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The Ross Ice Shelf (RIS) buttresses ice streams from the Antarctic continent and

restrains the grounded ice sheet from flowing into the ocean, which is important for

the stability of the ice sheet. In recent decades, West Antarctic ice shelves, including

the RIS, have experienced more frequent surface melting during summer. We inves-

tigated the role of warm, descending föhn winds in a major melt event that occurred

on the RIS in January 2016. Only a few summer melt events of this magnitude have

been observed since 1979. Backward trajectories from the area of earliest melting

were constructed using the Antarctic Mesoscale Prediction System to investigate the

dominant mechanisms at the beginning of the melt event, mainly from 10 to 13 Jan-

uary. Analysis was conducted over two distinct areas. The föhn effect contributed

around 2–4 ◦C to the surface temperature increase over the coastal mountains of

Marie Byrd Land and around 1 ◦C over the much lower Edward VII Peninsula. Most

of the föhn warming was caused by isentropic drawdown of air aloft. On 10 January,

the second-most important contributor for both mountain ranges was the thermody-

namic mechanism. On 11 January, the second-most important mechanism was the

sensible and radiative heat flux. This study contributes to a better understanding of

surface melt events over the RIS and benefits research associated with the stability

of West Antarctic ice shelves.
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1 INTRODUCTION

Over the past two decades, Antarctic ice shelves have under-

gone thinning and retreat caused by combined atmospheric

and oceanic forcing (Cook and Vaughan, 2010; Joughin and

Alley, 2011; Pritchard et al., 2012; Rignot et al., 2013; Paolo

et al., 2015; Shepherd et al., 2018). On the coast of West

Antarctica (WA), ice shelf loss was up to 7 m/year in thick-

ness for the period 2003–2008 (Pritchard et al., 2012; Rignot

et al., 2013). Basal melting has been the dominant contrib-

utor to this ice shelf thinning and could precondition ice

shelf collapse (Thoma et al., 2008; Pritchard et al., 2012;

Dutrieux et al., 2014). However, DeConto and Pollard (2016)

suggested that under a future high-emission scenario, atmo-

spheric warming could become the dominant driver for ice

loss from the West Antarctic ice shelves. Surface melting

plays an important role in the breakup of ice shelves through

hydrofracturing which occurs when surface meltwater drains

into crevasses (Van den Broeke, 2005; Pollard et al., 2015),

and thus promotes glacier acceleration (Barrand et al., 2013).

By buttressing large ice streams, the Ross Ice Shelf (RIS) pro-

vides a significant control on the discharge of about 40% of

the grounded ice of the West Antarctic ice sheet (Price et al.,
2001; Joughin and Alley, 2011; Yokoyama et al., 2016). Occa-

sionally, the RIS is exposed to warm summers that lead to

extensive melt at the surface (Liu et al., 2006). Scott et al.
(2019) concluded that melting over the RIS during austral

summer has increased in the past two decades, possibly jeop-

ardizing its stability (Tedesco, 2009; Nicolas et al., 2017).

Therefore, we investigate the cause of melt over the RIS by
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FIGURE 1 (a) Map of West Antarctica showing the number of melting days in January 2016 based on satellite passive microwave observations (Nicolas

et al., 2017). (b) Zoom-in on the area of West Antarctica outlined in black in (a). The white circle in (a) represents the area where the melting started on 10

January 2016 (region on the MacAyeal ice stream, referred to as MIS in the text). The size of the MIS is around 3× 104 km2, about 6.3% of the size of the

RIS. The Executive Committee Range (ECR), Ames Range (AR), and Flood Range (FR) are collectively referred to as Mountain Range X in the text, while

Mountain Range Y is used to refer to the Edward VII Peninsula. The red line represents the channel between MBL and Roosevelt Island [Colour figure can be

viewed at wileyonlinelibrary.com].

means of an extensive melt event in January 2016 (Figure 1a,

Nicolas et al., 2017).

1.1 RIS climatology

The climate of the RIS is significantly influenced by the

Amundsen Sea Low (ASL). The ASL is a climatological

low-pressure centre usually located over the Amundsen Sea

(Figure 1a), off the coast of WA (Coggins and McDonald,

2015; Raphael et al., 2016). The location and depth of the

ASL, especially the longitudinal location, affects regional

wind patterns, as well as heat and moisture transfer over the

RIS (Nicolas and Bromwich, 2011; Fogt et al., 2012; Hosking

et al., 2013; Coggins and McDonald, 2015; Raphael et al.,

2016). Nicolas and Bromwich (2011) suggest that when the

deep ASL is located closer to the Ross Sea, it can direct warm

and moist marine air into Marie Byrd Land (MBL) and lead

to surface warming over the eastern RIS (Figure 1). When

the ASL is located closer to the Bellingshausen Sea, MBL

usually has southerly winds (Nicolas and Bromwich, 2011).

The trough over the eastern RIS directs the cold continental

air from over the Transantarctic Mountains towards western

MBL and the RIS (Figure 1), which results in surface cool-

ing (Nicolas and Bromwich, 2011). During the summer, the

ASL is usually located closer to Bellingshausen Sea with

a more northern position compared to the rest of the year

(Hosking et al., 2013; Coggins and McDonald, 2015; Fogt

and Wovrosh, 2015). However, not all summers follow this

http://wileyonlinelibrary.com


ZOU ET AL. 689

pattern, and the ASL, as a climatological feature, may not

represent the location of the low-pressure centre during a

short time period. Furthermore, the ASL is not the only factor

affecting the local wind and temperature fields. Thus, more

investigation of the regional factors should be conducted.

Along the path followed by marine air intrusions, local

topographic features also influence the heat and moisture

transfer from ocean to land. Over MBL, two main topographic

barriers, the broad coastal mountains closer to the Amund-

sen Sea (Figure 1b; hereafter referred to as Mountain Range

X) and the more narrow and lower Edward VII Peninsula

(Figure 1b; hereafter referred to as Mountain Range Y), can

block or redirect the air flow from the Ross and Amundsen

Seas. The average elevation of the broad coastal mountains

is around 3,000 m, whereas the narrow Edward VII Peninsula

averages 600 m elevation.

1.2 The January 2016 melt event

A major melt event occurred over the RIS in January 2016

and lasted for over 2 weeks in some areas (Nicolas et al.,
2017). The 2016 melt event started above the MacAyeal

Ice Stream (hereafter referred to as MIS, white circle in

Figure 1a), which is also on the lee side of the two moun-

tain barriers mentioned above (Figure 1b). Other prominent

melt events occurred over the RIS area in the 1982/1983,

1991/1992 and 2004/2005 austral summers (Liu et al., 2006;

Tedesco, 2009). These melt events also tend to start at MIS,

expand over the eastern RIS, and ultimately disappear. It is

unknown why these melt events start at this location and why

they develop in a similar way.

The synoptic circulation over this area can promote per-

pendicular air flow towards the coast of MBL. For the 2016

melt event, the 700 hPa temperature and wind fields show a

blocking high over the 90–120◦W section of the Southern

Ocean in conjunction with two cyclones (labelled L1 and L2

in Figure 2a,b). At the beginning of the melt event, the air over

the ocean moved towards MBL and brought heat and mois-

ture from the Amundsen Sea to the continent. The weaker

low-pressure centre (L1), together with the blocking high,

helped to direct warm air towards Mountain Range X. The

stronger low-pressure centre (L2) over the Ross Sea region

directed low-level warm air into the eastern RIS by climbing

over Mountain Range Y and out of the RIS on the west side.

Factors other than synoptic-scale drivers can also affect the

melting pattern (Liu et al., 2006; Nicolas et al., 2017; Deb

et al., 2018). The 700 hPa wind blew approximately perpen-

dicular to the two topographic barriers, and surface warming

was observed on the lee side of both mountain ranges, sug-

gesting the presence of the föhn effect (Figure 2c,d).

1.3 Föhn effect

Föhn-related warming results from airflow modification

by topographic features and is typically accompanied by a

decrease in humidity, an increase in wind speed and, some-

times, clear-sky conditions on the lee side of mountains

(Speirs et al., 2010; Elvidge and Renfrew, 2016). However,

these associations are not always observed, since cloud for-

mation and precipitation on the upwind side are not necessary

for föhn development (Seibert, 1990; Speirs et al., 2010) and

föhn winds can also originate from large-amplitude mountain

waves and blocking of low-level air by the mountain barri-

ers (Klemp and Lilly, 1975; Flamant et al., 2002; Jiang et al.,
2005).

Elvidge and Renfrew (2016) demonstrate that four differ-

ent mechanisms contribute to föhn warming: thermodynamic

mechanism, isentropic drawdown, turbulent heat transfer

(related to sensible heat flux) and radiative heating (Figure 3).

Thermodynamic mechanism is one of the classic theories

for föhn warming. Here, energy comes from the latent heat

released by condensation on the windward side of the moun-

tain. However, isentropic drawdown is the most common

mechanism (Elvidge and Renfrew, 2016). On the windward

side, potentially warmer air at higher levels passes over the

mountain without being blocked like the air with lower poten-

tial temperature at lower levels (Elvidge et al., 2015; Mil-

tenberger et al., 2016). Then, the descending air increases

the surface temperature on the lee side via adiabatic warm-

ing. In addition, turbulence can transfer sensible heat into the

lower föhn flow over mountains. Also, reduced cloud cover on

the lee side of mountains caused by the condensation on the

upwind side will increase surface energy input via radiative

heating. The föhn effect can be dominated by one or sev-

eral of these mechanisms, which can affect the strength of the

föhn warming (Seibert, 1990; Grosvenor et al., 2014; Elvidge

et al., 2015; Würsch and Sprenger, 2015; Elvidge and Ren-

frew, 2016). In Elvidge and Renfrew (2016), the temperature

increase brought by the föhn effect in the Antarctic Peninsula

(AP) can range from 2 to 6 ◦C depending on the mechanisms

and this theory may also apply to the MIS.

The present study investigates whether the föhn warming

played a role in the 2016 melt event and why melt events

favour this area. Section 2 describes the data and meth-

ods. Section 3 introduces the evaluation of the Antarctic

Mesoscale Prediction System (AMPS) forecasts, the study of

the föhn signatures, and the quantification of the föhn warm-

ing. Section 4 summarizes the conclusions from the previous

sections. Section 5 discusses different mechanisms of the

föhn effect and compares the föhn events observed in the AP,

McMurdo Dry Valleys and RIS.

2 DATA AND METHODS

2.1 Antarctic Mesoscale Prediction System

This study primarily uses the AMPS model data to under-

stand the mechanisms behind the January 2016 melt

event. Developed by the National Center for Atmo-

spheric Research (NCAR), AMPS is a high-resolution,
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FIGURE 2 (a,b) AMPS 700 hPa wind and potential temperature fields at 0000 UTC on 10 and 11 January 2016. (c,d) AMPS skin (physical) temperature and

10 m wind fields at 0000 UTC on 10 and 11 January. (e,f) AMPS 12 h total precipitation from 1200 UTC on 9th to 0000 UTC on 10 January and from

1200 UTC on 10th to 0000 UTC on 11 January. The purple dashed line in (a,b,e,f) denote the melt area and the two black dashed lines in (e,f) are the X1X2

and Y1Y2 cross-sections selected for further analysis in the article. The letters L1 and L2 in (a) and (b) represent centres of low pressure [Colour figure can

be viewed at wileyonlinelibrary.com].

experimental and real-time mesoscale modelling system,

which provides numerical guidance for weather prediction

supporting the operations of the US Antarctic Program

(Powers et al., 2012). AMPS forecasts are produced by

the Advanced Research Weather Research and Forecasting

model (WRF-ARW), with polar modifications developed

by the Polar Meteorology Group at the Byrd Polar and Cli-

mate Center to better represent the polar environment (e.g.

Bromwich et al., 2013). The AMPS uses the unified Noah

Land Surface Model (LSM) with polar optimizations for

http://wileyonlinelibrary.com
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(a)

(c) (b)

FIGURE 3 Schematic diagram illustrating the four main mechanisms causing the föhn effect in the lee of mountains: Isentropic drawdown (green),

thermodynamic mechanism (blue), sensible heat flux (grey), and radiative heating (yellow). The two black lines with arrows are examples of trajectories

experiencing heating through isentropic drawdown (a,b) and condensation/latent heat release (c,b). Points b and c share the same height, and points a and c

share the same longitude and latitude (section 2.4) [Colour figure can be viewed at wileyonlinelibrary.com].

improved representation of heat transfer through snow and

ice (Hines and Bromwich, 2008; Barlage et al., 2010; Niu

et al., 2011; Hines et al., 2015; Erlandsen et al., 2016). The

Noah LSM includes a Penman–Monteith equation for evapo-

transpiration that takes the sublimation from frozen surfaces

into consideration (Hines and Bromwich, 2008; Niu et al.,
2011; Erlandsen et al., 2016). For the microphysics scheme,

AMPS employs the WRF single-moment 5-class scheme.

Also, AMPS implements the Mellor–Yamada–Janjic (Eta)

turbulence kinetic energy scheme along with the Rapid

Radiative Transfer Model (RRTMG) for long-wave radiation

and the Goddard short-wave radiation scheme (Mellor and

Yamada, 1974; Clough et al., 2005; Hu et al., 2010).

Our analyses make use of the WRF-ARW version 3.7.1 sim-

ulation that is conducted over the AMPS Domain 2 which

covers the entire Antarctic continent at a horizontal resolu-

tion of 10 km with 61 Eta vertical levels (source: https://www.

earthsystemgrid.org/project/amps.html). These are the high-

est resolution AMPS data produced by NCAR for the MBL

region. Three-hourly forecast data initialized at 0000 UTC

(noon local time) and 1200 UTC (midnight local time) each

day are used for the analysis of the melt event and the quan-

tification of the föhn effect. Twelve-hour spin-up has been

used for each AMPS forecast to allow the predicted cloud to

develop fully.

2.2 Automatic weather stations

This study uses 3-hourly quality-controlled automatic

weather station (AWS) data provided by the Antarctic

Meteorological Research Center (AMRC) at the University

of Wisconsin-Madison (Lazzara et al., 2012; Cohen et al.,
2013; Colwell et al., 2016). Two-metre temperature, 2 m

relative humidity and 10 m wind speed data from AMPS are

interpolated to the location of five selected AWS stations in

WA to evaluate the reliability of AMPS forecasts. The five

stations are: Siple Dome, Lettau, Margaret, Gill and Sabrina

(Figure 4a). These stations provide air temperature, relative

humidity and wind speed at 3 m above the surface during the

2016 melt event (Lazzara et al., 2010). Genthon et al. (2011)

suggested that AWS observations may overestimate the tem-

perature during the summer due to the combination of low

wind speed and high solar insolation. However, a more effi-

cient radiation shield was installed during the 2000s, which

improved the observational performance (Costanza et al.,
2016). Also, most of the AWSs have been updated to newer

equipment since the 2010s, which benefits the temperature

and wind speed observations (Costanza et al., 2016). In sum-

mary, the AWS network offers the most continuous set of

surface meteorological observations over the RIS (Costanza

et al., 2016), and thus provides important supplemental infor-

mation about surface warming and conditions during the

melt event.

2.3 Satellite data

Satellite-based daily estimates of surface melt occurrence

over the RIS used in this study are derived from passive

microwave observations from the Special Sensor Microwave

Imager/Sounder (SSMIS) and employ the melt detection

algorithm adopted by Nicolas et al. (2017). Satellite-based

cloud coverage and average computed surface fluxes with

1◦ horizontal resolution (SYN1deg) come from Edition 4A

(Ed4A) of the Clouds and the Earth’s Radiant Energy System

(CERES) Level 3 daily data (Loeb et al., 2017). Surface fluxes

are based on 16 geosynchronous satellites (GEO) and Moder-

ate Resolution Imaging Spectroradiometer (MODIS) derived

cloud properties (hereafter referred to as CERES SYN1deg

Ed4A). Loeb et al. (2017) suggest that CERES products are

useful for describing spatial and temporal variability.

http://wileyonlinelibrary.com
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(a)

(b)

FIGURE 4 (a) Locations of five selected AWS stations whose temperature time series are shown in panel (b). (b) The 3-hourly air temperature time series at

the locations of the five AWSs shown in (a) during January 2016 from AWS observations (black line) and AMPS (red line). The reference line is −2 ◦C, and

the light-red shading represents the time period when the surface temperature is inferred to be higher than the melting point. The elevation of each AWS is

given in parentheses [Colour figure can be viewed at wileyonlinelibrary.com].

2.4 Trajectory analysis for the föhn effect

Surface temperature and wind fields, precipitation, and ver-

tical profiles from AMPS have been analysed to explore

potential drivers of the surface warming. For the quantifi-

cation of the föhn effect, 3-hourly AMPS forecast data are

used as input to run trajectories via the Read Interpolate Plot

(RIP4) software to track the movement of air parcels. Tra-

jectories have been estimated for Mountain Ranges X and Y

along the path of the marine air intrusions.

Figure 3 summarizes the mechanisms involved in föhn

warming. Point A is assumed to be in the undisturbed flow

http://wileyonlinelibrary.com
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(over the ocean), at greater than the Rossby radius of deforma-

tion distance of ∼200 km from the mountains, where the flow

is not directly affected by topography (Elvidge et al., 2015).

Point B is located in the area of earliest melting, where the

föhn effect has the most impact (above the MIS). Also, Point B

captures the significant melting expansion from 10 to 11 Jan-

uary, which benefits the analysis of the föhn warming. Point

C is set right below Point A with the same height as Point B.

Both forward and backward trajectories are estimated by

RIP4 to quantify the föhn effect. So, variables at three points

(A, B and C) are calculated via the same procedure, which

reduces the errors caused by different interpolation methods.

Backward trajectories start from Point B (over the MIS) to

Point A (over the ocean). The location and height of Point B

is unchanged while the detailed location and height of Point

A varies for each trajectory. Forward trajectories start from

Point C (over the ocean) and end over the MIS. All of the tra-

jectory analysis is conducted on backward trajectories since

they reveal the travel path of the air parcel from ocean to the

surface over the MIS. Forward trajectories are only calculated

to get data at Point C and finish the quantification of the föhn

effect.

Elvidge and Renfrew (2016) provide equations to calculate

the contribution of the total föhn effect and its four different

mechanisms, respectively.

FE = TB − TC, (1)

ID = 𝜃A − TC, (2)

TM = (𝜃B − 𝜃eB) − (𝜃A − 𝜃eA), (3)

SHF =
(
𝜃eB − 𝜃eA − ∫

B

A

Δ𝑅𝐴𝐻𝜃

)
, (4)

RAH = ∫
B

A

Δ𝑅𝐴𝐻𝜃 (5)

CT = TB − 𝜃B, (6)

FE = ID + TM + SHF + RAH + CT, (7)

where: T = temperature. 𝜃 = potential temperature. 𝜃e =
equivalent potential temperature.

The total contribution of the föhn effect is estimated as

FE (Equation 1). The contribution of isentropic drawdown

(ID) is estimated from Equation 2. Note that in our model,

Point C is at the reference pressure used to compute potential

temperature. Therefore, 𝜃C = TC. The contribution from the

thermodynamic mechanism is estimated as TM (Equation 3).

The impact of the sensible heat flux (SHF) is estimated from

Equation 4. The contribution of radiative heating is estimated

as RAH (Equation 5). Instead of calculating the RAH and

SHF, this study calculates the combination of these two terms.

Also, the correction term related to the pressure gradient

is estimated as CT (Equation 6). The total contribution of

TABLE 1 Monthly average differences for temperature, relative
humidity and wind speed between AWS and AMPS (AMPS minus
AWS)

Variables/stations Siple dome Lettau Margaret Sabrina Gill

2 m temperature

(◦C)

−2.1 −2.5 −2.6 −2.1 −2.1

2 m relative

humidity (%)

1.9 −1.3 16.8 1.0 3.1

10 m wind (m/s) 0.1 0.5 0.4 0.5 0.5

föhn effect equals the summation of the five terms mentioned

above (Equation 7).

3 RESULTS

3.1 Evaluation of AMPS forecasts

The reliability of AMPS forecasts is important for the föhn

effect analysis. A comparison of 2 m temperature, 2 m rela-

tive humidity and 10 m wind speed was conducted between

AMPS and five selected AWS stations (Figure 4a). The tem-

perature forecasts from AMPS have been adjusted to the same

elevation as the AWSs, and the wind speed forecasts from

the AWSs have been adjusted to 10 m. Figure 4b shows tem-

perature from AMPS and selected AWS stations every 3 h

during January 2016. Both datasets show similar tempera-

ture evolution; however, AMPS output underestimated the

temperature by ∼2 ◦C during the melt event and also had a

larger diurnal variation throughout the month. Wind speed

forecasts in AMPS over the RIS for January 2016 have small

biases, which suggests that AMPS can reproduce the obser-

vations with a good degree of accuracy, including peak wind

speeds on 10/11 January (Supporting Information Figure S1).

The relative humidity forecasts perform well at all stations

except Margaret which is adjacent to Roosevelt Island. Rel-

ative humidity recorded at Margaret likely had measurement

errors. The monthly average differences for these three vari-

ables between AWS and AMPS (AMPS minus AWS) at the

five locations are shown in Table 1.

Bromwich et al. (2013) inferred that the summer cold bias

in Polar WRF is often related to a deficit in downwelling

long-wave radiation caused by inadequate cloud representa-

tion. Furthermore, because the resulting excess in the down-

welling short-wave radiation is reflected back to space due to

the high surface albedo and clear model skies, this does not

offset the long-wave deficit. Because AMPS was produced by

WRF-ARW, similar to Polar WRF, the reasons listed above

could partially explain the cold bias seen in AMPS during the

summer.

Compared to other stations, Lettau and Margaret experi-

enced more prolonged melting and recorded temperatures

that were 5–6 ◦C higher than those from AMPS during

peak melting. This indicates that surface meltwater could

affect AMPS performance via failure to correctly simulate



694 ZOU ET AL.

the surface albedo for the melting area, leading to incorrect

surface energy balance and surface temperature predictions.

Reduced albedo in the real world caused by the melting sur-

face implies more short-wave absorbed compared to AMPS,

which had a fixed surface albedo of 0.8. The noted cold bias

problem could lead to an underestimation of the föhn warm-

ing. Further research is necessary to confirm the potential

causes of AMPS cold bias during the melt event.

In spite of the temperature issue noted above, previous

efforts have demonstrated the utility of AMPS for questions

similar to those addressed here. By comparing 1.5 years of

meteorological data provided by Alexander Tall Tower! and

AMPS, Wille et al. (2016) demonstrated that AMPS can accu-

rately simulate the temperature, wind direction, and wind

speed during austral summer on the western RIS. Also, AMPS

data were used in previous föhn analyses over Antarctica and

performed well at representing near-surface conditions (Cape

et al., 2015; Turton et al., 2018). AMPS broadly captures

the evolution of actual weather events and thus this study

performs the föhn analysis using AMPS forecast output.

3.2 Analysis of föhn effect in AMPS

The typical signatures of the föhn effect are: an increase

in temperature, a decrease in humidity and, sometimes, an

increase in wind speed (Speirs et al., 2010; Elvidge and

Renfrew, 2016). Thus, two different cross-sections of wind

and temperature, X1X2 and Y1Y2, are selected for the föhn

analysis (Figure 2e,f). X1X2 is the cross-section of Moun-

tain Range X, with peak elevations greater than 3,000 m.

Y1Y2 is the cross-section of Mountain Range Y, with lower

heights (∼800 m) and smaller widths than Mountain Range X

(Figure 5).

The X1X2 cross-section (Mountain Range X, Figure 5, left

column) illustrates the warm intrusion at the beginning of

the melt event. Potentially warm air from upper levels on

the upwind side moved towards the mountains, was lifted by

the topography, and then descended on the lee side. Strong

mountain waves were visible on the lee side on 10 and 11

January. As the flow moves downslope, dry adiabatic warm-

ing contributes to the surface temperature increase over the

melt area. This also matched the warm pattern simulated on

the lee side of both mountain ranges in the skin temperature

map (Figure 2c,d). After 13 January, the winds approaching

the mountains were not as strong as at the beginning of the

melt event, and there was no significant descent simulated on

the lee side.

The Y1Y2 cross-section shows similar patterns as X1X2.

However, compared to Mountain Range X, the wind blowing

towards Mountain Range Y was stronger, and the topographic

waves behind the mountains were amplified (Figure 5, right

column). Furthermore, on 10 and 11 January, precipitation

was predicted on the upwind side of Mountain Range Y and in

the channel between MBL and Roosevelt Island (Figure 2e,f).

The air passing over Mountain Range Y lost its moisture and

became drier by the time it arrived at the MIS while the air

coming across Mountain Range X experienced no significant

moisture changes.

In summary, the warm air intrusion from the ocean and the

warm amplification resulting from the topography likely con-

tributed to melting over the MIS. Two topographic barriers

between the ocean and the MIS, Mountain Ranges X and Y,

can block potentially colder air at lower levels and/or cause

condensation on the upwind side of the topography. Both will

lead to surface warming around the MIS. The evidence for

the presence of the föhn effect on 10 and 11 January includes:

(1) warm air intrusion into MBL due to the synoptic circu-

lation and cyclones over the Ross/Amundsen Sea region; (2)

descending warm air simulated on the lee side of the topog-

raphy, which led to adiabatic warming at the surface; and (3)

strong precipitation simulated on the upwind side of Moun-

tain Range Y. We take this as support for the hypothesis that

the föhn effect has contributed to the surface warming and

subsequent melting at the beginning of the event. However,

the above analysis is unable to determine how much of the

modelled temperature increase was caused by the föhn effect.

Quantitative estimates of the impact of föhn effects on surface

temperature during the melt event are described in the next

section.

3.3 Quantification of the föhn effect

This study applied the method used in Elvidge and Ren-

frew (2016) to calculate the temperature contribution of each

mechanism in the föhn effect (section 2.4). To complete the

calculation, two representative backward trajectory groups

were chosen for the first 2 days of the melt event, 10 and 11

January. One group of 30 trajectories passes over Mountain

Range X, while another group of 20 trajectories passes over

Mountain Range Y (Figure 6). More trajectories with longer

duration have been selected for Mountain Range X because it

is greater in height and width. Due to the cold bias of AMPS

over the RIS, the total contribution of the föhn effect could be

larger in reality.

Differences in temperature, wind speed and relative humid-

ity between Points B and C are shown in Figure 7. On 10

January, the total temperature increase contributed by Moun-

tain Range X was around 4 ◦C (Figures 7 and 8). However,

this was accompanied by a greater than 20% increase in rel-

ative humidity and a ∼5 m/s decrease in wind speed, which

do not match typical föhn signatures. The increase in relative

humidity along the trajectory resulted mainly from moisture

from the Ross Sea and evaporation and sublimation from the

ice surface along the trajectories. The wind speed decreased

along the trajectories because of the gentle slope on the lee

side of Mountain Range X that can significantly affect the

wind speed via surface friction.

Around Mountain Range Y, the temperature difference was

not consistent for all trajectories on 10 January. First, 35%

of trajectories showed a temperature decrease and the rest of
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January 10, 2016 at 1200 UTC January 10, 2016 at 1200 UTC

January 11, 2016 at 0000 UTC January 11, 2016 at 0000 UTC

January 11, 2016 at 1200 UTC January 11, 2016 at 1200 UTC

January 12, 2016 at 0000 UTC January 12, 2016 at 0000 UTC

(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIGURE 5 Vertical profiles of wind and physical temperature along cross-sections (a,c,e,g) X1X2 and (b,d,f,h,j) Y1Y2, at 1200 UTC 10 January, 0000 UTC

11 January, 1200 UTC 11 January, 0000 UTC 12 January 2016. Cross-section X1X2 runs across the Executive Committee Range (ECR) while cross-section

Y1Y2 runs across the Alexandra Mountains (AM) of the Edward VII Peninsula (Figure 2e,f). The horizontal thick white lines denote the melting area

estimated from satellite observations. Vertical wind speed has been multiplied by 30 [Colour figure can be viewed at wileyonlinelibrary.com].

them showed a temperature increase of up to 1 ◦C (Figures 7

and 8). Thus, the föhn effect did not play an important role

over Mountain Range Y or was balanced by other factors on

10 January. The altitude of Mountain Range Y is lower than

Mountain Range X, and highest land elevation along Moun-

tain Range Y trajectories is less than 1,000 m (Figure 8),

which partially explains why no strong föhn effect has been

captured. Secondly, relative humidity did decrease for most

of the trajectories, which confirmed the moderate precipita-

tion simulated on the upwind side of the mountains that led to

the moisture loss. There was also precipitation on the lee side

of Mountain Range Y, which partially explains the relative
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10 January @0000 UTC(a) (b) 11 January @ 0000 UTC

FIGURE 6 The 24 h trajectories across Mountain Range X (trajectories with a longer path) and 6 h trajectories across Mountain Range Y (trajectories with a

shorter path) on (a) 10 and (b) 11 January 2016. Blue (red) lines denote trajectories with a negative (positive) sensible and radiative heat (SRH) term. The

purple dashed line in (a) and (b) denote the melt area [Colour figure can be viewed at wileyonlinelibrary.com].

(a) (b)

(c) (d)

FIGURE 7 (a–d) Total impact of the föhn effect over Mountain Range X and Mountain Range Y on 10 and 11 January 2016 on temperature, relative

humidity, and wind speed differences between points B and C. The number on the x-axis gives the trajectory number. The red line represents the temperature,

the orange bars represent the wind speed, and the blue bars represent the relative humidity. The scales on the y-axis are different between left and right

columns [Colour figure can be viewed at wileyonlinelibrary.com].

humidity increase for a few trajectories. Moreover, the warm

and moist air travelled from the Ross Sea to the lee side of the

mountains through the channel (∼100 km in width) between

MBL and Roosevelt Island (Figure 1b), which could pro-

vide additional moisture that increased the relative humidity.

Finally, the amount of water vapour added to the föhn flow via

sublimation and evaporation may vary among the trajectories.

These factors could explain the inconsistency of the relative

humidity change along the trajectories.

On 11 January, the wind that blew towards Mountain Range

X came from a slightly higher level compared to 10 January

(Figure 8). The average height of trajectories was 1,379 m

on 10 January and 1,761 m on 11 January. As on the pre-

vious day, temperature and relative humidity increased, and

wind speed decreased between Points B and C on 11 Jan-

uary (Figure 7). The total temperature increase contributed

by Mountain Range X was around 2–3 ◦C, which was less

than on the first day. Also, the wind speed decreased more

(∼2 times more than 10 January), and the relative humid-

ity increased less compared to 10 January (∼half that on

10 January). In general, similar processes could have con-

trolled the föhn impacts over Mountain Range X during
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(a) (b)

(c) (d)

FIGURE 8 Vertical profiles of all the trajectories that climbed over (a,b) Mountain Range X and (c,d) Mountain Range Y, on 10 and 11 January 2016. The

colour-filled circles denote the temperature estimates from AMPS every 3 hr along each trajectory. The grey area represents the average topography as a

function of latitude along all trajectories. The scales on the x-axis and y-axis are different between upper and lower rows [Colour figure can be viewed at

wileyonlinelibrary.com].

these first two days. A more detailed analysis is shown in

section 3.4.

For Mountain Range Y, the total contribution of the föhn

effect was around 1 ◦C on 11 January, which was smaller

than for Mountain Range X. Wind speed and relative humid-

ity decreased between Points B and C (Figure 7). Stronger

precipitation was simulated on the upwind side of Mountain

Range Y compared to 10 January, which explains why the

relative humidity decreased much more. In general, the föhn

effect around Mountain Range Y was not as strong as the one

around Mountain Range X and the mechanisms associated

with föhn occurrence in these two areas could be different.

3.4 Mechanism of the föhn effect

There are four mechanisms to the föhn effect, and the cal-

culations here combine the contribution of both sensible

and radiative heating. The contribution of five terms (ID, TM,

SHF, RAH, CT) should be equal to the temperature differ-

ence between the Points B and C, which represents the total

warming caused by the föhn effect.

Figure 9 illustrates the contribution of each mechanism.

Around Mountain Range X, the dominant mechanism of föhn

effect was isentropic drawdown on 10 January (Figure 9a).

This term contributed more than 10 ◦C to the surface warm-

ing. However, instead of contributing to the melting via latent

heat release, the thermodynamic term showed a consistent

negative sign for the 30 trajectories and offset the surface

warming. This could be caused by sublimation along the tra-

jectories on the lee side of the mountains, which also occurred

on 11 January. The surface sublimation will lead to energy

loss from the surface, since latent heat is carried away by the

near-surface wind. The loss of energy due to the sublima-

tion is usually made up by another form of energy gain. The

upward latent heat flux and downward sensible heat flux on

the lee side of both Mountain Ranges X and Y indicates that

the energy loss caused by the sublimation is compensated by

the sensible heat gained at the surface (e.g. Figure 10).

On 10 January, several different mechanisms contributed

to the föhn effect over Mountain Range X. For the combined

sensible and radiative heating term, the trajectories split into

two categories (Figure 6). Figure 6a shows all the trajecto-

ries on 10 January. The blue lines are the trajectories that

have the negative sensible and radiative heat terms, and the

red lines are the opposite. In trajectories with negative signs

(blue), air masses crossed the mountains at a more perpendic-

ular angle. The trajectories with positive signs (red) appear to

take a “detour” to reach the MIS. In Figure 11, the left column
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(a)

(c)

(b)

(d)

FIGURE 9 Breakdown of the different factors contributing to the föhn effect over (a,c) Mountain Range X and (b,d) Mountain Range Y, on (a,b) 10 January

and (c,d) 11 January 2016. ID: Isentropic drawdown, TH: Thermodynamic mechanism, SRH: Sensible and radiative heat, PG: Pressure gradient [Colour

figure can be viewed at wileyonlinelibrary.com].

shows the vertical profile of representative trajectory with a

positive sign, and the right column shows representative tra-

jectory with a negative sign. There are significant differences

between these two vertical profiles: (a) in the trajectories with

a positive sign (Figure 11, left column), air flows over terrain

that is gentler on the upwind side while, for the trajectories

with negative sign, the air climbs over terrain that is steeper on

the upwind side (Figure 11, right column); and (b) around the

mountain top, air flow was faster for the negative-signed tra-

jectories with an average wind speed of 29.6 m/s and slower

for the positive signed trajectories at 20.6 m/s.

All trajectories were close to the surface on the lee side

of Mountain Range X on 10 January. With faster air flow

and stronger turbulence around the mountain crest, more cold

air from the surface was transported to the upper warm föhn

flow, creating a cooling effect (Figure 11, right column). By

contrast, gentler terrain on the upwind side leads to slower

air flow and less turbulence, which creates a weaker cool-

ing effect (Figure 11, left column). Turbulence may both (a)

cool the föhn flow from the cold ice surface and (b) mix in

potentially warmer air aloft. The magnitude and height of the

turbulence along the trajectories affect the contribution of the

sensible heat flux. Data with higher spatial and temporal res-

olution are needed to capture the turbulence occurring on the

lee side better, and thus distinguish these two different trajec-

tory paths. Furthermore, the combined sensible and radiative

term is also associated with the cloud cover near the MIS.

CERES SYN1deg Ed4A daily data have been used to analyse

the cloud parameters and surface energy balance on 11 Jan-

uary (Figure 12). Detailed discussion is presented at the end

of this section.

On 10 January, no strong föhn effect was captured and the

situation was more complicated around Mountain Range Y

(Figure 9b). In addition to the warm air that climbed over the

topography to the MIS, warm and moist air reached the MIS

from the Ross Sea directly through the channel between MBL

and Roosevelt Island. Isentropic drawdown still contributed

most to the surface melting; however, the contribution was

smaller than what was recorded for Mountain Range X. The

thermodynamic term for most trajectories was negative and

the results from the sensible and radiative heat term were not

consistent.

On 11 January, the dominant mechanism of föhn effect

was again isentropic drawdown around Mountain Range X

(Figure 9c) which was slightly smaller than on 10 January.

Both the thermodynamic term and the sensible and radia-

tive heat term were negative. The sensible and radiative

heat term contributed to a 5 ◦C air temperature decrease,

which offset a significant portion of the isentropic drawdown.

Around Mountain Range Y, the föhn effect on 11 January was

stronger than on 10 January. Both isentropic drawdown and

thermodynamic mechanism contributed to the surface warm-

ing (Figure 9d). Strong precipitation was predicted on the

upwind side of Mountain Range Y, and then latent heat was

released to the lower-level föhn wind. The thermodynamic

terms contributed a 1 ◦C air temperature increase for half of

the trajectories, which was still small compared to the isen-

tropic drawdown. Because the average height of Mountain

Range Y is lower, the föhn warming here is not as significant

as for Mountain Range X.

Figure 12 shows the cloud fraction, surface downward

long-wave and short-wave radiation anomalies on 11 January.

There was extensive cloud cover over the MIS, and the down-

ward long-wave radiation anomalies were around 50 W/m2,

which contributed to the surface warming. The moisture for

the cloud formation on the lee side of both mountain ranges,
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January 11, 2016 @ 0000 UTC(a)

(b)

FIGURE 10 Estimates of (a) latent heat flux and (b) sensible heat flux at

0000 UTC 11 January. The black lines represent the individual trajectories.

Upward fluxes are negative and downward fluxes are positive [Colour

figure can be viewed at wileyonlinelibrary.com].

especially Mountain Range X, mainly came from sublimation

of the ice surface (Figure 10), the warm and moist air advected

from the Amundsen and Ross Sea region (Figure 2b), and

the moist air that blew directly from the Ross Sea to the

RIS (Figure 2d). After 13 January, no strong föhn warm-

ing was found over the MIS, and the cloudless sky led to

increasing downward short-wave radiation, which could have

contributed to extending the melting over the RIS (Supporting

Information Figure S2).

4 SUMMARY

A strong föhn effect was simulated by AMPS data at the start

of a prolonged melting period over the RIS, especially on 10

and 11 January. This is evidenced by: (a) warm air intru-

sion into MBL due to the synoptic circulation and cyclones

located over the Amundsen and Ross Sea region; (b) descend-

ing warm air simulated on the lee side of the topography;

and (c) strong precipitation simulated on the upwind side

of Mountain Range Y.

Due to the blocking brought by the mountains along the

coast of MBL, the warmer temperatures at the higher levels

came across mountains and increased the surface temperature.

On 10 and 11 January, the total temperature increases con-

tributed by föhn winds flowing over Mountain Range X were

around 4 ◦C and 2–3 ◦C, respectively. The relative humidity

increased, and wind speed decreased. However, the air parcels

passing over Mountain Range Y only contributed around 1
◦C. The change of relative humidity was inconsistent, and the

wind speed decreased. At the beginning of the melt event, the

föhn warming on the lee side is likely to bring the surface

temperature to the melting point and cause the subsequent

melting.

Elvidge and Renfrew (2016) quantified three föhn warm-

ing cases occurring in the AP. They suggest that the isentropic

drawdown, thermodynamic mechanism and sensible heat flux

are all significant and any can be dominant, while the radia-

tive heating mechanism was found to be unimportant in their

cases. This study is built on the theory developed by those

authors, and several similar conclusions are found. First, the

isentropic drawdown is the dominant factor over both Moun-

tain Ranges X and Y in this study. Several studies demonstrate

the importance of this mechanism for mountains ranges in

the Alps, Iceland, and Antarctica (Seibert, 1990; Grosvenor

et al., 2014; Elvidge et al., 2015; Würsch and Sprenger, 2015;

Miltenberger et al., 2016). Elvidge and Renfrew (2016) indi-

cated that radiative heating did not contribute as much to

warming as other mechanisms. Second, on 11 January, the

thermodynamic mechanism provides a supplementary warm-

ing effect over Mountain Range Y for half the trajectories.

The air moving towards the topography cools at the dry

adiabatic rate until reaching saturation, generating precipita-

tion on the upwind side and continued cooling, but at the

lower moist-adiabatic rate. Ultimately, the air moves over the

mountain and descends on the lee side, heating at the larger

dry-adiabatic rate (Richner and Hächler, 2013). Third, föhn

processes are highly related to the topographic features. On

10 January, the trajectories coming across the gentler ter-

rain on the upwind side have positive sensible and radiative

heat terms, while those flowing across steeper terrain have

the changes of opposite sign. This might be associated with

sensible heat exchange resulting from the turbulence on the

lee side. Higher temporal and spatial resolution simulation

are necessary to answer this question comprehensively. Fur-

thermore, the cloudy conditions at the beginning of the melt

event also amplified the warming conditions. From 10 to 13

January, there was extensive cloud cover over MBL and the

MIS region, which resulted in positive long-wave downward

radiation anomalies and contributed to the surface warming

(Supporting Information Figure S2). The moisture for cloud

formation came from the warm air advection that intruded

into MBL from the Amundsen and Ross Seas, sublimation

from the ice surface and the moist air that blew directly from

the Ross Sea to the RIS.
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(a) (b)

(c) (d)

FIGURE 11 Sample trajectories over Mountain Range X on 10 January 2016 for (a,c) positive and (b,d) negative sensible and radiative heat terms.

The trajectory numbers (15, 17, 21 and 28) correspond to those from Figure 9a [Colour figure can be viewed at wileyonlinelibrary.com].

5 DISCUSSION

The melting over the RIS is generated by several processes

at synoptic and regional scales. The synoptic circulation

has impact on the surface temperature and wind field over

the RIS, setting the climatic preconditions for melting. The

location and depth of the ASL, the major factor, is signifi-

cantly related to synoptic climate variability (Raphael et al.,
2016). During La Niña conditions, the absolute depth of the

ASL is lower and the low-pressure centre is usually north-

ward, which will lead to surface cooling in the RIS sector

(Turner et al., 2013; Coggins and McDonald, 2015). Under El

Niño conditions, the ASL is weaker and can be located east-

ward of the Ross Sea, which will transport warm and moist

air from ocean to MBL, and lead to surface warming in the

RIS (e.g. Bertler et al., 2004). In addition, the Southern Annu-

lar Mode (SAM), reflecting the position and strength of the

westerly winds that circulate around Antarctica, significantly

affects the temperature as well as the low-level winds (Van

den Broeke, 2000; Thompson and Solomon, 2002; Nicolas

and Bromwich, 2014; Raphael et al., 2016), and WA would be

more likely to experience surface warming under a negative

SAM (Schneider et al., 2004; Tedesco and Monaghan, 2009;

Fogt et al., 2011; Nicolas and Bromwich, 2014; Nicolas et al.,
2017).

To generate the föhn effect and amplify the surface warm-

ing, topographic barriers and warm air moving approximately

perpendicularly towards the topography are necessary. The

second condition is highly related to the regional atmospheric

circulation, which is affected by the large-scale factors listed

above (Bromwich et al., 2004; Fogt et al., 2011; Ding et al.,
2012; Raphael et al., 2016; Nicolas et al., 2017). Scott et al.
(2019) identified nine different synoptic patterns under posi-

tive or negative SAM, El Niño/Southern Oscillation (ENSO)

and Pacific-South American phases, which have different

impacts on the wind field over the RIS. With a low-pressure

centre over the Ross Sea and a blocking high over the Amund-

sen Sea, the warm and moist air from the ocean is more

likely to blow perpendicularly towards the mountains along

the coast of MBL. Thus, the föhn effect can occur on the lee

side of the mountain range and amplify the warmth brought

by the advection. This pattern usually occurs under a nega-

tive ENSO phase and will be stronger when combined with

a negative SAM (Scott et al., 2019). Also, the location of the

cyclones will determine which mountains the warm air climbs

over, affecting the formation of the föhn effect, as well as its

mechanisms and magnitude.

The 2016 melt event occurred under a combination of

positive SAM and negative ENSO, which should lead to mod-

erate surface warming over the RIS. However, the extensive
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(a)

(c)

(b)

FIGURE 12 (a) Total cloud fraction anomalies, (b) downward long-wave radiation anomalies at the surface and (c) downward short-wave radiation

anomalies at the surface, on 11 January 2016 based on CERES SYN1deg Ed4A daily data. The baseline for these variables is the average January mean from

2001 to 2018 [Colour figure can be viewed at wileyonlinelibrary.com].

melting reveals that there were other factors influencing

this event. A high-pressure ridge (blocking high) over the

90–120◦W section of the Southern Ocean combined with a

low-pressure centre over the Ross Sea generated winds blow-

ing perpendicularly to the mountains along the coast of MBL

(Nicolas et al., 2017). This not only brought warmth and

moisture to the MIS, but also favoured the formation of the

föhn effect. Coincidentally, surface warming was observed on

the lee side of both Mountain Ranges X and Y (Figure 2c,d).

Thus, the surface melting over the RIS was under the influ-

ence of both the synoptic circulation and the föhn effect.

In the textbook föhn effect case, relatively warm and moist

air blows nearly perpendicular to the topographic barrier, and

then either flows over the mountain or is blocked, leading to

the cold air damming on the upwind side. However, the föhn

effect is more complicated in the real world, and there is no

general theory that can be applied to each case (Miltenberger

et al., 2016). The strength of the lee-side warming is signif-

icantly related to the dominant mechanisms generating the

föhn effect. These, in turn, are influenced by the topographic

features, the wind speed and direction, and the path the föhn

flow takes to pass over the mountains. Thus, the analysis of

mechanism for each föhn case is important for estimating

the magnitude of the melting. For the 2016 melt event over

the RIS, there are two parallel mountain ranges lying in the

path of the warm advection. Isentropic drawdown played an

important role in the surface warming, and contributed more

than 10 ◦C of temperature increase over Mountain Range X

(∼3,000 m) and 1–2 ◦C of warming over Mountain Range Y

(∼600 m). Over Mountain Range X, the sensible and radiative

heat flux has warming impact on 10 January. Over Moun-

tain Range Y, thermodynamic mechanism leads to the surface

temperature increase on 11 January. The magnitude of the

föhn warming over these two mountain ranges is different.

Föhn warming is a significant factor in extreme warming

events in several regions in Antarctica besides the RIS. In the

McMurdo Dry Valleys, it is associated with a strong pressure

gradient over the mountain ranges associated with cyclones

off the coast of MBL (Speirs et al., 2010; Steinhoff et al.,
2014). The modification of synoptic southwesterly airflow by

the Transantarctic Mountains leads to mountain wave activ-

ity, which ultimately contributes to föhn warming (Speirs

et al., 2010; Steinhoff et al., 2014). Föhn-induced warming

can cause air temperature increases of up to 40 ◦C above

the valley surface within several hours during wintertime and

is associated with the displacement of low-level cold air by

warm air from higher levels (Speirs et al., 2010). Föhn events

are less frequent in summer, likely due to reduced synoptic

activity over the Ross Sea (Speirs et al., 2010).

Föhn effect has also been observed previously in the AP.

The sharp and narrow mountain range of the AP combined

with strong westerlies such as those present under a positive

SAM results in stronger upwind flow and facilitates advection

of air over the Peninsula, leading to strong föhn warming
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on the lee side of the mountain, especially over the Larsen

Ice Shelf (King et al., 2008; Kuipers Munneke et al., 2012;

Grosvenor et al., 2014; Luckman et al., 2014; Cape et al.,
2015; Elvidge et al., 2015). This type of temperature increase

can reach up to 20 ◦C over several hours (Cape et al., 2015).

On the east side of the AP, föhn-induced melting contributed

to the collapse of Larsen B Ice Shelf in 2002 (Cape et al.,
2015; Elvidge et al., 2015). Both the AP and the McMurdo

Dry Valleys experience stronger föhn warming cases com-

pared to the rest of Antarctica.

Compared to the AP, which is usually considered to be

a natural laboratory for föhn-related research, the RIS has

gentler and more complicated upwind topography. Instead

of a uniformly high (∼2,300 m), broad (∼100 km), and long

(∼1,500 km) topographic barrier like the AP, there are two

topographic barriers with diverse features between the ocean

and the MIS (Mountain Ranges X and Y), complicating the

study of föhn activity over coastal MBL. The föhn warming

over the MIS is not as large as that observed in the AP, which

leads to the extensive melting and collapse of ice shelves (e.g.

Elvidge et al., 2015). However, it is still worth considering

because it can contribute to the surface warming and thus trig-

ger melting, especially given the increased melting over the

RIS in recent years.

The melt event that occurred in January 2016 is not a

unique case and similar melt events have been observed in the

1982/1983, 1991/1992, and 2004/2005 austral summers (Liu

et al., 2006; Tedesco, 2009). For future research, more sim-

ilar melt events and higher-resolution model data should be

evaluated. It is important to further investigate the dominant

factors driving these melt events to see if they share some sim-

ilarities, which can benefit future melting projections over the

RIS. A better understanding of the present and future state of

West Antarctic ice shelves is currently needed, which should

result in more reliable climate projections for this area.
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