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Abstract

The glaciers within the Amundsen Sea Embayment (ASE), West Antarctica, are amongst the
most rapidly retreating in Antarctica. Meteorological reanalysis products are widely used to
help understand and simulate the processes causing this retreat. Here we provide an
evaluation against observations of four of the latest global reanalysis products within the ASE
region —the ECMWF Interim Re-analysis (ERA-1), Japanese 55-year Reanalysis (JRA-55),
Climate Forecast System Reanalysis (CFSR) and Modern Era Retrospective-Analysis for
Research and Applications (MERRA). The observations comprise data from four automatic
weather stations (AWS), three research-vessel cruises and a new set of 38 radiosondes all
within the period 2009-2014.

All four reanalyses produce 2 m temperature fields that are colder than AWS observations,
with the biases varying from approximately -1.8°C (ERA-I) to -6.8°C (MERRA). Over the
Amundsen Sea, spatially averaged summertime biases are between -0.4°C (JRA-55) and -
2.1°C (MERRA) with notably larger cold biases close to the continent (up to -6°C) in all
reanalyses. All four reanalyses underestimate near surface wind speed at high wind speeds
(>15 m s™) and exhibit dry biases and relatively large root-mean-square errors (RMSE) in
specific humidity.

A comparison to the radiosonde soundings shows that the cold, dry bias at the surface extends
into the lower troposphere; here ERA-I and CFSR reanalyses provide the most accurate
profiles. The reanalyses generally contain larger temperature and humidity biases, (and
RMSE) when a temperature inversion is observed; and contain larger wind speed biases (~2

to 3 m s™) when a low-level jet is observed.

1 Introduction

The glaciers within the Amundsen Sea Embayment (ASE; see Fig. 1a for location), one of the
three major basins which drain the West Antarctic Ice Sheet, are amongst the most rapidly
retreating in Antarctica; with this region responsible for about 10% of current global sea level
rise [Mouginot et al., 2014]. It is thought that this retreat is primarily driven by relatively
warm circumpolar deep water being transported onto the continental shelf and driving basal
melting of the ice shelves that buttress these glaciers [Pritchard et al., 2012; Rignot et al.,
2013]. Ocean modelling and observations have revealed that large-scale zonal wind

anomalies near the continental shelf break, are important in controlling the variability of this
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melt [Thoma et al., 2008; Dutrieux et al., 2014]. Knowing the state of the atmosphere in the

ASE over time is vital for understanding and modelling the climate processes at work here.

Meteorological reanalysis aim to provide the best estimate of the atmospheric state at any one
time, by combining in-situ and satellite observations with forecast model data from a fixed
version of a numerical weather prediction system. Usually reanalysis data sets provide global
coverage over a period of several decades. As the ASE region is remote, and in-situ
meteorological observations are sparse and unevenly distributed, reanalysis products are a
valuable tool for studying weather and climate. However, because oceanographic and
atmospheric models can be highly sensitive to their forcing data [e.g. Condron and Renfrew,
2013], it is necessary to evaluate reanalysis data against available in-situ measurements in
order to determine their utility. Four of the latest generation of global reanalysis are evaluated
here: the European Centre for Medium-Range Weather Forecasts (ECMWF) Interim Re-
analysis (ERA-I), [see Dee et al., 2011]; the Japanese 55-year Reanalysis (JRA-55), [see
Kobayashi et al., 2015]; the Climate Forecast System Reanalysis (CFSR) from the National
Centre for Environmental Prediction (NCEP), [see Saha et al., 2010] and the Modern Era
Retrospective-Analysis for Research and Applications (MERRA) from National Aeronautics
and Space Administration (NASA), [see Rienecker et al., 2011].

Ocean models used to investigate the transport of circumpolar deep water onto the
continental shelf in the Amundsen Sea have been driven by surface atmospheric forcing from
a variety of different reanalysis products [Thoma et al., 2008; Schodlok et al., 2012; Assmann
et al., 2013; Dutrieux et al., 2014]. Such modelling studies combined with oceanographic
observations have increased scientific understanding of the processes causing the rapid retreat
and thinning of glaciers such as Pine Island Glacier (P1G) [Jacobs et al., 2011; Assmann et
al,; 2013]. Weather and climate studies have also used reanalysis data: for example, to study
seasonal cycles of the Amundsen Sea Low [Hosking et al., 2013; Turner et al., 2013] and
atmospheric teleconnections between West Antarctic meteorological conditions and tropical
ocean indices [Ding et al., 2011; Fogt et al., 2012; Li et al., 2014; Clem and Fogt, 2015], as
well as forcing atmospheric models [Deb et al., 2016]. Glaciological studies such as Medley
et al. [2014], have compared the average accumulation derived from a radar survey and firn
cores with reanalysis data sets. This allows validation of their observation based

accumulation rates and as such helps to constrain surface mass balance estimates.
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Despite the frequent use of reanalysis products within the ASE, there has been, to our
knowledge, no comprehensive effort to validate them in this data sparse region. Bracegirdle
[2013] used pressure observations from three drifting buoys released in the neighbouring
Bellingshausen Sea to evaluate mean-sea-level pressure fields from reanalysis products. The
author found ERA-I had the smallest bias (~0.5 hPa), although both CFSR and MERRA also
showed biases of less than 1 hPa. It has been shown that there are relatively large surface
temperature biases over Antarctica in five global meteorological reanalysis data sets
compared with automatic weather stations (AWS) both on the interior plateau and in outlying
coastal regions — [see Bracegirdle and Marshall, 2012] and [Jones and Lister, 2015 (for
ERA-I only)]. However neither of these studies included any observations from the coastal

Amundsen Sea sector, nor from over the adjacent ocean.

Here we provide a comprehensive evaluation of ERA-I, MERRA, CFSR and JRA-55 for the
ASE, including P1G. We use surface observations collected from four AWS and three
research-vessel cruises, as well as a new set of 38 radiosondes launched offshore during one

of the oceanic cruises.
2 Data sets and methodology

2.1 Reanalyses

Four of the most recently released global reanalyses are evaluated in this study: ERA-I, JRA-
55, CFSR and MERRA. For ERA-I, JRA-55 and MERRA the reanalysis fields are used,
while for CFSR the near surface variables from the associated 6-hour re-forecast are used.
(Note after 2010 CFSR version 2 data are used, this is essentially the same model as used in
the first CFSR and version 2 is being used to extend the CFSR data forward to the present
day; from here on we will refer to both products as the CFSR). The approximate grid size of
the reanalysis products (at the tropics) is: ~79 km (T255) ERA-I , ~ 55km for JRA-55 (T319)
, ~38km for CFSR (T382) and ~50km for MERRA (0.5° by 0.67°). ERA-1 and JRA-55 both
have 60 vertical levels with a model top at 0.1 hPa, CFSR has 64 vertical levels with the
highest level at 0.26 hPa and MERRA has 72 vertical levels up to 0.01 hPa. All the
reanalyses used here are provided at a 6 hour temporal resolution.
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For evaluations such as this one, it is ideal to include some observational data sets which are
not assimilated, i.e. that are entirely independent of the reanalysis data. Our radiosonde
observations were definitely not assimilated as they were deliberately withheld from the
Global Telecommunications System (GTS). The ECMWF website suggests that both sea-
level pressure and wind speed from research vessels and all AWS data are made available via
the GTS so could have been assimilated. In practice it is difficult to check whether every

cruise or AWS data set has been assimilated.
2.2 Automatic weather stations

The Antarctic Meteorological Research Center (AMRC) has AWS observations from many
sites around the continent. The Evans Knoll, Thurston Island and Bear Peninsula AWS’s are
all'located in coastal areas of the ASE and henceforth we will refer to these as the AMRC
sites (see Fig. 1b and Table 1 for locations). The AMRC AWS used here are of the CR1000
type, [see Lazzara et al., 2012]. They were installed in January 2011 by scientists from New
York University (NYU) and our evaluation period for these sites spans 1 February 2011 to 28
February 2014. We also use data from a fourth “NYU” AWS located on PIG, again installed
by scientists from NYU and moved to its present location in January 2013. At this site the
evaluation period spans 1 February 2013 to 28 February 2014. Each of the AWS records
atmospheric temperature, relative humidity, wind speed and wind direction at a nominal
height of 3 m above the surface, while atmospheric pressure is measured close to the foot of
the mast (See Table 1 for average conditions; see Supplementary Table S1 for instrumentation
details). The observations are stored at 10 minute temporal resolution, here we subsample the

observations to 6 hourly temporal resolution for consistency with the reanalysis data.

All three of the AMRC sites are surrounded by complex topography, which is not fully
resolved by the reanalyses. Such topography is typical for coastal regions of West Antarctica
and the AWS sites are thus representative. The AMRC AWS were installed on nunataks
(rock outcrops). The NYU AWS is located on PIG and the surrounding topography of the

glacier is relatively uniform.
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AWS in Antarctica are prone to overestimate temperature during low wind speed conditions
due to a lack of ventilation [Genthon et al., 2011; Lazzara et al., 2012], particularly in austral
summer when there is near 24 hour daylight. To mitigate this error, low wind speed periods
(less than 2 m s™) are removed from the summertime temperature comparison (approximately
20% of the summertime data). Note at the Bear Peninsula AWS the anemometer stopped

waorking during 2013 so the wind comparison there is based on only two years of data.
2.3 Research vessels

The research vessel meteorological data are from the RRS James Clark Ross (JCR), the RV
Polarstern [see Konig-Langlo, 2010] and the Nathaniel B. Palmer [see Jacobs, 2014].
Observations of temperature, wind, humidity and pressure are used here (see Table S1 for
details). Instruments on board the JCR were calibrated against national standards and we
understand similar checks were carried out for the Polarstern and Palmer instruments. Each
ship was within the ASE for approximately 1 month, the JCR in February-March 2014, the
Polarstern in March 2010 and the Palmer in January-February 2009. Across the three
research cruises there is approximately 3 months of data at 6 hourly resolution.

The sea-ice conditions differed somewhat between the three cruises. In 2009 when the
Palmer was in the ASE the reanalysis products all show a high concentration of sea ice at the
continental shelf break (see Fig. 1b for shelf-break location), extending to approximately
73°S and lower concentrations closer to PIG and Thwaites. In March 2010 while the
Polarstern was in the region, there was a high concentration of sea ice to the west of the
region shown in Fig. 1b (120°W and 110°W) but lower concentrations close to PIG and
Thwaites Glacier. In February 2014 while the JCR was in the region, sea-ice concentrations
were generally low but with an area of high concentration to the north of Thurston Island (see
Fig. 1b for mean concentration).

2.4 Radiosondes

A set of 38 radiosondes were successfully launched between 1 February and 4 March 2014
during the JCR cruise (see Fig 1b for locations). The radiosondes were RS92 Vaisala sondes,
measuring temperature, humidity and pressure with winds calculated using Global
Positioning System (GPS). The RS92 Vaisala radiosondes have been shown to provide more
accurate measurements of relative humidity at low temperatures than previous generation
Vaisala sondes (RS90 and RS80) [Suortti et al., 2008]. The variables are recorded every 2

seconds (~10 m intervals) during the ascent. Typically the radiosondes reached a maximum
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altitude of approximately 20 km, well above the tropopause. Usually, there was one
radiosonde launched each day at around 1200 UTC (see Table S2 for details). On three days
(13, 18 and 23 February 2014) several sondes were launched to investigate particular weather
events. The radiosonde profiles have been checked for consistency both with surface
observations and within each profile and no calibration errors are found. In three of the
profiles no wind data was recorded due to a problem with the GPS communications system.
As noted above, these radiosonde observations were deliberately withheld from the GTS, and
hence the reanalyses, in order to provide independent observations in the ASE.

2.5 Methodology

To allow comparison between the observations and gridded reanalysis data sets an
appropriate methodology must be chosen. In the AWS comparison the nearest land grid point
is used. For the ship and radiosonde data we use the nearest reanalysis grid point for the
comparison. Due to the smoothed topography of the reanalyses, resulting in the seaward
extension of the land sea mask in the ASE, a comparison to the nearest marine grid point is
troublesome, as this can be ~100km distant. Instead we used the nearest grid point which
does mean that on some occasions land grid points are used.

For the AWS data we focus our comparison on temperature, humidity, wind speed and wind
direction. Reanalysis wind speed and direction are available at 10 m above the surface, and
temperature and humidity fields at 2 m. In the AWS comparison, given the uncertainty of the
observation height due to snow accumulation, the 2 m reanalysis fields are directly compared
to the AWS temperature and humidity observations (recorded at a nominal height of 3 m
above the surface). A height adjustment is applied to the 10-m reanalysis wind speed to 3 m,
assuming a logarithmic wind profile with a roughness length of 0.1 mm (appropriate for
snow) and neutral atmospheric stability — similar to [Bromwich et al., 2013]. This simple

adjustment is used as the atmospheric stability is unknown from the AWS observations.

It is also necessary to adjust the reanalysis temperatures for the difference in height between
the grid point and the AWS. Failure to adjust temperatures in this way can result in spurious
temperature biases [Bracegirdle and Marshall, 2012]. Due to the climatologically cold and
dry Antarctic atmosphere, we adjusted the reanalysis temperatures to the listed altitude of
each AWS using the dry adiabatic lapse rate of 9.8°C km™. The same 9.8°C km™ adjustment
was made by Bracegirdle and Marshall [2012], although Jones and Lister [2015] used the

moist lapse rate of 6°C km™. Due to the presence of surface-based temperature inversions and
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the often steep coastal topography, the lapse rate is likely to be highly variable, so the use of a
constant lapse rate is an approximation. As an example of the size of this approximation, the
height of the ERA-I gridpoint at Evans Knoll is 260m, 82m higher than the AWS height.
Using the dry adiabatic lapse rate the ERA-I temperatures are adjusted by +0.8°C, whereas, if
the 6°C km™ lapse rate was used the adjustment would be +0.5°C. These differences are an
order of magnitude smaller than the most significant biases discussed later. The AWS at Bear
Peninsula, Thurston Island and on PIG (NYU) are co-located with UNAVCO GPS stations
and as such we have some confidence in their listed elevation. However if the AWS altitudes
are incorrectly listed, by e.g. 50 m, the temperature biases described later would change by
~0.5°C, the error in the listed elevation is unlikely to be larger than this. Table 1 shows the
location and listed altitude of each AWS alongside the mean observed temperature and

pressure.

The research vessel observations are recorded at heights between 19 and 37 m above the sea
surface and are adjusted to 10 m or 2 m for comparison with the reanalysis products. In order
to do this the observed sea surface and atmospheric temperatures are used to calculate
atmospheric stability and then a height adjustment based on Monin-Obukhov similarity

theory is made [e.g. following, Smith, 1988; or Renfrew et al., 2002].

In the radiosonde comparison both the observations and reanalysis pressure-level data are
interpolated on to a 5 hPa vertical grid. The focus here is on the lower troposphere so the
comparison is limited to between the surface and 800 hPa (approximately 2 km altitude).
Note also that the JRA-55 has a reduced horizontal resolution (1.5° by 1.5°) for its pressure-

level data.
3 Results
3.1 Comparison with AWS observations

The representation of 2-m temperature is evaluated by season due to the large differences
between summer and winter insolation in the Antarctic, which result in significant seasonal
variations in temperature. During winter the absence of insolation allows longwave radiative
cooling of the surface to dominate, generally resulting in the formation of a strongly stable,
cold boundary layer [King, 1990]. In summer the boundary layer is warmer and tends to be

weakly stably-stratified or even slightly unstable [Mastrantonio et al., 1999].

As an example the seasonal temperature biases from the Bear Peninsula AWS are shown in

Fig. 2. At Bear Peninsula (and across the other AMRC sites) ERA-I records its smallest bias
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in the austral summer and its largest bias in the austral winter (Fig. 2). MERRA has large
biases across all seasons (Fig. 2). Table 2 shows that across the AMRC sites both ERA-I and
JRA-55 show a marked improvement in reproducing 2-m temperatures in summertime.
Summertime biases for ERA-I and JRA-55 respectively are -0.23°C and -1.91°C, compared
with -3.70°C (ERA-I) and -3.89°C (JRA-55) wintertime biases. This suggests that ERA-I and
JRA-55 have more skill at capturing the weakly stable or even unstable summer boundary

layer, whereas the CFSR and MERRA temperature biases show little seasonal variability.

Table 2 also shows that the mean 2-m temperature biases at the AMRC sites are negative
during all seasons, for all the four reanalysis products. The weighted (by length of time
series) mean annual bias for all four sites, shows that ERA-I has the smallest bias (-1.81°C),
compared with CFSR (-2.50°C), JRA-55 (-2.62°C) and MERRA (-6.80°C). For MERRA the
bias is significantly greater than the -1.6°C average bias found at coastal East Antarctic
stations by Bracegirdle and Marshall [2012], suggesting MERRA may have a very strong

regional-bias in West Antarctica.

Jones and Lister [2015] using ERA-I show that 2-m temperatures are cold biased compared
with a group of AWS on the Ross Sea coastline and three sites on the western side of the
Antarctic Peninsula by between -1.1 and -2.4°C (for 2002-2013 period). Although at two
sites on the Ross Sea (Cape Ross and Arelis) Jones and Lister [2015] find small positive
biases for the same period. Here individual site biases range from -2.98°C at Thurston Island
to +1.9°C at NYU, with three of the four sites showing cold biases of -1.5 to -3.0°C. These
combined results, are suggestive of a systematic cold bias in ERA-I 2-m temperatures (of
approximately -1.5°C) extending around West Antarctica from the Ross Sea to the Antarctic

Peninsula.

The NYU AWS — located near the middle of the floating portion of PIG and at relatively low
altitude — is notably different with positive biases in the ERA-I, JRA-55 and CFSR reanalyses
(Table 2). The linear regression slope values are all less than 1 due to a warm bias at low
temperatures (not shown). The NYU AWS is the only one located on an ice shelf and so may
be more prevalent to cold-air drainage during katabatic flows — a phenomena that is difficult
to properly model [e.g. Renfrew, 2004], leading to a warm bias. MERRA remains colder than
observations at the NYU AWS, although the magnitude of the bias is smaller than that at the
AMRC sites.
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As an illustration of the summertime temperature comparisons, Fig. 3 shows scatter plots for
the Bear Peninsula site which are representative of all the AMRC sites. The CFSR
comparison (Fig. 3c) shows more scatter than the other products and consequently has a
relatively large Root Mean Square Error (RMSE) and a reduced R? (correlation coefficient)
value of 0.63, compared with 0.72 (MERRA), 0.74 (ERA-I) and 0.77 (JRA-55). Both CFSR
and ERA-I tend to have larger RMSESs when observed summertime temperatures fall below -
10°C. Furthermore, CFSR and MERRA tend to produce a larger range of summertime
temperatures than observed, due to their anomalously cold temperatures, which leads to
standard deviations that are larger than observed (Table 2). The bias in the MERRA

comparison is noticeably larger than for the other reanalyses.

Wind speed and humidity comparison statistics can be found in Table 3. For brevity we show
annual averages here as the seasonal differences are negligible. All of the reanalysis products
are biased low in wind speed and struggle to reproduce the observed spread of wind speeds as
indicated by standard deviation ratios of between 0.43 and 0.81. Figure 4 shows example
scatter plots for the Thurston Island site, which is also representative of the other sites. The
reanalyses tend to over-estimate the strength of the wind when the observed wind speed is
low (<.5m s™?), and severely underestimate the strength of the wind when the observed wind
speed-is high (> 15 m s™). Across the AMRC sites the combination of these errors at low and
high wind speeds causes the linear regression slopes to be very low, between 0.3 and 0.45 for
allireanalysis products, compared to the ideal of 1 (Table 3 and Fig. 4). The performance at
the NYU AWS site is similar, with all products showing a low slope and a negative bias. The
reanalysis products represent low wind speeds better at NYU (not shown), leading to an

improvement in the slope and correlation values there.

Analysis of strong wind events (> 15 m s™) at Thurston Island and Bear Peninsula revealed
that at both sites the wind direction was from a north or north easterly direction during > 75%
of these events (not shown). This suggests there may be an enhancement of the observed
winds due to flow distortion, particularly at Thurston Island with mountainous terrain to the
north (see Fig. 1b). Such flow distortion is poorly represented in models with insufficient
resolution [e.g. Renfrew et al., 2009; Elvidge et al, 2016]. The northerly wind direction
suggests that such winds are associated with synoptic-scale cyclones located offshore.
Madels with a coarser horizontal resolution have been shown to contain larger wind speed
biases during Antarctic strong wind event where a cyclone and topographic effects combine

to produce the strongest winds [Turner et al., 2009; Orr et al., 2014].
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The biases in the 2-m relative humidity (RH) field vary from -5.2% for ERA-I to 12.33% for
CFSR (Table 3). RMSE range from 13% (JRA-55) to 17% (CFSR) at the AMRC sites. It is
however notoriously difficult to measure RH particularly in the harsh environment in which
these AWS are located, and problems with the observations may contribute to RH biases and
RMSE [Renfrew and Anderson, 2002]. Due to the low observed temperatures the specific
humidity is low, averaged across the AMRC sites the mean value is 1.42 g kg™. CFSR has the
smallest dry bias in the specific humidity field of 0.05 g kg™*. MERRA is drier than observed
by 0.63 g kg™, ERA-I and JRA-55 produce dry biases of ~0.2 g kg™.

3.2 Comparison with research vessel observations

Summertime research vessel cruises to the Amundsen Sea have become frequent in recent
years with several visits since 2007 [Dutrieux et al., 2014]. Here we utilise research vessel
meteorological data from three cruises (Table 4).

Pressure is extremely well represented by all the reanalyses; the magnitude of biases in mean-
sea-level pressure are less than 0.5 hPa and the R2 values are greater than 0.95 (Table 4).
Bracegirdle [2013] found pressure biases of similar magnitude using drifting buoys in the
neighbouring Bellingshausen Sea.

As seen in the AWS comparison, all four products show colder temperatures than those
observed, with MERRA showing the largest average bias of -2.08°C. Similarly to the AWS
comparison ERA-I and JRA-55 display a smaller (summertime) temperature bias than CFSR
(Table 4). Figure 5 shows the spatial distribution of temperature biases for ERA-I and
MERRA. In both products there is a tendency for temperature biases to be most negative
closer to the coastline (with the largest biases approaching -6°C), this is also true of CFSR
and JRA-55 (not shown). For MERRA the negative temperature bias is particularly clear in
the JCR and Palmer comparisons as these cruises spent more time close to PIG ice shelf. The
temperature biases for the AWS sites corroborate the research vessel comparison, as

illustrated in Fig. 5 (top row).

The reanalysis products underestimate the mean wind speed compared to the ship
observations by between -0.32 m s (JRA-55) and -1.02 m s (MERRA). There is no clear
pattern of spatial variability in the wind speed bias for any of the reanalysis products, as
illustrated for JRA-55 in Fig. 6. Scatter plots for all three cruises (not shown) indicate an
improved representation of high wind speeds than was seen in the AWS comparison. The

biases even at wind speeds between 15 and 19 m s (the highest observed ship wind speeds)
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are small. Pressure and wind speed observations from the research vessels are made available
for assimilation into the reanalyses and this may be partly why the bias is reduced. In contrast
to the results seen here, Li et al. [2013] have shown that ERA-I contains biases at low and
high wind speeds compared with Southern Ocean ship observations, overestimating low
winds and underestimating high winds. Here we see little evidence of such systematic biases
but note that our sample is limited, there are few strong wind observations from the research

vessels in the Amundsen Sea.

Biases in the specific and relative humidity fields are generally slightly smaller than those
seen in a comparison to summertime AWS observations (not shown). The spatial distribution
of biases (not shown) reveals that there is a tendency for larger dry biases in the specific
humidity fields of MERRA and CFSR close to the coastline. This is spatially coherent with
low temperature biases observed in the same region (see Fig. 5). As MERRA and CFSR both
give temperatures that are too cold they are also likely to have too little moisture. In the other
reanalysis products there are no clear spatial patterns in the humidity biases; large biases are

seen in many different locations for relative humidity in particular.
3.3 Comparison with radiosonde data

A set of 38 radiosondes was launched in the Amundsen Sea from the JCR cruise during
February and March 2014. Having been deliberately withheld from the reanalyses they
provide a unique observational data set for validating reanalysis products in this region. Here
we focus on a comparison between 975 and 800 hPa, as the lower troposphere is most

important for the underlying ocean and glaciers.

All of the reanalysis products have a mean temperature profile colder than the radiosondes;
the 975-800 hPa mean temperature bias varies between -0.54°C for ERA-I and -1.22°C for
JRA-55 (Table 5). This cold bias is consistent in sign with the research vessel near-surface
temperature biases (e.g. Fig. 5). The mean temperature profiles in Fig. 7a show that CFSR
and ERA-I mean temperatures are accurate to within ~1°C of the average radiosonde
temperature from 975 hPa to 800 hPa. JRA-55 also produces a similar shaped mean profile
compared with the observations, but has a larger bias of between -1 and -2°C. In the
boundary layer MERRA has a large cold bias: at 975 hPa the average MERRA temperature is
4°C colder than the observations, consistent with the large near-surface biases observed
during the JCR cruise (Fig. 5; Table 4).
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All four of the reanalyses produce similar mean wind speed profiles (Fig. 7c). At 975 hPa
they all accurately reproduce near-surface wind speed to within 1 m s™*. Above this the
observations show a distinct low-level jet (discussed later) which is not captured by the
reanalyses. As such there is a negative bias for all of the products, with average wind speeds

~2'm s lower than the observations between 950-850 hPa.

The specific (Fig. 7b) and relative humidity (Fig. 7d) mean profiles reveal that ERA-I and
CFSR provide accurate profiles of atmospheric moisture; ERA-I is perhaps the most accurate,
particularly in the relative humidity profile. MERRA and JRA-55 are both drier than the
observations, although JRA-55 accurately produces the relative humidity profile between 975
and 920 hPa, with larger biases above this. The specific humidity profile shows a significant
dry bias of 0.5 g kg™ for MERRA between 975 hPa and 925 hPa, which reduces with
increasing height. This is linked to the MERRA cold bias, colder air can hold less moisture,
and as such there is a dry bias in the same part of the profile as the cold bias. Jakobson et al.
[2012] also find that MERRA is drier than observations of both specific and relative humidity
in the Arctic, which suggests that MERRA may have difficulties with moisture budgets or
transport near Arctic sea ice and continental shelf regions of Antarctica.

By splitting the radiosondes into two groups by location (see Fig. 1b) it becomes clear that
the temperature biases seen in Fig. 7 are, in the main, caused by the group of radiosondes
launched closer to the Antarctic continent (Fig. 8; Table 5). All of the reanalyses have a much
larger mean temperature bias for the “continental’ profiles than for the ‘shelf break’
radiosondes, with JRA-55 and MERRA producing the largest mean (975-800 hPa) biases of -
1.60°C and -1.50°C respectively. For MERRA the negative temperature bias between 975-
900 hPa only accurs for the ‘continental’ profiles, consistent with the distribution of surface
biases in comparison with ship observations (Fig. 5). In the layer between 975 hPa and 940
hPa, the lowest few hundred metres of the atmosphere, the MERRA mean temperature in the

continental group is 4.23°C colder than that of the radiosondes.

The wind speed profiles have also been split into two distinct groups: those containing a low-
level jet (LLJ) and those without (Fig. 9). A LLJ in its most simplistic form is a wind speed
maximum.in the lower part of the atmosphere. In order to identify LLJs the definition from
Stull [1988], and later modified by Andreas [2000], is used. Namely, to be classified as a LLJ
a wind speed maxima must occur in the lowest 1.5 km of the atmosphere and must be at least
2 m s faster than both the wind speed minimum above it and the wind speed recorded at the

surface. LLJs were observed in 21 of the 38 radiosonde soundings (see Fig. 1b for locations).
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Fig. 9 shows that in the group of soundings where an LLJ is not observed all the reanalysis
products accurately simulate the wind speed profile between 975 and 900 hPa. Above this
they tend to underestimate wind speed by between 1 and 2 m s™. When there is a LLJ, the
reanalysis products (on average) show positive wind shear between 975 and 925 hPa, which
indicates that at least some of the LLJs are being captured. However they all underestimate
the jet wind speed by ~2 m s, which indicates they are either failing to produce the
maximum wind speed within the LLJs or they underestimate the frequency of LLJs;
inspection of individual profiles reveals that both are factors. In comparison to Arctic
dropsonde data it has been shown that ERA-I tends to produce LLJs that are both too broad
and too weak [Liu et al., 2015]. The mean profiles in Liu et al. [2015] are similar to those
seen here, with ERA-I managing to reproduce wind speed maxima at approximately the same
altitude as the observations but unable to reproduce the magnitudes observed. Normalised
bias profiles (not shown) indicate that the bias relative to the mean observed wind speed is
greater in the LLJ group than in the non-LLJ group, i.e. the reanalyses perform worse when
there isa LLJ.

The radiosonde profiles have also been split on the basis of whether or not they contain a
low-level temperature inversion (see Table 5). Here a temperature inversion is defined as a
temperature increase of > 2°C (between the base and top of the inversion) within the profile
between 975 and 800 hPa. The JRA-55, CFSR and MERRA reanalyses all have significantly
larger biases in the group of profiles when there is a temperature inversion. This larger bias is
particularly apparent in the layer between 975 and 875 hPa where almost all of the
temperature inversions were observed (not shown). Given that the vertical depth of
temperature inversions in the observations is typically hundreds of metres, the coarse vertical
resolution of reanalysis products will struggle to capture this feature. ERA-I has a similar
magnitude temperature bias in both groups, although larger RMSE in the inversion group. In
the inversion group both MERRA and JRA-55 also contain larger specific humidity biases,
while MERRA also has a larger RH bias (Table 5). For MERRA it seems that the additional
bias is driven by a larger dry bias between 975 and 900 hPa. However in JRA-55 the
increased bias is due to the layer between 900 and 800 hPa, which is typically above the
height of temperature inversions. In the Arctic multiple studies have found similar problems
with the strength and depth of temperature inversions in reanalysis products [Lipkes et al.,
2010; Pavelsky et al., 2010; Harden et al., 2011; Jakobson et al., 2012]. Lipkes et al. [2010]
show that ERA-I overestimates the altitude of the inversion base. Here individual profiles
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(not shown) suggest that reanalysis inversions are vertically too broad and often too weak,
contributing to the larger temperature biases seen in JRA-55, CFSR and MERRA.

4 Discussion
4.1 Common reanalysis traits

All four of the reanalyses generally produce lower temperatures than those observed at the
AWS sites. This cold bias is also evident (to a lesser extent) over the open ocean in the
comparison with summertime observations from research vessels and radiosondes. Over the
ocean all of the products display greater cold biases near to the coastline compared with
further out to sea, in agreement with temperature profile comparisons to the radiosondes. All
the reanalyses are generally less accurate for temperature and humidity profiles closer to the

continent and when there is a low-level inversion.

The AWS comparison revealed that all of the reanalysis products underestimate strong wind
events (> 15 m s), suggesting they struggle to capture orographic and katabatic enhancement
of the winds, and they overestimate low wind speeds. The reanalyses provide an improved
representation of wind speeds over the ocean, when compared with the summertime research
vessel observations. They continue to show small negative biases in mean wind speed but the
systematic biases at low and high wind speeds are not seen. The reanalyses are generally less
accurate for wind speed profiles when a LLJ occurs; these are typically underestimated by 2-
3m s This is consistent with Liu et al. [2015] where ERA-I produced LLJs that were too
weak and too vertically diffuse in comparison with Arctic dropsonde data.

4.2 ERA-I specifics

Compared with observations at the three AMRC AWS (with three year records), ERA-I
shows the smallest cold biases of between -1.4°C and -3.0°C. These biases are similar to
those found by Jones and Lister [2015] at AWS sites around the Ross Sea coastline, but they
are larger than the ERA-I cold biases in coastal East Antarctica found by Bracegirdle and
Marshall [2012]. ERA-I has a much larger cold bias in austral winter than summer, possibly
because it Is not accurately reproducing the strong surface-based inversion that is commonly
observed during the polar night [King, 1990]. Generally ERA-I has the smallest cold bias of
the reanalyses examined, although JRA-55 performs slightly better in the research-vessel

comparison.
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Relative and specific humidity biases in ERA-I are small compared with the other reanalysis
products. Across the three comparisons specific humidity biases are between -0.05 and -0.20
g kg™, while RH biases are between -1 and -6%, although the RMSE for RH are generally
between 5 and 15%. The wind speed biases are typically between -0.80 and -1.40 m s™ (only
JRA-55 has smaller wind speed biases) and the pattern of the biases at high and low wind
speeds compared with AWS observations is the same as that seen in the other reanalyses.
Overall, ERA-I contains the smallest temperature and humidity biases compared with
observational data sets in the ASE, making it the most accurate product, based on this

comparison.
4.3 JRA-55 specifics

JRA-55 cold biases are somewhat larger than those seen in ERA-I but typically smaller than
those in CFSR and MERRA, particularly in the comparison with research vessel data. In the
shelf break group of radiosonde profiles, and from the research vessel comparison, JRA-55
produces similar statistics to ERA-I for temperature over open water. JRA-55 contains the
smallest biases in wind speed compared to AWS and research vessel observations. Generally,
in the research vessel comparison JRA-55 is the most accurate of the reanalysis products,
however in the radiosonde profile comparisons it produces temperature and wind speed
profiles with larger biases and RMSEs than ERA-I. This may be in part due to the reduced
horizontal resolution of its pressure level data. Overall JRA-55 compares well to the in-situ

observations.
4.4 CFSR specifics

Compared with AWS observations the magnitude of CFSR cold biases are relatively constant
across all.four seasons but larger than those seen in ERA-I and JRA-55 (e.g. Table 2; Fig. 2).
Fig. 3c shows that in summertime the CFSR cold bias is larger when the observed
temperature is lower. Generally, the CFSR cold biases in the ASE are larger than those found
in coastal East Antarctica by Bracegirdle and Marshall [2012]. Radiosonde cold biases are
slightly larger than ERA-I, but smaller than JRA-55 and MERRA. The CFSR humidity
profiles are as accurate as ERA-I, producing the correct shape of both relative and specific
humidity profiles. The specific humidity biases are also typically small between -0.02 and -
0.22 g kg™ across the three comparisons, similar to values from ERA-I. The CFSR wind
speed comparison against the AWS has the largest negative bias, although the performance

over the ocean is comparable to the other reanalyses.
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4.5 MERRA specifics

MERRA has the largest temperature bias of the four reanalysis products evaluated. Near
surface temperatures are colder than the AWS observations by approximately 6.8°C. This is
significantly larger than the MERRA cold biases found by Bracegirdle and Marshall [2012]
in coastal East Antarctica, which implies this large cold bias may be confined to West
Antarctica. Fig. 5 demonstrates that MERRA temperature biases are much larger close to the
continent — a spatial pattern that is enhanced compared to the other reanalyses. Profiles
suggest MERRA predicts a surface-based temperature inversion that is both stronger and

more frequent than seen in the observations.

Specific humidity biases are also larger than in the other reanalysis products, with dry biases
of 0.5 g kg™ for the radiosonde and AWS comparisons. Jakobson et al. [2012] find MERRA
had a similar magnitude dry bias in the lower troposphere over the Arctic, but there the
magnitude of the bias increased with height rather than decreased. Overall, large temperature
and humidity biases make MERRA the least accurate of the reanalysis products for the

Amundsen Sea.
4.6 Implications

Overall, the reanalyses assessed here provide a reasonable estimate of the state of the
atmosphere over the ASE. But while their accuracy at moderate wind speeds over open water
is good, there should be some caution when wind speeds are high (> 15 m s™), as these high
wind speeds are likely to be underestimated, and near complex coastal topography where the
reanalyses are unable to adequately capture the variability in winds. For example, the
research vessel (and radiosonde) RMSE are relatively large compared to other open-ocean
locations.[e.g. Li et al., 2013; Harden et al., 2015]. These shortcomings would lead to
underestimates in surface wind stress during high wind speed conditions and consequently
alter the wind stress curl. Errors in the wind stress and its curl would lead to errors in the
dynamics of an ocean model forced by these reanalyses, and will hamper the interpretation of
observed ocean variability. They could also lead to an under-estimate of sea-ice divergence

and the frequency of coastal polynyas.
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The cold bias will affect both the surface sensible and latent heat fluxes, implying an
overestimate in both heat fluxes (as the reanalyses are too cold and too dry). It has previously
been shown that an older reanalysis product, the National Centre for Environmental
Prediction Reanalysis 1, contained a cold temperature bias which changed the modelled melt
rates of ice shelves and ice shelf cavities in the Amundsen Sea [Timmermann et al., 2012;
Nakayama et al., 2014]. However, the cold (and dry) bias combined with the potential
underestimation of high wind speeds may partially offset one another for the heat fluxes [e.g.
Renfrew et al., 2002]. Nevertheless, such errors cannot entirely compensate across a range of
values, so unknown errors will be introduced. In addition, the spatial distribution of these
biases may lead to an underestimation of the importance of surface fluxes near the coast

where the cold biases are particularly large.
5. Conclusions

In a validation study for the Amundsen Sea Embayment, the four most recently released
global meteorological reanalysis products all produce cold biases of between approximately -
1.8°C (ERA-I) and -6.8°C (MERRA) when compared with year-round AWS observations.
Cold biases were also found in comparisons with ship-based and radiosonde observations,
although these comparisons are restricted to the summer lower-troposphere. ERA-I has the
smallest temperature bias. The reanalysis cold bias in coastal regions of Antarctica is in
agreement with previous studies [Bracegirdle and Marshall, 2012; Jones and Lister, 2015],
although these did not cover coastal West Antarctica. A seasonal comparison of the biases
shows that ERA-I has the smallest temperature bias in austral summer but all reanalysis
products contain cold biases in austral winter. This implies parameterizations may perform
less well during the winter months. For all the reanalysis products the magnitude of
temperature biases varies spatially. Close to the ice shelves that form large parts of the ASE
coastline, the cold bias is much larger than in areas more distant from the coastline. Vertical
profiles from the reanalyses generally correspond better away from the coastline and in the

absence of temperature inversions or low-level jets.

In'the comparison to AWS wind speeds, all four reanalysis products severely underestimate
when observations are above 15 m s and overestimate when observations are below 5 m s™.
Over the ocean, compared with research vessel observations, the reanalyses provide
improved representation of wind speed. This is in contrast with results from Li et al. [2013]
who found ERA-I contained the same low and high wind biases in a comparison with

Southern Ocean ship observations.
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Overall, ERA-I has the smallest biases and errors in near-surface fields compared with
meteorological observations within the ASE. This is consistent with the Antarctic-wide study
of Bracegirdle and Marshall [2012]. CFSR and JRA-55 have slightly larger cold biases but
have a similar level of accuracy as ERA-I in the wind speed and humidity fields. MERRA
contains the largest surface temperature bias and because of this also contains a large dry
bias. The large MERRA temperature bias may be spatially limited to ASE (c.f. Bracegirdle
and Marshall [2012]). The biases at high and low observed wind speeds may be indicative of

winds around other parts of coastal Antarctica.

Despite the use of a wide variety of meteorological data sets in this study there remains a lack
of'observations from West Antarctica. For example, the authors are not aware of any
sustained wintertime meteorological observations over the sea ice or open water of the
Amundsen Sea. Through fully utilising the existing observations and introducing a new data
set this study provides a generally consistent evaluation of the reanalysis products in this

area.
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Table 1. The latitude, longitude, altitude, mean temperature and mean pressure recorded at
each of the four AWS: Evans Knoll (EK), Thurston Island (T1), Bear Peninsula (BP) and
New York University (NYU).

Site Details EK TI BP NYU
Longitude (°W) 100.40 97.55 111.89 | 100.71
Latitude (°S) 74.85 72.53 74.55 75.01
Altitude (m) 178 212 312 70
Mean temp (°C) -13.01 -11.21 -13.60 -15.39
Mean pressure (hPa) 962.7 954.4 930.3 975.3
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Table 2. A comparison of 2-m temperatures from reanalyses to observed AWS temperatures.
A negative bias indicates that the reanalysis product is colder than the observations. SON,
DJF, MAM and JJA indicate the season. The standard deviation ratio (SD ratio) is the
standard deviation of the reanalyses divided by that observed. R? has its standard statistical
meaning as a measure of the correlation. RMSE is the Root Mean Square Error. Slope
indicates the gradient of the linear regression line. The unit for bias and RMSE is °C. The
AMRC site average is calculated from the Evans Knoll, Thurston Island and Bear Peninsula
AWS sites. The right hand column shows the weighted mean annual bias across the four
sites. *The NYU data set only covers a 13-month period.

Product Stats AMRC 3 site average NYU* Annual
SON DJF MAM JA | SON DIF MAM JA g\i/fsj
Bias 227 -023 -266 -3.70 | 135 036 302 283
SDRatio| 1.17 109 129 125 | 088 090 097 0.95
ERA-I R2 079 072 074 073 ] 093 083 08 086 | -1.80
RMSE | 437 222 516 634 | 283 206 444 432
Slope | 1.04 093 112 107 | 085 082 091 0.89
Bias -2.82 -191 -340 -389| 007 -018 174 155
SDRatio| 1.01 114 103 092 | 081 084 082 074
JRA-55 R2 082 074 080 080 | 083 069 084 076 | -2.62
RMSE | 417 288 468 529 | 374 270 424 477
Slope | 091 098 092 082 | 074 070 075 064
Bias 288 -263 -296 -268|-048 -250 152 1.79
SDRatio| 1.20 137 126 118 | 1.04 129 100 1.06
CFSR R2 075 062 075 073 ]| 078 059 084 079 | -2.50
RMSE | 502 402 519 545 | 431 475 413 471
Slope | 1.04 108 1.09 101 | 092 099 092 0.94
Bias -6.62 -6.86 -7.87 -6.89 | -457 -6.00 -421 -3.11
SDRatio| 1.06 128 112 099 | 095 1.04 101 098
MERRA R2 082 073 079 080 | 08 075 083 081 | -6.80
RMSE | 731 729 857 772 | 569 652 578 4.94
Slope | 096 109 1.00 089 | 088 090 092 0.88
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Table 3. A comparison of the four reanalysis products across the four AWS sites for wind
speed, relative humidity and specific humidity average over all seasons. The statistics are the

same as those in Table 2. Note humidity is not available at the NYU site.

wind speed (ms™ | relative humidity specific humidity

Product Stats 1) %) (g kgY)

AMRC NYU AMRC AMRC
Bias -1.32 -0.80 -5.20 -0.20
SD Ratio 0.53 0.72 0.87 1.06
ERA-I R? 0.43 0.63 0.25 0.87
RMSE 5.73 3.22 14.12 0.39
Slope 0.34 0.57 0.43 0.99
Bias -0.58 -0.63 5.46 -0.25
SD Ratio 0.61 0.81 0.66 1.03
JRA-55 R? 0.46 0.75 0.36 0.81
RMSE 5.31 2.66 12.99 0.47
Slope 0.42 0.70 0.37 0.92
Bias -1.85 -2.27 12.33 -0.05
SD Ratio 0.54 0.57 0.47 1.12
CFSR R? 0.45 0.71 0.27 0.85
RMSE 5.46 3.83 17.22 0.38
Slope 0.36 0.48 0.23 1.04
Bias -0.40 -1.55 -0.63
SD Ratio 0.43 0.68 0.74
MERRA R? 0.37 0.60 0.79
RMSE 5.62 3.61 0.76
Slope 0.32 0.53 0.65
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Table 4. A comparison of the four reanalysis products to meteorological data from three
research vessel cruises to the Amundsen Sea; RRS James Clark Ross (Feb 2014), the
Polarstern (March 2010) and the Palmer (Jan-Feb 2009). Observational data are corrected
from sensor height to reanalysis output height.

pressure o wind speed | spec. Hum rel. Hum
Product Stats (hPa) temp (°C) (ms™) (g kg™) (%)
Bias 0.00 -0.62 -0.82 -0.20 -3.73
SD Ratio 1.00 1.20 0.97 1.08 1.03
ERA-I R2 0.99 0.77 0.48 0.84 0.54
RMSE 0.74 1.64 3.00 0.34 7.78
Slope 1.00 1.04 0.67 0.99 0.77
Bias -0.05 -0.39 -0.32 -0.03 2.03
SD Ratio 1.01 1.22 0.96 1.11 0.84
JRA-55 R2 0.99 0.76 0.71 0.79 0.48
RMSE 1.26 1.58 1.96 0.32 7.53
Slope 1.00 1.04 0.81 0.97 0.59
Bias -0.22 -1.63 -0.83 -0.22 2.32
SD Ratio 1.01 1.55 0.81 1.15 0.65
CFSR R2 0.97 0.72 0.46 0.83 0.34
RMSE 1.85 2.88 2.88 0.39 8.66
Slope 0.99 1.28 0.55 1.04 0.37
Bias 0.46 -2.08 -1.02 -0.30 1.02
SD Ratio 1.01 1.50 0.81 1.11 0.80
MERRA R2 0.98 0.60 0.62 0.71 0.26
RMSE 1.46 3.38 2.46 0.51 9.10
Slope 1.00 1.13 0.64 0.93 0.39
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Table 5: Mean profile statistics from 975 hPa to 800 hPa for each of the reanalysis products
for: temperature (Temp) (°C), relative humidity (%), specific humidity (g kg™®) and wind
speed (m.s™). Along with the mean of all profiles (All), the profiles have been split into
groups as follows: Shelf Break and Continental, Inversion and Non-Inversion, and Low Level
Jet (LLJ) and Non-Low Level Jet (Non-LLJ). The number of soundings in each group is
noted in column 2.

ERA-I JRA-55 CFSR MERRA
Bias RMSE | Bias RMSE | Bias RMSE | Bias RMSE

All(38) |-054 142 |-122 188 |-079 196 | -1.19 203
She'(fl?)reak 011 127 |-028 121 | o047 168 | -031 147

temp Con(tg;‘;”ta' 080 146 |-160 206 |-1.29 206 | -150 2.13
Inversion (16) | -0.54 164 |-1.64 226 |-1.02 219 | -152 218
Non-inv (22) |-055 121 [-092 154 |-062 177 | -093 188

All 122 1247 | 353 1607 | 253 11.80 | -7.67 1759

Hri'r'n Inversion (16) | -2.68  13.09 | -3.96 15.48 | 2.03 11.59 |-10.63 19.31
Non-inv (22) | -0.16 1182 |-321 1633 | 288 1183 | -5.48 15.98

All 005 024 |-016 033 |-002 029 | -023 038

Epjr% Inversion (16) | -0.08 026 |-019 036 |-005 024 | 031 043
Non-inv (22) | 002 022 |[-013 031 |000 032 |-017 o032

. All 095 348 |-122 340 |-116 327 | -075 3.30
g’;g LLI(21) |-117 365 |-175 367 |-175 340 | -1.26 355
Non-LLJ (17) | -0.61 318 |-043 289 |-029 303 | -001 285
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Figure 1. (top) West Antarctica with topographic contours every 500m and relevant seas and
glaciers labelled. The red box outlines the area shown below. (bottom) Map of the
Amundsen Sea Embayment (ASE), with topographic contours every 100m. The brown
contour lines show bathymetry, the sharp slope marking the continental shelf break. The
dashed blue lines shows the ERA-I mean sea-ice concentration during February 2014 when
the radiosonde and JCR observations occurred. The red diamonds show the locations of the
38 radiosondes launched. The magenta circles show the locations of the four AWS sites, Bear
Peninsula (BP), Evans Knoll (EK), Thurston Island (TI) and New York University (NY). The
diagonal dashed black line indicates an arbitrary divide between continental and shelf break
radiosondes. The vectors show the direction and relative strengths of low-level jets where
they were observed in radiosonde profiles. The topographic data are grid cell average 2-
minute elevation data from the Etopo2 version 2 NOAA database, derived from the GLOBE
digital elevation model.
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Figure 2. The magnitude of seasonal temperature biases for each of the reanalysis products at
the Bear Peninsula AWS.
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Figure 3. Scatter plots showing the Bear Peninsula (BP) AWS observed summertime
temperature (2011-2014) against the 2-m temperatures from the reanalyses: (a) ERA-

I, (b) JRA-55, (c) CFSR and (d) MERRA.
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Figure 4. Scatter plots showing the Thurston Island (T1) AWS observed wind speed (2011-
2014) against the neutrally adjusted 3m wind speed from the reanalyses: (a) ERA-I, (b) JRA-

55, (C) CFSR and (d) MERRA.
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Figure 5: Spatial variability of reanalysis temperature biases (ERA-I left column, MERRA
right column) in comparison to ship meteorological data from: RRS JCR (top row), the
Polarstern (middle row), and Palmer (bottom row). In the JCR figures the mean
temperature bias from AWS for the month of Feb 2014 are shown in the diamonds with red
edge colour. The dashed lines show the land sea mask (here the 0.95 contour is shown for
ERA-I'and 0.5 contour for MERRA).
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Figure 6: Spatial variability of wind speed biases for JRA-55 in comparison to ship
meteorological data from: RRS JCR (top), the Polarstern (middle), and Palmer (bottom).
The dashed lines show land sea mask in each of the products (here the 0.5 contour is shown
for JRA-55).
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Figure 7. Mean atmospheric profiles from the radiosondes (1 Feb 2014 to 4 Mar 2014) and
reanalyses: (a) temperature, (b) specific humidity, (c) wind speed, (d) relative humidity. The
coloured lines represent the same reanalysis products as in figure 2: red ERA-I, green JRA-
55, magenta CFSR and blue MERRA. Radiosonde observations are shown by the black line.

© 2016 American Geophysical Union. All rights reserved.



(a) (b)
800wy ‘ ‘ - -

800
= = = MERRA
—_ | JRAS5 || =
g 850 g 850
= =
o o
@ 900! @ 900
[72] [72]
o o
o o
950} 950
1

258 261 264 267 270 258 261 264

267 270
Temperature (K)

Temperature (K)

Figure 8. Radiosonde profile comparison split into two groups; (a) shelf break radiosondes
(11 profiles), (b) continental radiosondes (27 profiles). The map in Fig. 1b shows the spatial
split. The coloured lines represent the same reanalysis products as in Fig. 7.
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Figure 9. Average wind speed profiles split for two groups of radiosondes; (a) 17 profiles
where a low level jet (LLJ) was not observed, (b) 21 profiles where a LLJ was recorded by
the radiosonde. The coloured lines represent the same reanalysis products as in Fig. 7.

© 2016 American Geophysical Union. All rights reserved.



