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Abstract A recent version of the Polar Weather
Research and Forecasting model (Polar WRF) has been
upgraded to the version 4.X era with an improved
NoahMP Land Surface Model (LSM). To assess the model
performance over the Antarctic and Southern Ocean,
downscaling simulations with different LSM (NoahMP,
Noah), WRF versions (Polar WRF 4.1.1 and earlier
version 4.0.3, WRF 4.1.1), and driving data (ERA-Interim,
ERA5) are examined with two simulation modes: the
short-term that consists of a series of 48 h segments
initialized daily at 0000 UTC with the first 24 h selected
for model spin-up, whereas the long-term component used
to evaluate long-term prediction consists of a series of
38—41 day segments initialized using the first 10 days for
spin-up of the hydrological cycle and planetary boundary
layer structure. Simulations using short-term mode driven
by ERA-Interim with NoahMP and Noah are selected for
benchmark experiments. The results show that Polar WRF
4.1.1 has good skills over the Antarctic and Southern
Ocean and better performance than earlier simulations. The
reduced downward shortwave radiation bias released with
WRF 4.1.1 performed well with PWRF411. Although
NoahMP and Noah led to very similar conclusions,
NoahMP is slightly better than Noah, particularly for the 2
m temperature and surface radiation because the minimum
albedo is set at 0.8 over the ice sheet. Moreover, a suitable
nudging setting plays an important role in long-term
forecasts, such as reducing the surface temperature diurnal
cycle near the coast. The characteristics investigated in this
study provide a benchmark to improve the model and
guidance for further application of Polar WRF in the
Antarctic.
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1 Introduction

Based on decades of research, it has become increasingly
apparent that the Antarctic and Southern Ocean play a
significant role in the past, present, and future of the global
climate system. This region not only responds to global
change but also is the origin of important processes that
control or modulate global water, heat, energy and
chemistry budgets (Mayewski et al., 2009; Kennicutt
etal., 2014, 2015, 2016) Concerns about these changes,
including but not limited to, ice loss from the West
Antarctic Ice Sheet (WAIS), the contribution of
Antarctica to global sea-level and changes in
atmospheric/ocean circulation, have resulted in numerous
studies that demonstrated the critical factors (e.g.,
Monaghan and Bromwich, 2008; Bromwich et al., 2012,
2013a, 2014; Chenetal.,, 2014; DeConto and Pollard,
2016; Scambos et al., 2017; Scott et al., 2019; Zou et al.,
2019). Therefore, it is necessary to develop accurate
numerical tools to help understand the physical/dynamic/
thermal processes and evaluate/predict their future
impacts. The representation of polar key processes in the
atmosphere, ocean, sea ice, and land surface; promotion
of model formulation; high resolution; and development
of coupled model systems; also need to be refined (Jung
etal., 2015; Scambos et al., 2017). Fortunately, many
advances have been achieved in improving numerical
simulations by weather and climate models during the last
decade. These developments include better model
processes (parameterization schemes), higher horizontal
and vertical resolution for the model, more observational
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data, powerful supercomputers, high-speed communication
networks, etc. Thence, accurate initial conditions and
numerical models with better forecasting skill have
become available (e.g., Powers et al., 2012,2017; Bauer
et al., 2015; Urban et al., 2016; Alley et al., 2019).

Despite the improved achievements in the numerical
models, the simulations and diagnosis in polar regions
still entail much work. The first is the physics of the polar
atmosphere; compared to the conditions of the middle-
low latitude area, polar regions have special climate
characteristics (air-sea-ice interaction), such as large ice
sheets (glaciers), strong katabatic winds, strong sea-ice
albedo feedback, and the role of clouds. Many of the key
processes are not yet been well understood (Mayewski
et al., 2009; Kennicutt et al., 2014, 2015, 2016). Second,
the sparsity of the observational network is more severe
in the Antarctic (Jungetal., 2015). For instance, the
absence of long-term observations precludes definitive
exploration of the large, climatically driven factors with
only a few decades of observation. Additionally, due to
maintenance challenges with the observing equipment to
maintain good performance in harsh environments
(Bromwich et al., 2013a; Jones and Lister, 2015), some
observations lack consistency and continuity, and
uncertainty is increased in the initial and lateral boundary
conditions. Therefore, the polar-optimized model based
on the Weather Research and Forecasting (WRF) has
been developed and improved for polar applications by
the Polar Meteorology Group (PMG) at the Byrd Polar
and Climate Research Center of The Ohio State
University. Previous versions of the model, known as
“Polar WRF” (referred to as PWRF), have been used and
evaluated in both the Arctic and the Antarctic. It is
confirmed that PWRF is a powerful tool to investigate the
weather and climate in these areas with good performance
(Bromwich et al., 2009,2012,2013b,2018; Hines and
Bromwich, 2008, 2017; Hines et al., 2011,2015,2019;
Wilson et al., 2011,2012).

In recent work, based on the standard WRF 4.1.1, a
new version of PWRF V4.1.1 (PWRF411) has been
improved by PMG. This version of the model still serves

as the mesoscale atmospheric model developed for both
operational weather forecasting and research simulation.
The model system is composed of a polar-optimized
WRF, a WRF Pre-Processing System (WPS) and a WRF
Data Assimilation System (WRFDA). Besides the
characteristics of the previous version, the NoahMP Land
Surface Model (LSM) was also improved for the first
time in this version. Analogous to the development of the
previous PWRF, a comprehensive evaluation of this new
version is necessary. Currently, this model system version
has been applied over the Arctic region by simulating
polar lows near Svalbard during March 2013 and
demonstrated good skill (Xue. et al., 2021). However, the
Antarctic and Southern Ocean region that consists of a
large ocean with limited observational data still need
further evaluation. This article seeks to investigate
the model performance, discusses the significant
improvements of the new version model over the
Antarctic and Southern Ocean including comparisons
with the PWRF3.X. This study expands the investigation
to all of Antarctica and Southern Ocean (Fig. 1) on an
annual time scale and is the second in a series of
verification studies documenting ongoing Polar WRF
comprehensive evaluations in the Antarctic (Bromwich
etal., 2013b). The impact of model improvements is
assessed using different versions of Polar WRF (Polar
WREF 4.1.1 and pioneer version 4.0.3) and standard WRF
4.1.1 for consistency with the reasonable verification data
and methods of the previous studies (e.g., Hines and
Bromwich, 2008; Bromwich et al., 2009, 2013b; Hines
etal., 2011; Wilson et al., 2011), here three factors that
are considered to influence model skills are focused on.
That is model improvements, uncertainty in driving data,
and intra annual variations in the large-scale atmospheric
circulation. Assessment is mainly made using spatial
correlation, bias, and root mean square error (RMSE) for
a range of surface and upper air variables, using the
station and sounding data for comparison. Also, the
statistics focus on monthly and seasonal averages. The
next sections are organized as follows. Section 2
describes the main improvement and configuration of
Polar WRF 4.1.1. Section 3 depicts the experiments and
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Fig. 1

Location of the observation sites. (a) Total surface data stations used (97). Red dots (43), blue dots (54) denotes stations

from OGIMET and AMRC, respectively. Inset maps are for the Antarctic Peninsula (top) and Ross ice shelf (bottom). (b) Five
BSRN stations used (DOM, GVN, LAU, SPO, and SYO). (c) Total upper air radiosounding stations used (22). Red dots (21), blue

dots (1) denotes stations from UW and PNRA, respectively.
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data used in this investigation. Section 4 gives the results
of the benchmark simulations and sensitivity experiments
for model versions, driving data and different simulation
modes. Finally, a summary is provided in Section 5.

2 Polar WRF 4.1.1 (PWRF411)

The PWRF model system improved by PMG and built on
previous success with the Pennsylvania State University
(PSU)-National Center for Atmospheric Research
(NCAR) Fifth-generation Mesoscale Model has been
modified for use in polar regions (Polar MMS5) (Guo
et al., 2003; Bromwich et al., 2005). Based on WRF (ARW),
PWRF has undergone releases from V3.0.1.1 (released
November 2008) to V3.9.1 (released August 2017). The
main target of the modifications is to promote the model
skills in the polar regions. The key points include
(a) optimize the treatment of heat transfer for ice sheets
and revised surface energy balance calculation in the
Land Surface Model (LSM) of Noah; (b) comprehensively
describe sea ice in Noah; (¢) improve cloud microphysics
for polar regions. Many of these improvements are now
part of the standard release with WRF (Hines and
Bromwich, 2008,2017;Bromwich et al., 2009;Hines et al.,
2011, 2015, 2019). At present, PWRF has attracted more
than 480 registered users from 43 countries. For more
details, please go to the associated website (available at
Byrd Polar and Climate Research Center website).
Recently, PWRF has been upgraded to V4.1.1 based on
the WRF version released in 2019; most of the
optimizations were associated with the Noah and
NoahMP LSM, with the representation of the heat
transfer and fractional sea ice. Alternative specifications
of the sea ice albedo (modified NoahMP minimum
enabled setting of 0.8 over the ice sheets), allow users to
specify spatially varying sea ice thickness (recommended:
1 m on the Antarctic) and snow depth (recommended
max: 0.02—0.05 m, min: 0.002—0.02 m over the Antarc-
tic) on sea ice. The droplet concentration in the Morrison
2-moment microphysics is reduced from 250 cm™ to
50 cm™3. WRF (and PWRF) uses fully compressible and
non-hydrostatic equations for atmospheric dynamics on
horizontal Arakawa C-grid staggering. The vertical
coordinate is optional as either a terrain-following (TF) or
hybrid vertical coordinate (HVC) hydrostatic pressure
coordinate, and HVC is strongly recommended. In
addition, to improve the adaptability in the polar regions,
the freezing point of seawater is set at 271.36 K, the
surface roughness over sea ice and permanent land ice is
set at 0.001 m, the snow emissivity is set at 0.98, the
snow density over sea ice is set at 300 kg/m3, the thermal
conductivity of the transition layer between the
atmosphere and snow is taken as the snow thermal
conductivity, and whenever the upper snow layer exceeds
20 cm depth, it is treated as if the snow were 20 cm thick
for heat calculation; for an alternate calculation of the
surface temperature over snow surfaces, the thermal

diffusivity of the top 0.1-m-deep tundra soil is set to
0.25 Wm 1K1, representative of highly organic soil
(Bromwich et al., 2013b; Hines et al., 2015)

3 Experiments and data
3.1 Experiment strategy

To assess the performance of PWRF411 in the Antarctic
and Southern Ocean, we use “Forecast Mode” and
“Climate Mode” here referred to as FM and CM,
respectively. FM is used to test the short-term forecast
performance. The model is run in FM with a series of
48 h segments initialized daily at 0000 UTC with the first
24 h selected for model spin-up, which showed good
performance in the previous studies (Wilson et al., 2011,
2012; Bromwich et al., 2013b; Hines et al., 2015). The
CM for the long-term prediction skills with a series of
38—41-day initialized segments begins with 0000 UTC
for 10 days before the 1st of each month. Using the first
10 days from each forecast allows for spin-up of the
hydrological cycle and planetary boundary layer
structure.

In this study, several downscaling simulations are
required. There are two full-year experiments using
PWRF411, and two seasonal experiments (JJA and DJF)
with  PWRF V4.0.3 (PWRF403) and WRF V4.1.1
(WRF411). The annual time scale was selected from June
2008 to May 2009, because the GPS radio occultation
data will be used for this period to evaluate PWRF411
with data assimilation in the future. The full-year
experiments used FM and CM simulations with different
LSMs (Noah and NoahMP), while seasonal experiments
with different LSMs were performed using FM
simulations only. Moreover, ERA5 (ECMWF’s new
atmospheric reanalysis) with pressure level data provides
a detailed picture of the global weather and climate with
higher horizontal resolution but less vertical resolution
than ERA-Interim with model level data. We are also
interested in whether ERAS5 can improve the simulation
or not. Thence, simulations performed with these lateral
boundary conditions (ERA-Interim and ERAS) were
investigated. To examine the influences of driving data,
PWRF411 with FM driven by ERAS Reanalysis (pressure
level) in July 2008 and January 2009 with NoahMP and
Noah were also conducted in this investigation. Therefore,
a total of 10 sensitivity experiments were carried out. The
summary of the characteristics for each experiment is
given in Table 1.

3.2 Model configuration

The simulations use a single domain with 721 x 721 grid
points on a polar stereographic projection (centered at the
South Pole) and 15 km horizontal resolution, covering the
Antarctic and most of the Southern Ocean (Fig. 1). In the
vertical direction, the model uses the HVC hydrostatic
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Table 1 Summary of the characteristics for each experiment

NO Mode Model LSMs Driven data Simulation period Comments (compared to benchmark experiment)

1 FM PWRF411 NoahMP ERA-Interim Jun 2008—May 2009 benchmark experiment

2 FM PWRF411 Noah ERA-Interim Jun 2008—May 2009 benchmark experiment

3 CM PWRF411 NoahMP ERA-Interim Jun 2008—May 2009 different mode

4 CM PWRF411 Noah ERA-Interim Jun 2008—May 2009 different mode

5 FM PWRF403 NoahMP ERA-Interim Jun 2008—Aug 2008, different model version
Dec 2008—Feb 2009

6 FM PWRF403 Noah ERA-Interim Jun 2008—Aug 2008, different model version
Dec 2008—Feb 2009

7 FM WRF411 NoahMP ERA-Interim Jun 2008—Aug 2008, different model version
Dec 2008—Feb 2009

8 FM WRF411 Noah ERA-Interim Jun 2008—Aug 2008, different model version
Dec 2008—Feb 2009

9 FM PWRF411 NoahMP ERAS July 2008, Jan 2009 different driving data

10 FM PWRF411 Noah ERAS July 2008, Jan 2009 different driving data

pressure coordinate with 71 model levels and a constant
pressure surface at the top of 3 hPa, as it has been
demonstrated that a higher model top provides better
treatment of upward propagating gravity waves
(Bromwich et al., 2005; Wilson et al., 2011). The lowest
model level is ~6 m, while the highest is ~4050 m, and
the domain average is 225 m above ground level (AGL),
with 26 levels below 850 hPa and 7—10 m level spacing
in the lower 13 levels.

For ERAS sensitivity experiments, initial and lateral
boundary information is derived from ERAS reanalysis
every 3 h with 0.25° horizontal resolution and 37 standard
pressure levels for the upper atmosphere. For others, the
initial and lateral boundary conditions of simulations are
interpolated from ERA-Interim reanalysis fields available
every 6 h on 60 sigma levels and the surface at T255
resolution. It is the best representation of the atmospheric
circulation near Antarctica among the reanalyses and is
better represented in PWRF simulations (Bracegirdle and
Marshall, 2012; Bromwich et al., 2013b; Hines et al.,
2019). Nudging is used to reduce model drift (Miguez-
Macho et al., 2004; Glisan et al., 2013; Hines et al., 2015;
Bromwich et al., 2018). Based on a series of tests, spectral
nudging is implemented on temperature, geopotential
height, and wind above 200 hPa to improve model
forecast skills. For instance, the bias of temperature at the
model top level can be reduced from hundreds to ten of
degrees C when CM simulations are run with nudging in
July. However, the nudging of q vapor is not used
because this step unreasonably reduces the precipitation.
When nudging, coefficients for all three variables
discussed above are set to 0.0003 and wave numbers
selected to 17; as a result there are relatively small biases
at the middle and upper vertical levels.

The physics parameterizations shown in Table 2 for this
investigation rely upon a wide range of development and
testing of PWRF over the polar regions (e.g., Hines and
Bromwich, 2008, 2017; Bromwich et al., 2009, 2012,
2013b, 2018; Hines et al., 2011,2015, 2019; Wilson

etal., 2011,2012). For the microphysics parameteriza-
tion, we used Morrison-2-mom, a scheme that has been
extensively tested in the Arctic and Antarctic, and a liquid
water droplet concentration specified 50 cm3 s
reasonable  (Hines and Bromwich, 2017;  Hines et al.,
2019). For the PBL, the Mellor—Yamada—Nakanishi—
Niino (MYNN) 2.5-level scheme (e.g., Nakanishi and
Niino, 2009) is selected because of the biggest
improvement of the reduction in the downward shortwave
radiation bias through better cloud fraction and subgrid-
scale mixing ratios of the new version WRF4.1.1 (Olson
etal., 2019). The Kain-Fritch scheme (Kain, 2004) is
used for cumulus parameterization, and the Rapid
Radiative Transfer Model (RRTMG) (Iacono et al., 2008)
is selected for longwave (LW) and shortwave (SW)
radiation. Besides Noah LSM, the new NoahMP (e.g.,
Niu et al., 2011) with polar modifications that is different
from previous works is utilized (e.g., Bromwich et al.,
2013b).

3.3 Validation data and methods

The observation sites for surface analysis of 2 m
temperature, 2 m dew point, surface pressure, and 10 m
wind speed are given in Fig. 1(a) (97 stations, and some
of them are manual stations). There are two data sources.
One is 3 hourly quality-controlled automatic weather
station (AWS) data provided by the Antarctic
Meteorological Research Center (AMRC) at the
University of Wisconsin-Madison (available at AMRC
and AWS website). Second, because most of the AWSs
from AMRC are deployed in the Antarctic inland area,
for the coastal and Southern Ocean region, data from 43
other main stations were obtained from the OGIMET
database that collects and processes freely available data,
mainly from the National Oceanic and Atmospheric
Administration (NOAA) (available at OGIMET website).
For AWS, as the wind speed measured at ~3 m, we
adjusted this speed using the logarithmic wind profile up
to 10 m. The surface downwelling shortwave and



Jianjun XUE et al. Polar WRF V4.1.1 simulation and evaluation for the Antarctic and Southern Ocean 5

Table 2 Main setup of experiment strategy and model configuration

Description

Forecast mode (FM)

Climate mode (CM)

Horizontal resolution

Simulation Short-term48 h run
Spin-up 24 h
Lateral boundary data

Vertical Level
Coordinate

Land surface options
Microphysics

PBL scheme
Short/Long wave
Cumulus

Surface layer
Nudging

Seaice options

15 km
Long-term38—41days run
10 days
ERA-Interim/ERAS
71 levels, Model top level at 3hPa
Hybrid Vertical Coordinate, eta = 0.3
Noah (2) NoahMP (4)
Morrison 2-mom (10)
MYNN?2 (5)
Both RRTMG (4&4)
Kain-Fritsch (1)
MYNN (5)

Wave number 17, spectral nudging t, ph, u,v, above 200 hPa

seaice_thickness_default = 1.0
seaice_albedo_default = 0.80

seaice_snowdepth max = 0.02 (min)—0.05 (max)

Change with monthly time from 0.02 in July and 0.05 in
January with 0.005 interval for each monthy with annual cycle.
seaice_snowdepth_min = 0.002 (min)—0.02 (max)
Change with monthly time from 0.02 in July and 0.002
in January with 0.003 interval for each monthy with annual cycle.

longwave radiation analysis uses Baseline Surface
Radiation Network (BSRN) data, which has only 5
stations in the domain (DOM, GVN, LAU, SPO, and
SYO, Fig. 1(b)).

Upper air analysis is conducted using the atmospheric
sounding date from University of Wyoming (UW,
available at University of Wyoming website) and the
Antarctic Meteo-Climatological Observatory funded by
the Italian National Program of Antarctic Research
(PNRA, available at Antarctic Meteo-Climatological
Observatory website); both include the data at all levels
(Fig. 1(c)). Here, the analysis was performed on the
following levels: 975 hPa, 950 hPa, 850 hPa, 700 hPa,
500 hPa, 300 hPa, 200 hPa, 150 hPa, and 100 hPa, where
observations and model results are interpolated to the
same pressure levels.

Because of the extreme climate and challenging
environment, there are many missing or unusable
measured data (e.g., Bromwich et al., 2013a; Jones and
Lister, 2015). Therefore, data quality control is necessary.
A visual examination of individual time series for potentially
erroneous characteristics is performed for each station
and variable. These include, for example, large spikes in
surface pressure, unreasonable continuous zero values or
negative number wind speed reading with non-missing
data, etc. All these singular points are filled with missing
values. Finally, the number of stations for each variable
used may not be the same during different months.

Additionally, ERA-Interim reanalysis and forecast are
used for complementary comparison. For the ERA-Interim
forecast, data come from twice daily forecasts at 00/12
UTC and up to the range of 12 h, respectively (Berrisford
etal.,2011). Here, the 3 hourly variables from the

forecast data are extracted and interpolated onto the
domain by the WPS.

4 Results
4.1 Benchmark experiment

In this investigation, PWRF411 with FM simulations
from June 2008 to May 2009 employing different LSMs
is used as the benchmark experiment to evaluate the
model performance (hereafter NoahMP and Noah). The
comprehensive evaluation here draws on the methods
Bromwich et al. (2013b) used for the earlier versions of
Polar WRF 3.X (here referred to as B13 below). As the
focus is on the new model version, especially for the
PWRF with NoahMP that is first studied here in the
Antarctic, both the performance of NoahMP and Noah
will be discussed in detail and we have elected to provide
limited comparisons with B13.

4.1.1 Surface variable evaluation

The 2 m temperature and dew point results of the model
are adjusted to the observation station height using the
environmental lapse rate of 6.5 K/km. Likewise, the
surface pressure is corrected hypsometrically to station
elevations with the temperature adjusted at each
observation time (Wilson etal.,2011). The means of
model correlation, bias, and RMSE are computed with
respect to the 3 hourly observations for the 2 m air
temperature, 2 m dew point, surface pressure, 10 m wind
speed, longwave and shortwave down. The stations used
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for monthly statistics have missing values < 50%.

4.1.1.1 2 m temperature and dew point

Figure 2 shows the model skills in forecasting the
temporal variability of the 2 m air temperature. The
annual average correlations exceed 0.8 and are lower in
the summer time. In January, the lowest value of ~0.73
indicates difficulties in forecasting temporal variability at
the peak of the diurnal cycle (Bromwich et al., 2013b).
Bias for the whole domain is generally cold. The annual
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Fig.2 (a)-(c) Domain-averaged monthly 2 m air temperature
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average bias of NoahMP is —0.98°C and Noah is
—0.72°C, both absolute values are less than 1°C. The
spatial patterns of the statistics (not shown) demonstrate
slightly warmer areas situated inland and much colder
areas at coastal stations. Although NoahMP has a larger
cold bias than Noah (the reason is given in Section 4.2.3)
but has a better correlation and RMSE. With further
analysis of the diurnal variations, NoahMP shows better
performance than Noah but still exhibits a too strong
diurnal cycle in the coastline. More details will be
discussed below in Section 4.2.3.
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For the 2 m dew point, the domain-averaged monthly
correlation, bias, and RMSE are plotted in Fig. 3. The
annual average correlation is ~0.78. It is similar to the 2
m air temperature, which is lower in summer and higher
in winter. The annual average bias of NoahMP is ~—0.48
while Noah is ~—0.6°C. Both of them have positive
values (the peak at December) in most of the summertime
but negative during other seasons. And, NoahMP shows
higher correlations and smaller bias except during
summertime than Noah.

Compared to the 2 m temperature and dew point with
B13, the correlations generally increase by more than 0.1.
The absolute values of bias and RMSE decreased
~1°C—-1.5°C, respectively. It indicates that PWRF 411
shows better performance than the earlier versions of
PWRF3.X.

4.1.1.2 Surface pressure and wind speed

PWRF411 exhibits excellent performance in surface
pressure. During the annual cycle, the correlation is ~0.99
and illustrates positive bias, as shown in Fig. 4. Both the
bias and RMSE have a strong seasonal cycle with minima
(~0.5 hPa, 1.5 hPa) at the peak of summer (January). The
spatial analysis found that larger biases occurred in the
steep mountain area and indicates that challenges remain
in complex terrain areas (such as the Transantarctic Mountains)
for the surface pressure forecast. NoahMP and Noah
show similar results, except the former has a slightly
higher bias during summer, which is most likely caused
by the colder domain-averaged surface temperature
mentioned in Section 4.1.1.1

The annual average correlation of 10 m wind speed
exceeded 0.65, with no well-defined difference between
winter and summer (Fig. 5). Values from NoahMP and
Noah show slight differences for most months. Unlike the
correlation, the bias and RMSE show significant seasonal
variation with the maximum positive bias in July
(NoahMP is ~0.98 m/s, Noah is ~1.2 m/s) and minimum
bias in January (both < 0.1 m/s). This aspect is likely
related to seasonal variation in absolute wind speeds that
higher speeds produce larger biases (Bromwich etal.,
2013b). Most of the time, NoahMP has a better bias and
RMSE than Noah (Fig. 5).

For the surface pressure and wind speed, it also
indicates improvement compared with B13. Specifically,
the higher correlation and lower bias suggest PWRF411
improves skills in the summertime. We believe this
benefits from the optimization of the reduction in
downward shortwave radiation in WRF411 and the
modified NoahMP of PWRF 411.

4.1.1.3 Downwelling surface longwave and shortwave
radiation

Five BSRN stations at DomeC (DOM), Amundsen-Scott
(SPO), Neumayer (GVN), Lauder (LAU), and Syowa
(SYO) in this domain are used to examine the surface
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Fig. 4 (a)-(c) Domain-averaged monthly surface pressure statistics,
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radiation balance. Similar to evaluation of the variables
above, the correlation, bias, and RMSE were calculated
monthly for each station (not shown). For longwave
down (LWD), inland sites (DOM, SPO) have a positive
bias, whereas coastal sites (GVN, LAU, and SYO) show
negative values throughout the year. Correspondingly,
shortwave down (SWD) demonstrates positive bias at
coastal sites, but differences emerge between DOM and
SPO. DOM, the location on the East Antarctic Plateau,
shows negative bias most of the time. In contrast to
DOM, there is generally a positive bias at SPO. For
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Fig. 5 (a)-(c) Domain-averaged monthly 10m wind speed statistics,
total station numbers from June 2008 to May 2009 are 59, 59, 56, 59,
58, 65, 80, 80, 83, 84, 78, 71, respectively

clarity, seasonal (monthly averaged JJA, SON, DJF, and
MAM) and annual (AAN, average 12 months) statistics
are also carried out for LWD and SWD. As NoahMP and
Noah show the same result, only the results of NoahMP
are given in Table 3. In summer (DJF), the correlation
and RMSE of LWD are lower than those of other
seasons, except for LAU. The bias for GVN, SYO, and
LAU is larger in summer. Compared with LWD, SWD
usually has a higher correlation related to the diurnal
cycle. The largest bias and RMSE still appear in summer.

To assess the representativeness of BSRN stations, 13

additional coastal locations (Belgrano2, Casey, Davis,
Dumont D’Urville, Halley, King Sejong, Mawson,
McMurdo, Mirny, Evangelistas, Hobart, Mount Siple and
and Possession Island) and 10 inland stations (Vostok,
Baldrick, D-85, Henry, Harry, JASE2007, Kominko-
Slade, Nico, PANDA-South, and Theresa) are selected in
the domain. The model forecast data interpolated to these
sites and monthly means are calculated with different
classified sites. Figures 6(a) and 6(b) shows the monthly
mean of LWD. “BSRN” and “Model” are the averages of
the observations and forecasts, respectively. “Group”
corresponds to additional locations with similar
characteristics from the forecast (including BSRN
stations). LWD shows a seasonal cycle with a maximum
in summer. At the coastal sites, the forecast average,
whether it is from BSRN stations or additional stations, is
generally lower than the average observation at GVN,
LAU, and SYO. Conversely, the forecast average is
always higher at the interior land locations. Although the
same additional stations were used to check SWD, the
inland stations were divided into two groups based on the
previous results. One part is the 4 site-like characteristics
of DOM on the East Antarctic Plateau (Vostok, D-85,
JASE2007, and PANDA-South). The other is around the
South Pole and the West Antarctic (Baldrick, Henry,
Harry, Kominko-Slade, Nico, Theresa). In Figs. 7(a)—7(c),
SWD demonstrates a much stronger seasonal cycle than
LWD and reaches a peak in December when the sun
moves to the southernmost latitude of the southern
hemisphere. Stations located on the coastline, South Pole
and West Antarctic show more SWD than the
observations. Different results occur for the East
Antarctic Plateau. From November to February, the
forecast displays insufficient SWD and reverses at other
times (except June, July, and May). The spatial pattern of
LWD and SWD discussed above is very likely the cause
of the forecast appearing much colder in the coastline and
slightly warmer over interior land.

4.1.2  Upper air variable evaluation

To describe the PWRF upper air performance in detail,
monthly mean vertical profiles of temperature, wind
speed, height, and relative humidity are calculated using
0000 UTC and 1200 UTC soundings with matching
model output times. A total of 22 atmospheric sounding
stations are used, which are distributed in the Antarctic
inland (2 stations: Amundsen-Scott, Dome C), coast (10
stations: Casey, Davis, Dumont D’Urville, Halley,
Mawson, McMurdo, Mirnyj, Neumayer, Novolazare-
vskaja, and Syowa) and the Southern Ocean (10 stations:
Adelaide, Comodoro Rivadavia Aero, Hobart Airport,
Kerguelen, Macquarie, Marion, Melbourne Airport, Mount
Pleasant, Puerto Montt and Punta Arenas) (Fig. 1(c)). The
observations include full pressure levels (containing the
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Table 3 Seasonal and annual statistics of downwelling surface longwave and shortwave radiation statistics for the five BSRN stations. Here,

only the results of NoahMP with FM mode are shown

Longwave Shortwave
AAN AAN
JJA SON DJF MAM JJA SON DJF MAM

Correlation
DOM 0.81 0.83 0.61 0.84 0.77 - 0.99 0.99 0.98 0.99
SPO 0.88 0.88 0.58 0.84 0.79 - 0.95 0.75 0.97 0.87
GVN 0.86 0.84 0.77 0.83 0.83 0.72 0.96 0.98 0.91 0.91
LAU 0.70 0.80 0.81 0.70 0.75 0.85 0.92 0.90 0.90 0.89
SYO 0.82 0.84 0.70 0.82 0.79 0.86 0.99 0.96 0.92 0.93
Bias (W/m?)
DOM 14.56 20.77 15.83 16.78 16.99 - -1.83 -12.49 -9.99 —7.64
SPO 11.04 11.11 5.61 10.89 9.66 - 16.42 19.68 5.29 16.23
GVN -10.83 —11.00 —-17.38 —9.66 -12.22 -1.47 23.11 28.30 9.09 16.23
LAU -9.19 —14.60 —-15.18 —14.99 —-13.49 15.65 43.30 60.48 25.77 36.30
SYO -9.20 —4.60 -17.02 -10.18 —-10.25 0.79 16.17 38.72 9.25 17.78
RMSE (W/m?)
DOM 19.20 25.02 26.59 19.61 22.61 - 20.40 34.87 14.71 21.79
SPO 17.71 17.98 21.95 19.98 19.40 - 22.54 38.58 9.70 27.58
GVN 24.93 26.87 31.66 25.25 27.18 10.15 54.91 60.20 27.32 40.69
LAU 27.31 25.49 24.79 28.79 26.59 67.43 117.47 152.05 87.00 105.99
SYO 26.90 23.46 29.78 26.00 26.54 9.38 33.64 79.54 27.79 40.81

major standard pressure levels), and model profiles
consist of all 71 vertical levels up to the top of 3 hPa.
Therefore, the results for all variables are vertically
interpolated from 1000 hPa to 25 hPa with 25 hPa
intervals to pursue additional details and contain the
standard vertical levels. Only the results from NoahMP
are shown because slight variations occur between
NoahMP and Noah in the upper air statistics (not shown).
Because the upper air variable differences are generally
smaller than that at the surface, July and January are used
to represent winter and summer, respectively, to assess
the model performance with the largest seasonal contrast.
The domain-averaged statistics for all near-surface
variables and the other standard levels are presented in
Table 4. In general, the results show better performance
than B13 especially in higher levels (above ~500hPa).
This suggests that the higher vertical resolution (71
levels) and model top (3 hPa) along with nudging is
reasonable and highly recommended.

Figure 8 exhibits the monthly mean vertical tempera-
ture profiles for 22 stations and the domain-averaged
results for July 2008 and January 2009. Because of
complex Antarctic topography and many missing
observations above 100 hPa, profiles are plotted at 975
hPa (Amundsen-Scott and DomeC at 650 hPa) up to 100
hPa with the standard deviation at each standard level
(only for the domain-averaged profiles, see Figs. 8(c) and
8(f). The model depicts the characteristics of the
temperature profile accurately in both months (Figs. 8(a)—

8(f)). For all stations, there is a larger temperature spread
(~30°C) near the surface and the top. Both observation
and forecast clearly show the tropopause near 300 hPa,
even the details that some stations in the Southern Ocean
are slightly higher because they are warmer. For
temperature statistics in Table 4, the correlations range
from 0.83 to 0.98, which is lower at the bottom and top
levels. Unlike the surface bias and RMSE discussed
above, the bias and RMSE of the upper air temperature
are very small, and the maxima are less than 1°C and
2°C, respectively. Moreover, biases below 925 hPa show
that they are cold near the surface, which is consistent
with previous conclusions. RMSE values that are large at
the bottom and top levels indicate that temperatures are
relatively variable, as supported by the individual station
profiles, which show a larger temperature spread in Fig. 8.

Similar to the temperature, the monthly mean vertical
profiles of horizontal wind speed match the same stations
for July 2008 and January 2009, as shown in Fig. 9. The
overall profiles are similar between observations and
forecasts in both months. Below the tropopause (~300 hPa),
wind speeds generally increase, whereas they decrease
and increase again above 200 hPa in July but only
decrease above 300 hPa in January. For most stations,
there is a larger spread at the top, and the maximum wind
speed appears near 300 hPa or a little higher for stations
sited in the Southern Ocean, which have slightly higher
tropopauses. The correlations of July are slightly higher
than those of January, and both increase upward from the
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Fig. 6 (a)-(b) Mean monthly incident longwave radiation at the
surface. BSRN, Model, denotes station-averaged observation and
forecast data (NoahMP FM simulation) respectively. Group is
computed for additional locations of similar characteristics from the
forecasts. (a) Coastal stations, Group number is 16, including 3 BSRN
station sites (GVN, LAU, SYO). (b) Inland stations, Group number is
12, including 2 BSRN station sites (DOM, SPO).

surface, reaching peaks at 300 hPa. The model wind
speeds near the surface and top are slightly stronger but
weaker at other levels with positive and negative biases,
respectively (Table 4). Furthermore, the positive bias
below 925 hPa is consistent with the result of a slightly
stronger 10 m wind speed as revealed earlier.

Table 4 also exhibits statistics of geopotential height
and relative humidity. For height, the correlations are
always strong and remain above 0.9 in both months. The
bias and RMSE have large values above 300 hPa,
indicating that greater variability occurs near the
tropopause. Similarly, the biases (absolute value) and
RMSE in July usually exceed those in January, indicating
more variability in July, except at the surface. Relative
humidity statistics show that forecasting is still facing
challenges. Because measurements are less reliable in the
upper atmosphere, only values for levels below 300 hPa
(throughout the troposphere) are given. Correlations
below 600 hPa increase with height but decrease above
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Fig.7 (a)-(c) Mean monthly incident shortwave radiation at the
surface. BSRN, Model, denotes station-averaged observation and
forecast data (NoahMP FM simulation) respectively. Group is
computed for additional locations of similar characteristics from the
forecasts. (a) Coastal stations. Group number is 16, including 3 BSRN
station sites (GVN, LAU, SYO). (b) Plateau stations. Group number is
5, including 1 BSRN station site (DOM). (c) South Pole other inland
stations. Group number is 7, including 1 BSRN station site (SPO).

that. Biases in July below 600 hPa show a negative value
(except 975 hPa) but are positive in January. In addition,
positive biases at 975 hPa in January are consistent with
the result of a higher 2 m dew point.
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Table 4 Domain-averaged upper air statistics for July 2008 and January 2009

Level July January July January

(hPa) CORR  BIAS RMSE  CORR  BIAS RMSE  CORR  BIAS RMSE  CORR  BIAS  RMSE
Air temperature (°C) Height (m)

975 0.83 —0.85 2.18 0.83 —0.10 1.64 0.99 —2.46 8.45 0.94 —2.28 11.05
950 0.90 —0.28 1.79 0.88 —0.50 1.56 0.99 —0.69 9.88 0.96 —1.43 10.39
925 0.94 0.05 1.47 0.91 -0.28 1.22 0.99 0.70 9.43 0.98 0.19 9.46

850 0.95 0.12 1.26 0.94 —0.20 1.03 0.91 -1.08 25.39 0.98 0.08 9.56

700 0.96 —-0.13 1.00 0.96 -0.19 0.93 0.99 1.95 11.27 0.98 —0.13 10.26
600 0.97 0.04 0.99 0.96 0.00 0.90 0.98 1.21 16.38 0.97 —-1.06 15.34
500 0.97 0.09 0.79 0.98 —0.02 0.74 0.99 5.74 15.08 0.99 2.36 13.51
400 0.98 0.07 0.69 0.98 —0.04 0.70 0.99 4.16 15.36 0.99 0.88 14.71
300 0.96 0.00 0.81 0.96 0.01 0.87 0.97 6.96 27.36 0.99 2.01 17.53
200 0.96 0.20 1.15 0.97 0.01 1.04 0.97 17.97 30.01 0.97 11.90 29.46
150 0.95 0.10 0.98 0.95 —0.15 0.93 0.96 13.25 33.66 0.96 4.98 28.13
100 0.91 0.11 1.04 0.92 —-0.25 1.04 0.95 15.88 45.46 0.96 433 24.58
Wind speed (m/s) Relative humidity (%)

975 0.74 0.73 3.36 0.66 0.31 3.03 0.52 3.94 19.06 0.51 7.90 17.03
950 0.83 0.16 3.93 0.75 0.24 3.34 0.64 -2.09 17.12 0.66 5.12 14.59
925 0.86 —0.10 3.76 0.84 —0.13 3.24 0.73 -3.21 16.90 0.72 4.37 14.59
850 0.91 —0.41 3.09 0.87 —-0.12 2.76 0.82 —-2.55 17.07 0.75 3.11 15.68
700 0.92 —0.39 2.53 0.91 —0.49 2.19 0.83 —0.89 17.16 0.79 1.51 17.26
600 0.93 —-0.07 2.77 0.92 —-0.30 2.25 0.82 1.23 16.52 0.79 2.32 17.12
500 0.95 -0.22 3.07 0.95 —0.23 222 0.80 1.63 16.64 0.75 4.75 17.45
400 0.96 —0.32 3.41 0.95 —0.67 3.47 0.78 2.60 15.26 0.73 6.54 16.72
300 0.97 -0.17 3.54 0.97 —-0.23 2.95 0.77 4.22 13.55 0.75 7.81 16.46
200 0.97 0.34 2.90 0.97 0.04 2.27

150 0.97 0.53 2.67 0.96 0.15 2.16

100 0.94 0.36 2.96 0.88 0.34 2.59

Note: Bold represents standard levels

4.2 Sensitivity to different model versions, driving data
and simulation modes

This section discusses experiments with different model
versions, driving data and stimulation modes stated in
Section 3.1. The observation data and surface variable
evaluation methods used are as same as the benchmark
experiments.

4.2.1 Comparison of different versions

Upon the release of new WRF 4.X versions, PMG
upgraded PWRF to V4.0.3 and V4.1.1 (PWRF403 and
PWRF411, respectively). The most significant new
features of the two versions are modified NoahMP
(setting minimum albedo over ice sheets), and the
improvement in the downward shortwave radiation
implemented in WRF411. Thence, the 2 m temperature,
LWD, and SWD are mainly used for evaluation.

Domain-averaged 2 m temperature statistics for January
and July are shown in Table5. Due to the setting
minimum albedo being 0.8 over the ice sheet, PWRF411
with NoahMP exhibits an obvious difference from the
other models in January. It shows a larger cold bias but
has a better correlation and RMSE. In fact, the spatial
patterns of the biases could reveal the reason. The biases
of each station versus observation for PWRF411
NoahMP, PWRF411 Noah and WRF NoahMP are plotted
in Fig. 10. Stations sited in the Southern Ocean and the
Antarctic coastal areas did not show significant
differences but exhibited a contrast in the interior. For
WRF NoahMP, most stations located inland show the
largest warm bias (>4°C or more, see Fig. 10(c)).
Although PWRF411 NoahMP and Noah have a better
result, there are differences over the ice sheet, especially
near the South Pole and Ross Ice Shelf, where the former
has a smaller bias. These characteristics account for why
PWRF411 NoahMP shows the coldest (—1.15°C) domain-
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Fig. 8 (a)—(c)July 2008 and (d)—(f) January 2009 monthly means vertical temperature profiles for 22 stations of observations (Figs. 8(a)
and 8(d)), PWRFs (Figs. 8(b) and 8(¢)), and means (Figs. 8(c) and 8(f)) plotted from 925 hPh to 100 hPa vertical levels. Figures 8(a),
8(b), 8(d), and 8(e) are individual stations plotted with dashed lines. Figures 8(c) and 8(f) are the station means with the blue solid
line for observation and red dashed line for PWRF. Thick horizontal bars (blue) and thin horizontal bars (red) at the vertical standard
levels represent standard deviation for observation and PWRF, respectively.

averaged bias and WRF411 NoahMP has the warmest
(0.74°C) in Table 5.

For more details, the bias spatial patterns of the model
versus ERA - Interim reanalysis and forecast were also
analyzed. As the two have very consistent results that
predicted near-surface temperatures agree well spatially
with observations, only the model versus ERA - Interim
forecast is given in Fig. 11. The results also support that
WRF NoahMP is much warmer than PWRF and modified
NoahMP in PWRF411 shows better forecast skill for the
2 m temperature in the Antarctic.

In general, a higher surface temperature is related to an
excessive LWD, and vice versa. As there are only five
BSRN stations in this domain, unlike the 2 m
temperature, only the bias spatial patterns (here model

versus the ERA-Interim forecast) for PWRF411
NoahMP, PWRF411 Noah and WRF NoahMP are
plotted. The spatial patterns are similar in July but
different in January. In Fig. 12, a larger positive bias
means that WRF NoahMP without modification generates
too much LWD over the Antarctic. Furthermore, as
discussed in Section 4.1.1.3, all of the models
underestimate LWD in the coastal area but exhibit excess
around the Southern Ocean.

Finally, six model bias spatial patterns (model versus
ERA - Interim forecast) for SWD in January are shown
in Fig. 13. First, both PWR411 and WRF411 clearly
reduce the bias of SWD, especially over the ocean. Then,
PWRFV411 and PWRFV403 also show better negative
bias in the scope of 60°E—60°W, 30°—40°S in the
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Fig.9 (a)—(c) July 2009 and (d)—(f) January 2009 monthly means vertical distribution of horizontal wind speed profiles for 22
stations of observations (Figs. 9(a) and 9(d)), PWRFs (Figs. 9(b) and 9(e)), and means (Figs. 9(c) and 9(f)) plotted from 925 hPh to
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bars (red) at the vertical standard levels represent standard deviation for observation and PWRF, respectively.

Southern Ocean. Besides that, for NoahMP, PWRF411
improves the insufficient SWD, which illustrates the
maximum negative value on the East Antarctic Plateau. In
addition, the bias spatial patterns of PWRF411 NoahMP
still display slight negative biases on the East Antarctic
Plateau and are inverted in other areas, such as the West
Antarctic (Fig. 13(a)). This phenomenon is consistent
with the findings in Section 4.1.1.3.

4.2.2 Difference initial and lateral boundary conditions

To assess the influences of initial and lateral boundary
conditions, FM simulations with the different LSMs
(NoahMP and Noah) were examined by driving with
ERAS5 (E5) and ERA-Interim (EI) reanalyses. Here, the

January and July correlations (CORR), RMSE, and bias
from reanalysis (ES, EI) and forecasts (FM, 48 h cold
start runs with spin-up for the first 24 hour) comparison
with observations are given in Table 6. Generally
speaking, all the forecasts show reasonable results
compared to the reanalysis. The performance of forecasts
driven by ERAS was comparable to or did not show
obvious improvement than ERA-Interim. For the 2 m
temperature, the domain-averaged statistics from the
forecasts driven by ERAS show a larger negative bias
(both NoahMP and Noah). This is probably because the
model driven by ERAS5 improved the warm bias near the
South Pole and East Antarctic Plateau but still had large cold
biases at the coastal stations, from further spatial analysis
(not shown). Comparing all reanalysis and forecast
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Table 5 Domin-averaged 2 m temperature statistics for January and July (°C, n = number of stations)

Model PWRF403 WRF411 PWRF411
LSM NoahMP Noah NoahMP Noah NoahMP Noah
January (n = 87)
CORR 0.69 0.71 0.69 0.72 0.73 0.72
BIAS 0.62 -0.95 0.74 —0.86 -1.15 —-0.84
RMSE 3.27 3.06 3.29 3.06 2.88 3.00
July (n =67)
CORR 0.85 0.85 0.84 0.84 0.84 0.84
BIAS —-0.87 -0.72 -0.96 -0.77 —-0.96 -0.77
RMSE 4.08 4.03 4.03 3.99 4.03 3.99
PWRF411 NoahMP PWRF411 Noah WRF NoahMP (°C)
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Fig. 10 The bias (Model versus Observations) of 2 m temperature for (a) PWRF411 NoahMP, (b) PWRF411 Noah, and (c) WRF
NoahMP in January 2009. The total station number is 87. Dots with a black circle means the correlation = the annual average of

domain-averaged (0.81).
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Fig. 11 The bias of (Model versus ERA-Interim forecast) of 2 m temperature for (a) PWRF411 NoahMP, (b) PWRF411 Noah, and

(c) WRF NoahMP in January 2009.

results, surface pressure shows ERA-Interim has better
performance than ERAS. In addition, the lower
correlations (0.97), bigger bias and RMSE of ERAS5 with
observations were caused by some high altitude AWS
(such as DC2, JAS, HEN) in January. The 2 m Dew point
and 10 m Wind speed still face challenges in the forecast,
however, ERAS5 shows better correlation and RMSE more
often than ERA-Interim.

Based on the findings discussed above, some possible
reasons were inferred as follows. First, ERAS with
pressure level has fewer layers than ERA-Interim,
especially in the lower atmosphere. The boundary layer is
not well described in some regions of Antarctica. Then,
the vertical interpolation in the WRF model may not be
very suitable over high altitude regions on Antarctica
when derived from fields with fewer layers of pressure
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Fig. 12 The bias (Model versus ERA-Interim forecast) of longwave radiation at the surface down for (a) PWRF411 NoahMP,

(b) PWRF411 Noah, and (¢) WRF NoahMP in January 2009.

—-100 —-60 —-40 -20

WRF411 NoahMP

20 40 60 100

Fig. 13 The bias (Model versus ERA-Interim forecast) of shortwave radiation at the surface down for (a) PWRF411 NoahMP,
(b) WRF411 NoahMP, (c) PWRF403 NoahMP, (d) PWRF411 Noah, (¢) WRF411 Noah, and (f) PWRF403 Noah in January 2009.

level data. This indicates that the use of reduced vertical
grid spacing for ERAS pressure level data really penalizes
the model.

4.2.3 FM and CM Evaluation

On multiple occasions, the short-term forecasting capabilities
of Polar WRF were verified and showed excellent skills.
(e.g., Hines and Bromwich, 2008; Bromwich et al., 2009;
Hines et al., 2011; Wilson etal., 2011; Bromwich et al.,
2013b). To examine the model performance of long-term

simulations such as “month range” or “sub-seasonal
range”, PWRF411 was also tested with CM simulations.
As discussed in Section 4.1, the evaluation of CM
simulations between NoahMP and Noah produced similar
results. Consequently, only NoahMP is shown in the
evaluation for FM and CM simulations in detail (referred
to as MPFM and MPCM, respectively). Here, the bias
and RMSE for the 2 m temperature, 2 m dew point,
surface pressure, and 10 m wind speed were calculated by
month and season for analysis. As the statistical data
demonstrate the same conclusions, for conciseness, only
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Table 6 January and July correlations (CORR), RMSE, and bias from the Reanalysis, PWRF 48 hour forecast (spin-up 24 hour) with ERA5 (E5)

and ERA-Interim (EI) (n = number of stations, domain-averaged statistics)

Reanalysis NoahMP Noah
E5 El ES El ES El
January

2 m Temperature (°C) n = 87

CORR 0.80 0.85 0.74 0.73 0.74 0.72
BIAS -0.97 —0.20 —-1.56 -1.15 -1.17 —0.84
RMSE 2.14 2.00 2.80 2.88 2.92 3.00
2 m Dew point (°C) n =70

CORR 0.78 0.72 0.72 0.71 0.72 0.70
BIAS —0.54 0.09 -0.21 0.26 -0.39 —-0.03
RMSE 2.53 2.73 2.92 3.03 2.87 3.00
Surface pressure (hPa) n =83

CORR 0.97 0.99 0.99 0.99 0.99 0.99
BIAS 1.43 0.61 1.06 0.52 1.00 0.48
RMSE 221 1.70 1.94 1.65 1.91 1.65
10 m Wind speed (m/s) n = 80

CORR 0.69 0.66 0.65 0.62 0.65 0.62
BIAS —-0.70 —0.58 0.30 —0.02 0.31 0.02
RMSE 2.88 2.98 2.94 3.04 2.94 3.04

July

2 m Temperature (°C) n = 67

CORR 0.89 0.89 0.83 0.84 0.84 0.84
BIAS 0.22 —-0.06 —-1.25 —0.96 —-1.09 —-0.77
RMSE 2.98 3.21 3.94 4.03 3.90 3.99
2 m Dew point (°C) n =57

CORR 0.86 0.83 0.84 0.83 0.83 0.83
BIAS —0.65 —0.69 -1.17 —-0.78 -1.53 -0.91
RMSE 3.59 4.20 3.97 4.03 4.10 4.01
Surface pressure (hPa) n = 66

CORR 0.99 0.99 0.99 0.99 0.99 0.99
BIAS 2.60 1.46 2.20 1.41 2.18 1.40
RMSE 3.36 2.57 2.98 2.43 2.97 2.42
10 m Wind speed (m/s) n =59

CORR 0.72 0.67 0.69 0.68 0.69 0.68
BIAS —0.67 0.05 1.55 0.99 1.82 1.23
RMSE 3.98 4.15 4.51 4.34 4.62 4.41

the four seasonal results averaged every three months
(JJA, SON, DJF, and MAM) are given in Table 7. Most
of the year, the MPCM has the same or even higher
correlation with a smaller absolute value of bias and
RMSE than those of the MPFM, except for the 10 m wind
speed during the SON and DJF. Statistics indicate that the
model exhibits good performance in the long term
forecast. Furthermore, the 2 m temperature diurnal cycle
analysis for each station demonstrates that the CM

simulation can usually weaken the intense temperature
drop for coastal stations. In Fig. 14, the diurnal 2 m
temperature cycle for Halley, Neumayer, Syowa,
Mawson, Davis, Mirny, Casey, Dumont D’Urville, and
McMurdo are shown. First, both NoahMP and Noah, CM
(solid line) always shows a weaker diurnal cycle than FM
(see dotted line). This is very likely because of the
suitable nudging setting used, which can improve the
performance of PWRF (Cassano et al., 2011). Based on
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Table 7 Seasonal domain-averaged statistics for NoahMP of FM and CM

MPFM

MPCM
JJIA SON DJF MAM JJA SON DJF MAM
2 m Temperature (°C)
CORR 0.84 0.84 0.77 0.82 0.84 0.84 0.77 0.82
BIAS -0.99 —-0.58 -1.18 -1.21 —0.92 —0.50 —0.96 -1.02
RMSE 4.03 3.34 3.06 4.04 3.94 3.25 2.88 3.87
2 m Dew point (°C)
CORR 0.83 0.80 0.72 0.81 0.83 0.80 0.73 0.81
BIAS —-0.84 —-0.16 0.28 -1.22 -0.76 —-0.08 0.51 —-1.03
RMSE 4.19 3.50 3.25 4.28 4.15 3.45 3.16 4.16
Surface pressure (hPa)
CORR 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
BIAS 1.38 1.15 0.67 1.08 1.36 1.11 0.65 1.06
RMSE 2.28 2.00 1.76 2.14 227 1.99 1.75 2.13
10 m Wind speed (m/s)
CORR 0.66 0.66 0.65 0.66 0.66 0.66 0.64 0.66
BIAS 0.87 0.41 —0.01 0.32 0.87 0.42 —0.02 0.31
RMSE 4.20 3.88 3.20 4.14 4.19 3.88 321 4.14
Jan 2009 Halley 3 hour Jan 2009 Neumayer 3 hour Jan 2009 Syowa 3 hour
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Fig. 14 Diurnal 2 m temperature cycle of nine stations located at Antarctic coastline for observation (solid blue line), PWRF411
NoahMP simulated with FM and CM (solid green line and dashed green line), and PWRF411 Noah simulated with FM and CM
(solid red line and dashed red line), respectively. The standard deviation plotted as vertical error bar for observation (OBS), NoahMP

and Noah in FM. Note that observations are every 3 h at Halley, Neumayer, Syowa, Mawson, Davis, Casey, and Dumont D’Urville
while every 6 h at Mirny and McMurdo.
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the series of test experiments, we found that nudging of
long-term forecasts can effectively improve temperature
forecast skills at the bottom and top levels, especially at
the top of the model. The cold bias with ERA-Interim
reanalysis (absence of observations) at the model top
level reduced sharply over the Antarctic. Then, regardless
of whether PWRF4111 was forecasted with FM or CM,
NoahMP illustrates a weaker diurnal cycle than Noah, as
mentioned in Section 4.1.1.1

5 Summary and conclusions

This paper has investigated the downscaling simulation
performance of PWRF411 over the Antarctic and the
Southern Ocean. State variables from short-term forecasts
(FM), long-term forecasts (CM) during an annual cycle
and different versions in two seasons have been
examined, respectively. The results demonstrate that the
recent version of PWRF shows good forecast skills and
better than those of earlier Antarctic simulations (B13).
Although NoahMP and Noah simulations reached similar
conclusions, NoahMP illustrates slightly better
capabilities than Noah, particularly over the ice sheet.

For the surface temperature, PWRF411 shows a cold
domain-averaged 2 m temperature bias and variations in
spatial analysis. Coastal regions over the Antarctic and
the Southern Ocean are usually cold, but the reverse
situation occurs in the Antarctic interior. Over the ice
sheet, NoahMP with albedo modification removed the
strong warm bias, showing the best performance in
summer, which was supported by further temperature
diurnal cycle and surface radiation balance analysis. Not
surprisingly, the 2 m dew point shows a similar result but
with more changes near summertime. For the surface
pressure, PWRF411 always predicted values that were the
best of the near-surface variables. Correlations typically
range above ~0.99 with a slight positive bias throughout
the entire year matching the cold temperature bias. For
the surface wind, there is a slight indication of a strong 10
m wind speed in most of months. The maximum bias and
RMSE appearing in July are likely because wind speeds
reach a peak during this time. There is a deficit in the
downwelling longwave at the coastline but an excess in
other areas. The downwelling shortwave is excessive in
the South Pole, the West Antarctic, and coastline but is
insufficient on the FEast Antarctic Plateau during
summertime. These characteristics for LWD and SWD
are also consistent with previous findings (Bromwich
et al.,, 2013b). Additionally, upper air analysis illustrates
that PWRF411 accurately describes the characteristics of
the atmospheric vertical profiles. The vertical profiles of
temperature and horizontal wind speed clearly show the
tropopause (~300 hPa), especially during summer.
Although statistics show progress, relative humidity still
faces challenges both in the model and observations in the
Antarctic.

Moreover, this study also extends the findings of model
performance by sensitivity experiments for different
model versions, driving data and simulation modes.

First, the comparison of different versions shows that
the new version of PWRF411 with modified NoahMP
performed better than other versions.

Second, simulations driven by ERAS5 (37 pressure
vertical levels, ~31 km for horizontal resolution) did not
show better performance than ERA-Interim (60 vertical
levels, ~79 km for horizontal resolution) in our study.
This suggests that the use of reduced vertical grid spacing
in the driving data really penalizes the model.

Third, long-term forecasting performed well. The
assessment of model long-term simulations proved that
an appropriate nudging setting plays an important role in
promoting model performance. It keeps the simulations
close to the forcing data when the lateral boundary is
updated. This means that regional forecast results are
sensitive to the global model capability (lateral boundary)
for long-term forecasts.

To summarize, notwithstanding the unavoidable
ambiguities, these characteristics examined in this study
provide a benchmark to improve the model and guidance
for further application of Polar WRF in the Antarctic. The
study also extends the findings of model shortcomings,
such as the strong diurnal cycle in coastal areas compared
to the observations. Further model development is needed
to solve this problem. Moreover, data assimilation also
will be developed.
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