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Major surface melting over the Ross Ice Shelf part I:
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Abstract
West Antarctica (WA), especially the Ross Ice Shelf (RIS), has experienced more
frequent surface melting during the austral summer recently. The future is likely
to see enhanced surface melting that will jeopardize the stability of ice shelves
and cause ice loss. We investigate four major melt cases over the RIS via Polar
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Weather Research and Forecasting (WRF) simulations (4 km resolution) driven
by European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis 5th Generation (ERA5) reanalysis data and Moderate Resolution Imaging
Spectroradiometer (MODIS) observed albedo. Direct warm air advection, recurring foehn effect, and cloud/upper warm air introduced radiative warming are
the three major regional causes of surface melting over WA. In this paper, Part I,
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the first two factors are identified and quantified. The second paper, Part II,
discusses the impact of clouds and summarizes all three factors from a surface energy balance perspective. With a high-pressure ridge located westward
towards the Sulzberger Ice Shelf (77◦ S, 148◦ W) and a low-pressure center
located between 165◦ and 180◦ W, warm marine air from the Ross Sea is advected
towards the coastal RIS and leads to surface melting. When the high-pressure
ridge is located farther east towards Marie Byrd Land (120–150◦ W), the foehn
effect can cause a 2–4◦ C increase in surface temperature on the leeside of the
mountains. For three of four melt cases, more than 40% of the melting period
experiences foehn warming. Isentropic drawdown is usually the dominant foehn
mechanism and contributes up to a 14◦ C temperature increase, especially when
strong low-level blocking occurs on the upwind side. The thermodynamic mechanism can be important depending on the strength of moisture uptake and
condensation on the windward side. Meanwhile, sensible heat flux contributes
less to foehn warming, but still plays an important role in the melting. The prediction of future stability of the RIS should include foehn warming as a major
driver.
KEYWORDS
Foehn effect, polar WRF, West Antarctic surface melting
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I N T RO DU CT ION

In the past three decades, the coastal area of West Antarctica (WA) and major ice shelves in the Ross and Weddell
sectors have experienced frequent surface melting with
increasing temperature (Kingslake et al., 2017; Nicolas
et al., 2017; Scott et al., 2019; Zou et al., 2019), which
accelerates ice loss from and jeopardizes the stability of
ice sheets (Pollard et al., 2015; Scambos et al., 2017; Lai
et al., 2020). Those melt events occurring over the West
Antarctic continent usually start above the MacAyeal Ice
Stream and then expand to the Ross Ice Shelf (RIS) and
western Marie Byrd Land (MBL) (Scott et al., 2019; Zou
et al., 2019). The resulting hydrofracturing of ice shelves
will promote the collapse of ice cliffs at grounding lines
and lead to mass loss of ice sheets (Rignot et al., 2004; Wise
et al., 2017). For instance, strong surface melting over the
Antarctic Peninsula (AP) in the 2001/2002 austral summer
significantly contributed to the collapse of the Larsen B Ice
Shelf (van den Broeke, 2005). Similar intensified melting
over the coast of WA could accelerate destabilization and
contribute to sea level rise (Scott et al., 2019).
Previous research has suggested that the West Antarctic continent is more likely to experience surface melting
under a combination of El Niño and negative Southern Annular Mode (SAM) conditions (Tedesco and Monaghan, 2009; Nicolas et al., 2017). However, not all melt
cases follow this pattern; For example, the 2016 melt event,
one of the most prominent cases, occurred under a combination of positive SAM and El Niño (Table 1). The 2005
melt event that occurred under a neutral El Niño condition but still impacted most of the RIS surface suggests
that both synoptic and regional factors affected the surface melting. In Zou et al. (2019), a strong foehn effect was
observed at the beginning of the 2016 case, which favors
surface melting. With strong enough warm air advection
moving perpendicularly towards the mountains over MBL
(Figure 1b; Mountain Range X, hereafter referred as MRX)
and Edward VII Peninsula (Mountain Range Y, hereafter
referred as MRY), the foehn effect can amplify the surface
warming on the leeside, especially for the eastern RIS and
western MBL (Scott et al., 2019; Zou et al., 2019).
Elvidge and Renfrew (2016) demonstrate that four
different mechanisms contribute to foehn warming: thermodynamic mechanism (TH), isentropic drawdown (ID),

T A B L E 1 ENSO and SAM index for the four major melt
events over West Antarctica
Index

1982/1983

1991/1992

2005

2016

SAM index

−2.06

−1.30

−2.12

1.4

ENSO index

2.6

1.7

0.1

1.9

sensible heat transfer (turbulence), and radiative heating (the latter two terms being combined as SRH). TH
describes the leeside warming contributed by the latent
heat release via condensation on the upwind side of the
topographic barrier. ID describes leeside warming caused
by adiabatic warming, which is associated with low-level
air blocking on the upwind side. The sensible heat transfer term is related to mixing between upper warm foehn
flow and surface cold air, and radiative heating is associated with foehn clearance on the leeside. The detailed
mechanism of the foehn effect depends on the regional circulation pattern. Based on Antarctic Mesoscale Prediction
System (AMPS) simulations, Zou et al. (2019) suggested
that the foehn effect contributed up to 4◦ C in surface
temperature increase at the beginning of the 2016 case.
ID is the dominant mechanism that can contribute up
to 10◦ C temperature increase, followed by the thermodynamic mechanism and sensible and radiative heat flux.
However, AMPS model outputs usually underestimate
low-level clouds because of the microphysics scheme
employed, viz. WRF single moment 5-class (WSM5) (e.g.,
King et al., 2015). This could lead to a deficit in downward longwave radiation (LWD) and then a cold bias near
the surface (Bromwich et al., 2013). In the 2016 case study,
AMPS provides a reasonable description of the synoptic
circulation over WA but has an up to 3◦ C cold bias over
the RIS during the melting event (Zou et al., 2019). Also,
10-km horizontal resolution is insufficient for foehn analysis over MBL and the Edward VII Peninsula, and the 2016
case study only focuses on the beginning of the event. More
comprehensive research is necessary for the foehn analysis
over WA.
Thus, this study investigates several extensive melt
cases over WA via high-resolution polar-optimized
Weather Research and Forecasting (PWRF) model simulations driven by ERA5 with better physical schemes
compared with AMPS. The most extensive four melt cases
in the past 40 years (hereafter referred to as 1982/1983,
1991/1992, 2005, and 2016 cases; Figure 2) are selected
based on total melt days processed from passive microwave
satellite observations (Nicolas et al., 2017). Surface melting
is estimated based on twice-daily observed surface brightness temperatures from three difference sources (Nicolas
et al., 2017; Nicolas, 2018). Also, these four melt cases
share a similar melting pattern, which started around the
Siple Coast region and then expanded to the rest of the RIS.
The melt index in Figure 2 is calculated based on the
melting area, which demonstrates the speed of expansion
of surface melting with time. In terms of the length of
the melting period, the 1982/1983 and 1991/1992 cases
were longer (29 and 33 days), followed by the 2005 and
2016 cases (13 and 19 days). The 1982/1983 event is an
episodic melt event with two major melting periods
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F I G U R E 1 (a) The 20 km PWRF domain 1 and 4 km domain 2 with terrain height (m); (b) Topography around the Ross Ice Shelf.
The brown lines represent the cross-sections (X1X2 and Y1Y2) selected to plot the vertical profiles. The red lines represent MRX (coastal
mountain ranges over Marie Byrd Land) and MRY (mountain ranges over Edward VII Peninsula). The red boxes are area selected for
calculation of the Froude number for MRX and MRY, respectively [Colour figure can be viewed at wileyonlinelibrary.com]

(December 14–21, 1982 and December 23, 1982 to January
1, 1983; Figure 2). In contrast, the 2005 and 2016 cases
experience more continuous and intensified melting. In
terms of the melting area, the 1982/1983 and 1991/1992
cases show a similar melting pattern covering the Siple
Coast, eastern RIS, Sulzberger Ice Shelf, and along the
coast of MBL. However, in the 2005 and 2016 cases, the
melting expanded further inland to the western RIS and
reached the Transantarctic Mountains (Figures 2c,d). This
study is the first part of an investigation into regional
factors that drive RIS surface melting and aims to identify and quantify the contributions of foehn warming via
trajectory analysis for the whole melting period. A thorough analysis on the detailed mechanisms of foehn effect
is conducted to better understand the melting pattern.
Under the influence of changing climate, more frequent
surface melting over the RIS might be triggered by foehn
effect and marine air advection. More precise description
of the detailed mechanisms can help identify and quantify
the surface warming and melting, which benefits future
projections of the stability of the RIS.

2
2.1

DATA A N D METH O D S
Automatic weather stations

For temperature, wind speed, and relative humidity (RH),
observations from 92 stations from three different data

networks are used to evaluate the PWRF performance
in January 2016, including 58 automatic and 34 manual weather stations (Table S1). Forty-five stations are
from the UW-Madison Automatic Weather Station (AWS)
program (Lazzara et al., 2012), 13 stations are from the
Italian Antarctic Meteo-Climatological Observatory,1 and
the 34 manual station observations are downloaded from
OGIMET.2 The station observations used in this study are
either 3- or 6-hourly quality-controlled data. In addition,
the observation time series are manually inspected. Station observations with missing data for more than half
of the total study simulation period (January 2–30, 2016)
are ignored. Station records with obvious human error,
such as consecutive 3-hourly observations with the same
value, are also ignored. After this filtering procedure, there
are 82 stations left for temperature observations, 89 for
wind speed, and 49 for RH (34 manual stations do not
include RH).

2.2

MODIS observed albedo

Surface albedo is a crucial factor in land–atmosphere
interaction and is sensitive to surface conditions, especially for snow-covered surfaces (Song et al., 2019). Thus,
the observed surface albedo from MODIS (MCD43C3)
1
2

http://www.climantartide.it/index.php?lang=en
https://www.ogimet.com/home.phtml.en
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F I G U R E 2 The total melt days of four historical melting events based on passive microwave satellite observations (a–d). The time
series below the melt days plot is melt area index for each case. The index is calculated by summing the total grid points that experienced
melting in West Antarctica and dividing by 100 (Nicolas, 2018) [Colour figure can be viewed at wileyonlinelibrary.com]

is included in this study as an initial field for model
runs (hereafter referred to as MODIS albedo; Schaaf and
Wang, 2015). The MODIS albedo product, produced by the
National Aeronautics and Space Administration (NASA),

uses Terra and Aqua MODIS data at 0.05◦ resolution with
stage 3 validation. It is produced at 16-day intervals and
contains daily values of gridded surface albedo derived
from level 2 gridded-lite (L2G-lite) surface values from
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seven bands. Song et al. (2019) suggest that the MODIS
albedo agrees with tower retrievals over all continents
including Antarctica. In another study, Meng et al. (2018)
were able to reduce the systematic cold bias over the
Tibetan Plateau with WRF by using MODIS albedo as an
initial field.

2.3
ECMWF reanalysis data
and climate indexes
ERA5 is a global atmospheric reanalysis produced by the
ECMWF, which uses a forecast model and data assimilation system to reanalyze archived observations. Compared with the previous generation, ERA-Interim, ERA5
data have much higher temporal and spatial resolution:
(a) time scale: increase from 6-hourly to hourly analysis,
(b) horizontal resolution: increase from ∼81 to ∼31 km,
and (c) vertical resolution: increase from 60 to 139 levels (Hersbach et al., 2020). Gossart et al. (2019) evaluated
three reanalysis datasets over the Antarctic Ice Sheet and
suggested that ERA5 captures the seasonal variation of
surface temperature with the smallest bias compared with
observations.
This paper uses SAM and El Niño–Southern Oscillation (ENSO) indexes to briefly describe the synoptic circulation. The SAM index is calculated from zonal pressure
difference between the latitudes of 40◦ and 60◦ S (Marshall
et al., 2018). Also, the multivariate ENSO Index Version 23
is calculated based on several variables including sea level
pressure, sea surface temperature, surface wind field, and
outgoing longwave radiation. A positive value represents
El Niño conditions, while a negative value represents La
Niña conditions.

2.4

PWRF model

The PWRF, a regional climate model based on WRF,
is developed and maintained by the Polar Meteorology
Group of the Byrd Polar and Climate Research Center at
The Ohio State University (Hines and Bromwich, 2008;
Bromwich et al., 2013; Listowski and Lachlan-Cope, 2017;
Hines et al., 2019). In this paper, PWRF v4.1.1 is used
to produce hourly output with a downscaling method,
where a 20-km-resolution domain (domain 1) includes a
4-km high-resolution nest (domain 2; Figure 1a). AMPS,
an experimental and real-time modeling system that
3

National Center for Atmospheric Research Staff (Eds). Last modified
July 15, 2019. “The Climate Data Guide: Multivariate ENSO Index.”
Retrieved from https://climatedataguide.ucar.edu/climate-data/
multivariate-enso-index.

was developed by the National Center for Atmospheric
Research (NCAR), is used as a benchmark to compare
with the PWRF simulations (Powers et al., 2012). Both
PWRF and AMPS output used in this paper is initialized
at 00UTC, discarding the first 24 hrs as model spin-up
time.
The input data and physical parameterization settings of PWRF are described in Table 2. Compared with
AMPS, PWRF simulations presented here have the following major updates: (a) use of ERA5 reanalysis data
(Table S2) instead of National Centers for Environmental
Prediction 0.25◦ Global Forecast System (GFS) analysis for
initial conditions and lateral boundary conditions, (b) use
of newer physical schemes including Morrison 2-moment
(Morrison et al., 2005) microphysics scheme instead of
WSM5, and Mellor–Yamada Nakanishi Niino (MYNN,
Nakanishi and Niino, 2004) scheme instead of MYJ for the
planetary boundary layer, (c) higher spatial and temporal resolution, and (d) use of MODIS observed albedo as
initial field in Unified Noah land–surface model (Unified
Noah LSM) to drive PWRF for the 2005 and 2016 cases. It
is worth mentioning that AMPS applies three-dimensional
variational data assimilation (3DVAR) from WRF Data
Assimilation System (WRFDA), whereas PWRF applies a
downscaling method without data assimilation.

2.5
2.5.1

Methods
Froude number and mountain waves

This paper selected two cross-sections (X1X2 and Y1Y2)
for regional factor analysis (Figure 1b). X1X2 is the
cross-section for MRX (peak elevation greater than 3 km),
and Y1Y2 is the cross-section for MRY (peak elevation
around 800 m). Froude Number (Fr), a nondimensional
ratio that evaluates the blocking condition (Table 3), is
calculated to describe the flow pattern over the mountain range (Equation 1). In general, the upcoming wind
is usually blocked by the topographic barriers with a Fr
number less than one. With a Fr number around 1, the
leeside is more likely to experience violent waves and
strong downdrafts. And a Fr number close to infinity
will lead to turbulence on the leeside. The relationship
between Fr number and sensible heat transfer is thoroughly discussed in Part II (Zou et al., 2021). Daily Fr
numbers are calculated for both MRX and MRY (red boxes
in Figure 1b).
U
Fr =
(1)
NH
where H is the average effective height of the mountain
(2,000 m for MRX and 800 m for MRY), U is the average
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TA B L E 2

PWRF model settings
PWRF specifications

Input data

3-hourly ERA5 reanalysis data

Other data

Observed MODIS albedo as initial field

Horizontal resolution

20/4 km

Vertical levels

71

Temporal resolution

Hourly

Spin-up

24 hr

Microphysics scheme

Morrison 2-moment

PBL scheme

Mellor–Yamada Nakanishi Niino (MYNN) level 2.5

Cumulus scheme

Kain–Fritsch

Shortwave and longwave scheme

Both RRTMG

Land surface options

Unified Noah LSM

Surface layer options

MYNN

Nudging

Every 6 hrs; nudging to u, v wind, temperature, and water vapor from ERA5
for model level 40 (∼400 hPa) and above

TA B L E 3

Froude number and corresponding phenomena on the leeside5

Fr number

Phenomena on the leeside

Fr ≪ 1

Low-level air on the upwind side is blocked, and weak mountain waves occur on the leeside

Fr ≈ 1

Violent waves and fast downdrafts

Fr ≫ 1

Longer wavelength waves that might lead to reversed wind flow near the ground

Fr → ∞

Banner cloud and strong turbulence

incoming wind speed between surface and the effective
height, and N is the average Brunt–Väisälä frequency
between surface and effective height (Equation 2):
(
N=

g 𝜕𝜃0
𝜃0 𝜕z

)1
2

(2)

where g is the gravitational constant, 𝜃0 (z) is the average
potential temperature at each vertical level, and z is height
(Durran, 1990).

2.5.2

Foehn effect analysis

Hourly PWRF simulation output is used as input to run
trajectories via Read Interpolate Plot (RIP4) software to
track the movement of air parcels and calculate the meteorological parameters along the trajectory. RIP4, which can
calculate both forward and backward trajectories, is developed and maintained by Mark Stoelinga at both NCAR

and the University of Washington.4 Two regions, western
MBL and the eastern RIS, are selected to conduct the trajectory analysis for the four melt cases (groups 1 and 2).
Twenty-five representative trajectories crossing MRX are
shown for group 1, and 15 representative trajectories crossing MRY are shown for group 2 (Figure 3). The tracking
method is the same as that introduced in Zou et al. (2019).
First, backward trajectories start above the melting area
(point B) to the source of the warm air advection (point
A, above the ocean). Point C, with the same longitude/latitude as point A and the same height as point B, is the
starting point for forward trajectories (Figure 4). Thus,
meteorological variables from these three points (A, B, and
C) are calculated from the same algorithm in RIP4. The
quantification method based on the four mechanisms
4

RIP4 user guide: https://a.atmos.washington.edu/~ovens/ripug_uw.
html
5
https://www.eoas.ubc.ca/courses/atsc113/flying/met_concepts/03met_concepts/03d-mountain_waves/index.html
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F I G U R E 3 Two groups of selected trajectories for the major melt events. All trajectories from group 1 are 24-hr backward trajectories,
and trajectories from group 2 beside the 2005 are 12-hr trajectories. Group 2 trajectories in 2005 are 18-hr trajectories. Dashed purple lines
represent the melt area calculated based on passive microwave data [Colour figure can be viewed at wileyonlinelibrary.com]

in foehn effect was first applied in Elvidge and Renfrew (2016) (equation 3–9). The radiative heating (RAH)
and sensible heat flux (SHF) are combined since radiative heating is less important compared with the ID and
TM terms as a result of clear sky and dry air on the leeside (Elvidge and Renfrew, 2016). Also, the combination of
these two terms simplifies the calculation. The correction
term (CT) is associated with the pressure gradient cooling
(Elvidge and Renfrew, 2016).
Foehn effect (FE) = TB − TC

(3)

Isentropic drawdown (ID) = 𝜃A − TC

(4)

Thermodynamic term(TM) = (𝜃eA − 𝜃A ) − (𝜃eB − 𝜃B )
(5)
)
(
B
Δ𝜃
(6)
Sensible heat flux (SHF) = 𝜃eB − 𝜃eA −
∫A

B

Radiative heating (RAH) =

∫A

Δ𝜃

(7)

Correction term (CT) = TB − 𝜃B

(8)

FE = ID + TM + SHF + RAH + CT

(9)

where
T = temperature.
𝜃 = potential temperature.
𝜃 e = equivalent potential temperature.
A = point A, assumed to be in the undisturbed
flow (over the ocean), at greater than the Rossby
radius of deformation distance of ∼200 km from the
mountains.
B = point B, located in the area of earliest melting.
C = point C, set right below point A with the same
height as point B (Figure 4).
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F I G U R E 4 Schematic diagram illustrating points A, B, and C
for quantification of the foehn effect [Colour figure can be viewed at
wileyonlinelibrary.com]

3
3.1

R E S U LTS
Brief model evaluation

Figure 5 shows the average bias, root-mean-square error
(RMSE), and correlation coefficient (R) of 2-m temperature, 10-m wind speed, and 2-m RH between station

observations and 3-hourly AMPS/PWRF domain 1 outputs
from January 2 to 30, 2016. The availability and quality of AWS observations are best in 2016. Note that the
AMPS is 10 km in horizontal resolution, while the PWRF
domain 1 is 20 km. Also, the initial field in PWRF is ERA5,
which includes a wider range of observations compared
with the GFS analysis used in AMPS. AMPS has a up
to 3◦ C cold bias near the surface over the whole continent and has a 1–2 m⋅s−1 negative bias in 10-m wind
speed in WA. In WA, PWRF domain 1 output significantly
improves the 2-m temperature simulation (∼1◦ C warm
bias or less) followed by 10-m wind speed (∼1 m⋅s−1 negative bias). RH is the variable with the lowest skill in PWRF
(Bromwich et al., 2013), and our results confirm this finding. AMPS overestimates the 2-m RH by ∼5% in WA, while
PWRF underestimates by ∼5%. Table 4 presents the bias,
R, and RMSE of 2-m temperature, wind speed, and RH
between five selected station observations over RIS and

F I G U R E 5 Bias, root-mean-square error (RMSE), and correlation coefficient (R) of 2-m temperature (82 stations available), 10-m wind
speed (89 stations available), and RH (54 stations available) between station observations and model outputs (AMPS and PWRF outputs)
from January 2 to 30, 2016. The color of the dot represents the bias, the size of the dot represents the RMSE, and the dot has an outlined circle
when the R is larger than 0.7. Dots with lighter (darker) color, smaller (larger) size, and double (single) circle demonstrates that the model
has better (worse) performance [Colour figure can be viewed at wileyonlinelibrary.com]
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TA B L E 4

R, bias, and RMSE between AMPS and PWRF domain 2 outputs at five selected AWS stations over the RIS from January 2

to 30, 2016
Temp.

Wind speed

AMPS

R

Bias

RMSE

R

Bias

RMSE

R

Bias

RMSE

Siple Dome

0.81

−2.2

2.89

0.74

−0.44

1.88

0.67

2.48

8.97

Margaret

0.78

−2.71

3.66

0.72

−0.43

1.93

N/A

N/A

N/A

Gill

0.83

−2.23

3.15

0.65

−0.63

2.09

0.38

4.85

8.52

Sabrina

0.75

−2.14

2.80

0.80

−1.05

2.81

0.58

5.37

9.79

Lettau

0.78

−2.21

3.15

0.75

−1.00

2.02

0.51

−0.54

5.22

Average

0.79

−2.30

3.13

0.73

−0.71

2.15

0.54

3.04

8.13

Temp

Wind speed

RH

PWRF Domain 2

R

Bias

RMSE

R

Bias

RMSE

R

Bias

RMSE

Siple Dome

0.81

0.35

2.16

0.81

1.34

2.00

0.52

−0.38

10.30

Margaret

0.84

1.58

2.63

0.74

0.88

1.88

N/A

N/A

N/A

Gill

0.77

1.69

3.22

0.68

0.11

1.70

0.54

−3.58

10.18

Sabrina

0.83

0.09

1.68

0.81

1.08

2.85

0.51

0.75

9.69

Lettau

0.89

0.61

2.22

0.76

0.05

1.73

0.45

−6.55

9.86

Average

0.83

0.86

2.38

0.76

0.69

2.03

0.51

−2.44

10.01

AMPS/PWRF domain 2 outputs for the 2016 case. To
provide additional model evaluation, Table S3 adds extra
evaluation at four AWS stations over the RIS in January
2005 for PWRF domain 2 output. The results of temperature simulation from PWRF domain 2 are consistent with
domain 1 with a ∼2◦ C correction of cold temperature bias
in AMPS.
Compared with AMPS, PWRF output simulates the
near-surface conditions over Antarctica more accurately
during summertime, especially in WA. The more advanced
microphysical scheme and boundary layer scheme can
improve both near-surface and upper layer simulation (not
shown). In addition, the default surface albedo (0.8) in
AMPS is different from the satellite observation (0.82–0.85
without surface melting). The observed albedo better captures the change of surface conditions, such as wet snow,
and corrects the near-surface temperature simulation,
which is essential for simulating surface melting. Thus,
PWRF simulation includes the MODIS albedo as initial
field for the 2005 and 2016 cases.

3.2

RH

Regional circulation pattern

The RIS has experienced more frequent surface melting driven by intrusion of warm and moist marine air
(Nicolas et al., 2017; Scott et al., 2019). A blocking high
located at coastal MBL usually drives warm and moist

air from the Amundsen/Ross Sea blowing towards the
eastern RIS. When a high-pressure ridge is over western
MBL (closer to Sulzberger Ice shelf; 77◦ S, 148◦ W) and the
low-pressure center is over the Ross Sea closer to Roosevelt
Island (165–180◦ W), the RIS is more likely to have a direct
impact from marine air advection (Figure 1a). In some
cases, direct marine air advection can occur without the
high-pressure ridge, but only if there is a strong low center at the coastal RIS. At the surface, the warm marine air
intrudes into the eastern RIS and comes out from the western side along the Transantarctic Mountains (Figure S2).
Thus, at the beginning of all four melt cases over the RIS
(1982/1983, 1991/1992, 2005, and 2016 cases), the 2-m
temperature near the Siple Coast increased to ∼1◦ C and
the eastern RIS was much warmer than the western side.
The warming effect brought directly by the marine air
intrusion was not strong, mainly affected the eastern RIS
along the coast, and did not last very long. Taking the
2016 case as an example, the impact of direction warm
advection is only observed for ∼5 days (January 10–12 and
20–21) via 2-m temperature, 10-m wind, and mean sea
level pressure field, which brings 2-m temperature along
the coastal RIS above the melting point. Also, it can coincide with foehn warming, when the high-pressure ridge
is located more eastward over the Amundsen Sea, especially with moisture intrusions from the Amundsen/Ross
Sea (Figures S1c and S2d; Table 5). Direct marine air intrusion plays a more significant role in the two prolonged
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T A B L E 5 Days experiencing foehn effect and days having moisture input (ARs) from the ocean during the melting period
(underlines mark strong foehn case/abundant moisture flux)

Total melt days

1982/1983

1991/1992

2005

2016

29

33

13

19

Foehn effect (based on PWRF outputs)
Foehn days (%)

7 (24.1%)

14 (42.4%)

8 (61.5%)

13 (68.4%)

Strong Foehn days

4

5

4

6

Foehn dates

Decmeber 25–27
January 2–5*

December 20–24
December 30–January 2
January 12–16

January
3–10
(peak 4–7)

January 10–15
January 16–20
January 23–25

Moisture flux (based on ERA5 reanalysis data)
Days with moisture
flux from ocean (%)

12 (41.4%)

11 (33.3%)

5 (38.5%)

12 (63.2%)

Days with strong
Moisture flux

4

0

5

9

*Strong foehn cases are identified based on the magnitude of surface warming and the strength of the descending wind on the leeside from the
cross-section of temperature and wind field. Strong moisture flux cases are identified based on the magnitude of integrated water vapor flux from
ERA5 reanalysis data.

and less widespread melt events (1982/1983 and 1991/1992
cases). With longer duration, the 1982/1983 and 1991/1992
cases affect smaller areas that are closer to the coast
(Figure 2; Zou et al., 2021). In other words, the expansion of the melting is slower. Briefly, direct marine air
intrusion can lead to surface melting, especially along the
coast, but is not the dominant factor for melting over the
central RIS. However, direct marine intrusion can promote the formation of low-level liquid cloud by advecting
moisture inland, and thus affects the surface energy balance (SEB). This linkage between marine advection and
cloud impacts is analyzed in detail in the second part of
the investigation of this major melt event over the RIS
(Zou et al., 2021).
With a high-pressure ridge located over coastal MBL
(90–120◦ W) and a low-pressure center located over the
Nickerson Ice Shelf (150–180◦ W), warm marine air needs
to cross the mountain ranges over MBL to reach the eastern RIS (Figure 1b). Thus, foehn warming occurs on the
leeside of MRX and MRY. In the following section, foehn
warming is identified via vertical profiles of temperature
and wind for both MRX and MRY. Foehn warming events
are identified here by significant temperature increase and
fast descending winds on the ridge’s leeside. Over WA,
the foehn warming cannot be identified simply by the
classic foehn definition: temperature increase of at least
1◦ C⋅hr−1 , wind gust speed increase of at least 5 m⋅s−1 ⋅hr−1 ,
and RH decrease of at least 5% hr−1 on the leeside (e.g.,
Speirs et al., 2013). WA has more complicated topographic
features compared with the AP region (Figure 1b), thus
the wind speed increase might not occur on the leeside

because of the surface friction along the gentle slope, such
as across MRX. Also, moist marine air from the Ross Sea
region that blows towards the eastern RIS can increase the
RH on the leeside, as can sublimation from the ice surface.
Thus, the RH decrease on the leeside caused by the foehn
effect might be offset.

3.3

Recurring foehn effect

Table 5 presents the frequency of foehn occurrence during the melt period for four selected cases. For three of
four cases, more than 40% of the melt period experiences
foehn warming on the leeside of MRX/MRY, which indicates that recurring foehn warming is the major driver for
surface melting over the eastern RIS. One representative
day that has strong foehn warming during each melt case
is selected for further trajectory analysis: January 5, 1983,
December 30, 1991, January 4, 2005, and January 10, 2016
at 1200 UTC.
From the vertical profile around the representative
day for each melt case, moderate mountain waves were
captured on both upwind side and leeside of MRX, and
relatively strong descending winds were found on the leeside, as well as a surface temperature increase up to 273 K
(Figure 6). Figure 2 shows the 2-m temperature and 10-m
wind for each representative day and further confirms the
surface warming on the leeside triggered by the foehn
effect. The Fr number for each representative day is 0.25 (at
1200 UTC January 5, 1983), 0.52 (at 1200 UTC December
30, 1991), 0.45 (at 1200 UTC January 4, 2005), and 0.46 (at
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F I G U R E 6 Vertical profiles of wind and physical temperature along cross-sections X1X2 (a, c, e, g) and Y1Y2 (b, d, f, h), at 1200 UTC
January 5, 1983, 1200 UTC December 30, 1991, 1200 UTC December 4, 2005, and 1200 UTC December 10, 2016. Cross-section X1X2 runs
across the Executive Committee Range (ECR) over the Marie Byrd Land, while cross-section Y1Y2 runs across the Alexandra Mountains
(AM) of the Edward VII Peninsula (Figure 1b). Over the cross-section for MRY, there are three topographic barriers along the path (red
triangles in Figure 6b). 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]

1200 UTC January 10, 2016) (Table S4). If the wind blows
towards MRX perpendicularly and the Fr number is less
than 1, low-level air is blocked on the upwind side (in
all cases except 1982/1983). The low-level blocking effect
can be caused by statically stable air on the upwind side.
For example, at 1200 UTC January 10, 2016, there was a
temperature inversion on the upwind side of MRX with
a maximum temperature at ∼1 km above the sea level.
With a stable boundary layer below the mountain peak
and small vertical wind shear on the upwind side, vertical

propagation waves were generated on the leeside in the
lower troposphere (Figure 6g).
By contrast, the mountain waves over MRY are more
turbulent with larger Fr numbers (Figure 6b: January 5,
1983, 71.62 and 0.39; d: December 30, 1991, 5.98 and 0.88;
f: January 4, 2005, 190.14 and 0.56; and h: January 10, 2016,
1.24 and 0.6). The different responses in mountain waves
between MRX and MRY result from topographic features
(mountain height and width) and strength and direction of
the incoming wind. This reveals possible stronger sensible
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FIGURE 7

Vertical profiles of all the trajectories that climbed over Mountain Range X on (a) January 5, 1983, (b) December 30, 1991,
(c) January 4, 2005, and (d) January 10, 2016. The color-filled circles denote the temperature estimates from PWRF outputs every 1 hr along
each trajectory. The gray area represents the average topography as a function of latitude along all trajectories. The scale on y-axis is different
among subplots [Colour figure can be viewed at wileyonlinelibrary.com]

heat transfer between foehn flow and the surface on the
leeside. Also, the surface temperature on the leeside of
MRY increased to ∼2◦ C. However, when Fr is much larger
than 1 (e.g., Fr = 2,000) or closer to infinity, the diminished turbulent mountain waves will not enhance the heat
transfer and increase the surface temperature effectively
(Zou et al., 2021). In general, the 2005 and 2016 cases
experienced stronger surface warming on the leeside of
mountains, and MRY had stronger mountain waves compared with MRX, including breaking waves and hydraulic
jumps. The foehn warming over MRX and MRY had different dominant mechanisms and led to different magnitudes
of surface warming.

3.4

Quantification of foehn warming

Two groups of trajectory analyses are conducted in this
study to quantify the dominant foehn warming mechanism. Group 1 includes 25 representative trajectories
(24 hr) over MRX, and group 2 includes 15 representative

trajectories (12 hr) over MRY (except for the 2005 case
with 18 hr trajectory). Figure 7 shows the vertical profile
of group 1 trajectories for the four melt cases with air temperature tracked along the path. Figure 8 shows the impact
of the foehn effect over MRX on temperature, wind speed,
and RH. Figure 9 breaks down the different factors contributing to the foehn warming in group 1. Figure 10 shows
the previous 12-hr precipitation accumulation based on
PWRF output from each representative day for each melt
case. In the 1982/1983 case, the wind was not perpendicular to MRX, but still contributed more than 4◦ C of surface
temperature increase on the leeside (Figures 3a, 6a and
8a). There is no strong topographic blocking for marine
air in this case (Figures 6a and 7a). And with a Fr number around 0.65 on January 4, 1982/1983 (start of the 24 hr
trajectory), strong mountain waves increased the turbulent mixing on the leeside. The air crossing MRX mainly
comes from the surface (0 m) with an elevation lower
than the endpoint of the trajectory on the leeside (∼600 m,
Figures 3a and 6a). This leads to a negative value in the ID
term (Figure 9a). Also, the moist and warm air is forced to
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F I G U R E 8 Total impact of foehn effect over Mountain Range X for the four melt cases 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 scale on right y-axis is different among subplots
[Colour figure can be viewed at wileyonlinelibrary.com]

the upper level where latent heat is released via strong precipitation on the upwind side (Figure 10a). The decrease
in RH on the leeside is more than 30% for 92% of the trajectories (Figures 8a and 10a), which is larger than the
other three cases. As a result, the main contributors for the
1982/1983 case are TH and SRH (Figure 9a).
In the 1991/1992, 2005, and 2016 cases, the marine
air blows perpendicularly towards MRX, the low-level air
is blocked (Fr ∼ 0.4–0.6, Table S4, Figures 7b–d), and the
upper-level air descends on the leeside (Figure 6c,e,g).
Under this circumstance, the total contribution of the
foehn effect is around 4◦ C and ID is usually the dominant
factor, contributing up to 14◦ C in temperature increase
(Figures 8 and 9b–d). Unlike a textbook foehn case, the leeside of MRX has a wind speed decrease and, sometimes,
an RH increase (e.g., 2016 case, Figure 8d). The decrease
in wind speed can be associated with the mountain waves
and the gentle slope on the leeside (Figures 6 and 8).
Instead of the hydraulic jump that appeared on the leeside of MRY (e.g., Figure 6h), MRX mainly had moderate
mountain waves near the surface (Figure 6a–g). The oscillation in the vertical wind (mountain waves) can decrease
the wind speed and amplify the sensible heat flux transfer
between low-level air and the surface (Elvidge et al., 2016).
As a result, the SRH associated with surface turbulence
and cloud formation has positive impacts in all three cases
(1991/1992, 2005, and 2016 cases; Figure 9b–d). In the
2016 case, the extensive cloud cover and precipitation

revealed extra moisture on the leeside and explained the
RH increase (Figures 8d and 10), which was different compared with the 1991/1992 and 2005 cases (Zou et al., 2019).
Also, in the 2016 case, the marine air propagating towards
MBL is warmer and the wind is stronger. Thus, MRX only
blocked the air below 800 m, while in the 1991/1992 and
2005 cases, MRX blocked air below ∼1,400 m (Figure 7).
As a result, the ID term in the 1991/1992 and 2005 cases is
much larger than in the 2016 case (Figure 9b–d).
Trajectories in group 2 end at the leeside of MRY (edge
of Edward VII Land) and only cross MRY (Figure 11).
Compared with group 1, the total contribution of warming is smaller (averaged around 2◦ C, Figure 12). Like a
textbook foehn case, the leeside of MRY usually experienced a temperature increase, wind speed increase, and
RH decrease, but the dominant mechanism varies from
case to case (Figure 13). The trajectories that cross MRY do
not share the same starting point, and they come from both
upper level and near the surface (e.g., Figure 11a), thus the
contribution of the ID term varies among trajectories and
cases. In the 1991/1992 and 2016 cases, the RH decrease
on the leeside is ∼10% larger than in the 1982/1983 and
2005 cases (Figure 12). Thus, the 2016 case shows consistent positive contribution in the TH, followed by the
1991/1992 case (for which 80% trajectories show a positive contribution, Figure 13d), which indicates sufficient
condensation on the upwind side necessary for a positive
impact of the TH. In addition, with stronger mountain
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F I G U R E 9 Breakdown of the different factors contributing to the foehn effect over Mountain Range X on (a) January 5, 1983, (b)
December 30, 1991, (c) January 4, 2005, and (d) January 10, 2016. The scale on y-axis is different among subplots. ID, isentropic drawdown; TH,
thermodynamic mechanism; SRH, sensible and radiative heat; PG, pressure gradient [Colour figure can be viewed at wileyonlinelibrary.com]

waves causing the warm foehn flow to reach the surface,
the leeside is more likely to have surface warming via sensible heat transfer. For all four cases, MRY, on average,
has stronger turbulence mixing on the upwind and leeside
sides, which is probably associated with the mountainous
and complicated surface conditions.

4

DISCUSSION

The recurring foehn effect, as one of the most important
regional drivers for surface melting over the eastern RIS, is
fully discussed in this paper based on four historical melt
cases in the past 40 years. Compared with the foehn analysis over MRX in 2016 based on AMPS (Zou et al., 2019),
PWRF output in this study provides the same total contribution of foehn warming (up to 4◦ C). However, the average
contribution of SRH in PWRF is ∼8◦ C, which is larger
than in AMPS (average 0◦ C with a maximum of 5◦ C).
The ID term that contributes 10◦ C on average to surface
temperature increase in AMPS only contributes ∼5◦ C in
PWRF output. There are two reasons behind the difference
between these two analyses. First, the trajectories end at a
slightly different location. The trajectories in PWRF analysis end at an area slightly closer to the mountains (∼78◦ S,
135◦ W) compared with AMPS (∼80◦ S, 135◦ W). Second,

with higher spatial resolution, PWRF output is able to
describe mountain waves on the leeside more precisely,
which contributes to the sensible heat transfer between
surface air and the ground. Compared with the foehn
analysis over MRY based on the AMPS output in Zou
et al. (2019), PWRF values show a greater contribution to
surface foehn warming, which is up to 3◦ C. Also, instead of
an up to 10 m⋅s−1 decrease in wind speed from AMPS, trajectory analyses based on PWRF show limited wind speed
change (average ∼ 2 m⋅s−1 decrease) in nine trajectories
and wind speed increase in six trajectories.
The mechanisms of foehn effect in WA are different
from case to case because of the complicated topographic
conditions and the varying circulation patterns. For trajectories crossing MRX in the 1991/1992, 2005, and 2016
cases, the upper-level air (∼800–2,000 m above the surface) blows perpendicular towards MBX and descends
on the leeside (western MBL). The topography blocks
the low-level air advection, and upper-level air becomes
warmer and drier on the leeside via adiabatic warming, as
so-called ID (average Fr ∼ 0.3 with a maximum at 0.65).
The ID can contribute an up to 14◦ C temperature increase
with moderate descending wind on the leeside, which
is the strongest contributor among all four mechanisms
(e.g., the 2005 case). ID is the dominant factor in foehn
warming over MRX and significantly depends on the

2888

ZOU et al.

F I G U R E 10 Twelve hour accumulated precipitation on the representative day for each melt case: (a) January 4, 1982 at 1200 UTC,
(b) December 30, 1991 at 1200 UTC, (c) January 4, 2005 at 1200 UTC, and (d) January 10, 2016 at 1200 UTC, based on PWRF domain 2 outputs.
Dashed purple lines represent the melt area based on passive microwave data [Colour figure can be viewed at wileyonlinelibrary.com]

blocking effect of low-level air (Miltenberger et al., 2016).
Orographic blocking requires that the incoming air blows
perpendicularly towards the topographic barriers and usually occurs when the upwind flow is weak or the atmosphere has a relatively stable stratification, such as a temperature inversion (e.g., the 2005 and 2016 cases).
Sensible heat transfer is another important contributor
to the foehn warming over MRX. Air crossing MRX can
produce the foehn warming on the leeside (over MBL) via
ID, and the warm air can reach the surface via moderate
turbulent mountain waves when Fr number is close to 1.
Under this situation over MRX, both ID and SRH terms
have positive values. However, if the Fr number is much
smaller than 1, the subcritical flow may not be able to bring
the warm foehn air to the ground, and the SRH term is usually smaller. The TH term is less important than ID over
MRX, and it can be negative due to sufficient sublimation
along the gentle descending path on the leeside (e.g., the
1991/1992, 2005, and 2016 cases; Zou et al., 2019).
Over MRY, the textbook foehn effect dominates the
surface melting and is weaker than that over MRX. The

dominant mechanism varies from case to case without
a consistent pattern in MRX. With latent heat release
on the upwind side, the descending air on the leeside
is warmer and drier. Stronger mountain waves, even
hydraulic jumps, can be found on the leeside of MRY,
which enhanced the transfer of sensible heat flux. When
the Fr is around or larger than 1, potential rotors or cavities on the leeside can bring the upper-level warmth to the
ground effectively. However, extreme violent turbulence
might not contribute to the surface melting significantly
(Fr → ∞). In addition, based on the 60 trajectories over
MRY in the four melt cases, there is a positive correlation between the RH decrease and the contribution of the
TH. When strong precipitation is found on the upwind
side and the decrease in RH is more than 20%, the TH is
more likely to increase the surface temperature on the leeside of MRY. In general, foehn warming from MRY usually
increases the surface temperature by 0–3◦ C around Roosevelt Island, and this area often has a combined impact
from foehn warming and direct marine air advection. With
the exception of the 1982/1983 case, the recurring foehn
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F I G U R E 11 Vertical profiles of all the trajectories that climbed over Mountain Range Y on (a) January 5, 1983, (b) December 30, 1991,
(c) January 4, 2005, and (d) January 10, 2016. Note the scale on y-axis is different among subplots [Colour figure can be viewed at
wileyonlinelibrary.com]

effect occurs for more than 40% of the melting period and
is the dominant factor for the start and expansion of the
previous melt cases.
Over the AP, foehn-induced melting can be associated with strong moisture imports. With a deep low over
the Amundsen/Bellingshausen Sea and a blocking high
over the southeast Pacific, warm and moist marine air
blows towards the AP, which triggers widespread foehn
warming (Bozkurt et al., 2018). The occurrence of atmospheric rivers (ARs) and the precipitous terrain over the
AP favor orographic precipitation and enhance latent heat
release on the upwind side (Bozkurt et al., 2018). Over West
Antarctica, Wille et al. (2019) suggested that ARs could be
responsible for ∼40% of the summer melting over the RIS
and nearly 100% over MBL at higher elevations. Because of
the complicated topographic features over MBL (MRX and
MRY), the strong moisture flux (ARs) from the ocean can
either amplify the foehn effect via the TH term or propagate moisture inland, favoring cloud formation (discussed
in Part II). Compared with the 1982/1983 and 1991/1992
cases, the 2005 and 2016 cases have stronger and more

prolonged moisture flux from the Amundsen/Ross Sea
region. During the 1982/1983 case, the eastern RIS has
moisture import mainly from the Ross Sea for 41.4% of
the melt days, which is similar to the coastal RIS in the
1991/1992 case (Table 5). In the 2005 and 2016 cases,
more intensified moisture imports either reach the eastern RIS directly from the Ross Sea or move towards the
Siple Coast region/western MBL from the Amundsen Sea
after the orographic lifting over MRX. More intensified
moisture flux results in stronger foehn warming in the
2005 and 2016 cases compared with the 1982/1983 and
1991/1992 cases (not shown). However, different from the
AP region, the sublimation along the gentle slope of the
leeside of MRX can compensate the latent heat release
on the upwind side. To have a positive contribution from
the TH, sufficient condensation on the upwind side is
necessary.
Complex terrain also plays an important role in the
magnitude of the foehn effect. Over the McMurdo Dry
Valleys (MDVs), foehn effect occurs when the blocking
high is located over the Australian sector of the Southern
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F I G U R E 12 Total impact of the foehn effect over Mountain Range Y for the four melt cases on temperature, relative humidity, and
wind speed differences between points B and C. Note the scale on right y-axis is different among subplots [Colour figure can be viewed at
wileyonlinelibrary.com]

Ocean (Steinhoff et al., 2014). For foehn-induced melting via turbulence mixing over complex terrains, such as
MDVs and mountain ranges over MBL, topographic-forced
flow dynamics and boundary layer conditions are critical.
They determine whether the warm foehn flow can penetrate down to the surface and melt ice/snow efficiently
(Vosper et al., 2018). Steinhoff et al. (2013) suggested that
strong turbulence including hydraulic jumps and breaking waves were found over the MDVs, which is similar
over MRY. In addition, surface melting over the MDVs is
highly associated with solar radiation, and above freezing
temperature is not necessary (Hoffman et al., 2008). Foehn
effect does favor the surface melting, but low wind speed is
required to abate the loss of sensible heat from the surface
(Hoffman et al., 2008; Steinhoff et al., 2013). By contrast,
among the four melt cases over the RIS, above freezing
temperature on the leeside is essential (Figures 7 and 11).
Also, more violent turbulence does not necessarily mean
sensible heat transfer from the foehn flow to the surface is
more efficient.

5

S U M M ARY

Over recent decades, the RIS has experienced more frequent surface warming. This study investigates four extensive melt cases that occurred in the past 40 years via PWRF
output. Compared with AMPS used in the 2016 melt case
analysis (Zou et al., 2019), PWRF output significantly

improves the near-surface simulation with 2.5 times
higher spatial and 3 times higher temporal resolution.
PWRF is driven by ERA5 reanalysis data, which include
additional observations and outperform other datasets
(e.g., GFS used in AMPS) as initial and lateral boundary
conditions, which further improves the simulation (e.g.,
Bozkurt et al., 2020). The bias of surface temperature simulation from PWRF in WA is less than ∼1◦ C, which is
reduced by 2◦ C compared with AMPS. Also, the surface
wind and radiation from PWRF show more reliable results
(Zou et al., 2021). Thus, the transport of heat and moisture from the ocean to the RIS can be described more
precisely.
The warm and moist marine air over the Amundsen/
Ross Sea can approach the eastern RIS via four paths: (a)
cross MRX and reach the leeside in eastern MBL, (b) cross
both MRX and MRY and reach the Siple Coast, (c) cross
MRY and reach the coastal area of the eastern RIS, and
(d) move directly through the channel between western
MBL and Roosevelt Island. The first three paths can potentially lead to foehn warming through latent heat release on
the upwind side, SHF associated with turbulence, ID from
low-level air blocking, and foehn clearance on the leeside.
The fourth path delivers heat and moisture directly to the
RIS, usually affecting the coastal area.
With a blocking high located over MBL and a
low-pressure center over the Amundsen/Ross Sea region,
the RIS is more likely to have surface warming (Scott
et al., 2019). This paper discusses two important regional
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F I G U R E 13 Breakdown of the different factors contributing to the foehn effect over Mountain Range Y on (a) January 5, 1983, (b)
December 30, 1991, (c) January 4, 2005, and (d) January 10, 2016. Note the scale on y-axis is different among subplots [Colour figure can be
viewed at wileyonlinelibrary.com]

factors, viz. direct marine air advection and foehn warming. The contribution of these two factors depends on
the synoptic and regional circulation patterns, and they
both have impacts on the cloud conditions and then the
SEB. For example, direct marine air advection can move
moisture inland and result in cloud formation. And the
foehn clearance can create clear sky conditions on the leeside of the mountain range. More comprehensive research
that focuses on the SEB is delivered in Part II (Zou
et al., 2021).
When the surface high-pressure system is located eastward toward the Sulzberger Ice Shelf and the low-pressure
center is located between 165◦ and 180◦ W, warm marine
air will have a direct impact on coastal RIS and trigger surface melting. On occasions, without a strong high-pressure
system at surface, a deep low over the Ross Sea can also
direct warm air from the Amundsen Sea into the RIS, especially when the low is located closer to the continent (75◦ S
or farther south, e.g., December 28, 1991). Based on analysis of the speed of expansion of the melting area, direct
warm air advection rarely affects farther inland and rarely
leads to strong melting, such as the 1991/1992 case. However, the moisture brought over the continent can benefit
cloud formation and affect the SEB via increasing the LWD
(Zou et al., 2021).

Foehn effect usually requires a slightly different
regional circulation pattern. With the surface highpressure system located over coastal MBL (120–150◦ W)
and the low-pressure center located over the Nickerson Ice
Shelf, foehn warming is more likely to be found on the leeside of MRX and MRY. The closer the high-pressure system
and the low are located relative to the continental area,
the stronger the foehn warming the RIS will experience.
Without the low-pressure center (just blocking high), the
pressure gradient over coastal MBL is usually unable to
form a strong landward wind, which is pivotal for the formation of a strong foehn case. According to the trajectory
analysis for the four major melt cases, the foehn effect
contributes ∼4◦ C temperature increase over MRX, which
mainly comes from the ID and SRH terms. In contrast, the
foehn effect only contributes 2–3◦ C temperature increase
over MRY and the dominant mechanism varies from case
to case. Compared with MRX, MRY has stronger impact
from the TH term. Also, the Fr number is calculated to
better describe the mountain waves and energy transfer
along the trajectories. Over MRX, Fr number is usually less
than 1, which indicates a strong blocking for the low-level
air, which enhances the ID mechanism. Over MRY, strong
breaking waves on the leeside (Fr → ∞) enhance the turbulent mixing, but do not necessarily contribute to the
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surface melting. When Fr number is closer to or slightly
larger than 1, heat is transferred from foehn flow to the
ground more effectively, increasing the foehn contribution
to surface melting. Foehn warming usually affects the leeside of MRX and MRY with limited impact further inland,
such as the central RIS, where the clouds play a more
important role (Zou et al., 2021).
In the past 40 years, foehn effect and direct marine
air advection significantly contribute to the surface melting over the eastern and coastal RIS, respectively. The
occurrence of the foehn effect depends on the regional
circulation pattern, and ARs can amplify the warming via
the latent heat release on the upwind side. Complex terrain can lead to violent turbulence on the leeside, and the
additional warming caused by the sensible heat flux varies
from case to case. For more accurate model simulation
of surface melting, more surface observations from satellite data and accurate topographic information should
be included. Also, high-resolution models that include a
detailed description of regional physical processes, such as
the mountain waves, should be used. In the second paper
(Part II), we analyze and summarize all regional factors
that contribute to the surface melting over the RIS from
a SEB viewpoint, such as cloud-induced longwave/shortwave radiation anomalies and sensible heat flux that is
associated with turbulent mixing. Part II discusses the connection between each factor and identifies which regional
factors causing melting over WA need to be included to
yield reliable projections of future ice stability of the RIS.
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