI method in autumn (Figure 4.6), the 

generally positive trend was interrupted in 1997, with the snow accumulation 

values sharply dropping more than 500 mm w.e. for both icefields. 

Interestingly, the highest snow accumulation corresponds to the winter 

season of the same year, with values reaching around 3,000 mm w.e. in the 

west side of the SPI. Using 2C and WE methods, the winter 1998 values are 

close to 4,000 mm w.e. (not shown). 

In summary, spatial and temporal differences exist in the snow accumulation 

trends. Spatially, positive trends are concentrated on the west side of both 

icefields throughout all seasons, while negative trends are concentrated in 

some areas on the east side of both icefields during autumn, winter and 

spring. However, in both cases significant trends are only present in the 

autumn season. 

 

Figure 4.5 Seasonal trends 1980−2015 in mm w.e. yr−1 for three Phase 
Partitioning Methods. Points indicate statistically significant trend (p < 
0.05). (A) Summer, (B) Autumn, (C) Winter and, (D) Spring. Icefield 
contours are in black and coastlines in gray. 
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Figure 4.6 Seasonal time series and trends of the snow accumulation for six 
sub-regions of the study area using the DI method. (A) Summer, (B) 
Autumn, (C) Winter and, (D) Spring. The legend also indicates the annual 
trend. 

4.4.3 Comparisons with Measured data 

4.4.3.1 UDG Observations 

We compared the estimated snow accumulations from the four PPMs, with 

the observations from the UDGs at locations GBL1 and GBL2 during the 

period October–December 2015 (Figure 4.7). Both stations are located at the 

same grid point of the RegCM4.6. Nevertheless, given that the elevation of 

this grid is 1,259 m a.s.l.; the grid characteristics are considered to be closer 

to the GBL2 (see Table 4.1). Regarding the GBL1, we used the grid point 

adjacent to the SW with an elevation of 1,492 m a.s.l., which is close to the 

real elevation of GBL1 (Table 4.1). 

At GBL1, the PPMs show a total accumulation between 1,000 and 1,200 mm 

w.e. while the data from the UDG suggests an accumulation of 1,100 mm w.e. 

The observed accumulations during October and November are of a higher 

magnitude relative to the estimated values of PPMs. Daily correlation 

coefficients (r) between the different PPMs and the observations are very 

close to each other (0.62 to 0.64). At GBL2, PPMs show some differences in 

the accumulated values, ranging between 900 and 1,300 mm w.e. while the 

observations suggest 1,050 mm w.e. Similar to GBL1, the r values are in the 

order of 0.60 and 0.65, except the one for the DI method (0.49, Figure 4.7). In 

the same location, the r value is higher (0.60) if the sleet type is considered 

as accumulation. Although some uncertainties may exist in estimating the 

accumulation from the UDGs (e.g., filter used), estimated values of the four 

PPMs using RegCM4.6 data perform well-compared to those obtained from 
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the UDGs, especially at GBL1. The estimated values based on four PPMs are 

in the range of the observed values from the UDGs, but in terms of absolute 

values, the WE method is the most accurate at GBL1 (difference of 46 mm 

w.e.) while the SC method is the most accurate at GBL2 (difference of 135 

mm w.e.). It is important to note that the regional climate models themselves 

may introduce uncertainty to the simulated variables associated with the 

physical configuration used in the model (e.g., radiation and cumulus 

schemes). Therefore, some inherent uncertainties may exist in the estimated 

values as well. 

 

Figure 4.7 Comparison of accumulated snowfall using four PPMs and 
observations at (A) GBL1 and (B) GBL2. The correlation coefficient (r) 
values of each method are calculated in comparing with the 
observations. 

4.4.3.2 Previous Snow Accumulation Estimations and Comparisons 

Details of the location of ice cores collected on the Patagonian Icefields are 

given in Table 4.3. These data were analyzed in order to obtain snow 

accumulation rates across the NPI and SPI (Table 4.3). Ice core data 

estimates an accumulation of 5,600 mm w.e. at Nef Glacier in the NPI 
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(Matsuoka and Naruse, 1999), while the estimated values based on the 

RegCM4.6 data are in the range of 4,100 to 5,000 mm w.e. for the same 

glacier. On the other hand, at Tyndall Glacier located in the SPI, differences 

between the ice core and RegCM4.6 estimates are even larger, reaching (in 

the case of the DI method) a maximum difference of 11,400 mm w.e. in the 

period between summer 1998 and summer 1999. Other comparisons of ice 

core and RegCM4.6-based estimates are given in Table 4.3. In all cases, 

estimations using Tyndall Glacier ice core data are larger than those four 

PPMs using the RegCM4.6 data. The opposite relation is found when 

comparing the RegCM4.6-based snow accumulation values with those 

estimated by ice core data (Schwikowski et al., 2013) from the accumulation 

zone of the Pío XI Glacier (~2,600 m a.s.l.). For instance, this ice core data 

estimates a mean annual accumulation of 5,800 mm w.e. (with a range of 

3,400–7,100 mm w.e.) between the years 2001 and 2005. These values are 

not as high as others have previously estimated for the SPI. At this point, the 

estimate based on RegCM4.6 data illustrates a higher amount of 

accumulation values with differences of ~4,500 mm in 2001 and < ~800 mm 

w.e. in 2002. Other studies estimate a mean accumulation of 1,200 mm w.e. 

yr−1 in Perito Moreno Glacier of the SPI (50°38′S, 73°15′W, 2,680 m a.s.l., 

Aristarain and Delmas, 1993), which is lower than the annual rates of the 

current work. 

In terms of modeling snow accumulation, a recent study by Weidemann et al. 

(2018) estimated the total mean precipitation for two glaciers of the SPI—the 

Tyndall and Grey glaciers. The precipitation distribution was modeled using 

an analytical orographic precipitation model at 1 km resolution, then the SC 

method was applied to obtain the amount of solid precipitation. The 

comparison of these results with those obtained in the current study for the 

same hydrological years is presented in Figures 4.8A,B. Overall, the inter-

annual variability (2000–2015) between the time series of the two estimations 

is similar, yet there are some differences in the estimated snow accumulation 

values. At Grey Glacier, the annual accumulation estimated by Weidemann et 

al. (2018) is in the range of values determined by the four PPMs. In the first 

six hydrological years, snow accumulation estimates based on DI and SC-WE 

methods are close to those estimated by Weidemann et al. (2018). However, 

in the later hydrological years, the estimates of the 2C method give closer 

values to those in Weidemann et al. (2018). At Tyndall Glacier, the estimates 

from Weidemann et al. (2018) are in the range of those estimated by the four 

PPMs, mainly concentrated between the values estimated using the DI and 

SC-WE methods. 
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Table 4.3 Comparison of previous snow accumulation estimates using ice 
core data with the snow accumulation obtained in this work. Note that 
periods for each comparison are different. 

Reference Location Period 
Accumulation 

[mm w.e.] 

PPM / RegCM4.6 [mm w.e.] 

2C WE SC DI 

Matsuoka and 

Naruse (1999) 

Nef Glacier 

46°56’S, 

73°19’W 

1500 m asl 

1996 5,600 5,000 4,900 4,900 4,100 

Shiraiwa et al. 

(2002) 

Tyndall 

Glacier 

50°59’S, 

73°31’ W 

1756 m asl 

Summer 1998- 

Summer 1999 
17,800 9,000 8,100 8,100 6,400 

Summer 1999-

Dec.1999 
11,000 7,700 7,100 7,100 5,300 

Koshima et al. 

(2007) 

Tyndall 

Glacier 

50°59’S, 

73°31’ W 

1756 m asl 

Winter 1998 - 

Winter 1999 
12,900 10,000 9,200 9,200 7,200 

Winter 1999 - 

Dec. 1999 
5,100 4,100 4,000 4,000 3,300 

Fall 1998 -            

Fall 1999 
14,700 9,000 8,100 8,100 6,200 

Fall 1999 -            

Dec. 1999 
8,600 6,100 5,800 5,900 4,800 

(Schwikowski 

et al., 2013) 

Pío XI 

Glacier 

49°16' S, 

73° 21' W 

2600 m asl 

1 Feb. 2001 -        

31 Jan. 2002 
3,400 8,041 7,908 7,913 7,384 

1 Feb. 2002 -        

31 Jan. 2003 
7,100 7,593 7,444 7,450 7,275 

1 Feb. 2003 -        

31 Jan. 2004 
5,800 9,976 9,611 9,612 8,769 

1 Feb. 2004 -        

31 Jan. 2005 
6,500 8,723 8,489 8,504 7,852 

1 Feb. 2005 -        

31 Jan. 2006 
6,000 8,301 8,155 8,155 7,769 

Previous observations of snow accumulation using stakes are limited to short 

and discrete periods, and to the ablation season. For example, Rivera (2004) 

used three stakes located at 1,445, 1,577, and 1,833 m a.s.l., and measured 

values of 9,630 ± 1,360 and 4,070 ± 540 mm yr−1 at the highest and lower 

stakes, respectively. The RegCM4.6 based estimates give rates in the order 

of 1,000 to 3,000 mm w.e. The distributions of the observed snow 
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accumulation give an exponential relationship between precipitation and 

altitude, but if the precipitation is extrapolated to the higher altitudes of the 

Chico Glacier, the values reach 33,000 mm yr−1, which seem to be unrealistic 

(Rivera, 2004) and approximately three times larger than the rates estimated 

in the current work. It is important to note that these observations were only 

collected over a period of 14 to 34 days and then extrapolated to annual 

values. 

In summary, good agreement is found in comparing UDG observations with 

modeled data on the plateau area of the SPI during a short time period; 

however, there are important differences between rates of snow accumulation 

determined in this work and previous estimates using ice core and stake 

observation data at annual scale. 

 

Figure 4.8 Comparison of annual snow accumulation using the four PPMs 
and estimates from Weidemann et al. (2018). (A) Distributed mean at 
Grey Glacier, and (B) distributed mean at Tyndall Glacier. 
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4.5 Discussion 

4.5.1 Performance of the RegCM4.6 Model and PPMs 

Parametrization 

Overall, at a regional scale the RegCM4.6 reproduces the main precipitation 

characteristics of the study area, which are dominated by extreme orographic 

effects. All four PPMs lead to higher amounts of snow accumulation on the 

west side relative to the east side. Other models have also shown similar 

features. For instance, Lenaerts et al. (2014) used a high-resolution regional 

atmospheric climate model over Patagonia (RACMO2, 1979–2012) to show 

extreme orographic precipitation due to the narrow Andes barrier separating 

the wet windward side from the dry leeward side. Specifically, in terms of 

spatial differences in snow accumulation, Mernild et al. (2016b) indicated that 

snow accumulation at the same elevation is higher at the west side relative to 

the east side. Another interesting point is that sleet is higher at the west side 

of both icefields than that at the east side, indicating more humid and warmer 

conditions observed on the west side, eventually allowing for the occurrence 

of the mixed phase precipitation. Remote sensing observations also suggest 

the influence of the humid conditions on the snow facies. For instance, De 

Angelis et al. (2007) determined a relatively higher area of advanced snow 

metamorphism on the west side compared to the east side of the SPI. Outside 

of the icefields, in the north-east of the NPI (upper Baker River Basin), Krogh 

et al. (2015) estimated that snowfall is 28.5% of the total precipitation at basin 

scale. This value is in the range of the fractions estimated for this region in our 

work (25–35%). 

On the other hand, some notable differences exist when comparing the 

previous estimates mainly with ice core-derived accumulation with those 

calculated in our work. The causes of this disparity are unclear but could 

conceivably be associated with differences between the local conditions at the 

ice core site extraction vs. the spatial resolution of RegCM4.6. Furthermore, 

erroneous estimates from ice core data due to water melt percolation (Rivera, 

2004) or a more general underestimation of snow accumulation by the 

RegCM4.6 can be considered for the discrepancies in estimation of snow 

accumulation. Regardless, these differences highlight that uncertainties in 

quantifying the snow accumulation still exist in this extreme environment. 

Another explanation of the differences between measured and modeled snow 

accumulation may be wind transport of blowing snow particles at local scale. 

For example, the annual differences between the snow accumulation derived 

in our analysis and the data from Schaefer et al. (2015) as well as the snow 
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accumulation derived from Pío XI ice core (Table 4.3) suggest that even at a 

local point in the flat plateau of the Pío XI site, the influence of snow drift 

cannot totally be excluded. Coincidently, the ERA-Interim zonal wind speed 

shows that the year of 2002, in which lower differences in snow accumulation 

exist (Table 4.3), had lower wind speed distribution at 700 and 850 hPa levels 

(Supplementary Figure 4.4). In contrast to this, the years of 2001 and 2003—

with the largest differences in snow accumulation (Table 4.3)—had higher 

wind speeds at these same levels (Supplementary Figure 4.4). Given that 

RegCM4 is forced by ERA-Interim, the wind speed variability can be further 

amplified by the regional climate model itself. Indeed, RegCM4 gives a 

systematic overestimation of 850 hPa zonal wind speed over large parts of 

the Icefields (Supplementary Figure 4.5). These results illustrate the crucial 

role of local winds in controlling rates of snow accumulation, which is also 

indicated by Schwikowski et al. (2013) and Schaefer et al. (2015). In addition, 

Aristarain and Delmas (1993) also indicated the same mechanism to explain 

the low annual snow accumulation rate estimated in the accumulation zone of 

the Perito Moreno Glacier using an ice core. Thus, the derived net 

accumulation rates from these ice cores could represent lower limits in the 

snow accumulation. 

In contrast, the estimated snow accumulation based on different PPMs using 

the RegCM4.6 data seems to agree with the observed snow accumulation, 

even at daily scale (r = ~0.6), during the October-December period of 2015. 

One reason is that UDG measurements are at 15 min time steps, capturing 

the actual snow accumulation. Therefore, UDGs are not affected by the effect 

of wind on the snow drift after the accumulation events. The location of the 

UDGs on the plateau, where gentle topography is present, is likely to reduce 

the differences between model and observation. On the other hand, the 

comparison of the hypsometric curve between the topography under 10 km 

and at 1 km resolutions (Supplementary Figure 4.1) shows important 

differences at elevations over ~1,800 m a.s.l., which correspond to around the 

20% of the total area of both icefields. Therefore, the higher elevations are not 

represented by the topography used in the RegCM4.6 simulations, illustrating 

a limitation of the model, which could explain the differences between the 

snow accumulation determined by Weidemann et al. (2018) for the Tyndall 

and Grey glaciers, where a higher resolution model (1 km) was used. It is 

important to note that local precipitation amount and snow accumulation 

depend on the correct representation of topography (Lenaerts et al., 2014). 

Therefore, given that ~10 km grid resolution is not able to resolve always and 

exactly the complex topography in the region, the total amount of estimated 
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snow accumulation, especially in narrow glacier valleys (e.g., Chico and Nef 

glaciers), steep slopes and in the ice-rock transitions of both icefields, must 

be taken with caution. A robust statistical downscaling or bias correction 

method should therefore be applied if these data are to be used to drive mass 

balance estimations at glacier scale. 

4.5.2 Snow Accumulation Changes 1980–2015 

Previous modelling studies have also estimated an increase in snow 

accumulation over annual to decadal timescale. For example, Schaefer et al. 

(2013) simulated an increase of accumulation on the NPI, from 1990–2011 as 

compared to 1975–1990, and Mernild et al. (2016a) also estimated positive 

trends on the plateaus of both NPI and SPI during the period 1979–2014. 

These trends were detected at higher elevations above ~1,200 m a.s.l. and 

on the west side of the divide. 

In contrast to the increased tendency of snow accumulation at higher 

elevations, observational-based studies focusing on the analysis of satellites 

images (e.g., MODIS, LANDSAT) show a reduction in snow cover area. For 

example, Pérez et al. (2018) estimated a non-significant decrease in snow 

cover over the Aysén River Catchment located north-east of our study area 

(45°–46°S). In the south of our study region, other studies suggested a 

reduction in snow cover area. For instance, further south, at Brunswick 

Peninsula (53°S), results show a significant decreasing trend of snow extent 

by 19% for the 1972–2016 period (Aguirre et al., 2018), while in Cordillera 

Darwin, Rojas-Zamorano et al. (2017) determined a decline of snow cover 

over the period from June 2005 to June 2016. It is important to note that the 

reduction in snow cover occurring at lower elevations is driven by its 

dependence on air temperature, at least at regional scale (Lopez et al., 2008). 

Therefore, an overall reduction in snow-covered area does not necessarily 

contradict the observed snow accumulation increase at the highest elevations. 

It should be noted, however, that the lack of long-term records of snow 

accumulation in this sector of the Andes makes it difficult to reach definitive 

results. 

Previous studies show an increasing trend of the snow accumulation over the 

high latitudes in a warmer climate (e.g., Thomas et al., 2017; Medley and 

Thomas, 2019). These changes are mainly confined to regional scales and 

determined by thermodynamical (e.g., moisture-holding capacity of air) and 

dynamical (e.g., wind speed) responses under warmer climatic conditions. 

Indeed, the increase in snow accumulation determined in the current work 

occurs under a warming trend. The fields of the air temperature from the 
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RegCM4.6, which are used to calculate the snow accumulation, show positive 

trends, especially in autumn and winter (Supplementary Figure 4.6) when 

larger increases in snow accumulation are determined. However, rather than 

the regional scale, the positive trend in snow accumulation detected in this 

study and previous ones is limited to the local scale, mainly concentrated at 

elevations over ~1,000 m a.s.l on the west side of both icefields. Lower 

elevation terrain shows no trend and even a negative trend in snow 

accumulation on the eastern side of the icefields. 

The spatial differences in snow accumulation trend could be associated with 

the location of the study area since it corresponds to the borders where a shift 

in the position of the zonal winds has been observed (Gupta and England, 

2006). Indeed, an increase in the total precipitation of ~200 mm decade−1 was 

observed south of 50°S for the period 1961–2000 (Garreaud et al., 2013). 

However, Garreaud et al. (2013) also indicated a negative trend in the west 

Andean flank lying north of 50°S and recently, Boisier et al. (2019) also 

indicated a negative trend in the total precipitation based on local observations 

during the period 1960–2016 on the eastern side of the NPI and in northern 

Patagonia. These regional differences are associated with spatial differences 

in the tendency of the westerlies, since weaker and stronger westerlies have 

been detected at mid-latitudes (~45°S) and around 60°S, respectively. This 

opposite trend in westerlies has been linked to the positive phase of the SAM. 

During this phase, a low pressure anomaly over Antarctica extends to ~55°S 

with an out of phase circumpolar positive anomaly centered at 45°S. This 

pressure difference is associated with a zonal geostrophic wind anomaly that 

is positive south of 45°S and negative to the north (Gupta and England, 2006). 

The positive phase of SAM has also been associated with warming sea 

surface temperatures in the western Pacific (Thomas et al., 2017). Hence, this 

is an area of transition where different temporal and spatial impacts are 

expected to exist. In fact, the positive trends in snow accumulation, especially 

in autumn and winter, tend to be larger toward the south (~50°S), suggesting 

some influence of the dominant positive phase of SAM in the last decades 

(Marshall, 2003). 

Spatial differences in snow dynamics are also evident in snow persistence 

(fraction of time that snow is present on the ground). This area is a transition 

zone between a dominant decrease (north of 46°) and dominant increase 

(south of 50°S) of snow persistence (Hammond et al., 2018). In the west-east 

direction, SAM also influences the snow accumulation trends as the 

precipitation at the regional scale is positively or negatively correlated with a 
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zonal wind component of 850 hPa in the western or eastern sectors of the 

Andes, respectively, due to the mechanical effect of the Andes (Garreaud et 

al., 2013). This effect forces air masses to ascend in the western sector 

(windward), favoring conditions for saturation and hence the occurrence of 

precipitation; on the other hand, it results in subsidence and inhibition of the 

precipitation in the eastern sector (leeward) (Garreaud et al., 2013). Hence, 

an increase in the westerly winds and moisture content associated with a 

dominant positive phase of SAM as well as windward precipitation 

enhancement (and leeward inhibition) due to orographic effects could explain 

the snow accumulation increase over 1,000 m a.s.l. on the western side and 

the reduction on the east side in the context of climate warming (Rasmussen 

et al., 2007; Aguirre et al., 2018; Olivares-Contreras et al., 2018). 

4.5.3 Implications for Glacier Mass Balance 

The three methods previously used to define the snow accumulation in the 

icefields show some important differences in determining the absolute values. 

The difference in values between the 2C method and the WE-SC methods 

could reach as high as ~3,000 mm w.e. The differences are even higher when 

comparing the 2C method with the DI method. Therefore, the use of different 

schemes to derive the snow/rain ratio may lead surface mass balance 

modeling efforts to differ considerably (Weidemann et al., 2018). This could 

partly explain the differences between the positive modeling mass balance 

(e.g., Schaefer et al., 2013, 2015; Mernild et al., 2016b; Weidemann et al., 

2018) and the negative geodetic mass balance (e.g., Dussaillant et al., 2018; 

Malz et al., 2018) that have been documented in the literature. 

Another issue to consider is if the sleet precipitation type should be considered 

as surface accumulation since the differences between the 2C and DI (snow 

plus sleet) methods are reduced considerably, especially on the western side 

of both icefields. Sleet is defined as a mixture of snow and rain and is 

associated with refreezing before reaching the ground, which forms an ice 

core surrounded by liquid water (Whiteman, 2000). Sleet particles are usually 

formed near the freezing point, where both rain and snow particles coexist 

(Ostrometzky et al., 2015). In this sense, it is probably valid that an 

undetermined percentage of sleet could be considered as surface 

accumulation (the ice core), while the liquid section percolates into the glacier 

and cannot therefore be considered as surface accumulation. It is beyond the 

aim of this work to define this percentage, but it seems that an accumulation 

in the range between the 2C and DI (snow plus sleet) and DI (snow) is a more 

realistic estimation. The SC and WE methods are in this range and are the 
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closest to the accumulation estimated with the UDG observations. Other types 

of accumulation have been described in this zone, such as rime accretion due 

to supercooled water droplets transport by the strong winds (Whiteman and 

Garibotti, 2013); nevertheless, quantification and implications for surface 

mass balance have not been studied in detail to date. 

At long-term scale, the increase in snow accumulation during winter months 

has been discussed as the cause of glacier mass balance stability and even 

glacier expansion in the Karakoram region (the pattern that has been termed 

the Karakoram anomaly; Kapnick et al., 2014). To explore the long-term 

glacier response, we compare annual snow accumulation trends from this 

work and results from geodetic mass balance at glacier scale during the period 

2000–2014/2015. Elevation change data for the SPI covers the period from 

2000 to 2015 (Malz et al., 2018), whereas it covers the period from 2000 to 

2014 for the NPI (Braun et al., 2019). Overall, at the glacier scale, elevation 

change data seem to suggest that the positive values correspond to the 

glaciers with accumulation area ratio (AAR) over 0.8 and classified as marine-

terminating glaciers according to the Randolph Glacier Inventory (RGI 6.0; 

RGI Consortium, 2017). According to the data in this work, these glaciers also 

showed a larger annual positive trend in snow accumulation in the period 

2000–2015 (Figure 4.9). Some exceptions exist such as Jorge Montt and HPS 

12 glaciers, which besides being marine terminating glaciers, show mostly 

negative rates of elevation change (Malz et al., 2018). The other exception is 

the San Rafael Glacier which besides having a large AAR (0.85, Rivera et al., 

2007) and being a marine-terminating glacier, shows a negative rate of 

elevation change, however the snow accumulation trend is less than those of 

glaciers located in the west side of the SPI. Glaciers with these characteristics 

(marine terminating, AAR over 0.8 and high positive snow accumulation 

trends) also showed positive or stable frontal position rates in the period 

2000–2010/2011 (Sakakibara and Sugiyama, 2014). Furthermore, they also 

indicate the highest observed ice velocity in the period 1984–2014 (Mouginot 

and Rignot, 2015). 
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Figure 4.9 Observed elevation changes in the period 2000–2014/2015 for 
both icefields vs. the accumulation-area ratio (AAR). The color 
represents the snow accumulation trends by glaciers using the 2C as 
PPM. Terminus type is also indicated depending the color of the contour 
for each symbol, triangle for the SPI, and circle for the NPI (see legend). 
Note that the x-axis is broken. Due to space issues some glaciers names 
are not indicated. 

Although previous studies suggest that elevation changes are dominated by 

ice dynamics (Mouginot and Rignot, 2015), the data in our work suggest a 

climate forcing in glaciers where positive elevation changes and 

stable/positive frontal changes were observed. The Pío XI Glacier, for 

example, is known for its large cumulative advance since 1945 (Wilson et al., 

2016), and it has a large AAR (~0.8; Rivera and Casassa, 1999) as well as 

one of the highest rates of snow accumulation (and with a positive trend) 

according to our observations. Most of the other glaciers, where positive 

elevation changes have been observed, also show significant positive trends 

in snow accumulation. The exceptions of the Jorge Montt and HPS12 glaciers 

with positive snow accumulation trends and negative surface elevation 

changes, may then be explained by ice dynamics (Mouginot and Rignot, 

2015), in which ice thinning is a result of the drawdown of the plateaus rather 

than a decrease in snow accumulation. Other observed processes in the 

icefields such as an increase in supraglacial debris-cover area (Glasser et al., 

2016) or in glacial lake area (Loriaux and Casassa, 2013) could also play a 

role in the surface glacier mass balance of these glaciers through different 

feedback mechanisms, and they must be considered in elucidating the 

present and future evolution of these glaciers. 
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4.6 Conclusions 

In this work, we have assessed both spatial and temporal patterns in snow 

accumulation in both the North Patagonia Icefield and the South Patagonia 

Icefield. We used a regional climate model, RegCM4.6, short-term snow 

accumulation observations using ultrasonic depth gauges (UDG) and 

previous snow accumulation estimations derived from ice core data, stake 

observations and modeling approaches. Snow accumulation derived using 

the RegCM4.6 and the four Phase Partitioning Methods (PPMs) replicated the 

snow accumulation gradient that is expected to exist in this area. Snow 

accumulation rates are higher on the west side relative to the east side for 

both icefields. A maximum amount of snow accumulation is determined at 

around 50°S on the west side of the SPI. The values depend on the PPM used 

and reach a maximum mean difference of 1,504 mm w.e. between 2C and DI 

methods, with some areas reaching differences higher than 3,500 mm w.e. 

These differences could lead to divergent mass balance estimations, 

depending on the scheme used, so we suggest that future works should adopt 

a multi-scheme parameterization to define the snow accumulation. 

There are important differences between rates of snow accumulation 

determined in this work and previous estimations using ice core data at an 

annual scale. These differences could be related to the scale disparity 

between the datasets, with each grid point of the model representing an area 

of ~100 km2, while ice core data are derived at the point-scale. Wind transport, 

with areas where erosion is dominant (e.g., Pío XI glacier ice core site), and 

areas where the deposition is dominant (e.g., Tyndall glacier ice core site), 

also seem to be reasonable explanations for these differences. However, 

good agreement is found when comparing UDG observations with modeled 

data in the plateau area of the SPI over a short time period. 

Snow accumulation trends are mostly positive on the plateau on the west side 

of both icefields. In the SPI, significant positive trends are mainly present in 

the autumn season. For the rest of the area, and during other seasons, no 

significant changes can be determined, except on the east side between 48.5° 

and 50.5°S, where zones with significant negative trends in autumn were 

observed. Over annual timescales, glaciers previously observed to be 

exhibiting positive and stable elevation and frontal changes coincide with 

areas that show snow accumulation increases according to this study. This 

suggests that the increase in snow accumulation attenuates the response of 

the glaciers in a context of overall glacier retreat due to climate warming in 

Patagonia. The interplay with other factors such as the glacier terminus type 
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and accumulation-area ratio also seems to explain some of the glacier 

response (e.g. De Angelis, 2014), as for example the glacier advance 

observed in the Pío XI glacier. 

Robustly validated climate model data therefore appear to be useful for 

exploring the relationship and spatial differences in glacier response to 

present and future climate change, especially in Patagonia where meltwater 

makes a strong contribution to sea level rise and where only a limited number 

of observational in situ efforts exist. 
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5.1 Abstract 

Glaciers in the Southern Patagonian Icefield (SPI) have been shrinking, but 

due to a lack of field observations, understanding of the drivers of ablation 

over long time scales is limited. Here, we present a distributed energy balance 

model, forced with meteorological observations from a west-east transect 

located to the north of the SPI. During our study period, humid and warm on-

glacier conditions prevailed on the western side compared to dry and cold 

conditions on the eastern side. Energy available for melt reached a glacier-

wide mean of 117 W m-2 (west) and 49 W m-2 (east). Sensible heat and net 

shortwave radiation provided the main source of energy reaching individual 

values between 52 W m-2 and 69 W m-2. Net longwave radiation was an 

energy sink in the west (-33 W m-2) and east (-48 W m-2); while latent heat 

was an energy sink to the east (-7 W m-2), but a source to the west (25 W m-

2). Over longer timescales, our results show that western glaciers were losing 

mass, while eastern glaciers were close to balanced conditions. These data 

provide new insights in the feedbacks related to ablation and in the 

discrepancy between modelled and geodetic mass balances in this region. 

5.2 Introduction 

In recent decades glaciers worldwide have been retreating and thinning and 

are widely considered as key icons of climate change. One of the regions with 

rapid ice loss is the Southern Andes (20°-55° S), where glacier cumulative 

losses and specific negative mass changes have been determined since 1961 

(Zemp and others, 2019). In this region, Patagonia (40°S-55°S) comprises 

mostly large glaciers (>10 km in length), including the most extensive ice fields 

at mid-latitudes in the Southern Hemisphere: the Southern Patagonian Icefield 

(SPI) and the Northern Patagonian Icefield (NPI). Negative glacier area 

(Davies and Glasser, 2012; White and Copland, 2015) and volume changes 

in this region (Rignot and others, 2003; Willis and others, 2012; Foresta and 

others, 2018; Malz and others, 2018; Abdel Jaber and others, 2019) are a 

matter of concern due to their observed and potential contribution to sea-level 

rise (Gardner and others, 2013; Zemp and others, 2019) and their role in 

triggering hazardous natural events such as glacial‐lake outburst floods 

(Wilson and others, 2018) and rock avalanche events associated with de-

buttressing (Iribarren-Anacona and others, 2015).   

The SPI is the largest continuous ice mass along the Andes with a total area 

of 12232 ± 201 km2 (Meier and others, 2018, Figure 5.1). Most of its glaciers 

are lacustrine-calving towards the east and marine-terminating to the west. 

This ice field has been the focus of several geodetic mass balance estimates 
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in recent years. Despite some differences in their magnitude and spatial 

variability, these geodetic mass balances agree in that most of the glaciers 

are shrinking, irrespective of the observation period (e.g. Rignot and others, 

2003; Willis and others, 2012; Foresta and others, 2018; Malz and others, 

2018; Abdel Jaber and others, 2019). Several mechanisms of glacier change 

have been discussed including changes in ice velocity and dynamics (Rivera 

and others, 2012; Muto and Furuya, 2013; Sakakibara and Sugiyama, 2014; 

Mouginot and Rignot 2015), frontal ablation (Bown and others, 2019) and 

surface mass balance and its components (Rasmussen and others, 2007; 

Monahan and Ramage, 2010; Schwikowski and others, 2013; Lenaerts and 

others, 2014; Schaefer and others, 2015; Mernild and others, 2016; 

Weidemann and others, 2018; Bravo and others, 2019a, 2019b). Dynamical 

adjustments on calving glacier have been invoked as a key control of the 

overall ice losses (Mouginot and Rignot, 2015, Braun and others, 2019) as 

land-terminating glaciers outside the Icefields show lower negative mass 

balance rates (e.g. Falaschi and others, 2017; 2019) despite being exposed 

to the same climatic forcing (Braun and others, 2019). Moreover, surface 

mass balance modelling forced with climate data, show positive mean values 

for the entire SPI (Schaefer and others, 2015; Mernild and others, 2016). 

Empirically-based studies that characterise the fundamental glacier conditions 

needed for surface mass balance and energy balance models, as well as 

direct mass balance measurements using the glaciological method are, 

however, extremely limited in this region. The main reason is associated with 

the scarcity of in-situ long-term meteorological observations, especially on the 

plateau of the Icefields, where extreme weather conditions prevail throughout 

most of the year. This means that high uncertainty exists in earlier modelling 

efforts, as no on-glacier observations were available to validate the 

meteorological variables driving these models (e.g. Schaefer and others, 

2015; Mernild and others, 2016). Additionally, efforts in estimating the 

sensitivity of these glaciers to climatic changes were made using coarse 

climate models and re-analysis (e.g. Cook and others, 2003; Rasmussen and 

others, 2007; Sagredo and Lowell, 2012) which did not capture the finer 

details and spatial differences of the drivers of the surface mass balance. 

Consequently, our understanding of how glaciers are responding to changes 

in climate over this important region of the Andes is limited (Pellicciotti and 

others, 2014).  

In the SPI (Figure 5.1), the few meteorological observations and direct 

glaciological mass balance measurements that exist were acquired in the 
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ablation zones of glaciers at the eastern margin: the Perito Moreno Glacier 

(Takeuchi and others, 1995,1996, 1999; Stuefer and others, 2007), Upsala 

Glacier (Naruse and others, 1997), Tyndall Glacier (Koisumi and Naruse, 

1992; Takeuchi and others, 1995,1999), De los Tres Glacier (Popovnin and 

others, 1999), Chico Glacier (Rivera, 2004) and Tyndall and Grey glaciers 

(Weidemann and others, 2018; Schaefer and others, 2020). These 

observations are scarce and most of them limited to ablation seasons only. 

Recently, Bravo and others (2019b) presented an analysis of the air 

temperature using data obtained during nine months by a network of five 

automatic weather stations (AWS) installed on rock surfaces and three on-

glacier air temperature sensors. Data from this network were also used by 

Durand and others (2019) to assess snow accumulation and by Lo Vecchio 

and others (2019) to evaluate ice-surface temperature obtained by the 

processing of MODIS products. An important finding was that distinct lapse 

rates prevail between western and eastern glaciers which in turn has 

implications for the estimation of surface mass balance (Bravo and others, 

2019b). The forcing of this distinct behaviour is related to the orographic effect 

which determines the meteorological conditions on both sides of the SPI, but 

how these differences impact the surface ablation rate remains unknown. 

The orographic effect has been described at a regional scale in Patagonia, 

especially in terms of precipitation and water vapour. Due to the mechanical 

effect of the mountain chain, the air ascends in the western sector (windward) 

favouring conditions for the saturation and hence the occurrence of 

precipitation, while subsidence of the air and inhibition of the precipitation 

occurs in the eastern sector (leeward) (Schneider and others, 2003; Smith and 

Evans, 2007; Garreaud and others, 2013; Lenaerts and others, 2014). 

However, it seems that the orographic effect also has direct effects at the 

scale of the SPI. Indeed, Lo Vecchio and others (2019) found that more 

MODIS cloud-free images are available in the eastern side compared to the 

western side of the SPI. Snow accumulation also shows spatial variability and 

trends depending on which side of the ice divide the glaciers are located 

(Bravo and others, 2019a). Remote sensing observations suggest the 

influence of humid conditions is manifested in different snow facies between 

both sides (De Angelis and others, 2007) and also in differences in the timing 

of melt season onset, being earlier in the west compared to the east (Monahan 

and Ramage, 2010). 

To assess how these meteorological differences impact the surface mass 

balance, we present a distributed energy balance model for glaciers located 
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in the northern section of the SPI (48°-49° S) and on both sides of the divide. 

The aim is to increase our understanding of the processes and fluxes 

controlling surface ablation. For this purpose, we used meteorological 

observations collected by Automatic Weather Stations (AWS) between 

October 2015 and June 2016 at several locations (Figure 5.1). We then 

estimate the role of surface ablation in the overall glacier shrinkage observed 

in the SPI in recent decades, using ERA5-Land re-analysis climate data to 

extend the time series to the period 1982-2019, using the observational period 

as calibration at a daily scale. 

 

Figure 5.1 (a) Southern South America, NPI and SPI are the Northern and 
Southern Patagonian Icefields, respectively. (b) Southern Patagonian 
Icefield overlying a hillshade map of the region obtained from SRTM. (c) 
Study area and locations of the observational network in a Landsat 8 OLI 
acquired the 1 of April 2014. Symbols are Automatic Weather Stations 
(triangles) and on-glacier air temperature sensors (GBL, red circles). 
Image coordinates are UTM18-S, WGS-1984. 

5.3  Materials and Methods 

5.3.1  Energy balance model 

A distributed energy balance (EB) model was applied using Automatic 

Weather Stations (AWS) data collected between 1 October 2015 and 31 June 

2016 (Table 5.1). The distributed fields of meteorological variables used to 

force the energy balance is explained in the following sections. 

The energy available for melting, 𝑄𝑚 (W m-2) was determined following the 

equation: 

𝑄𝑚 = (1 − 𝛼) 𝑆𝑖𝑛 + 𝐿𝑖𝑛 + 𝐿𝑜𝑢𝑡 + 𝑄ℎ + 𝑄𝑙 + 𝑄𝑟,                                                   (1)        

where 𝑆𝑖𝑛 and 𝛼 are incoming shortwave radiation and the albedo, 𝐿𝑖𝑛 and 𝐿𝑜𝑢𝑡 

are incoming and outgoing longwave radiation and 𝑄ℎ and 𝑄𝑙 are the turbulent 
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fluxes of sensible and latent heat, respectively. 𝑄𝑟 is the sensible heat brought 

to the surface by rain. We quantified 𝑄𝑟 even though it is generally considered 

negligible, because in Patagonia higher precipitation rates occur during the 

year, with the westerlies showing their maximum intensity in summer around 

50° S (Garreaud and others, 2013; Sauter, 2020) providing a potential source 

of energy available for melt and heating. The conductive heat flux was 

considered negligible due to the predominantly positive air temperatures and 

the temperate conditions of the glacier surface (e.g. Schneider and others, 

2007; Gillet and Cullen, 2010). Net shortwave and longwave radiation were 

both estimated using standard approaches previously applied for energy 

balance calculations using the AWS observations to estimate transmissivity in 

the case of the shortwave radiation and cloud factor in the case of the 

longwave radiation. Turbulent sensible heat fluxes were calculated using the 

bulk approach (Cuffey and Paterson, 2010). The details of the estimation of 

the EB fluxes terms and other parametrizations are presented in the 

Supplementary Material A.3. 

Melt was assumed to occur only when the glacier surface was at 0°C and 𝑄𝑚 

was positive. The melt rate (𝑀) was calculated using: 

𝑀 =
𝑄𝑚

𝐿𝑚𝜌𝑤
,                                                                                                                             (2)            

where 𝐿𝑚 is the latent heat of fusion and 𝜌𝑤 is the water density (1000 kg m-

3).                                                                                                                                                          

The sublimation rate (𝑆) was calculated as (Cuffey and Paterson, 2010): 

𝑆 =
𝑄𝑙

𝐿𝑠𝜌𝑤
,                                                                                                                     (3)               

where 𝐿𝑠 is the latent heat of sublimation. 

5.3.2 Automatic Weather Stations (AWSs). 

The observational network consists of five AWS installed in proglacial zones 

and nunataks on the plateau of the SPI along a west-east transect around 

48°S (Figure 5.1). Also, three air temperature sensors and ultrasonic depth 

gauges (UDGs) were installed over the glacier surface. This network allowed 

us to describe the spatial and temporal variability in meteorological conditions, 

as well as to calculate the components of the EB. Table 5.1 shows the details 

of each AWS, including the sensors and locations. Details of the 

characteristics of the locations of each AWS were given in Bravo and others 

(2019b). 
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Table 5.1 Locations and details of the sensors for each AWS. n/a are not 
available measurements. 

Automatic Weather Station                                                     
Lat/ Lon/ Elevation                                         

SPI margin/surface type, height 

Air 
temperature 
and relative 

humidity 

Wind 
Speed 

Atmospheric 
pressure 

Incoming 
shortwave 
radiation 

Incoming 
longwave 
radiation 

Period 

Glaciar Témpano (GT) 

Young 
41382VC 

RM 
Young 
5103 

n/a CMP3 n/a 
1 October 2015  
30 June 2016 

48°42'09''S/ 73°59'17'W/ 50 m asl 

West/ Rock, 2 m 

Hielo Sur Glaciar Greve, Nunatak 
Occidental (HSNO) 

Rotronic      
HC2-S3 

RM 
Young 
5103 

Setra 278 CMP3 CGR3 
1 October 2015  
30 June 2016 48°49'59''S/ 73°43'25''W/ 1040 m asl 

West, nunatak/ Rock, 2 m 

Hielo Sur Glaciar Greve (HSG) 

Young 
41382VC 

RM 
Young 
5103 

Vaisala 
PTB110 

CMP3 n/a 
1 October 2015  
30 June 2016 

48°49'55''S/ 73°34'53''W/ 1428 m asl 

Divide, nunatak / Rock, 2 m 

Hielo Sur Glaciar O'Higgins (HSO) 

Rotronic     
HC2-S3 

RM 
Young 
5103 

Vaisala 
PTB110 

CMP3 CGR3 
17 October 2015            

30 June 2016 
48°55'28''S/ 73°16'26''W/ 1234 m asl 

East, nunatak/ Rock, 2 m 

Glaciar O´Higgins (GO) 

Young 
41382VC 

RM 
Young 
5103 

Vaisala 
PTB110 

CMP3 CGR3 
1 October 2015  
30 June 2016 

48°55'47''S/ 73°08'21'W/ 310 m asl 

East/ Rock, 2 m 

Glacier boundary layer station 1 
(GBL1) 

Thermistor 
107-L 

n/a n/a n/a n/a 
17 October 2015  

15 February 
2016 

48°50'02''S/ 73°34'51''W/ 1415 m asl 

West, plateau/ glacier, 1.2 m 

Glacier boundary layer station 2 
(GBL2) 

Thermistor 
107-L 

n/a n/a n/a n/a 
25 October 2015  
31 March 2016 48°51'34"S/ 73°31'37"W/ 1294 m asl 

West, plateau/ glacier, 2 m 

Glacier boundary layer station 3 
(GBL3) 

Thermistor 
109-L 

n/a n/a n/a n/a 
10 April 2016    
30 June 2016 48°54′30″S/ 73°27′47″W/ 1378 m asl 

East, plateau/ glacier, 2 m 

 

5.3.3  Distribution of meteorological variables 

The spatial coverage of the AWS network made it possible to distribute the 

meteorological variables that were needed to force the energy balance using 

the bulk-approach (Cuffey and Paterson, 2010). We used elevation gradients 

as the main method of spatial distribution of meteorological variables (Table 

5.2).  

TanDEM-X digital elevation data acquired by the German Aerospace Center 

(DLR) (Abdel-Jaber and others, 2019) and gridded at 200 m resolution, were 

used to distribute the meteorological variables and to estimate the radiation 

fluxes. The glacier outlines were obtained from the inventory of De Angelis 

(2014), but frontal positions and margins were manually updated on a cloud 

free Landsat 8 OLI satellite image acquired on the 1 of April 2014. Hence, the 

glacier outlines were representative of the years 2014-2015, a period that 

includes some of the AWS observations used in this work (Table 5.1). 
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The meteorological variables and factors related to cloud cover were taken 

from the AWS observations. We assumed that the AWS dataset installed on 

the west side (GT, HSNO) was representative of glaciers Témpano (327 km2), 

Occidental (218 km2), Greve (412 km2), HPS8 (34 km2), and one unnamed 

glacier (41 km2). AWSs installed on the east side (GO, HSO) were considered 

representative of glaciers O'Higgins (751 km2), Pirámide (27 km2), and Chico 

(229 km2). HSG AWS was considered as representative of the ice divide 

conditions; however, for some of the variables, this AWS seems to be most 

representative of the highest sections of the west side. 

The air temperature was distributed using hourly lapse rates between each 

pair of AWS and a bias-correction was applied considering that the 

observations were taken on relatively small rock surfaces surrounded by ice 

(nunataks) which means that glacier cooling effect is not included directly on 

the air temperature observations. The details of the air temperature 

observations and bias-correction were given in Bravo and others (2019b).  

The AWS network offered the possibility to distribute humidity, rather than 

assume a constant value (e.g. Braun and Hock, 2004; Fyffe and others, 2014). 

Considering the extreme meteorological gradients observed in the Patagonian 

region, an adequate representation of the humidity conditions at both sides of 

the SPI is critical to increasing our understanding of the meteorological factors 

controlling ablation. The distributed relative humidity was calculated using 

separate components; air vapour pressure (𝑒𝑎) and air saturation vapour 

pressure (𝑒𝑠𝑎𝑡). For each AWS, we calculated the air vapour pressure, using 

the observed relative humidity (𝑓) and air temperature, as: 

𝑒𝑎 = 𝑒𝑠𝑎𝑡
𝑓

100
 ,                                                                                                 (4) 

where 𝑒𝑠𝑎𝑡  according to the empirical formula of Clausius-Clapeyron (Bolton, 

1980), is only a function of air temperature (𝑇𝑎 in °C): 

𝑒𝑠𝑎𝑡(𝑇) = 6.112𝑒𝑥𝑝 (
17.67𝑇𝑎

𝑇𝑎+243.5
),                                                                               (5) 

Air vapour pressure was fitted against elevation (Shea and Moore, 2010) and 

hourly gradients were obtained. Mean gradient values of the air vapour 

pressure were -0.84 hPa km-1 on the east side and -2.80 hPa km-1 on the west 

side. Typical hourly gradients values observed in glaciers elsewhere were 

between -6 to -1 hPa km-1 (Shea and Moore, 2010), hence our eastern 

gradient was slightly outside this typical range. 

The atmospheric pressure was distributed using the hydrostatic equation 

(Wallace and Hobbs, 2006) that relates two geometric elevations and 
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pressure levels and allows correction of the atmospheric pressure to a 

reference level (e.g. sea level).  

To estimate the surface temperature (𝑇𝑠) we used as a proxy the dew point 

temperature (𝑇𝑑) for the snow surface and the assumption of constant surface 

temperature (0°C) under melt conditions on glacier surfaces, namely when the 

air temperature is positive (Oerlemans and Klok, 2002). The 𝑇𝑑 approach 

calculated at a standard height is a reasonable first-order approximation of 

daily 𝑇𝑠 (Raleigh and others, 2013) and was calculated using the Magnus-

Teten approach (Murray, 1967, Raleigh and others, 2013): 

𝑇𝑠 = 𝑇𝑑 =
𝑐[𝑙𝑛(𝑓)+

𝑏𝑇𝑎
𝑐+𝑇𝑎

]

𝑏−𝑙𝑛(𝑓)−
𝑏𝑇𝑎

𝑐+𝑇𝑎

,                                                                                   (6) 

As the aim was to estimate snow surface temperature when 𝑇𝑎<0°C, the 

coefficients used were b=22.587 and c=273.86°C (Raleigh and others, 2013).  

The surface vapour pressure (𝑒𝑠) was calculated assuming that vapour in the 

atmospheric surface layer is well mixed (Collier and others, 2014), hence 

surface vapour pressure was given by: 

𝑒𝑠 =
𝑒𝑎∙𝑇𝑠

𝑇𝑎
,                                                                                                                   (7) 

When the air temperature was positive, the snow/ice surface temperature was 

fixed to 0°C and the surface vapour pressure was fixed to 6.11 hPa assuming 

saturation (Brock and Arnold, 2000). 

Finally, the wind speed was distributed using the hourly observed gradients 

between pairs of AWS. On the west side the gradients were taken from GT 

and HSNO and on the eastern side from GO and HSO. This approach has 

been also used by Fyffe and others (2014) on alpine glaciers. However, due 

to the uncertainties of this approach (as wind speed is also related to local 

topographic characteristics), we used a constant wind speed to check the 

sensitivity of the EB model to this variable. Here, the mid-elevation AWSs 

HSNO and HSO (Table 5.1) were assumed representative of the west side 

and the east side, respectively. Table 5.2 shows a summary of the methods 

to distribute each meteorological variable including the time step and related 

references. 
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Table 5.2  Methods, assumptions and approach references used to distribute 
the meteorological data over the glaciers on the SPI. 

Variable Symbol Units Method/Assumption 
Time 
step 

Approach 
reference 

Air temperature 

 

°C Observed lapse rate Hourly 
Bravo and others 
(2019b) 

Surface 
temperature 

 

°C 

Dew point air 
temperature as proxy of 
snow surface 
temperature. Surface 
Temperature set to 
zero when Ta>0 

Daily 
Raleigh and 
others (2013) 

Atmospheric 
pressure 

 

Pa Hydrostatic equation Hourly 
Wallace and 
Hobbs (2006) 

Air vapour 
pressure 

 

Pa Observed gradient Hourly 
Shea and Moore 
(2010) 

 
Saturation 
vapour 
pressure 
 

  
Pa 

Function of air 
temperature  

Hourly Bolton (1980) 

Surface vapour 
pressure 

 

Pa 

Water vapour in the 
atmospheric surface 
layer is well mixed. Set 
to 6.11 hPa when Ts=0 

Hourly 
Collier and 
others (2014) 

Wind speed 
 

          
 

m s-1 Observed lapse rate Hourly 
Fyffe and others 
(2014) 

 

5.3.4 Extended ablation time series to hydrological years 

1982/82-2018/19 

To extend the ablation time series between hydrological years 1982/83 and 

2018/19, we used data from ERA5-Land (~9 km) (Copernicus Climate Change 

Service, CS3, 2019) as input to the energy balance. ERA5-Land is the result 

of a single simulation driven by near-surface atmospheric fields from ERA5 

atmospheric reanalysis, with precipitation and lapse-rate adjustments 

(Muñoz-Sabater, 2019). ERA5 is one of the latest state-of-the-art global land 

surface reanalysis datasets and shown to provide, for instance, a better 

representation of precipitation than previous re-analyses (e.g. Tetzner and 

others, 2019).  

Instead of using a downscaling process, we used the outputs of ERA5-Land 

at daily time step in order to estimate how appropriate these data were for 

calculating ablation and accumulation at a mean glacier-wide scale. We 

maintained the resolution, intersecting the grid with the glacier outlines. 

Therefore, the ablation time series was representative of the 2015 area, i.e. 

the same area used to calculate the energy balance during the observational 

period. We used ERA5-Land fluxes output of surface solar radiation 

downwards and surface net thermal radiation as these fluxes showed a good 

correlation with the observations. Surface albedo was estimated using the 
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same data input (ERA5-Land total precipitation), the same phase partitioning 

method (PPM, Weidemann and others 2018) and the same model 

(Oerlemand and Knapp, 1998) as explained in Supplementary Material.  

ERA5-Land sensible and latent heat flux were underestimated in comparison 

to those estimated using the observations. Consequently, to obtain a better 

representation of the turbulent fluxes, we used the bulk-approach model and 

ERA5-Land meteorological data as input: 2 m air temperature, 2 m dewpoint 

temperature (as a proxy to surface temperature), surface pressure, 10 m u 

and v wind components. The wind speed was corrected to 2 m height and 

bias-corrected as the ERA5-Land underestimated the wind speed in 

comparisons to the observations. Air and dewpoint temperature were also 

corrected to match the observational period. In this case, we used a bias 

correction as per Bravo and others (2019b). The snow/ice surface 

temperature was set to zero when the air temperature was positive. The rain 

heat flux was estimated using the same approach (data input and equation) 

as during the observational period. To close the surface mass balance, we 

used the snow accumulation that was calculated as input to the albedo 

parameterization (see Supplementary Material) using the ERA5-Land data. 

Since the uncertainty in snow accumulation over the SPI is high (depending 

greatly on the PPMs used as well on the input data), and a proper validation 

was impossible due to the lack of long-term observations (Masiokas and 

others, 2020), we also estimated snow accumulation using data from the 

RegCMv4 model as in Bravo and others (2019a). Consequently, we adopted 

a range of values in our calculations, to account for the differences in input 

datasets as well as for the differences brought about by using different PPMs.  

5.4 Results 

5.4.1 Meteorological conditions 

As the meteorological spatial distribution approach had a strong observational 

basis (Figure 5.2), the distribution fields (Figure 5.3) show similar spatial 

patterns to the observations. At comparable elevations, off-glacier air 

temperatures were higher in the east compared to the west, as the mean value 

of HSO (1234 m asl.) was similar to HSNO (1040 m asl.), although the former 

was located at a higher elevation (Figure 5.2a). However, the mean value was 

higher in the west (4°C) compared to the east (1°C, Figure 5.3a). On-glacier 

air temperature and glacier surface temperature were lower on the east side 

compared to the west side due to a strong cooling effect (Bravo and others, 

2019b). In the ablation zones, mean glacier surface temperatures were close 

to 0°C (and surface vapour pressure close to 6.11 hPa, Figures 5.3b and 
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5.3d). Western-facing glaciers comprised a larger elevational range area over 

the 0°C isotherm (Figure 5.3a).  

 

Figure 5.2 Boxplot summaries of the hourly observed meteorological 
variables in the SPI during the period October 2015 to June 2016. Data 
used in the incoming shortwave radiation boxplots (e) correspond to 
daytime hours. 

Relative humidity shows different behaviour between each side of the SPI 

(Figure 5.2b and 5.3c). On the west side, the relative humidity tends to be 

stable irrespective of elevation. On the eastern side, lower mean values were 

observed (Figure 5.3c) and a strong gradient between HSO (mean 78%) and 

GO (mean 57%) was determined (Figure 5.2b). A sharp change was obtained 

on the plateau, in the ice divide zone defined for the humidity variables.  

The wind speed (Figure 5.2c and 5.3f) increases with elevation on both sides. 

Lower mean values were observed at the lower elevations on the western 

side. The wind speed reached maximum values around 22 m s-1 at the highest 

elevation of the study area (Volcán Lautaro ~3600 m asl,). The wind speed 

we estimated here after using the observed gradient were comparable to 

those determined by Lenaerts and others (2014) using the regional 

atmospheric climate model RACMO2 at a level of 700 hPa, i.e. the free 

atmosphere. The AWSs (Figure 5.2c) shows that maximum values were 

observed at mid elevations of the eastern side (HSO), reaching a mean of 9 

m s-1 but with observed local hourly maximum reaching 25-30 m s-1. 
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Figure 5.3 Spatially distributed mean values of the meteorological variables. 
Numbers shown in each variable map represent mean glacier-wide 
values for each side of the Icefield. White lines are the glacier divide and 
black lines are contour lines at an interval of 200 m. Coordinates are in 
m, UTM18-S, WGS-1984. 

5.4.2  Energy balance fluxes and ablation 

The observed incoming shortwave radiation showed differences between 

each side (Figure 5.2e). Lower values were observed on the western side of 

the divide, especially at GT and HSNO. On the ice divide (HSG) the incoming 

shortwave radiation showed the maximum values, followed by the eastern 

side AWSs (HSO, GO). Higher absolute values were due to the period 

between October 2015 and April 2016 being characterized by positive solar 

radiation anomalies increasing the insolation by around 20% compared to the 
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climatology (Garreaud, 2018). However, we cannot discard some outlier 

values due to erroneous measurements. The spatial differences in the 

incoming shortwave and longwave radiation were attributable to the 

differences in the cloud cover.  

The cloud factor (𝐹𝑐𝑙) (Mölg and others, 2009; see Supplementary Material) 

quantifies the influence of the cloud cover on the incoming shortwave and 

longwave radiation fluxes (Figure 5.4). Under overcast conditions (𝐹𝑐𝑙 > 1.3) a 

median reduction of -400 W m-2 was observed compared with potential 

shortwave radiation. For cloud factors between 1.1 and 1.3 the forcing was 

around -300 W m-2 and for clear sky conditions (𝐹𝑐𝑙< 1.1) it was around -100 

W m-2, which probably corresponds to the attenuation of the clear atmosphere. 

For the longwave radiation, the increase due to cloud cover compared to 

clear-sky conditions was in the order of 80, 60 and 5 W m-2 respectively. These 

forcings were similar between both sides, although more attenuation in the 

incoming shortwave radiation was determined under clear sky conditions on 

the western side (Figure 5.4) due to the greater water vapour content 

(Lenaerts and others, 2014). However, the greatest difference was in the 

number of cases. The 𝐹𝑐𝑙 histograms show a similar bimodal distribution on 

both sides, however, the overcast conditions (𝐹𝑐𝑙>1.3) west of the divide 

exceeded those east of the divide by a factor of 2. In terms of the mean glacier-

wide values, incoming shortwave radiation was 169 W m-2 on the west side 

and 226 W m-2 on the east side. For the incoming longwave radiation, the 

opposite effect occurs due to cloud cover, as the western side receives 

relatively higher values of incoming longwave radiation (mean of 283 W m-2) 

relative to the eastern side (mean of 247 W m-2). 
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Figure 5.4 Comparative forcing of the cloud factor on the incoming shortwave 
and longwave radiation observed at HSNO (a) and HSO (c). Panels (b) 
and (d) show histograms of the cloud factor estimated at the same 
AWSs. TOA is top of atmosphere. 

The mean EB fluxes modelled for the period between October 2015 and June 

2016 are shown in Figure 5.5. Overall, across all the glacier surfaces, net 

shortwave radiation, sensible heat flux and rain heat flux were positive, which 

means that they were a source of energy available for surface melt and 

heating. Due to a relatively high albedo in the east (mean 0.77) compared to 

the west (0.67), the mean net shortwave radiation was almost identical 

between both sides; 54 W m-2 to the west and 52 W m-2 to the east. The net 

shortwave radiation showed a relative maximum in the supraglacial moraine 

area as a reduction in albedo occurs.  

Net longwave radiation was negative across almost all the glacier surface, 

hence removing energy. The exception to this was in the lower elevations of 

the west side, where near-constant cloud cover and positive temperatures 

prevailed over the analysed period. The latent heat was the flux with the 

largest spatial variability, as positive values were estimated on the west side 

and negative values were estimated on the east side agreeing with the 

relatively dry conditions and strong wind speeds observed and distributed on 

the east side. The sensible heat flux showed the largest positive values on the 

lower elevations of the east side. This area was characterized by a strong 

temperature gradient between the glacier surface (fixed at 0°C for most of the 
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period) and the air (4 to 5 °C), and relatively strong winds. However, the 

maximum values correspond to the supraglacial moraine areas; thus, the 

value depends on the fixed surface roughness. On the ice surface areas, the 

mean sensible heat flux reached a mean value of 190 W m-2 while on the 

supraglacial moraine surfaces it reached a mean value of 220 W m-2. This 30 

W m-2 of enhanced sensible heat corresponds to a difference in surface 

roughness of only 0.006 m (see Supplementary Table 5.1). Finally, the rain 

heat flux showed maximum values on the west side where more rainfall 

occurs, however, despite the larger rainfall amounts previously reported at the 

Patagonia west coast (Garreaud and others, 2013, Sauter, 2020) this flux 

reached a mean maximum of just 4-5 W m-2 with daily maxima in the order of 

11 W m-2. 

As might be expected, the maximum values (>300 W m-2) of energy available 

for melt/heating were at lower elevations on each side, decreasing to values 

lower than 100 W m-2 in most of the plateau area. Glacier-wide mean values 

were considerably higher in the west (117 W m-2) compared to the east (49 W 

m-2). 
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Figure 5.5 Distributed mean values of the energy balance fluxes estimated 
over the period October 2015 – June 2016. Values are the mean glacier-
wide for each flux. White lines are the glacier divide and black lines are 
contour lines at an interval of 200 m. Coordinates are in m, UTM18-S, 
WGS-1984. 

The mean values per elevation range (Figure 5.6) show some details that 

were not well represented on the distributed mean values maps (Figure 5.5). 

Figure 5.6 also shows the result of the calculations of the turbulent heat fluxes 

under the assumption of constant wind. Sensible heat flux was the dominant 

source of energy on both sides, even assuming constant wind speed. 

However, at elevations over 1500 m a.s.l., the magnitude was similar to the 

net shortwave and longwave radiation. The net shortwave radiation was the 
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second highest flux at the lower elevations (<1000 m a.s.l.), but the magnitude 

on the east side, where clear skies prevail, was higher. The cloud cover also 

influences the net longwave radiation, which over an elevation of 1000 m a.s.l. 

was the flux with the second highest absolute value as the cloud cover on the 

western side increases the amount of incoming longwave radiation. In the 

western lower elevations, incoming longwave radiation reached values 

comparable to the emitted longwave radiation, which most of the time was at 

315 W m-2 as the glacier surface was at the melting point. Hence, the net 

longwave radiation was close to zero in this area. At the same elevation on 

the eastern side, the cloud cover was lower, and less water vapour was in the 

atmosphere, hence the incoming longwave radiation was predominantly lower 

than the emitted, as the glacier surface was still close to the melting point most 

of the time.  

The latent heat was the only flux showing different patterns; on the eastern 

side it was a sink of energy at all elevations, whereas on the western side it 

was a source of energy up to around 2000 m a.s.l. 

 

Figure 5.6 Mean values of the energy balance fluxes per elevation range and 
margin of the SPI during the period between October 2015 and June 
2016, (a) West and (b) East. For reference, hypsometric curves (grey 
continuous line) estimated using the TanDEM-X with the accumulated 
area in the bottom axis are showed and the mean elevation of the 
isotherm 0°C (segmented line). 

Assuming that melt occurs when the surface temperature was 0°C, we 

estimated the total melt for the period (Figure 5.7). The surface melt was the 

dominant ablation component on both sides over most of their respective 

areas. The magnitude was higher on the west at a lower elevation, especially 

in the range between 500-1500 m a.s.l. where differences were in the order 

of 3-4 m w.e. when compared to the east side. On the eastern side, between 
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1000 and 1500 m a.s.l., the melt was approximately half of the melt on the 

west side at the same elevation range. In this elevational range, the eastern 

side melt decreased sharply to less than 5 m w.e., above 1000 m a.s.l. hence, 

most of the melt on the eastern side glaciers was observed around the 

terminus section. On the western side, magnitudes greater than 10 m w.e. 

were observed up to an elevation of around 1000-1100 m a.s.l.  

On both sides, the maximum melt occurred at supraglacial moraine areas on 

the lower sections (e.g. Chico Glacier, Figure 5.1) reaching values between 

19-22 m w.e. The parameterization of the supraglacial moraine in the mid-

lower sections on each side of the Icefield showed the importance of a thin 

debris layer in enhancing surface melt rates (Figure 5.7). Melt in supraglacial 

moraine areas was 2 to 5 m w.e. higher than melt in debris-free areas at the 

same elevations (Figure 5.7). To assess the impact of the supraglacial 

moraine on total melt, we estimated it with and without supraglacial moraine 

albedo parameterization. The total melt for the study period using the 

supraglacial moraine parameterization reached 8.2 m w.e. on the west side, 

while on the east it reached 2.1 m w.e. Without the parameterization, melt was 

7.5 m w.e. and 1.8 m w.e.  respectively. Hence, the impact was relatively 

higher on the eastern side as melt increased by 17%, while in the west, it 

increased by 9%.  

The percentage of sublimation compared to net ablation in the west was 1.9% 

and in the east it was 5.4%. Spatial differences were observed when 

comparing both sides. On the western side, glacier sublimation was at a 

minimum at lower elevations and reached a relative maximum at the highest 

elevations, being the dominant component from 2000 m a.s.l. (Figure 5.7a). 

Meanwhile, eastern-facing glaciers showed maximum values on their lower 

sections. In this area, drier conditions were observed in the air in comparison 

to the glacier surface, which is mostly saturated reaching 6.11 hPa, the vapour 

pressure of a melting glacier surface. These conditions explain this relative 

maximum and contrasting behaviour in comparison to western side glaciers, 

which were under strong maritime climate conditions. 
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Figure 5.7  Total modelled melt and sublimation over the whole period. (a) 
West, melt and sublimation vs elevation. The colour of each melt point 
denotes the albedo used in the EB model and the grey line is the glacier 
hypsometry with the area (upper axis) per 100 m bin. (b) Map of the total 
melt, (c) Map of the total sublimation and (d) same as (a) but for the 
eastern margin glaciers. 

5.4.3 Extended ablation time series and mass balance 

Time series of daily ablation during the period October 2015 and June 2016 

showed that EB model forcing with daily ERA5-Land data on the western 

(eastern) side explains 56% (69%) of the variance observed in the EB forced 

with the distributed field of meteorological variables. At daily time step, the 

root-mean square error is 0.02 m w.e. on the west side and 0.01 m w.e. on 

the east side. The larger differences were in the magnitude of some peaks 

where the EB forced with ERA5-Land model showed higher ablation rates 

compared to the EB forced with AWS observations, especially on the east 

side. The cumulative ablation for the 274 days in the EB forced with AWS 

observations reached 8.2 m w.e. to the west and 2.1 m w.e. to the east, while 

using the EB forced with ERA5-Land model the totals were 8.7 and 1.8 m w.e. 

respectively. This means that EB ERA5-Land model overestimates the 

ablation in the west (0.5 m w.e.) and underestimates the ablation in the east 

(0.3 m w.e.). We therefore assumed these values as the uncertainty in our 

long-term ablation estimation. 

The extended time series of ablation, accumulation and surface mass balance 

between hydrological years 1982/83 and 2018/19 are presented in m w.e. in 

Figure 5.8. Higher rates of ablation were estimated on the west side in 

comparison to the east side, but the interannual variability is similar between 

both sides. The extended annual time series of ablation replicated the 

characteristics during the observational period, i.e. annual total ablation in the 
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west was three to four times ablation on the east. The accumulation showed 

the same interannual variability with a slightly greater rate on the west 

compared to the east (0.9 m w.e.). A negative mass balance over the whole 

37 years period on the west was determined (mean of -6.6±2.2 m w.e) while 

the east showed a positive mean mass balance (0.9±1.3 m w.e.), with only a 

couple of years showing negative mass balance (Figure 5.8c). The mean 

values per glacier on the west side were noticeably high for Occidental 

Glacier, reaching -13.9±2.2 m w.e., while Témpano and Greve glaciers 

reached -6.5±2.2 m w.e. and -3.1±2.2 m w.e. respectively. On the east side, 

mean values were 1.2±1.3 m w.e for O’Higgins Glacier and -0.4±1.3 m w.e for 

Chico Glacier.  

The variance of the mass balance depends largely on the ablation (R2= 0.90 

to the west and 0.76 to the east). Trends in ablation were not evident, but 

snow accumulation trends were in the order of 0.13 m w.e. yr-1 on each side. 

Using Mann-Kendall, a statistically significant trend at the 95% level was found 

in the east (p-value = 0.0134) and at 90% in the west (p-value = 0.0732). As 

the trend in ablation was absent and mass balance depends largely on 

ablation, the trend in mass balance was minimal and not significant. 

An important issue was that with the exception of the positive trends of snow 

accumulation, modelled mass balance shown here, as well as geodetic mass 

balances published elsewhere, do not show positive trends. Bravo and others 

(2019a) suggested that the significant increase in snow accumulation in recent 

decades impacted glacier mass balance only where the accumulation area-

ratio (i.e. the ratio between a glacier's accumulation area and total area) was 

larger than 0.8. In these cases, the geodetic mass balance was close to 

neutral or positive as for instance, on Pio XI Glacier, which show positive 

surface elevation changes (Malz and others, 2018; Foresta and others, 2018; 

Abdel-Jaber and others, 2019; Dusaillant and others, 2019).  
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Figure 5.8 Extended time series of ablation (a), accumulation (b) and surface 
mass balance (c) calculated with data from re-analysis ERA5-Land and 
regional model RegCMv4 in the case of the accumulation. Error bars 
show the uncertainties in the estimations. These data are representative 
of the 2014 glacier area. 

5.5 Discussion 

5.5.1 Energy balance fluxes: Uncertainties and comparison with 

previous works 

Inherent limitations and uncertainties exist in the EB model and meteorological 

distribution approach used in this work. One of them, which is impossible to 

quantify, is the uncertainty associated with the AWS sensors and their 

operation without regular maintenance. Bravo and others (2019b) discussed 

the possible limitations and representativeness of each AWS location in terms 

of air temperature. Similar consideration can be given here to the other 

observed meteorological variables, particularly those with greater spatial 

variability that depends, for instance, on cloud cover. For instance, bias in 

local cloud cover (e.g. topographic effects) could be extended to the whole 

glacier area. Additionally, limitations are also related to how representative a 

limited number of meteorological observations are for fully characterizing the 
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micrometeorological conditions (e.g. Sauter and Galos, 2016; Bonekamp and 

others, 2020). For instance, wind speed is known to be highly variable over 

glacierised surfaces (Sauter and Galos, 2016; Shaw and others, 2017) and 

bulk values are likely therefore to mask much of the detail. Indeed, this has 

great impact on sensible heat flux estimations on mountain glaciers (Sauter 

and Galos, 2016). Despite the limitation of our approach, the use of elevational 

gradients of meteorological variables is of interest for glacier mass balance 

modelling approaches at different spatial and temporal scales (Braun and 

Hock, 2004; Fyffe and others, 2014; Mölg and others, 2020).  

In order to analyse the sensitivity of the EB modelled to wind speed, our results 

were presented using two wind speed parametrizations. In term of sensible 

heat flux there were areas where the differences were larger than 100 W m-2, 

however, in terms of melt, uncertainty related to wind speed was less as the 

highest differences in the magnitude of sensible heat flux were in areas where 

the surface air temperature was constantly below 0°C and/or represented a 

small fraction of the total area (Figure 5.6). In the former case, this means that 

the available energy was heating the snow surface and no melting occurred.  

Previous quantification of EB fluxes for SPI glaciers at different spatial and 

temporal scales were limited to a few cases. Using short period and point-

scale AWS observations (4 to 15 days), Takeuchi and others (1995, 1999) 

estimated EB fluxes for Moreno (50.5° S) and Tyndall (51.3° S) glaciers. For 

the latter glacier, Schaefer and others (2020) also estimated EB fluxes for the 

years 2015 and 2016. Glacier-wide mean EB fluxes during the period 2000-

2016 were estimated by Weidemann and others (2018) for Tyndall and Grey 

(50.7° S) glaciers. A direct comparison of values is difficult, bearing in mind 

the inevitable differences in spatial and temporal scales of analysis. 

Nevertheless, as might be expected, net shortwave radiation is consistently 

shown to be a source of energy. In the case of net longwave radiation, all 

previous work agrees that it is a sink of energy as negative values prevail over 

respective glaciers (Weidemann and others, 2018; Schaefer and others, 

2020). In our case, just a small areal fraction on the frontal section on the west 

side showed slightly positive values (Figure 5.5b).  

Overall, most of the previous works agree on the importance of sensible heat 

flux on SPI glaciers. The dominance of the sensible heat flux is a common 

characteristic of glaciers under maritime conditions (e.g. Schneider and 

others, 2007). In Tyndall Glacier, Takeuchi and others (1999) estimated that 

sensible heat flux is around 45% of the total energy available for melt, while 

Schaefer and others (2020) recently estimated that sensible heat flux was the 
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second highest flux after net shortwave radiation. Our calculated values were 

higher than those previously estimated, at point-scale and at glacier-wide 

scale, meaning that it was the main source of energy in the study area. 

For latent heat flux, disagreements exist in the literature around its magnitude 

and the role that it plays on the EB. Takeuchi and others (1999) and Schaefer 

and others (2020) both estimated positive values on Tyndall Glacier. 

Weidemman el at. (2018) estimated a mean glacier-wide negative value at 

Tyndall Glacier as well as over Grey Glacier. Our calculations show that latent 

heat was the most spatially variable flux in terms of its role in the EB. At lower 

elevations (0-1500 m a.s.l.) on the west side it is a source of energy, whilst 

above this elevation on the west side, as well as at all elevations on the east 

side, it was a sink of energy. This variability was also temporal, as during the 

austral autumn of 2016 the latent heat flux was mostly negative on the west 

side, meaning that the vapour pressure gradient was negative. This is a direct 

consequence of the severe drought detected in western Patagonia during this 

season (Garreaud, 2018) where anomalously lower moisture transport from 

the Pacific Ocean to the western flank of Patagonia led to the relative lower 

vapour pressure in the air compared to the glacier surface. Hence, the 

temporal and spatial variability of the latent heat flux observed in our study, as 

well in previous ones (e.g. Schneider and others, 2007), is explained by this 

flux depending on the air vapour pressure, which in turn depends on synoptic 

conditions that define the advection of water vapour over glacier areas.  

The differences in turbulent fluxes can be related to the characteristics of each 

glacier. For instance, the fetch length of O’Higgins Glacier (~30 km) differs 

markedly when compared to Grey and Tyndall Glaciers (~20 km). This could 

strengthen the intensity of the katabatic wind (Ayala and others, 2015), 

increasing the cooling effect and the dryness of a descending air parcel over 

the glacier surface.  

Although there are qualitative agreements and similar orders of magnitude in 

the EB fluxes estimated in this work and in previous ones, none of the previous 

studies show the elevational differences demonstrated herein, as most of 

them are either estimations at point-scale (Takeuchi and others, 1995, 1999; 

Schaefer and others, 2020) or in the case of the distributed EB, results are 

shown as monthly spatially mean values during the period 2000-2014 

(Weidemann and others, 2018). The lack of spatial detail precludes a 

complete analysis of the sensitivities and controls on the ablation and their 

differences. Our EB modelling shows that turbulent fluxes depended largely 

on moisture conditions (latent heat flux) and wind speed (sensible and latent 
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heat flux), defining spatial and temporal variability on these fluxes which in 

turn exerts a high control on melt rates and their west-to-east differences. 

5.5.2 Drivers of ablation 

The relative importance of each EB flux depends primarily on aspect and 

elevation, varying in magnitude and even sign (positive vs negative) in the 

case of the latent heat flux (Figure 5.6).  This pattern was related to the 

meteorological differences and contrasts between both sides, forced mainly 

by the orographic effect and its feedbacks. 

Air vapour pressure and cloud cover were the meteorological variables 

showing clearest differences between both sides. In the case of the incoming 

shortwave radiation, larger differences between clear sky and overcast 

conditions exist especially on the west side, but due to bulk albedo 

differences, net values were similar between both sides. For incoming 

longwave radiation, there were also differences, but cloud cover forcing was 

lower in comparison to the effect on incoming shortwave radiation (Figure 5.4). 

Moreover, the differences in the magnitude of the incoming longwave radiation 

were lower comparing both sides, despite differences in cloud cover, probably 

as relatively warmer off-glacier conditions to the east increase the incoming 

longwave radiation (Figure 5.2). This, along with the near-constant surface 

glacier temperature that determine the emitted longwave radiation, leads to 

net longwave radiation being the most spatially homogeneous EB flux in our 

study area, showing values between -30 and -60 W m-2, except below 1000 

m a.s.l. on the west side, where values drop to values under -10 W m-2. 

Quantification of turbulent fluxes depends largely on vapour pressure 

gradients along with wind speed. Here, differences were evident in terms of 

magnitudes of the sensible heat flux, reaching maxima where wind speed was 

higher. On the western side the maxima have been suggested to be a result 

of exposure to the dominant westerlies (Takeuchi and others, 1999). Probably, 

the occurrence of katabatic winds as well as foehn events (e.g. Ohata and 

others, 1985; Takeuchi and others, 1995; Bravo and others, 2019b) 

determines a maximum relative wind speed at mid to lower elevations (<1000 

m a.s.l.) on the eastern side. Sensible heat flux mean values between 155 

and 220 W m-2 were found here depending on the parameterization of wind 

speed. This range of values was similar to the values at a higher elevation of 

the west side, in a zone exposed to the dominant westerlies (Garreaud and 

others, 2013; Lenaerts and others, 2014; Damseux and others, 2020). The 

latent heat flux also showed relatively higher values on the mid-to-lower 

elevations to the east in response to a drier atmosphere as well as relatively 
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strong winds. Consequently, this elevation range in the eastern side also 

showed a relative maximum in sublimation. 

A key element that drives the disparity in ablation rates between each side of 

the divide is the magnitude and role of the latent heat flux and net longwave 

radiation. On the west side, and below 1500 m a.s.l., was the only section in 

our study area where the latent heat flux was a source of energy, leaving the 

net longwave radiation as the only sink of energy, but reaching relatively lower 

values (-8 to -20 W m-2 below the 1000 m a.s.l.). Meanwhile, to the east, net 

longwave radiation and latent heat flux were sinks of energy with magnitudes 

in the order of -30 to -40 W m-2 compensating the higher sensible hear flux 

(Figure 5.6). As the on-glacier air temperature was warmer in the west and 

decreased at a relatively shallow lapse rate (Bravo and others, 2019b), at the 

same elevation, the melt over debris-free surface was 1 to 4 m w.e. higher in 

the west compared to the east.  

At a glacier scale, along with previous characteristics, the hypsometry 

determined a larger area under melt in the west. High melt (values over 5 m 

w.e.) in the west occurred over 90% of the total area, while in the east this 

magnitude of melt was observed over just 10% of the total area.  

Melt enhancement was found under supraglacial moraine areas on both sides, 

but with a higher relative impact at the glacier scale in the east. Ice here is 

covered by relatively thin debris, which is enough to lead to an albedo 

decrease in the order of 0.1 to 0.2 (Figure 5.7 and Supplementary Figure 5.2). 

In our EB model, these areas were parameterized in terms of their radiative 

properties, and except for the surface roughness, the turbulence properties 

between ice-free and supraglacial moraine were treated under the same 

assumptions.  

According to Nicholson and Stiperski (2020), turbulent heat fluxes in both 

thinner debris and debris-free areas are positive and of similar magnitude, but 

larger differences in the fluxes between both surface-types occur under sunny 

conditions. For instance, sensible heat flux on a thin debris-covered glacier 

surface is a sink of energy, while in debris-free areas it is a source. This 

introduces some uncertainties in our estimations of turbulent fluxes, especially 

over supraglacial moraines in the east (e.g. Chico Glacier, Figure 5.1), where 

sunny conditions were more frequent. In order to better represent the 

influence of the debris on turbulent fluxes, surface temperature 

measurements on supraglacial debris will be needed.  Another source of 

uncertainty is the percentage of debris cover; however, the rate of melt seems 

not to change considerably across a range of percentage debris cover per unit 
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area (30-80%) (Fyffe and others, 2020). The increase of melt under thinner 

debris-covered areas of the Patagonian glaciers is a potential positive 

feedback on glacier retreat due to the destabilization of adjacent slopes, 

increasing the flux of debris over the glacier surface as was reported by 

Glasser and others (2016) in the NPI between 1987 and 2015. 

5.5.3 Long-term ablation and surface mass balance 

Here, we discuss the implications of the surface mass balance and its 

components over the long-term. The differences in the EB fluxes noted above 

were replicated in the extended time series of ablation, i.e. greater ablation on 

the west compared to the east. This, in conjunction with the snow 

accumulation, leads to negative surface mass balance conditions prevailing 

in the west and balanced to slightly positive mass balance prevailing in the 

east.  This could be one of the reasons for the lower mass loss determined on 

the glaciers in the east (O’Higgins, Chico) compared to the glaciers in the west 

(Occidental, Greve, Témpano) using geodetic methods.  

Overall, Willis and others, (2012), Malz and others, (2018) and Abdel-Jaber 

and others (2018) estimate that the thinning rates on these glaciers between 

2000-2012, 2000-2015/16 and 2000-2016 respectively, was 0.6 to 1.1 m yr-1 

higher on the west side, whilst on the east, the lower thinning rate is focused 

on the terminus of the O’Higgins Glacier, though more extended in the case 

of Chico Glacier (e.g. maps of Abdel-Jaber and others, 2019 and Dussaillant 

and others, 2019). Between 1975 and 2000, a greater thinning was also 

determined for the west side glaciers when compared to the east, although in 

this case, the difference was lower (Rignot and others, 2003). These 

differences agree with our results, i.e. in that more favourable conditions for 

ablation prevail in the west glaciers, although in contrast our surface mass 

balance estimation was positive (O’Higgins Glacier) or nearly balanced (Chico 

Glacier) for the east. We also found qualitative agreement in our mass 

balances compared with previously published data. Earlier works show 

predominantly negative values on the western side when compared to the 

eastern side at these latitudes of the SPI (Schaefer et. al., 2015; Mernild and 

others, 2016).   

In the case of O’Higgins Glacier, geodetic glacier mass balance has been 

shown to be negative (e.g. Malz and others, 2018) in contrast to the positive 

mass balance estimated in this work and in previous one (Schaefer et. al., 

2015; Mernild and others, 2016). In this case, it seems that ice dynamics 

and/or calving dynamics play an important role in the observed negative 

surface changes. Indeed, O’Higgins Glacier, showed times of abrupt change 
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as well as times of stability, suggesting the control of calving processes and 

lake depth on frontal changes (Lopez and others, 2008). Ice dynamics 

adjustments of the tidewater and lake calving have been suggested as the 

main control of SPI glacier shrinkage (Schaefer and others, 2015; Mouginot 

and Rignot, 2015; Braun and others, 2019). However, this generalization to 

explain the response over glaciers of the entire SPI precludes a full 

understanding of the local conditions that define the glacier response, as for 

instance the characteristics of the glacier boundary layer (Bravo and others, 

2019b) and the hypsometry (De Angelis, 2014).  

The uncertainty in snow accumulation in our study was high however, 

depending to a great extent on the input dataset and on the phase-partitioning 

method (PPM) used to calculate it (e.g. Bravo and others, 2019a). Recent 

analysis indicated that the moisture flux over Patagonia is untenable to 

maintain precipitation rates exceeding ~6 m yr-1 (Sauter, 2020). This suggests 

that previous modelling studies overestimate precipitation and/or snow 

accumulation in their calculations (Weidemann and others, 2018). 

Moreover, it seems that the apparent discrepancy between geodetic and 

modelling mass balance was also related to higher ablation rates estimated 

here than previously (Schaefer et. al., 2015; Mernild and others, 2016).  An 

explanation could be the use of a simplified energy balance models, as 

turbulent fluxes and longwave radiation were estimated by a linear function in 

air temperature (e.g. Schaefer and others, 2015) and/or for the use of general 

parameterization as spatially invariant air temperature lapse rate for the SPI 

(e.g. Mernild and others, 2016). Our results, in accord with other EB studies 

in Patagonia (e.g. Schaefer and others, 2020; Weidemann and others, 2020) 

showed the importance of the turbulent fluxes in the estimation of the surface 

ablation as well as the spatial differences in meteorological conditions. 

At the glacier scale, our surface mass balance data show a predominance of 

negative values, with the exception of O’Higgins Glacier. The extreme 

negative surface mass balance values shown for the Occidental Glacier seem 

to be somewhat unrealistic, and to a lesser degree the same can be said for 

Témpano Glacier. In these cases, in addition to the high uncertainty 

associated with the surface accumulation, these extremely negative values 

could be associated with a poor delineation of basin extent, as maps of ice 

motion by Mouginot and Rignot (2015) suggest. Also, the representativeness 

of ERA5-Land for glaciers with lower elevation areas seems to be poor as a 

consequence of the coarse resolution, which is most useful for estimate bulk 

values of surface mass balance. Nevertheless, extreme surface lowering 
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observed over west-side glaciers are thought to be triggered by events 

associated with the drainage of a proglacial lake in the frontal zone of 

Témpano Glacier in 2007 (Iribarren-Anacona and others, 2015) and several 

ice and rock-bar dammed lakes associated with Occidental and Greve 

glaciers (Wilson and others, 2018). 

Acknowledging the limitations of the modelling and the lack of glaciological 

observations of any kind on the surface and/or surroundings of SPI, a case by 

case analysis is recommended if the aim is to analyse the forcing of the 

observed changes, as in the case of Jorge Montt Glacier in the north of the 

SPI (Bown and others, 2019).  Surface elevation changes in the SPI have 

been shown to be highly heterogeneous (e.g. Foresta and others, 2018; 

Abdel-Jaber and others, 2019) and as we have demonstrated herein, west to 

east differences exist in meteorological conditions as well as in EB fluxes, both 

of which are key factors in controlling ablation.  

5.6 Conclusions 

In this work, we have estimated and assessed the energy balance fluxes, the 

ablation rates, and their spatial differences in a west-east transect for glaciers 

of the Southern Patagonian Icefield. Using meteorological observations and 

remote sensing, we conducted a distributed EB model at daily time step for 

the period between October 2015 and June 2016. Our basic principle was that 

the meteorological variables needed for the model can be spatially distributed 

through elevation gradients and hence a network of five AWS and three on-

glacier temperature sensors were representative of the meteorological 

conditions, including the glacier boundary layer. After that, using climate re-

analysis data and validating the results with the observational period, we 

extended the application of the EB model, estimating the total ablation and the 

snow accumulation from 1982 to 2019. Uncertainties exist in our approach 

that needs to be addressed, but considering these unprecedent 

meteorological observations in the SPI, the main findings and conclusions 

based on our results and discussions were:  

i) Based on the meteorological observations and its spatial distribution, we 

found that in the northern section of the SPI, west-east differences exist in 

terms of humidity, cloud cover, glacier cooling effect, air temperature lapse 

rate and wind speed. This defines humid and warm on-glacier conditions on 

the western side and dry and cold on-glacier conditions on the eastern side. 

All these differences are feedbacks forced by the orographic effect widely 

described in the literature for Patagonia. 



- 130 - 

ii) Throughout the study area, net longwave radiation was a sink of energy, 

whilst net shortwave radiation and sensible heat flux were sources of energy. 

The latent heat flux was both a source and a sink, depending on the location. 

The importance of each flux depends on the location and elevation range, but 

over most of the glacier surface, sensible heat flux was the main source of 

energy, followed by net shortwave radiation. 

iii) The results of the EB model showed that in the study area, favourable 

conditions for ablation exist, especially in terms of melt on the lower sections 

at both sides of the study area. Comparatively, these conditions define 

stronger melt rates on the west side glaciers. Here, a key to understanding 

the comparatively strong melt on the west was that net longwave radiation, 

the only sink of energy, showed the lowest values through the study area and 

latent heat flux was a source of energy, while on the east, it is a sink. The 

spatial extent of the melt is controlled by the hypsometry on each side, 

showing that there were favourable conditions for a larger area under melt on 

the west side compared to the east.  

iv) Over longer timescales, our surface mass balance estimates show that 

western glaciers were losing mass during the last 37 years, while eastern side 

glaciers were close to balanced conditions. Qualitatively, this agrees with 

geodetic estimations of ice loss in the west, but not in the east. Thus, in the 

west, negative surface mass balance is an important explanation of the ice 

loss observed; whilst in the east, other factors (e.g. ice dynamics) besides the 

surface mass balance seem to control the observed ice loss. 

Overall, the heterogeneous response of the glaciers that comprise the SPI is 

determined partly by the meteorological and climatological spatial variability 

that exists over this region. Therefore, we understand the SPI as a complex 

system with a diversity of conditions that through feedbacks and relationships 

define the glacier response. We recommend avoiding analysis of the glacier 

response and sensitivities that treats the SPI as a whole.  

We recognized that the complete picture is far from being resolved in 

attributing the glacier response in the SPI to simply climate and meteorological 

conditions. The results presented here, however, give new insights in the 

spatial variability of the forcing that exerts controls on the response of the 

glacier surface mass balance. This analysis of the EB fluxes and their spatial 

differences provides a foundation on which further feedbacks associated with 

future climate change in this region can be investigated. 
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6.1 Abstract 

The North Patagonian Icefield (NPI) and the South Patagonian Icefield (SPI) 

increased their ice mass loss in recent decades. In view of the local, regional 

and worldwide impacts of glacier retreat in Patagonia, an assessment of the 

potential future surface mass balance (SMB) of the icefields is critical. In this 

work, we seek to provide this assessment by modelling the SMB between 

1976 and 2050 for both icefields, using regional climate model data 

(RegCM4.6) and a range of emission scenarios. For the NPI, a reduction 

between 1.51 m w.e.  (RCP2.6) and 1.88 m w.e. (RCP8.5) was projected, 

suggesting that negative SMB will prevail well into future decades. For the SPI 

the reduction in mass balance was within the range 1.12 m w.e. (RCP2.6) and 

1.45 m w.e. (RCP8.5), which implies positive SMB will dominate, albeit at a 

lower rate than is currently observed. However, if it is assumed that frontal 

ablation rates of the recent past will continue, ice loss and sea-level rise will 

increase for both Icefields. A rise in equilibrium-line altitude indicates there will 

be areal reductions in the glaciers of the NPI as well as in some areas of the 

SPI, depending on individual topographic characteristics. The trend towards 

lower SMB overall is explained by an increase in melt, and to a lesser extent 

by a reduction in snow accumulation. Increase in meltwater availability could 

act as a positive feedback, triggering ice-speed acceleration and ice loss due 

to an increase in frontal ablation of calving glaciers. 

6.2 Introduction 

Meltwater generated by receding land ice is impacting global sea-levels at an 

accelerating rate1. The glaciers of the Southern Andes represent one of the 

highest contributors, responsible for a total of 3.3 mm of sea-level rise 

between 1961 and 20162. This region includes larger temperate icefields: the 

Northern Patagonian Icefield (NPI) and the Southern Patagonian Icefield (SPI) 

(Figure 6.1). In recent years, both icefields have been the focus for studies of 

geodetic mass balance3-12. These analyses are uniform in their assessment 

that overall ice mass loss has increased through time for both Patagonian 

Icefields, although patterns on the SPI are somewhat heterogeneous9,12. 

Together, the Patagonian Icefields represent 83% of the total ice loss in the 

Southern Andes10 and over long time scales it has been estimated that the 

sea level contribution of Patagonian glaciers in the last 50 years is one order 

of magnitude larger than at the Little Ice Age (LIA) maximum, dated AD1650 

in the SPI and AD1870 in the NPI13. 

The primary conditions shaping the response of Patagonian glaciers are 

complex14, defined at a broad-scale by the interaction of the Andean 
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topography with the dominant westerlies and water vapour flux transported at 

these latitudes, which creates a strong climatic divide15 in terms of humidity 

and precipitation16. West-east spatial differences in local (glacier-scale) 

climate characteristics have been described in terms of cloud cover17, air 

temperature lapse rates, glacier cooling effect18, snow accumulation19 and the 

occurrence of föhn events20. In turn, these characteristics define west-east 

differences over the glacier surface, for instance, in producing variable snow 

facies21 and leading to asynchronous melt seasons22. 

In addition to the local climate differences of the Patagonian Icefields and its 

glaciers, other mechanisms exert an influence on ice loss rates. Most 

Patagonian Icefield glaciers terminate in lacustrine or marine calving settings. 

In the case of the NPI, the frontal areas mostly terminate in relatively small 

and shallow lakes, while SPI glaciers terminate in fjords on the west side and 

deep and large lakes on the east side. There is discrepancy between 

positively modelled surface mass balances using climate data23-26 and 

negative total mass balances derived by the geodetic approach, which can be 

explained by the importance of the frontal ablation mechanisms in calving 

glaciers. In turn, this mechanism is associated with adjustments to the ice 

dynamics of large glaciers10 and/or the lake/fjord characteristics of each 

glacier27.  

Climate conditions that define the broad-scale surface mass balance (SMB) 

also play a primary role in driving glacier-scale ablation. Fundamentally, 

climate conditions define the energy available for melt. Air temperature is 

important, but turbulent fluxes are high in Patagonia, which in turn depend on 

wind speed, humidity gradients and surface temperature, among others28,29. 

Secondly, feedbacks between ice dynamics and SMB have been identified for 

the glaciers in this region. Patagonian glaciers comprise temperate ice30,31 

leading to the presence of abundant meltwater, enhancing crevassing in the 

terminus areas and leading to flotation and increasing frontal ablation31. 

Additionally, a strong correlation between ice speed and air temperature 

fluctuations has been evidenced for the calving terminus of the Perito Moreno 

Glacier in the SPI32,33 suggesting that the meltwater infiltrating into the glacier 

increases basal water pressure, which in turn increases basal sliding and thus 

overall ice speed. 

In view of the local, regional and worldwide impacts observed due to the 

ongoing glacier retreat of Patagonian glaciers, and the direct and indirect 

importance of the climate conditions that drive the total ice loss, an 

assessment of the potential future SMB is critical and timely.  The aim of this 
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work is therefore to estimate the SMB and its components for both the NPI 

and the SPI (Figure 6.1). We used dynamically downscaled outputs of the 

MPI-ESM-MR Earth System Model34 obtained with Regional Model 

RegCM4.6 at 10-km spatial resolutions for the historical period35 (hydrological 

years between 1976/77 and 2004/05) and for two pathway scenarios (RCP2.6 

and RCP8.5, between hydrological years 2005/06 and 2049/50). These 

pathway scenarios were chosen due to current emissions are following a path 

similar to RCP8.536, while, although insufficient, RCP2.6 is the closest 

scenario in to achieve the 2015 Paris Agreement in terms of temperature37.   

Additionally, it is also important to show if important contrasts exist between 

under low (RCP2.6) and high (RCP8.5) emissions scenarios. 

These products were used directly to estimate snow accumulation and its 

changes, and subsequently to feed an energy balance model (EBM) to 

estimate the ablation and its changes over both Patagonian Icefields. 

Changes in the equilibrium-line altitudes (ELA) obtained from the SMB were 

also analysed and a first-order estimation of the ice loss and its contribution 

to sea-level rise until 2050 was derived.  

In the first section of this manuscript, we compare the results of the historical 

SMB run with previous estimations of modelled and geodetic mass balance, 

as well as the ELA, at the scale of the two Icefields. Then, we present the 

results of the future SMB and ELA under both scenarios and we quantify the 

changes in comparison to the historical period as well as estimating total ice 

loss. Finally, we discuss the implications of the results in terms of potential 

glacier response and feedbacks associated with changes in ELA, SMB and 

their components. 
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Figure 6.1 Location of the NPI and SPI in Southern South America (a). Details 
of the NPI (b) and the SPI (c). Colour shading is the topography from 
SRTM and blue tones are lakes and fjords. In the NPI the main glaciers 
per each sub-zone are: San Rafael and San Quintin (NW), Exploradores, 
Soler and Nef (NE), Steffen and Acodado (SW) and Colonia, Pared Norte 
and Pared Sur (SE). In the SPI: Jorge Montt, Témpano, Bernardo, 
Occidental and Greve (NW), O’Higgins and Chico (NE), Pio XI, HPS12, 
HPS13, Europa and Guilardi (CW), Viedma and Upsala(CE), Calvo, Asia 
and Amalia (SW) and Perito Moreno, Grey and Tyndall (SE). 
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6.3 Results 

6.3.1 Historical SMB 

For both the NPI and the SPI, we calculated the annual SMB between the 

hydrological years 1976/77 and 2005/06, defined as the historical period, and 

between the hydrological years 2006/07 and 2049/50 under two pathway 

scenarios (RCP2.6 and RCP8.5) (Figure 6.2). 

For the historical period the mean SMB was negative in the NPI, reaching an 

annual mean value of -0.63±2.14 m w.e., in agreement with previously 

published geodetic mass balances in the comparative periods 3,4,6,8-12 (Figure 

6.2a) and with previously modelled SMBs (e.g. mean of -0.16±0.73 m w.e. for 

the period 1979/80-2009/1023). On the other hand, the historical SMB was 

found to be in disagreement with the slightly positive modelled SMB of 

0.15±0.49 m w.e. for the period 1979/80-2013/1426. Note, however, that the 

periods of analysis are not directly comparable in each case. For the common 

period between the hydrological years of 1979/80 and 2003/04 we obtained 

an annual mean of -0.71±2.14 m w.e. while Mernild et al.26 estimated 

0.12±0.50 m w.e. Additionally, we note that all previous values are in the 

uncertainty range estimated in our historical SMB, which is high and reflects 

the uncertainty mainly associated with snow accumulation and the 

parametrization of the glacier cooling effect. 

In the SPI (Figure 6.2b), SMB was positive with a mean of 2.70±1.61 m w.e., 

in general agreement with previous modelling, although our results slightly 

exceed those of 1.78±0.36 m w.e.26 and 2.30±0.95 m w.e.25 between 1979/80 

and 2009/10. For the hydrological years between 1979/80 and 2003/04 we 

obtained 2.65±1.61 m w.e. and Mernild et al.26 derived a value of 1.72±0.38 

m w.e. Geodetic mass balances were all negative3,5,7,9-12 and outside of our 

uncertainty range (Figure 6.2b). There was a slight decreasing trend in SMB 

which was not significant, but which contradicts previous SMBs for a similar 

period that showed a positive trend24,25.  

Qualitatively, agreement between surface and geodetic mass balance in the 

NPI seems to be related to the frontal characteristics of the glaciers. Many of 

them are located on land and terminate in small lakes, reducing the effect of 

frontal ablation. Indeed, it has been estimated that calving flux was 

insignificant for the San Quintin Glacier, the largest glacier in the NPI, during 

the period 1975-200023. The exception is San Rafael Glacier, which 

terminates in a lake connected to a fjord, where previous estimations have 

defined the frontal ablation as being the most important ice loss mechanism38 
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being one order of magnitude higher than for most of the NPI glaciers23. Most 

glaciers in the SPI are tidewater-terminating in the west and freshwater-

terminating in the east. Both fjords and lakes are of considerable depth, 

indicating frontal ablation plays an important role31, although we cannot 

account for this directly within the modelling. 

 

 

Figure 6.2 Time series of the modelled surface annual mass balance. (a) NPI 
and (b) SPI. Colour shadow represent the uncertainties in the modelled 
SMB for the historical period and the two scenarios. This is mainly due 
to the parametrization of the glacier cooling effect and the method used 
for the phase partitioning in the total precipitation to define the surface 
snow accumulation. Green coloured bars indicate previously derived 
geodetic mass balances and their error range previously estimated in 
NPI3,4,6,8-12 and in the SPI3,5,7,9-12. Trends with the 95% confidence 
interval are shown. Significant trends are also indicated when p<0.05. 

6.3.2 Equilibrium-Line Altitudes 

The mean long-term ELA was estimated for the historical period for each sub-

zone defined in Figure 6.1. Overall, the west side showed a lower ELA in 

comparison to the east side glaciers for both icefields. Although there are no 

previous ELA estimations that can be directly compared with our ELA (as most 

of them are for specific years), observing the end-of-summer snowline using 

satellite images4,5,39-41 provides some form of validation (Table 6.1). Our 

modelled values correspond well, although a notable exception is found along 

the western margins, where our ELA was generally 100-300 m lower than 
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previous estimations (Table 6.1). The parameterisation of the cooling effect 

plays a key role in determining the ELA, and explains the range of values 

presented in Table 6.1. Our previous work18 has demonstrated that this 

cooling effect is more significant in the east compared to the west of the SPI, 

a fact that is also borne out by our modelled data here.   

In the SW and NE of the NPI, our values were close to those obtained by 

Barcaza et al.40, who estimated the mean ELA by measuring the end-of-

summer snowline using five satellite images in the period between 1979 and 

2003, and to Schaefer et al.23 who estimated the ELA for the period 1975-

2011, similar to our approach but reported just for a few glaciers. On the 

eastern side of the SPI, the long-term mean ELA was in the range of most of 

the previously observed and modelled ELAs (Table 6.1). 

Disagreement between the end-of-summer snowline and the mean long-term 

ELA along the western margins is likely to reflect the high mass turnover 

observed in maritime glaciers. In addition, snow accumulation frequently 

occurs in summer months19, but a high 0°C isotherm means much of this snow 

is quickly lost to melt40. 

Table 6.1 Comparison of the ELA per sub-zone obtained in this work with 
those obtained by observations of the end of summer snowline using 
satellite images3-5,39-41 and by SMB modelling23,25. Previous values are 
the mean of several glaciers observed. Number of glaciers are variable 
depending availability in the references. The lower limit in this work was 
obtained using a higher glacier cooling effect and the upper limit was 
obtained using lower glacier cooling. In bold are the closest ELA values 
of this work comparing with the previous observations and estimations. 

NPI Aniya39 Rivera et al.4 Barcaza et al.40 Schaefer et al.23 This work 

NW 1031 1096 1095 1185 624 - 862 

NE 1217 1224 1371 1387 1250 - 1517 

SW 1044 1026 924 1163 796 - 1081 

SE 1075 1138 1124 1351 1264 - 1586 

            

SPI De Angelis41 Schaefer et al.25 Willis et al.5 This work   

NW 928 1112 1015 612-827   

NE 1164 1282 1224 1166-1392   

CW 1017 989 1032 520-695   

CE 1248 1249 1268 1210-1402   

SW 1042 900 856 540-765   

SE 1018 1023 1045 812-1139   

6.3.3 Projected changes in SMB and ELAs 

Projected SMB results (which as stated do not account for frontal ablation 

mechanisms) indicate that the NPI will be characterized by a notable negative 

SMB until at least 2050. Solely by climate forcing, the SPI will continue to gain 

mass, but at a lower rate compared to the historical period (Figure 6.2). In the 
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NPI, the mean projected SMB values were -2.04±2.49 m w.e. (RCP2.6) and -

2.51±2.61 m w.e. (RCP8.5), while in the SPI, the projected mean SMB values 

were 1.58±1.96 m w.e.  (RCP2.6) and 1.25±2.07 m w.e. (RCP8.5). However, 

after the year 2040, a predominance of negative annual SMB in the SPI is 

projected. This finding is in agreement with projections by Schaefer et al.23 for 

the NPI, although the magnitude of their projection is lower, reaching values 

around -2 m w.e. after 2070. 

There are notable differences in the interannual variability in the SMB between 

scenario pathways. For instance, some particular years from the RCP2.6 

scenario were lower in magnitude than those arising from the RCP8.5 SMB 

run, indicating that the EBM used here captured feedbacks related to other 

meteorological variables used to feed the model. This is important as it has 

been demonstrated that the surface ablation of Patagonian glacier depends 

to a large extent on turbulent fluxes, especially the sensible heat flux 28,29,42, 

which in turn also depends on the wind speed. However, the natural 

interdecadal variability also could play a role in this behaviour, especially over 

the first decades of the projection. After 2040, the differences between both 

scenarios are higher as the higher signal-to-noise ratio for the RCP8.5 

scenario dominates as it has a more prominent temperature increase. As 

might be expected, long-term mean values show that RCP8.5 yielded the 

greatest reductions in SMB for both Icefields.  

Figure 6.3 shows the projected mean SMB differences per elevation range 

(for each historical period) for the different sub-zones defined for both Icefields 

(Figure 6.1). The reductions in SMB were homogeneous within different 

regions, but with some differences in the magnitude between regions, being 

notably larger in the lower section of the south of the SPI (Figure 6.3i,j) and 

lower in the higher elevations (i.e. plateau zone) of the north-central section 

of the SPI (Figure 6.3e,f,g,h).  

From the SMB profiles, we estimated a long-term ELA for each sub-zone and 

for the two pathway scenarios (2005/06-2949-50). Depending on the scenario 

and the SMB uncertainties the magnitude of the long-term ELA increase was 

between 72 and 450 m in the NPI, while in the SPI it was between 46 and 104 

m (Table 6.2). Considering the glacier-cooling effect differences between the 

west side and the east margin glaciers18, the most probable range was a rise 

of 91 to 133 m in NPI and 38 to 108 m in the SPI (Table 6.2, values in bold). 
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Figure 6.3 Surface mass balance differences per sub-zone (Figure 6.1) and 
elevation range in both Icefields. The differences were derived by 
comparing long-term SMBs between the historical period and each RCP 
scenario. 

Table 6.2 Range of difference in the mean long-term ELA per sub-zone 
between historical period and each RCP scenario. ELA was obtained as 
the long-term mean of the elevation where the SMB reach 0 m w.e. The 
range of difference at each scenario is given by the runs using -1°C and 
-3°C of cooling effect as meteorological observations suggests18. 
Following Table 6.1, bold values denote values that most closely 
approach actual conditions observed in SPI in terms of glacier cooling 
effect and ELA. 

Sub-Zone RCP2.6 

(m) 

RCP8.5 

(m) 

NW NPI 72-91 97-108 

NE NPI 96-201 137-404 

SW NPI 59-125 75-166 

SE NPI 99-170 133-455 

NW SPI 45-88 53-104 

NE SPI 48-133 64-149 

CW SPI 48-77 60-96 

CE SPI 48-64 60-80 

SW SPI 46-57 62-76 

SE SPI 65-74 86-94 
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6.3.4 Annual time series and trends in accumulation, melt and 

sublimation 

Annual time series of the components of the SMB are given in Figure 6.4. We 

found that the variance of the annual SMB depends largely on the ablation (R2 

0.88 and 0.94 for the NPI and SPI respectively) rather than accumulation (R2 

of 0.57 and 0.73). 

Almost all the components in each scenario and during the historical period 

show trends that lead to negative SMB in the NPI and lower, but still positive, 

SMB in the SPI (Figure 6.2). Surface accumulation in the NPI (Figure 6.4a) 

showed an overall decrease for the historical period and both scenarios, being 

marginally statistically significant (p<0.05) in the RCP8.5 scenario. SPI 

accumulation (Figure 6.4b) showed a slight decrease during the historical 

period and RCP8.5 scenario and a slight increase for RCP2.6. Previous 

estimations of the snow accumulation trend for both Icefields also showed a 

non-significant change at annual scale for the period 1980-2015; however a 

significant increase in snow accumulation during the autumn season was 

found for the same period19.  

In the case of surface melt, an overall increase was determined over the 

historical period and both scenarios and for both Icefields. The projected melt 

increase was statistically significant (p<0.05) during the historical period in 

NPI (Figure 6.4c) and for scenario RCP8.5 in both Icefields. The magnitude 

of the change was larger in the NPI compared to SPI (Figure 6.4d). Increased 

surface melt was projected for the hydrological year 2043/44, reaching 12 m 

w.e. in NPI and 9 m w.e. in SPI. When excluding this large value, the trends 

were still significant at 0.008 m w.e. yr-1. Finally, sublimation showed an 

increase during the historical period and then plateaus during both future 

scenarios for both Icefields, although its contribution to overall ablation 

remained small.  

 



- 151 - 

 

Figure 6.4 Annual values (hydrological years 1976/77-2049/50) and linear 
trends of the SMB components in m w.e. in NPI and SPI for the historical 
period and the two pathway scenarios. (a),(c) and (e) are accumulation, 
melt and sublimation in the NPI and (b),(d) and (f) are accumulation, melt 
and sublimation in the SPI. Trends with the 95% confidence interval are 
shown. Significant trends are also indicated when p<0.05. Trends in melt 
for RCP2.6 are significant where estimated between 1976 and 2050, 
reaching 0.027±0.012 m w.e. in NPI and 0.0204±0.009 m w.e. in SPI. 

6.3.5 Ice loss and contribution to sea-level rise 

In this section, we estimate the ice loss and the contribution to sea-level rise 

to year 2050 for both Patagonian Icefields. We make a key assumption that 

future rates of frontal ablation will be unchanged from those estimated during 

past and present conditions, masking the interannual variability as has been 

estimated, for instance, in Jorge Montt Glacier31. We calculate these frontal 

ablation rates by differencing our modelled SMB and previously published 

geodetic mass balances. For the NPI, we derive a frontal ablation contribution 

of 0.2 m w.e. yr-1 (Supplementary Table 6.1); for the SPI the mean difference 

was 3.28 m w.e. yr-1 (Supplementary Table 6.2). This latter value is equivalent 

to a volume of 48.2 km3 yr-1 of ice, which is larger than the 44.4 km3 estimated 

between 1975 and 2000 but lower that the 61.3 km3 yr-1 obtained between 

2000 and 2011 for the SPI25.  

Estimation of total ice mass loss between 2012 and 2050 and total sea-level 

rise equivalent to year 2050 are shown in Figure 6.5. Both Icefields shown a 

clear ice loss trend, meaning that the climate conditions reflected in the 

positive SMB in the SPI are not enough to balance the loss by frontal ablation.  

Between 2012 and 2030 the greatest reduction in SMB is associated with the 

RCP2.6 scenario, after which the largest ice retreat is projected by RCP8.5, 

particularly after 2040. RCP8.5 results agree well with those of Abdel-Jaber 
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et al.12 and Foresta et al.9 (Figure 6.5) between 2012 and 2016, particularly 

so in the NPI where frontal ablation (and specifically calving) plays only a 

minor role. Our ice loss estimations are in the lower range of those made by 

the GlacierMIP initiative43 (Figure 6.5), but it is worth noting that their results 

incorporate the entire Southern Andes, and (with the exception of one model), 

neglect frontal ablation mechanisms entirely. 

The total equivalent sea-level rise estimated here for both Icefields, 

accumulated to 2050 (Figure 6.5b) reaches 3.1 mm (RCP2.6) and 3.8 mm 

(RCP8.5). Within this, the SPI contributes the largest part with 2.3 and 2.8 

mm, respectively. The uncertainty, however, is large mainly due to the lack of 

knowledge in define the actual range of the snow accumulation rate, which we 

introduce in our SMB modelling (Figures 6.4a and 6.4b). 

 

Figure 6.5 Cumulative ice loss estimated for both Icefields combined between 
2012 and 2050 (a) and total equivalent sea-level contribution to year 
2050 (b). For comparison purposes, data from GlacierMIP43 is showed 
(grey area). GlacierMIP ice mass loss corresponds to all the models runs 
under scenarios RCP2.6 and 8.5 computed for the Southern Andes RGI 
region. Ice mass loss estimations by Abdel-Jaber et al.12 and Foresta et 
al.9 for the four first years (2012-2016) are also shown. Inset, 
corresponds to a detailed view of this period. 

6.4 Discussion 

The results of our modelling showed that an increase in surface melt is the 

main driver that leads to negative SMB in the NPI and lower positive SMB in 

the SPI and a rise in the ELA throughout both Icefields. These changes are in 

agreement with a projected warming in the region (Supplementary Figure 6.1) 

and align with previous observations of the high sensitivity of Patagonian 

glaciers to ablation and air temperature variations14.  
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These changes will lead to a continuation or acceleration of the impacts 

associated with glacier shrinkage as has been observed in recent decades in 

the region, and also to an increase in the contribution to sea-level rise. Other 

than the positive SMB that is projected for the SPI, a rise in ELA was projected 

for the NPI. The extent to which this impacts on glacier length depends on 

several factors, including hypsometry41 and bed slope44. Previous work has 

shown that glaciers with a lower bed slope (e.g. the Upsala Glacier, SPI, and 

San Quintin Glacier, NPI) could retreat between 50 to 60 m per each m of ELA 

rise44. This means that even without accounting for dynamic changes and 

mass loss via calving, some glaciers could retreat between 4 and 5 km within 

the next 30 years. It should be noted, however, that the projected rise in ELA 

in areas of the SPI could occur under positive mass balance, meaning that 

glacier retreat in these zones solely associated with climate forcing will not 

occur. 

Potential glacier retreat will introduce new changes in the landscape. For 

instance, subglacial topography estimates suggest that pro-glacial lakes will 

likely form in several new areas of both the SPI and NPI45. These changes will 

in turn affect calving rates and subsequently glacier dynamics, making the 

prediction of future glacier evolution very complex23. Our estimation in this 

sense is, therefore, best considered first order. Indeed, it is possible that in 

some areas frontal ablation rates could reduce as the glaciers thin, or even 

retreat out of their lacustrine environments and onto land23. This scenario has 

already been proposed for the future evolution of Jorge Montt Glacier in the 

SPI; if the ongoing retreat continues, the glacier front will stabilise above the 

fjord level, reducing frontal ablation overall31. 

Evidence found in the Patagonian Icefields, however, seems to suggest 

further positive feedbacks related to increases in surface melt, and associated 

dynamic adjustments in calving glaciers32 and the appearance of supraglacial 

melt ponds17, which would serve to increase the local surface albedo. Several 

studies32,38 have evidenced acceleration of glaciers in response to an increase 

of the basal sliding due to an input of meltwater percolating to the base. The 

temperate conditions of the ablation zones of Patagonian glaciers means that 

refreezing would be minimal, and the subglacial hydrological network will likely 

play an important role in determining future dynamic behaviour.  

Since glacier dynamics are closely connected to the climate conditions that 

define the input of meltwater to the system32,33, a qualitative projection and 

assessment of glacier response is possible with our results. The areas with 

greatest projected positive trends in surface melt, in addition to a strong 
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thinning due to surface processes, are most likely to be affected by ice 

acceleration and increases in the calving flux27 and frontal ablation33. These 

areas are primarily located in the NE of the NPI (e.g. Steffen Glacier), along 

the western margin of the SPI (Occidental, Témpano, HPS-29 glaciers) and 

in the south of the SPI (Tyndall, HPS-38 glaciers) (Figure 6.6). To a lesser 

extent, a future increase in surface melt was also estimated for the Upsala 

and Viedma glaciers in the SPI and San Quintin Glacier in the NPI (Figure 

6.6). In accordance with our results, most of these Patagonian glaciers are 

already thinning rapidly7-9,12. The only exception is Jorge Montt Glacier, 

located in the SPI. Here, along with other factors, glacier melt is also forced 

by warm water entering the fjord46, explaining the strong retreat31 that is not 

suggested in our modelled increase in surface melt (Figure 6.6). 

In terms of projected sea-level contribution, the annual rates projected for both 

Icefields are larger than those previously estimated from the LIA and most of 

the 20th century. For the 38 years period between 2012 and 2050, we 

estimated a mean annual rate of both scenarios of 0.067 mm yr-1 for the SPI 

and 0.024 mm yr-1 for the NPI, which in total represent 0.091 mm yr-1 for both 

Icefields. These rates are larger than those estimated by Glasser et al.13 who 

estimated 0.0018 mm yr-1 between 1870 and 2010 in NPI and 0.005 mm yr-1 

between 1750 and 2010 in SPI. Between 1945 and 199647, the contribution of 

both Icefields was estimated to be 0.032 mm yr-1 and between 1968/75-20003 

it was estimated as 0.042 mm yr-1. The rate of ice loss during most of the 20th 

century is one order of magnitude higher than in previous centuries13. 

Additionally, in the last six years of the 20th century, a new acceleration in ice 

mass loss was estimated3 reaching a sea-level contribution of 0.105 mm yr-1, 

while between 2002 and 200648 the sea-level contribution of both Icefields 

was estimated as 0.078 mm yr-1. Therefore, our projected sea-level 

contribution suggests that accelerated ice loss estimated for the end of 20th3 

and beginning of the 21st48 centuries, will continue under both scenarios. 
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Figure 6.6 Spatially distributed melt trends over the Patagonian Icefields 
estimated with the EBM. Trends are from hydrological year 1976/77 to 
2049/50, following after 2005 the pathway scenario RCP2.6 (a) and the 
pathway scenario RCP8.5 (b). Black lines are the glacier basins and grey 
lines are coast lines. All the grid points are significant (p<0.05). 

6.5 Conclusions 

In this work, we have quantified the present and future SMB for both the NPI 

and SPI using historical data and two pathway scenarios (RCP2.6 and 8.5) 

obtained from the RegCM4.6 model. Snow accumulation and ablation using 

an EBM were estimated, as well as their changes throughout the years. We 

estimated a reduction in the SMB in both Icefields. For the NPI a reduction 

between 1.51 and 1.88 m w.e. was projected for the scenarios RCP2.6 and 

8.5 respectively, while in SPI the reduction was within the range of 1.12 and 
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1.45 m w.e. Despite its reduction in the SPI, future SMB was still projected to 

be positive overall. With the assumption that the annual rate of frontal ablation 

will remain unchanged, we estimated the contribution of the ice loss of the 

Patagonian Icefields to sea-level rise between 2012 and 2050, reaching 

between 3.1 mm (RCP2.6) and 3.8 mm (RCP8.5). Projected ELA rise 

indicates potential area reductions in the glaciers of the NPI as well as in some 

areas of the SPI, but limited to those with projected negative surface mass 

balances such as in the SW and only under the RCP8.5 scenario. The 

magnitude of ELA rise is spatially variable (between 46 and 455 m) and the 

impact at each glacier would depends on its topographic characteristics. The 

trend towards lower SMB overall is explained by an increase in melt and to a 

lesser extent by a reduction in snow accumulation. The input of infiltrating 

meltwater could act as a positive feedback, triggering ice-speed acceleration 

and ice loss due to an increase in frontal ablation of calving glaciers. 

Although a complete quantification of future response depends on factors not 

accounted for by our modelling (e.g. ice dynamics), this knowledge of changes 

climatic conditions gives new insights into recent trends of ice loss, their 

controls, and their likely impact on the future response of the Patagonian 

glaciers, and its variability through space and time. 

6.6 Data and methods 

6.6.1 RegCM4.6 simulations 

Regional Climate Model, version 4 (RegCM4.6) is a primitive equation and 

limited area model developed by the International Centre for Theoretical 

Physics49. The dynamical core of the RegCM4.6 is based on the hydrostatic 

version of the Penn State/NCAR mesoscale model MM550. RegCM4.6 was 

used to downscale lateral boundary conditions derived from MPI-ESM-MR 

Earth System Model34 on a nested domain centralizing over Chile at 10-km 

spatial resolution for historical period (1976-2005) and projections (2006-

2050) under the RCP2.6 and RCP8.5 scenarios35. This study makes use of 

daily mean near-surface temperature, total precipitation, wind speed, surface 

pressure, near-surface relative humidity, incoming shortwave and longwave 

radiation obtained from the downscaled RegCM4.6 simulations. RegCM4.6 

simulations used in the present study are based on the land surface model 

Biosphere-Atmosphere Transfer Scheme of Dickinson et al.51 and the 

radiative scheme of the NCAR Community Climate System Model Version 3 

(CCSM3)50. More information about the simulations, performance of the 

RegCM4.6 as well as added value analysis are detailed in Bozkurt et al.35. 

Bozkurt et al.35 showed that high resolution hindcast simulations (i.e., 
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RegCM4.6 forced with reanalysis) robustly simulated the spatiotemporal 

variability of temperature and precipitation in southern Chile including the 

Patagonian Icefields, despite some discrepancies such as the overestimation 

of precipitation extremes. In addition, it was also highlighted that coarse 

resolution boundary conditions can miss important climate gradients imposed 

by complex topography in Chile. In this regard, downscaled simulations of 

RegCM4.6 forced with MPI-ESM-MR were found to exhibit added value for 

both temperature and precipitation by resolving local-scale features in a large 

part of Chile, including several grid points in the Patagonian Icefields. 

6.6.2 Energy balance modelling 

A distributed energy balance model (EBM) was applied using daily data 

obtained from the RegCM4.6 regional model between 1 April 1976 and 31 

March 2050, the Southern hemisphere mid-latitudes hydrological year. The 

details of the equations are given in Bravo et al.53 and correspond to the bulk 

method to estimate sensible, latent and rainfall fluxes including stability 

corrections in the first two fluxes. In addition to the meteorological data 

obtained from RegCM4.6 (previous section), we estimated additional 

variables necessary to feed the EBM. These are surface temperature, air and 

surface vapour pressure, outgoing longwave radiation, surface albedo and 

surface roughness. The first three variables, were estimated with standard 

equations and parametrization and using the data from RegCM4.6. Details of 

these equation and parametrization are given in Bravo et al.53. Outgoing 

longwave radiation was in turn estimated using the distributed field of the 

surface temperature and assuming a surface emissivity equal to 1 in the 

Stefan-Boltzmann law. The surface albedo was estimated following 

Oerlemans and Knapp54. Surface roughness was estimate using the surface 

albedo values as proxy. Here, albedo values between 0.35 to 0.60 were 

associated with ice and firn (higher surface roughness) and between 0.60 to 

0.80 to different snow ages (lower surface roughness). From the EBM we 

obtained the melt and the sublimation at daily scale, which is then calculated 

at annual scale. The use of daily data allows a better representation of the 

inter-daily variability of the albedo and the impact in the reflected shortwave 

radiation. In order to quantify the uncertainty in one of the parametrizations, 

we run two experiments using different magnitude of the glacier cooling effect 

assuming -1°C and -3°C, respectively. These values were taken from the 

analysis of air temperature data observed on-glacier and compared with data 

measured off-glacier at both sides of the SPI18. Although there are others 

inherent uncertainties in the modelling that are hard to quantify, such as the 
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parametrization of the surface roughness, the use of an EBM makes it 

possible to integrate more meteorological variables than a temperature-index 

model allowing a more complete evaluation of the impacts of the projected 

climate change over glaciated areas.  

6.6.3 Snow accumulation 

We estimated the snow accumulation over the glacier surface following the 

method of Weidemann et al.28 and Schaefer et al.23,25 previously applied at 

single glaciers and at the Patagonian Icefield scale, respectively. This method 

showed the best magnitude representation compared with short-term snow 

accumulation in the SPI19. However, as the uncertainty in precipitation is 

high15 and hence also in the snow accumulation, we quantify the uncertainty 

based on different methods to estimate the partitioning between rain and 

snow. These methods are described in full in Bravo et al.19. The input for these 

estimations were total precipitation, air temperature and relative humidity to 

estimate dew point temperature for one of the methods19. The daily snow 

accumulation was then used to estimate annual accumulation at each 

hydrological year. 

6.6.4 Ice loss estimation and contribution to sea-level rise 

The ice loss and contribution to sea-level rise was estimated using previous 

area and volume data. For the first case, we assume as initial condition the 

area estimated for the 2011 year by Davies and Glasser55 and the total volume 

estimated by Millan et al56 which was computed using airborne gravity and 

radar measurements taken between 2012 and 2016 and complemented with 

ice thickness, modelled by Carrivick et al.45. The areas used were 13219 km2 

for the SPI and 3976 km2 for the NPI. Volumes were 3632 km3 in the SPI and 

1124 km3 in the NPI. Using these data we estimated the factors for a bulk 

volume-area scaling at each Icefield. For glacier area S the volume V was 

estimated as V=cSγ 57. The empirical factor c was estimated, finding that the 

best adjustment was obtained with c equal to 0.01264 in NPI and 0.007825 in 

SPI. Exponent parameter γ is constant and its value is 1.375. The main 

assumption to estimate total ice loss in the future was that the annual rate of 

frontal ablation in the SPI is equal than present conditions. The rate of present 

frontal ablation was estimated following Schaefer et al.25 and assumed that 

the differences between geodetic mass balance and modelled SMB 

correspond to the frontal ablation. In our case, we estimate a mean of the 

differences showed in Supplementary Tables 6.1 and 6.2.  
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Using the initial conditions, the modelled SMB plus frontal ablation (in the case 

of the SPI) and the volume-area scaling parameters, the volume loss at year 

time step was estimated (∆𝑉𝑦) and is consecutively added to the volume of 

the previous year (𝑉𝑦). The new volume, and using the defined parameters 

(𝑐 and γ) in turn is used to estimate the new area for the following year (𝐴𝑦+1), 

which is then multiplied with the SMB. This relationship take the following 

form57: 

𝐴𝑦+1 = (
𝑉𝑦 + ∆𝑉𝑦

𝑐
)

1
𝛾
 

The volume loss is then adjusted by the area in each time step. Finally, volume 

is converted to mass using an ice density of 900 kg m-3, and the resulting ice 

loss (Gt) is converted to sea-level equivalent. 
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Chapter 7                                                                   

Discussion and Conclusions 

Using nine months of meteorological observations, gridded-climate products 

and glacier modelling in a multi-scale approach, this thesis was focused to 

answer two main research questions. First, do the glaciers located on either 

side of the Icefields show different sensitivities and surface mass balance 

controls due to different meteorological conditions? and secondly, how are 

these glaciers responding to ongoing climate change and how differently will 

these glaciers respond to climate change scenarios? To answer these 

questions and to achieve the main aim of this work, the thesis was structure 

following four objectives (section 1.4). The following sections comprise an 

integrated discussion of the key findings presented in each of the earlier 

chapters, concentrating on the spatial differences found in terms of 

meteorological and glaciological conditions and their implications in terms of 

past, present and future surface mass balance modelling. Results obtained 

for the glaciers of the northern sector of the SPI are also discussed within the 

context of the Icefield scale analyses and compared with the results of 

previous studies. 

7.1 West-east ablation spatial differences 

For the glaciers in the northern SPI, large differences were found in the rates 

of ablation, being notably high on the glaciers of the western margin compared 

to the glaciers of the eastern margin. The glacier-wide differences reached ~6 

m w.e. in both the short-term (9 months) and the long-term (1982-2019) 

ablation estimations. This figure qualitatively agrees with ice mass loss 

differences detected by geodetic methods for the glaciers of the northern part 

of the SPI (Table 1.4).  

At the local-scale, and at comparable elevations, the west-east difference in 

melt is reduced to a mean difference of 0.7 m w.e. with the largest differences 

being detected between 800 and 1600 m a.s.l. (Figure 7.1a). Sublimation also 

shows spatial differences, reaching larger values at higher elevations on the 

west and lower elevations on the east (Figure 7.1b). 

These differences correspond to the meteorological conditions that prevail on 

each side of the Icefield divide. Figure 7.2 schematically represents the 

differences between the west and east showing the mean values of key 

meteorological variables, energy balance fluxes and ablation components for 

every 100 m elevation bin.  As a primary control, these spatial differences are 

strongly related to the orographic effect as a consequence of the interaction 
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between the Andes and the predominant westerly winds at these latitudes, 

defining both wind speed and humidity which in turn define the air temperature 

lapse rate and the magnitude of the glacier cooling effect. 

 

Figure 7.1 Profile of the mean melt (a) and sublimation (b) per 100 m elevation 
bin, obtained for the northern glaciers of the SPI during the period 
between October 2015 and June 2016. 

Chapter 3 demonstrated that air temperatures decrease at a steeper lapse 

rate (LR) on the east side compared to the west side of the topographic divide 

(Figure 7.2). Additionally, the eastern on-glacier data suggest a strong glacier 

cooling effect. The comparison of the mean melt calculated with degree-day 

modelling showed that the west side responded faster to a change in air 

temperature compared to the east (Figure 7.3). As the glacier cooling effect is 

higher on the east and the LRs are steeper, it is expected that these glaciers 

are less sensitive to air temperature compared to the west. In accordance, 

Sagredo et al. (2014) found that glacier equilibrium-line altitude sensitivity to 

temperature will often be lower in drier regions than in humid regions. This 

could suggest a relatively lower climate-sensitivity of the eastern side glaciers 

in NPI and SPI. Indeed, the rates of surface elevation thinning and area loss 

observed in the study area were overall greater for the west side glaciers 

(Table 1.4; e.g. Malz et al., 2017; White & Copland, 2015; Willis et al., 2012).  

Nevertheless, this spatial pattern is not observed along the whole SPI, 

indicating that several factors (climatic and non-climatic) play a role in the ice 

mass changes. At the regional scale, however, Falaschi et al. (2016) found 

that glaciers situated on the eastern side of the Andes, but outside the greater 

Icefield extent, showed lower negative mass balance than previously reported 

for those glaciers situated within the Icefields. The relative dryness that 

characterizes eastern Patagonia, could therefore help to explain this regional 

difference, assuming that a similar forcing in the air temperature increase was 

detected in Patagonia (e.g. Braun et al., 2019). 
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Figure 7.2 Semi-quantitative schematic representation of the meteorological 
and glaciological conditions along the west-east transect on the northern 
SPI during the period between October 2015 and June 2016. Mean 
values were obtained per 100 m elevation bin, for the northern glaciers 
of the SPI. Panel (a) shows the relative humidity and the location of the 
AWS. Panel (b) shows the wind speed. Arrows represent the 
predominant observed wind direction. Panel (c) is the surface and air 
temperature. Mean air temperature lapse rates at each margin are 
indicated. Panel (d) shows the energy fluxes obtained with the energy 
balance modelling. Panel (e) is the modelled albedo. SGM corresponds 
to the surface area where the supra-glacial moraine influence albedo. 
Panel (f) is the melt and sublimation. Panel (g) is the hypsometry, 
showing the accumulated area versus elevation. The red area 
corresponds to the zone under predominant melt and the green area is 
a qualitative representation of the glacier cooling effect. EOSS 
corresponds to the end-of-summer snowline observed with a satellite 
image acquired on 12th March 2016 and the ELA is the mean value of 
several previous studies. The grey area corresponds to those elevations 
of the Icefields where the meteorological variables were extrapolated 
based on the lower elevations observations. 
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Of course, ablation depends on more than just air temperature (Figure 7.2). 

In the process of spatially distributing the meteorological variables needed for 

the energy balance, other fluxes were also found to be spatially variable. In 

this respect, cloud cover has an important role to play, particularly at the point-

scale. When considered at the glacier-scale, however, net shortwave radiation 

values were similar between both sides (Figure 5.5), as a consequence of the 

darker surface appearance (and low albedo) of ice surfaces in the west 

(Figure 7.2). 

 

Figure 7.3 Comparison between glacier-wide mean air temperature and 
glacier-wide mean melt using a Distributed-Degree Day model. Each 
point represents the mean values for ELR, MLR, VLR, VLRBias and 
SM10 (Chapter 3) and the lines the regression using a Degree-Day 
Factor (DDF) of 8.5 mm w.e. °C-1 d-1. Shadow area represents the 
boundary of the linear regression of the melt using a DDF between 10 
mm w.e. °C-1 d-1 (upper limit) and 3.5 mm w.e. °C-1 d-1 (lower limit). 

The spatial differences in humidity and wind speed also determine the 

turbulent fluxes. Sensible heat flux represents a high percentage of the energy 

available for melt and one of the main controls is the wind speed. Interestingly, 

strong winds at the higher elevations facing the synoptic westerlies cause 

maxima in sensible heat flux above 2500 m a.s.l. (Figure 5.6), while relatively 

strong winds due to föhn and/or katabatic events cause a maxima of sensible 

heat flux below 1000 m a.s.l. on the eastern side. In terms of ablation, the 

control of strong winds is more important on the eastern side considering the 

larger area influenced by these winds (Figure 7.2). Additionally, air 

temperature in the high western elevations is constantly below 0°C, meaning 

that the energy available to warm the surface is minimal and no melt occurs. 

However, under certain atmospheric conditions, e.g. temperature inversion, 
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and as has been observed elsewhere (Table 3.2 and Supplementary Figure 

3.2), melt events can occur at elevations over 2000 m a.s.l. 

After calculating the energy balance fluxes, it was found that melt was strong 

and comprised the main component of ablation on both sides, but the drivers 

of the melt showed spatial differences between west and east as well as at 

different elevations (Figure 7.2). This means that the similar melt rates at 

comparative elevations between west and east were for a different balance in 

the energy fluxes.  

As stated, the finding that at same elevations the mean ablation is 0.7 m w.e. 

higher in the west compared to the east, with a maximum of 3.7 m w.e. 

between 1100 and 1200 m a.s.l. (Figure 7.1), indicates that glaciers in the 

west are more sensitive than those in the east to the same forcing. However, 

at the scale of the Icefields, this expected west-east spatial difference is not 

evident in the geodetically-derived elevation changes (dh/dt) presented by 

previous studies (e.g. Abdel-Jaber et al., 2019; Malz et al., 2018). If a simple 

comparison of the elevation change rate (e.g. Abdel-Jaber et al., 2019) and 

the accumulation-area ratio (AAR) (e.g. Rivera et al., 2007; De Angelis, 2014) 

of the main glaciers is conducted, it can be seen that for the same AAR, 

western-facing glaciers tend to show higher thinning than eastern-facing 

glaciers (Figure 7.4). The relationship is of course clearer in the NPI than in 

the SPI given that frontal ablation plays a more significant role in the total 

ablation of the SPI (Schaefer et al., 2015). The surface mass balance of 

historical times (modelled in Chapter 6) showed that the values obtained for 

the NPI were close to those estimated by the geodetic method, indicating a 

relatively stronger climate signal in this Icefield compared to the SPI. 

At the glacier-scale, the magnitude of ablation is largely controlled by the 

hypsometry. Local differences in melt are amplified by the characteristics of 

the AAR as shown by the linear relationship in Figure 7.4. O’Higgins and Chico 

glaciers (to the east) have AARs of 0.84 and 0.67 respectively, while for 

Témpano, Occidental and Greve glaciers (to the west) it is 0.69, 0.26 and 

0.75, respectively (De Angelis, 2014). Considering the areas, this implies that 

~200 km2 of ice on the east side is exposed to strong melt rates (>10 m w.e.) 

while in the west this area is ~385 km2. The overall areas of these glaciers are 

comparable as glacier area on both sides of the divide totals around 1000 km2.  
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Figure 7.4 Relationship between geodetic mass balance and AAR for glaciers 
in the NPI (a) and in the SPI (b). Symbols indicated the front 
characteristic of each glacier. Glaciers of the western side of the NPI are 
Acodado, Andree, Benito, Fraenkel, Gualas, HPN1, Reichert, San 
Quintin, San Rafael, Strindberg and Steffen. Glaciers of the eastern side 
of the NPI are Arco, Cachet, Cachet Norte, Colonia, Cristal, Fiero, 
Hyades, Leones, Mocho, Nef, Soler, U-4, U-5, U-6, U-7, Exploradores, 
Grosse, Pared Norte and Pared Sur. Glaciers of the western side of the 
SPI are Amalia, Asia, Bernardo, Calvo, Europa, Greve, Guilardi  HPS8, 
HPS9, HPS10, HPS12, HPS13, HPS15, HPS19, HPS28, HPS29, 
HPS31, HPS34, HPS38, HPS41, Jorge Montt, Occidental, Ofhidro, 
Penguin, Pio XI and Témpano. Glaciers of the eastern side of the SPI 
are Agassiz, Ameghino, Balmaceda, Bravo, Chico, Frias, Grey, Dickson, 
Lucia, Mayo, Mellizo Sur, O’Higgins, Onelli, Oriental, Pascua, Perito 
Moreno, Pingo, Spegazzini, Tyndall, Upsala and Viedma. 

Invoking the AAR as a control of glacier-wide ablation rates also seems to 

offer an explanation for other glaciers where the ice mass changes were 

negative. Assuming the EB fluxes present at Viedma and Upsala glaciers, 

both of which are lake-terminating and located 60-100 km to the south, are 

similar to those on the eastern side of our study area, there is a clear disparity 

between the rates of ice loss reported in the literature for those southern 

glaciers when compared to those reported in the present study (Foresta et al., 

2018; Malz et al., 2018; Abdel-Jaber et al., 2019; Braun et al., 2019; Dusaillant 

et al., 2019). Part of this difference could well be associated with hypsometry 

characteristics, as O’Higgins glacier has an AAR of 0.84, while in Viedma and 

Upsala it is 0.67 and 0.65, respectively (De Angelis, 2014). Therefore, a 

greater area is consistently being exposed to strong melt in the latter two 

glaciers. 

7.2 West-east accumulation spatial differences 

To analyse the approach for estimating accumulation, both climate data and 

short-term field-based observations were used. Although significant advances 
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have been made in recent years, uncertainty on accumulation patterns in the 

region is still very high, and a wide range of precipitation and snow 

accumulation estimations are reported in the literature (Sauter, 2020). 

Chapter 4 showed that the choice of the precipitation Phase Partitioning 

Method (PPM) has a significant impact on the derived rate of snow 

accumulation. Although the short-term accumulation observations showed 

that some PPMs represent the accumulation quite well, this was a point-scale 

comparison for just a couple of months. Additionally, the derived rates also 

depend on the quality of the input data, as differences between the RegCM4.6 

and ERA5-Land were also highlighted. 

Overall, it was found that the accumulation rate to the west was larger than 

that to the east. This was observed throughout both Icefields using RegCM4.6 

(Chapter 4) and in the northern sector of the SPI using ERA5-Land (Chapter 

5 and Figure 7.5). The RegCM4.6 data showed a significantly positive 

(negative) trend in snow accumulation in the western (eastern) side of the SPI 

during austral autumn. During the rest of the year, an increase in snow 

accumulation was detected, but it was not statistically significant. However, 

the highest annual increase in snow accumulation was concentrated on the 

western side, south of 49°S. For glaciers at this latitude, the geodetic mass 

balance showed stable and even positive elevation change. The impact of the 

snow accumulation, however, seems to depend also on the AAR. Those 

glaciers with an AAR above 0.8 and an increase in snow accumulation seem 

to counter-balance the mass loss due to regional warming (e.g. Braun et al., 

2019). Perhaps the clearest example of this relates to Pio XI Glacier (AAR = 

0.81), which showed positive surface elevation changes in most of its area 

between 2012 and 2016 (Abdel-Jaber et al., 2019). 
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Figure 7.5 Profile of the differences of the total snow accumulation per 100 m 
elevation bin, obtained for the northern glaciers of the SPI during the 
period between October 2015 and March 2016 using ERA5-Land 
reanalysis. 

The spatially heterogeneous glacier response that can be observed over both 

Icefields (Foresta et al., 2018; Abdel-Jaber et al., 2019) could be also 

associated with the Southern Annual Mode (SAM), especially on the SPI. The 

SPI is located at the limit of where a positive SAM exerts the opposite 

influence, i.e. an increase (decrease) of precipitation south (north) of ~50°S 

(Garreaud et al., 2013). It also induces differences in snow accumulation, 

being significantly positive in autumn over the western side glaciers (Chapter 

4). This could explain the predominance of stable elevation changes 

estimated for glaciers south of 49°S (e.g. maps of Foresta et al., 2018; Abdel-

Jaber et al., 2019; Dusaillant et al., 2019), especially at the western margin. 

7.3 Implications for glacier modelling 

Findings related to the meteorological observations have the potential to be 

used as parameters for glacier modelling in this region and/or to validate and 

compare different approaches to quantifying mass balance. For instance, the 

fact that there are differences in the air temperature lapse rates (Chapter 3) 

between the west and the east side in the northern glaciers of the SPI was 

accounted for by Abdel-Jaber et al. (2019), who used this information to 

estimate balance gradients in validating their results. 

In general, the spatial distribution of temperatures in Patagonia has been 

described to be linear with respect to elevation. Distinct air temperature lapse 

rates, however, have been estimated for the region based upon direct 

measurements and available temperature records outside the Patagonian 
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Icefields. For example, at Benito Glacier located on the western side of the 

North Patagonia Icefield (NPI), Sessions (1975) measured a lapse rate -

0.0050 °C m-1. Peña and Gutiérrez (1992) estimated a slightly higher value of 

-0.0053 °C m-1 for Torres del Paine located on the eastern side of the southern 

SPI. Also on the eastern side of the SPI, Takeuchi et al. (1996) and Stuefer et 

al. (2007) derived a lapse rate of -0.0080 °C m-1 at the lower end of Perito 

Moreno Glacier. All these observations, in addition to the results in Chapter 3, 

demonstrate the high spatial variability in air temperature, and hence that the 

use of a single value to distribute air temperature (e.g. Schaefer et al., 2015) 

does not capture the diverse conditions along the Patagonian Icefields. The 

use of an appropriate air temperature lapse rate is key in terms of incoming 

longwave radiation and in the definition of the location of the threshold to 

define the partitioning between rain and snow.  

Spatial variability in glacier cooling is also a key parameter used to model the 

glacier response. Including this parameter is an important part of physical 

models, especially for the calculation of turbulent fluxes. Here, spatial 

differences in the magnitude of the glacier cooling effect were detected, 

however, these comparisons were at point-scale and more observations are 

needed. Still, the on-glacier observations, as well as previous remote sensing 

studies (e.g. De Angelis et al., 2007; Monahan and Ramage, 2010) suggest 

colder conditions over glaciers to the east when compared to the west. In line 

with this, surface mass balance modelling outputs (Chapter 6) suggest that 

for matching previous estimations of equilibrium-line altitude, the cooling 

effect must indeed be higher on the eastern-facing glaciers. 

7.4 Surface mass balance feedbacks 

A number of other sources, not accounted for above, are also influencing the 

response of Patagonian glaciers. In particular, results in Chapter 5 showed 

that the presence of a continuous supraglacial moraine could increase melt, 

locally by around 4-5 m w.e., and at glacier-wide scale by between 9-15%. A 

similar finding was presented by Fukima and Naruse (1987) who used stake 

measurements to estimate that debris covered areas, from very thin to about 

3 cm thick, showed twice the melt rate compared to bare ice areas at the same 

elevation, on the eastern Soler Glacier in NPI.  This will become increasingly 

relevant at the Icefield scale as debris-covered areas increase (Glasser et al., 

2016), although only up to a point beyond which areas under a thick layer 

would become insulated from atmospheric forcing, as has been shown 

elsewhere (Scherler et al., 2011). 
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Chapter 6 specifically discussed the importance of meltwater input into the 

glacier system, with the possibility of it enhancing ice dynamics and hence 

increasing frontal ablation (e.g. Sugiyama et al., 2011). A thorough 

assessment of this ablation feedback is beyond the scope of this thesis, and 

therefore remains unquantified, but it should be considered as a key driver of 

future short- and long-term ice loss, as increases in melt are projected for 

coming decades (Chapter 6), as are increases in air temperature (Huss et al., 

2017; Pabón-Caicedo et al., 2020). 

7.5 Future Work 

There are several key questions that are necessary to address before 

projections of Patagonian glacier change can be considered robust. Efforts 

must be made to better constrain snow accumulation on both Icefields in order 

to estimate the surface mass balance with higher confidence. Measurements 

using different techniques and the use of multi-sensors will be necessary to 

capture the actual rates of snow accumulation on the plateau zones, 

considering the harsh weather conditions and the high probability of 

malfunctioning due to riming and strong winds. Until then, any quantification 

of surface mass balance must incorporate a high uncertainty to account for 

poorly defined accumulation rates.  

Following the work presented here, the logical next step is to integrate the 

surface mass balance with an ice flux model in order to estimate the real 

volume and area loss (Chapter 6). New research in this direction has 

appeared in recent years relating to present conditions (e.g. Collao-Barrios et 

al., 2018; Bown et al., 2019) but is still limited to only a couple of glaciers. 

However, ice thickness estimations based on modelling approaches (e.g. 

Carrivick et al., 2016), airborne gravity surveys and radar measurements 

(Gourlet et al., 2015; Millan et al, 2019) along with ice speed estimations (e.g. 

Mouginot and Rignot, 2015) have become increasingly available for both 

Icefields. These datasets represent a remarkable advance towards increasing 

the understanding of ice flux dynamics on the Patagonian Icefields. 

Data from the weather stations analysed herein can also be used to 

parameterise glaciological modelling efforts and will allow validation and 

downscaling of coarse climate models to feed glaciological models to estimate 

current and future mass balance of the Patagonia Icefields. However, it should 

be reinforced that more long-term on-glacier meteorological observations are 

necessary to investigate air temperature characteristics at the glacier 

boundary-layer, for example relating to the spatially variable glacier cooling 

effect discussed in Chapter 3. The aim is to obtain more accurate modelling 
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of the variables that control the surface mass balance and hence yield more 

robust assessments of the likely future response of these glaciers, considering 

the ongoing and projected air temperature increase in the region. 

7.6 Conclusions 

In this thesis, through the use of unprecedented in-situ meteorological 

observations on the plateau of the Southern Patagonian Icefield  and gridded-

climate data over both Patagonian Icefields, the meteorological and 

climatological characteristics and their influence on the glacier surface mass 

balance has been described, quantified and analysed at different spatial and 

temporal scales. Observational and gridded-climate data were used as input 

to physical models that quantified the components of the surface mass 

balance i.e. an energy balance for ablation and precipitation phase partitioning 

methods for accumulation. In the case of ablation and during the observation 

period, the approach estimated spatially distributed fluxes and their 

magnitude;  meteorological inputs were therefore spatially distributed using 

elevation gradients obtained from the meteorological observations.  

The results presented here provide a dual purpose; first to increase the 

knowledge of the meteorological and glaciological characteristics of 

Patagonian glaciers, and second to quantify the response of the glaciers to 

atmospheric changes. 

First, notable spatial differences at the scale of the Icefields in both 

meteorological and glaciological variables were estimated. Secondly, the 

quantification of surface mass balance at longer time-scales demonstrated the 

importance of the atmospheric controls in the heterogeneous mass changes 

during the last decades over the Patagonian Icefields and gives insight in their 

future response. 

Recognising these spatial differences represents a major step forward in our 

knowledge of the characteristics of the glaciers in Patagonia and their 

interaction with the atmosphere, which in turn determines the surface mass 

balance. In view of this meteorological and glaciological heterogeneity, a clear 

recommendation arising from this work is to avoid glacier sensitivity analyses 

that consider the Southern Patagonian Icefield and/or the Northern 

Patagonian Icefield  as a whole. The distinct characteristics of each glacier, 

and the west-to-east gradients exhibited by meteorological variables, must be 

considered in modelling the surface mass balance. As the knowledge of these 

characteristics increases and the actual rate of accumulation is better 

constrained, confidence in future surface mass balance estimates for 
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Patagonian glaciers will increase. To reach this scientific community goal, and 

to summarize the findings herein, this thesis has contributed with several 

findings listed below by objective. 

To address Objective 1, this thesis has contributed with: 

- Characterising air temperature patterns on both sides of the north Southern 

Patagonia Icefield using in-situ observations, revealing that temperature lapse 

rates and glacier cooling effects are different in magnitude depending on the 

Icefield margin (east vs west). 

- Quantifying the impact on melt and ablation estimations depending on the 

method used for air temperature distribution. 

To address Objective 2, this thesis has contributed with: 

- Determining that the controls in ablation i.e. the balance of radiative and 

turbulent fluxes, differs in the west-east transect of the northern Southern 

Patagonian Icefield . The melt is, however, strong at both sides of the 

Southern Patagonian Icefield, but locally i.e. at comparative elevations, is 

larger on the western side. 

-  Exploring the role of the accumulation-area ratio in amplifying the ablation 

rate at glacier-wide scale, being larger on west side glaciers of the northern 

Southern Patagonian Icefield. 

-  Examining potential positive feedbacks that increase glacier mass loss, 

quantifying the impact in ablation rates due to the albedo reduction of the 

supraglacial moraine, which increases the melt rate relative to bare ice. 

To address Objective 3, this thesis has contributed with: 

- Demonstrating that snow accumulation rates are higher on the west side 

compared to the eastern side and quantifying the impact on accumulation 

estimations depending on the method used to define the rain/snow ratio. 

- Exploring the role of the estimated snow accumulation increases for those 

glaciers with stable and positive elevation changes determined by previous 

studies. 

To address Objective 4, this thesis has contributed with: 

- Modelling the future surface mass balance and showing that glacier mass 

loss could increase in the Northern Patagonian Icefield only due to 

atmospheric forcing, while in the Southern Patagonian Icefield, the surface 

mass balance could be close to balanced conditions. The main reason for the 

decrease in surface mass balance, particularly for the Northern Patagonian 
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Icefield, is related to projected increases in meltwater, which in turn could 

trigger other mechanisms of glacier mass loss associated with ice dynamics 

and frontal ablation for glaciers with calving fronts. 

- Demonstrating that the atmospheric signal in the overall glacier mass loss is 

more evident in the Northern Patagonia Icefield (negative geodetic and 

surface mass balance) than in the Southern Patagonian Icefield (negative 

geodetic mass balance and positive surface mass balance). 
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Appendix                                                         

Supplementary Information 

 

A.1 Chapter 3. Air Temperature Characteristics, Distribution 

and Impact on Modeled Ablation for the South Patagonia 

Icefield 

Introduction 

This supporting information provides more data (Figures and Tables) that 

complete our analysis on the South Patagonia Icefield (SPI) air temperature 

conditions. We show meteorological data to demonstrate the relationship 

(wind speed and relative humidity) with the observed lapse rate (Figure S3). 

Also, we show the correlation matrix between each air temperature time series 

demonstrating the generally good correlation between the time series (Table 

S1) that allow us to interpolate the air temperature using the observed lapse 

rates. The temporal (at monthly scale) and spatial variability (West-East) of 

the lapse rate is in Figure S2. 

To complement the description of the method section we shown the flow path 

length of the glaciers, which are the input to model the air temperature using 

the Shea and Moore (2010) model (Figure S1) and also with comparative 

purpose the factors k1 and k2 determine with the data of the SPI and 

comparing with previous applications. 

Table S2 shows the comparison of the Ultrasonic Depth Gauge (UDG) 

observations at GBL1 and GBL2 locations and the point-scale melt using a 

degree-day model with DDF of 8.5 mm w.e. °C-1 d-1. 
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Supplementary Figure 3.1 Estimated distance flow path length 
(upper).Below, parameters used by Shea and Moore (2010) and Shaw 
et al. (2017) to distribute the air temperature. Also as comparison 
purposes, the parameters observed at GBL1, GBL2 and GBL3 are 
included. The flow pat length is defined as “the average flow distance to 
a given point starting from an upslope limit or ridge” (Carturan et al., 
2015). In our estimation we first define the ridges. As shows in Figure, 
not all the ice divide was considered as a ridge. The ice divide between 
east and west was considered and also those ridge with a higher slope 
(e.g. Pirámide and Chico glaciers in the east, Unnamed and HPS8 in the 
west). The northern ice divide of Témpano glacier was not considered as 
this area is almost flat and is difficult to define the exact point of the ice 
divide. The same situation was assumed between the ice divide of 
Témpano-Occidental and Occidental-Greve. After we define the “ridge” 
zone we calculate the distance using the SRTM DEM and the “Path 
Distance” tool in ArcMap® 10.4. 



- 191 - 

 

Supplementary Figure 3.2. Mean monthly air temperature compared with 
elevation for all the AWS and GBL (black line) and mean monthly lapse 
rate for different spatial configurations (color line). Light grey, grey and 
dark grey lines are the mean daily air temperatures at the west, east and 
on-glacier, respectively. 

 

Supplementary Figure 3.3 Relation between observed relative humidity and 
wind speed in the tongues of each side in the South Patagonia Icefield. 
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Supplementary Table 3.1 Correlation (Pearson r) matrix of the hourly time 
series of air temperature for the five AWS and three snow sensor. Time 
series of GBL3 with GBL1 and GBL2 do not coincide. All the values are 
significant (p<0.01). 

  GT HSNO HSG GBL1 GBL2 GBL3 HSO GO 

GT                 

HSNO 0.44              

HSG 0.37 0.96             

GBL1 0.62 0.93 0.96       

GBL2 0.71 0.90 0.91 0.91      

GBL3 0.53 0.61 0.58 -- --     

HSO 0.42 0.90 0.92 0.93 0.88 0.60    

GO 0.77 0.52 0.46 0.67 0.74 0.54 0.47   

Supplementary Table 3.2. Comparison of the observed and estimated melt 
at GBL1 and GBL2 locations. Estimated melt is using the DDM. 

Location / Dates 

Observed 

Ablation 

(UDG)     

[m w.e.] 

Calculated 

melt using 

observed air 

temperature 

[8.5 mm w.e. 

°C-1 d-1]         

[m w.e.] 

Calculated melt different methods for air temperature 

distribution  [DDF: 8.5 mm w.e. °C-1 d-1] 

ELR    

[m w.e] 

MLR     

[m w.e.] 

VLR          

[m w.e.] 

VLRBias 

[m w.e.] 

SM10 

[m w.e.] 

GBL1 [1415 m a.s.l.], 1 

Nov. 2015 - 10 Feb. 

2016 

1.8 1.8 2.2 2.3 2.3 1.6 1.8 

GBL2 [1294 m a.s.l.], 1 

Nov. 2015 - 31 Mar. 

2016 

2.6 2.5 3.9 3.9 3.9 2.8 2.9 
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A.2 Chapter 4. Assessing Snow Accumulation Patterns and 

Changes on the Patagonian Icefields 

Supplementary Figures and Tables 

Supplementary Figures 

 

Supplementary Figure 4.1 a) RegCM4.6 topography at 10 km resolution, b) 
and c) comparative hypsometric curves of the icefields using 1 km SRTM 
topographic data and data from a). 
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Supplementary Figure 4.2 1980-2015 annual mean value of accumulation 
type for DI PPM. a) sleet and b) snow plus sleet. Red line corresponds 
to the Icefields limits and glaciers. 
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Supplementary Figure 4.3 Seasonal trends 1980-2015 in mm w.e. yr-1 for 
three PPMs using Sen’s slope method. (a) Summer, (b) Autumn, (c) 
Winter and (d) Spring.  Statistically significant trend (p<0.1 and p<0.05) 
are also shown. Icefields contours in black. 
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Supplementary Figure 4.4 Boxplot of the ERA-Interim zonal wind for a region 
covering the Icefields for calendar years 2001 to 2005 at two pressure 
levels of 700 hPa and 850 hPa. 
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Supplementary Figure 4.5 (a) Spatial distribution of 36-year (1980-2015) 
mean annual, DJF and JJA average of 850hPa zonal wind speed (m/s) 
from ERA-Interim and RegCM4. (b) 36-year (1980-2015) mean annual 
cycle of 850hPa zonal wind speed (m/s) from ERA-Interim and RegCM4 
for a region covering the Icefields. 
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Supplementary Figure 4.6 Seasonal trends 1980-2015 for the near surface 
air temperature obtained from RegCM4.6. Colorbar in in °C yr-1. Note 
that each season show a different scale in the trends. Icefields limits in 
white and coastlines in black. 
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Supplementary Tables 

Supplementary Table 4.1 Mean and standard deviation (inter-annual 
variability) of the snow accumulation values by season, zone and PPM 
in the period 1980-2015. 

Zone Season PPM / RegCM4.6 [mm w.e.] 

2C WE SC DI DI (snow+sleet) 

Mean Std 

Dev 

Mean Std 

Dev 

Mean Std Dev Mean Std 

Dev 

Mean Std 

Dev 

NPI 

W 

Summer 711 235 492 203 491 203 250 144 694 234 

Autumn 1,396 245 1,198 227 1,199 227 896 206 1,378 244 

Winter 1,601 327 1,525 302 1,526 302 1,331 250 1,597 325 

Spring 1,232 256 1,098 248 1,099 248 838 225 1,223 254 

Annual 4,941 463 4,313 416 4,314 416 3,315 381 4,892 459 

NPI 

E 

Summer 90 38 55 28 56 28 31 18 90 38 

Autumn 332 71 274 69 274 69 204 65 330 71 

Winter 429 53 396 50 396 50 337 50 429 53 

Spring 233 62 188 57 189 57 138 47 234 62 

Annual 1,084 107 913 98 914 99 710 92 1,084 107 

SPI 

NW 

Summer 1,274 344 820 279 819 279 378 175 1,229 339 

Autumn 2,051 456 1,640 373 1,640 373 1,103 274 2,015 446 

Winter 2,452 612 2,227 548 2,227 548 1,782 443 2,440 606 

Spring 2,233 413 1,813 367 1,813 368 1,204 292 2,199 408 

Annual 8,010 908 6,500 796 6,500 796 4,467 641 7,883 891 

SPI 

NE 

Summer 852 160 715 155 715 156 513 149 841 159 

Autumn 1,104 200 1,027 195 1,027 195 894 176 1,099 200 

Winter 1,172 264 1,133 255 1,133 255 1,066 239 1,170 263 

Spring 1,058 175 999 169 999 169 890 159 1,055 175 

Annual 4,186 381 3,873 358 3,874 358 3,363 326 4,166 380 

SPI 

SW 

Summer 1,031 213 698 200 697 200 330 143 999 210 

Autumn 1,387 292 1,182 248 1,182 248 867 187 1,374 289 

Winter 1,532 345 1,469 320 1,470 321 1,291 281 1,529 343 

Spring 1,520 242 1,332 233 1,332 232 967 206 1,507 240 

Annual 5,471 532 4,680 492 4,680 491 3,455 436 5,408 527 

SPI 

SE 

Summer 636 94 519 93 519 93 340 99 630 94 

Autumn 780 129 723 126 723 126 616 109 780 129 

Winter 833 149 815 146 815 146 775 136 833 148 

Spring 785 97 743 97 744 97 656 96 784 98 

Annual 3,033 226 2,801 215 2,801 216 2,388 201 3,027 224 
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Supplementary Table 4.2 Maximum and minimum values of the mean snow 
accumulation values (1980-2015) by season, zone and PPMs. 

Zone Season PPM / RegCM4.6 [mm w.e.] 

2C WE SC DI DI 

(snow+sleet) 

Max Min Max Min Max Min Max Min Max Min 

NPI W Summer 1,187 93 876 65 875 65 506 15 1,156 94 

Autumn 2,132 229 1,755 209 1,756 209 1,449 175 2,104 229 

Winter 2,558 269 2,334 266 2,335 266 1,936 251 2,545 269 

Spring 1,921 175 1,685 160 1,684 160 1,369 130 1,906 175 

Annual 7,556 767 6,389 701 6,391 701 5,170 594 7,458 767 

NPI E Summer 354 8 243 2 243 2 166 1 339 10 

Autumn 1,127 121 830 95 831 95 526 72 1,099 124 

Winter 1,472 167 1,343 150 1,343 150 1,012 139 1,469 170 

Spring 986 58 756 40 757 40 423 36 974 63 

Annual 3,942 358 3,094 290 3,096 290 1,959 257 3,884 368 

SPI 

NW 

Summer 3,430 30 2,889 7 2,889 7 1,977 0 3,397 29 

Autumn 3,454 480 3,305 260 3,304 260 2,912 83 3,445 470 

Winter 3,552 1,149 3,391 752 3,391 751 3,252 314 3,547 1,122 

Spring 3,653 574 3,593 261 3,593 261 3,350 56 3,648 550 

Annual 13,821 2,235 13,069 1,281 13,069 1,278 11,503 454 13,774 2,171 

SPI 

NE 

Summer 2,210 4 1,993 0 1,993 0 1,620 0 2,196 4 

Autumn 2,375 181 2,329 142 2,330 141 2,193 46 2,375 181 

Winter 2,262 214 2,262 210 2,262 210 2,261 163 2,262 214 

Spring 2,315 133 2,305 97 2,306 97 2,239 14 2,315 133 

Annual 9,170 620 8,898 559 8,899 558 8,321 222 9,156 626 

SPI 

SW 

Summer 2,740 16 2,107 2 2,105 2 1,325 0 2,646 17 

Autumn 3,105 274 2,735 188 2,732 188 2,255 69 3,070 275 

Winter 3,020 313 2,999 312 3,000 312 2,873 225 3,020 313 

Spring 3,365 235 3,158 144 3,159 143 2,556 24 3,352 237 

Annual 12,240 988 10,814 870 10,812 870 8,839 319 12,099 993 

SPI 

SE 

Summer 2,482 32 2,103 17 2,103 17 1,534 0 2,430 35 

Autumn 2,351 123 2,196 102 2,197 102 1,960 93 2,347 126 

Winter 2,239 154 2,235 147 2,235 147 2,185 144 2,239 155 

Spring 2,678 80 2,603 60 2,605 60 2,324 54 2,676 83 

Annual 9,751 388 9,010 326 9,013 326 7,934 305 9,693 399 
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A.3 Chapter 5. Drivers of surface ablation on the Southern 

Patagonian Icefield 

Supplementary Material 

a) Energy Balance Components 

Shortwave and longwave radiation fluxes 

Shortwave and longwave radiation were both estimated using standard 

approaches previously applied for energy balance calculations. 

Using the DEM, the distributed global radiation was derived using a radiation 

model in a Geographic Information System (GIS) environment (Fu and Rich, 

2000, 2002). Global radiation comprises direct solar radiation and diffuse 

radiation and was computed under a clear sky assumption with atmospheric 

transmissivity equal to 1, to represent the potential shortwave radiation 𝑆𝑖𝑛,𝑝𝑜𝑡 

at each grid point. The potential shortwave radiation was corrected using the 

bulk atmospheric transmissivity (𝜏𝑎𝑡𝑚) derived from the relationship between 

the potential and the observed shortwave radiation at the location of each 

AWS (Sicart and others, 2010; MacDonnell and others, 2013). The bulk 

atmospheric transmissivity was spatially distributed (𝜏𝑎𝑡𝑚,𝑑𝑖𝑠) as a linear 

relationship was found for each side of the SPI (e.g. see west side data 

presented in Supplementary Figure 5.1). Hence the incoming shortwave 

radiation at the glacier surface is (𝑆𝑖𝑛,𝑔𝑙𝑎): 

𝑆𝑖𝑛,𝑔𝑙𝑎 =  𝜏𝑎𝑡𝑚,𝑑𝑖𝑠  ∙  𝑆𝑖𝑛,𝑝𝑜𝑡. 

 

Supplementary Figure 5.1 Bulk atmospheric transmissivity on the west side 
of the Southern Patagonian Icefield. 

The albedo of the glacier surface was estimated using the model of 

Oerlemans and Knapp (1998). This model assumes that albedo depends on 
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the age of the snow surface. To estimate the snow accumulation on the glacier 

surface we used the total precipitation data from ERA5-Land (9 km) resized 

to 200 m. The snow accumulation was estimated using the phase partitioning 

methods (PPM) proposed by Weidemann and others (2018) which showed a 

close fit between modelled and observed accumulation rates, with 

observations coming from ultrasonic depth gauges (UDGs) within the study 

area and presented in Bravo and others (2019a). The air temperature used to 

define the partitioning was not bias-corrected as we assumed that the 

contributing snow mass is formed entirely outside the glacier boundary layer. 

Then the albedo is estimated using the relationship: 

𝛼𝑠
𝑡 = 𝛼𝑓𝑖 + (𝛼𝑓𝑟 − 𝛼𝑓𝑖) ∙ 𝑒−∆𝑡 𝑡∗⁄ , 

 

𝛼𝑡 = 𝛼𝑠
𝑡 + (𝛼𝑖𝑐𝑒 − 𝛼𝑠

𝑡) ∙ 𝑒−𝑑 𝑑∗⁄ , 

where 𝛼𝑡 corresponds to the global albedo at the surface on a specific 𝑡 day.  

𝛼𝑠
𝑡 corresponds to the snow albedo at the surface on a 𝑡 day. The 𝛼𝑓𝑟 and  

𝛼𝑓𝑖 parameters are related to fresh snow albedo (0.85) and firn or old snow 

albedo (0.53), respectively. 𝛼𝑖𝑐𝑒 represents a specific glacier ice albedo (0.35), 

while 𝑡∗corresponds to the time scales that represent the transition of fresh 

snow albedo to firn (3 days). The ∆𝑡 term refers to days since the last snowfall 

event. The 𝑑 and 𝑑∗ parameters correspond to the snow depth (in meters), 

and scale coefficient of snow depth (0.032 m), respectively.  

To validate the surface albedo output estimated by the model, we used albedo 

values derived from Landsat 8 satellite images during the same period. 

Processing of the Landsat 8 OLI is described and explained in section S2. 

Overall, the modelled albedo replicated the elevational gradient of the 

observed albedo (Supplementary Figure 5.2), but without some of the finer 

details. The greatest differences were concentrated on the glaciers at mid-

elevation on each side of the SPI, probably related to the exact snow line 

altitude definition. The albedo from Landsat was also used to define the 

albedo of the supraglacial moraines observed on the glacier ablation zone of 

the study area. Hence, the albedo of the supraglacial moraine was obtained 

from the Landsat 8 images acquired on 8th March 2016 and was prescribed 

for each day depending on the snow line elevation.  

The incoming longwave radiation (𝐿𝑖𝑛,𝑔𝑙𝑎) was estimated using the Stefan 

Boltzmann law (Molg and others, 2009): 

𝐿𝑖𝑛,𝑔𝑙𝑎 = 𝜀𝑎𝑡𝑚 ∙ 𝜎𝑇4 ∙ 𝑆𝑣𝑓, 
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where 𝜎 is the Stefan-Boltzmann constant and 𝑆𝑣𝑓 is the sky-view factor 

calculated with the DEM. Atmospheric emissivity for all-sky conditions (𝜀𝑎𝑡𝑚) 

was calculated as the product of clear-sky emissivity (𝜀𝑎𝑡𝑚,𝑐𝑙𝑒𝑎𝑟) and the cloud 

factor (𝐹𝑐𝑙). The cloud factor was obtained as the ratio of the observed and the 

clear sky incoming longwave radiation at the location of two representative 

mid-elevation AWSs, HSNO on the west side and HSO on the east side. In 

this case, it was assumed that the cloud factor is representative of the total 

area of the glaciers. Meanwhile, the clear-sky emissivity was estimated using 

the spatially distributed fields of air temperature (K) and the water vapour 

pressure (hPa) using the Brutsaert (1975) expression: 

𝜀𝑎𝑡𝑚,𝑐𝑙𝑒𝑎𝑟 =  𝑃1 (𝑒 𝑇𝑎)⁄ 1 𝑃2⁄
, 

where 𝑃1 = 1.24 and 𝑃2 = 7. 

The outgoing longwave radiation was calculated using the distributed field of 

the surface temperature and assuming a surface emissivity equal to 1 in the 

Stefan-Boltzmann law. 

Sensible, latent and rainfall heat fluxes 

The turbulent sensible heat fluxes were calculated using the bulk approach 

(Cuffey and Paterson, 2010). In the case of the sensible heat flux; 

𝑄ℎ = 𝜌𝑎𝑐𝑎𝐶∗𝑢[𝑇𝑎 − 𝑇𝑠] (𝛷𝑚𝛷ℎ)−1 ,       

where 𝑢 is wind speed in m s-1, 𝑇𝑎 is air temperature in K and 𝑇𝑠 is glacier 

surface temperature. 𝐶∗is a dimensionless transfer coefficient, which is a 

function of the surface aerodynamic roughness (𝑧𝑜):  

𝐶∗ =
𝑘2

𝑙𝑛2(
𝑧

𝑧𝑜
)
,                                   

where 𝑧 is the height above the surface of the T and u measurements (2 m) 

and 𝑘 is the von Kárman’s constant (0.4). Due to the absence of 

microtopographic measurements, 𝑧𝑜 was prescribed according to the albedo 

using values taken from Brock and others, (2006) (Supplementary Table 5.1). 

This is a general approximation to estimate the surface roughness as, for 

instance, wind speed is not considered, while in the aerodynamic method it is 

used for fitting the wind profile to determine 𝑧𝑜  (Chambers and others, 2020). 

However, it has been suggested that surface roughness also affects surface 

albedo, especially on snow surfaces (Manninen and others, 2016). 𝜌𝑎  is the 

density of air, which depends on atmospheric pressure 𝑃 (in Pa): 

𝜌𝑎 = 𝜌𝑎
𝑜 𝑃

𝑃0
,                 
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where 𝜌𝑎
𝑜  (1.29 kg m-3) is the density at standard pressure 𝑃0 (101300 Pa). 

Finally, 𝑐𝑎 is the specific heat of air at a constant pressure (J kg-1 K-1) 

calculated as (Brock and Arnold, 2000): 

𝑐𝑎 = 1004.67 (1 + 0.84 (0.622 (
𝑒

𝑃
))),           

Supplementary Table 5.1 Fixed surface roughness for albedo range 
depending on the surface type. 

Surface type Albedo Roughness (m) 

Supraglacial 
Moraine 

<0.35 0.016 

Ice 0.35-0.45 0.01 

Firn 0.45-0.60 0.007 

Old snow 0.60-0.70 0.005 

Glacier snow 0.70-0.80 0.001 

Fresh snow >0.80 0.0002 

The latent heat flux 𝑄𝑙 is: 

𝑄𝑙 =
0.622𝜌𝑎𝐿𝑣 𝑠⁄ 𝐶∗𝑢[𝑒𝑎−𝑒𝑠]

𝑃
 (𝛷𝑚𝛷ℎ)−1 ,                                                                                                              

where 𝑒𝑎 is air vapour pressure, 𝑒𝑠 is the vapour pressure at the glacier surface 

(Brock & Arnold, 2000) and both were estimated using the methods explained 

in previous sections. 𝐿𝑣 𝑠⁄  is the latent heat of vaporization or sublimation, 

depending on whether the surface temperature is at melting point (0°C) or 

below the melting point (<0°C), respectively. 

Stability corrections were applied to turbulent fluxes using the bulk Richardson 

number (𝑅𝑖𝑏), which is used to describe the stability of the surface layer (Oke, 

1987): 

for 𝑅𝑖𝑏 positive (stable): (𝛷𝑚𝛷ℎ)−1 = (𝛷𝑚𝛷𝑣)−1 

                                                       =(1 − 5𝑅𝑖𝑏)2,                                                                                                           

for 𝑅𝑖𝑏 negative (unstable): (𝛷𝑚𝛷ℎ)−1    = (𝛷𝑚𝛷𝑣)−1 

                                                                = (1 − 16𝑅𝑖𝑏)0.75. 

𝑅𝑖𝑏 is used to describe the stability of the surface layer: 

𝑅𝑖𝑏 =
𝑔(𝑇−𝑇𝑠)(𝑧−𝑧0)

𝑇𝑢2 ,                                                                                                                           

where 𝑔 is the acceleration due to gravity. 
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The rain heat flux (𝑄𝑟) is a function of the rainfall rate intensity (R, m s-1) and 

the rain temperature (𝑇𝑟) is assumed to be equal to the air temperature (Hock 

and Holmren, 2005; Gillet and Cullen, 2010): 

𝑄𝑟 = 𝜌𝑤𝑐𝑤𝑅[𝑇𝑟 − 𝑇𝑠],                                                                                                                    

where 𝑝𝑤 is the density of water and 𝑐𝑤 is the specific heat of water (4180 J 

kg-1 K-1). The rainfall intensity was obtained from the total precipitation ERA5-

Land dataset at a daily time step. The rainfall was obtained from the total 

precipitation using the Phase Partitioning Method (PPM) explained in the next 

section.  

b) Landsat-8 Albedo 

In order to compare and assess the limitation of the albedo model used in our 

energy balance model and to estimate the albedo on supraglacial moraine 

surfaces to prescribe it, we calculated the albedo from selected Landsat-8 

images as follows.  

The top of atmosphere (TOA) reflectance for each band is calculated by the 

conversion of the digital number of each image pixel (DN) to radiance and 

then to reflectance (Department of the Interior U.S. Geological Survey, 2015) 

using the equation: 

𝜌𝜆′ =  𝑀𝑝𝐷𝑁 + 𝐴𝑝 

where 𝜌𝜆′ is the reflectance without correction for solar angle, 𝑀𝑝 is a 

reflectance multiplicative scaling factor for the band , DN is the digital number 

of each pixel in the spectral band and 𝐴𝑝 is the reflectance additive scaling 

factor for the band. The apparent reflectance is corrected by the solar zenit 

angle (𝜃) to calculate the true TOA reflectance (𝜌𝜆): 

𝜌𝜆 =  
𝜌𝜆′

cos (𝜃)
 

The transformation is carried out using the scaling factors 𝑀𝑝 and 𝐴𝑝 values 

included on the image metadata for each band, which are related to the 

radiometric calibration of the sensors and the satellite position at the 

acquisition time (Department of the Interior U.S. Geological Survey, 2015). 

Albedo on Landsat 8 images was estimated using the method proposed by 

Wang and others (2016). Here, spectral bands 2 to 7 are used for snow areas. 

The narrowband albedo is thus transformed to broadband albedo using the 

conversion coefficients (𝐶𝑖) from Wang and others (2016) in the next equation 

3. 
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𝛼 =  ∑ 𝐶𝑖𝜌𝜆𝑖

𝑖=7

𝑖=2

 

We compared the results of the albedo model of Oerlemans and Knapp (1998) 

with the estimations using Landsat-8 for some specifics dates, i.e. dates 

where the images are cloud free. For instance, the comparison for 8 January 

2016 is presented on Supplementary Figure 5.2. In the results of the 

Oerlemans and Knapp (1998) model, the albedo on supraglacial moraine was 

already prescribed. 

 

Supplementary Figure 5.2 Comparison of the observed albedo using 
Landsat-8 satellite images (a) and modelled albedo using Oerlemans 
and Knapp (1998) approach (b). Albedo values on supraglacial moraine 
is prescribed. 
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A.4 Chapter 6. Projected increases in surface melt will drive 

future changes in the Patagonian Icefields 

Supplementary Material 

Supplementary Figure 6.1 . Annual air temperature anomalies over NPI (a) 
and SPI (b) for both scenarios (RCP2.6 and 8.5) estimated with respect 
to the mean of the historical period (1976-2004). 
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Supplementary Table 6.1 Comparison of geodetic mass balance and 
modelled surface mass balance estimated in this work in the NPI. For 
those period started in 2000/01, we used values of the historical period 
until 2004 and then to complete the comparison period, we used the 
values for each scenario. 

Period Reference 
Geodetic mass 

balance (m w.e.) 
This work (m w.e.) 

1975-2000 Rignot et al.3 -0.69±0.09 -0.49±2.13 

1980-2002 Rivera et al.4 -1.53±0.82 -0.71±2.17 

      RCP 2.6 RCP 8.5 

2001-2011 Willis et al.6 -0.96±0.04 -1.14±2.17 -0.84±2.14 

2000-2012 Dusaillant et al.8 -1.06±0.15 -1.22±2.23 -1.07±2.21 

2000-2014 
Abdel-Jaber et 
al.12 

-0.91±0.04 
-1.57±2.30 -1.14±2.25 

2000-2014 Braun et al.10 -0.85±0.07 

2000-2015 Dusaillant et al. 11 -0.98±0.27 -1.70±2.31 -1.14±2.25 

2012-2016 
Abdel-Jaber et 
al.12 

-1.22±0.16 -3.29±2.64 -1.35±2.40 

2011-2016 Foresta et al. 9 -1.58±0.27 -2.38±2.53 -1.08±2.33 

Supplementary Table 6.2 Comparison of geodetic mass balance and 
modelled surface mass balance estimated in this work in the SPI. For 
those period started in 2000/01, we used values of the historical period 
until 2004 and then to complete the comparison period, we used the 
values for each scenario. 

Period Reference 
Geodetic mass 

balance (m w.e.) 
This work (m w.e.) 

1975-2000 Rignot et al.3 -0.88±0.05 2.83±1.57 

1995-2000 Rignot et al.3 -2.21±0.29 2.70±1.68 

      RCP2.6 RCP8.5 

2000-2012 Willis et al.5 -1.49±0.09 

2.22±1.72 2.39±1.68 2000-2012 Braun et al.10 -0.86±0.08 

2000-2012 
Abdel-Jaber et 
al.12 

-0.97±0.03 

2000-2015 Malz et al.7 -0.89±0.24 
1.83±1.82 2.31±1.74 

2000-2015 Dusaillant et al.11 -0.96±0.29 

2012-2016 
Abdel-Jaber et 
al.12 

-0.79±0.13 0.59±2.18 2.15±1.91 

2011-2016 Foresta et al.9 -0.98±0.11 0.96±2.07 2.09±1.89 

 


