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ABSTRACT

Atmospheric rivers (ARs) are an important component of the hydrological cycle linking moisture sources in lower
latitudes to the Antarctic surface mass balance. We investigate AR signatures in the atmospheric vertical profiles at the
Dronning Maud Land coast, East Antarctica, using regular and extra radiosonde measurements conducted during the Year
of Polar Prediction Special Observing Period November 2018 to February 2019. Prominent AR events affecting the
locations of Neumayer and Syowa cause a strong increase in specific humidity extending through the mid-troposphere and
a strong low-level jet (LLJ). At Neumayer, the peak in the moisture inversion (up to 4 g kg=1) is observed between 800 and
900 hPa, while the LLJ (up to 32 m s7!) is concentrated below 900 hPa. At Syowa the increase in humidity is less
pronounced and peaks near the surface, while there is a substantial increase in wind speed (up to 40 m s~!) between 825 and
925 hPa. Moisture transport (MT) within the vertical profile during the ARs attains a maximum of 100 g kg~! m s~! at both
locations, and is captured by both ERA-Interim and ERAS5 reanalysis data at Neumayer, but is strongly underestimated at
Syowa. Composites of the enhanced MT events during 2009—19 show that these events represent an extreme state of the
lower-tropospheric profile compared to its median values with respect to temperature, humidity, wind speed and,
consequently, MT. High temporal- and vertical-resolution radiosonde observations are important for understanding the
contribution of these rare events to the total MT towards Antarctica and improving their representation in models.
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Article Highlights:

¢ Atmospheric river signatures are prominent in vertical profiles at the East Antarctic coast as shown by radiosonde
observations and reanalysis data.

* Enhanced moisture transport is driven by the low-level jet and humidity maximum, which show decoupling at the
Antarctic coast.

* ERAS is better at representing atmospheric rivers compared to ERA-Interim at Neumayer, while both underestimate
atmospheric-river moisture transport at Syowa.

1. Introduction

The Antarctic continent is a highly complex and critic-
ally important component of the global climate system that
remains poorly understood, especially due to data-sparse and
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remote regions with difficult human access. Precipitation
over the Antarctic ice sheet is dependent on the poleward
moisture transport (MT) from lower latitudes, which is
mostly accomplished by exratropical cyclones reaching Ant-
arctica (e.g., Bromwich et al., 1995; Tsukernik and Lynch,
2013; Sinclair and Dacre, 2019). Some of these extratrop-
ical cyclones [sometimes multiple cyclones, as demon-
strated by Sodemann and Stohl (2013) for the Arctic] are asso-
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ciated with atmospheric rivers (ARs)—long, narrow and tran-
sient corridors of enhanced vertically integrated water vapor
(IWV) and horizontal vapor transport (IVT) typically within
the cyclones” warm conveyor belt, ahead of the cold front
(Ralph et al., 2004; Cordeira et al., 2017). ARs are typic-
ally associated with low-level jets (LLJ) (Ralph et al., 2004)
and can strongly interact with the local barrier jets (Ralph et
al., 2016). The moisture supply feeding ARs is found to be
frequently linked to the exports of tropical moisture, which
makes ARs outstanding features in terms of the amount of
moisture they carry compared to other cyclones not character-
ized by ARs (Knippertz et al., 2013). Nash et al. (2018)
showed that, annually, ARs contribute more than 90% of
the poleward MT in the middle to high latitudes. The
authors used a global AR algorithm developed by Guan and
Waliser (2015) to confirm the original conclusions for the
Southern Hemisphere MT by ARs reached by Zhu and
Newell (1998). In Antarctica, high-precipitation events associ-
ated with ARs reaching the ice sheet have been found to be
an important component of the hydrological cycle linking
moisture sources in lower latitudes to Antarctic precipita-
tion (Gorodetskaya et al., 2014). Such extreme precipita-
tion events play a dominant role in the variability of Antarc-
tic snowfall (Turner et al., 2019). Recent studies have also
highlighted the role of ARs in warming/melt events in Antarc-
tica (Bozkurt et al., 2018; Wille et al., 2019). Thus, pole-
ward heat and MT via ARs can strongly affect the total ice-
sheet mass balance and its input to global sea-level rise.
Poleward MT at the Antarctic coastal region determ-
ines the total amount of precipitation over the ice sheet. Previ-
ous studies have investigated the climatological MT budget
(Bromwich et al., 1995; Connolley and King, 1993) and its
temporal variability (Dufour et al., 2019) at the Antarctic
coast using reanalysis data as well as radiosonde observa-
tions. Nygard et al. (2013) used radiosonde data to demon-
strate the persistence of the near-surface humidity inver-
sions at the coastal regions of Antarctica—typically less
than 200 m deep and 0.2 g kg~! strong—with approxim-
ately 60% being accompanied by horizontal advection of
water vapor. The fine structure of the troposphere in the
first 3 km above the ground was examined by Vignon et al.
(2019) using radiosonde data at the East Antarctic coastal
and escarpment region stations and compared to reanalysis
products and regional climate model results, demonstrating
the important role of the katabatic wind in the temperature
and relative humidity (RH) profiles. These previous studies
investigated the average MT and amounts without distinguish-
ing the role of extreme values. As studies on the impact of
ARs in Antarctica point towards the important contribution
of ARs with respect to heat and moisture inputs over the ice
sheet (Gorodetskaya et al., 2014; Bozkurt et al., 2018; Wille
et al., 2019), it is important to explore the vertical structure
associated with such events and the controlling factors for
enhanced MT. Previous studies have also pointed out the
important coupling of the synoptic-scale atmospheric circula-
tion, orographic blocking and katabatic forcing in creating
strong LLJs along the ice-sheet coastal areas (Parish, 1983;
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Parish and Bromwich, 2007; Seefeldt and Cassano, 2008;
Yamada and Hirasawa, 2018), and their behavior during the
landfall of ARs in Antarctica is still to be explored.

Our work investigates vertical profiles of humidity, tem-
perature, wind and MT at high temporal and vertical resolu-
tion, focusing on the extreme values of MT, which character-
ize the ARs. For this purpose, we use unprecedented high-fre-
quency radiosonde measurements available during the Year
of Polar Prediction (YOPP) special observing period (SOP)
in the Southern Hemisphere (SH) during November 2018 to
February 2019. Different YOPP SOPs were carried out at
both polar regions as a flagship activity of the Polar Predic-
tion Project (Jung et al., 2016). Our focus is on the coastal
region of Dronning Maud Land (DML), East Antarctica,
which has experienced anomalously high snow accumula-
tion in recent years (Boening et al., 2012; King et al., 2012;
Lenaerts et al., 2013) owing to rare intense snowfall events
linked to ARs (Gorodetskaya et al., 2014). Specifically, we
use observations from two stations—Neumayer and Syowa—
located at the coast near the longitudinal margins of the
DML (8°W and 39°E, respectively). National programs run
at these stations have a long record of radiosonde observa-
tions and both contributed to YOPP SOP-SH with more fre-
quent radiosonde observations and other measurements (Hir-
asawa, 2017; Schmithiisen et al., 2017). Results obtained
for the YOPP SOP-SH period are compared to a longer
period (2009-19) using regular long-term radiosonde meas-
urements at both stations available via the Integrated Global
Radiosonde Archive, version 2 (IGRA2). The aim of our
study is to: (1) identify and analyze ARs affecting DML dur-
ing YOPP SOP-SH, and specifically those affecting Neu-
mayer and Syowa stations; (2) analyze vertical profiles
from radiosondes at the two stations during the ARs using fre-
quent launches during YOPP SOP-SH; (3) study their associ-
ation with the presence of LLJs and moisture inversions; (4)
put the YOPP SOP-SH AR events in perspective with the
longer-term record of enhanced MT events using the
IGRAZ2 dataset; and (5) evaluate AR representation in reana-
lysis products.

2. Station environment and weather regimes

The analysis focuses on the DML coastal region and is
based on radiosonde data from two Antarctic research sta-
tions—Neumayer and Syowa (see Fig. 1 for their locations).
Neumayer (70°39'S, 8°15'W) is situated on the Ekstrom ice
shelf, about 5 km from the southwest part of Atka bay, 43 m
above mean sea level (MSL) (Ko6nig-Langlo et al., 1998;
Konig-Langlo and Loose, 2007). The radiosonde launch site
is located on the roof of the main station building, 25 m
above the surrounding snow level, and hence 68 m MSL
(Schmithiisen and Miiller, 2019a, 2019b, 2019c). The
Ekstrom ice shelf is oriented north—south, has a length of
about 100 km, and a total area of some 6000 kmZ2. The ice
shelf is characterized by a homogenous flat surface, sloping
gently upward to the south [inclination: ~40 m (100 km)~!]
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Fig. 1. Regional map and wind-humidity regimes for Neumayer and Syowa: (a) ice surface elevation map (color
shading; units: m) from Bedmap2 (Fretwell et al., 2013) for the extended DML region (zoomed area over the
Antarctic continent shown in the upper-right corner); red squares show the locations of Neumayer and Syowa
stations. (b) Wind direction versus wind speed (units: m s~!), with colors indicating the frequency of occurrence
(number of observations per bin relative to total number of synoptic observations; units: %). (c) Water vapor pressure
(colors; units: hPa) for each wind speed—direction combination at Neumayer. (d, e) As in (b, ¢) but for Syowa. At
Neumayer, based on three-hourly measurements from 1 January 1981 to 31 December 2019 (Schmithiisen, 2020). At
Syowa, based on hourly measurements from 1 January 1994 to 31 December 2019 (Yamanouchi et al., 2020).
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(Thyssen and Grosfeld, 1988). Neumayer is located on the
southern edge of the circumpolar trough and is frequently
affected by cyclonic disturbances all year round.

The weather at Neumayer station is dominated by two
regimes, which can be seen in the wind and absolute humid-
ity analysis in Figs. 1b and ¢ (see Appendix for methods).
First, the topography of the Ekstrom ice shelf and its surround-
ings causes southerly katabatic winds of low to moderate mag-
nitude (typically 5 m s~!, rarely more than 10 m s~1; Fig. 1b)
and mostly clear-sky and dry conditions (Fig. 1c). The MT
at Neumayer during these weather situations is small and is
mostly due to surface and drifting snow sublimation and mois-
ture trapping in the stable boundary layer (Bintanja, 2000;
Lenaertsetal.,2010). This southerly-wind regime is occasion-
ally extended to southwesterly to westerly wind directions,
also with dry conditions but stronger wind speeds (Figs. 1b
and c). This regime is typically associated with a high-pres-
sure ridge reaching rather deep into the Weddell Sea, caus-
ing moderate southwesterly to westerly winds of typically
no more than 20 m s~! and transporting little moisture.

The second important weather regime is characterized
by extratropical cyclones moving from the northern Wed-
dell Sea eastwards. These low-pressure systems, together
with the orographic steering caused by the rising Antarctic
ice-sheet topography south of Neumayer, induce strong east-
erly winds at Neumayer’s location [Fig. 1b and Klower et
al. (2013)]. The topography forces the flow to often be
straight easterly (90°), varying only gently between 70° and
110°. These winds associated with extratropical cyclones
advect heat and moisture (Fig. 1c) and typically cause
increased temperatures and snowfall. Particularly, synoptic
observations at Neumayer classifying “moderate” or “heavy’
snowfall [according to WMO (2011b)] have been fre-
quently reported during these low-pressure systems. Wind
speeds during cyclonic disturbances frequently exceed
25 m s~ (Fig. 1b) and can cause heavy blowing-snow and
whiteout events (Gossart et al., 2017). There are infrequent
occurrences of moderate northeasterly winds (up to 10—
15 m s~!) near the surface associated with the blocking high
penetrating into the coastal area (and the wind direction chan-
ging to northwesterly with height), which causes high precipit-
ation (snowfall) events on rare occasions (Schlosser et al.,
2010). AR events discussed in this study belong to this cat-
egory—northeasterly winds of moderate magnitude near the
surface and high humidity values (Figs. 1b and c).

On rare occasions during summer, precipitation can
also be in the form of drizzle and rainfall [see “Forecasting
at specific locations” for Neumayer station in Turner and
Pendlebury (2004)], which is important for the local sur-
face mass balance. During summer months, there is an occur-
rence of surface snowmelt (on average 50 mm water equival-
ent during the summer season, with large interannual variabil-
ity), which also significantly influences surface energy and
the mass budget (Jakobs et al., 2019). Generally, situations
of low pressure gradients can cause fog development
around Neumayer. There are also occurrences of sea smoke

]

ATMOSPHERIC RIVERS IN EAST ANTARCTIC PROFILES

VOLUME 37

when cold katabatic winds blow over the warm open water
(Turner and Pendlebury, 2004).

Syowa Station (69.08°S; 39.68°E; 15 m MSL) is loc-
ated on Ongul Island about 4 km away from the east coast
of the Liitzow-Holm bay. The launching position of the radio-
sondes is (69.00°S, 39.58°E) at 22 m MSL. The prevailing
winds at Syowa Station are northeasterly, reflecting the influ-
ence of katabatic winds blowing along the topography (Sato
and Hirasawa, 2007). This wind regime is characterized by
a large range of wind speeds, with the most frequent
between near-zero to 15 m s~!, and occasionally exceeding
45 m s~! (Fig. 1d). The average annual wind speed is about
5 m s71, and blizzards occur on average about 25 times a
year, during which the wind speeds range from 15 to 40 m s~!
(Sato and Hirasawa, 2007). A remarkable event on 17 Janu-
ary 2015, when wind gusts attained 51 m s~!, was studied in
detail by Yamada and Hirasawa (2018). The authors
showed that such strong winds were generated in the pres-
ence of a synoptic-scale depression by the mechanism of oro-
graphic blocking. As shown in Figs. 1d and e, in the northeast-
erly to easterly wind direction, the most frequent moderate
wind speeds correspond to low humidity values, while high
wind speeds attain maximum vapor pressure. A secondary
peak in the wind-regime frequency is observed for south-
erly to southeasterly wind directions (Fig. 1d), correspond-
ing to very dry conditions (Fig. 1e). While the northeasterly
to easterly wind regime can be a mixture of mechanisms,
including both katabatic and synoptic processes, the south-
erly to southeasterly wind regime can be attributed mostly
to katabatic flow (Sato and Hirasawa, 2007). Snowfall at
Syowa station is typically associated with synoptic-scale
low-pressure systems (e.g., Konishi et al., 1998), which are
commonly accompanied by high wind speeds that cause bliz-
zards.

3. Data and methods

3.1. Radiosonde data

3.1.1.

Radiosondes from two different manufacturers are used
at the Neumayer and Syowa stations—Vaisala (Finland)
and Meisei Electric (Japan). Syowa station was certified by
the WMO in 2018 as a station that meets the requirements
of GRUAN (the Global Climate Observing System Refer-
ence Upper-Air Network; https://www.gruan.org) and the
Meisei RS-11G radiosonde was certified as a radiosonde for
the purpose of GRUAN (Kizu et al., 2018). Recent changes
in radiosonde types during the period used in this study
(2009-19) are as follows: RS11G since February 2018;
RS06G from 12 March 2013 to January 2018; and RS01G
from February 2008 to 11 March 2013.

At Neumayer station, the regularly used radiosonde
type during 2009-18 was Vaisala RS92-SGP, which was
changed to Vaisala RS41-SGP on 1 June 2018. The manufac-
turer claims enhanced performance of temperature and humid-

Radiosonde sensors and measurement uncertainties



MAY 2020

ity sensors by the RS41 type. Thorough testing of the trans-
ition from RS92 to RS41 sondes was performed within
GRUAN (Jensen et al., 2016; Kawai et al., 2017). At Neu-
mayer station the transition is controlled by a 2-yr period
(July 2018 to July 2020) of weekly tandem launches. Thus,
radiosonde data available during the YOPP SOP-SH period
are based on Vaisala RS41-SGP at Neumayer, and Meisei-
RS11G at Syowa.

All radiosonde sensors have time-lag errors; few opera-
tional radiosonde types apply lag corrections, and the WMO
does not define any variable to report if a lag correction is
applied (Sun et al., 2013). The more severe the weather, the
fewer points are recorded by the device, which is important
when analyzing ARs typically characterized by high winds.
Also, radiosonde launches might fail or be skipped totally dur-
ing severe weather events due to high winds. At Neumayer
station launches are possible at surface wind speeds up to
25 m s~!, but launches might fail at lower wind speed as
well. Consequently, data gaps exist, particularly during
intense low-pressure systems located off the Antarctic
coast, and especially during ARs associated with strong
winds and, frequently, blizzards.

Below we provide a summary of humidity biases
known in radiosonde measurements. Due to the complexity
of these biases, we do not apply a possible uncertainty range
in our analysis. Humidity data from the radiosondes are
known to suffer from the so-called daytime solar radiation
dry bias (Tomasi et al., 2006; Rowe et al., 2008). Humidity
bias increases substantially at cold temperatures. The RS-92
model used at Neumayer station prior to 1 June 2018 has
been shown to be slightly affected by common dry biases at
cold temperatures, while the RS41 sensor might exhibit a
slight wet bias in the troposphere (Kawai et al., 2017). The
dry layers above the humidity inversion can also be problem-
atic. As discussed in the report by Ingleby (2017), because
of the longer response time of the humidity sensors com-
pared to the temperature sensors, the dew point can be overes-
timated above the moisture inversion layers, followed by
the sensor’s recovery with more realistic dry values at
higher altitudes.

The humidity sensor on the radiosonde Meisei series
RS-11G used at Syowa station is a thin-film capacitive
sensor. According to Kizu et al. (2018), these sensors give
the total uncertainty in RH at around 4% in the troposphere.
Analysis by Kobayashi et al. (2019) of dual flights of Mei-
sei RS-11G with other sensors showed that RS-11G measure-
ments of RH were, on average, 2% lower than those of Vais-
ala RS92-SGP under 90%—100% RH conditions, while RS-
11G gave on average 5% higher values than RS92-SGP
under RH < 50% conditions. The results from dual flights of
RS-11G and a cryogenic frost-point hygrometer (CFH)
(Vomel et al., 2007) also showed that RS-11G measure-
ments of RH are 1%—10% higher than the CFH in the tropo-
sphere (Sugidachi and Fujiwara, 2013).

3.1.2.

During the austral summer season of 2018—19 (from 15
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November 2018 to 15 February 2019), SOP-SH, as part of
YOPP, was conducted at several stations by national Antarc-
tic programs. Additional measurements during the SOP-SH
period at Neumayer are described by Schmithiisen et al.
(2017). At Neumayer, four radiosondes per day were
launched during YOPP SOP-SH (at launch times of 0500,
1100, 1700, and 2300 UTC). The radiosonde launch times
were typically one hour prior to the WMO main synoptic
hours (which is the target time for the radiosonde to reach
the 100 hPa level at an average ascent rate of ~5 m s~1). Sev-
eral gaps were present during the YOPP SOP-SH period,
mainly due to high surface wind speeds (ten days with three
launches per day, five days with two launches per day, and
one day with only one launch).

Additional measurements during YOPP SOP-SH at
Syowa station are described by Hirasawa (2017). At Syowa
station there were three radiosonde launches daily (at launch
times of 0500, 1100, and 2300 UTC) from 15 November to
31 December and 1-15 February. During January 2019,
four daily radiosondes were launched (at launch times of
0500, 1100, 1700, and 2300 UTC). During 15 and 17 Novem-
ber there was only one launch per day, at 2300 UTC. At
both stations, several gaps occurred during the AR events
with severe weather conditions.

For our analysis of individual AR events, we use raw
radiosonde measurements at high vertical resolution (1 hPa
or less).

3.1.3. IGRA2

Further, for long-term analysis of enhanced MT events
at both stations, we use radiosonde data available via
IGRA2 (Durre et al., 2016). The IGRA?2 dataset includes ver-
tical profiles of temperature, humidity, wind speed and direc-
tion, atmospheric pressure, and geopotential height. In the
IGRA2 dataset,acomprehensive set of quality-control proced-
ures is applied to all radiosonde data to remove large errors,
including: (1) validation of position and date/time; (2)
removal of outliers exceeding the physically possible limits;
(3) removal of data points where unrealistic thermal stratifica-
tion was unstable; (4) removal of data points where pres-
sure was not decreasing strictly monotonically; (5) removal
of data points where RH exceeded 100% with respect to ice.
The latter correction can result in the underestimation of
events with increased humidity due to supersaturation condi-
tions (Gettelman et al., 2006). However, our individual pro-
file analysis during AR events showed that small supersatura-
tion (typical for the events considered here) are kept in the
profile. Durre et al. (2008) and Durre and Yin (2008)
provided details about derived parameters and quality con-
trol applied to IGRA2 radiosonde data.

Here, we use the data containing all standard levels
until 300 hPa [1000, 925, 850, 700, 500, 400, and 300 hPa
(WMO, 2011a)] and all available additional levels (annual
median vertical resolution available via IGRA2 archive is
230 m for Neumayer and 340 m for Syowa). We base our ana-
lysis on the period from 1 January 2009 until 8 October
2019 (the last available day in IGRA data at the moment of
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analysis). This period was chosen in order to take into
account the years with anomalously high snow accumula-
tion at DML (2009 and 2011) associated with ARs (Gorodet-
skaya et al., 2014). Also, this is a period when higher qual-
ity humidity measurements are available due to using new
sensors (see section 3.1.1). During 2009-19, radiosondes
were regularly launched once per day, at 1200 UTC, at Neu-
mayer station (which is also local time), and twice per day,
at 0000 and 1200 UTC, at Syowa station (local time
UTC+3). According to Ferreira et al. (2019), Neumayer and
Syowa stations have an acceptable completeness of radio-
sonde observations for our analysis. Because of the low tem-
poral resolution of regular radiosonde observations and
reduced vertical resolution available via IGRA2, these data
can be used only for detecting large-scale features and not
for detailed analysis of small-scale variability. We use
IGRAZ2 data for the 10-yr period analysis for consistency of
the applied quality checks between the two stations. For our
composite analysis the data were interpolated to 5-hPa
height steps.

3.2. AR algorithm

In order to identify ARs impacting the extended DML
region, an AR algorithm developed by Gorodetskaya et al.
(2014) was applied with several modifications. In the first
step of the algorithm a threshold is applied to the IWV (see
Appendix) with integration from the near-surface pressure
to 300 hPa. Both in Gorodetskaya et al. (2014) and Wille et
al. (2019), IWV is computed between 900 and 300 hPa in
order to avoid the strong near-surface katabatic flow. This
transition from the katabatic outward flow to the inland advec-
tion at higher levels is shown in modeling studies (van
Lipzig and van den Broeke, 2002) and demonstrated by reana-
lysis and radiosonde monthly mean observations (Dufour et
al., 2019). Here, we extend the IWV integration to the first
near-surface-level pressure equal to or less than 1000 hPa
measured by radiosondes or available in reanalysis profiles
in order to re-examine the contribution of the near-surface-
layer humidity and wind at heights below 900 hPa to the
inland MT during the ARs at the Antarctic coast.

The IWV at each grid point and time step is compared
to the zonal-mean threshold depending on the saturated
IWV (OIWV,). The IWV, is a vertical integral of the satur-
ated specific humidity (q,) profile, where g, is calculated
from saturation vapor pressure as a function of the temperat-
ure profile using the Clausius—Clapeyron relationship (see
Appendix). The IWV anomalies are defined using a
threshold as described by Gorodetskaya et al. (2014):

WV > vasat,mean + ARcoef (IWVsat,max - IWVsat,mean) B

where IWV g mean 18 the zonal-mean IWV ,, along each latit-
ude, IWV g, . is the maximum value along the same latit-
ude, and AR..s (equal to 0.2) is a coefficient determining
the relative strength of an AR. For details about parameter
choice, see Gorodetskaya et al. (2014). Thus, in this AR
algorithm both the enhanced heat and moisture poleward
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advection associated with the ARs are taken into account
and excess IWV is compared to the reduced moisture satura-
tion capacity of the polar atmosphere due to colder air temper-
atures compared to lower latitudes. At the same time, mois-
ture advection within an AR is coincident with heat advec-
tion, which increases the difference between the IWV
within an AR and mean IWV, along the same latitude
determining the threshold for the IWV. Such an approach, tak-
ing into account the moisture-holding capacity of the atmo-
sphere, is expected to better capture AR extensions and
impacts in the cold polar atmosphere, while it can be problem-
atic using absolute thresholds [see Shields et al. (2018) for
various classes of AR algorithms participating in the Atmo-
spheric River Tracking Method Intercomparison Project
(ARTMIP)]. The percentile method showed good agree-
ment with the algorithm used in this study for prominent
events affecting the Antarctic Peninsula and West Antarctic
Ice Sheet (Wille et al., 2019). A more in-depth comparison
of polar-oriented algorithms and global algorithms as
applied to Antarctica is under way as part of ARTMIP.

After applying the threshold, potential AR (pAR)
objects are identified, and those pARs that are intersecting
the Antarctic coastline are further subject to geometric cri-
teria. Consecutive grid points where pARs intersect the Ant-
arctic coast are used to calculate the pAR mean landfall loca-
tion, from which only the objects extending northward by at
least 20° latitude within a sector of 40° longitude wide (that
is £20° from the pAR mean landfall longitude) are con-
sidered as ARs. The longitude width of 40° is larger com-
pared to the 30° width used by Gorodetskaya et al. (2014) in
order to include pAR objects curving in the zonal direction.
For pAR objects that meet the minimum geometrical cri-
teria, the entire pAR object is identified as an AR and is
tracked at each time step while the landfall points are
present. By this, the AR presence at a particular time step is
extended to an AR event that can last from several hours to
more than one day.

3.3. Reanalysis products and backward trajectories

In this study, the input parameters used in the AR
algorithm (vertical profiles of temperature and specific humid-
ity at pressure levels) are taken from the ERA-Interim reana-
lysis dataset (Dee et al., 2011) interpolated to 0.25° spatial res-
olution (from the original 0.75° resolution) with six-hourly
fields. ERA-Interim data were produced using 4D-Var
(four-dimensional variational) data assimilation in the
CY31r2 release of the ECMWF Integrated Forecast System
(IFS) model, with 60 levels in the vertical direction from the
surface up to 0.1 hPa. ERA-Interim has been extensively
used for analysis and as regional climate model forcing
data, particularly over Antarctica. Its production ceased in
August 2019, and it is has since been replaced by ERAS
(Hersbach et al., 2019). ERAS is produced using 4D-VAR
data assimilation in the CY41r2 release of the ECMWEF IFS,
with 137 hybrid sigma/pressure levels in the vertical direc-
tion, the top level at 0.01 hPa, and at a 31-km horizontal resol-
ution. We compare radiosonde profiles to both the ERA-
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Interim and ERAS reanalysis products.

We also apply backward trajectory analysis using the
Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model, version 4.1.0 (Stein et al., 2015), using
an isentropic vertical motion method. Input meteorological
fields are from the Global Data Assimilation System at a hori-
zontal resolution of 1°. The air parcels were released in the
grids containing the station locations [centered at (70.65°S,
8.25°W) for Neumayer and at (69.08°S, 39.68°E) for
Syowa], at 500 m MSL, at the AR landfall time, and were
tracked back during 72 hours. The trajectory ensemble
option was chosen for analysis, starting multiple trajector-
ies from the first selected starting location.

4. Results

4.1. Prominent AR events at Neumayer and Syowa
during YOPP

The AR algorithm was run for the period November
2018 to February 2019 for the longitudinal sector spanning
from 60°W (approximately at the Antarctic Peninsula/west-
ern edge of the Weddell Sea) to 90°E. In total, ten AR
events with landfall within this extended DML sector were
detected during November 2018 to February 2019 (period
of YOPP-SOP-SH). There were four ARs in November,
three in December, two in January, and one in February.
Only two AR events affected Syowa’s location. The other
eight events had their landfall in the western part of DML,
from which only two were in the vicinity of Neumayer. For
our analysis, we have chosen the two most prominent AR
events (lasting for at least one day) that affected the Neu-
mayer and Syowa sites and had minimal data gaps (which
are still present due to severe weather conditions during
ARs).

Table 1.
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Table 1 lists the reanalysis and radiosonde timings corres-
ponding to each identified AR step. The spatial distribution
of IWV together with mean sea level pressure (MSLP), and
their temporal evolution together with the AR contours, are
shown in Fig. 2. The AR landfall longitude shows the mean
longitude at which the AR crossed the Antarctic coast,
together with its extension expressed as minimum and max-
imum longitudes (Table 1). In the table we also provide the
corresponding IVT and IWV (from near the surface up to
300 hPa) calculated based on the radiosonde profiles as well
as ERA-Interim and ERAS reanalysis data.

The Syowa AR event lasted from 1200 UTC 16 Novem-
ber until 1200 UTC17 November, with a mean landfall long-
itude ranging from 32°E to 43°E (Table 1, Fig. 2a). Radio-
sonde measurements showed an increase in the IWV up
to 9 kg m=2 and an IVT up to 192 kg m~! s~! (at 0000 UTC
17 November), compared to the monthly median values
(5.7 kg m~2 and 45 kg m~! s7!, respectively) and exceeding
the 98th percentiles for the month of November (7.4 kg m=2
and 180 kg m~! s~!, respectively). The AR event at Neu-
mayer was identified during 18 December 2018 from 0000
UTC to 1800 UTC, with a mean landfall longitude at
20°-22°W (Table 1, Fig. 2b). Radiosonde measurements
showed a maximum increase in IWV up to 15 kg m=2 and
an IVT up to 340 kg m~! s~1. This is a significant increase
compared to the monthly median values (4.1 kg m~2 and
37.5 kg m~! s7!, respectively), exceeding the 98th percent-
iles for the month of December (12.6 kgm=—2and 270kg m1s~1,
respectively).

The relatively weak peak values of IVT during these
AR events at the two Antarctic stations point to a lower atmo-
spheric moisture-holding capacity and problematic use of
AR algorithms based on the absolute threshold of IVT [typic-
ally at least 250 kg m~! s7!; see Shields et al. (2018)] and
fixed AR scales (Ralph et al., 2019) when applied in polar

List of the AR time steps for two prominent AR events with landfall at the East Antarctic coast within the 60°W-90°E

longitudinal sector identified during the YOPP SOP-SH period at the sites of Syowa and Neumayer. The columns give (1) AR event
timings based on six-hourly time steps of the ERA-Interim reanalysis data, (2) AR landfall location—mean longitude and total extent
(east/west longitudes) and mean latitude, (3) timings of the radiosonde launches corresponding to the AR events [the launch time is
normally 1 h prior to the reanalysis hour given in column (1)], (4) corresponding IWV, and (5) IVT for Syowa and Neumayer calculated

from radiosondes/ERA-Interim/ERAS.

(a) AR event affecting Syowa on 16—17 November 2018

AR events timings AR landfall longitude (mean/east/west)/latitude Radiosonde times  IWV (kgm=2) IVT (kg m!s!)
1200 UTC 16 Nov 34°E/32°E/36°E/68°S 1100 UTC 16 Nov 71717 43/40/50
1800 UTC 16 Nov 43°E/32°E/54°E/67°S no data -/7/8 —-/82/102
0000 UTC 17 Nov 39°E/31°E/48°E/68°E 2300 UTC 16 Nov 9/9/9 192/163/183
0600 UTC 17 Nov 40°E/30°E/50°E/68°E no data -/9/9 —/185/195
1200 UTC 17 Nov 32°E/26°E/37°E/69°S no data -/9/9 —/154/184
(b) AR event affecting Neumayer on 18 December 2018

AR events timings AR landfall longitude (mean/east/west)/latitude Radiosonde times IWV (kgm=2) IVT (kgm!s1)
0000 UTC 18 Dec 20°W/34°W/6°W/74°S 2300 UTC 17 Dec 12/12/13 177/184/199
0600 UTC 18 Dec 21°W/38°W/4°W/74°S 0400 UTC 18 Dec 13/13/14 221/222/235
1200 UTC 18 Dec 22°W/40°W/3°W/74°S no data -/14/14 —/268/283
1800 UTC 18 Dec 21°W/40°W/2°W/74°S 1700 UTC 18 Dec 15/15/16 340/330/343
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(a) AR event affecting Syowa (b) AR event affecting Neumayer
16 Nov 1200 : 18 Dec00QD 4,

o

Fig. 2. Maps of IWV (colors; units: kg m2) and mean sea level pressure (contours; units: hPa) at each time step of the
AR event with landfall (a) near Syowa station from 1200 UTC 16 November to 1200 UTC 17 November 2018, and (b)
near Neumayer from 0000 UTC to 1800 UTC 18 December 2018. The fields are based on ERA-Interim reanalysis data.
Blue contours show the AR boundaries defined using the AR algorithm (see section 3.2). Blue stars show the mean
landfall location of the AR at the Antarctic coast. Red circles show the locations of Syowa and Neumayer stations.
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regions. At the same time, the minimum IVT threshold of
100 kg m~! s~! used in the global algorithm by Guan and Wal-
iser (2015) is a reasonable cut-off value for the two studied
events.

The AR event affecting Syowa on 16—17 November
2018 was characterized by a corridor of moisture stretching
from the western part of the Indian Ocean sector of the South-
ern Ocean (Fig. 2a). The AR contour shows an extent reach-
ing far into the lower latitudes (as far as 38°S). While the
mean longitude of the AR landfall was centered around
32°-43°E, the AR landfall spanned 166—950 km along the
coast, depending on the time step (Table 1, Fig. 2a). The
AR was associated with a deep low-pressure system
centered at (60°S, 25°-30°E) and was blocked to the east by
a pronounced high-pressure ridge.

During the AR event affecting Neumayer on 18 Decem-
ber 2018, a corridor with high IWV values was found stretch-
ing from the southern Atlantic Ocean (AR contour extend-
ing as far as 48°S) towards the eastern part of the Weddell
Sea (Fig. 2b). The mean longitude of the AR landfall was
centered at 20°-22°W, with the AR landfall spanning
850-1150 km along the coast (Table 1, Fig. 2b). As in the
Syowa case in November, the AR affecting Neumayer in
December was formed in association with a deep low-pres-
sure system [centered in the northern Weddell Sea;
(68°-70°S, ~40°E)], blocked by high pressure to the east.

A three-day backward trajectory analysis of the air par-
cels released at the locations of Neumayer and Syowa sta-
tions (at 500 m MSL) at the time of the AR landfall (fig-
ures not shown; see setup details in section 3.3) confirmed
that the majority of the air parcels had a long-distance ori-
gin (south of 45°-50°S). This is consistent with the preferen-
tial direction of the two ARs extending into the subtropics
(Fig. 2).

4.2. AR signatures in radiosonde and reanalysis profiles

The changes in the vertical profiles before, during and
after the AR landfall in the vicinity of Neumayer and
Syowa stations during the two prominent AR events are
shown in Figs. 3 and 4.

4.2.1.

The first time step of the AR landfalling near Neuma-
yer on 18 December 2018 at 0000 UTC was characterized
by increased total MT magnitude (see Appendix) in the exten-
ded layer between 950 and 750 hPa (up to 70 g kg~! m s71)
driven by relatively large specific humidity values [up to
3 g kg1, which is frequently attained in summer; see Fig.
5a and Lenaerts et al. (2010)] and strong wind speeds in the
same layer (up to 30 m s~!) veering from northeasterly near
the ground to north-northeasterly above 800 hPa (Fig. 3a).
The annual mean values for specific humidity and wind
speed reported for Neumayer station are 1.2 gkg=!and 9 m s~!
(van den Broeke et al., 2010). Near the ground (below 900
hPa), both zonal and meridional moisture flux components
contributed to the total MT, while above 750 hPa the meridi-
onal (onshore) flux dominated (Fig. 3a). The observed pro-

Neumayer
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files were well represented by both reanalyses (Fig. 3a,
dashed and cross-dashed lines), with ERAS5 showing a
slightly stronger meridional MT component in the 900-850
hPa layer (Fig. 3a, right panel, red cross-dashed line). Dur-
ing this time at Neumayer, the IWV attained 12 kg m=2 and
IVT 177 kg m~! s~! (according to radiosonde profiles), with
IVT overestimated by both ERA-Interim and ERAS (Table 1).

While the AR was persisting from 0000 to 1800 UTC
on 18 December 2018 (Fig. 2b), the IWV and IVT at Neu-
mayer reached their maximum values (15 kg m=2 and 340
kg m~! s~1) at 1800 UTC (Table 1, Fig. 3b). This peak IWV
was well represented by both reanalyses, while IVT was
slightly underestimated by ERA-Interim (330 kg m~! s71)
and well captured by ERA5 (343 kg m~! s~!) (Table 1). The
peak IWV and IVT values at 1800 UTC are associated with
an increase in the near-surface wind speed up to 32 m s71,
with the maximum values at about 950 hPa and northeast-
erly in direction (Fig. 3b). This wind speed maximum is
strongly underestimated by both reanalyses, which showed
a maximum of only 22 m s~! (Fig. 3b). As noted in section
2, easterly to northeasterly winds of high magnitude at Neu-
mayer are typically associated with cyclonic disturbances
and warm/moist advection, steered by the topography (Figs.
la—c). The specific humidity profile was characterized by a
strong inversion (up to 4 g kg~!) between 900 and 850 hPa
(above the LLJ) (Fig. 3b). At the same level, a temperature
inversion can also be noted, indicating heat advection as it
shows decoupling from the surface (Fig. 3b, left panel). The
elevated humidity and temperature inversions are not well cap-
tured by ERA-Interim, while ERAS represents the inver-
sions quite closely, albeit slightly overestimating both temper-
ature and humidity values near the surface (Figs. 3b). These
moisture and temperature inversions can be explained by
the enhanced onshore advection from the ocean, as it was
found in the layers where the wind veers more towards the
northerly direction (Fig. 3b). The wind direction in the
moist layer is in the northeasterly quadrant, turning towards
northerly with height, with the meridional (onshore) flux com-
ponent dominating the total MT, attaining 100 g kg=! m s~!
between 900 and 850 hPa (Fig. 3b). While the zonal MT com-
ponent is well captured by both reanalyses, the meridional
and the total MT are well captured only by ERAS, being
underestimated by ERA-Interim (Fig. 3b).

After the AR’s passing, high IVT values persisted at Neu-
mayer until 1200 UTC 19 December (reaching 286 and 216
kg m~! s~ at 0600 UTC and 1200 UTC, respectively), with
humidity inversion still present between 930 and 875 hPa
and the near-surface LLJ weakening (Fig. 3c). Both reana-
lyses were still underestimating the LLJ and the peak in MT
magnitude (Fig. 3c). During the entire AR event, the lower
troposphere remained saturated, with RH; showing a small
oversaturation with respect to ice, being slightly underestim-
ated by reanalyses (Figs. 3a—c). One day after the AR event
(at 1800 UTC 19 December), a strong drying of the layers
between 950 and 800 hPa occurred, while the temperature pro-
file changed only slightly (Fig. 3d). This drying could be asso-
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Fig. 3. Evolution of the vertical profiles (from 1000 to 500 hPa) at Neumayer’s location during and after the AR
event on 18 December 2018: zonal (MT,, blue, positive eastward, negative westward) and meridional (MT,, red,
positive northward, negative southward) component vectors of moisture transport, and total moisture transport
magnitude (MT, black) (left-hand panels); air temperature (black) and relative humidity with respect to ice (RH;,
blue) (center panels); specific humidity (blue), wind speed (black), and wind direction (red) (right-hand panels).
Variables are derived from radiosonde measurements at Neumayer station (OBS, solid lines), and from ERA-Interim
(ERA-I, dashed) and ERAS (dashed with crosses) reanalysis data for the closest grid to the station. The radiosonde
launch time (Obs) and the time step as in the reanalyses (ERA), together with the relevance to the AR event
evolution, is indicated above each plot.
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(c) Neumayer, 0500 UTC 19 Dec (obs)
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Fig. 3. (Continued).
4.2.2. Syowa

ciated with the dry-air intrusion from near the tropopause fre-
quently associated with the extratropical cyclone cold sec-
tor, as described by Browning (1997). MT suddenly
dropped to below 50 g kg=! m s~! at 1800 UTC 19 Decem-
ber, with moisture inversion trapped near the surface and a
dry layer present above 950 hPa (Fig. 3d). All these rapid
changes were well captured by both reanalyses (Fig. 3d).

During the AR event that affected Syowa on 16-17
November 2018, the enhanced MT was more influenced by
a prominent LLJ between 900 and 825 hPa, while specific
humidity attained maximum values near the surface (Figs.
4a and b). The IVT calculated using radiosonde measure-
ments showed a maximum at 0000 UTC 17 November (192



466

kg m~! s~!; Table 1), when the total MT increased up to 100
g kg~! m s~! at about 920 hPa with equal contribution from
zonal and meridional MT components (Fig. 4b), and coincid-
ent with the peak in the LLJ wind speed (Fig. 4b). Neither
the increase in humidity near the surface nor the LLJ at
higher levels were well captured by ERA-Interim and
ERAS, both showing significant underestimation (Fig. 4b).

(a) Syowa, 1100 UTC 16 Nov (obs)
1202)()0UTC 16 Nov (ERA) (AR first Ianggglll) 20 40

ATMOSPHERIC RIVERS IN EAST ANTARCTIC PROFILES

RHi (%)

VOLUME 37

This leads to significant underestimation of both the zonal
and meridional MT components, and the total MT mag-
nitude (Fig. 4b, left). The wind direction near the surface
and in the lower troposphere had a persistent northeasterly dir-
ection throughout the AR event (Figs. 4a—c), indicating
onshore advection from the ocean steered by the topo-
graphy (and equally strong meridional and zonal MT compon-
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Fig. 4. As in Fig. 3 but for Syowa for the AR case on 16—-17 November 2018.
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ents; Fig. 4b). This lasted until a sudden change to the south-
erly wind direction below 900 hPa at 1200 UTC 18 Novem-
ber (Fig. 4d), typical of the katabatic flow from the plateau
(see section 2 and Fig. 1d for wind regimes at Syowa).
ERA-Interim and ERAS show much stronger drying in the
near-surface layers compared to radiosonde observations
after the AR’s passing (Figs. 4c and d). At the same time, as
discussed in section 3.1.1, radiosondes are prone to wet bias

in the dry layers situated above the humid layers. The wind
direction shifting to the southerly direction is well captured
by ERAS, while ERA-Interim instead shows a northerly direc-
tion (Fig. 4d).

4.3. ARs and temporal evolution of vertical profiles

Figures 5 and 6 demonstrate the temporal evolution of
the vertical profiles of specific humidity, wind speed and
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Fig. 5. Temporal evolution of the vertical profiles (from the first radiosonde measurement near the surface to 300 hPa) for
(a) specific humidity, (b) wind speed, and (c) moisture transport during December 2018 at Neumayer, based on four
radiosondes per day—at launch times of 0500, 1100, 1700, and 2300 UTC. Missing profiles are shown in white (see section

3.1.2 about data gaps). The red dashed lines show the periods when Neumayer experienced AR landfall.

MT at Syowa and Neumayer stations during November and
December 2018, respectively, using frequent radiosonde
observations during SOP-SH. AR events at Neumayer (indic-
ated by red dashed lines in Fig. 5) show that the strong
increase in specific humidity associated with ARs occupies
a deep layer affecting almost the entire troposphere, with val-
ues peaking up to 4 g kg~! between 800 and 925 hPa during
at least one and a half days. At the same time, the wind
speed increase is concentrated near the surface, with the
LLJ directed along the topography in a northeasterly direc-
tion turning to northerly (onshore) when approaching 500
hPa (as shown by individual profiles in Fig. 3). The layers
just above the surface are typically characterized by barrier
jets (e.g., van den Broeke and Gallée, 1996) and katabatic
flow (e.g., van den Broeke and van Lipzig, 2003), which
many studies have found to be persistent and amplified dur-
ing cyclonic disturbances and precipitation events (Parish,
1983; Parish and Bromwich, 2007; Seefeld and Cassano,
2008; van Wessem et al., 2015; Yamada and Hirasawa,
2018; Vignon et al., 2019). Enhanced easterly winds along
the topography at the coastal and escarpments regions of
DML are also associated with cyclonic disturbances and mois-
ture influx from the lower latitudes, as opposed to the kata-
batic flow where the southerly component is present
(Konig-Langlo and Loose, 2007; Gorodetskaya et al., 2013;
Souverijns et al., 2018). The onshore moist advection occu-
pies higher levels, with MT values much higher compared

to the background state during the month (Fig. 5¢), and com-
pared to the median values as discussed in section 4.4 (Figs.
8 and 9).

The LLJ during the AR events is accompanied by a
strong increase in the upper-level jet stream at the 300 hPa
level (Fig. 5b), which can be an indication of a cyclonically
induced LLJ when the low-level pressure decreases below
the upper-level divergence in the left-hand exit region of a
jetstreak, which causes development of the ageostrophic com-
ponent and horizontal acceleration, in turn causing the LLJ
(e.g., Burrows et al., 2019). These LLJs assist in the pole-
ward MT towards Antarctica during the ARs. The peak in
the MT during the two AR cases affecting Neumayer sta-
tion in December 2018 was found between 800 and 900
hPa, with significant values also below 900 hPa. Neumayer
location on the ice shelf makes it sensitive to strong onshore
MT not only at the peak level above 900 hPa, but also occur-
ring closer to the surface—even if the flow follows the topo-
graphy, it is initially associated with the moisture advection
from the ocean.

The AR event at Syowa during 16—18 November 2018
also showed a strong and rapid change in the wind and humid-
ity profiles compared to the rest of the month (Fig. 6).
However, the AR signatures are different than those at Neu-
mayer (Fig. 5). Firstly, both at Neumayer and Syowa sta-
tions there are elevated specific humidity values near the sur-
face trapped in the stable boundary layer, with values up to
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Fig. 6. As in Fig. 5 but for Syowa during 15-30 November 2018, based on three radiosondes per day—at launch times of
0500, 1100, and 2300 UTC. Missing profiles are shown in white (see section 3.1.2 about data gaps). The red dashed lines

show the period when Syowa experienced AR landfall.

2-2.5 g kg7!, during the entire months of November and
December. At Neumayer, during the AR events, specific
humidity values increased up to 4 g kg~!, extending to
higher levels, while at Syowa humidity values showed only
a slight increase near the surface, with the height of the
moist layer extending much less compared to Neumayer
(Fig. 6a). At the same time, there was a much stronger
increase in the wind speed below 900 hPa. This LLJ was
accompanied by a very strong (up to 50 m s~!) upper-level
jet stream (Fig. 6b). The MT increase was not as strong com-
pared to Neumayer, but still showed a significant anomaly
up to 100 kg m~! s~! below 900 hPa (Fig. 6¢).

4.4. Enhanced MT events during 2009—-19

In order to put the AR events observed during YOPP
SOP-SH into context over a longer period, we used radio-
sonde data at the two stations available via IGRA2 during a
10-yr period (2009-19). Analysis of the AR events detec-
ted during YOPP SOP-SH showed that they were all coincid-
ent with an enhanced MT signature in the vertical profiles,
with IVT exceeding 100 kg m~! s~! and the maximum value
in the MT profile exceeding 50 g kg~! m s~L. Distribution ana-
lysis applied to the maximum MT within the profile, and the
IVT calculated based on IGRA2 radiosonde profiles,

showed that these thresholds correspond to the 95th percent-
ile based on the 2009-19 radiosonde measurements (Fig. 7).

Enhanced MT profiles were isolated according to the
above mentioned criteria using IGRA?2 radiosonde data dur-
ing 2009—-19 at Neumayer and Syowa. Figures 8 and 9 show
the median and the interquartile range (from the 75th to
25th percentiles) for the composites of the enhanced MT pro-
files at both stations during the 10-yr period. It should be
noted that these composites include the entire year of measure-
ments, while YOPP SOP-SH was conducted during the aus-
tral summer period.

The composite profiles of the enhanced MT events at
Neumayer show the peak values (median up to 58 gkg=' ms~!
and 75th percentile up to 67 g kg=! m s~!) between 950 and
900 hPa (Fig. 8e). This peak is dominated by the zonal MT
component (Fig. 8f), while the meridional MT component
peaks at the higher levels between 900 and 850 hPa (Fig. 8g).
Both ERA-Interim and ERAS capture well the peak in total
and zonal MT (Fig. 8e and f), with ERA-Interim showing
smaller errors compared to ERAS in total MT (Fig. 81 and
m). Both reanalyses underestimate the peak in the meridi-
onal MT (Figs. 8g and n). The peak in the MT corresponds
to the maximum wind speed within the same layer between
950 and 900 hPa, with median values up to 27 m s~! and the
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75th percentile exceeding 32 m s~! (Fig. 8c). Both reana-
lyses underestimate the median and the 75th percentile val-
ues of the wind peak (Figs. 8c and j). The location of the
LLJ, its strength (up to 32 m s~!), and the underestimation
by both reanalyses are similar to the AR case on 18 Decem-
ber 2018 (Fig. 3b). At the same time, the composites do not
show a pronounced elevated moisture inversion found dur-
ing the December 2018 event (Fig. 8b and Fig. 3b), but
rather show a small near-surface moisture inversion with
median values up to 3 g kg~! (Fig. 8b). This could be related
to the low temporal resolution of regular radiosonde observa-
tions and reduced vertical resolution of IGRA2 archive data,
which allows large-scale features to be captured whilst
being unsuitable for analyzing small-scale changes in the tro-
pospheric profile, including details of the humidity inver-
sions and LLJs.

At Syowa, the composite of the enhanced MT events dur-
ing 2009-19 (Fig. 9) shows similar signatures to the AR
event observed during 16—17 November 2018 (Fig. 4).
Firstly, the IGRA2 radiosonde-based composite shows a
strong near-surface maximum in specific humidity, with the
median peakingat3.2 gkg=!and 75th percentileup to 3.5 gkg™!
(Fig. 9b). This near-surface trapped humidity inversion is

more pronounced compared to Neumayer (Fig. 8b). The
near-surface humidity increase coincides with the warm
layer, where the air temperature increase is up to 0°C (Fig.
9a), which is important in determining the precipitation
phase and potential for surface melt. This finding is in line
with earlier work by Kurita et al. (2016) showing that sur-
face air temperature frequently exceeds 0°C during warm
events at Syowa. This near-surface humidity inversion is com-
pletely missed by both reanalyses, underestimating the
median value compared to the radiosonde composite by up
to 0.7 g kg~! (Fig. 9b, 1).

A prominent increase in the wind speed is present in
the composite median, with a peak between 925 and 875 hPa
(Fig. 9¢c) and a persistent northeasterly direction throughout
the lower troposphere (Fig. 9d). The intensity of this LLJ is
strongly underestimated by the ERA-Interim composites,
while ERAS shows only a small underestimation (Fig. 9c,
j). MT shows a moderate peak exceeding 60 g kg~! m s-!
(with the 75th percentile reaching 50 g kg=! m s~!) within
the heights of the wind speed maximum (Fig. 9¢). The AR
event affecting Syowa on 16—17 November 2018 showed
an increase in MT up to 100 g kg=! m s~! (Fig. 4b), exceed-
ing the 75th percentile of the 10-yr time series of enhanced
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panels (h—n).

MT events. The total MT and its both components are
strongly underestimated by bothreanalyses, with ERAS show-
ing a smaller but still strong bias (Figs. 9e—g, and 1-n).

5. Conclusions and outlook

ARs make an important contribution to the MT towards
the Antarctic ice sheet by linking moisture sources in lower
latitudes to the Antarctic surface mass balance. Here, we ana-
lyze AR signatures in the atmospheric vertical profiles at
the sites of Neumayer and Syowa, located in the coastal
region of DML, East Antarctica. Our study is based on extra
radiosonde measurements conducted during YOPP SOP-SH
from 15 November 2018 to 15 February 2019. Further, regu-
lar radiosonde measurements (using the IGRA2 archive) are
used to construct enhanced MT composites during 2009—
19. Both individual AR event profiles and the 10-yr compos-
ites are compared to ERA-Interim and ERAS reanalysis
products. Detailed analysis of two prominent AR events

affecting the locations of Neumayer and Syowa, possible
due to the more frequent radiosonde observations during
YOPP SOP-SH, showed a significant increase in specific
humidity extending through the mid-troposphere and the pres-
ence of a strong LLJ. At Neumayer, the peak in the mois-
ture inversion was found between 800 and 900 hPa, while
the LLJ was concentrated below 900 hPa. At Syowa, the
increase in humidity was concentrated near the surface,
while enhanced MT was mostly driven by a substantial
increase in the wind speed (up to 40 m s~!) between 825 and
925 hPa. MT during the ARs identified during YOPP in aus-
tral summer always exceeded 50 g kg~! m s~! and occasion-
ally was greater than 100 g kg~! m s~!, always with a strong
meridional component indicating onshore MT. IVT reached
a maximum of 200 kg m~! s~! at Syowa and 340 kg m~! s~!
at Neumayer. When compared to the individual events ana-
lyzed during YOPP SOP-SH using high vertical resolution
radiosonde data, ERAS shows significant improvement com-
pared to ERA-Interim for Neumayer profiles representing
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Fig. 9. As in Fig. 8 but for Syowa station.

the AR peak values, while underestimating the LLJ mag-
nitude and humidity inversion near the surface for Syowa,
leading to the underestimation of MT.

Composites of the enhanced MT events at both sta-
tions during a 10-yr period (January 2009 to October 2019)
show that these events represent an extreme state of the
lower-tropospheric profile compared to its median values
with respect to all variables (temperature, humidity, wind
speed and, consequently, MT magnitude). Large-scale fea-
tures of the enhanced MT events composites are relatively
well represented by both ERA-Interim and ERAS.

The individual AR events during the YOPP SOP-SH
period and the composite analysis of enhanced MT events dur-
ing 2009-19 show significantly larger values of moisture
flux into the Antarctic ice sheet at its boundary compared to
the median atmospheric profile values and mean monthly
estimates demonstrated in earlier studies (Dufour et al.,
2019). We have shown that the enhanced MT during ARs is
linked to a strong increase in specific humidity and wind
speed, with a significant meridional (onshore) component
within the 950-800 hPa layer on short time scales (several
hours to 1-2 days). Analysis of such events requires high spa-
tial, vertical and temporal resolution reanalysis/model
products and observations. The increased frequency of radio-
sonde observations during YOPP SOP-SH allowed the
present analysis of AR events and their contribution to the
MT towards Antarctica. However, measurements during

these events were frequently missed even by those stations
with regular radiosonde observations, due to severe weather
conditions precluding operations at the station. This points
to a possible bias in the available radiosonde observations in
terms of missing the most significant events, which can influ-
ence climatological and long-time-series analyses. Recent
state-of-the-art reanalysis products, which can fill these
gaps, capture relatively well the large-scale features of these
events, but miss the large peaks in humidity and wind
speeds, and thus the exact magnitude and height of the
enhanced MT. Improvements in AR representation in mod-
els can be made via further evaluation and process-oriented
studies using targeted measurement campaigns.

APPENDIX

Calculation of Variables

Both Neumayer and Syowa stations report dewpoint tem-
perature (7,) near the surface, which is converted to vapor
pressure (e) (section 2; Figs. 1c and e) using the Magnus
Tetens equation (Murray, 1967) for vapor pressure over
liquid water below 0°C:

17.2693882(Tq —273.16)
T4—35.86 ’

where T is in units of K and e is in units of hPa.

e=6.1078exp (A1)
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Standard capacitive humidity sensors used in radio-
sondes measure RH over liquid water, even at subfreezing
temperatures. Specific humidity (g, kg kg=!) profiles are
thus calculated as follows:

17.67T
65—6.112€Xp(m) , (A2)
RH ¢
= = — s A3
T="=100% ) e, (A3)

where e (units: hPa) is the saturated vapor pressure over
liquid water below 0°C calculated using the equation from
Bolton (1980), T is air temperature (units: °C), w is the
water vapor mixing ratio (units: kg kg=!), RH is in %,
e=M,/My=0.622, and p is air pressure (units: hPa). The
equations from Murray (1967) and Bolton (1980) give very
close results for e. As noted by Bolton (1980), Eq. (A2) fits
experimental data results down to —35°C. RH with respect
toice (RH;) is calculated as RH; = RH(eg/eg;), where eg; is sat-
urated vapor pressure over ice calculated using coefficients
adjusted for ice (Murray, 1967).

In order to compute saturated IWV (IWV,,) for the AR
algorithm (section 3.2), saturated vapor pressure is calcu-
lated based on T profiles from ERA-Interim. For T < 0°C,
water vapor can be saturated in equilibrium with liquid or
ice, and here saturation vapor pressure over water is used to
calculate a theoretical maximum value of IWV,. Our ana-
lysis shows that, during AR events, the troposphere can be sat-
urated or close to saturation over water from the surface up
to at least 500 hPa, reaching supersaturation with respect to
ice at some levels (Figs. 3 and 4).

Integrated water vapor (kg m=2):

17
IWV =—- f qdp, (A4)
8 Jp

where g is gravitational acceleration (= 9.81 m s=2), p is pres-
sure (units: Pa), P is the first pressure level near the sur-

face, and P, = 300 hPa.
Saturated IWV (units: kg m=2):

1
WV == f 4. (T)dp, (A3)
Py

where ¢, is saturated specific humidity calculated based on
es [Eq. (A2)].

Zonal moisture transport (MT) vector component
(MT,; units: kg kg~! m s~1):

MT, = qu, (A6)
where u is the zonal wind vector component (units: m s™1).
Meridional MT vector component (MT,; units:
kg kg=! m s~1):
MT, =¢qv, (A7)

where v is the meridional wind vector component (units:
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m s~1).
Total MT magnitude (units: kg kg=! m s~1):

MT = g Vu? +v2 = gWS, (A8)

where WS is wind speed (units: m s~1).
Integrated Vapor (Moisture) Transport (units: kg m!s~1):

1 Py 2 1 Py 2
IVT = (— MTudp) +(— MT,,dp). (A9)
8 Jp 8 Jp

Data Availability

The radiosonde data conducted during YOPP SOP-SH
are publicly available via the British Antarctic Survey deposit-
ory (ftp:/ftp.bas.ac.uk/src/YOPP-SH/radiosondes/) (con-
tact person: Steve COLWELL). IGRA data are publicly
available via the NOAA National Centers for Environ-
mental Information (https://www.ncdc.noaa.gov/data-access/
weather-balloon/integrated-global-radiosonde-archive).
ERA-Interim and ERAS5 fields are available via the
ECMWEF and Copernicus Climate Change Service Climate
Data Store (https://www.ecmwf.int/). The AR algorithm
used in the study is part of the Atmospheric River Tracking
Method Intercomparison Project (ARTMIP, http://www.
cgd.ucar.edu/projects/artmip/).
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