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A B S T R A C T   

Few studies have assessed a comprehensive understanding of how the seasonal and interannual variability and 
trends of the surface mass balance (SMB), including the influence of atmospheric river (ARs), are governed by the 
climate on the South Shetland Islands (SSI) glaciers located in the northerly Antarctic Peninsula (AP). To address 
this gap, we comprehensively analyzed the correlations and regressions between seasonal and annual SMB with 
regional to global climate indices and a state-of-the-art AR tracking database from 1980 to 2019. The daily and 
monthly SMB was obtained from two physical glaciological models, which was verified against 19 years of 
annual and seasonal glacier-wide SMB observations available in three glaciers (Johnsons, Hurd, and Belling-
shausen), showing a good ability to capture interannual and seasonal variability. Results indicate a low 
dependence of the SMB on main atmospheric modes of variability (e.g., El Niño-Southern Oscillation and the 
Southern Annular Mode), and a moderate dependence on regional climate indices based on atmospheric pressure 
anomalies and sea surface temperature anomalies over the Drake Passage. Furthermore, our findings reveal that 
ARs have different effects on the SMB depending on the season. For example, winter ARs tend to boost accu-
mulation due to increased snowfall, while summer ARs tend to intensify surface melting due to increased sensible 
heat flux. Our study highlights the Drake Passage as a key region that has the potential to influence the inter-
annual and seasonal variability of the SMB and other climate variables, such as air temperature and snowfall over 
the SSI. We suggest that future work should consider this region to better understand the past, present and future 
climate changes on the SSI and surrounding areas.   

1. Introduction 

The Antarctic Peninsula (AP) region has become a focal point in 
climate science due to its rapid and pronounced response to global 
climate change. Since the 1950s, the AP has experienced one of the most 
significant warming trends on Earth (Bromwich et al., 2013). This re-
gion, home to vital ice shelves like Larsen C, is a unique and critical 
indicator of the ongoing environmental changes occurring on a global 
scale. 

In the last few decades, the AP's climate has demonstrated remark-
able variability at decadal time scales, with warming trends intermin-
gling with cooling periods, offering a dynamic canvas upon which the 

impacts of climate change unfold. For instance, the AP region presented 
warming (+0.32 ◦C/decade during 1979–1997) and cooling (− 0.47 ◦C/ 
decade during 1999–2014) trends (Turner et al., 2016, 2020; Oliva 
et al., 2017; Carrasco et al., 2021). Furthermore, this region experienced 
two positive (1970–1991 = +60 mm/decade and 2000–2019 = +31 
mm/decade) and one negative (1991–1999 = − 95 mm/decade) annual 
precipitation trends (Carrasco and Cordero, 2020). These patterns have 
been assessed and attributed to a range of factors, from large-scale at-
mospheric circulation patterns to regional climate drivers, such as the 
Southern Annular Mode (SAM), El Niño-Southern Oscillation (ENSO), 
deep convection in the central tropical Pacific (DC-CPAC), and synoptic 
low-pressure systems (e.g., Turner et al., 2005; Marshall, 2007; Ding 
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et al., 2011; Fogt et al., 2011; Fogt and Marshall, 2020; Turner et al., 
2016, 2020; Gonzalez et al., 2018; Bello et al., 2022; Clem et al., 2022). 

The AP's climate variability and the associated cryospheric responses 
are not only of scientific interest but also have profound implications for 
the local and global environment. Understanding the interplay between 
these atmospheric and cryospheric dynamics is crucial, especially as the 
AP is projected to experience continued warming and increased pre-
cipitation throughout the 21st century (Bozkurt et al., 2021; Vignon 
et al., 2021). One remarkable aspect of this evolving climate narrative is 
the role of extreme weather events, specifically atmospheric rivers 
(ARs), which have recently gained prominence in our understanding of 
the region's environmental dynamics (e.g., Wille et al., 2019, 2022). 
These concentrated moisture-laden airstreams can significantly influ-
ence temperature, precipitation, and the cryosphere in the AP. 

Different glaciological models, ranging from empirical to physical, 
have been utilized to estimate the surface mass balance (SMB), surface 
melting and runoff in the AP, examining their relationship with the 
climate. The positive day degree (PDD) model, for example, has been 
successfully applied to the AP (e.g., Vaughan, 2006; Costi et al., 2018). 
Conversely, more complex physical models coupling atmospheric and 
snow-ice models have been employed to represent energy exchange 
processes between the atmosphere and surface in this region (e.g., Van 
Wessem et al., 2016; Van Wessem et al., 2018; Wille et al., 2022; Clem 
et al., 2022). For instance, the Regional Atmospheric Climate Model 
(RACMO) (Van Meijgaard et al., 2008) and Modèle Atmosphérique 
Régional (MAR) (Gallée and Schayes, 1994) are each coupled with a 
snow-ice model. RACMO and MAR, depending on their configuration, 
simulate the evolution of the snowpack through subroutines of snow 
metamorphism, surface albedo, meltwater runoff, percolation, reten-
tion, refreezing, and drifting-snow. These models rely on the surface 
energy balance (SEB) to determine the energy available for melting. 
Currently, both RACMO and MAR models generate atmospheric and 
glaciological data at high spatio-temporal resolution for the entire AP, 
5.5 and 7.5 km horizontal resolution, respectively. In addition, some 
studies have used the atmospheric Polar Weather Research and Fore-
casting (PWRF) (Hines and Bromwich, 2008) model to estimate summer 
surface melt over the Larsen C ice shelf, located on the eastern AP (e.g., 
Clem et al., 2022; Zou et al., 2022). In general, RACMO, MAR and PWRF 
adequately capture the spatial and temporal variability of the AP SMB, 
as evidenced by comparisons with in-situ and remote sensing observa-
tions. Van Wessem et al. (2016) evaluated the RACMO-simulated AP 
SMB by comparing it with 132 in-situ SMB observations and data from 
six glacier discharge basins, showing reasonable agreement. 

Previous research suggests that recent interdecadal to decadal 
changes in Antarctic ice mass, as determined by remote sensing or 
glaciological models, are influenced by both SAM and ENSO (King et al., 
2023). The impacts of SAM and ENSO on the ice mass balance across the 
Antarctic continent exhibit notable variability. For example, during the 
positive phase of the SAM, negative mass anomalies are observed along 
much of the West Antarctic coast and southern AP, while notable posi-
tive mass anomalies are found over the northern AP (King et al., 2023). 
Similarly, the positive phase of ENSO tends to drive positive mass 
anomalies over the majority of western AP (King et al., 2023), while 
potentially inducing negative mass anomalies over the eastern AP 
(Zhang et al., 2021). However, more localized studies suggest that SAM 
and ENSO exert minimal influence on the mass balance and surface 
melting on interannual scales over West Antarctica and the AP. Clem 
et al. (2022) found that summer surface melting on the Larsen C Ice 
Shelf, located in the eastern AP, is primarily triggered by the DC-CPAC, 
which does not necessarily correlate with ENSO. Similarly, Donat- 
Magnin et al. (2020) observed that the interannual variability of summer 
SMB and surface melting over the drainage basins of the Amundsen Sea 
glaciers, in West Antarctica, is influenced by the position and intensity of 
the Amundsen Sea Low (ASL). Both studies suggest that ENSO or SAM 
have minimal or insignificant control over summer mass and melting 
changes in these regions. 

The glacier-climate interaction on AP is complex because other 
climate forcing factors may have a more pronounced control on glacier 
mass changes. Wallis et al. (2023) demonstrated that glaciers in the 
western AP respond to seasonal ice-ocean-atmosphere forcing, high-
lighting their sensitivity to changes in glacier terminus position and 
surface melt, rainwater flux, and ocean temperature. Furthermore, ARs 
over the AP lead to extremely high-temperature events (Bozkurt et al., 
2020), significant changes in precipitation patterns (Wille et al., 2021), 
which in turn, impact on sea ice disintegration, surface melting, and 
instability of ice shelves in this region (Wille et al., 2022). ARs may also 
have a spatially varied impact on the mass balance of glaciers and ice 
shelves located in AP, with positive SMB in the western AP and negative 
SMB in the eastern AP (Wille et al., 2022). Recently, Zou et al. (2022) 
reported surface melting on the entire northern AP during the formation 
of low-pressure and high-pressure systems, resulting in prolonged AR 
events. 

The mass balance changes among glaciers in the northern AP can be 
quite varied. According to estimates by Seehaus et al. (2023), the Star-
buck Glacier showed a slightly positive specific mass balance of 0.03 kg/ 
m2 year, while the Drygalski Glacier showed an extremely negative 
specific mass balance of − 2.07 kg/m2 year, both over the period 
2013–2017. These changes in mass balance are mainly caused by 
changes in glacier-to-glacier ice dynamics. However, in much of the 
northern AP, the observed mass changes can be attributed to climatic 
mass balance variations. 

As the impact of ENSO, SAM, DC-CPAC, ARs, ASL and other climate 
forcing on the ice mass changes vary spatially over the AP and West 
Antarctic, more detailed studies need to be developed to understand 
how these climate forcing factors impact locally in each region. Here, we 
focused on understanding the influence of climatic forcing factors (i.e., 
ENSO, SAM, DC-CPAC, ARs, ASL and others climate forcings), on the 
interannual and seasonal SMB of the South Shetland Islands (SSI) gla-
ciers, situated in northern AP. These islands experience the intricate 
interplay of atmospheric forces, oceanic dynamics, and the ever- 
changing cryosphere. The surrounding oceanic forces, including sea 
ice extent-concentration (SIE-SIC), sea surface temperature (SST), and 
regional ocean circulation patterns, are integral components of the 
complex SSI climate system (e.g., Cook et al., 2016; Kerr et al., 2018). 
Recent studies have further demonstrated that the climatic conditions 
on the SSI are significantly shaped by specific atmospheric circulation 
systems, such as low-pressure systems over the Drake Passage and the 
Amundsen-Bellingshausen Sea (i.e., ASL) (Gonzalez et al., 2018; Torres 
et al., 2023). 

Motivated by Carrasco-Escaff et al. (2023), whose research delved 
into the impact of climate on the Patagonian Icefields, our study em-
barks investigating the glacier-climate relationship within the SSI. Car-
rasco-Escaff et al. (2023) underscored the significance of a low-pressure 
system situated over the Drake Passage (Drake low) as a prominent 
driver of the positive SMB over the Patagonian Icefields, surpassing even 
the primary modes of climate variability, such as ENSO and SAM. In this 
context, our hypothesis posits that the same low-pressure atmospheric 
circulation system plays a pivotal role in influencing the variability of 
SMB among the SSI glaciers, particularly during the winter season. 

The Drake low has been identified as one of five atmospheric cir-
culation patterns over the AP (Gonzalez et al., 2018). This system 
significantly controls precipitation and moisture anomalies over north-
ern AP, including the SSI (Gonzalez et al., 2018; Torres et al., 2023). 
Gonzalez et al. (2018) underscores that the Drake low and flow over the 
Drake Passage determine the largest anomalies of precipitation observed 
at the Spanish Base Juan Carlos I Automatic Weather Station situated on 
Livingston Island. Here, we define the Drake low as a typical synoptic- 
scale condition associated with passing frontal cyclones in the Drake 
Passage. 

Furthermore, a comprehensive understanding of how the seasonal 
and interannual variability and trends of SMB, including the influence of 
ARs, are governed by the climate in this region is lacking. To address 
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these knowledge gaps, our study is primarily focused on three key ob-
jectives to (1) the compare the annual and seasonal SMB obtained with 
three glaciological models such as PDD model, an intermediate COupled 
Snowpack and Ice surface energy and mass balance model in PYthon 
(COSIPY), and RACMO model for the period 1980 to 2019; (2) the 
assessment of the atmospheric and oceanic influences on SMB across 
seasonal and interannual timescales; and (3) the evaluation of the 
impact of ARs on the SMB of these peripheral glaciers. 

2. Study site and data 

2.1. South Shetlands Islands glaciers and their climate variability 

The SSI, located in the northern AP, form one of the largest groups of 
islands around this region. The SSI comprises several islands, such as 
King George, Livingston, etc. These islands are separated by the Brans-
field Strait and the Drake Passage (Fig. 1). According to Silva et al. 
(2020), the SSI contains 143 glaciers, among land-terminating and 
tidewater glaciers (70% of the total). 

The climate over the northern AP, where the SSI are located, is 
extremely complex and varies due to several factors: (1) its northerly 
position, which leads to both warm-wet and cold-dry through the 
advection of moist and dry air from the Bellingshausen Sea and Weddell 
Sea, respectively; (2) its less pronounced topography, which may 

condition the impact of westerly winds and ARs, in contrast to the 
central-southern AP that has a more pronounced topographic barrier 
affecting temperature-precipitation-wind relationships (e.g., Clem and 
Fogt, 2013; Clem et al., 2016); and (3) its proximity to the Drake Pas-
sage, making it susceptible to mesoscale cyclonic systems originating 
from the Bellingshausen Sea, traveling west to east and reaching the 
Weddell Sea. Additionally, this region has been one of the fastest- 
warming regions on Earth since the 1950s and serves as a dynamic 
transitional zone between subpolar-polar and oceanic-coastal environ-
ments (Kerr et al., 2018). 

Based on the observational data available from the Russian Belling-
shausen station covering the period 1969 to 2020, the annual mean 
temperature is − 1.98 ± 0.83 ◦C, and the annual precipitation accumu-
lation is 967 ± 115 mm/year. Interannual temperature variability 
across the SSI is predominantly governed by the positioning and in-
tensity of the ASL (Bello et al., 2022; Torres et al., 2023), but it is also 
moderately influenced by large-scale climate indices such as SAM and 
ENSO, with ENSO being more visible during spring (September to 
November) (Clem and Fogt, 2013; Clem et al., 2016). Conversely, the 
interannual variability of precipitation and snowfall over those islands is 
strongly influenced by mesoscale low-pressure systems originating from 
the Bellingshausen Sea and traversing the Drake Passage (Gonzalez 
et al., 2018; Torres et al., 2023), with weaker influences from ENSO and 
SAM (Carrasco et al., 2021). For instance, Gonzalez et al. (2018) 

Fig. 1. Location map of the South Shetland Islands (SSI), northern Antarctic Peninsula (AP). The green dots indicate the locations of the climate stations from 
READER-SCAR. The cyan dots indicate the positions of the two automatic weather stations (AWS). The red outlines represent the glacier contours obtained from the 
Randolph Glacier Inventory, (RGI Consortium, 2017). The yellow backgrounds mark the locations of the Johnsons, Hurd and Bellingshausen glaciers. Furthermore, 
the Johnsons, Hurd and Bellingshausen glaciers, with their shapes and areas, are shown zoomed in the right-hand panel. Area-altitude distribution of the three 
glaciers are shown on the right-bottom panel with 10 altitude intervals spaced at 50 m, ranging from 0 to 350 m in elevation. The silver grids indicate the spatial 
resolution of RACMO (approximately 5.5 km horizontal resolution) and the black grids represent the horizontal resolution of ERA5 (approximately 31 km). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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underscored that lows over the Drake Passage are responsible for the 
largest anomalies of precipitation observed at the Spanish Base Juan 
Carlos I on Livingston Island. 

During the last decades, most glaciers on the SSI experienced 
shrinkage (21–70% during 1956–2018), thinning (− 0.5 ± 0.6 m/year 
during 2012–2016), and increased surface melt (Simões et al., 2004; 
Rückamp et al., 2011; Pudełko et al., 2018; da Rosa et al., 2020; Pasik 
et al., 2021; Shahateet et al., 2021), all of which have been associated 
with regional warming. However, during the 2002–2011 period, these 
glaciers showed a decelerated rate of mass loss, attributed to increased 
precipitation and lower summer surface temperatures (Navarro et al., 
2013; Oliva et al., 2017). 

Several glaciological studies on SSI glaciers have employed remote 
sensing (e.g., Simões et al., 2004; Rückamp et al., 2010, 2011; Osma-
noğlu et al., 2013; Pętlicki et al., 2017; Pudełko et al., 2018; Shahateet 
et al., 2021), in-situ observations (e.g., Molina et al., 2007; Navarro 
et al., 2013; Sobota et al., 2015), and modeling techniques (e.g., Bin-
tanja, 1995; Knap et al., 1996; Braun et al., 2001; Braun and Hock, 2004; 
Jonsell et al., 2012; Falk et al., 2018). For instance, Braun et al. (2001) 
evaluated the influence of large-scale atmospheric circulation on the 
King George Island ice cap, located on the eastern part of the SSI, for a 
few case days during the summer of 1997–1998. Their results indicated 
maximum surface melt rates up to 20 mm w.e. per day under specific 
atmospheric conditions. Furthermore, Navarro et al. (2013) analyzed a 
decade's worth of SMB data from two glaciers, Hurd and Johnsons, on 
Livingston Island in the eastern SSI, revealing a notable deceleration in 
mass losses from 1957 to 2000 to 2002–2011. Shahateet et al. (2021) 
estimated the geodetic mass balance for all SSI glaciers from 2013 to 
2017, providing insights into the local glacier health. Their analysis 
indicated a slightly negative average specific mass balance, close to 
equilibrium, for the entire area, with a value of − 106 ± 70 mm w.e./ 
year. 

2.2. Climatological in-situ observations 

We used various datasets with different periods and temporal reso-
lutions. The first dataset was collected with an automatic weather sta-
tion (AWS) installed at Fourcade and Polar Club Glacier (AWS-FPG) and 
represented the highest station at 194.5 m a.s.l in the SSI (Falk et al., 
2018). Various hourly atmospheric variables are available in the AWS- 
FPG, such as incoming shortwave radiation (QSWin), incoming long-
wave radiation (QLWin), air temperature at 2 m (T2), relative humidity 
at 2 m (RH2), wind speed at 2 m (WS), surface pressure (PSFC) and total 
precipitation (TP) from November 2010 to May 2016. The second 
dataset was also collected with an AWS installed at the Korean King 
Sejong Station (AWS-KKS). This station also provides various atmo-
spheric variables available daily, such as QSWin, T2, HR2, WS, PSFC and 
TP from January 1996 to December 2020. Finally, the third dataset in-
cludes only the T2 variable obtained at four climatological stations 
(Bellingshausen, Ferraz, Carlini and Arturo Prat stations) located over 
the SSI and made available online by the READER-SCAR (https://legacy. 
bas.ac.uk/met/READER/surface/stationpt.html). Fig. 1 shows the lo-
cations of the stations, and Table S1 presented their names, locations, 
altitudes, and periods of available data. 

2.3. Glaciological in-situ observations 

Very few long-term glacier monitoring programs are available on the 
SSI (Navarro et al., 2023). There is only one long-term program over this 
region, collecting data on two glaciers: Johnsons and Hurd, from 2002 to 
the present. Glacier-wide SMB data are freely available through the 
World Glacier Monitoring Service (WGMS) on seasonal and annual time 
scales. Additionally, other short-term (i.e., <5 years of monitoring) 
programs are available, such as for Bellingshausen Glacier from 2007 to 
2012. We used these annual and seasonal SMB data for the Johnsons, 
Hurd and Bellingshausen glaciers (Fig. 1) to calibrate and validate two 

glaciological models to reconstruct the SMB of these glaciers from 1979 
to 2019. 

2.4. ERA5 reanalysis 

We also used atmospheric and oceanic data from the ERA5 reanalysis 
produced by the European Centre for Medium-range Weather Forecasts 
(ECMWF) (Hersbach et al., 2020). ERA5 is provided on a regular 
latitude-longitude grid of approximately 31 km at hourly and monthly 
resolutions from 1940 to the present. Both ERA5 hourly and monthly 
products are available at the Copernicus Climate Data Store (https://cds. 
climate.copernicus.eu). We used hourly QSWin, QLWin, T2, PSFC, RH2, 
WS, total precipitation and snowfall from 1979 to 2019 to force glaci-
ological models. Furthermore, we used monthly mean sea level pressure 
(MSLP), zonal (U) and meridional (V) wind, and geopotential height (Z) 
at different pressure levels, outgoing longwave radiation (OLR), SIC and 
SST to represent present atmospheric and oceanic conditions from 1979 
to 2019. 

3. Methods 

3.1. Glaciological models 

3.1.1. PDD model 
PDD is a simple model based on the empirical relationship between 

temperature and surface melting of snow/ice (Braithwaite, 1995). This 
model has been widely used to estimate the glaciers surface melt and 
runoff, ice fields and ice shelves on the AP (e.g., Vaughan, 2006; Costi 
et al., 2018). In this study, the SMB using PDD is derived considering 
accumulation and surface melting processes, as described in Eq. (1). 

SMB = ACCUM+DDice×PDD+DDsnow×PDD (1) 

Accumulation (ACCUM) is summed directly as solid precipitation (i. 
e., snowfall). The melt component (DDice× PDD+ DDsnow× PDD) is 
calculated by multiplying the sums of positive temperatures over a 
specific period (here n = 8 h) by snow (DDsnow) and ice (DDice) melting 
factors. Here, the temperature threshold above which melt occurs is 0 ◦C 
(Costi et al., 2018). We used the same routine with the PDD model that 
was made available by Temme et al. (2023). This routine was used by 
these authors to model the mass balance at the Monte Sarmiento Massif, 
Tierra del Fuego. 

3.1.2. COSIPY model 
COSIPY is a multi-layer physical model based on the SEB (Sauter 

et al., 2020) approach. The SEB model combines all energy fluxes 
impacting the glacier surface energy budget, i.e., SWin, surface albedo 
(ALBEDO), LWin and outgoing longwave radiation (QLWout), turbulent 
sensible (QH) and latent (QLE) heat fluxes, ground heat flux (QG), and 
rain heat flux (QRain). QSWin and QLWin can be provided in the input 
data, whereas QLWout, QH, QLE, QG and QRain are derived by solving 
the heat equation (Sauter et al., 2020). This model is widely used in 
several glaciological studies worldwide due to its user-friendly imple-
mentation and free access. COSIPY considers various accumulation and 
ablation processes to estimate the SMB at high temporal resolution 
(hourly), following Eq. (2). 

SMB = ACCUM+MELT + SUB+DEP+EVA+ subMELT+REFRE (2) 

We calculated the SMB, which considers accumulation (ACCUM), 
melting (MELT), sublimation (SUB), deposition (DEP) and evaporation 
(EVA), subsurface melting (subMELT) and refreezing (REFRE). These 
components are determined from the available energy, resulting from 
the SEB, which integrates solar and atmospheric radiation, albedo, 
turbulent heat fluxes, ground heat and heat from rainfall. In COSIPY, the 
discharge is assumed to be the sum of the total water percolating 
through the snow/ice cover due to melting, condensation, and moisture 
content. More detailed information on COSIPY and its physical 
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parameterisations can be found in Sauter et al. (2020). 

3.1.3. RACMO model outputs 
Additionally, we incorporated monthly QSWin, T2, snowfall and 

SMB data from RACMO for comparison with our simulations. RACMO is 
a regional high spatial resolution atmospheric and glaciological product 
available for the entire AP at a 5.5 km horizontal resolution from 1979 to 
the present (Van Wessem et al., 2016, 2018). RACMO outputs are used 
to force a glaciological firn densification model (FDM). The SMB in that 
FDM is calculated considering accumulation, melting, drifting snow and 
runoff processes, following Eq. (3). 

SMB = PR − SUs − SUds − ERds − RU (3)  

where PR represents total precipitation (snowfall plus rain), SU denotes 
surface (SUs) plus drifting snow (SUds) sublimation, ERds corresponds to 
drifting snow erosion/deposition (caused by divergence/convergence in 
the horizontal drifting snow flux) and RU stands for meltwater runoff, 
the amount of liquid water (melt and rain) that is not retained or 
refrozen in the snowpack. More details on the FDM can be found in 
Ligtenberg et al. (2011). Van Wessem et al. (2016) and Van Wessem 
et al. (2018) found that while RACMO realistically simulates the strong 
spatial precipitation variability, significant biases remain as a result of 
the highly complex topography of the AP. 

3.2. Bias correction of ERA5 

To facilitate comparisons with in-situ observations and to force our 
glaciological models, we carried out preprocessing steps on ERA5 data. 
First, we applied a bias correction to ERA5 data at the precise locations 
of the AWS-FPG and AWS-KKS meteorological stations. Second, we also 
applied a bias correction to the forcing variables at the centroid of each 
of the three glaciers (Johnsons, Hurd and Bellingshausen) to force the 
PDD and COSIPY models. 

The bias correction preprocessing involved T2, dewpoint tempera-
ture (T2D), PSFC and WS. For T2 and T2D, a temperature lapse rate was 
used to adjust the ERA5 T2 (1 K/100 m) and T2D (0.9 K/100 m) to 
values corresponding to the AWS and glaciers' centroid elevations. These 
temperature lapse rates showed a better fit than those observed at AWS- 
FPG (see Figs. S1, S2 and S3). Likewise, the ERA5 PSFC was adjusted to a 
value corresponding to the AWS and glaciers centroid elevations, using 
the barometric Eq. (S1) in the supplementary material. The WS at ERA5, 
initially at 10 m was adjusted to 2 m using the logarithmic wind profile, 
Eq. (S2) in supplementary material. Finally, QSWin, QLWin, snowfall 
and total precipitation were obtained directly from ERA5 to compare 
and force glaciological models. Several studies indicated that the ERA5 
dataset provides the most accurate depiction of the recent Antarctic 
climate (e.g., Gossart et al., 2019; Tetzner et al., 2019; Bozkurt et al., 
2020; Hillebrand et al., 2021). 

3.3. Glaciological modeling 

Both glaciological models (PDD and COSIPY) were configured at a 
single point since a single ERA5 grid covers the entire glacier area. The 
average elevation for each glacier was obtained using the glacier out-
lines available from the Randolph Glacier Inventory (RGI Consortium, 
2017) and a new high-resolution digital elevation model (DEM) from the 
gapless 100-m reference elevation model of Antarctica (Gapless- 
REMA100) as provided by Dong et al. (2022). To force the glaciological 
models, climate variables were extracted from the nearest ERA5 grid 
point for each glacier and averaged (QSWin, QLWin, T2, RH2, WS and 
PSFC) or summed (total precipitation and snowfall) over six-hour time 
steps. Therefore, the glaciological models were run at six-hour intervals 
to manage computational demands. 

PDD requires only two atmospheric variables as input (temperature 
and precipitation or snowfall) and has very few free parameters 

requiring calibration. In contrast, COSIPY demands several atmospheric 
variables as input (QSWin, QLWin, T2, RH2, PSFC, WS and total pre-
cipitation and/or snowfall) and entails the calibration for multiple free 
parameters. 

In both PDD and COSIPY, accumulation is directly derived from 
snowfall from ERA5, eliminating the need for free parameters like 
temperature thresholds commonly used to distinguish between solid and 
liquid precipitation in total precipitation. Additionally, snowfall in 
ERA5 is already provided in mm water equivalent (w.e.) and does not 
require conversion using snow/ice density, thus avoiding the use of 
density parameters. T2, RH2 and PSFC underwent a bias correction (see 
Section 3.2), adjusting for the average-elevation of each glacier. QSWin, 
QLWin, snowfall and total precipitation are also directly obtained from 
ERA5 without prior preprocessing. Several studies have employed these 
downscaling strategies to drive long-term glaciological models (e.g., 
Weidemann et al., 2018; Arndt et al., 2021; Temme et al., 2023). Finally, 
these three atmospheric datasets of each glacier were used in the 
experiment simulations. 

PPD and COSIPY were optimized using a Randomized Grid Search 
(RGSearch) technique (e.g., Bergstra and Bengio, 2012). RGSearch, 
widely used in machine learning, combines Grid Search and Random 
Search. Instead of evaluating all possible combinations, it randomly 
samples a specified number of combinations from the free parameters 
space. Therefore, the free parameters of both PDD and COSIPY were 
varied randomly within their specified ranges (see Table S2) over 1000 
model runs, similar to Mölg et al. (2012). The optimal combination of 
parameters was that with the minimum RMSE between the observed and 
modeled SMB during the period calibration (from 2002 to 2011). The 
validation of the simulations was carried out using an out-of-sample 
dataset from 2012 to 2019. In PDD, we focused solely on calibrating 
two free parameters, the DDFice and DDFsnow melt factors. In contrast, 
for COSIPY, we focused on eight key free parameters associated with the 
physical parameterization schemes of surface albedo and roughness. 

We employed the default COSIPY configuration for the initial con-
ditions, using three months as a spin-up period. In other words, although 
the simulations start on 1 January 1969, data from 1 April 1969 is used 
for the analysis. We have included the complete COSIPY configuration 
(parameterization options, initial conditions, etc.) in the Table S2 of the 
supplementary material. 

3.4. SMB seasonal denominations, glaciological model intercomparison 
and statistical analysis 

Throughout this study, we used the hydrological year in the Southern 
Hemisphere (SH), which starts on 1 April and ends on 31 March of the 
following year for the annual analysis. For seasonal analysis, winter was 
considered from 1 April to 30 November and summer was defined from 
1 December to 31 March of the following year. To avoid confusion, we 
referred to these seasonal timescales as winter (April to November) or 
summer (December to March). 

Given that PDD and COSIPY utilize a single point configuration, as 
opposed to RACMO's distributed configuration, we compared the SMB 
obtained with all three models. This comparison, summarized in the 
averaged SMB series named GLAS_PDD and GLAS_COSIPY for PDD and 
COSIPY, respectively, and GLAS_RACMO for RACMO, allows us to assess 
the impact of the model configuration on the annual and interannual 
SMB (Fig. S4b and c). We also obtained an averaged SMB series for all 
grids overlapping the SSI (Fig. S4a), called SSI_RACMO. 

For the verification and validation between observations and 
modeling or reanalysis data, we used Pearson's or Spearman's correla-
tion coefficient (r), bias (Bias), and root mean square error (RMSE). For 
the statistical analysis, Pearson's correlations and linear regression an-
alyses were conducted, with significance testing (confidence level of 
90% and 95%) based on detrended time series. Finally, the Mann- 
Kendall test was used to evaluate trends with a confidence level of 95%. 
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3.5. Sensitivity analysis 

Extensive sensitivity analyses were performed using the COSIPY 
model to ensure the robustness of the interannual variability of the SMB 
from 1980 to 2020. In our case, COSIPY presents two primary sources of 
uncertainty, stemming from the model itself and from the input climate 
data (Arndt et al., 2021). 

3.5.1. Sensitivity to main model parameters 
We examined the influence of eight key COSIPY model parameters 

(related to albedo scheme and surface roughness, Table S2) on SMB. 
Using the RGSearch-optimized parameters as a reference. We evenly 
spaced each parameter within 10 steps in a given interval. Next, each 
element was modified while keeping other parameters constant. We 
compared the resulting SMB series with the optimized series to assess 
correlation and standard deviation. 

3.5.2. Sensitivity to the mean value of the meteorological input 
We investigated whether potential biases in the average condition of 

meteorological input. Introducing an offset (ΔT) to temperature and 
weighting snowfall with a factor (P0), we ran the SMB model for each 
pair of values and compared it with the optimized SMB series. We also 
compared the resulting SMB series with the optimized series to assess 
correlation and standard deviation. 

3.5.3. Sensitivity to the interannual variability of the meteorological input 
We analyzed the sensibility of the modeled SMB to interannual 

variability of the meteorological variables (e.g., snowfall, temperature 
and insolation). We removed the annual variability from one of the 
meteorological variables while the other two remained unchanged, 
similar to Carrasco-Escaff et al. (2023). To do this, we calculated the 
annual cycle of each variable at a time resolution of 6 h, and then used 
that cycle repeatedly to feed the SMB model. Rerunning COSIPY, we 
computed a new SMB time series and assessed dependence using 
squared correlation (R2). A high R2 suggests low dependence on year-to- 
year variations, while a low R2 suggests high dependence in terms of 
interannual variability. 

3.6. Large-, synoptic-, and regional- scale climate indices and AR data 

The ENSO indices (such as El Niño 3, 3.4 and 4 regions) were ob-
tained from the National Oceanic and Atmospheric Administration 
Climate Prediction Center (https://www.cpc.ncep.noaa.gov/) to assess 

potential tropical-polar teleconnections. We also constructed a 
customized climatic index DC-CPAC with a large-scale perspective, 
using a sector delineated in the central tropical Pacific (10–15◦S, 
170–165◦W, see the pink box in Fig. 2) by Clem et al. (2022) to obtain a 
monthly time series of the area-averaged Outgoing Longwave Radiation 
(OLR). Recent studies have indicated that deep convection in the central 
tropical Pacific region triggers ARs making landfall at the AP (e.g., Clem 
et al., 2022). 

The SAM and ASL are the large- and synoptic-scale atmospheric 
circulation which influence the climate changes in the AP. The SAM is 
characterized by pressure variability between the mid and high southern 
latitudes, influencing the strength and position of the midlatitude jet. 
ASL is a climatological low-pressure center located over the southern 
end of the Pacific Ocean, off the coast of West Antarctica. Both SAM 
(https://legacy.bas.ac.uk/met/gjma/sam.html; monitored using 
Marshall (2003) observation-based index) and ASL (https://climatedat 
aguide.ucar.edu/climate-data/amundsen-sea-low-indices) were ob-
tained from National Center for Atmospheric Research Climate Data 
Guide. 

In addition to the large- and synoptic-scale indices, we constructed 
regional-scale climate indices over three key sectors: the Drake Passage 
(hereafter Drake; aqua box in Fig. 2), the Amundsen-Bellingshausen Sea 
(hereafter ABSea; magenta box in Fig. 2) and the Weddell Sea (hereafter 
WSea; blue box in Fig. 2), which directly are associated with the climate 
in the SSI. Monthly time series of SIE and SST are obtained from ABSea 
and WSea as area-averaged due to their strong relationship with tem-
perature in SSI (Torres et al., 2023). 

We identified the Drake Passage (85◦W-40◦W, 62.5◦S-55◦S, aqua box 
in Fig. 2) from west to east with significant correlations between SMB 
and Z500 during winter, annual and summer timescales, respectively. 
From this region, monthly time series of MSLP, Z500, T500 and SST 
were obtained as area-average. This sector was also contrasted with 
previous studies indicating the different low-pressure systems over the 
AP and their associated impacts on temperature and precipitation phase 
(rainfall and snowfall) (Gonzalez et al., 2018; Wang et al., 2021; Torres 
et al., 2023). 

All atmospheric and oceanographic variables (i.e., ORL, MSLP, Z500, 
T500, SST, SIE) used to construct our large and regional indices were 
obtained from the monthly ERA5 reanalysis dataset. Then, the monthly 
anomaly of each variable is calculated independently. The last proced-
ure is also applied for ASL since we used the area-average sea level 
pressure over the sector (170◦E-298◦E, 60◦S-80◦S) defined by Hosking 
et al. (2016). 

Fig. 2. Regions used for the construction of climate indices. The green dot indicates the location of the SSI. Amundsen-Bellingshausen (100–70◦W; 85–55◦S) and 
Weddell (70–14; 85–55◦S) Seas regions limits were obtained from Fogt et al. (2022). Deep convection over the central tropical Pacific (170 W–165 W; 15S–10S) 
region limit was obtained from Clem et al. (2022). ASL limit (170◦E-298◦E, 60◦S-80◦S) was obtained from Hosking et al. (2016). Drake region (85◦W-40◦W; 62.5◦S- 
55◦S) was obtained from correlation analysis between winter, annual and summer SMB and Z500. The lime dashed box (70◦W-55◦W; 55◦S-70◦S) indicates the area 
where the ARs frequency is selected and area-averaged. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Finally, AR frequency was used to evaluate its impact on the glaciers 
over the SSI. AR frequency data were obtained from state-of-the-art AR 
tracking databases (1979–2018) available from Guan and Waliser 
(2019). Monthly time series for AR frequency were constructed for the 
area of 50 W–80 W and 55S–75S (green dashed box in Fig. 2). The AR 
frequency was calculated independently for each grid cell within the box 
by counting the number of 6-hourly time steps with AR conditions (i.e., 
grids within detected AR shape boundaries) and dividing by the total 
number of 6-hourly time steps during the analysis period. The AR fre-
quency is expressed in units of days (i.e., one 6-h AR step = 0.25 days). 

4. Results 

4.1. SMB validation and glaciological models intercomparison 

Fig. 3 shows the annual, winter (April to November), summer 
(December to March) time series of modeled SMB using different 
glaciological models (i.e., PPD, COSIPY and RACMO) from 1980 to 
2019, alongside the observed SMB from 2002 to 2019, calculated as the 
average of the three glaciers. The same analysis also was attached for 
each glacier in supplementary material (Figs. S5 for annual, S6 for 
winter and S7 for summer). The PDD and COSIPY glaciological models 
were run using a set of optimal parameters (Table S2) determined 
through an RGSearch technique (Section 3.3, Figs. S8 and S9). The 
statistical indicators for calibration (2002 to 2011), validation (2012 to 
2019) and comparison (2002 to 2019) periods are also included in 
Table S3. Additionally, Table S4 summarizes the mean, SD, minimum, 
and maximum of the SMB annual, winter and summer for calibration, 
validation and comparison periods. 

For the validation period (2012–2019), our results reveal that all 
models have good agreement with the annual, winter and summer 
observed SMB: RACMO (r = 0.90, Bias = 8 mm w.e. and RMSE = 149 
mm w.e.), PDD (r = 0.82, Bias = 21 mm w.e., and RMSE = 221 mm w.e.) 

and COSIPY (r = 0.83, Bias = − 43 mm w.e., and RMSE = 194 mm w.e.) 
for annual timescale. 

For the comparison period (2002–2019), the mean annual SMB- 
modeled was more positive by PDD (129 ± 448 mm w.e., mean ±
SD), followed by RACMO (125 ± 353 mm w.e.) and by COSIPY (93 ±
275 mm w.e.). The mean SMB-modeled by COSIPY is closer to the 
observed SMB (40 ± 371 mm w.e.) with a slight difference (53 mm w.e.) 
and no significant difference in SD. In terms of magnitude, all models 
underestimate the SMB during the annual, winter and summer 
timescales. 

The time series GLAS_PDD, GLAS_COSIPY, GLAS_RACMO and 
SSI_RACMO were also used to analyze the correlation and differences 
between them (see Section 3.4). We find high correlations and no sta-
tistical differences (t-student test appended) between the different 
annual and seasonal SMB series, even when compared to the series from 
SSI_RACMO (Table S5). This indicated that SMB modeling shows a 
similar behavior across models. Therefore, whether using a single-point 
or distributed model configuration does not impact the final glacier- 
wide SMB results for the SSI. For the analysis of climatic influences 
and ARs on SMB, temperature, and snowfall, we utilized the time series 
from SSI_RACMO, which encompasses all SSI grids. Additionally, we 
used COSIPY outputs for more detailed analysis of ARs impact and SMB 
sensitivity. 

4.2. SMB interannual variability and trends 

Using the SSI_RACMO time series, the mean annual SMB was positive 
109 ± 321 mm w.e./year, ranging from − 688 to 747 mm w.e./year over 
the entire period (1980–2019) (Table S6). During winter, the modeled 
SMB increases up to 486 ± 77 mm w.e., while during summer it de-
creases down to − 377 ± 300 mm w.e. 

The trend of the annual SMB of SSI glaciers from 1980 through 2019 
showed a signal break (Fig. 4), reflecting the surface temperature trends 

Fig. 3. Annual (a), winter (b) and summer (c) surface mass balance intercomparison between observation and reconstruction from three glaciological models (blue 
line OBS, and orange line PDD, green line COSIPY and magenta line RACMO models). Both PDD and COSIPY models were forced using the global reanalysis ERA5- 
downscaled. Gray shaded areas indicate the calibration period (2002− 2011) and aqua shared areas show validation period (2012–2019). Note all statistical in-
dicators as well correlation coefficient (r), Bias and root mean square error (RMSE) were calculated for the validation period (2012–2019). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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of the AP region (compared with Fig. 4 in Carrasco et al., 2021). During 
1980–1997, the trend was negative (− 315 mm w.e./decade), and during 
1999–2014, it was positive (+425 mm w.e./decade), with both cases 
being statistically significant (p < 0.05). The break in the trend influ-
enced the analysis of the SMB trend for the entire period, showing a 
positive but statistically non-significant trend (+57 mm w.e./decade; 
not significant). However, a declining trend has emerged in recent years 
and this trend is clearly illustrated by the period from 2015 to 2019, 
where the SMB values once again turned negative (e.g., SMB = − 89 mm 
w.e in 2017). 

4.3. Local-scale control over the SMB 

Fig. 5 shows the annual time series of the modeled SMB, accumula-
tion, ablation, precipitation, temperature, and insolation, calculated as 
the spatial average of SSI glaciers from RACMO (SSI_RACMO time se-
ries). Winter and summer time series of the same variables also are 
attached on supplementary material (Figs. S10 and S11). Furthermore, 
correlation analysis of annual, winter and summer SMB with accumu-
lation, ablation, snowfall, temperature and solar insolation are pre-
sented in Table S7. 

The annual SMB shows a high negative correlation with ablation (r 
= − 0.95, p < 0.05) and a moderate positive correlation with 

Fig. 4. Annual (April to March) surface mass balance from 1980 to 2019 based on the SSI_RACMO time series. The red lines show the linear trends for the periods 
1980–1997 and 1999–2014. S0 corresponds to the entire period. S1 (1980–1997) considers the years of warming, and S2 (1999–2014) considers the years of cooling 
that are well-documented over the region. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Annual (April to March) time series of spatially averaged (over the area of the SSI glaciers) fields from SSI_RACMO of (from top to bottom) SMB, accu-
mulation, accumulated snowfall, ablation, mean near-surface temperature, and mean insolation. Each segmented line indicates the mean value of the series. The gray 
horizontal line corresponds to the SMB zero isoline. 
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accumulation (r = 0.40, p < 0.05). In contrast, winter SMB shows a high 
positive correlation with accumulation (r = 0.89, p < 0.05) and a 
moderate negative correlation with ablation (r = − 0.33, p < 0.05). 
Similar to the annual SMB, summer SMB demonstrates a high negative 
correlation with ablation (r = − 0.99, p < 0.05) and a low correlation 
with accumulation (r = 0.26, no-significant). Additionally, from the 
correlation analysis between annual, winter and summer of the SMB for 
the period 1980–2019, we observed that the annual SMB is strongly 
related to the summer SMB (r = 0.97, p < 0.05) and moderately related 
to the winter SMB (r = 0.46, p < 0.05). These results indicate that the 
annual variability of the SMB is mainly controlled by ablation which is 
related to air temperature and moderately by accumulation which is 
related to snowfall. 

To support the findings above, we have developed different sensi-
tivity tests using the COSIPY model. We used these outputs to explain the 
impact of temperature and snowfall on the SEB and SMB components. 
One experiment involved adjusting the temperature by an offset and 
modifying the snowfall by a factor. The temperature varied by ±1 ◦C 
and the snowfall by ±20%. We used five outputs with neutral (no 
changes in temperature and snowfall), cold (− 1 ◦C air temperature), 
warm (+1 ◦C air temperature), dry (− 20% snowfall) and wet (+20% 
snowfall) conditions. The results, presented in Table S8 in the 

supplementary material, show that glacier SEB and SMB are highly 
sensitive to changes in air temperature and less so to changes in snow-
fall. Small changes for the SEB components such as QLWout and QH and 
QLE were observed when introducing a temperature offset. Conversely, 
large changes for the SMB components, particularly surface melting, 
which increased by a factor of 10.6 with the temperature adjustment, 
were noted. 

4.4. Regional-scale control over the SMB 

We conducted linear correlations and regressions analysis between 
the SMB from SSI_RACMO time series and different climate variables 
from ERA5 (i.e., precipitation, near-surface temperature, and horizontal 
wind at 10 m above ground level and 500 hPa) for the period 1980–2019 
to assess the regional climate control on the variability of the SMB in the 
SSI during annual, winter, and summer timescales. Additionally, we 
computed latitudinal profiles of regressions of the annual, winter and 
summer SMB with the mean annual fields of zonal wind, geopotential 
height, and air temperature at a longitude of 58◦ W. The results are 
presented in Fig. 6 for annual, Fig. 7 for winter, and Fig. 8 for summer. 
The same analysis was performed using GLAS_COSIPY time series 
(Figs. S12, S13 and S14). For simplicity, we focus our analysis on the 

Fig. 6. Regional correlation and linear regression maps of the annual (April to March) SMB from the SSI_RACMO time series and ERA5 reanalysis. (a) Regression 
with annual fields of horizontal wind at 500 hPa (vectors in m/s per SD) and correlation with accumulated precipitation (colors). (b) Latitudinal and atmospheric 
profile of the regression with annual fields of zonal wind (contours in m/s per SD) for a transect at 58◦W. Negative regression values are shaded. (c) Regression with 
annual fields of horizontal wind at 10 m above ground level (vectors in m/s per SD) and correlation with the mean near-surface air temperature (colors). (d) 
Latitudinal and atmospheric profile of the regression with annual fields of geopotential height (contours in gpm per SD, where gpm stands for geopotential meters) 
and temperature (colors in ◦C per SD) for a transect at 80◦ W. 

C. Torres et al.                                                                                                                                                                                                                                  



Global and Planetary Change 239 (2024) 104506

10

years when the SMB is above the mean value (the analysis extends lin-
early to other cases). 

The results show positive correlations between annual SMB and 
precipitation over the Drake Passage and the western part of the South 
Atlantic Ocean (Fig. 6a), which extends over the SSI. The regression 
analysis between annual SMB and the zonal wind at 500 hPa indicates 
the presence of a cyclonic atmospheric circulation system over the Drake 
Passage (Drake low), with its core located in the north-western part of 
the SSI (Fig. 6a). This system favors convective processes, cloud for-
mation, and precipitation over the Drake region. The Drake low has been 
identified as one of five atmospheric circulation patterns over the AP 
that have significant impacts on precipitation and moisture variability 
over the SSI (Gonzalez et al., 2018; Torres et al., 2023). Furthermore, the 
annual SMB shows a negative correlation with the temperature over the 
southeastern Pacific Ocean and the AP, which also extends over the SSI 
(Fig. 6c). The regression analysis between SMB and the zonal wind at 10 
m also shows the presence of this cyclonic system over Drake, extending 
over northern Bellingshausen Sea and the northern Weddell Sea. This 
system favors the entry of cold and dry air masses from the Weddell Sea 
(Fig. 6c). In addition, according to annual latitudinal profiles regressions 
analysis, the westerlies show negative (positive) anomalies from 80◦S to 
near 60◦S (from 58◦S to near 40◦S), indicating a weakening of these 
winds over the AP and an increase over south of South America (Fig. 6b). 
Negative geopotential height anomalies are observed from 80◦S to 45◦S, 
reaching their maximum around 60◦S, at all levels of the atmosphere 
(Fig. 6b). 

Analyzing the seasonal differences, during winter, years with 

positive SMB are characterized by the stronger presence of a cyclonic 
circulation and a more pronounced increase in precipitation over the 
Drake region (Fig. 7a). Additionally, during summer, a cyclonic circu-
lation system over the northern Weddell Sea favors a cooling regional 
effect on the northern AP and Bellingshausen-Drake Seas, caused by the 
entry of cold air from the southern Weddell Sea and AP (Fig. 8c). 

4.5. Large-scale control over the SMB 

In addition, we conducted linear correlations and regression analyses 
between the SMB from SSI_RACMO and different climatic variables from 
ERA5 (i.e., MSLP, near-surface temperature (SST in ocean area plus T2 
in continental area), U500 and V500 wind components, geopotential 
height at 300 hPa, and OLR) for the period 1980–2019 to assess the 
large-scale climate control on the variability of SMB in the SSI during 
annual, winter, and summer timescales. The results are shown in Figs. 9, 
10 and 11. The same analysis also was performed using GLAS_COSIPY 
time series (Figs. S15, S16 and S17). As in the regional analysis, in this 
section, we also focus on the years with positive SMB. 

Highly negative correlations are observed between the annual SMB 
and SST over the Drake Passage (Fig. 9a). The Drake Passage also is 
characterized by the presence of a low-pressure system, based on MLSP, 
extending longitudinally from the northern Bellingshausen Sea to the 
northern Weddell Sea (95◦W-25◦W) and latitudinally from southern AP 
to southern South America (75◦S-45◦S) (Fig. 9a). In addition, the 
regression analysis between SMB and the zonal wind at 500 hPa (V500) 
shows a cyclonic circulation system with a center located over the Drake 

Fig. 7. The same as in Fig. 6 but for the winter (April to November).  
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Passage (Fig. 10b), extending over the same region as the low-pressure 
system. Thus, anomalies of the SST, and surface and atmospheric pres-
sure over the Drake and surrounding regions can play an important role 
in the SSI SMB. 

Conversely, a weak, non-significant positive correlation is shown 
between the annual SMB and SST over the tropical Pacific Ocean 
(140◦W-70◦W; 5◦N-5◦S). Thus, the ENSO-associated warming (cooling) 
of the central and eastern Pacific may favor years with relatively positive 
(negative) SMB over the SSI glaciers. According to Li et al. (2021), 
during El Niño events, there is typically a weakening of the ASL, which 
can induce cooling in the AP. However, depending on the type of ENSO 
it can influence the precipitation of the AP. During the eastern Pacific El 
Niño, precipitation decreases across the AP and the Amundsen- 
Bellingshausen seas, while during the central Pacific El Niño precipita-
tion decreases mainly in the western AP and increases in the eastern AP 
(Chen et al., 2023). These different impacts on precipitation can inhibit 
the impact on the interannual SMB. 

OLR over the west-central tropical Pacific (180◦W-150◦W; 28◦S-5◦S) 
also shows a weak but significant negative correlation with SMB. Spe-
cifically, negative OLR anomalies over the central tropical Pacific are 
related to positive SMB anomalies in SSI, similar to ENSO which are also 
associated with positive SMB anomalies over these islands. These OLR 
anomalies are accompanied by geopotential height anomalies at 300 
hPa with the formation of a series of low, high, and low-pressure 
anomalies, as seen in Fig. 9c, extending from the tropics to the extra- 
tropics as a result of high convective activity over the central tropical 
Pacific. These negative OLR anomalies generate stationary Rossby wave 

trains propagating eastward and poleward, inducing atmospheric cir-
culation anomalies affecting temperature, precipitation, and SMB in 
northern AP. 

In winter, a deep low-pressure system extends from the Drake Pas-
sage to the Amundsen Sea and the western Weddell Sea (180◦W-50◦W), 
alongside a high-pressure system in the south-central Pacific Ocean 
(160◦E-90◦W; 60◦S-30◦S). These systems enhance westerly winds over 
southern South America (Fig. 10b), fostering cyclonic circulation over 
Drake Passage and precipitation over northern AP. Conversely, summer 
sees a high-pressure system over the Amundsen-Bellingshausen Sea and 
a low-pressure system in the southern Atlantic Ocean (Fig. 11a), pro-
moting airflow from the Weddell Sea and regional cooling in the 
northern AP region. 

4.6. Correlation with large and regional scales indices 

Table 1 shows the correlations between different large-regional scale 
climate indices and the SMB, temperature, and snowfall from SSI_R-
ACMO time series at annual, winter and summer timescales. 

On an annual timescale, large-scale indices such as ENSO and SAM 
show low and statistically non-significant correlations with the SMB. In 
contrast, the DC-CPAC (r = − 0.32, p < 0.05) index, also considered a 
large-scale index, shows moderate but statistically significant negative 
correlations. Regional indices over the Drake Passage show high and 
moderate negative correlations such as Z500-Drake (r = − 0.46, p <
0.05) and SST-Drake (r = − 0.35, p < 0.05), followed by the indices over 
the Amundsen-Bellingshausen and Weddell Seas, such as SST-ABSea (r 

Fig. 8. The same as in Fig. 6 but for the summer (December to March).  
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= − 0.36, p < 0.05) and SST-WSea (r = − 0.30, p < 0.10), respectively. 
On the winter timescale, all of the large-scale indices show low and 

statistically non-significant correlations. Even several regional-scale 
indices associated with SST over the Amundsen-Bellingshausen, Wed-
dell, and Drake Seas region show low correlations with the SMB. Only 
the regional Z500-Drake index shows a statistically moderate negative 
correlation (r = − 0.48, p < 0.05) with the winter SMB. 

On the summer timescale, large-scale indices show statistically sig-
nificant positive and negative correlations such as El Niño 3 (r = 0.37, p 
< 0.05), El Niño 3.4 (r = 0.36, p < 0.05), El Niño 4 (r = 0.29, p < 0.10) 
and SAM (r = − 0.37, p < 0.05) with the summer SMB. In addition to the 
large-scale indices, regional-scale indices show high and moderate 
negative and positive correlations such as Z500-Drake SST-Drake (r =

− 0.60, p < 0.05), (r = − 0.35, p < 0.05), SST-WSea (r = 0.43, p < 0.05), 
SST-ABSea (r = − 0.41, p < 0.05) and, ASL (r = 0.33, p < 0.05). 

Applying an exponential filter to the SMB and climate indices, we 
observed that Drake-related indices increase their correlation, e.g. Z500- 
Drake (r = − 0.53, p < 0.05) and SST-Drake (r = − 0.42, p < 0.05) at the 
annual timescale (Table S9), indicating that on a decadal scale the SSI 
SMB variability is also mainly related to anomalies in the atmospheric 
circulation and SST over the Drake region. Thus, from annual to decadal 
timescales, negative atmospheric pressure anomalies over the Drake are 
related to positive SSI SMB anomalies. Conversely, positive SST anom-
alies over Drake lead to negative SSI SMB anomalies. DC-CPAC also 
increases its correlation with the annual SMB (i.e., r = − 0.45, p < 0.05), 
indicating that negative deep convection anomalies over the central 
tropical Pacific can drive positive SMB anomalies in SSI. 

4.7. Atmospheric rivers impact on SMB 

To investigate the impact of ARs on the SSI SMB, we analyzed the 
correlation between AR frequency and SMB from SSI_RACMO time se-
ries during winter and summer from 1980 to 2019 (Fig. 12). The results 
reveal two distinct impacts of ARs on the glacier SMB of the SSI 

Fig. 9. Large-scale correlation and linear regression maps of the annual (April 
to March) SMB from SSI_RACMO time series with fields obtained from the ERA5 
reanalysis. (a) Regression with the annual field of mean sea level pressure 
(contours in hPa per SD) and correlation with the annual field of sea surface 
temperature (colors over ocean) and near-surface air temperature (colors over 
land). (b) Regression with the annual field of horizontal wind at 500 hPa 
(vectors in m/s per SD) and correlation with the annual field of zonal wind at 
500 hPa (colors). (c) Regression with the annual field of geopotential height at 
300 hPa (contours in gpm per SD) and correlation with the annual field of 
outgoing longwave radiation (colors). 

Fig. 10. The same as in Fig. 9 but for the winter (April to November).  
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(Table 2). Firstly, during winter (Fig. 12a), a positive and significant 
correlation between AR frequency and SMB is observed (r = 0.43, p <
0.05), indicating that ARs contribute to glacier accumulation through 
increased snowfall. However, higher correlations were observed when 
JJA (r = 0.68, p < 0.05) is considered only. Secondly, during summer 

(Fig. 12b), a negative and significant correlation between AR frequency 
and SMB is observed (r = − 0.37, p < 0.05), suggesting that ARs intensify 
glacier melting in this season. Furthermore, when an exponential filter is 
applied to see decadal variations, the seasonal correlations increase 
(Table S10). These findings align with the regional temperature pat-
terns: the winter temperatures during the ARs remain below the melting 
point, facilitating significant snowfall and glacier accumulation trig-
gered by moisture transported by ARs. In contrast, summer tempera-
tures approach or exceed the melting point, allowing ARs to amplify 
temperatures by means of sensible heat transport and enhance glacier 
melting. On an annual timescale, AR frequency and SMB present a 
negative but non-significant correlation (r = − 0.17, non-significant), 
indicating that ARs contribute to glacier melting in this region. 

For further analysis of the impact of ARs, we identified 20 cases 
associated with ARs based on the 99th percentile for winter snowfall and 
summer temperature from 1980 to 2019, using the daily GLAS_COSIPY 
time series. We then selected two cases out of these 20 with the highest 
positive and negative SMB values. These cases were observed on June 
26, 1988, and January 23, 2006. Using ERA5 reanalysis data, we 
analyzed them to further illustrate the AR influences with the aid of the 
SMB, snowfall, rainfall, temperature, and sensible heat. 

During the June 1988 case, axes with the same tracking ID in the life 
cycle show that AR had a northern-southern propagation axis, starting in 
the eastern Pacific Ocean and ending mainly in the northern AP. In 
addition, the AR in the life cycle had a northwest-southwest orientation 
(IVT direction of 107◦) with a mean IVT of 394 kg m1 s1 and a length of 
7866 km (Fig. 13b). A low-pressure system over the Drake Passage and a 
high-pressure system over the northern Weddell Sea were observed 
during the AR event, which allowed the transport of moisture from the 
Pacific Ocean to the northern AP. We highlight that the high-pressure 
system over the Weddell Sea is of great importance for the AR to enter 
perpendicularly over the northern AP. The MSLP composite analysis for 
the selected winter days (see Table S11) shows the same synoptic cir-
culation pattern (Fig. 13a). During this AR period, the daily SMB was 
positive with a value of 30 mm w.e./day, the total precipitation was only 
snowfall (31 mm w.e./day), the surface temperature was below the 
melting point (− 2.67 ◦C), and the sensible heat flux decreased moder-
ately (14 W/m2) compared to mean daily climatological (27 W/m2). 

During the January 2006 case, axes with the same track ID in the life 
cycle show that AR had a northern-southern propagation axis, starting in 
the South American continent and ending mainly in northern AP and the 
Weddell Sea, unlike the June 1988 case which started in the Pacific 
Ocean. AR in the life cycle had a northwest-southwest orientation (IVT 
direction of 115◦) with a mean IVT of 177 kg m1 s1 and a length of 6540 
km (Fig. 14b). A high-pressure system over the northern Weddell Sea 
was also observed during the AR event, which allowed the transport of 
continental air masses from South America to the northern AP and 
Weddell Sea. The high-pressure system during the summer is also 
observed in the MSLP composite analysis (Fig. 14a). During this AR 

Fig. 11. The same as in Fig. 9 but for the summer (December to March).  

Table 1 
Annual (April to March), winter (April to November) and summer (December to March) correlation analysis of surface mass balance (SMB), air temperature (Temp) 
and snowfall anomalies from SSI_RACMO time series with large-regional climatic indices from 1980 to 2019. Significance is indicated by an asterisk, where * (p < 0.10) 
and ** (p < 0.05).   

Annual correlation Winter correlation Summer correlation 

SMB TEMP SNOWFALL SMB TEMP SNOWFALL SMB TEMP SNOWFALL 

NIÑO 3 0.21 − 0.34** − 0.08 − 0.2 − 0.24 − 0.17 0.37** − 0.48** 0.25 
NIÑO 3.4 0.21 − 0.43** − 0.02 − 0.2 − 0.36** − 0.15 0.36** − 0.48** 0.24 
NIÑO 4 0.13 − 0.48** − 0.07 − 0.23 − 0.44** − 0.19 0.29* − 0.42** 0.21 
DC-CPAC − 0.32** − 0.32** − 0.21 − 0.19 − 0.24 − 0.13 − 0.11 − 0.05 − 0.27* 
SAM − 0.11 0.45** 0.21 0.06 0.54** 0.1 − 0.37** 0.34** − 0.36** 
ASL 0.17 − 0.7** − 0.19 − 0.19 − 0.81** − 0.16 0.33** − 0.39** 0.22 
SST-ABSea − 0.36** 0.26 − 0.18 0.02 0.39** − 0.0 − 0.41** 0.32** − 0.33** 
SST-WSea − 0.3* 0.69** − 0.1 0.17 0.6** 0.14 − 0.43** 0.53** − 0.01 
Z500-Drake − 0.46** 0.28* − 0.54** − 0.48** 0.39** − 0.56** − 0.35** 0.21 − 0.45** 
SST-Drake − 0.35** 0.58** − 0.13 0.05 0.67** 0.06 − 0.6** 0.5** − 0.24  
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event, the environmental conditions were favorable for a very negative 
SMB of − 34 mm w.e./day, accompanied by positive temperature 
(3.57 ◦C), null total precipitation (snowfall + rainfall) and the sensible 
heat flux increased considerably (71 W/m2) compared to mean daily 
climatological (27 W/m2) (Table S11). 

The analysis of these two extreme cases suggests that ARs can in-
fluence the SMB of glaciers in the SSI. On the one hand, during winter, 
ARs can contribute to large amounts of snowfall, which favors positive 
SMB. On the other hand, during summer, ARs increase the temperature 
of the northern AP, combined with null precipitation and high sensible 

Fig. 12. (a) winter (April to November) and (b) summer (December to March) surface mass balance (blue line) from SSI_RACMO time series vs Atmospheric Rivers 
Frequency (orange line) from 1980 to 2019. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Table 2 
Annual (April to March), winter (April to November) and summer (December to March) correlation for SMB, T2, and Snowfall from SSI_RACMO time series with ARs 
frequency from 1980 to 2019.   

Annual correlation Winter correlation Summer correlation MAM JJA SON DJF 

SMB − 0.17 0.43** − 0.37** − 0.42** 0.68** 0.3* − 0.39** 
TEMP 0.56** 0.67** 0.56** 0.75** 0.7** 0.61** 0.4** 
SNOWFALL 0.21 0.42** − 0.22 − 0.03 0.64** 0.22 − 0.16  

Fig. 13. (a) Composite daily anomalies MSLP for the selected AR days in winter (April to November) for the 1970–2020 period. (b) Characteristics of the extreme AR 
event detected on June 26, 1988, 12:00 UTC with IVT (shaded), IVT vectors, and 500 hPa geopotential height anomalies (contours) on that day. Black full circles 
show the axis of the AR. 
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heat fluxes, creating favorable conditions for high melt rates and 
extremely negative SMB values. 

Generally, the synoptic patterns of these two events are similar to the 
general pattern of the other extreme cases (20 cases, see Table S11), 
suggesting that the two selected main cases can be treated as repre-
sentative of a larger sample size. During these events, there was typically 
a high-pressure center over the northern Weddell Sea (Figs. 13a and 
14a) with a low-pressure center over the Drake Passage during winter or 
over the Amundsen-Bellingshausen Sea during summer. 

5. Discussion 

5.1. Glaciological modeling limitations 

Despite uncertainties in the model and ERA5 climate data, PDD, 
COSIPY and RACMO effectively captured interannual and seasonal 
variability in glacier SMB. Sensitivity analysis revealed that COSIPY's 
key free parameters and uncertainties in meteorological inputs do not 
significantly affect the estimated SMB interannual variability 
(Tables S12, S13, and S14). Uncertainties in annual SMB variability may 
be associated with poor representation in the ERA5 reanalysis of pre-
cipitation fields across Antarctica (Roussel et al., 2020). Future atmo-
spheric and glaciological modeling efforts should prioritize increasing 
the spatial resolution of the models to better represent local topography, 
orographic precipitation, and improve SMB modeling. 

From the intercomparison of the different models (PDD, COSIPY, and 
RACMO), it is apparent that RACMO, despite its distributed configura-
tion, does not exhibit significant changes in the interannual and seasonal 
variability of the SMB. Therefore, whether using a single-point or 
distributed model configuration does not impact the final glacier-wide 
SMB results for the SSI. 

The SMB terminology is used to observe climate-related changes on 
glacier surfaces, excluding impacts from calving and/or frontal ablation 
processes (Cogley et al., 2010). Therefore, SMB is expected to vary little 
from glacier-to-glacier over short distances like those on the SSI. This is 
noted with high annual and seasonal correlation of the SMB observed 
between the three glaciers (Johnsons, Hurd and Bellingshausen), indi-
cating that the SMB's annual and seasonal variability is consistent across 
these glaciers (Table S15). However, if we consider the geodetic mass 

balance, variations in mass balance are significant and can highly in-
fluence glacier-to-glacier mass changes over the SSI and northern AP (e. 
g., Shahateet et al., 2021; Seehaus et al., 2023). 

Several factors limit the feasibility of distributed glaciological sim-
ulations for the studied glaciers. First, the absence of point SMB obser-
vations for these three glaciers makes a spatial evaluation of the models 
impossible. Second, Johnsons, Hurd, and Bellingshausen glaciers are 
very small, and a single grid from ERA5 or RACMO covers the entire 
glacier. Consequently, local-scale atmospheric processes are not well 
represented in ERA5, as evidenced by systematic errors in some atmo-
spheric variables such as RH2, WS, and total precipitation (see Figs. S1 
and S2). Third, since most glaciers in the SSI are in equilibrium with 
small or negligible annual mass balances, using the centroid as a refer-
ence point to simulate the SMB for the entire glacier is a reasonable 
approach. Finally, our simulation covered 51 years, and conducting very 
high-resolution simulations (both spatially and temporally) over this 
period would be prohibitively costly. For meaningful distributed glaci-
ological simulations, it is essential to represent local atmospheric pro-
cesses more accurately, possibly using models like the PWRF. Or, a mass 
balance method based on machine learning can (1) help improve the 
downscaling of the variables distributed in a glacier, (2) implicitly 
include glacial ice dynamics processes and (3) accelerate the execution 
of the model to run it at high resolution. However, such detailed 
modeling or use of machine learning falls outside the scope of our cur-
rent study. 

Our results align with other SMB studies in the region, though there 
are some differences in the findings. For example, Navarro et al. (2013) 
reported a mean SMB value of − 50 ± 100 mm w.e./year for Hurd and 
Johnsons glaciers during the 2002–2011 period, while our findings 
show SMB values of 158 ± 320 mm w.e./year for SSI in the same period. 
Recently, Shahateet et al. (2021) reported a slightly negative mass 
balance (− 106 ± 7 mm w.e.) for 2013–2017, contrasting our positive 
SMB (368 ± 272 mm w.e.). This difference may arise from glacier mass 
losses due to calving, a factor not included in the glaciological models 
used in this study. However, given the relative difference, it is reason-
able to conclude that mass balance changes in this region are primarily 
driven by surface processes influenced by climate. Thus, although 
glacier-wide SMB is also influenced by glacier hypsometry and ice dy-
namics over the SSI, the influence of climate can still be extracted from it 

Fig. 14. (a) Composite daily anomalies in MSLP for the selected AR days in summer (December to March) for the 1970–2020 period. (b) Characteristics of the 
extreme AR event detected on January 23, 2006, 12:00 UTC with IVT (shaded), IVT vectors, and 500 hPa geopotential height anomalies (contours) on that day. Black 
full circles show the axis of the AR. 
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(Zekollari et al., 2020; Bolibar et al., 2022). 

5.2. SMB sensitivity and trends 

Our sensitivity analysis reveals temperature, followed by snowfall, 
predominantly influences the interannual variability of these glacier's 
SMB (Tables S8 and S14). In contrast, solar radiation has a minimal 
effect. Correlation analysis indicates that ablation predominantly drives 
interannual SMB variations, followed by accumulation (Table S7). These 
findings are consistent with previous research highlighting the high 
sensitivity of these glaciers to small temperature fluctuations (e.g., 
Bintanja, 1995; Braun and Hock, 2004; Jonsell et al., 2012). For 
example, Jonsell et al. (2012) found that a temperature increase 
(decrease) of 0.5 ◦C implies an increase (decrease) in melting rates by 
approximately 56% (44%). This high sensitivity is attributed to the 
limited elevational range of these glaciers, resulting in temperatures 
near freezing during summer and thus a heightened response to minor 
temperature changes during melt seasons. 

We identified a significant shift in the annual SMB trend around 
1999. From 1980 to 1997, the SMB trend was significantly negative, 
indicating surface mass loss. However, from 1999 to 2014, the trend 
turned significantly positive, suggesting surface mass gain. However, a 
declining trend has emerged in recent years, from 2015 to 2019. These 
findings align with Oliva et al. (2017), who noted a slowed recession of 
marine and land-terminating glaciers in northern AP during the 2000s. 
This change in SMB trends aligns with documented regional tempera-
ture shifts, identified as the main driver of the glaciers' interannual 
variability (Turner et al., 2016, 2020; Oliva et al., 2017; Bozkurt et al., 
2020; Bello et al., 2022). For example, Bello et al. (2022) reported 
warming and cooling periods before and after 2000 over King George 
Island, the largest island in SSI. 

5.3. Relationship between large and regional climate indices and the SMB 

We highlight that the Drake Passage significantly influences the 
annual SMB of SSI glaciers. At the annual timescale, regional climate 
indices such as Z500-Drake (r = − 0.46, p < 0.05) and SST-Drake (r =
− 0.35, p < 0.05) show a moderate negative correlation with SMB. For 
winter, Z500-Drake (r = − 0.48, p < 0.05) emerges as a potential 
influencing factor of SMB variability. During summer, a high and 
moderate negative correlation exists between SMB and SST-Drake (r =
− 0.60, p < 0.05) and Z500-Drake (r = − 0.35, p < 0.05). We suggest that 
low-pressure anomalies over the Drake region (known as the Drake low) 
is a key driver of precipitation variability affecting both the Patagonia 
Icefields and SSI (Fig. 7a). Recent studies have indicated that the Drake 
low is a major controller of SMB variability over Patagonia Icefields 
(Carrasco-Escaff et al., 2023) and precipitation over the SSI (Torres 
et al., 2023). In addition, we speculate that Drake low can control 
regional temperature variability over the SSI due to the advection of 
cold air from Weddell to the northern AP (Fig. 8c), when it positions 
itself east of SSI. Our findings gain support through a correlation analysis 
of SMB between the Patagonia Icefields (time series from Carrasco- 
Escaff et al., 2023) and the SSI. We found a low correlation between 
SMB-Patagonia-Icefields and SMB-SSI during annual (r = 0.30, p < 0.05) 
and summer (r = 0.18, p < 0.05), while a high correlation is observed 
during winter (r = 0.58, p < 0.05). These results suggest winter SMB 
may be largely governed by the Drake low, whereas in summer and 
annually, the Drake low positioned over the northern Weddell Sea and 
DC-CPAC also play significant roles. 

The annual SMB of SSI glaciers moderately depends on DC-CPAC 
climate indices, but shows less dependence on larger-scale climate pat-
terns like SAM and ENSO. Interestingly, the summer SMB has a mod-
erate dependence on ENSO, suggesting its significant influence during 
this period. Similar to Donat-Magnin et al. (2020), who indicated that 
the summer SMB and surface melting over the drainage basins of the 
Amundsen Sea glaciers, West Antarctica, are low influenced by ENSO. 

ENSO also shows a seasonally varied effect with a negative correlation in 
winter and a positive correlation in summer with SSI SMB (see Table 1). 
However, it shows a low dependence on DC-CPAC (r = − 0.05, not- 
significant) but a moderate dependence on Z500-Drake (r = − 0.45, p 
< 0.05). The correlation between summer surface melting on the SSI and 
DC-CPAC (r = 0.13, not-significant) exhibits low dependence. Compared 
to the results of Clem et al. (2022), who identified DC-CPAC as a major 
influence on surface melting at the Larsen C Ice Shelf in eastern AP, we 
suggest that in the complex climate of SSI, DC-CPAC's effects are likely 
overshadowed by other regional climate drivers, such as the low- 
pressure system over the Drake Passage. 

Additionally, we used the observed and modeled SMB (COSIPY and 
RACMO) to relate to different climate indices (i.e., ENSO, SAM, ASL, 
Drake) from 2002 to 2019. The results indicate a similar correlation with 
these climate forcing indices (Tables S16 and S17). For example, ENSO 
and SAM show low correlations with the observed and modeled SMB 
(either COSIPY or RACMO). Whereas, the Drake low indices (i.e., Z500- 
Drake and SST-Drake) indicate high-moderate correlations with both 
observed and modeled SMB. These analyses suggest that, regardless of 
whether the SMB is observed or modeled, the results and conclusions 
remain consistent. 

5.4. ARs' impact on SMB 

The impact of ARs on the SMB in the SSI varies with the season. 
During the austral winter months, ARs from the Pacific Ocean, carrying 
warm and moist air, increase snowfall and contribute positively to the 
SMB. In contrast, during the austral summer, ARs originating from the 
Pacific Ocean and southern South America with warm air masses can 
enhance surface melting on glaciers in this region due increase of the 
sensible heat flux. The direction of ARs is also crucial in which west-to- 
east ARs impact the northern AP less than the central-south AP. In 
contrast, northwest-to-southwest ARs dominated by meridional winds 
affect the entire AP significantly. For instance, on January 23, 2006, a 
high-pressure system over the northern Weddell Sea led to a high 
ablation rate in the SSI. This pattern aligns with findings by Zou et al. 
(2022), who noted the northern AP's vulnerability to ARs combined with 
atmospheric blocks over the Weddell Sea. Our study emphasizes the role 
of low-pressure systems in the Drake Passage and the Weddell Sea in 
enhancing SMB, whereas high-pressure systems in these areas can cause 
significant SMB reduction. Consistent with these results, Braun et al. 
(2001) reported that the SSI's highest surface melt rates (up to 20 mm w. 
e./day) occurred during northwestern advection events linked to low- 
pressure over the Bellingshausen Sea. They also found that easterly 
and southerly cold, dry air masses, influenced by high-pressure over the 
AP and low-pressure over the Weddell Sea, had minimal impact on 
ablation rates. 

In addition, during summer, the presence of these high- or low- 
pressure systems can modulate the frequency of snowfall or rainfall 
over northern AP (Wang et al., 2021). When the low-pressure center is 
located over western Drake with a high-pressure system over the Falk-
land Islands, it can favor the frequency of rainfall over northern AP. 
When the low-pressure center is located west-central over Drake, 
accompanied by a low-pressure system over the Weddell Sea, it may 
favor more frequent snowfall over the SSI. 

5.5. Tropical forcings on the SSI environmental conditions 

The interannual variability of SMB in the SSI is largely governed by 
surface and atmospheric pressure anomalies and SST anomalies over the 
Drake Passage, influenced by tropical forces like ENSO and DC-CPAC. It 
is plausible to suggest that tropical forcings alter sea surface and at-
mospheric conditions at regional scales over the AP, affecting the SSI's 
SMB. Subsequently, these regional changes strongly control the SMB of 
the SSI. While our study does not delve into the specific mechanisms 
behind Drake pressure anomalies, they're probably impacted by tropical 
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forces and regional temperature variations (e.g., Hoskins and Karoly, 
1981; Karoly, 1989; Carrasco-Escaff et al., 2023; Clem et al., 2022; 
Gorodetskaya et al., 2023). Studies like Carrasco-Escaff et al. (2023) 
suggest that Drake low's formation is sensitive to SST anomalies in the 
tropical Pacific, influencing precipitation and SMB in the Patagonia 
Icefields. Recent findings, indicate complex interactions, like Rossby 
waves influencing the AP's climate through synoptic scale circulation 
anomalies such as intensification of ASL and strengthened high pressure 
over Drake Passage (e.g., Rondanelli et al., 2019; Clem et al., 2022; 
Gorodetskaya et al., 2023). These insights highlight the need for further 
research to fully understand the teleconnections affecting the Drake 
atmospheric circulation anomalies. 

We found that at the interannual scale, ASL is strongly related to 
SAM (r = − 0.74, p < 0.05) (Table S18). However, at the decadal scale, 
ASL shows a stronger relationship with El Niño 4 (r = 0.65, p < 0.05) 
(Table S19), indicating that positive surface temperature anomalies over 
the tropics lead to positive ASL anomalies. According to Li et al. (2021), 
during El Niño events, there is typically a weakening of the ASL, which 
can induce cooling in the AP of up to 1.5 ◦C and positive anomalies in sea 
ice concentration of up to 10–20% in the vicinity of the Amundsen, 
Bellingshausen, and Weddell Seas. We also found that the Z500-Drake 
index shows low correlation with the large-scale climate indices 
(ENSO and SAM) but moderate and significant correlation with SST- 
ABSea (r = 0.38, p < 0.05). This would indicate that pressure anoma-
lies over Drake can be associated with sea surface temperature anoma-
lies over the Bellingshausen Sea. However, further analysis of these 
relationships is needed to identify which drivers influence the atmo-
spheric pressure anomalies over Drake. 

6. Conclusions 

This study explored the climatic influences on the SMB of SSI glaciers 
on seasonal and interannual timescales. Employing the RACMO and 
COSIPY glaciological models, we obtained robust SMB time series for SSI 
glaciers. We then analyzed detrended SMB anomaly time series against 
climate variables to understand their relationship with key atmospheric 
modes of variability at the interannual timescale. Additionally, we 
assessed the impact of AR events on the seasonal SMB of SSI glaciers, 
shedding light on various climate processes at different scales affecting 
SMB. Key conclusions include: 

● Interannual SMB Variability: Near-surface temperature and pre-
cipitation mainly drive the interannual variability of SSI glaciers' 
SMB, while insolation has minimal impact.  

● Local-Scale Conditions: Years with higher-than-average SMB 
correlate with increased annual accumulation and reduced summer 
ablation, linked to more annual precipitation and lowered summer 
near-surface temperatures. Lower-than average SMB years show the 
opposite conditions.  

● Break in SMB Trends: A notable shift in the SMB trend aligns with 
regional warming and cooling trends of the AP. A significant nega-
tive SMB trend was observed in the 1970–1997 period, followed by a 
significant positive trend in the 1999–2014 period. Since 2015, there 
has been a trend towards extremely negative SMB rates.  

● Positive/Negative SMB years: Positive SMB years are associated 
with low-pressure systems over Drake Passage (known as the Drake 
low), enhancing winter snowfall and cooling the northern AP in 
summer. Negative SMB years are linked to high-pressure systems 
over the Weddell Sea in summer, leading to increased surface abla-
tion due to meridional winds. 

● Climate Variability Modes: Interannual SMB variability shows lit-
tle correlation with major climate modes like SAM and ENSO, though 
these may moderately influence summer SMB. ENSOs' effects on SMB 
vary seasonally. Interannually, ESNO positive (during El Niño 
events) and DC-CPAC (negative anomalies) are associated by slightly 
positive SMB anomalies in SSI.  

● AR Events Impact: ARs' effects on SMB vary seasonally. Winter ARs 
typically lead to positive SMB conditions, while summer ARs can 
have a negative impact. Typically, these ARs feature low pressure 
anomalies over the Amundsen-Bellingshausen Sea in summer and the 
Drake Passage in winter, accompanied by high pressure over the 
Weddell Sea, leading to prevalent meridional winds. 

Our study gives new insights into the complex interplay between 
current climate processes and cryospheric dynamics in island glaciers on 
the northern Antarctic Peninsula. We underscore that the interannual 
SMB variability in these glaciers is largely responsive to SST anomalies 
and surface and atmospheric pressure anomalies over the Drake Passage 
and northern Weddell Sea. Specifically, negative atmospheric pressure 
anomalies over the Drake Passage are correlated with positive SSI SMB 
anomalies. Conversely, positive SST anomalies over the Drake Passage 
result in negative SSI SMB anomalies. Furthermore, we highlighted the 
need for further glacier-climate studies to delve into the seasonal and 
intraseasonal impacts of various climate forcings and ARs on the AP 
environment, particularly on small-scale glaciers along the coastal zone. 
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