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Abstract. Sudden short term warming events over the ice sheet surface (hereafter Ice Sheet Surface Warming (ISSW) 

events) can affect mass balance by sublimation and on rare occasions melting when the temperature rises above 0 °C. 

On the one hand, the knowledge of the frequency and duration of these warming events is essential, while on the other 

hand, a process- level understanding of them is crucial for incorporating in climate models and tracing their behaviour 15 

in future climate scenarios. Here, we examined the ISSW events over coastal Dronning Maud Land (cDML) in East 

Antarctica using borehole temperature record of an ice core covering a period of 2014-18 CE.  The borehole surface 

thermistor record provided accurate estimation of year-round ISST and subsurface heat flux in the region. In total, 71 

warming events (> 2 ºC for > 3 days) with a maximum warming of 11 °C were recorded during the period. They 

mostly occurred during spring (24) and winter (23), followed by autumn (15) and least in summer (9). The general 20 

meteorological setting during these events was the occurrence of strong winds. It was found that 84 % of ISSW events 

occurred during strong easterly winds with high snow accumulation, while 16% occurred during strong southeasterly 

winds (katabatic) without any precipitation. The study suggests that for the first case, intense downward longwave 

radiation associated with warm air advection (with moisture from the surrounding ocean) heated the ice sheet’s surface 

and led to snowfall. For the second case, turbulent mixing due to strong and dry winds from the interior of the continent 25 

(katabatic) led to ISSW. Furthermore, the synoptic conditions during ISSW events differed by changes in the relative 

positions of low pressure and high pressure over southern ocean. Considering the drastic drop in accumulation in 

cDML since 1906 CE, a simultaneous increase in ISSW events (via their sublimation and melting rates), appears to 

have greater implications on the mass balance and stability of coastal Antarctic ice sheets in the long term. 

 30 

1. Introduction 

 

Ice Sheet Surface Temperature (ISST) is an integral factor in determining ice sheet’s mass balance and stability. It 

affects the accumulation and ablation of ice sheets through melting and sublimation, especially in the escarpment and 
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coastal areas where the wind speed changes drastically (M. R. Van Den Broeke, 1997). The atmosphere interacts with 35 

the ISST complexly by changing the surface energy balance via changes in net radiation and turbulent heat flux at the 

surface. Atmospheric warming and increased cloud cover resulted in high downward longwave radiation at the surface, 

which led to Ice Sheet Surface Warming (ISSW) over Antarctica for the last decades (Sato & Simmonds, 2021). 

Episodic short-term warming events are projected to increase over Antarctica by the end of this century (Feron et al., 

2021). They can cause a sudden rise in ISST and may lead to surface melt over coastal areas for a few days in summer. 40 

The ice sheet-atmospheric interaction has regional differences, and the drivers of such ISSW events can vary according 

the location, elevation, topography and prevailing meteorological conditions.  

There are several studies of individual atmospheric warming events over different regions of Antarctica 

(Scott et al., 2019; Turner et al., 2021; Wille et al., 2019; Zou et al., 2021a, 2021b). Over the pacific sector of West 

Antarctica, the intrusion of warm, moist air was found to cause a sudden rise in temperature and melting (Emanuelsson 45 

et al., 2018; Ghiz et al., 2021; Nicolas and Bromwich, 2011; Nicolas et al., 2017). It happens more often during El 

Niño events (Nicolas et al., 2017). There are several observations of warming events over the west and east Antarctica 

due to warm air advection (Sinclair, 1981; Wille et al., 2019; Zou et al., 2021a, b). Similarly, the warming events over 

the eastern Antarctic Peninsula and Mc Murdo dry valleys in the Transantarctic Mountains has been attributed to the 

episodic mountain winds called foehn (Bozkurt et al., 2018; Cape et al., 2015; Speirs et al., 2010; King et al., 2017). 50 

Such foehn wind events triggered the collapse of the ice shelves of Larsen A in 1995  (Rott et al., 1996) and the Larsen 

B in 2002 (Scambos et al., 2004) over the Antarctic peninsula (van den Broeke, 2005; Scambos et al., 2000). A 

warming event over the Amery Ice Shelf in East Antarctica has been reported to be from warm air advection associated 

with an atmospheric river and high katabatic winds (Turner et al., 2022). On the contrary, persistent katabatic winds 

have warmed the surface in the Roi Baudouin Ice Shelf in Dronning Maud Land (Lenaerts et al., 2017). The effect of 55 

these directionally constant, persistent katabatic winds in surface warming is signified further by the presence of a 

thermal belt over the coastal Antarctic regions with strong katabatic winds (Kikuchi et al., 1992; King, 1998). The 

intensity and duration of wind induced warming mainly depend on the synoptic conditions and topography of the 

region (Bromwich et al., 1993; Heinemann, 2000). Since the evolution of the surface temperature in the Antarctica is 

complex due to local and large-scale influences, a regional-scale study is proposed for its holistic understanding.  60 

The ISST is not always coherent with changes in air temperature because it is affected by other factors like 

wind speed, topography and ultimately surface energy balance. Therefore, it is necessary to use insitu temperature 

measurements over the ice sheets to explain the ice sheet warming events. The present study is the first attempt to 

identify the short-term events of ISSW using borehole thermal records from the coastal Dronning Maud Land (cDML) 

region for five years (2014-18 CE).  The objective of this study is to identify the drivers of ice surface warming events 65 

using daily surface temperature recorded by thermistors installed into a bore hole in cDML.  

 

2. Data and methodology 

2.1 Study Region 

 70 
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The study area, coastal Dronning Maud Land (cDML), is situated in the Atlantic sector of the Southern Ocean (Figure 

1a). Dronning Maud Land covers a large area of East Antarctica, with its 2000 km long coast characterized by 

extensive ice shelves interspersed with numerous ice rises and rumples that have a key role in the stability of the ice 

sheet (Matsuoka et al., 2015; Goel et al., 2020). The interior of this region is partly separated by high mountains, 

causing steep ice surface slopes from the continental plateau towards the coastal areas. The Nivlisen Ice Shelf 75 

downstream of our study site is subject to reasonably small oceanic melting (Lindbäck et al., 2019) and large surface 

mass balance with a strong east-west gradient (Pratap et al., 2022). The surface mass balance of DML varied spatially 

due to local orography and surface wind effects (Thiery et al., 2012; Rotschky et al., 2007; Lenaerts et al., 2014). 

Averaged snow accumulation from an ice core from cDML region provides values in the range of 0.07-0.15 m of 

water equivalent for the last two decades (Ejaz et al 2021). Ice cores from Eastern DML showed an increase and 80 

Western DML a decrease in snow accumulation for the last century (Altnau et al., 2015; Philippe et al., 2016). Such 

high temporal variability in accumulation over the region is attributed to cyclonic activities along the coastal areas of 

DML (Schlosser and Oerter, 2002). In addition, these high temporal variabilities in accumulation patterns can also be 

influenced by moisture transport and atmospheric dynamics (Vaughan et al., 1999; Lenaerts et al., 2013), which affects 

the transport and deposition of atmospheric aerosols to the surface of ice sheets (Kreutz et al., 2000). 85 

 

 

Figure 1: (a) Study region Coastal Dronning Maud Land, with borehole location marked. The region is near to a high 

mountain range and the surface sloping from interior towards the coast (Lowther et al., 2022). Map of study region made 

using Quantarctica (Matsuoka et al., 2021)   (b) Climatology of surface level wind pattern using zonal and meridional wind 90 

components from ERA5 dataset over the continent with borehole location marked as a red star. (c-e) Wind roses for the 
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period 2014-2018 at the surface, at 850 hPa and at 500 hPa level, respectively. Radial lines give the percentage of occurrence 

of wind in that particular direction. Color code represents wind speed with magnitude in the insect figure. 

 

The borehole is situated at 1470 m a.s.l. and relatively flat region of ice sheet compared to the rock outcrops 95 

nearby, and close to the grounding zone (~10 km inland) with small ice-flow speed (3-4 ma-1). Further inland to the 

location is east-west oriented Wohlthat Mountains (Hui et al., 2014) ~ 20 km from the borehole location. In our 

analysis, the average air temperature for the study period was -22 °C from ERA5 reanalysis data, whereas, mean wind 

speed was about 8 ms-1 but largely variable (Figure 1b and c-e). On the surface (10 m), these winds are cold and 

termed katabatic, since they originate from elevated interior of the continent. Similarly, winds at 850 hPa (~ 1 km 100 

above sea level) is predominantly south-easterlies. However, at 500 hPa (~ 5 km above sea level), the wind is 

disorganized, and blowing from all directions, but preferring north easterly direction. In addition to the above wind 

structure, there are episodic easterly winds that bring moisture and precipitation to the region. They usually originate 

from the climatological low present over the southern Atlantic Ocean (centered at 25 °E). The cDML is frequently 

affected by synoptic intrusions and associated high precipitation events (Noone et al., 1999; Schlosser et al., 2010). 105 

Such episodic high precipitation events contribute to the majority of the precipitation in the region and tend to heat 

the surface to several degrees. (Hirasawa et al., 2000; Massom et al., 2004; Schlosser et al., 2010; Noone et al., 1999; 

Sinclair, 1981). 

 

 2.2 Borehole temperature measurements 110 

 

A set of thermistor-string assemblies was placed in the borehole after the retrieving an ice core (IND-33/B8) during 

2013 CE (core location in Figure 1a). The thermistor set assembly consists of 36 thermistors connected to thermometry 

strings placed in different levels (six thermistors above the surface up to 1.2 m and 30 thermistors below up to 30 m) 

and a data logger (RST instruments, Canada). The thermistors were installed at 20 cm intervals from 1 m height to 1 115 

m depth, and then 25 and 50 cm from 1-2 m depth and 2-4 m depth respectively. Below that, they were placed at 1 m 

interval. The sensors had an accuracy of 0.01 °C and were pre-calibrated.  The data logger (of specification DT 2040) 

was fixed next to the borehole in a 1-m pit and firmly secured to a bamboo stick. The thermistors were placed one day 

after drilling completion. The sensors started functioning from 5th January 2014 to 15th December 2018, regularly 

taking measurements in 6-hour intervals. The data was retrieved from the logger thrice, in January 2014, in December 120 

2017 and in December 2018.  

 

2.3 Reanalysis and model data 

 

Since in-situ meteorological observation is unavailable at the borehole site, we used the 5th generation ECMWF 125 

reanalysis (ERA5) data. The data gives hourly records of atmospheric parameters at the surface level with a grid 

resolution of 0.25°x 0.25°. The data obtained for the study are; (1) Surface energy balance parameters - Net shortwave 

and longwave radiation, total downward longwave radiation, sensible heat flux and latent heat flux; (2) Meteorological 

conditions- wind speed and wind direction at the surface (10 m) and upper levels (850 hPa, 500 hPa), cloud fraction, 
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air temperature (2 m) and precipitation; and (3) Synoptic conditions – Mean Sea level pressure, zonal and meridional 130 

components of vertically integrated water vapour transport (IVT). Over Antarctica, although the upper level 

meteorological conditions are represented well in ERA5, the surface level conditions suffer some biases, especially 

surface temperature and surface energy balance parameters (Silber et al., 2019; Zhu et al., 2021). Hence, we compared 

the 2 m air temperature with two in situ measurements and energy balance parameters with an AWS observation and 

RACMO2.3p2 model output (Supplementary Figures 3s, 4s and 5s). ERA5 dataset was qualitatively consistent with 135 

in situ and model datasets, even though their magnitudes differed. Since we are looking at the variability and not on 

the absolute values, the data from ERA5 would be appropriate for this study. The validation of ERA5 dataset is 

elaborated in the discussion (Section 4.1).  

 

 140 

 2.4 Calculation of subsurface conductive heat flux and determination of surface energy balance 

 

Surface energy balance is the sum of all the incoming and outgoing energy fluxes; the net heat flux, 

 

Q =  SWnet  +  LWnet  +  SHF +  LHF +  G 

 

(1) 

 

Where ‘SWnet’ is the net shortwave radiation (sum of incoming and outgoing SW radiation), ‘LWnet’ is the net 145 

longwave radiation (sum of incoming and outgoing LW radiation), and SHF is sensible heat flux. All the above fluxes 

are positive when directed toward the surface. Latent heat flux (LHF) is negative for sublimation and positive for 

condensation. Subsurface conductive heat flux G is positive when directed towards the surface and negative when 

directed into the snowpack.  

The subsurface conductive heat flux (G) required for the estimation of surface energy balance is calculated from the 150 

surface and subsurface temperature measurements, using Fourier’s law of heat conduction;  

 

𝐺 = −𝐾𝑒
𝑑𝑇

𝑑𝑧
 

 

 

 

(2) 

 

Where T is the temperature and z is the depth (negative downwards). The heat flux towards the ice pack is negative, 

whereas towards the surface is positive. The heat flux at all depths up to 10 m (considering that after this level, there 

is no penetration of heat from above over the period we studied) is calculated and added the individual fluxes to get 155 

the net conductive heat flux.  

Ke (in W m-1 K-1) is the effective thermal conductivity and is estimated as a function of density (ρ in kgm-3) using the 

equation (Östin and Andersson, 1991). 

 

𝐾𝑒 = −0.00871 + 0.439 × 10−3 × 𝜌 + 1.05 × 10−6 × 𝜌2 

 

(3) 
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Density at each level is directly obtained by measuring the top 10 m ice core sections. Short-wave penetration into the 

snowpack was neglected for fine-grained, dry Antarctic snow (Brandt and Warren, 1993). The calculated subsurface 160 

conductive heat flux is shown in the supplementary information (Supplementary Figure 1s). 

The sublimation rate (in m.w.e) of the surface is calculated from latent heat flux (LHF) and latent heat of sublimation, 

Ls (2.83 x 106 Jkg-1) and ρw is density of water. 

𝑆𝑢𝑏𝑙𝑖𝑚𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =
𝐿𝐻𝐹

𝐿𝑠 × 𝜌𝑤
 

(4) 

3. Results 

3.1 Retrieval of ice sheet surface temperature 165 

 

The thermistors recorded temperatures at different levels from a depth of 30 m to a height of 1.2 m at an interval of 

20 cm immediately close to the surface (from the height of 1.2 m to the depth of 1 m). We derived surface temperature 

from these data. Figure 2a represents the daily average temperature measured at the surface level thermistor from 

2014-2018. Over the years, the maximum and minimum temperatures and the magnitude of day-to-day fluctuations 170 

of surface level thermistor decreased. This dampening in temperature could be a result of the burial of thermistors 

each year by the annual snow accumulation. In other words, the surface level thermistor during the deployment no 

longer records the surface temperature by 2018, rather gets buried by each year’s snow accumulation. The buried 

thermistors record smaller fluctuations than the surface thermistors, and the exposed ones record larger fluctuations. 

This is evident from the profile of temperature at different levels for summer and winter shown in Fig. 2 (c) and (d)). 175 

To consider burial, the average annual accumulation of the time period is determined. Table 1 gives the annual surface 

mass balance from RACMO2.3p2 and ERA5. 
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Figure 2: (a) The surface temperature time series from the surface level thermistor without considering burial. (b) The 

time series of surface temperature after applying burial criteria (c-d) The time series of temperature measured by sensors 180 
at the surface level (0) and 20 cm upper (+20 cm) and lower levels (-20 cm) for summer and winter respectively.    

 

Year Precipitation (cm) 

from ERA 5 

Sublimation (cm) 

from ERA 5 

Accumulation (cm) 

= Precipitation – 

Sublimation 

Surface mass 

balance from 

RACMO (cm) 

2014 17.47 6 11 7.2 

2015 21.61 7 14 6.5 

2016 19.32 7 12 7.3 

2017 15.9 5 10 - 

2018 19.3 6 13 - 

Table 1: Annual accumulation from ERA5 and surface mass balance from RACMO model for 2014-2018. Surface mass 

balance is the sum of all the accumulation and ablation processes. RACMO data is limited to June 2017 only.  

 185 
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The average annual accumulation (accumulation - sublimation) over the years was ~12 cm estimated from 

ERA5. This does not include snow drift, hence somewhat overestimating the net accumulation. We examined the 

surface mass balance by RACMO model run at 5.5 km resolution in DML (van Wessem et al., 2018; Lenaerts et al., 

2017). It considered total precipitation, sublimation and snow drift for estimating surface mass balance which showed 

an average of ~7 cm/year for 2014-2016. This gave an approximate time of burial of surface thermistor which later 190 

corrected manually by maintaining uniformity in temperature fluctuations (Noone et al., 1999). Accordingly, we took 

surface temperature values from the sensor on the surface when installed for January 2014-September 2015, a height 

of 20 cm for October 2015-December 2017, and finally, 40 cm for 2018. Figure 2b shows the final temperature time 

series after considering burial. The depths selected may not be accurate due to biases in the precipitation and 

sublimation data and the large distance between thermistors (20 cm). However, the errors in depths of +/- 20 cm can 195 

be permissible since these levels correlate well with the surface (r value between 20 cm above and surface = 0.986 

and between 20 cm below and surface =0.987. Both the values have p <0.001). The time series of temperature at the 

surface level, 20 cm above the surface and 20 cm below the surface for 2014 (Supplementary Figure 2s) shows that 

all the fluctuations were synchronous at the three levels with different amplitude of fluctuation. There was a horizontal 

movement of sensors parallel to the region's ice flow (3-4 myr-1). Since it does not affect our study, its horizontal 200 

movement with time was ignored.   

 

3.2 Selection of warming events 

 

The warming events were observed as continuous rises in the daily average temperature profile. The onset of an event 205 

is defined as when the temperature starts to rise and marks an end when the temperature falls or stabilizes. Figure 3 

shows the examples of some warming events and the shaded regions are the duration of the events. The temperature 

during 5-13 May 2018 stabilized after 13 May, marking the event's end, similar to events during 10-15 July 2016, 11-

14 July 2015 and 27 September – 4 October 2017 (Figure 3b,c, g and h). Whereas the rest of the events (Figure 3a, d, 

e and f) had a decrease in temperature marking the end of the events. The warming of each event was calculated as 210 

the difference between the temperatures of the end and start dates and duration, as the number of days between the 

start and end dates. There were 140 events during the study period with a warming of 0.2 °C to 11 °C. Among the 

events, ~50 % of the warming was < 2 °C. Hence, to incorporate the top 50 % of warming events, we constrained the 

selection of events to warming greater than 2 °C. These events had a duration greater than or equal to 3 days. Thus, 

applying this selection criterion, the number of events reduced to 71 for 2014-2018. These events were examined for 215 

their mechanism of warming and synoptic conditions favoring it.   
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Figure 3: The time series of some ISSW events and their daily average meteorological conditions. The shaded region marks 

the beginning and end of each event. Onset is taken when the borehole temperature starts to increase and ends when the 

temperature stabilizes or decreases. In the order of panels, Surface temperature from the thermistor, wind speed and 220 

direction (as black dots), precipitation and 2m air temperature from ERA 5 for (a-d) Case 1 events for four seasons during 

17-23 February 2017, 5-13 May 2018, 10-15 July 2016 and 28 August – 2 September 2017 (e-h) Case 2 events for four seasons 

during 17-20 February 2016, 27-30 May 2018 11-14 July 2015 and 27 September – 4 October 2017.  A Case 1 event follows 

the event in autumn during 31 May-5 June 2018. 

 225 

 

 

 

https://doi.org/10.5194/egusphere-2023-2515
Preprint. Discussion started: 15 December 2023
c© Author(s) 2023. CC BY 4.0 License.



10 
 

3.3 Ice sheet surface warming (ISSW) events  

 230 

The daily averaged temperature at the borehole surface of location IND 33/B8 recorded during the period 2014–18 

CE is presented in Fig. 4a. The dashed lines represent the ISSW events identified by criteria mentioned above. There 

were 71 significant warming events recorded for the period with a rise in temperature from 2 °C to 11 °C within 3 to 

10 days of timespan. Yellow bar in Fig. 3b shows the number of events annually for the time period. It is evident that 

over this period, 2016 had the most number of warming events (18) followed by 2017 and 2018 (15 each). The year 235 

2014 recorded the least number of events (8). Among these events throughout the entire study period from 2014 to 

2018, the majority of events (49 ISSW events) were reported during spring (24) and winter (23), followed by autumn 

(14) and least during summer (8). January was the only month devoid of any ISSW events. Highest ISSW reported 

for the time period in thermistors was 11.7 °C and about 8 % of events were between 8 and 11.7 °C. The rest of the 

events (92 %) had warming below 8 °C. We examined the general meteorological conditions of the events. Out of 71 240 

warming events, 60 were followed by snow precipitation, while the rest (11 events) were without any precipitation. 

Therefore, we assume the ISSW events with snow precipitation as Case 1 and ISSW events without snow precipitation 

as Case 2 to explain their respective features as follows: 

 Case 1: Figures 3 (a-d) show four case 1 events and their meteorological conditions. The events had high 

precipitation and surface wind speed (greater than average) with wind direction mostly easterlies. Here, the frequency 245 

increased from 10 (2015) to 16 (2016), but decreased to14 (2017) and 13 (2018) (Figure 4b). They occurred frequently 

during winter (21), spring (21), autumn (14) and summer (4) resulting in an average warming of ~4.6 °C in cDML ice 

sheets during 2014-18 with a maximum of 11 °C in October 2015.   

Case 2: Figures 3 (e-g) give examples for four case 2 events that occurred during the period. Unlike the case 

1 events, they had southeasterly winds without any precipitation. The event in Fig. 3f is later followed by a case 1 250 

event featuring high easterly wind and precipitation.  Here, the frequency was less with maximum number of events 

(4) in 2015 followed by 2018 (3), 2016 (2) and one each during 2014 and 2017 (Figure 4b).  These events caused 

modest warming compared to Case 1, with maximum warming of 5 °C in October 2017. The frequency was maximum 

during summer and spring (4 each) followed by winter (2) and autumn (1).  

 255 

 

 

https://doi.org/10.5194/egusphere-2023-2515
Preprint. Discussion started: 15 December 2023
c© Author(s) 2023. CC BY 4.0 License.



11 
 

                     

Figure 4: (a) Time series of daily average ice sheet surface temperature from borehole thermistors for the time period 2014-

2018. Dashed lines represent the ISSW events. (b) The annual number of warming events and average ISSW caused by all 260 

the events during the study period. The color bars are; pink- case 1 events, violet – case 2 events and orange – the sum of 
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case 1 and case 2. (c) The composite of 2m air temperature anomaly for all the ISSW events from ERA5 dataset with respect 

to a 40 year climatology (1979-2019). The yellow star represents the borehole location.   

   

Figure 4c gives the average of 2 m air temperature anomalies during the 71 ISSW events, with reference to 265 

a 40 year climatology (1979-2019). The spatial variation in average 2 m air temperature anomaly of all events 

generally showed higher temperature anomalies towards the coast, where the average warming was ~ 4 °C. This spatial 

variation suggests that regional-scale meteorological factors have greater control on the ISSW events. 

 

  3.4 Meteorological setting  270 

 

As mentioned in Sect. 2.1, the surface winds over cDML were primarily katabatic (south-easterlies) with a mean wind 

speed of 8 ms-1 (Figure 1b & c). Due to their continental origin, they are colder and dryer. However, a fraction (~16 

%) of wind blows from the east (Figure 1c) as well. The wind rose diagram for case 1 (Figure 5a) clearly indicates the 

dominant surface easterly winds (~ 32%) with the highest recorded wind speed of  25-30 ms-1, suggesting that the case 275 

1 events comprised the rare occasions of easterly wind events over the region. They had an average wind speed of 10 

ms-1, higher than the climatological mean wind speed (8 ms-1). Since these winds are coming from the ocean, hence 

warmer and moist compared to the katabatic winds.  

The wind rose diagram of case 2 (Figure 5d) has a different pattern from case 1 events. Southeasterly winds 

(katabatic) were present for 44 % of the time with maximum wind speed (>10 ms-1) occurring at a frequency ~10 % 280 

higher than its climatological frequency (~1 %), suggesting the prevalence of strongest katabatic winds of the region. 

Hence, the general meteorological setting of the two cases were quite different due to the dominant easterly winds 

from the ocean for case 1 and strong SE winds (katabatic) for case 2. In the following sections, we look closely into 

the characteristics and mechanisms of ISSW episodes during the two events. 

 285 
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Figure 5: (a)-(c) Wind roses for case 1 at the surface, 850 hPa and 500 hPa, respectively, using ERA 5 data. (d)-(f) Wind 

roses for case 2 events at the surface, 850 hPa and 500 hPa, respectively, using ERA 5 data. Radial lines give the percentage 

of occurrence of wind in that particular direction. Color code represents wind speed with magnitude in the insect figure. 

 290 

3.4.1 Mechanism for case 1 ISSW events 

 

An examination of the surface energy balance for case 1 and 2 events will be useful to understand the mechanism of 

warming. The principle followed here is that the surface temperature increases coherently with increase in the net heat 

flux. Broadly, the net heat flux is affected by incoming and outgoing radiation and turbulent heat flux. To determine 295 

the major contributor to net heat flux in this case, we examined the correlations between daily net heat flux and its 

components during the case 1 events. The correlation between heat flux and net radiation was more significant (r = 

0.54) than that between net flux and turbulent flux (r = 0.27), implying that the net radiation had more influence on 

net heat flux. The net radiation is the sum of net shortwave and longwave fluxes. The contribution of net shortwave 

radiation in net radiation for all the case 1 events (summer and winter combined) was very less (r = 0.37, p<0.001) 300 

compared to net longwave radiation (r = 0.67, p<0.001). Hence, a rise in net longwave radiation caused by high 

downward longwave radiation (LWD) could have increased the net heat flux. Thus, the surface warming of case 1 can 

be attributed to the high downward longwave radiation (LWD). 
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The LWD over a region depends on several factors such as the nature of cloud and air temperature (Sato and 

Simmonds, 2021). For most of the time, there were high cloud cover over the region during the events (Figure 6b). 305 

The wind at 850 hPa, and 500 hPa depict prominent easterly and north-easterly winds (Figure 5 b–c). Figure 6a 

represents the moisture flux during the events. There were significant northerly flow of moisture towards the region. 

The northerly winds carried warm, moist air from the surrounding ocean causing high cloud cover and LWD over the 

region. Warm air advection enhanced LWD by rising air temperature and cloud cover, resulting in surface warming. 

Studies have reported similar incidences of warming of air (Emanuelsson et al., 2018; Ghiz et al., 2021; Nicolas et al., 310 

2017; Nicolas and Bromwich, 2011) and ice sheet surfaces  (Sato and Simmonds, 2021) due to warm air advection 

from low latitudes.   

 

Figure 6: (a) Composite diagram of integrated moisture flux during case 1 events estimated from ERA 5. The arrow 

represents the direction and the color code gives the magnitude of moisture flux. Star shows the borehole location. (b) 315 

Histogram of cloud fraction during the case 1 events with the x-axis having cloud fraction and the y-axis having the 

frequency of occurrence of that particular cloud cover during case 1 events. Cloud fraction is obtained from ERA 5. (C) 

https://doi.org/10.5194/egusphere-2023-2515
Preprint. Discussion started: 15 December 2023
c© Author(s) 2023. CC BY 4.0 License.



15 
 

Mean Sea Level Pressure anomaly for case 1 events, and (d) For case 2 events. Climatology is calculated for 1979-2018 from 

the ERA5 dataset. 

 320 

In order to identify the causes of warm air advection, the composite of mean sea level pressure anomalies 

(MSLP) for case 1 is examined (Figure 6c). The synoptic arrangement over the continent resembled a wave number 

3 pattern (3 lows and 3 highs). During the events, the region covering the location was inside a low-pressure system 

surrounded by high-pressure systems to the east and west. This particular synoptic condition favored the advection of 

warm, moist air to the region through the right side of the low-pressure area (Figure 6a).  325 

 

 

3.4.2 Mechanism for case 2 ISSW events 

 

For case 2, the intensity of warming was relatively less compared to case 1. On analyzing the energy balance in this 330 

case, we observed that net heat flux was greatly influenced by turbulent heat flux (r = 0.37, p<0.001) rather than net 

radiation (r = 0.13, p =0.01), pointing out that turbulent flux has caused surface warming. Case 2 was influenced by 

the strong katabatic winds (Figure 5 d), where the upper-level winds were SE (850 hPa) and SW (500 hPa) respectively 

(Figure 5 (e-f)), suggesting that the winds were uniformly cold, still resulting in surface warming over the location. 

One plausible explanation could be the turbulence-induced disruption of thermal inversion by strong katabatic 335 

winds  (Bromwich, 1989; Bromwich et al., 1993; Heinemann et al., 2019; King, 1998). During this process, warming 

is limited to a few heights above the surface, while the boundary layer is negatively buoyant (Bromwich, 1989). The 

MSLP anomaly for case 2 is different from the case 1, where there is a high pressure above the landmass flanked by 

low pressures on both sides (Figure 6d). This configuration of high and low pressure induces an anticyclonic 

circulation over the region, driving more southerly winds, further strengthening the katabatic winds and leading to 340 

surface warming. 

 

4. Discussion  

4.1 Insights in to the datasets used in the study: Advantages and limitations 

  345 

The present work used ERA 5 reanalysis dataset to examine the surface and upper meteorological conditions over 

cDML. The availability, consistency and high spatial resolution makes ERA 5 an excellent choice for studying regions 

with limited data coverage like Antarctica. It is used in several studies to represent upper level meteorological 

conditions  and accurately represent surface wind conditions (Tetzner et al., 2019). However, previous studies reported 

its biases in representing the near surface air temperature (Garza-Giron and Tulaczyk, 2023; Nielsen et al., 2023), 350 

while successfully representing general variability and trends (Zhu et al., 2021). We compared the daily mean 2m air 

temperature from a grid point near to borehole location with our borehole surface temperature and 2 m air temperature 

from a nearby station measurement (collected from Novolazarevskaya – Russia) for a year (Supplementary Figure 

3s). From the figure it is evident that the profile of 2 m air temperature correlates well with borehole surface 
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temperature (r value = 0.851, p < 0.001) and with station 2 m temperature (r value = 0.932, p < 0.001). The station is 355 

situated coastal (~ 93 kms) and hence the temperature was warmer than borehole location. 

Similar to other reanalysis datasets, previous studies reported bias in ERA 5 SEB fluxes over Antarctica due 

to limitations in the model physics (King et al., 2015). Silber et al (2019) observed biases in net SW and incoming 

LW fluxes by magnitudes ± 100 Wm-2 and ~50 Wm-2 respectively over West Antarctica in comparison with in situ 

measurements largely due to inaccurate representation of cloud phase in the model. To assess the accuracy of ERA 5 360 

SEB fluxes over cDML near to our location, we compared it with monthly SEB fluxes from RACMO2.3p2. The 

monthly SEB fluxes of ERA 5 showed good correlation with monthly SEB fluxes from RACMO model near to 

borehole location (Supplementary Figure 4s). As mentioned before, the subsurface heat flux used in our study is 

derived from borehole thermistor measurements. It showed good agreement with RACMO model subsurface flux. 

Adding this derived subsurface flux to other SEB fluxes of ERA 5, the net heat flux is more accurate and correlates 365 

well with net heat flux of RACMO (Supplementary Figure 4s). Furthermore, we assessed daily SEB fluxes of ERA 5 

using an AWS observation from to Larsen C Ice shelf in summer 2013 (Supplementary Figure 5s). Although the 

absolute values of ERA 5 deviated from observation, the overall pattern is mostly in agreement with in situ data. Ghiz 

et al (2021) observed qualitative consistency between in situ net energy flux and ERA5 over West Antarctica and 

therefore used ERA 5 SEB fluxes to assess the mechanism of melting events in their analysis. Since we limit ERA 5 370 

temperature and SEB fluxes to a qualitative understanding of the events, we believe that the data represents the cases 

reasonably well for our study.  

Accurate determination of ice sheet surface temperature is vital to understanding the impact of sudden 

atmospheric warming events on ice sheet surface energy balance, mass balance (through melting and sublimation) and 

subsurface temperature distribution. The temporal evolution of ISST is determined by the energy balance at the surface 375 

and near surface air temperature is only one contributor to it. Hence direct examination of ISST provides a better 

picture of the impact of these events on the Ice Sheet Surface rather than the 2 m air temperature measured by AWS. 

Compared with the skin temperature of ERA5, the borehole surface temperature had small amplitudes of day-to-day 

fluctuations, even though they followed a similar pattern as that of 2 m air temperature (Supplementary Figure 3s). 

This dampening of temperature fluctuations over the Ice Sheet surface compared to near surface air is obvious and 380 

borehole thermistors provided a more realistic behavior of the Ice sheet surface. In addition, the yearly mean values 

during 2015 were -24.43 °C and -25.15 °C for borehole and ERA5 surface temperatures respectively, indicating cold 

bias in ERA 5 skin temperature.   

Satellite derived land surface temperature is an excellent tool for studying ISST due to its large spatial 

coverage, however, it is limited to clear sky conditions over Antarctica. We observe from our study that borehole 385 

thermistor measurements can be used to conduct a year-round study of ISST and accurately derive ground heat flux. 

They can also serve as a ground truth for satellite observations.  

       

4.2 Ice sheet surface warming and linkage to Atmospheric circulation in cDML 

The spatial and temporal changes in the ice sheet surface temperature are interlinked to several divers in the 390 

atmosphere such as clouds and winds. The regional changes are modified in a complex way by the strength and path 
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of individual storm tracks around the cDML region, which has a greater role in the ice sheet surface warming and 

accumulation. Two factors have been identified as drivers of ISSW events over cDML region for the period 2014-18. 

The major factor is the strong easterly winds favoring high snow accumulation (case 1, 60 events). This is driven by 

advection of warm, moist air from the ocean. The southern ocean is a region of high storm activity at all times of year  395 

(Hoskins and Hodges, 2005) that witnessed increased cyclone events due to global warming (Reboita et al., 2015). 

The increased cyclones in the southern hemisphere, irrespective of the season, could also influence the ISSW events 

over the cDML region. 

Case 1 has shown warming for a few days in the range of 2 – 11 °C with an average warming of ~4.6 °C due 

to high LWD. The events were episodic with high interannual and intra-seasonal variability. The frequency has 400 

increased from 8 to 16 events per year after 2015, with maximum during 2016 (16) followed by 2017 (14) and 2018 

(13). It can also be seen that even within a year, the frequency was more during winter and spring compared to summer. 

The influence of LWD on ice sheet warming depends on the cloud optical thickness, liquid water path (LWP) and 

cloud phase (Wille et al., 2019; Bennartz et al., 2013; Nicolas et al., 2017). Changes in any of these parameters can 

alter the LWD and thereby the extent of warming. Kittel et al (2022) projected extensive melting of Antarctic ice 405 

shelves by increased liquid water in clouds via radiation perturbations. Therefore major uncertainty in surface warming 

is related to the increase of low-level liquid clouds which would emit more LWD leading to surface warming  

(Bennartz et al., 2013; Hofer et al., 2019; Gorodetskaya et al., 2015).  

Case 2 (11 events) was associated with katabatic winds (SE) with no precipitation, causing a relatively modest 

warming in the range of 2-5 °C over the region (average warming of ~3.62 °C). During the events, the usual winds 410 

were strengthened by a peculiar synoptic configuration of high pressure over the location and low pressure to both 

sides, causing very strong katabatic winds (>10 ms-1), which resulted in a cold, dry air blowing from the continent to 

the coast. The strong katabatic winds eventually intensified turbulent flux to warm the ice surface adiabatically 

(Bromwich, 1989). The warming due to katabatic wind is dependent on the wind speed  (Vihma et al., 2011); hence 

any changes in wind speed can affect the warming (Nylen et al., 2004; Speirs et al., 2010; Vihma et al., 2011). 415 

Warming and exposure of low albedo ice layers due to persistent katabatic wind scouring have led to surface melting 

over a cDML ice shelf  (Lenaerts et al., 2017). It is also established that katabatic winds, in association with synoptic 

systems and topographic channeling, often lead to warming of the Antarctic glaciers (Bromwich et al., 1993; 

Heinemann et al., 2019). The katabatic winds is an important climatological signal (mean warm anomaly > 5 K for > 

120 days) during winter in the Byrd Glacier and the Nimrod Glacier (Heinemann et al., 2019). These winds might 420 

expose blue ice and firn of less surface albedo, and enhance melt over the cDML region as well. Such episodic 

interactions of synoptic systems with the persistent katabatic winds might create additional pressures at the ice sheet 

surface such as wind scouring, sublimation and surface melting.   

 

4.3 Warming of ice sheet surface and linkages to precipitation 425 
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The case 1 warming events have witnessed high snow accumulation in the region caused by cyclonic disturbances. 35 

out of the total 60 events in case 1 experienced extreme precipitation (EPEs), where the daily precipitation was greater 

than the 90th percentile of the study period (2014-18). The average frequency was 7 events per year, in agreement with 

Schlosser et al. (2010) observing an average frequency of 8 events per year in western DML during 2001-06. The 430 

moisture transport efficiency of cyclones is dependent on the genesis latitude and speed of their poleward propagation 

(Sinclair and Dacre, 2019). Low latitude origin and high propagation velocity of cyclones can transport more moisture 

towards Antarctica. Several studies have emphasized the role of atmospheric rivers - narrow bands of moist air from 

low latitudes – in bringing extreme precipitation to the Polar region and causing surface melt by enhancing longwave 

radiation associated with its optically thick clouds (Gorodetskaya et al., 2014; Wille et al., 2019). Therefore, the high 435 

snow precipitation during case 1 could have resulted from an intense long-range meridional moisture transport from 

low latitudes and the surrounding ocean. Hence it is likely that changes in the source (latitude), frequency, intensity 

and transport efficiency of cyclones directly affect the precipitation regime over cDML and indirectly affect ISSW by 

its cloud cover. A future perspective of this study will be examining and quantifying their role in ISSW events.  

 440 

4.4 Implications of ISSW events in cDML 

 

The extent of warming due to katabatic winds are modest in the region compared to case 1 events, though very strong 

katabatic winds can create additional effects on the ice sheet by drifting and sublimating the accumulated snow and 

exposing low albedo ice (Van Den Broeke, 1997; Ligtenberg et al., 2014; Lenaerts et al., 2017). Our estimated average 445 

sublimation rate of cDML for the five years is 0.17 mm per day, which is comparable to the rates estimated using 

AWS in eastern Dronning Maud Land (Van Den Broeke et al., 2004, 2009). During the case 2 events, however, it 

increased to a mean of 0.27 mm per day, signifying the role of dry katabatic winds on sublimation. Surface sublimation 

affects the mass balance of ice sheets by removing the precipitation (Barral et al., 2014; Grazioli et al., 2017) and 

altering the composition of ice cores (Masson-Delmotte et al., 2008). Additionally, such events might impact the 450 

southern ocean by drifting the sea ice  (Farooq et al., 2023; Aulicino et al., 2019) and creating coastal polynyas 

(Bromwich et al., 1993; Ebner et al., 2014). This has a consequence on the biological productivity of the Southern 

ocean  (Montes-Hugo et al., 2009) and CO2 uptake. In summer, such regional surface warming events might raise the 

ISST to melt threshold (0 °C) and lead to surface melting. Additionally, strong winds associated with them can 

potentially erode the snow and increase surface melt. This could result in the supraglacial and englacial storage of 455 

meltwater at the ice-sheet grounding zone of East Antarctica, which could affect the hydrodynamics of ice sheet in 

the future. 

The present study did not observe any melting near the borehole location as the temperatures were subzero 

even in summer. However, considering the spatial extent of these warming episodes (Figure 2c), surface melting could 

be observed over the ice shelves towards the coast during summer. There are studies on the melt layers captured in 460 

ice cores retrieved from coastal regions of Antarctica, including DML (Dey et al., 2022; Kaczmarska et al., 2006). 

Such melt layers cause changes in the physical and chemical properties of ice and affect their interpretation with past 
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climate (Pohjola et al., 2002). Moreover, frequent surface melting create melt ponds (Luckman et al., 2014; Scambos 

et al., 2000) and subsequent depletion of firn air can lead to hydrofracture of ice shelves (Banwell et al., 2013; Scambos 

et al., 2000). Similar scenarios were previously observed over the Antarctic Peninsula (Banwell et al., 2013; Scambos 465 

et al., 2000). The extent of firn air depletion can be buffered by accumulation that replenishes free pore space required 

to hold meltwater (Ligtenberg et al., 2011). All the major warming events observed in the present study were 

associated with snow accumulation, reducing the risk of any firn air depletion. However, the snow accumulation 

estimated from an ice core drilled in the exact location (Ejaz et al., 2021) revealed a decreasing trend in accumulation 

over the last century (53 % during 1906-2013 CE) dropping to 20 % since 2000 CE (Supplementary Figure 6s). 470 

Further, a sharp decrease of snow accumulation along with high melt events would result in firn air depletion over 

cDML, which may cause a major hydro-facture of the ice shelves in the cDML region in the future. Hence, a 

continuation of this study over a long term will help to identify the impact of frequency and duration of such warming 

events and accumulation patterns to predict the stability of ice shelves in a better way. 

5. Conclusion 475 

Using thermistors deployed in an ice core borehole, we examined the warming events of coastal Dronning Maud land 

region during 2014-2018. Local changes in surface energy balance and large-scale atmospheric circulation were found 

to warm the surface continuously for several degrees for some days in cDML. There were 71 ISSW events following 

the selection criteria in the study period, occurring in all seasons in the order spring>winter >autumn>summer with 

an the mean amplitude of spontaneous warming events that continue for a few days by about 4.1 °C during 2014-2018 480 

CE. The study identified two major drivers of warming over the region.  The majority of the ISSW events (84 %) were 

associated with warm air advection and enhanced cloud-induced downward longwave radiation along with snow 

precipitation during high easterlies (case 1 events) and the rest with southeasterly winds devoid of any precipitation 

(case 2 events). Strong surface easterly winds and precipitation accompanied Case 1 events, whereas case 2 events 

were associated with turbulence caused by strong katabatic winds at the surface. Our study suggests that short-term 485 

surface warming events of cDML are driven by local changes in surface energy balance favored by large-scale 

atmospheric circulations. The frequency and duration of such events are important for the stability and mass balance 

of coastal Antarctic ice shelves.  

 

Data availability 490 

The data used in this work is available at http://ramadda.npdc.ncpor.res.in/repository/entry/show?entryid=a9bcd8a3-

7417-4bad-bd1e-44ecf1b8ad69. It include the six hourly dataset of borehole thermistor measurements from cDML 

for 2014-2018 from a height of 1.2m to a depth of 30m. ERA5 data can be downloaded from Copernicus Climate Data 

store provided by ECMWF (https://doi.org/10.24381/cds.f17050d7, Hersbach et al., 2020). RACMO.3p2 model 

output is obtained from Zenodo data repository in monthly scale with a spatial resolution of 27 km 495 

(DOI 10.5281/zenodo.7760490, van Wessem et al., 2023). The daily SEB fluxes from an AWS in Larsen C ice shelf 

is available on PANGEA database (https://doi.org/10.1594/PANGAEA.910471, Jakobs et al., 2020). Novolazarskaya 
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station observation is collected as part of READER project and is available on 

ftp://ftp.bas.ac.uk/src/ANTARCTIC_METEOROLOGICAL_DATA/GTS_DATA/SURFACE/ (Turner et al., 2004). 
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