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Key points: 19 

• The amount of surface melting on Larsen C is driven mostly by sunny conditions, 20 

followed by foehn events, cloud and large-scale circulation 21 

• Deep Amundsen Sea Low, positive Southern Annular Mode, and El Niño conditions 22 

enhance surface melting 23 

• Drivers of surface melting overlap and interact 24 

 25 
 26 

Abstract 27 

Quantifying the relative importance of the atmospheric drivers of surface melting on the 28 

Larsen C ice shelf is critical in the context of recent and future climate change. Here, we 29 

present analysis of a new multi-decadal, high-resolution model hindcast using the Met Office 30 

Unified Model (MetUM), described in part 1 of this study. We evaluate the contribution of 31 

various atmospheric conditions in order to identify and rank, for the first time, the most 32 

significant causes of melting over the recent past. We find the primary driver of surface 33 

melting on Larsen C is solar radiation. Foehn events are the second most important 34 
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contributor to surface melting, especially in non-summer seasons when less solar radiation is 35 

received at the surface of the ice shelf. Thirdly, cloud influences surface melting via its 36 

impact on the surface energy balance (SEB); when the surface temperature is warm enough, 37 

cloud can initiate or prolong periods of melting. Lastly, large-scale circulation patterns such 38 

as the Southern Annular Mode (SAM), El Niño Southern Oscillation (ENSO) and Amundsen 39 

Sea Low (ASL) control surface melting on Larsen C by influencing the local meteorological 40 

conditions and SEB. These drivers of melting interact and overlap, for example, the SAM 41 

influences the frequency of foehn, commonly associated with leeside cloud clearances and 42 

sunnier conditions. Ultimately, these drivers matter because sustained surface melting on 43 

Larsen C could destabilise the ice shelf via hydrofracturing, which would have consequences 44 

for the fate of the ice shelf and sea levels worldwide. 45 

 46 

Plain Language Summary  47 

 48 

In order to predict the future of the largest remaining ice shelf on the Antarctic Peninsula - 49 

Larsen C – we must understand what is causing it to melt at the surface. We use results from 50 

a new model dataset to explore which causes of melting are the most important. Our results 51 

show that the most dominant factor is solar radiation, especially in summer, while relatively 52 

warm, dry foehn winds are the second most important cause of melting. Foehn winds are an 53 

especially significant cause of melting in non-summer seasons. The third driver of surface 54 

melting is cloud, because clouds can affect how much energy is received at the surface of the 55 

ice shelf. When it is warm enough, clouds can initiate or sustain melting. The final cause of 56 

melting is large-scale atmospheric circulation patterns, which can establish the conditions 57 

that promote melting, such as sunny, cloudy or foehn periods. These melt drivers interact 58 

with one another and can compound or dampen the effects of other causes of melting. These 59 

melt drivers matter because surface melt could cause this ice shelf to collapse, and therefore 60 

indirectly contribute to sea level rise. 61 

 62 

 63 

1 Introduction 64 

 65 

Atmospheric drivers of surface melting were implicated in the collapse of the Larsen A and B 66 

ice shelves that previously neighboured Larsen C - the largest remaining ice shelf on the 67 

eastern side of the Antarctic Peninsula and which extends north of the Antarctic circle - by 68 
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increasing firn densification, meltwater ponding and ultimately hydrofracturing and 69 

disintegration (Scambos et al., 2000; 2003; Bell et al., 2018). In particular, the large-scale 70 

circumpolar westerly circulation is known to have an important role in the Antarctic 71 

Peninsula region by influencing local atmospheric conditions via its effect on foehn winds. 72 

Foehn winds cause leeside warming and associated melting over these ice shelves (van 73 

Lipzig et al., 2008; Orr et al., 2008; 2021; Cape et al., 2015; Elvidge et al. 2015, 2016; King 74 

et al. 2017; Kuipers Munneke et al., 2018), and a distinct west-east gradient in melting over 75 

Larsen C (Bevan et al., 2018; Elvidge et al. 2020; Gilbert et al., 2022). Large-scale 76 

circulation variability in the Southern Hemisphere is strongly influenced by the Southern 77 

Annular Mode (SAM). The SAM underwent a positive trend from the 1960s to the mid-78 

1990s, particularly in austral summer (December, January, February; DJF), causing flow to 79 

be more dominantly westerly (Marshall, 2003; Marshall et al., 2006; Fogt & Marshall, 2020), 80 

although there has not been a significant trend since then. Stronger westerly flow associated 81 

with a more positive SAM strengthened the flow impinging on the Antarctic Peninsula, 82 

resulting in increased foehn-induced warming over the ice shelves (Orr et al., 2008; Cape et 83 

al., 2015; Datta et al., 2019).  84 

 85 

The SAM is strongly correlated with the strength of the Amundsen Sea Low (ASL), which is 86 

a climatological low-pressure centre in the Amundsen/Bellingshausen Seas to the west of the 87 

Antarctic Peninsula. The ASL influences near-surface wind, temperature and sea ice 88 

concentration, and thus primarily temperatures on the western side of the Antarctic Peninsula 89 

(King, 1994; Turner et al., 2013; Hosking et al., 2013). The El Niño Southern Oscillation 90 

(ENSO) teleconnection also influences the ASL, primarily during austral winter (June, July, 91 

August; JJA) and spring (September, October, November; SON) (Clem et al., 2016). The 92 

SAM and ENSO are shown to be anti-correlated throughout the instrumental record (Fogt et 93 

al., 2011; Dätwyler et al., 2020), and by influencing the strength of the ASL can affect the 94 

advection of warm maritime air across the Antarctic Peninsula and thus atmospheric 95 

conditions (including foehn events) over its eastern side. 96 

 97 

The high mountains (~2000 m) running along the spine of the Antarctic Peninsula present a 98 

significant barrier separating the relatively warm, maritime environment to the west from a 99 

much cooler continental climate on the eastern side (Orr et al., 2004). As well as acting as a 100 

barrier to prevailing westerly winds, cold air masses on the eastern side of the Antarctic 101 

Peninsula can also be blocked by the high orography, resulting in the formation of strong 102 



4 
 

southerly or ‘barrier’ winds flowing along the eastern side of the Peninsula (Schwerdtfeger, 103 

et al. 1975; Parish, 1983), which can therefore affect temperatures over Larsen C.  104 

 105 

Regional climate models (RCMs) are commonly used to assess the role of atmospheric 106 

drivers of melt on Larsen C due to the dearth of long-term observations (e.g. Orr et al., 2008, 107 

2021; Elvidge et al., 2015; 2016; 2020; Turton et al., 2018; 2020; Kuipers Munneke et al., 108 

2018; Wiesenekker et al., 2018; Datta et al., 2019; Laffin et al., 2021; Gilbert et al., 2022). 109 

However, many of these studies have focused on particular meteorological phenomena, 110 

especially the role of foehn winds (e.g. Turton et al., 2018; 2020; Datta et al., 2019; Laffin et 111 

al., 2021; Orr et al., 2021), and/or have examined melt over a relatively short timeframe (e.g. 112 

Kuipers Munneke et al., 2018; Gilbert et al., 2020; Elvidge et al., 2016; 2020). To date, no 113 

work has attempted to assess the relative importance of the first-order drivers of surface 114 

melting on Larsen C (i.e., SW radiation, foehn, cloud cover and phase, and large-scale 115 

circulation patterns like the SAM, ENSO and ASL) on the surface energy balance (SEB) or 116 

melting over a multi-decadal time period.  117 

 118 

While van Wessem et al. (2015; 2016) produced near-surface climatologies of winds / 119 

temperatures and surface mass balance, respectively, over the Antarctic Peninsula using 120 

RACMO2.3 (Regional Atmospheric Climate Model) at a spatial resolution of 5.5 km, 121 

“significant biases” remained that the authors attribute to difficulties in resolving the steep 122 

topography that characterises the region (van Wessem et al., 2016: p271). Resolving complex 123 

topography is vital for realistically simulating foehn winds, and may be more difficult using 124 

RACMO2.3 because its hydrostatic core prohibits the use of kilometre scale spatial resolution 125 

(Orr et al., 2021). It should be noted, however, that Weisenekker et al. (2018) and Laffin et 126 

al. (2021) highlight RACMO2.3’s satisfactory ability to resolve foehn events over Larsen C. 127 

Wiesenekker et al. (2018) diagnose foehn wind occurrence between 1979-2016 at Cabinet 128 

Inlet on Larsen C, situated close to the foot of the eastern slopes of the Antarctic Peninsula, 129 

from AWS and RACMO2.3 model data, but do not relate this to the SEB. King et al. (2015) 130 

comprehensively evaluate the ability of three RCMs to reproduce observed meteorology and 131 

SEB on Larsen C during summer 2010/11, but the period is short – just one month. Gilbert et 132 

al. (2020) evaluate melting on Larsen C over this same one-month period but focus solely on 133 

the role of cloud on melt. Similarly, Elvidge et al. (2020) use the regional configuration of the 134 

UK Met Office Unified Model (MetUM) at 1.5 km resolution to assess the role of various 135 

SEB regimes in driving melt on Larsen C and include a thorough investigation of the role of 136 
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solar radiation and foehn and the conditions that produce these, but this process-focused 137 

study is limited in its duration to six months. Datta et al. (2019) use the MAR (Modèle 138 

Atmosphérique Régionale) model at 7.5 km resolution to evaluate the effect of foehn events 139 

on the evolution of the snowpack during the period 1982-2017 and find three regimes in 140 

which surface melting occurs, related to foehn winds and cloud occurrence. However, the 141 

focus of their study is on the evolution of firn and the snowpack, rather than quantifying the 142 

atmospheric processes that influence the SEB regime and surface melting. Laffin et al. (2021) 143 

examine the impact of foehn winds on melting during 1979–2018 using machine learning and 144 

the RACMO2.3 model, and Turton et al. (2020) combine observations and model output 145 

from AMPS (Antarctic Mesoscale Prediction System) to explore seasonal patterns in foehn-146 

driven surface melt. Lastly, Bozkurt et al. (2020) use the WRF (Weather Research and 147 

Forecasting) model at 15 km resolution to produce a hindcast for the Antarctic Peninsula over 148 

the period 1991-2015, which again is insufficiently fine-scale to adequately resolve important 149 

features such as foehn winds.  150 

 151 

Some attempts have been made to link specific atmospheric drivers to increased melting over 152 

the ice shelves on the eastern side of the Antarctic Peninsula using a variety of methods. For 153 

instance, Cape et al. (2015) use satellite and Automatic Weather Station (AWS) data to 154 

correlate monthly Antarctic Peninsula foehn occurrence with backscatter-derived surface 155 

melt and find the strongest relationships on the Larsen A and B ice shelves and in inlets in the 156 

northwest of Larsen C ice shelf. Kuipers Munneke et al. (2018) demonstrate that a foehn 157 

event drove enhanced surface melting across Larsen C during austral autumn (March, April, 158 

May; MAM) 2016. Elvidge et al. (2020) also find that foehn winds are the dominant 159 

meteorological driver of melt across Larsen C, with the primary cause of melting attributed to 160 

incoming shortwave (SW) radiation, a result also reported by Gilbert et al. (2020) for DJF 161 

2011. Foehn events are commonly associated with leeside cloud clearance and thus enhanced 162 

SW radiation (e.g., Takane and Kusaka 2011).   163 

 164 

Gilbert et al. (2020) identify cloud phase as a crucial determinant of melting over Larsen C 165 

because optically thick clouds with larger ice or liquid water paths (IWP or LWP) decrease 166 

downward SW radiation and increase downward longwave (LW) radiation, and whether the 167 

cloud enhances or suppresses melt depends on the balance between these radiative effects 168 

(Hofer et al., 2019). Optically thick cloud is shown by Ghiz et al. (2021) to increase 169 

downward LW fluxes enough to initiate and prolong periods of melting in West Antarctica, 170 
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while optically thin liquid-bearing cloud can also enhance melting by increasing the total 171 

downward radiative flux, a phenomenon also noted in Greenland by Bennartz et al. (2013). 172 

Although demonstrated for short periods (Gilbert et al., 2020), the importance of cloud-173 

mediated melting on Larsen C has not been examined over multiple decades.  174 

 175 

Given these knowledge gaps, the aim of this investigation is to robustly quantify the 176 

importance of the various drivers of Larsen C surface melting over a multi-decadal period. 177 

This is critical for understanding Larsen C’s stability in the context of past, present and future 178 

change. For example, Trusel et al. (2015), Lai et al. (2020) and Gilbert & Kittel (2021) 179 

identify Larsen C as being vulnerable to hydrofracturing-mediated collapse as the climate 180 

warms. By bringing together the many atmospheric drivers or conditions that are 181 

demonstrably important in the region, such as foehn, cloud phase and large-scale circulation 182 

variability, this study will comprehensively determine their impact on the SEB and surface 183 

melting over Larsen C.  184 

 185 

We will do this by examining output from the high-resolution multi-decadal MetUM hindcast 186 

of the Antarctic Peninsula described in Part 1 of this study (Gilbert et al., 2022), which 187 

included a validation of the model SEB against AWS measurements on Larsen C. Part 1 188 

showed that the hindcast is capable of representing the foehn-induced east-west gradient in 189 

surface melting on Larsen C observed by satellites (Bevan et al., 2018), i.e., indicating that it 190 

is able to reasonably represent foehn-associated flow. It further shows that the model captures 191 

the observed frequency of foehn events over Larsen C, and adequately simulates near-surface 192 

meteorology. This hindcast is therefore a useful resource for studying the dominant 193 

conditions that influence surface melting on the Larsen C ice shelf.   194 

 195 

2 Data & Methods 196 

 197 

2.1 The surface energy balance and surface melt 198 

The influence of atmospheric processes on surface melting is quantified by examining their 199 

effect on the SEB, defined as the balance between upwelling and downwelling components 200 

of surface SW and LW radiation, SW↑, SW↓, LW↑ and LW↓ respectively, and the latent, 201 

sensible and ground heat fluxes, HS, HL and GS, respectively, and which is formulated as: 202 
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𝐸𝑡𝑜𝑡 =  𝐿𝑊↑  +  𝐿𝑊↓  +  𝑆𝑊↑  +  𝑆𝑊↓  + 𝐻𝑆  + 𝐻𝐿  + 𝐺𝑆    (1) 203 

where fluxes directed towards the snow surface are defined as positive. Surface melt energy, 204 

Emelt, is positive when the sum of fluxes, Etot, is positive and surface temperature, TS, is at or 205 

above the melting point, i.e.: 206 

𝐸𝑚𝑒𝑙𝑡 = {
𝐸𝑡𝑜𝑡 𝑇𝑆 ≥ 0℃

0 𝑇𝑆  <  0℃
     (2) 207 

 208 

2.2 The MetUM model 209 

 210 

As the MetUM hindcast is comprehensively described and evaluated in Gilbert et al. (2022), 211 

this section will only give brief details of the simulation. The hindcast uses a spatial 212 

resolution of 4 km over a domain that covers the central Antarctic Peninsula, centred on the 213 

Larsen C ice shelf (Figure 1). Boundary conditions are from ERA-Interim. It has output at 214 

three and six hourly temporal resolution for one/two-dimensional and three-dimensional 215 

variables, respectively. The variables archived include SEB terms (turbulent and radiative 216 

fluxes), near-surface meteorology (winds, humidity, temperatures, pressure etc.), cloud fields 217 

(water paths, mass mixing ratios, cloud fractions etc.) and surface melt terms as well as three 218 

dimensional winds, potential temperature, air temperature and specific humidity on model 219 

and pressure levels. A full description of the outputs can be found at Gilbert (2020a). 220 

 221 

On average, Gilbert et al. (2022) found that the MetUM hindcast simulates conditions over 222 

Larsen C that are slightly warmer, windier and moister compared to observations from 223 

AWSs, and that net surface radiation, Rnet, (LWnet + SWnet) and Emelt are under-estimated. The 224 

hindcast represents many components of the SEB well, for example model SW albedo is 225 

simulated to within 1% and 3% of observed values at inlet and ice shelf AWSs, respectively. 226 

Inlet stations are situated along the western edge of the ice shelf at the base of the Antarctic 227 

Peninsula, and ice shelf stations are situated over the homogeneous ice to the east of the 228 

Peninsula. Downwelling surface radiative fluxes are simulated within 10% of observed 229 

values at both inlet and ice shelf stations. However, even small compensating errors in the 230 

downwelling fluxes, for instance related to errors in the simulated cloud field, have 231 

implications for interpreting the results. Positive TS and consequently LW↑ biases result in 232 

negative Rnet and Emelt biases that are more pronounced at inlet stations, and during DJF. 233 

More detailed validation can be found in Part 1. 234 
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 235 

Figure 1. Map of the Antarctic Peninsula MetUM hindcast model domain, with the locations 236 

of the four AWSs used for validation indicated with green crosses. The map is centred on the 237 

Larsen C ice shelf and its tributary inlets, and also shows the remnant Larsen B ice shelf on 238 

which AWS 17 is located. The mean modelled height of orography is indicated with coloured 239 

contours and is derived from the RAMP 200 m elevation model (Liu, 2015).  The three 240 

regions used in the diagnosis of conditions influencing melt are also shown. Abbreviations 241 

used in the plot are as follows. "X": region in which uZ1 is calculated, used for diagnosing 242 

foehn conditions; "B": region for diagnosing barrier wind conditions; "LCIS": Larsen C box 243 

used to calculate means for high and low melt, high and low LWP, sunny, cloudy and clear 244 

conditions. 245 

 246 

2.3 Diagnosing dominant conditions 247 

The relative importance of various drivers of surface melting is assessed by examining 248 

periods when certain conditions prevail, which have been identified from the literature 249 

summarised in section 1. These include: sunny, foehn, cloudy, clear, high/low LWP, barrier 250 

wind, ASL, positive/negative SAM, positive/negative ENSO, and high/low melt conditions. 251 

These are listed in Table 1 and defined in full below. Large-scale circulation patterns (i.e., 252 

SAM, ASL and ENSO) are diagnosed using observed indices. All other conditions are 253 

determined from model output and diagnosed from "indicator variables", which are the 254 

parameters that reveal whether or not certain conditions prevail. The regions used for 255 
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averaging indicator variables are shown in Figure 1 and data sources and treatments are 256 

described in detail in Table 1.  257 

 258 

Table 1. Indicator variables, thresholds and regions used in diagnosing the conditions used 259 

for compositing. Prevailing conditions are abbreviated as defined in the main text, where the 260 

acronyms "SAM", "ENSO" and "ASL" refer to the Southern Annular Mode, El Niño 261 

Southern Oscillation and Amundsen Sea Low, respectively. The regions used are indicated in 262 

Figure 1. Note that high and low melt conditions are responses to forcing (such as foehn 263 

conditions or SW radiation) rather than causes of melting themselves and are used to guide 264 

the analysis in section 3. 265 

Condition Indicator variable Threshold Region 

Low melt Meltwater 

production 

< 25th percentile Region “LCIS” 

High melt Meltwater 

production 

> 75th percentile Region “LCIS” 

Sunny SW↓ > 75th percentile Region “LCIS” 

Barrier wind V wind 5.0 m s-1 Region “B” 

Foehn U wind, Tair, RH, 

potential 

temperature  

≥ 6 3-hour periods 

of foehn at 3 AWSs 

(see main text for 

details). 

uZ1 calculated in 

region “X”, Tair and 

RH changes 

calculated in the grid 

box of interest 

ASL Hosking et al. 

(2013) index 

Pressure anomaly 

below 25th  

percentile  

Pressure centre north 

of 70°S 

SAM+ SAM index +1 𝜎 (+1.36) N/A 

SAM- SAM index -1 𝜎 (-1.36) N/A 

ENSO+ (La Niña 

conditions) 

Nino3.4 index +0.5 N/A 

ENSO- (El Niño 

conditions) 

Nino3.4 index -0.5 N/A 

 266 

 267 
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Foehn conditions are diagnosed when foehn winds are detected in the model data for at least 268 

six 3-hour periods in a day at the locations of all of the three AWSs on the Larsen C ice shelf 269 

(AWS 14, 15 and 18; See Figure 1 for their location), which may indicate either foehn 270 

conditions occurring persistently at one AWS (i.e. for 18+ hours in a day) or foehn occurring 271 

at all three AWSs (i.e. for 6+ hours in a day), or a combination of these situations. Foehn 272 

events at each AWS location are detected using the isentrope-based method described in 273 

Gilbert et al. (2022), which diagnoses foehn conditions over Larsen C if the following occur: 274 

a) the mean upstream zonal flow impinging on the Antarctic Peninsula between 275 

approximately 250-2500m altitude, u Z1, has a clear westerly component (i.e., u Z1 ≥ 2 m s−1) 276 

so that the oncoming flow can be forced over the Peninsula (Orr et al., 2008; 2021), b) the 277 

upwind isentrope at altitude Z1 (~2500 m) falls downstream of the Peninsula (over Larsen C) 278 

by an altitude of at least 500 m over a 6-hour period, and c) warming of the atmospheric 279 

column is simulated over Larsen C, resulting in warming and drying at the ice shelf surface. 280 

 281 

Sunny conditions are diagnosed when the mean incoming solar radiative flux (SW↓) over the 282 

Larsen C ice shelf (averaged over the region marked “LCIS” in Figure 1) exceeds the 75th 283 

percentile of 20-year mean SW↓ for the day of the year considered. SW↓ is therefore the 284 

“indicator variable” that enables the detection of these conditions. Cloudy and clear 285 

conditions are detected using cloud fraction, averaged over the “LCIS” region in Figure 1, 286 

according to the thresholds of Kay et al. (2008). “Cloudy” conditions are diagnosed when the 287 

mean cloud fraction exceeds 0.75, while “clear” conditions occur when cloud fraction is 288 

below 0.31. High and low LWP conditions occur when the mean LWP over the “LCIS” 289 

region falls above and below the 75th and 25th percentiles for that day of the year, 290 

respectively, in a manner similar to the diagnosis of sunny conditions. High and low IWP 291 

conditions are not examined because liquid cloud was shown to exert a more important 292 

control on the SEB and surface melting over Larsen C in Gilbert et al. (2020). 293 

 294 

Barrier wind conditions are diagnosed when mean 10 m meridional wind speeds in the 295 

Weddell Sea region (marked “B” in Figure 1Error! Reference source not found.) exceed 5 296 

m s-1, indicative of strong near-surface southerly flow. Modelled 20-year mean meridional 297 

wind speeds in this region are 1.13 m s-1, so this threshold represents a significant increase. 298 

High and low melt periods are determined using the 75th and 25th percentiles of meltwater 299 

production, respectively, averaged over the “LCIS” region.  300 

 301 
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The daily mean SAM index is that of the US National Oceanic and Atmospheric 302 

Administration (NOAA)’s National Weather Service Climate Prediction Centre and is 303 

calculated from National Center for Environmental Prediction/National Center for 304 

Atmospheric Research reanalysis at 2.5° × 2.5° resolution (CCP, 2005). Positive and negative 305 

SAM periods ae abbreviated as “SAM+” and “SAM-”, respectively. The Nino3.4 dataset 306 

(Reynolds et al., 2007), which is used by the World Meteorological Organisation and NOAA 307 

to diagnose El Niño and La Niña events, is used to diagnose the phase of ENSO at daily 308 

frequency. El Niño and La Niña periods are abbreviated to “ENSO-” and “ENSO+”, 309 

respectively. Positive and negative phases of these circulation modes are detected when the 310 

index is above/below plus/minus one standard deviation of the time series 1998-2017. 311 

Positive and negative ENSO periods are diagnosed when three-month running mean 312 

anomalies are above or below 0.5°C or -0.5°C, respectively, according to the method of 313 

NOAA (see https://www.weather.gov/fwd/indices, accessed 30/06/2020). 314 

 315 

The influence of the ASL is examined using the observed index of Hosking et al. (2013), 316 

which measures the depth and longitude of the ASL. Deep ASL conditions (hereafter referred 317 

to simply as ‘ASL conditions’) are diagnosed when the relative central pressure is less than 318 

the 25th percentile and its latitude is north of 70°S, where it will have a more notable impact 319 

on conditions over Larsen C. (Here the relative central pressure is defined by subtracting the 320 

actual central pressure from an area-averaged pressure over the ASL sector, defined as 170°-321 

298° E, 80°-60° S, see Hosking et al., 2013).  322 

 323 

2.4 Analysis methods 324 

 325 

The study employs two primary analysis methods. Firstly, Pearson correlation coefficients (r 326 

values) between pertinent variables (such as Emelt and SW↓) are examined to quantify the 327 

strength of the relationships between modelled variables. The statistical significance of the 328 

relationship is also calculated as a two-sided p value. Secondly, a composite approach is 329 

used, in a similar manner to Deb et al. (2018). During periods when particular conditions are 330 

diagnosed as described above,  mean meteorological variables (3-hourly mean 10 m winds, 331 

1.5 m air temperature and MSLP) and SEB parameters (SW, LW, HS, HL, Etot and Emelt) are 332 

averaged to produce a composite that represents the meteorological state during these 333 

conditions. The relative proportion of total melt produced during conditions characteristic of 334 

each melt driver, as well as the proportion of time in which those conditions occur, were also 335 

https://www.weather.gov/fwd/indices
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calculated in order to quantify the importance of each driver of surface melt on Larsen C. All 336 

analysis was performed seasonally and is based on model output for the 1998-2017 period. 337 

 338 

 339 

3 Results & Discussion 340 

 341 

The drivers of surface melting are first considered by examining the “high melt” composites. 342 

After this, we assess the role of the most important controls on surface melt. 343 

 344 

3.1 “High melt” composites 345 

Figure 2 shows composited mean seasonal conditions during high melt conditions (melt 346 

amount > 75th percentile, Table 2); panels a-c show daily near-surface meteorological 347 

conditions, while daily Emelt anomalies relative to the climatology for 1998-2017 are shown 348 

in panels d-f. Figure 2 shows that for all seasons, instances of high melting over Larsen C 349 

occur during periods of north-westerly flow, which produces cross-peninsula winds and 350 

therefore is conducive to establishing foehn conditions, and/or the advection of relatively 351 

warm and moist maritime air across the Antarctic Peninsula.  352 

 353 

Consistent with Kuipers Munneke et al. (2018) and Elvidge et al. (2020), these conditions are 354 

associated with significant increases in HS (not shown), and consequently in Etot and Emelt 355 

over Larsen C, driving surface melting particularly during DJF when surface temperature is 356 

higher. During DJF high melt conditions are associated with high SW↓ fluxes, causing 357 

temperatures to be at the melt point more frequently. Compared to the other seasons, DJF is 358 

also associated with comparatively weaker cross-peninsula flow and comparatively small 359 

Tmax anomalies (Figure 2b). Around 63% of DJF meltwater production over Larsen C occurs 360 

in high melt periods (Table 2), which take place over the entire ice shelf (Figure 2e). This 361 

differs from SON, MAM and JJA, when melting occurs almost exclusively during intense 362 

melt events (Kuipers Munneke et al., 2018) associated with cross-peninsula flow and is 363 

confined to the western regions of the ice shelf (Figure 2d,f, JJA not shown), with 93%, 98% 364 

and 97% of seasonal meltwater production occurring in just 9%, 7% and <1% of the time, 365 

respectively (Table 2). 366 

 367 

The following sub-sections examine in turn the role of each of the various conditions 368 

described in Section 2.3 on surface melt over Larsen C.  369 
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Table 2. Percentage of total modelled meltwater production (%) associated with the 370 

conditions evaluated during each season for the hindcast period, and the frequency at which 371 

they occur (%).  372 

 DJF MAM JJA SON 

 Melt 

amount 

Frequency 

 

Melt 

amount 
Frequency 

Melt 

amount 
Frequency 

Melt 

amount 
Frequency 

Low melt 0.8 24.5 0.0 7.1 0.1 0.6 0.1 9.1 

High melt 63.0 24.5 97.6 7.2 96.7 0.7 92.5 9.1 

Sunny 41.7 25.0 47.1 25.0 0.3 25.0 75.2 25.0 

Foehn 22.4 18.7 54.8 16.7 97.3 20.9 47.6 23.7 

Cloudy 50.2 61.6 69.1 54.6 95.5 56.9 56.6 61.7 

Clear 9.8 7.8 2.4 9.2 0.0 10.8 4.2 6.9 

Low LWP 32.0 25.0 4.2 25.0 0.0 25.0 8.4 25.0 

High LWP 15.2 25.0 44.4 25.0 90.7 25.0 35.7 25.0 

SAM+ 25.0 21.9 38.9 17.3 21.9 22.2 24.5 16.9 

SAM- 8.5 9.3 0.5 10.7 0.1 15.6 10.9 16.4 

ENSO+ 38.1 40.0 17.1 35.5 1.5 15.3 34.7 27.3 

ENSO- 34.6 33.5 65.6 23.2 3.8 15.2 29.5 28.1 

ASL 6.4 3.3 19.9 11.7 0.2 11.6 19.4 36.6 

Barrier 3.8 10.8 0.0 15.9 0.0 19.2 1.4 18.3 

 373 

 374 
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 375 

Figure 2. Composited daily mean conditions during "high melt" conditions (melt amount > 376 

75th percentile) for spring (SON), summer (DJF), and autumn (MAM), for the hindcast 377 

period. JJA is not shown because the amount of melting occurring during winter is negligible. 378 

Panels a) to c) show mean synoptic meteorological conditions, where coloured shading shows 379 

the daily maximum 1.5 m air temperature anomaly (Tmax; units °C), and contours and vectors 380 

give mean sea level pressure (hPa) and 10 m wind speed and direction, respectively. Panels 381 

d) to f) show anomalies in surface melt (Emelt; units W m-2). Anomalies are computed relative 382 

to the 1998-2017 model climatology. Synoptic meteorology plots show the wider Antarctic 383 

Peninsula region, while the Emelt plots focus on the Larsen C ice shelf. 384 
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 385 

3.2 Drivers of modelled surface meltwater production 386 

3.2.1 Solar radiation 387 

Table 3 shows Pearson correlation coefficients between daily Emelt and other SEB 388 

components over the Larsen C ice shelf for the entire hindcast period. The largest annual 389 

correlation between Emelt and the fluxes in Table 3 is with net SW radiation, SWnet (rSWnet,melt = 390 

0.56). This relationship is also seen in DJF (rSWnet,melt = 0.45), which supports the findings of 391 

Gilbert et al. (2020) that SW radiation is a dominant driver of summertime surface melting. 392 

90% of hindcast-simulated surface melting occurs in DJF (not shown) when SW↓ is highest, 393 

which suggests that meltwater production is driven predominantly by SW↓. This result is 394 

consistent with Elvidge et al. (2020) and Gilbert (2020b), who also find that SW radiation is 395 

the dominant cause of surface melting during summer. Correlations are insignificant in JJA 396 

(Table 3) when there is very little SW↓ and <0.1 % of meltwater production occurs. For this 397 

reason, JJA is not included in Figure 2 or subsequent composite figures. 398 

 399 

Table 3. Pearson correlation coefficients (r) between Emelt and SW↓, SWnet, LW↓,  LWnet, HS, 400 

and HL over the Larsen C ice shelf during each season, and annually, for the hindcast period. 401 

Only values that are significant at the 99% level are shown. 402 

 DJF MAM JJA SON ANN 

SW↓ 0.42 - - 0.29 0.52 

SWnet 0.45 - - 0.33 0.56 

LW↓ - 0.15 - 0.22 0.33 

LWnet -0.19 - - - -0.12 

HS 0.38 0.28 0.11 - - 

HL 0.15 0.08 - -0.14 -0.19 

  403 

 404 

Table 2 shows that ‘sunny’ conditions (SW↓ > 75th percentile) occur 25% of the time in DJF, 405 

yet account for 42% of total DJF meltwater production (and around 38% of the annual total, 406 

not shown in Table 2). The proportion of meltwater production associated with ‘sunny’ 407 

conditions increases to 47% and 75% in MAM and SON, respectively (Table 2), indicating 408 

that periods of above-average insolation are important for driving surface melt during these 409 

seasons, particularly during SON. Once the frequency of occurrence is accounted for, ‘sunny’ 410 
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conditions account for the highest percentage of meltwater production of any driver in DJF 411 

and SON. This is also apparent from Figure 3, which shows that the largest DJF Emelt 412 

anomalies are associated with ‘sunny’ conditions. ‘Sunny’ conditions are associated with 413 

extensive positive Emelt anomalies across the ice shelf, especially during DJF (Figure 3m) but 414 

also during SON (Figure 3j), partly because extensive Tmax anomalies occur during such 415 

periods, especially in DJF (Figure 3d). 416 

 417 

The co-occurrence of ‘high melt’ and ‘sunny’ conditions can also be used to demonstrate the 418 

importance of SW radiation in driving more intense melt events. During SON, DJF and 419 

MAM, ‘high melt’ and ‘sunny’ conditions co-occur 73%, 50% and 46% of the time, 420 

respectively (not shown). The high co-occurrence during SON suggests that SW radiation is 421 

especially important for driving the most intense melt events, whereas high melt periods in 422 

DJF when SW↓ is more similar to climatological conditions can still account for a 423 

comparatively large amount of melting. Because 96% of total annual melt occurs during 424 

these two seasons, these results suggest that SW radiation is the most important driver of 425 

surface melting on Larsen C overall.  426 

 427 

3.2.2 Foehn 428 

 429 

The frequency of foehn events at inlet and ice shelf stations is diagnosed using the isentrope-430 

based method described in section 2.3 and composites of near-surface meteorology and 431 

surface fluxes when foehn winds are detected are shown in the second column of Figure 3. 432 

Foehn conditions are associated with strong north-westerly flow and positive Tmax anomalies 433 

in all seasons (Figures 3b, e, h), which has different effects on Emelt in different seasons 434 

(Figures 3k, n, q). During JJA (not shown), temperatures are largely too low for melting to 435 

occur. In contrast, in DJF foehn events are associated with positive Emelt anomalies that are 436 

distributed fairly evenly across Larsen C (Figure 3n), with slightly higher anomalies in inlets 437 

below the peaks in orography, i.e., there is a zonal gradient in melt. Emelt anomalies in SON 438 

(Figure 3k) are similarly extensive, but of lower magnitude, whereas much more intense, 439 

confined melting is simulated in the immediate lee of steep topography in MAM (Figure 3q).  440 

 441 

Using the isentrope-based method, foehn conditions are diagnosed 92%, 49%, 40% and 24% 442 

of the time that ‘high melt’ conditions shown in Figure 2 also occur in JJA, MAM, SON and 443 

DJF, respectively (not shown). Foehn are less important for driving intense melt events in 444 
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DJF because foehn occur less frequently (19% of the time, Table 2) and have less impact 445 

(accounting for 22% of melt, Table 2) because SW radiation is the primary driver of melting 446 

in summer and temperatures are already closer to the melting point. This is evident in Figure 447 

3 from the lower Tmax anomalies associated with foehn conditions in DJF (panels b, e, h). As 448 

shown in section 3.2.1, SW radiation is the most important driver of intense melt events in 449 

SON (Figure 3j), although the foehn conditions are still associated with 48% of SON melt 450 

despite occurring only 24% of the time (Table 2). During MAM, foehn is far more important 451 

than SW, with ‘foehn’ conditions associated with 55% of MAM melting, despite occurring 452 

just 17% of the time (Table 2). This is also apparent from Figures 3 (panels p and q) and 4. 453 

 454 

The above results show that foehn events are an important driver of surface melting over the 455 

Larsen C ice shelf year-round but are especially important in non-summer seasons. As 456 

discussed earlier, foehn events are associated with positive HS fluxes because they bring 457 

warm air to the surface. Accordingly, positive correlations are simulated between Emelt and 458 

HS in DJF, JJA and MAM (Table 3), although these are larger during DJF and MAM. This 459 

result is consistent with Elvidge et al. (2020), who find that regimes dominated by large 460 

positive HS fluxes account for a large amount of melting in non-summer seasons, and that 461 

76% of melting during foehn conditions occurred when HS fluxes were large. The combined 462 

effect of foehn and warmer air temperatures may explain why the correlation between Emelt 463 

and HS is higher in the warmer seasons of DJF and MAM (Table 3). The negative correlation 464 

between Emelt and HL during SON and ANN (rHL,melt = -0.14 and -0.19, respectively, Table 3) 465 

suggests that melting in these seasons primarily occurs when air is anomalously warm and 466 

dry, driving upward (i.e., negative) HL fluxes, consistent with foehn conditions. The weak 467 

correlation coefficients given in Table 3 between Emelt and the turbulent heat fluxes, which 468 

are themselves only a proxy for foehn events, cannot conclusively demonstrate the 469 

importance of foehn in driving surface melting. However, they add weight to the evidence 470 

presented above. 471 

 472 

 473 

 474 
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 475 

Figure 3. As in Figure 2 but showing composited mean synoptic near-surface meteorology 476 

(panels a-i) and Emelt fluxes (panels j-r) in ‘sunny’ (first column), ‘foehn’ (second column) 477 

and ‘cloudy’ (third column) conditions during SON (first and fourth rows), DJF (second and 478 

fifth rows) and MAM (third and sixth rows) for the hindcast period. JJA is not shown because 479 

<0.1% of melting occurs during winter. Contours, vectors, colours and shading are as in 480 

Figure 2. 481 
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Figure 4 shows mean Emelt anomalies in seasons SON, DJF, and MAM for ‘sunny foehn’, 482 

‘non-sunny foehn’ and ‘sunny non-foehn’ conditions, which allows us to further elucidate the 483 

relative importance of SW and foehn on melting over Larsen C. In all seasons, ‘sunny foehn’ 484 

conditions account for more positive Emelt anomalies than either ‘sunny’ or ‘foehn’ conditions 485 

alone (e.g., compare Figure 3j, m, p and 3k, n, q with Figure 4a-c). In DJF, foehn conditions 486 

slightly enhance melting in inlets (Figure 3n), but SW radiation is evidently much more 487 

important for driving melt across the ice shelf because when SW↓ is low, foehn conditions are 488 

associated with negative Emelt anomalies across much of Larsen C (Figure 4e). However, in 489 

MAM the opposite is true, suggesting that foehn conditions are a more important driver of 490 

melt in this season than SW radiation: even when SW↓ > 75th percentile, if foehn conditions 491 

are not also simulated, Emelt anomalies are negative (Figure 4i). In SON, both foehn and 492 

sunny conditions must be simulated to generate positive Emelt anomalies. Emelt anomalies are 493 

negative during ‘non-sunny foehn’ and ‘sunny non-foehn’ conditions (Figure 4d and 4g), but 494 

positive in ‘sunny foehn’ (Figure 4a), which is consistent with the small positive Emelt 495 

anomalies associated with both ‘foehn’ and ‘sunny’ shown in Figure 3j and 3k. 496 

 497 
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 498 

Figure 4. As in Figure 2, but showing seasonal Emelt anomalies only for SON (first column), 499 

DJF (second column) and MAM (third column) during three separate conditions for the 500 

hindcast period: ‘sunny foehn’ when SW↓ > 75th percentile and foehn conditions are 501 

simulated (panels a-c); ‘non-sunny foehn’ when foehn conditions are simulated but SW↓ < 502 

25th percentile (panels d-f); and ‘sunny non-foehn’ when SW↓ > 75th percentile is simulated 503 

but foehn conditions are not (panels g-i).  504 

 505 

3.2.3 Cloud 506 

To examine the role of cloud on surface melting, composites of ‘cloudy’ conditions are 507 

shown in the third column of Figure 3. During DJF, cloudy conditions are associated with an 508 

easterly flow of maritime air from the Weddell Sea and negative Tmax anomalies on Larsen C 509 

(Figure 3f). This part of the Weddell Sea is typically ice-free during summer, so relatively 510 
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warm, moist maritime air is advected over the cold ice shelf, resulting in cooling of the air 511 

and condensation. Further examination of the hindcast output shows that enhanced LW↓ 512 

produces positive Etot anomalies and a mean absolute value of 9.3 W m−2 over ice shelf areas 513 

away from the inlets, but because temperatures typically do not reach the melting point 514 

during cloudy periods (mean Tmax during ‘cloudy’ conditions is around -1.1°C), and because 515 

SW↓ is reduced, melt anomalies are negative (Figure 3o). Therefore, despite occurring 62% 516 

of the time in DJF, ‘cloudy’ conditions are associated with just 50% of melt (Table 2). SON 517 

composites (Figure 3c and 3l) mirror the DJF composites, with cloudy conditions suppressing 518 

melt relative to the climatology. Cloudy conditions occur 62% of the time in SON but are 519 

associated with just 57% of melt (Table 2).  520 

 521 

During JJA, cloudy conditions, generated by cyclonic flow to the east and southerly winds 522 

over Larsen C, are associated with positive Tmax anomalies (not shown). Table 2 shows that 523 

Emelt anomalies in JJA are almost zero because melt occurs so infrequently in JJA, but 95% of 524 

the melting that does occur is associated with cloudy conditions (91% for high LWP, Table 525 

2). Cloudy composites during MAM (Figure 3i and 3r) are comparable to those during JJA, 526 

with cloud enhancing Emelt: 69% of MAM melting occurs in cloudy periods, which occur 527 

55% of the time (Table 2). 528 

 529 

Cloudy and clear conditions are typified by high and low liquid water path (LWP > 75th 530 

percentile and < 25th percentile), respectively, and synoptic conditions and SEB anomalies 531 

during ‘cloudy’ conditions are virtually indistinguishable from those during the ‘high LWP’ 532 

regime (not shown), suggesting the prevalence of liquid-bearing cloud in the hindcast and its 533 

importance in determining melt. To avoid repetition, we do not include figures showing high 534 

LWP conditions because they are so similar. 535 

 536 

The seasonal pattern outlined above is consistent with the correlation coefficients shown in 537 

Table 2, which show that Emelt is positively correlated with LW↓ in MAM, SON and annually 538 

(rLW↓,melt = 0.15, 0.22 and 0.33, respectively). This supports the notion that LW↓ is an 539 

important cloud-mediated control on surface melting, as demonstrated by e.g. Zhang et al. 540 

(1996) and Gilbert et al. (2020). Cloudy, high LWP conditions may also induce a ‘thermal 541 

blanketing’ effect, whereby SW↓ is attenuated and LW↓ enhanced so that Rnet is close to zero 542 

or just positive. In these conditions, if HS and surface temperatures are above zero, melting 543 

can result (Ghiz et al., 2021).  544 
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 545 

Because mean daily Tmax during cloudy, high LWP conditions is only slightly below the 546 

melting point (as noted above) and the large LW↓ fluxes associated with cloud produce 547 

positive Etot fluxes, this implies that cloud could become an important driver of surface melt 548 

in a warming climate. Surface air temperatures on the eastern Antarctic Peninsula are 549 

projected to warm by ~0.5-3°C by 2100 and could warm considerably more even under 1.5°C 550 

global mean temperature rise (van Oldenborgh et al., 2013; Siegert et al., 2019), which would 551 

mean the melting point could be reached more frequently in DJF during cloudy periods. This 552 

could allow extensive low cloud-mediated melt events to occur such as were observed in 553 

Greenland in 2012 (Bennartz et al., 2013) and which have been documented in West 554 

Antarctica (Ghiz et al., 2021). As shown in Gilbert et al. (2020), cloud initiates summertime 555 

melt by raising surface temperatures and producing an energy surplus (positive Etot), which 556 

then persists as cloud glaciation occurs and SW fluxes increase. This can induce a positive 557 

feedback if melt occurs in sufficient volume to reduce the surface albedo, because the darker 558 

melting surface can then absorb more SW radiation and sustain further melting. Because low-559 

level (liquid) cloud is typically extensive on Larsen C, this melting could occur across the 560 

entire ice shelf. 561 

 562 

3.2.4 Foehn-induced cloud clearance on Larsen C 563 

The various combinations of ‘sunny’, ‘clear’, ‘LWP25’ and ‘foehn’ conditions can also be 564 

used to examine the importance of cloud clearance on Larsen C, whereby warm, dry foehn air 565 

reduces cloud cover and enhances melting by increasing SW↓ (Hoinka et al., 1985). While 566 

this mechanism has been proposed to explain enhanced melting over the ice shelf, e.g. by 567 

Kuipers Munneke et al. (2012); Grosvenor et al. (2014); Cape et al. (2015); King et al. (2017) 568 

and Elvidge et al. (2020), its significance has not yet been established across larger spatial 569 

and temporal scales on Larsen C. 570 

 571 

Foehn clearance can be defined as clear, sunny foehn periods with low LWP, or the 572 

coincidence of foehn conditions with any of these criteria. Because model cloud fraction is 573 

parameterised according to sub-grid scale variability in moisture, it can be less reliable than 574 

prognostic diagnostics like LWP or solar radiation, so the definition is not necessarily as 575 

straightforward as the coincidence of clear and foehn periods. Of the times when foehn 576 

conditions are detected, ‘sunny’ conditions also occur 27%, 29% and 31% of the time in 577 

MAM, SON and DJF, respectively (Table S1). Because cloudy conditions are so common on 578 
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Larsen C (occurring 55-62% of the time, as shown in Table 2), ‘cloudy foehn’ conditions also 579 

occur frequently, accounting for 35-59% of foehn periods depending on the season. ‘Clear 580 

foehn’ occur on average approximately five times less frequently (9-13% of foehn periods, 581 

Table S1). ‘Low LWP foehn’, which may include foehn periods where optically thin liquid 582 

clouds or high-level ice clouds are present, account for 25-31% of foehn periods and 12-20% 583 

of foehn periods are ‘high LWP foehn’ (Table S1). 584 

 585 

 586 

Table 4. Co-occurrence of ‘sunny’, ‘cloudy’, ‘clear’, ‘high LWP’, ‘low LWP’ and ‘foehn’ 587 

conditions with ‘high melt’ conditions during each season. The values shown represent the 588 

percentage of time during which the conditions overlap with high melt conditions, that is, of 589 

the times that high melt conditions are occurring, what percentage of the time the conditions 590 

in question also occur. 591 

  DJF MAM JJA SON 

Sunny 49.9% 45.5% 0.0% 73.3% 

Foehn 23.7% 48.5% 92.3% 40.6% 

Cloudy 44.2% 50.8% 84.6% 54.5% 

Clear 9.7% 5.3% 0.0% 6.1% 

High LWP 9.9% 34.1% 69.2% 40.0% 

Low LWP 35.2% 8.3% 0.0% 8.5% 

Sunny foehn (sunny + foehn) 12.9% 18.2% 0.0% 27.9% 

Clear foehn (clear + foehn) 3.4% 3.0% 0.0% 4.8% 

Cloudy foehn (cloudy + foehn) 10.6% 20.5% 76.9% 20.6% 

Low LWP foehn (LWP25 + foehn) 9.3% 6.1% 0.0% 3.6% 

High LWP foehn (LWP75 + foehn) 2.0% 10.6% 61.5% 12.1% 

 592 

Table 4 shows how frequently high melt periods coincide with these conditions. Figure 5 593 

summarises the dominant combinations of conditions that occur during ‘high melt’ conditions 594 

in different seasons, and can be thought of as illustrating some of the primary ‘modes’ of 595 

melting over Larsen C. Sunny conditions co-occur with 46-73% of high melt periods 596 

(excluding JJA when SW radiation is negligible; Figure 5a, g), while foehn and cloudy 597 

conditions co-occur with 24-92% and 44-85% of high melt periods, respectively (Table 4, 598 

Figure 5c, f). Clear and high melt conditions co-occur relatively infrequently, coinciding for 599 
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<10% of the time high melt periods are detected in all seasons, consistent with clear 600 

conditions occurring infrequently (7-11% of the time in Table 2). Similarly, in non-summer 601 

seasons low LWP periods coincide quite rarely with high melt periods (8% in MAM and 9% 602 

in SON, Table 4). In comparison, cloudy/high LWP conditions coincide with a much larger 603 

percentage of high melt periods than clear/low LWP conditions (Table 4, Figure 5e). In DJF 604 

however, while cloudy conditions coincide with a large proportion (44%) of high melt 605 

periods, high LWP conditions do not. Instead, low LWP and high melt conditions more 606 

commonly co-occur (35%). The importance of cloudy and low LWP conditions suggests that 607 

optically thin, low-level clouds could be important for driving surface melting over Larsen C 608 

during summer, as seen in Greenland and West Antarctica (Bennartz et al., 2013; Ghiz et al., 609 

2021, Figure 5b), or that cloud clearance at lower levels could drive melting while high-level 610 

ice cloud is present (therefore resulting in a large cloud fraction, Figure 5c). The latter would 611 

constitute cloud clearance but further investigation is required. 612 

 613 

In DJF, when the majority of melting occurs, Emelt anomalies averaged across the whole ice 614 

shelf are positive during ‘sunny foehn’, ‘low LWP foehn’ and ‘clear foehn’ (1.00, 0.70 and 615 

0.62 W m-2, respectively, Table S1), and near-zero or negative during ‘cloudy foehn’ and 616 

‘high LWP foehn’ (0.02 and -0.32 W m-2, respectively, Table S1). In other seasons the largest 617 

positive Emelt anomalies are associated with cloudy foehn and high LWP foehn (1.02 and 2.03 618 

W m-2, respectively in MAM and 0.31 and 0.54 W m-2, respectively in SON, Table S1, 619 

Figure 5f).  620 

 621 

Periods when all three criteria (‘clear foehn’, ‘low LWP foehn’ and ‘sunny foehn’) all occur 622 

together are uncommon, happening during <1% of the hindcast. However, these periods 623 

coincide with 1-4% of high melt periods (not shown), implying that foehn-induced cloud 624 

clearance may drive above-average summertime melt when it occurs, but that such conditions 625 

occur fairly infrequently. Further examination of the importance of foehn clearance is needed 626 

to comprehensively evaluate its role in driving melt. 627 

 628 
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 629 

Figure 5. Schematic diagram illustrating the co-occurrence of various conditions and 630 

dominant modes of melting during each season. Note that melting in JJA occurs extremely 631 

infrequently and is associated with very small Emelt fluxes when it does occur. 632 

 633 

3.2.5 The influence of large-scale circulation 634 

 635 

While the most important first-order processes driving surface melting are SW radiation, 636 

foehn and cloud, large-scale circulation variations - associated with patterns like the SAM, 637 

ENSO and ASL - exert controls on these processes. For example, the high melt years 638 

identified in Part 1 were also SAM+ years, supporting the idea that this atmospheric 639 

circulation pattern enhances melting. Table 2 suggests that SAM+ and ENSO- enhance 640 
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surface melting in DJF and MAM, because the percentage of melt that is associated with 641 

them is higher than the percentage of time they occur. Meanwhile SAM-, ENSO+ and ASL 642 

conditions suppress melting in all seasons except for ENSO+ in SON (Table 2). This anti-643 

correlation of ENSO/SAM modes (i.e. the co-occurrence of ENSO- and SAM+ conditions 644 

and vice versa) is consistent with the findings of e.g. Fogt et al. (2011) and Dätwyler et al. 645 

(2020) noted in section 1. As discussed in section 1, ASL conditions strengthen the flow 646 

impinging on the Antarctic Peninsula and so can increase the advection of air over the 647 

peninsula mountains (Hosking et al., 2013), therefore enhancing melt over Larsen C.  648 

 649 

Figure 6 shows composited mean meteorological conditions and Emelt anomalies during 650 

SAM+, SAM-, ENSO+, ENSO-, barrier wind and ASL conditions. Anomalies are shown for 651 

DJF only, when their absolute influence on Emelt is strongest, although they have a larger 652 

relative effect on circulation and melting in other seasons. Comparing panels 6d and 6j 653 

further confirms that SAM+ and SAM- conditions produce positive and negative Emelt 654 

anomalies, respectively, especially in the immediate lee of steep terrain. Figure 6c and 6e also 655 

show that the circulation patterns in DJF associated with SAM+ and ENSO- are very similar, 656 

with weak cyclonic flow west of the Antarctic Peninsula generating weak cross-peninsula 657 

flow across Larsen C. This similarity is consistent with the anti-correlation between ENSO 658 

and SAM modes previously noted (Fogt et al., 2011; Dätwyler et al., 2020). Tmax anomalies in 659 

Figure 6c and 6e are close to zero, suggesting that SAM+ and ENSO- produce positive melt 660 

anomalies (Figure 6d, f) via their effect on the SEB, rather than because they raise 661 

temperatures. During SAM+ and ENSO- conditions in DJF, the SEB is dominated by SW↓, 662 

which causes surface melting to be widespread across the ice shelf. The synoptic conditions 663 

associated with SAM+ and ENSO- are more extreme during MAM (not shown), when 664 

intensive foehn conditions are common (as shown above), and generate positive Tmax, HS and  665 

Emelt anomalies in inlets.  666 

 667 

As shown in Table 2 and Figure 6a and 6b, (deep) ASL conditions are associated with 668 

positive Tmax and Emelt anomalies over Larsen C during DJF and MAM. However, whereas in 669 

DJF ASL conditions are associated with positive Emelt anomalies across the entire shelf 670 

(Figure 6b), in MAM (not shown) the anomalies are confined to inlets with a similar pattern 671 

to the foehn composite shown in Figure 3q. Conversely, during SON and JJA ASL conditions 672 

are associated with negative Tmax anomalies and in SON with slightly negative Emelt 673 

anomalies (not shown). Therefore, despite occurring 36.6% and 11.6% of the time, ASL 674 
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conditions are associated with just 19.4% and 0.2% of melting during SON and JJA, 675 

respectively (Table 2). 676 

 677 

These conditions are non-independent and the similarities between them further suggest that 678 

SAM+, ENSO- and (in some seasons) ASL patterns produce flow-over conditions that result 679 

in foehn, the importance of which has been demonstrated. The co-occurrence of foehn and 680 

SAM+ or ENSO- conditions can also be used to demonstrate the influence of large-scale 681 

circulation patterns on mesoscale meteorology. Of the times when foehn conditions are 682 

detected, SAM+ conditions also occur 26%, 37%, 23% and 28% of the time for SON, DJF, 683 

MAM and JJA, respectively, while ENSO- coincides with foehn conditions 24%, 32%, 35% 684 

and 17% of the time, respectively. This suggests that SAM+ is most important for 685 

establishing foehn conditions during DJF while ENSO- is most influential in MAM.  686 

 687 

SAM+ has been more robustly linked to foehn occurrence, and its importance is supported by 688 

the results presented in Table 5, which shows Pearson correlation coefficients between 689 

observed SAM index and modelled foehn wind frequency at inlet and ice shelf stations for all 690 

seasons and annually, and Figure 7, which shows the relationship between these variables at 691 

inlet stations only. The correlation between annually averaged SAM index and annual mean 692 

foehn frequency is 0.52 in inlets and 0.54 at over the ice shelf (both significant at the 95% 693 

level, Table 5). This suggests that a more positive SAM index corresponds to periods of 694 

higher foehn occurrence, as also shown by e.g. Cape et al. (2015). The largest and most 695 

significant Pearson correlation coefficient between seasonal mean SAM index and foehn 696 

occurrence (at the 99% level) is found during DJF, while it is weakest (and insignificant) 697 

during JJA. Meanwhile, those correlations in SON and MAM are significant at the 95% level 698 

(Table 5).  699 

 700 

The composites presented in Figure 6 and the correlations between SAM+ and foehn 701 

conditions in Table 5 and Figure 7 demonstrate the importance of large-scale atmospheric 702 

circulation patterns in establishing mesoscale atmospheric conditions like foehn that promote 703 

surface melting on Larsen C. 704 

 705 
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 706 

Figure 6. Composited synoptic conditions and mean Emelt anomalies for the large-scale 707 

circulation patterns: ASL (a, b), SAM+ (c, d), ENSO- (e, f), barrier winds (g, h), SAM- (i, j), 708 

and ENSO+ (k, l). Composites are shown for DJF only, when the absolute effect on Emelt is 709 

largest. Conditions that enhance melt are shown in panels a-f, while conditions that suppress 710 

melt are shown in panels g-l. Colours, vectors and contours are as in previous figures. 711 

 712 

 713 

 714 

 715 

 716 

 717 

 718 

 719 

 720 

 721 
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Table 5. Pearson correlation coefficients between modelled foehn frequency at inlet and ice 722 

shelf stations with the observed SAM index for the duration of the hindcast. Correlations that 723 

are statistically significant at the 95% level are given in bold, while statistical significance of 724 

99% is indicated with an asterisk. 725 

 726 

Season Inlet 
Ice 

shelf 

DJF 0.66* 0.62* 

MAM 0.55 0.54 

JJA 0.19 0.16 

SON 0.50 0.46 

ANN 0.52 0.54 

 727 

 728 

 729 

Figure 7. Scatter plot of hindcast modelled seasonal mean foehn occurrence at inlet stations, 730 

expressed as a percentage of time, against observed seasonal mean SAM index for the 731 

duration of the hindcast, calculated after Marshall (2003). Individual seasons are shown with 732 

coloured markers and the regression line for each season is shown in the corresponding 733 

colour. The annual mean is indicated with black markers and the solid black line. 734 
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SAM and ENSO may also influence the SEB and melting via their impact on cloudiness. As 735 

noted in section 3.2.4, foehn events can be associated with cloud clearance in some 736 

situations, and so it follows from the link between SAM+ (and by extension ENSO-) 737 

conditions and foehn occurrence that these large-scale circulation patterns could reduce cloud 738 

cover. Indeed, SAM+/ENSO- conditions are associated with negative LWnet anomalies and 739 

positive SWnet and HS anomalies (not shown), suggesting that these conditions are associated 740 

with reduced cloud cover or thickness as well as foehn conditions. Meanwhile, during all 741 

seasons, SAM-/ENSO+ conditions are associated with the same conditions that increase 742 

cloudiness over Larsen C – notably the southeasterly flow of maritime air from over the 743 

Weddell Sea. As described in section 3.2.3, this southeasterly airflow can enhance cloud 744 

cover and thickness, reduce SW↓ and Tmax, and consequently suppress Emelt.  745 

 746 

3.2.6 Conditions that suppress melt 747 

 748 

The focus of this study has been on conditions that enhance surface melting. However, it is 749 

evident from Table 2 and Figure 6 that some atmospheric conditions suppress melting, most 750 

notably barrier wind, SAM- and ENSO+ conditions. Low melt periods (melt amount < 25th 751 

percentile) in DJF are associated with the development of a southerly barrier jet that delivers 752 

cold air from high on the Antarctic plateau, typically established by cyclones in the Weddell 753 

Sea that produce coastal easterlies or south-easterlies, resulting in cold Tmax anomalies over 754 

Larsen C (not shown). Barrier wind conditions are associated with extremely negative Tmax 755 

and Emelt anomalies across the entire Larsen C ice shelf (Figure 6g, h). The temperature 756 

anomalies are the primary reason that surface melting is suppressed during these periods, 757 

because Etot is affected minimally (anomalies are small). SAM- (Figure 6i, j) and ENSO+ 758 

conditions (Figure 6k, l) also suppress melting relative to DJF climatology because both 759 

reduce the flow of air over the peninsula.  760 

 761 

For all three types of melt-suppressing conditions, the magnitude of the simulated negative 762 

Tmax anomalies is greater in non-summer seasons, but Emelt anomalies are smaller because the 763 

majority of melting occurs in DJF. For instance, in non-summer seasons ENSO+ and SAM- 764 

conditions are associated with more southerly flow which brings cold continental air over 765 

Larsen C, suppressing temperatures and melting. The exception is ENSO- conditions in SON: 766 

during these periods small positive Tmax anomalies are simulated, which drives a very weak 767 

positive Emelt anomaly. 768 
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 769 

4 Summary & conclusions 770 

  771 

This study has comprehensively evaluated the dominant causes of surface melting on the 772 

Larsen C ice shelf in a hindcast simulation of two recent decades. Building on previous work 773 

that has explored the causes of melt on Larsen C (such as King et al., 2017; Kuipers Munneke 774 

et al., 2018; Datta et al, 2019; Wiesenekker et al., 2019; Elvidge et al., 2020 and Gilbert et al., 775 

2020; 2022), this study has systematically ranked the conditions that drive surface melt in 776 

order of importance. Many of these conditions overlap and co-occur, and so can reinforce or 777 

counteract each other (Figures 4 and 5). However, the analysis presented here has attempted 778 

to isolate the effects of individual drivers of surface melting on Larsen C. The most important 779 

drivers can be summarised as follows.  780 

 781 

Firstly, SW radiation is the most important driver of melting in DJF, when 90% of melting 782 

occurs. Sunny summertime conditions are associated with the highest Emelt anomalies of all 783 

drivers (Table 2, Figure 3).  784 

 785 

Secondly, foehn winds are the most important driver of melt in non-summer seasons, 786 

especially MAM, but non-summer melt only accounts for 10% of annual meltwater 787 

production (Table 2, Figure 3). Foehn winds are also important in DJF because they enhance 788 

already-high melt fluxes, but their influence is secondary to that of SW↓ in summer. Emelt 789 

anomalies are highest in all seasons when sunny and foehn conditions co-occur (Figure 4). 790 

Foehn-induced cloud clearance may drive large Emelt anomalies but this occurs relatively 791 

infrequently in the hindcast: rather, the occurrence of foehn during already sunny conditions 792 

enhances surface melting (Table 4). 793 

 794 

Thirdly, clouds - especially those with high LWP - increase LW↓ radiation and therefore Etot. 795 

However, because temperatures are typically just below the melting point during cloudy 796 

conditions, widespread melting does not regularly occur unless temperatures are already 797 

unusually high (Figure 3). This finding has important ramifications. If ongoing atmospheric 798 

warming persists, as projected throughout the 21st century, cloud-mediated melting such as is 799 

already observed in Greenland and West Antarctica could begin to occur across Larsen C and 800 

other ice shelves on the Antarctic Peninsula.  801 

 802 
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Finally, large-scale circulation patterns influence regional and mesoscale meteorology by 803 

establishing dominant flow regimes. Large-scale patterns such as SAM and ENSO as well as 804 

regional features such as the ASL and barrier winds influence atmospheric circulation in the 805 

region and can affect the surface meteorology, SEB and melt (Figure 6). Further, large-scale 806 

circulation patterns can affect sea ice conditions, which can in turn interact with regional 807 

meteorology, for instance moderating the properties of air that flows onto the Larsen C ice 808 

shelf. 809 

 810 

Modelled foehn frequency is shown to be strongly correlated with an observed SAM index (r 811 

= 0.62, Table 5, Figure 7), which suggests that more foehn events, and therefore more 812 

melting, could result if the trend towards a more positive SAM that was recorded from the 813 

1960-2000s (Marshall, 2003; Fogt & Marshall, 2020) resumed. While no trends in foehn 814 

frequency are evident over the hindcast period, this is likely because we only have 20 years 815 

of data and there is considerable interannual variability (c.f. Gilbert et al. 2022).  816 

 817 

The trend towards a more positive SAM is expected to resume as greenhouse gas 818 

concentrations increase. Rising greenhouse gas concentrations cause the westerly winds 819 

associated with SAM+ to strengthen and migrate polewards and will likely outweigh the 820 

compensating effects of ozone recovery if emissions continue at current levels (Zheng et al., 821 

2013). Although future changes to ENSO are highly uncertain (Fredriksen et al., 2020), the 822 

coupling between ENSO and SAM may also imply a transition towards ENSO- conditions as 823 

the positive SAM trend continues. The combination of higher foehn frequency associated 824 

with a more positive SAM and rising temperatures related to ongoing global climate change 825 

could contribute to greater meltwater production by allowing melt to occur more frequently 826 

via the mechanisms outlined above, and for that melt to be more intense. This could lead to 827 

an eventual destabilisation of Larsen C via hydrofracturing, with far-reaching implications 828 

for global sea level rise. Larsen C has already been identified as an ice shelf at risk of 829 

hydrofracturing-induced collapse if warming continues unchecked (Trusel et al., 2015; 830 

Gilbert & Kittel, 2021). Quantifying the future fate of the Larsen C ice shelf is beyond the 831 

scope of this paper but should be a focus of research to determine change on the Antarctic 832 

Peninsula. 833 

 834 

 835 

 836 
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