
1.  Introduction
The Greenland (GIS) and Antarctic ice sheets (AIS) hold enough water to raise global sea levels by 65.4 m 
(GIS 7.4 m, AIS 58 m) and have already contributed 18.4 mm (GIS 10.8 ± 0.9 mm, AIS 7.6 ± 3.9 mm) to 
global sea level rise since 1992 (Hanna et al., 2013; Rignot et al., 2008; The IMBIE team, 2018, 2020). Recent 
mass loss from the GIS has been primarily attributed to surface melt and runoff due to warmer air temperatures 
(Fettweis et al., 2017; Noël et al., 2019; Straneo & Heimbach, 2013) and increased insolation due to reduced 
summer cloud cover (Fettweis et al., 2017; Hofer et al., 2017; Noël et al., 2019; Tedesco et al., 2013). Mass loss 
from the AIS has been attributed to increased surface runoff and acceleration of marine-terminating glaciers 
primarily from regional increased air and ocean temperatures that have caused thinning, retreat, and collapse of 
marine-terminating glaciers and ice shelves (Auger et al., 2021; Bozkurt et al., 2020; Konrad et al., 2018; Rignot 
et  al.,  2004,  2014; Scambos et  al.,  2004). Surface melt and subsequent runoff are responsible for more than 
80% of mass loss acceleration since the 1990s on the GIS (Andersen et al., 2015; Enderlin et al., 2014; Fettweis 
et al., 2017), and contribute to decreased ice shelf stability and collapse on ice shelves surrounding the AIS, 
which help to buttress grounded ice (Laffin et al., 2022; Massom et al., 2018).

Directionally consistent katabatic winds on the margins of the GIS and AIS, and föhn winds in the Antarctic Penin-
sula (AP) and northwestern Greenland, enhance surface melt rates (Datta et al., 2019; Laffin et al., 2021, 2022; 
Lenaerts et al., 2017; Mattingly et al., 2023; Wang et al., 2021). Katabatic winds originate in the cold, high, 
and dry ice sheet interior where relatively dense surface air drains downslope toward warmer regions. The 
polar highs coupled with the very cold and sloped ice sheets, make katabatic winds a consistent force on both 
ice sheet margins and some of the strongest and most persistent winds on Earth (Bromwich, 1988; Parish & 
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Cassano, 2003). Föhn winds form when relatively cool moist air, forced over a mountain barrier, releases latent 
heat and precipitates during ascent. The warmer, drier air descends the leeside slope and compresses to create 
warm and dry gusty winds (Elvidge and Renfrew (2015)). Both katabatic and föhn wind mechanisms reduce 
atmospheric moisture and inhibit cloud formation which increases surface insolation and heating (Mioduszewski 
et al., 2016; Vihma et al., 2011). These strong winds turbulently mix the stable polar boundary layer, enhance 
sensible heat exchange, and accelerate surface melt (King et al., 2017; Kuipers Munneke et al., 2018; Laffin 
et al., 2021; Nylen et al., 2004; Vihma et al., 2011; Wang et al., 2021).

The effect of föhn and katabatic winds, which we will call downslope winds unless specified, on surface processes 
has been studied extensively on the AIS and through local case studies on the GIS. Observational and model 
studies have identified impacts of downslope winds on surface temperatures (Nylan et  al.,  2004; Parish and 
Bromwich, 1986), the surface energy budget (Kuipers Munneke et al., 2012, 2018; Laffin et al., 2021; Le Toumelin 
et al., 2021), surface mass balance including enhanced surface melt (Kuipers Munneke et al., 2012, 2018; Laffin 
et al., 2021; Mattingly et al., 2023; Wang et al., 2021), coastal precipitation (Grazioli et al., 2017), snow mass 
transport (Grazioli et al., 2017; Palm et al., 2017), ice shelf stability (Laffin et al., 2022), and sea ice and poly-
nya formation with attendant impacts on ocean currents and biological productivity (Cape et al., 2014; Davis & 
Mcnider, 1997; Wenta & Cassano, 2020). Additionally, winds faster than 5–8 m/s can cause blowing snow that 
reflects shortwave radiation and enhances sublimation that limit surface melt (Grazioli et al., 2017; Le Toumelin 
et al., 2021), or expose bare ice that triggers the snow-ice albedo feedback (Lenaerts et al., 2017).

Despite this research, the contribution of downslope wind-associated melt compared to total melt, extent to which 
downslope wind regimes have changed, and how those changes have affected total melt and melt trends remain 
unclear. Here we use regional climate model simulations of the GIS from 1961 to 2019 and AIS from 1981 to 
2019 to quantify melt associated with downslope winds, and estimate/explore how the wind regimes on each 
ice sheet have changed since the beginning of the simulation period. Section 2 describes the data and methods. 
Section 3 summarizes the total melt, mechanisms for melt, and melt trends associated with downslope winds. 
Section 4 summarizes the main findings and discusses the implications of the study in relation to the current 
understanding of surface melt on the GIS and AIS.

2.  Data and Methods
2.1.  Regional Atmospheric Climate Model Simulations (RACMO2)

We base our GIS and AIS analysis on 3-hourly output from simulations by the Regional Atmospheric Climate 
Model version 2.3p2 (RACMO2.3p2), with a horizontal resolution of 5.5  km (0.05°) focused on the GIS 
from 1961 to 2019, and 27.5  km (0.25°) focused on the AIS from 1981 to 2019. RACMO2 uses the phys-
ics package CY33r1 of the European Centre for Medium-Range Weather Forecasts-Integrated Forecast System 
(ECMWF-IFS, 2009) in combination with atmospheric dynamics of the High-Resolution Limited Area Model 
(HIRLAM). When compared with Automatic Weather Stations (AWS) observations of surface air temperature 
on the AP, AIS periphery, and the entire GIS, RACMO2 has a slight warm bias (0.7ºC), and over/under-estimates 
downwelling shortwave/longwave radiation (9–24 W m 2) due to underestimation of clouds and moisture but over-
all reproduces surface observations (Bozkurt et al., 2020; King et al., 2017; Laffin et al., 2021; Noël et al., 2018). 
RACMO2 is forced at the lateral boundaries with ERA-Interim data (Hersbach et al., 2020) and shows improve-
ment in the surface energy fluxes and near-surface temperature from previous versions compared with AWS 
observations on both ice sheets (Bozkurt et al., 2020; Van Wessem et al., 2018).

2.2.  Downslope Wind Detection

We associate downslope winds with melt that occurs when the wind direction is aligned with the topography 
surface slope (including Coriolis force) while surface melt occurs. We identify downslope winds on the GIS when 
the wind direction is within −10° to the left and 60° to the right of the downslope direction. The Coriolis force 
can steer downslope flow in the northern hemisphere to the right by up to 60° (Parish & Cassano, 2003; Van den 
Broeke & Van Lipzig, 2003; Wenta & Cassano, 2020; Wang et al., 2021). Mesoscale meteorological pressure 
gradients and differential heating of ice and land from albedo differences can enhance downslope flow (Klein 
and Heinemann (2002)) and steer it in either direction. The Coriolis force steers in the opposite direction in the 
southern hemisphere where downslope flow will be −60° to the left and 10° to the right of the AIS topographic 
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downslope direction. Additionally we do not use slope angle to identify downslope winds because it is important 
for understanding downslope wind velocity not downslope wind identification. This method does not differen-
tiate katabatic and föhn winds. But is useful for identifying katabatic winds on both ice sheets as well as föhn 
winds which primarily occur on the AP and Marie Byrd Land of the AIS (Elvidge & Renfrew, 2015; Elvidge 
et al., 2016; Laffin et al., 2022; Nylan et al., 2004; Speirs et al., 2010). Traditionally, föhn winds are identified by 
their meteorological signatures of warmth, dryness, direction, and gustiness (Cape et al., 2014; Datta et al., 2019; 
Elvidge et al., 2020; Laffin et al., 2021; Turton et al., 2018), however this downslope method also identifies föhn 
winds because on the leeside of the mountains they are funneled through topography as they descend and so 
mirror topographic slopes (Elvidge et al., 2016).

3.  Results
3.1.  GIS Downslope Wind Melt Regime

Surface melt associated with the downslope wind direction (accounting for Coriolis steering) occurs primarily on 
the periphery of the GIS (Figure 1a). Downslope wind-associated surface melt maximizes in the western portion 
of the ice sheet at 1,910 ± 5.2 mm w.e. yr −1, or 64 ± 5.2% of total melt. Overall, surface melt coincident with 
downslope winds accounts for 27.5 ± 4.5% of the total annual surface melt and can reach as high as 98.6% locally 
(Figure 1b). Most (92.4%) downslope wind-associated melt occurs at lower elevations in the GIS ablation zone, 
where downslope winds peak and surface temperatures are highest.

The surface energy fluxes that dominate surface melt production associated with downslope winds are shortwave 
radiation and sensible heat exchange (Wang et al., 2021). Shortwave absorption constitutes 86 ± 11% of the posi-
tive energy balance components during melt associated with downslope flow (Figure S2 in Supporting Informa-
tion S1). However, this distribution is not uniform over the entire GIS. 79% of the surface melt in the downslope 
wind-associated melt area on the southern GIS (south of 72°N) is driven by shortwave absorption (>50% of 
the positive energy balance components), with sensible heat flux (SHF) making up the other 21% (Figure S2a 
in Supporting Information S1). On the northern portion of the GIS, downslope wind-associated surface melt is 
primarily driven by the SHF over 70% of the melt area. These results are consistent with Wang et al. (2021) who 
focused on sub-monthly melt timescales to show that sensible heat drives the melt variability, while we show that 
shortwave absorption supplies most of the absolute power for total melt.

In the ablation zone on the GIS periphery, where topographic slope and wind speed peak, sensible heat trans-
fers more melt energy to the surface, but does not surpass shortwave absorption as the main driver of melt 
for the southern GIS (Figure S2 in Supporting Information  S1). We also confirm the increase in shortwave 
absorption and sensible heat during downslope winds when melt occurs (King et al., 2017; Kuipers Munneke 
et al., 2012, 2018; Wang et al., 2021). However, when melt is absent, downslope winds stronger than 5–9 m/s 

Figure 1.  (a) Annual average surface melt pattern when downslope winds are present from 1961 to 2019. (b) Percent of the total melt associated with downslope winds 
from 1961 to 2019. (c) Average wind speed when downslope winds are present. (d) Multi-decadal difference in wind speed during downslope wind with a statistical 
significance of 95% computed as 1991–2019 mean minus 1961–1990 mean.
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(depending on snow type) can create blowing snow that act as low-level clouds that reduce the amount of short-
wave absorption at the ice surface (Palm et al., 2017; Xie et al., 2021) (Figure S2b in Supporting Information S1). 
Additionally, blowing snow also sublimates in the dry katabatic air further reducing air temperature, essentially 
protecting the ice surface from melt (Palm et al., 2017).

3.2.  AIS Downslope Wind Melt Regime

Surface melt associated with the downslope wind direction (steered to the left by the Coriolis effect) occurs 
primarily on the periphery of the AIS and its ice shelves and constitutes 19.7  ±  3.8% of total surface melt 
(Figure 2). The ice shelves (Abbot(1), Amery(2), Shackleton(3), Totten(4)) that often experience katabatic flow 
also experience enhanced summer surface melt during downslope wind events. Melt associated with downslope 
winds on Totten and Shackleton ice shelves constitutes 81 ± 3.7% and 55 ± 2.5% of their respective total surface 
melt amounts (Figure 2b). The greatest AIS climatological surface melt rate (412 mm w.e. yr −1) occurs on the east-
ern AP due to powerful föhn winds (Cape et al., 2014; Datta et al., 2019; Laffin et al., 2021, 2022). Surface  melt 
is underestimated in this region because the RACMO2 model resolution (27.5 km) does not resolve sub-grid scale 
föhn winds that are funneled through topography (Laffin et al., 2021). However, this model resolution captures 
an overall föhn/downslope effect that shows increased surface melt at the base of the AP mountains as observed 
in previous research (Datta et al., 2019; Elvidge & Renfrew, 2015; Laffin et al., 2021, 2022).

Overall shortwave absorption constitutes 76 ± 9% of the positive energy balance components during melt associ-
ated with downslope flow on the AIS (Figure S4 in Supporting Information S1). This distribution is not uniform 

Figure 2.  (a) Annual average surface melt pattern when downslope winds are present from 1981 to 2019. Numbered rectangular regions indicate ice shelves; 1-Abbot, 
2-Amery, 3-Shackleton, 4-Totten (b) Percent of the total annual melt associated with downslope winds from 1981 to 2019. (c) Average wind speed when downslope 
winds are present. (d) Difference in wind speed during downslope wind with a statistical significance of 95% from the average of 2001–2019 minus the average of 
1981–2000.
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over the entire AIS. The surface energy balance, similar to the GIS, also indicates increased solar and sensible 
heat during melt associated with downslope flow, and reduced shortwave absorption during that does not cause 
melt likely due to cloud shadowing and to blowing snow that can block shortwave radiation and sublimate (Figure 
S2 in Supporting Information S1). Nevertheless, the AIS and most of its ice shelves are losing mass at an accel-
erating rate (Rignot et al., 2013). Warmer atmospheric temperatures and a more positive Southern Annular Mode 
(SAM) help explain accelerating melt on the AP (Turton et al., 2018).

3.3.  Contrasting GIS and AIS Downslope Wind Melt Trends

Surface melt associated with downslope flow on the GIS generally increases through the simulation period 
(1961–2019), however downslope wind-associated melt increases mainly after the 1990s (Figure 3a; Table S1 in 
Supporting Information S1). While downslope-associated melt increased by 10.3% from 1991 to 2019 relative to 
1961–1990, downslope wind-associated melt did not increase as much compared to total melt (Figure 3a). Prior 
to the 1990s surface melt associated with downslope winds was stable, however after the 1990s wind-driven melt 
increased by 14 Gt yr −1 (10.3 ± 2.5%) with the largest increases in June (1.8% yr −1) and July (1.6% yr −1) (Figure 
S1 in Supporting Information S1). Over the same period, total surface melt increased by 183 Gt yr −1 (34 ± 5.8%) 
indicating a reduced role for downslope wind-associated melt as surface temperatures warm, and tend to inhibit 
downslope wind formation.

The western GIS ablation zone downslope wind speeds slowed on average by 0.37 m/s (6.4%) over the same 
period (Figure 1d). The North Atlantic Oscillation (NAO) helps explain this apparent conundrum. The negative 
phase of the summer NAO causes a blocking high to form over the GIS and has become more negative since 
1994. This supports the formation of downslope winds and clear skies (Fettweis et  al.,  2017; Mioduszewski 
et al., 2016; Tedesco et al., 2013). Negative summer NAO also corresponds with warmer surface temperature that 
increases surface melt, while inhibiting the formation of downslope winds.

The AIS mean surface melt declined by 5.8  Gt  yr −1 (27.8  ±  5.3%) between the periods 1981–2000 and 
2001–2019, consistent with previous research on total melt (Figure  3b; Figure S3 in Supporting Informa-
tion S1) (Trusel et al., 2013). Föhn-winds cause surface melt on the AP that represents 64.3 ± 6.4% of total 
AP melt and varies significantly depending on the phase of the SAM and thus drives the AIS-wide melt trend 
(Laffin et al., 2021, 2022; Turner et al., 2016, 2018). Additionally, increased stratospheric ozone above the AIS 
has reduced surface insulation and temperatures, hence contributing to the negative melt trend (Abrahamsen 
et al., 2020; Solomon et al., 2016; Thompson et al., 2011).

4.  Discussion and Summary
We use RACMO2 simulations of the GIS from 1961 to 2019 and AIS from 1981 to 2019 to examine how much 
melt is associated with downslope winds, and how the wind regimes, associated melt, and total melt on each ice 
sheet have changed. Surface melt associated with downslope winds is significant on both the GIS and AIS, and 
constitutes a climatological average of 19.7% and 27.5% of total surface melt respectively. The western GIS and 
AP in particular experience significant melt associated with downslope winds. Overall, the AIS has experienced 
a reduction of 31.8% in downslope wind-associated melt since 1999 mostly due to reduced föhn generated melt 

Figure 3.  (a) Time series of annual surface melt associated with downslope winds on the GIS from 1961 to 2019. (b) Time series of annual surface melt associated 
with downslope winds on the Antarctic ice sheets from 1981 to 2019.
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on the AP (Laffin et al., 2021). The increasing trend in GIS melt associated with downslope winds began in 
the 1990s with the majority occurring after 2006, however the relative increase in wind-induced melt (10.3%) 
is smaller than that of total melt (34%). This melt increase is associated with the negative phase of the summer 
NAO which leads to persistent high pressure blocking over the GIS (Fettweis et al., 2017; Tedesco et al., 2013). 
The resulting clear skies allow radiative cooling of the ice surface and promote downslope flow. However, the 
blocking high also increases surface insolation which increases air temperatures and reduces the downslope 
wind speeds illustrated in Figure 1d. In the ablation zone this blocking has slowed downslope wind speeds yet 
increased melt because of increased solar surface absorption. In the accumulation zone of the central GIS, winds 
have accelerated since 1995, likely because the anticyclonic rotation of the blocking high now aligns with the 
shallow downslope direction and does not indicate an increase in downslope wind strength.

There are clear differences between the GIS and AIS downslope wind associated melt regimes. The relative 
importance of the positive energy balance components during downslope winds (shortwave absorption (SW) and 
SHF) differ between the GIS (SW 89%, SHF 11%) and AIS (SW 74%, SHF 26%) for three reasons; (a) the GIS 
receives more insolation due to its location closer to the equator, (b) the GIS is warmer than the AIS and requires 
less positive energy balance to trigger melt, (c) the AIS wind-associated melt regime is primarily driven by the 
AP föhn winds which can significantly enhance sensible heat fluxes compared to katabatic winds (Figure 3b), 
which are more prominent on the GIS. The GIS wind-associated melt trend has increased by 10.3% in the past 
20 years while on the AIS it has decreased by 32%. The wind-associated melt on the AIS has decreased along 
with total melt, however the variability in AP föhn wind-associated melt in the past 20 years helps explain the 
total melt decrease, because the majority of surface melt on the AIS occurs on the AP (Turner et al., 2016). In 
contrast the GIS wind-associated melt regime has increased through time, though more slowly than total surface 
melt. The enhanced surface temperatures on the GIS reduce the surface air density, increase its buoyancy, and 
slow the speed of katabatic flow. Total surface melt has increased with higher surface temperatures, despite the 
slower downslope winds reducing wind-associated melt. This results in a marked contrast between decreasing 
trends in total and downslope-driven melt on the AIS, and the overall increasing melt trend on the GIS. These 
results are not surprising considering the ice sheets' locations and temperatures. The GIS trends could be seen as 
precursors of melt trends that the AIS could experience with continued global warming.

Over the past 20 years downslope wind-associated melt has decreased 31.8% on the AIS while total melt decreased 
15.4% due to reduced föhn-induced melt on the AP which drives the overall AIS melt trend. Wind-associated 
melt has increased by 10.3% on the GIS which is less than the total melt increase of 34%, the result of more nega-
tive NAO and summer blocking over the GIS which ultimately leads to warming surface temperatures that reduce 
downslope wind speeds. In Antarctica, surface melt and subsequent runoff is a key contributor to sea level rise, as 
it can cause ice shelf instability and halt the buttressing effect on grounded glaciers. Past changes will help clarify 
how these wind-associated melt regimes will change as the polar regions continue to warm.
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