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Abstract
A foehn event on 27 January 2011 over the Larsen C Ice Shelf (LCIS), Antarctic
Peninsula and its interaction with an exisiting ground-based cold-air pool is sim-
ulated using the MetUM atmospheric model at kilometre and sub-kilometre
scale grid spacing. Atmospheric model simulations at kilometre grid scales are
an important tool for understanding the detailed circulation and temperature
structure over the LCIS, especially the occurrence of foehn-induced surface
melting, erosion of cold-air pools, and low-level wind jets (so-called foehn jets).
But whether there is an improvement/convergence in the model representa-
tion of these features at sub-kilometre grid scales has yet to be established. The
foehn event was simulated at grid spacings of 4, 1.5 and 0.5 km, with the results
compared to automatic weather station and radiosonde measurements. The fea-
tures commonly associated with foehn, such as a leeside hydraulic jump and
enhanced leeside warming, were comparatively insensitive to resolution in the
4 to 0.5 km range, although the 0.5 km simulation shows a slightly sharper and
larger hydraulic jump. By contrast, during the event the simulation of fine-scale
foehn jets above the cold-air pool showed considerable dependence on grid spac-
ing, although no evidence of convergence at higher resolution. During the foehn
event, the MetUM model is characterised by a nocturnal cold bias of around 8 ◦C
and an underestimate of the near-surface stability of the cold-air pool, neither of
which improved with increased resolution. This finding identifies a key model
limitation, at both kilometre and sub-kilometre scales, to realistically capture
the vertical mixing in the boundary layer and its impact on thermodynamics,
through either daytime heating from below or the downward penetration of
foehn jet winds from above. Detailed model-resolved foehn jet dynamics thus
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plays a crucial role in controlling the near-surface temperature structure over
the LCIS, as well as sub-grid turbulent mixing.

K E Y W O R D S

1. Tools and methods: Dynamic/processes, regional and mesoscale modelling, 2. Scale: Mesoscale,
3. Physical phenomenon: Dynamics, 4. Geophysical sphere: Atmosphere, orography (including
valleys), 5. Geographic/climatic zone: Polar, 6. Application/context: Climate, 7. boundary layer

1 INTRODUCTION

The westerly flow that dominates the circulation around
Antarctica is substantially modified by the mountainous
barrier created by the Antarctic Peninsula (Orr et al., 2004;
2008). The behaviour of stratified airflow in response
to any mountain barrier is primarily dependent on the
non-dimensional mountain height ĥ = Nh∕U, where N is
the Brunt–Väisälä frequency, h is the mountain height,
and U is the speed of the impinging flow perpendic-
ular to the barrier (Smith, 1989). If ĥ > 1 then the
flow is characterised by nonlinear dynamics, including
low-level blocking of upstream air flow below a cer-
tain height zd (< h) and flow above the dividing stream-
line height zd being vertically deflected over the barrier
(Hunt and Snyder, 1980; Bacmeister et al., 1990; Baines
and Smith, 1993), often resulting in warm and strong
downslope flow over the leeward slopes of the barrier,
which are referred to as foehn winds (Smith, 1989).
Other nonlinear dynamical behaviour associated with
this flow regime are upper-level wave-breaking above
the barrier and leeside hydraulic jumps (Smith, 1989). A
detailed description of the flow regime/parameter space
that characterises the Antarctic Peninsula is given by
Orr et al. (2008).

The occurrence of foehn winds descending the lee
(eastern) side of the Antarctic Peninsula is relatively com-
mon (Turton et al., 2018; Wiesenekker et al., 2018; Elvidge
et al., 2020) and is crucial in determining the atmospheric
conditions over the Larsen C Ice Shelf (LCIS), which is
the largest ice shelf on the Antarctic Peninsula and sit-
uated on its eastern side. The warm foehn winds can
cause near-surface air temperatures to rise above the melt-
ing point for sustained periods and thus drive surface
melting over the western parts of the LCIS (Grosvenor
et al., 2014; Luckman et al., 2014; Elvidge et al., 2015;
2016; 2020; Kuipers Munneke et al., 2018; Wiesenekker
et al., 2018; Datta et al., 2019; Kirchgaessner et al., 2019;
Turton et al., 2020; Gilbert et al., 2021). This is most com-
mon during the summer months when the near-surface
air temperature is already around the freezing point due to
high insolation and results in a distinct west–east gradient
in surface melt intensity (Luckman et al., 2014; Bevan

et al., 2018; Gilbert et al., 2021). The LCIS is also affected by
narrow and relatively low-level wind jets (in the order of
10 km wide and occurring a few hundred metres above the
ice surface) originating from the mouths of leeside inlets,
formed by the channelling of foehn winds through gaps
in the orography into the inlets, which are referred to as
“foehn jets” (Elvidge et al., 2015; 2020).

Foehn-induced melting over the Larsen A and B ice
shelves contributed to their recent collapse (1995 and
2002, respectively) due to the ensuing meltwater-driven
hydro-fracturing (e.g. Scambos et al., 2000), synchronised
by flexural stresses in the ice shelf caused by surface
lake drainage (Banwell et al., 2013). This allowed inland
glaciers to accelerate and increase ice discharge into the
ocean, thus contributing to sea-level rise (Rott et al., 1996).
The southward progression of ice-shelf collapse suggests
that these mechanisms could perhaps result in the future
collapse of the LCIS (Kuipers Munneke et al., 2014; Trusel
et al., 2015; Bevan et al., 2017). For example, already
in recent decades a strengthening of summertime west-
erly winds impinging on the Antarctic Peninsula has led
to increased vertical deflection of flow over the Penin-
sula (Marshall et al., 2006; Orr et al., 2008; van Lipzig
et al., 2008), resulting in a higher occurrence of foehn
winds and a rise in the frequency of surface melting over
the LCIS (Cape et al., 2015; Datta et al., 2019).

Over the LCIS the boundary layer is generally more sta-
ble in winter months and less stable (or even weakly unsta-
ble) in summer months (Kuipers Munneke et al., 2012).
One characteristic of the stable boundary layer is the for-
mation of cold-air pools, which are characterised by a
layer of stagnant, decoupled, cold air above the surface
and an elevated capping inversion. These can form when
warm-air advection occurs aloft, as well as from cooling of
the surface, or a mixture of both (Whiteman et al., 1999;
2001; Zardi and Whiteman, 2013). King et al. (2008)
demonstrated that warm air advection, associated with
a foehn event, over the cold surface of the LCIS gener-
ated a cold-air pool. Existing cold-air pools may also cause
the foehn flow to decouple from the surface, resulting
in the flow travelling well downstream before connect-
ing with the surface. By contrast, the removal/erosion of
cold-air pools can occur due to local turbulent processes



3474 ORR et al.

such as daytime heating from below or the downward
penetration of moderately strong winds from above, which
mixes the warmer air aloft with the colder air below (Zardi
and Whiteman, 2013). Therefore, both the descending
foehn winds at the base of the Antarctic Peninsula and
the low-level foehn jets that extend further over the LCIS
offer a mechanism for eroding cold-air pools, resulting in
considerable changes to the low-level temperature struc-
ture. The dynamic displacement of the cold-air pool by
the foehn winds offers a further process that can erode its
structure (Flamant et al., 2006). Note that such an envi-
ronment is distinctively different from the kabatabic wind
regime that dominates the climate of Antarctica’s sloping
ice sheets (van den Broeke et al., 2002).

Much of our understanding of the detailed circula-
tion and temperature structure over the LCIS comes from
running regional atmospheric model simulations at high
horizontal resolution to accurately resolve the topography
and capture the complex dynamics of foehn events. How-
ever, as well as this aspect, an additional challenge for
the atmospheric models is the turbulent erosion/removal
of cold-air pools due to the complex interplay between
dynamics and thermodynamics (Mahrt, 1998; Holtslag
et al., 2013; Zardi and Whiteman, 2013; Steeneveld, 2014).
Moreover, to meet the requirements of the extremely cold
and demanding conditions that characterise the Antarc-
tic Peninsula (and Antarctica in general), polar-optimised
versions of some atmospheric models such as the Weather
Research and Forecasting (WRF: Turton et al., 2017), MAR
(Modèle Atmosphérique Régionale: Datta et al., 2019),
RACMO2 (Regional Atmospheric Climate Model: van
Wessem et al., 2016), and the Consortium for Small-Scaled
Modelling (COSMO) model in Climate Mode (CCLM:
Zentek and Heinemann, 2020) have been developed. By
comparison, the kilometre-scale limited-area configura-
tion of the UK Met Office Unified Model (MetUM) numer-
ical weather prediction system has been used to conduct
many studies of the Antarctic Peninsula despite having
little or no polar-optimisation (e.g. Orr et al., 2004; 2008;
2015; Luckman et al., 2014; Elvidge et al., 2015; 2016;
2020; King et al., 2015; Kuipers Munneke et al., 2018; Dell
et al., 2020; Gilbert et al., 2020; 2021; Mottram et al., 2021).
However, although the MetUM is not polar-optimised, its
non-hydrostatic core enables it to be run at higher scales
(sub-kilometre) than either MAR or RACMO2, which both
use a hydrostatic core and are limited to a minimum
grid spacing of 5–10 km (van Wessem et al., 2016; Datta
et al., 2019).

Elvidge et al. (2015; 2020) and Grosvenor et al. (2014)
suggest that a grid spacing of 1.5 km gives a reasonably
accurate representation of foehn conditions over the LCIS
(compared to aircraft and surface observations). A grid
spacing of around 5 km is employed for longer (multi-year)

simulations due to the lower computational cost (e.g. Datta
et al., 2019; Kirchgaessner et al., 2019; Turton et al., 2020;
Gilbert et al., 2021). However, there is evidence that the
model results/performance can be sensitive to resolution
in the 5 to 1.5 km range, raising concerns that a grid
spacing of 5 km is not adequate (e.g. Elvidge et al., 2015;
Turton et al., 2017). Moreover, our understanding of the
added benefit of sub-kilometre scale grid spacing, such
as whether model convergence occurs at finer resolutions
(and thus better-resolved orography) and whether the real-
ism of foehn events is generally improved, is non-existent
due to the absence of such simulations in this region
(Knist et al., 2020). Further work is also required to clar-
ify the interaction between foehn and cold-air pools over
the LCIS, as well as their representation in atmospheric
models, as this has been shown to play a crucial role in
controlling the near-surface temperature in other regions
(Flamant et al., 2006; Haid et al., 2020).

The aim of this study is to address some of these
deficiencies by examining the main biases in a MetUM
simulation of the LCIS at kilometre scale (4 km grid
spacing) for a one-month period during January/Febru-
ary 2011. This is followed by a case-study examination
of the impact of different kilometre and sub-kilometre
scale grid spacing (by comparing 4, 1.5 and 0.5 km
grid spacing) on the simulation of a foehn event that
occurred on 27 January 2011, which encountered an
existing cold-air pool. The foehn event was in response
to a ridge of high pressure to the west of the Antarc-
tic Peninsula on 26 January (resulting in southeasterly
cross-barrier flow), which gradually migrated south dur-
ing 27 January. This resulted in a west-to-east flow of
around 4 m⋅s−1 incident to the Antarctic Peninsula and a
non-dimensional mountain height of ĥ ∼ 4, that is, char-
acterised by a highly nonlinear flow regime. We refer to
Elvidge et al. (2015) for further details, which previously
examined this case-study.

2 MODELS, OBSERVATIONS AND
METHODS

2.1 MetUM forecast model

The atmospheric model used is the kilometre-scale
limited-area configuration of version 11.1 of the
MetUM numerical weather prediction system. This
uses the ENDGame (Even Newer Dynamics for General
atmospheric modelling of the environment) dynam-
ical core and a rotated pole to ensure a rectangular,
regular latitude–longitude grid. ENDGame uses a
mass-conserving semi-implicit semi-Lagrangian numeri-
cal scheme to solve the discretised equations of motion for
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a non-hydrostatic, fully compressible, deep atmosphere
(Wood et al., 2014; Walters et al., 2017). The model uses
the Regional Atmosphere physics configuration for mid-
latitudes (RA1M), described by Bush et al. (2020). As its
name suggests, the RA1M configuration has been primar-
ily developed to optimise model performance over the
midlatitudes (Bush et al., 2020).

The RA1M package includes parametrization schemes
for cloud microphysics and the atmospheric bound-
ary layer, which have both been identified as being
particularly important for simulating the near-surface
meteorological conditions over the LCIS (King et al., 2015;
Gilbert et al., 2020; 2021). The cloud microphysics is a
single-moment scheme (Wilson and Ballard, 1999), but the
version used here has extensive modifications described by
Gilbert et al. (2020; 2021) to improve the representation of
cloud phase over the LCIS. These modifications consider-
ably improved the simulation of downwelling short-wave
and long-wave radiation at the surface, and therefore the
surface energy budget. The atmospheric boundary-layer
parametrization uses a “blended” approach (Bush
et al., 2020), which transitions from a one-dimensional
(1-D) vertical turbulent mixing scheme at relatively coarse
horizontal resolutions ranging from a few kilometres to
tens of kilometres (i.e. turbulent length-scales less than the
grid scale) to a 3-D Smagorinsky turbulent mixing scheme
at finer horizontal resolutions ranging from a few kilo-
metres to hundreds of metres (i.e. turbulent length-scales
comparable to the grid scale). For stable boundary layers,
the scheme uses the “sharp” stability function (Brown
et al., 2008). Additionally, the JULES (Joint UK Land Envi-
ronment Simulator) land surface model is used (Walters
et al., 2019). This includes the option of a simple compos-
ite snow/soil layer (or “zero-layer” snow scheme), which
was employed here (Best et al., 2011).

The three nested model domains at horizontal res-
olutions of 4, 1.5 and 0.5 km are shown in Figure 1.
The dynamical time step employed is 20 s for the 4 and
1.5 km models and 12 s for the 0.5 km model, which
are small enough to avoid instability and satisfy the
Courant–Friedrichs–Lewy (CFL) criterion (Kalnay, 2002).
An additional impact of the short time steps (and the
ENDGame dynamical core) is a reduction in damping
of gravity-wave motion, resulting in an improved simula-
tion of mountain waves (Shutts and Vosper, 2011; Walters
et al., 2017). Note that, apart from the changes to the cloud
scheme, the physics configuration of the 4 and 1.5 km
models used here are more or less the same as the UK
4 and 1.5 km variable resolution models (UKV) devel-
oped by the Met Office to provide weather forecasts for the
United Kingdom and Europe (Tang et al., 2013), that is,
these versions of the model used here are largely developed

F I G U R E 1 Map showing the MetUM nested limited-area
domains over the Antarctic Peninsula and Larsen C Ice Shelf at
horizontal resolutions of 4, 1.5 and 0.5 km (marked by the square
boxes). Also shown is the orography (shading) of the model at a
horizontal resolution of 4 km, as well as the coastline and ice shelf
extent (black lines). The positions of AWS1, 2, 3, 4 and 5 are shown
as the filled black circles (and labelled 1, 2, 3, 4 and 5, respectively).
The thick lines labelled “A” and “B” indicate the north–south and
west–east vertical transects examined in Figures 6 and 7,
respectively, which pass through the AWS1 site. The location of
Whirlwind Inlet is labelled “WI”, which is shown in detail in
Figure 8 [Colour figure can be viewed at wileyonlinelibrary.com]

and tuned for the midlatitudes. By contrast, the experi-
ments using the 0.5 km model are highly novel – although
Alexander et al. (2017) used MetUM simulations at 0.5
and 0.1 km grid spacing to investigate the formation of
small-scale orographic gravity waves forced by coastal
topography along the East Antarctic coastline.

The outer 4 km model domain covers the Antarctic
Peninsula and the LCIS (domain size of 220× 220 grid
points), while the two additional (one-way nested) 1.5
and 0.5 km model domains cover the northern Antarc-
tic Peninsula and LCIS (domain size of 450× 450 and
1,000× 1,000 grid points, respectively). Boundary condi-
tions for the 1.5 km (0.5 km) model are derived from the
4 km (1.5 km) model. All three models employ 70 verti-
cal levels (going up to 40 km), which are terrain-following
near the surface and constant height at upper levels. The
lowest 1,000 m part of the atmosphere contains 16 vertical
levels, which are arranged at 5, 22, 45, 75, 112, 155, 204,
261, 324, 394, 470, 553, 643, 739, 842 and 951 m above the
surface. The finer vertical resolution nearer the surface is

http://wileyonlinelibrary.com
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important for good representation of the turbulent vertical
exchange processes in the boundary layer.

The orography used by the 4, 1.5 and 0.5 km models is
derived from the high-resolution (200 m) Radarsat Antarc-
tic Modelling Project (RAMP) digital elevation model (Liu
et al., 2015). Due to the very steep terrain, some smooth-
ing of the 4 and 1.5 km (0.5 km) orography was required,
which was generated by convolution using a normalised
2-D Gaussian kernel with a standard deviation of 0.6 grid
points (0.8485 grid points). The coastline and ice shelf
extent are taken from the Scientific Committee on Antarc-
tic Research (SCAR) Antarctic Digital Database.

The 4 km model is nested within a 12 km version of the
model (domain size of 150× 150 grid points), which has a
much larger limited-area domain encompassing the whole
of the Antarctic Peninsula and the surrounding ocean (not
shown). Initial and boundary conditions for the 12 km
model are provided by the global model configuration
of the MetUM at N320 resolution (640× 480 grid points,
equivalent to a horizontal resolution of ∼40 km at midlati-
tudes), which is initialised by ERA-Interim reanalysis (Dee
et al., 2011).

2.2 Observations

Measurements of pressure, air temperature, wind speed
and wind direction from five Automatic Weather Stations
(AWSs) distributed across the LCIS were utilised. The loca-
tion of the five sites is shown in Figure 1 and they are
hereafter referred to as AWS1, 2, 3, 4 and 5. Also used
are measurements of incoming and outgoing short-wave
radiation and incoming and outgoing long-wave radiation
from AWS1. AWS1 and 2 are owned by the Institute for
Marine and Atmospheric Research (IMAU), Utrecht Uni-
versity, and are described by Kuipers Munneke et al. (2012)
and Jakobs et al. (2020). AWS3, 4 and 5 were owned by the
Cooperative Institute for Research in Environmental Sci-
ences (CIRES), University of Colorado, and are described
by Kuipers Munneke et al. (2018). The stations have a mast
height of 3–4 m, although this height is variable with time
due to snow accumulation, with the instrument measur-
ing wind speed and direction situated on the top of the
mast. The temperature sensors are naturally ventilated and
located at a standard screen-level height of>1.5 m. Follow-
ing Smeets et al. (2018), warm-biased temperature mea-
surements from AWS1 and 2 due to weak wind conditions
causing low ventilation rates when incoming solar radi-
ation is high were corrected (see also Kuipers Munneke
et al., 2012).

Also used are radiosonde measurements from the loca-
tion of AWS1 at 1200 and 1800 UTC on 27 January 2011,
which were part of the month-long Orographic Flows

and the Climate of the Antarctic Peninsula (OFCAP) field
campaign (Kirchgaessner et al., 2014). These launches
coincided with the occurrence of the foehn event over the
LCIS examined in this study. Cloud data from the Moder-
ate Resolution Imaging Spectroradiometer (MODIS) based
on corrected reflectance images from the Terra overpass
at 1309 UTC on 27 January 2011 are also employed (Plat-
nick et al., 2015), which again also coincides with the foehn
event.

2.3 Experimental methodology

The MetUM 4 km model was run twice daily at 0000
and 1200 UTC from 8 January 2011 to 8 February 2011
for 24 hr, with output saved at T+ 15, T+ 18, T+ 21 and
T+ 24 hr. Earlier output was discarded as spin-up. King
et al. (2015) showed that this period, which coincided
with the OFCAP field campaign, was broadly represen-
tative of typical summer conditions over the LCIS. The
saved output was used to create a continuous time series of
instantaneous 3-hourly model values of surface pressure,
10 m zonal wind speed, 10 m meridional wind speed, 1.5 m
air temperature, and 1.5 m specific humidity at each of the
locations of the five AWS sites from 1500 UTC on 8 Jan-
uary 2011 to 0000 UTC on 9 February 2011. These model
data were subsequently compared with the corresponding
time series of measurements at 3-hourly intervals, derived
from the AWS data. To compare with the model 10 m wind
speed, the observed wind speed was adjusted to a height of
10 m by assuming a logarithmic wind profile and a surface
roughness length of 1.0× 10−4 m, which is typical of snow
over land (Beljaars and Holtslag, 1991). The measured rel-
ative humidity at low temperature was corrected using the
method of Anderson (1994) prior to transforming it to spe-
cific humidity for direct comparison with model output.

The computationally expensive MetUM 1.5 and 0.5 km
models were only run to obtain output coinciding with the
case-study foehn event on 27 January 2011. Two model
runs were initialised at 1200 UTC on 26 January and 0000
UTC on 27 January and ran for 24 hr, with output saved
at an earlier forecast time of T+ 12 hr, as well as T+ 15,
T+ 18, T+ 21 and T+ 24 hr. Earlier output was discarded
as spin-up. This resulted in a series of 3-hourly model out-
puts from 0000 to 2400 UTC for 27 January at both 1.5
and 0.5 km grid spacing. Analogous runs using the MetUM
4 km model were also completed to obtain corresponding
output for 27 January at 4 km grid spacing, enabling the
performance of the three models to be compared. The out-
put from these runs included the instantaneous surface
radiation components (i.e. incoming and outgoing surface
short-wave and long-wave radiation) and 1.5 m temper-
atures, which are compared with the measured values.
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Instantaneous values of potential temperature and wind
speed on vertical levels were also saved, and are extracted
for the location of AWS1 to compare them with measure-
ments from the coinciding radiosonde launches. Addi-
tionally, the instantaneous values of low-level (as well as
mid- and high-level) cloud fraction were saved, which are
compared with the MODIS cloud imagery.

As foehn events over the LCIS can sometimes exhibit
high spatial and temporal variability (Cape et al., 2015),
hourly averaged values of potential temperature and wind
speed on vertical levels from the 4, 1.5 and 0.5 km mod-
els were further saved for 27 January. Also saved were
hourly averaged values of 1.5 m temperature, 10 m zonal
wind speed, and 10 m meridional wind speed. By averaging
temporally, the high-frequency variations that occur in the
instantaneous output will be reduced, making the agree-
ment/disagreement between the models clearer. Addition-
ally, hourly accumulated values of the temperature ten-
dency from both the dynamics and the total physics con-
tribution were saved, and again extracted for the location
of AWS1. Hourly accumulated values were used as the
instantaneous temperature tendencies can be relatively
noisy. However, to verify the robustness of the hourly
accumulated values, analogous results based on six-hourly
accumulated values of the temperature tendency were also
saved. The dynamical temperature tendency represents
the contribution from horizontal and vertical advection,
while the total physics temperature tendency includes
contributions from the physics schemes employed by the
model, such as vertical turbulent transport within the
boundary-layer scheme, diffusion, and radiative fluxes.

Following Orr et al. (2014), a further sensitivity
experiment was conducted for 27 January using the
MetUM 4 km model but replacing the “sharp” stabil-
ity function with the “long-tail” stability function for the
boundary-layer scheme, to examine the impact of stronger
turbulent mixing for statically stable conditions (Brown
et al., 208).

3 RESULTS
The results section comprises a first part that looks at
the model performance over the LCIS for the one-month
period at 4 km grid spacing, followed by a second part that
focuses on the foehn case-study and its interaction with a
cold-air pool at 4, 1.5 and 0.5 km grid spacing.

3.1 Evaluation of 4 km model
performance for a one-month period

Figure 2 compares the 3-hourly measurements at AWS1
with the corresponding 4 km output for the period from

1500 UTC on 8 January 2011 to 0000 UTC on 9 Febru-
ary 2011. Kuipers Munneke et al. (2012) suggest that this
location (and also the locations of AWS2, 3, 4 and 5) is
typical of the flat and homogeneous snow surface that
characterises the LCIS. The measured pressure at AWS1
is dominated by synoptic variations, which are accurately
captured by the MetUM (Figure 2a).

The measured air temperature at AWS1 is dominated
by a pronounced diurnal temperature cycle, which the
4 km model struggles to realistically capture (Figure 2b).
Its representation of the night-time minimum temperature
is especially problematic and includes nights with both
excessively low temperatures (by over 5 ◦C, such as on 9
and 27 January 2011) and high temperatures (such as on 30
and 31 January and 4 February 2011). The model is better
able to represent the daytime maximum temperature (such
as on 19 to 23 January 2011) but struggles to simulate day-
time air temperatures above freezing on the few occasions
when this was observed (such as on 17 and 18 January
2011). Note that it is unlikely that such biases are due to
measurement errors during occasions of excessively high
incoming solar radiation because of low wind speed, as this
has been corrected for (Kuipers Munneke et al., 2012). The
measured specific humidity at AWS1 also shows a diurnal
cycle (Figure 2e). Due to the strong correlation between
specific humidity and temperature, many of the errors in
the 4 km model are coincident with errors in temperature.

The measured wind speed at AWS1 shows a strong
influence of synoptic forcing (such as from 9 to 13 January
and 3 to 7 February 2011) during which speeds reached
15 m⋅s−1 (Figure 2c). Both the strengthening and subse-
quent weakening of the winds during these events are
captured well by the 4 km model (as also found by
Orr et al., 2014). The diurnal variation in model wind
speed is also broadly in agreement with the measure-
ments, with the maximum daily wind speeds occurring
at approximately the same time as the maximum day-
time temperatures, suggesting that the wind behaviour
is influenced by increased mixing (due to the reduction
in near-surface stability as the boundary layer heats up)
transporting higher momentum air from aloft downwards
to the near-surface.

The representation of wind direction at AWS1 by the
model (Figure 2d) is reasonable when the wind direction
is persistent and the wind speed is reasonably strong (such
as from 4 to 7 February 2011), but poor when the wind
direction is noticeably varying (although this is often also
associated with weak winds, such as on 14, 17 and 26
January 2011).

Table 1 shows the corresponding error statistics for
the 4 km model for the period 8 January to 9 February
2011 for AWS1, as well as the other four sites (AWS2, 3, 4
and 5), demonstrating that the 4 km model performance
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F I G U R E 2 Comparison of the time-series of 3-hourly measurements (black) and MetUM output (red) at a horizontal resolution of
4 km at the AWS1 site for (a) pressure (hPa), (b) temperature (◦C), (c) wind speed (m⋅s−1), (d) wind direction (◦) and (e) specific humidity
(g⋅kg−1), from 1500 UTC on 8 January 2011 to 0000 UTC on 9 February 2011. The foehn wind case-study on 27 January 2011 is highlighted by
the semi-transparent vertical grey bar [Colour figure can be viewed at wileyonlinelibrary.com]

T A B L E 1 Statistical evaluation of MetUM output at a horizontal resolution of 4 km for surface pressure, 1.5 m temperature, 10 m wind
speed and 1.5 m specific humidity, at the five AWS sites for the period from 1500 UTC on 8 January 2011 to 0000 UTC on 9 February 2011

Pressure Temperature Wind speed Specific humidity

Bias RMSE Bias RMSE BIAS RMSE BIAS RMSE

Site (hPa) (hPa) Corr. (◦C) (◦C) Corr. (m⋅s−1) (m⋅s−1) Corr. (g⋅kg−1) (g⋅kg−1) Corr.

AWS1 −0.44 0.99 0.99 0.08 2.19 0.53 0.36 1.87 0.76 −0.01 0.38 0.95

AWS2 −0.78 1.29 0.99 −0.36 1.81 0.71 −0.06 1.70 0.83 −0.04 0.37 0.95

AWS3 −0.57 1.02 0.99 −0.02 2.07 0.60 −0.08 1.80 0.80 −0.03 0.38 0.95

AWS4 0.99 1.30 0.99 0.06 1.96 0.60 −0.06 1.70 0.74 −0.06 0.45 0.93

AWS5 0.07 0.90 0.99 −0.11 2.11 0.59 0.02 1.73 0.77 0.15 0.43 0.95

Note: Statistics used are bias (model minus measured value), root-mean-square-error (RMSE), and correlation coefficient.

at AWS1 in terms of pressure, temperature, wind speed
and specific humidity is largely similar across all LCIS
stations. One noteworthy difference is that the correlation

coefficients for temperature and wind speed are higher at
AWS2 than at AWS1, suggesting improved model perfor-
mance at AWS2.
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3.2 Simulation of foehn event at 4,
1.5 and 0.5 km grid spacings

The largest temperature errors of the month-long MetUM
4 km simulations at AWS1 occur on 27 January (Figure 2b),
that is, coinciding with the foehn event that occurred at
this time. For example, at around 0900 UTC (0600 local
time, LT) on 27 January the simulated nocturnal minimum
temperature was around 8 ◦C too low (Figure 2b). Simi-
larly sized nocturnal cold biases are also apparent at AWS2,
3, 4 and 5 in the 4 km model simulation on 27 January
(Figure 3), suggesting that the error is widespread over
the LCIS. The remaining results will focus on this foehn
event, and especially whether we see an improvement in
the model results as the horizontal resolution is increased
from 4 km to 1.5 and 0.5 km.

Figure 3 also includes results from the MetUM at 1.5
and 0.5 km resolution on 27 January. In general, although
there is some reduction in the cold bias in the 0.5 km
model compared to the 4 km model (e.g. at AWS1 and
2), there is no systematic evidence of convergence of the
model temperature value towards the measured values
with increasing horizontal resolution.

At 1200 UTC (0900 LT) on 27 January (i.e. 3 hr after
the large cold bias occurred) the radiosonde profile of
potential temperature at AWS1 shows a strong inversion
between the surface and around 200 m above the surface,
consistent with the formation of a ground-based cold-air
pool (Figure 4a). Above this feature the atmospheric
conditions are near-neutral well-mixed (Figure 4a). The
radiosonde profile at 1200 UTC also shows a relatively
weak low-level wind jet, which has a maximum speed of
around 8 m⋅s−1 at a height of ∼300 m (Figure 4c). The
radiosonde profile at 1800 UTC (1500 LT) on 27 January
shows that both the cold-air pool and low-level wind jet
have largely disappeared and the atmospheric conditions
are near-neutral throughout the lower atmosphere, with
the exception of a region between around 100 and 200 m
above the surface (Figure 4b,d).

Compared to the observations, the MetUM 4 km profile
of potential temperature at 1200 UTC (based on instanta-
neous output) is too cold near the surface and throughout
the lower atmosphere (by around 2 K), and erroneously
simulates a shallow near-neutral layer between the sur-
face and ∼50 m (Figure 4a). Above this, the simulation
shows a shallow region of highly stable air capping the
ground-based near-neutral layer and the formation of a
wind jet (Figure 4c). Although both these features are
broadly in agreement with the observations, the strength
of both the stable layer and wind jet are anomalously
strong. At 1200 UTC the profiles of potential temperature
and wind speed simulated by the 1.5 and 0.5 km models
are largely in agreement with the 4 km model. However,

F I G U R E 3 Comparison of the time-series of 3-hourly
temperature measurements (black) and MetUM 1.5 m temperature
(◦C) output at horizontal resolutions of 4 km (red), 1.5 km (green)
and 0.5 km (blue), during the foehn wind case-study from 0000 to
2400 UTC on 27 January 2011 at (a) AWS1, (b) AWS2, (c) AWS3,
(d) AWS4 and (e) AWS5. The dashed red line shows results for the
MetUM 4 km simulation with the “long-tail” stability function for
stable conditions. The MetUM results are based on the combination
of instantaneous output from runs initialised at 1200 UTC on 26
January 2011 (contributing fields at T+ 12, T+ 15, T+ 18, T+ 21
and T+ 24 hr) and 0000 UTC on 27 January 2011 (contributing
fields at T+ 15, T+ 18, T+ 21 and T+ 24 hr) [Colour figure can be
viewed at wileyonlinelibrary.com]

discrepancies between the models are evident in their rep-
resentation of the surface-based near-neutral layer and the
strength of the low-level jet. By contrast, at 1800 UTC the
simulated potential temperature profile in the 4, 1.5 and
0.5 km models are in relatively good agreement with the
observations.

In the absence of radiosonde measurements from any
other location apart from AWS1 and to better under-
stand the atmospheric conditions over the entire ice shelf,
Figure S1 shows simulated profiles of potential temper-
ature and wind speed at 1200 UTC for all five AWS
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F I G U R E 4 Comparison of the vertical profile of measured (black) and MetUM simulated (a,b) potential temperature (K) and (c,d)
wind speed (m⋅s−1), at horizontal resolutions of 4 km (red), 1.5 km (green) and 0.5 km (blue), during the foehn wind case-study at (a,c) 1200
UTC (0900 LT) on 27 January 2011 and (b,d) 1800 UTC (1500 LT) on 27 January 2011. The profiles are over the AWS1 site (see Figure 1 for
location). The dashed red line shows results for the MetUM 4 km simulation with the “long-tail” stability function for stable conditions. The
MetUM results are based on instantaneous output saved at T+ 12 and T+ 18 hr from a run initialised at 0000 UTC on 27 January 2011
[Colour figure can be viewed at wileyonlinelibrary.com]

sites based on hourly averaged values for the 4, 1.5 and
0.5 km models. The simulated profiles at AWS2, 3, 4 and
5 are broadly similar to AWS1, with the potential tem-
perature profile characterised by a strongly stable layer
near the surface and a less stable layer/near-neutral con-
ditions at upper levels. However, only AWS5 is charac-
terised by a ground-based near-neutral layer, which may
be erroneously simulated if guidance is taken from the
AWS1 results. The simulated wind profile at each of the

locations shows a distinct low-level jet at a height of
between 200 and 300 m, with maximum speeds reaching
15 m⋅s−1. However, it is noticeable that the disagreement
between models is much larger at AWS2, 3, 4 and 5 than
at AWS1. For example, sites such as AWS3, 4 and 5 are
characterised by differences of up to 5 m⋅s−1 in the mag-
nitude of the peak wind speed at the different resolutions.
By 1800 UTC, the simulated atmospheric conditions are
largely near-neutral throughout the lower atmosphere at
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F I G U R E 5 Comparison of the MetUM simulated (a–c) hourly-averaged 10 m wind speed (m⋅s−1, contours) and vectors (m⋅s−1,
arrows), and (d–f) hourly averaged 1.5 m temperature (◦C, contours), during the foehn wind case-study at 1200 UTC (0900 LT) on 27 January
2011 over the northern Antarctic Peninsula and LCIS at horizontal resolutions of (a,d) 4 km, (b,e) 1.5 km and (c,f) 0.5 km. The locations of
the five AWS sites are displayed as filled black circles (also shown in Figure 1). The length of the arrows relates to the wind speed. Note that
for comparison purposes the 1.5 and 0.5 km model output (for both wind speed and temperature) are re-gridded onto the 4 km model grid,
and only every 5th wind arrow is shown. The MetUM results are based on hourly averaged output saved at T+ 12 hr from a run initialised at
0000 UTC on 27 January 2011 [Colour figure can be viewed at wileyonlinelibrary.com]

all the AWS sites, and the low-level wind jets have largely
disappeared (Figure S2). However, considerable disagree-
ment in the model representation of the wind speed profile
still occurs.

The observed erosion of the cold-air pool and the
substantial change in the temperature structure between
1200 and 1800 UTC at AWS1 (Figure 4) could be caused
by either daytime heating from below or by downward
mixing of the moderately strong winds associated with
the low-level jet, or by a combination of both. Although
we recognise that this feature is poorly represented by
the MetUM, we will still use the model to investigate
the spatial patterns further. Figure 5 shows the hourly
averaged simulated 10 m wind speed and 1.5 m temper-
ature at 1200 UTC on 27 January 2011 for the 4, 1.5

and 0.5 km models. This shows distinct narrow foehn
jets emanating from various inlets onto the LCIS. The
foehn jets have speeds of 5–10 m⋅s−1 (and even higher
close to the inlets) as the air travels eastwards over the
LCIS. The jets reach as far as the eastern margins of the
LCIS, albeit weaker and cooler compared to close to the
inlets. Foehn jets are apparent at the locations of all the
AWS sites, suggesting that they could thus be responsible
for the low-level jets apparent in the wind speed profiles
(Figures 4 and S1) and therefore playing a role in the ero-
sion of the cold-air pool by downward mixing of their mod-
erately strong winds. This is likely to occur in combina-
tion with daytime heating from below due to the increase
in insolation from 1200 UTC (0900 LT) to 1800 UTC
(1500 LT).
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F I G U R E 6 Vertical cross-sections of the MetUM simulated hourly-averaged westerly wind speed (m⋅s−1, contours) along transect “A”
in Figure 1 during the foehn wind case-study at 1200 UTC (0900 LT) on 27 January 2011 at horizontal resolutions of (a) 4 km, (b) 1.5 km and
(c) 0.5 km. The cross-section runs from south to north (from 68◦ to 66◦S) along longitude 61.50◦W and cuts through the location of AWS1,
which is marked by the red cross in the panels (and located at 67.01◦S, 61.50◦W). The MetUM results are based on hourly averaged output
saved at T+ 12 hr from a run initialised at 0000 UTC on 27 January 2011 [Colour figure can be viewed at wileyonlinelibrary.com]

Across the LCIS, both the simulated speed and direc-
tion of the foehn jets varies with horizontal resolution,
with no apparent convergence in the results to increas-
ing resolution. These differences are especially evident
for the jets emanating from Whirlwind Inlet (labelled
“WI” in Figure 1). The foehn jet emanating from Whirl-
wind Inlet particularly affects AWS4. At this location, both
the 10 m wind speed (Figure 5) and wind speed pro-
file (Figure S1h) show considerable disagreement between
the different horizontal resolutions. The anomalously high
1.5 m temperatures that are associated with the foehn jets
also vary by ∼2 ◦C between the different model resolu-
tions (Figure 5). By contrast, upstream of the Antarctic
Peninsula the results are similar for all resolutions. Large
differences in the spatial structure of the simulated foehn
jets in the lower 2 km of the atmosphere between different
horizontal resolutions are even more apparent in Figure 6,
which shows a south–north vertical cross-section of the

hourly averaged westerly winds over the eastern sector of
the LCIS (labelled line “A” in Figure 1, which also passes
through the location of AWS1) at 1200 UTC on 27 Jan-
uary. This confirms that the height of the foehn jets (i.e.
the height of the maximum wind speed) occurs at around
300 m above the surface.

To examine whether this lack of resolution depen-
dence/convergence at 1200 UTC on 27 January at
sub-kilometre scale is also apparent in the MetUM
representation of features common to foehn events
such as upstream low-level blocking, downslope winds,
upper-level wave breaking, and leeside hydraulic jumps,
Figure 7 shows a west–east vertical cross-section of the
simulated hourly averages of potential temperature over
the northern sector of the LCIS at this time (labelled
line “B” in Figure 1, which passes through the loca-
tion of AWS1). This shows that these features appear
largely similar at 4 and 1.5 km. By contrast, the 0.5 km
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F I G U R E 7 Vertical
cross-sections of the MetUM
simulated hourly-averaged potential
temperature (K, contours) along
transect “B” in Figure 1 during the
foehn wind case-study at 1200 UTC
(0900 LT) on 27 January 2011 at
horizontal resolutions of (a) 4 km,
(b) 1.5 km and (c) 0.5 km. The
cross-section runs from west to east
(from 69◦ to 60.5◦W) at latitude
67.01◦S and cuts through the
location of AWS1, which is marked
by the red cross in the panels (and
located at 67.01◦S, 61.5◦W). The
case-study is associated with
west-to-east flow across the
Antarctic Peninsula, so in the panels
the wind is blowing from left to
right. The MetUM results are based
on hourly averaged output saved at
T+ 12 hr from a run initialised at
0000 UTC on 27 January 2011
[Colour figure can be viewed at
wileyonlinelibrary.com]

simulation shows a sharper hydraulic jump developing
quite high up the leeside slope (as well as a layer of strong
stability at around 2 km above the surface on the lee
side) compared to the 4 and 1.5 km results. The leeside
warming in all models is local to the Antarctic Penin-
sula topography, that is, it does not extend a considerable
distance across the LCIS. Differences in the vertical tem-
perature structure between the 4, 1.5 and 0.5 km models
are apparent at low-level (<0.5 km) at the site of AWS1
and its surroundings, although these are not as large
as the differences found at the foot of the Peninsula’s
eastern slopes under foehn conditions (Kirchgaessner
et al., 2019).

4 DISCUSSION

The differences in the representation of the foehn jets for
the three horizontal model resolutions suggest that the
models have difficulties capturing this phenomenon real-
istically (Figures 4–6 and S1). Both the dynamics of the
jets and their interaction with an existing cold-air pool are
poorly captured (Figures 4 and S1). It suggests that the
models fail to capture the vertical mixing in the boundary
layer and its impact on thermodynamics realistically under
these conditions, through the model-resolved dynamics

and/or the sub-grid turbulent mixing (Mahrt, 1998; Tas-
tula and Vihma, 2011; Holtslag et al., 2013; Zardi and
Whiteman, 2013; Steeneveld, 2014). Additionally, it is
worth pointing out that the stable boundary-layer regime
in general (and not just cold-air pools) can be associated
with the development of low-level wind jets, such as in
response to diurnal variations in surface heating and Cori-
olis effects (Blackadar, 1957; Thorpe and Guymer, 1977;
Owinoh et al., 2005).

To better understand why we see this behaviour,
Figure 8 compares the model orography at 4, 1.5 and
0.5 km for the region including Whirlwind Inlet, which
was a notable source of low-level wind jets for the
case-study. The model orography at 1.5 and 0.5 km appears
to have largely converged (i.e. only small differences exist
between them). However, despite this we do not see any
convergence in the foehn jets at 1.5 and 0.5 km (Figure 5).
By contrast, the upwind conditions, which govern the
mountain flow regime during the foehn event, are simi-
lar in all simulations (Figures 5 and 7), as the models are
nested and the meteorological and surface conditions west
of the Antarctic Peninsula are homogenous. This suggests
that it is the representation of the detailed physics and
model-resolved dynamics over the LCIS that are impor-
tant to explain the sensitivity of the modelled foehn jets to
different model resolutions.
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F I G U R E 8 Comparison of the MetUM orography at (a) 4 km, (b) 1.5 km and (c) 0.5 km, for the Whirlwind Inlet region (labelled WI in
Figure 1) [Colour figure can be viewed at wileyonlinelibrary.com]

To investigate this further, Figure 9 shows the sim-
ulated hourly accumulated temperature tendency profile
at 1200 UTC on 27 January from both the dynamics and
the total physics contribution at AWS1 (cf. Figure 4). The
dominant contribution is from the dynamical tempera-
ture tendency, which shows mostly cooling throughout
the atmosphere (Figure 9a). The 4 and 0.5 km models
show a peak in cooling at around 80 m above the sur-
face (although the values disagree markedly), while the
1.5 km model shows some warming between around 80
and 200 m, suggesting little evidence of resolution con-
vergence. Additionally, between around 350 and 550 m
the 4 km model shows warming, compared to the cool-
ing shown by the 1.5 and 0.5 km models. The distinct
peak in cooling at around 80 m broadly coincides with
the region of highly stable air simulated by the models in
Figure 4a, which capped the ground-based near-neutral
layer. By contrast, the values for the total physics tem-
perature tendency are largely insensitive to the range in
horizontal resolution considered (Figure 9b). The total
physics temperature tendency values show warming at the
near-surface and some cooling above this, but a negligible
contribution above around 200 m above the surface. The
warming near the surface is perhaps responsible for the
near-neutral well-mixed layer that is apparent in the simu-
lations (Figure 4 and S1). Analogous results for 1800 UTC
on 27 January show much smaller values of the dynamical
temperature tendency in the lowest 150 m of the atmo-
sphere, with relatively little model differences (Figure 9c).
Above this region the differences in the dynamical tem-
perature tendency between the different models are more
considerable (cf. Figure 4b). By 1800 UTC the total physics

temperature tendency shows warming in the lowest 200 m
of the atmosphere (Figure 9d). Note that to investigate the
representativeness of the hourly accumulated temperature
tendency results (Figure 9), analogous results were pro-
duced but based on six-hourly accumulated temperature
tendency values, that is, coinciding with more of the foehn
wind event (not shown). Despite being smaller in size
and characterised by less spread, the six- and one-hourly
accumulated results are broadly similar.

At 1200 UTC the total physics temperature tendency
is dominated by the contributions from boundary-layer
subgrid-scale turbulent mixing and the diffusion scheme,
with the boundary-layer scheme particularly responsible
for the warming near the surface (Figure S3). Given that
the simulated ground-based well-mixed layer is not appar-
ent in the observations (Figure 4), this suggests that the
sub-grid turbulent mixing is perhaps not accurate. Note
that the positive contribution from the boundary-layer
scheme is offset by negative values from the diffusion
scheme, while the contributions from short-wave and
long-wave radiation are much smaller than either of these
(Figure S3). The warming at 1800 UTC due to the total
physics temperature tendency in the lowest 200 m of the
atmosphere is also mostly due to boundary-layer turbulent
fluxes (Figure S3).

To further investigate the impact of the parameter
choices for the stable boundary-layer scheme on the sim-
ulations, Figures 3, 4 and 9 contain results for the sen-
sitivity experiment in which the “sharp” stability func-
tion was replaced with the “long-tail” stability function
in the 4 km model. Despite the “long-tail” function
giving significantly increased mixing under more stable
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F I G U R E 9 Comparison of
the MetUM simulated vertical
profile of the hourly accumulated
(a,c) dynamical and (b,d) total
physics temperature tendency
(K⋅hr−1), above AWS1 during the
foehn wind case-study at (a,b) 1200
UTC (0900 LT) on 27 January 2011
and (c,d) 1800 UTC (1500 LT) on 27
January 2011 at horizontal
resolutions of 4 km (red), 1.5 km
(green) and 0.5 km (blue). These
results are for the same time and
location as the temperature profiles
shown in Figure 4a. The dashed red
line shows results for the MetUM
4 km simulation with the “long-tail”
stability function for stable
conditions. The MetUM results are
based on hourly accumulated output
saved at T+ 12 hr and T+ 18 hr from
a run initialised at 0000 UTC on 27
January 2011 [Colour figure can be
viewed at wileyonlinelibrary.com]

conditions (Brown et al., 2008), which might therefore
be expected to increase the mixing of warmer air at
higher levels within the temperature inversion down to
the near-surface (Orr et al., 2014), the “long-tail” results
broadly match the baseline 4 km results using the “sharp”
function, that is, no appreciable near-surface warming.
An exception is at the location of AWS3 (Figure 3c),
which shows a nocturnal minimum temperature that is
around 5 ◦C warmer for the “long-tail” run compared
to the baseline 4 km run. Additionally, at the loca-
tion of AWS1 the strength of the low-level wind jet at
1200 UTC on 27 January is up to 5 m⋅s−1 slower for
the “long-tail” run compared to the baseline 4 km run
(Figure 4c).

Although studies suggest that the representation of
the boundary-layer processes that control the structure of
the surface-based inversion/cold-air pool is comparatively
insensitive to the vertical resolution (Billings et al., 2006;
Orr et al., 2014), it is possible that the vertical resolution
employed in these simulations (i.e. four vertical levels in

the lowest 100 m of the atmosphere, arranged at 5, 22, 45
and 75 m) is insufficient to realistically capture the com-
plex thermodynamic structure evident in the case-study.
However, the sensitivity experiments described in Orr
et al. (2014) showed that results from high-resolution
MetUM simulations over the Antarctic were compara-
tively insensitive to a doubling of the number of verti-
cal levels, suggesting that 16 vertical levels in the ini-
tial 1,000 m of the atmosphere is sufficient to resolve
features of the stable boundary layer such as low-level
inversions and wind jets (Orr et al., 2005; 2014; Owinoh
et al., 2005).

Another likely contributor to the model error in
near-surface temperature is the representation of cloud
microphysics (King et al., 2015; Gilbert et al., 2020; 2021).
Figure 10 compares the simulated low-level cloud fraction
at 1200 UTC on 27 January with cloud data from MODIS at
1309 UTC. The MODIS data show extensive cloud over the
eastern regions of the LCIS, and cloud-free conditions over
the western and central regions. By contrast, the MetUM
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simulations at all resolutions show cloud-free conditions
extending completely across the LCIS between 67◦ and
68◦S (and areas of cloud to the north and south of this
over the eastern regions of the LCIS), that is, there is less
cloud across the eastern section of the LCIS in the MetUM
simulation than in the observations. Note that the MetUM
simulated medium- and upper-level cloud fraction showed
cloud-free conditions over the LCIS at 1200 UTC on 27
January (not shown).

Figure 11 suggests that this may have some impact on
the simulation of the surface radiation components com-
pared to the measured values from AWS1, which is situated
in the eastern section of the LCIS (Figure 1). For example,
up to 1500 UTC on 27 January the results indicate that
the model overestimates (underestimates) the amount of
incoming short-wave (long-wave) radiation, which is con-
sistent with the simulations underestimating the cloud
cover (Figure 10), as well as the simulation of excessively
low temperatures. After 1800 UTC the model values are
in much better agreement with the observations. Despite
this, the total physics temperature tendency was domi-
nated by the contribution from the boundary-layer scheme
and diffusion, with the contribution from short-wave and
long-wave radiation much smaller than either of these
(Figure S3). The radiative temperature tendencies are due
to the divergence of the radiative fluxes at an atmospheric
level, which will generally be much smaller than the turbu-
lent flux divergence within the boundary layer. However,
errors in the surface values of the radiative fluxes will cause
errors in the surface energy balance, hence in surface tem-
perature, hence in turbulent heat fluxes and atmospheric
temperature. Additionally, the values of radiation at the
surface for the 4, 1.5 and 0.5 km models are all largely
similar (Figure 11).

Finally, deficiencies in the representation of the
snow/ice surface using the “zero-layer” scheme would
also impact the near-surface air temperature. For example,
Walters et al. (2019) showed that the near-surface air over
the Greenland ice sheet was warmer using the multi-layer
snow scheme compared to the “zero-layer” scheme. This
finding perhaps suggests that use of the “zero-layer”
scheme could be at least partially responsible for the 4 km
model struggling to simulate daytime temperatures above
freezing (Figure 2).

5 CONCLUSIONS

This study evaluates the ability of high-resolution atmo-
spheric models to represent the interaction of foehn with
a cold-air pool over the LCIS by examining MetUM sim-
ulations of a case-study event at grid spacings of 4, 1.5
and 0.5 km. During the event, the simulated nocturnal

minimum temperature was around 8 ◦C too low over the
LCIS (Figures 2 and 3), with no reduction in the size of the
cold bias with increasing resolution. It was found that the
representation of the key features associated with foehn
(such as low-level upstream blocking, leeside hydraulic
jump, upper-level wave breaking, downslope winds) were
comparatively insensitive to resolution in the 4 to 0.5 km
range, although the 0.5 km simulation shows a slightly
sharper and larger hydraulic jump (Figure 7). In particular,
the foehn winds at the base of the Antarctic Peninsula only
appear to influence the local/western parts of the LCIS,
suggesting that they are not directly responsible for the
contemporaneous large errors in near-surface temperature
over the LCIS (Figure 3) and difficulties in realistically
representing the structure of the cold-air pool (Figure 4),
which did not improve with increased resolution.

By contrast, the simulation of the pattern and strength
of the low-level foehn jets over the LCIS showed con-
siderable dependence on grid spacing, although no evi-
dence of convergence (Figures 5 and 6). The foehn
jets are important as they can influence the erosion of
cold-air pools/ground-based temperature inversions by
wind-induced turbulent mixing (Figures 4 and 9), and
therefore require to be considered alongside sub-grid tur-
bulent mixing (Zhong and Chow, 2013; Elvidge et al., 2015;
Vosper et al., 2018). We stress that this work sug-
gests that the models struggle to capture both of these
aspects (Mahrt, 1998; Tastula and Vihma, 2011; Holtslag
et al., 2013; Zardi and Whiteman, 2013; Steeneveld, 2014)
and both are thus likely candidates for causing/influencing
the errors in near-surface temperature.

Future work could continue to focus on the inter-
action of foehn and cold-air pools over the LCIS.
One aspect of this could be to investigate whether
the resolution-dependent sensitivities revealed in
this study for the MetUM are apparent in other
non-hydrostatic regional atmospheric models, such as the
polar-optimised WRF or CCLM models. The behaviour of
the boundary-layer schemes in other atmospheric mod-
els under such extreme and testing conditions could also
be investigated (Teixeira et al., 2008; Holtslag et al., 2013;
Zhong and Chow, 2013). Another aspect to look at fur-
ther is the treatment of horizontal diffusion (Billings
et al., 2006), as this was shown to offset the temperature
tendency from the boundary-layer scheme (Figure S3).
For the MetUM, the possible role of its sub-grid drainage
scheme could be investigated, which is dependent on
the subgrid-scale orography fields (Bush et al., 2020).
The limitations of the representation of the snow/ice
surface using the “zero-layer” scheme in the MetUM sim-
ulations is another area of possible investigation, as the
treatment of surface and subsurface processes are impor-
tant for the atmospheric boundary layer and cold-pool
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F I G U R E 10 Comparison of the (a) MODIS observed cloud cover at 1309 UTC on 27 January 2011 with the MetUM simulated
low-level cloud fraction (%) at a horizonal resolution of (b) 4 km, (c) 1.5 km and (d) 0.5 km, at 1200 UTC (0900 LT) on 27 January 2011. The
MODIS image shows extensive cloud over the eastern regions of the LCIS, and cloud-free conditions over the western and central regions. By
contrast, the MetUM simulations show cloud-free conditions extending completely across the LCIS between 67◦ and 68◦S, as well as over the
western regions of the LCIS. The MetUM results are based on instantaneous output saved at T+ 12 hr from a run initialised at 0000 UTC on
27 January 2011

development (Ettema et al., 2010; Walters et al., 2019).
For example, the polar-optimised models RACMO2 and
MAR both use a physically realistic multi-layer snow
model and snow albedo scheme (Ettema et al., 2010;

Datta et al., 2019). For the MetUM, the impact of this
could be investigated by replacing the “zero-layer” model
with a multi-layer snow model, which is another option
in the JULES land-surface scheme (Walters et al., 2019).



3488 ORR et al.

F I G U R E 11 Comparison of
measured (black) and MetUM
simulated (a) incoming short-wave,
(b) outgoing short-wave, (c)
incoming long-wave and (d)
outgoing long-wave radiation
(W⋅m−2), at horizontal resolutions of
4 km (red), 1.5 km (green) and
0.5 km (blue), during the foehn wind
case-study from 0000 to 2400 UTC
on 27 January 2011. The MetUM
results are based on the combination
of instantaneous output from runs
initialised at 1200 UTC on 26
January 2011 (contributing fields at
T+ 12, T+ 15, T+ 18, T+ 21 and
T+ 24 hr) and 0000 UTC on 27
January 2011 (contributing fields at
T+ 15, T+ 18, T+ 21 and T+ 24 hr)
[Colour figure can be viewed at
wileyonlinelibrary.com]

Finally, the use of large-eddy simulations at resolutions
of the order of 100 m or finer that can better resolve both
the horizontal and vertical transport processes could
be used to clarify their relative importance (e.g. Zhong
and Chow, 2013; Wagner et al., 2014; Vosper et al., 2018;
Xue et al., 2020).
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