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Abstract. Atmospheric rivers (ARs) transport large amounts of moisture from the mid- to high—latitudes and they are a primary

driver of the most extreme snowfall eventsen

Antaretica; leading to-surface-melting, along with surface melting, in Antarctica. In this study, we characterize the climatology
and surface impacts of ARs on West Antarctica, focusing on the Amundsen Sea Embayment and Marie Byrd Land. First, we

develop a climatology of ARs in this region, using an Antarctic-specific AR detection tool combined with MERRA-2 and
ERAS atmospheric reanalyses. We find that while ARs are infrequent (occurring 3% of the time), they cause intense precipi-
tation in short periods of time and account for 11% of the annual surface accumulation. They are driven by the coupling of a
blocking high over the Antarctic Peninsula with a low—pressure system known as the Amundsen Sea Low. Next, we use obser-
vations from automatic weather stations on Thwaites Eastern Ice Shelf with the firn model SNOWPACK and interferometric
reflectometry to examine a case study of 3-three ARs that made landfall in rapid succession from February 2 to 8, 2020, known

as an AR family event. We

s i s-using i —While accumulation dominates the surface impacts of the event
on Thwaites Eastern Ice Shelf (>100 kg m~2 or millimeters water equivalent), we find small amounts of surface melt as well

(<5 kg m~2). West-Anta arrently-expertences-minimal-su e-meltingmost-of-which-is-abserbed-by-the-firn; but-future

i i —The results presented here enable us to quantify the past
impacts of ARs on West Antarctic surface mass balance and characterize their interannual variability and trends, enabling a

better assessment of future AR-driven changes in the surface mass balance.
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1 Introduction

The Antarctic Ice Sheet (AIS) represents a vast, dynamic system, whose mass is gained over time through snow accumulation
and lost through ablation. The balance of these processes, known as the mass balance, is calculated as the difference between
mass changes at the surface of the ice sheet, known as the surface mass balance (SMB), and discharge of ice across the
grounding line. In the last four decades, the AIS has experienced increased mass loss, from 40 9 Gigatons per year (Gt yr—!)
between 1979 and 1990 t0 252 266+ Gt yr~! between 2009 and 2017, due-most of which is attributed to increasing discharge
across the grounding line of the West Antarctic Ice Sheet {WAISRignetetal52019)(WAIS, Rignot et al., 2019). From 1979
to 2017, the WAIS contributed 6.9 0.6 mm of global mean sea level rise (Rignot et al., 2019).

Although it covers only 17% of the AIS, the WAIS accounts for 34% of ice discharge (Rignot et al., 2019). Within the WAIS,
the Amundsen Sea sector has experienced more than a doubling (130% increase) of ice discharge from 1979 to 2017 (Rignot
et al., 2019). In this region, the enhanced flow of relatively warm circumpolar deep water beneath ice shelves on coastal West

Antarctica Gneluding ThwaitesEasterntee-Shelf)-has increased basal melt of the ice shelves and led to widespread grounding
line retreat (Jacobs and Hellmer, 1996; Thoma et al., 2008; Jacobs et al., 2011; Dutrieux et al., 2014; Rignot et al., 2014; Alley

et al., 2021; Milillo et al., 2022; Wild et al., 2022). In particular, FG-Thwaites Glacier (TG), which borders the Amundsen Sea,
is at considerable risk for continued grounding line retreat in the future because it is grounded on inward sloping bedrock, which
may lead to a rapid positive feedback for increasing ice flow and retreat, termed *marine ice sheet instability’ (Weertman, 1974;
Schoof, 2012). This process may be underway already, but a rapid acceleration in the 22nd century could result in several tens
of cm of sea level rise (Joughin et al., 2014; DeConto and Pollard, 2016; Seroussi et al., 2017; Shepherd et al., 2018; DeConto
et al., 2021).

While discharge from the WAIS has increased since 1979, the SMB has experienced no significant trend in the past four
decades, despite its large interannual variability (Medley et al., 2014; Rignot et al., 2019). The SMB represents the balance
between mass gained at the surface through precipitation, and mass lost by sublimation/evaporation and surface meltwater
runoff (Lenaerts et al., 2019). Snowfall acts as the primary contributor to the SMB. At present, rainfall is an insignificant
component of the SMB as rainfall over the WAIS is very low, and most refreezes in the firn (Vignon et al., 2021). However,
rainfall can lower the surface albedo and thereby increase future melting (Wille et al., 2019). While WAIS SMB has been
relatively constant long-term, interannual variability in SMB is high: in the Amundsen Sea sector, SMB variability has the
same order of magnitude as the annual mass loss (Medley et al., 2014; Lenaerts et al., 2018; Donat-Magnin et al., 2020). The
SMB in this region is driven by extreme snowfall events, which contribute more than 50% of the total annual snowfall, and help
to drive the high interannual variability (Maclennan and Lenaerts, 2021). The combination of high interannual variability and
seasonal variability in snowfall drives large variations in the annual SMB of the WAIS. To constrain past and future changes in
the mass balance of the WALIS, it is essential to diagnose the character and impacts of these extreme events on the SMB.

Among the primary drivers of these extreme snowfall events are atmospheric rivers (ARs), which only make landfall about
3 days per year in Antarctic coastal regions, but contribute 10-20% of the total annual snowfall to the AIS each year (Wille

et al., 2021; Gorodetskaya et al., 2014). ARs are long, narrow bands of warm and moist air that propagate poleward from
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the extra-tropics and are often associated with extratropical cyclones (Zhu and Newell, 1998). When a cold front catches up

precipitation, which can lead to ooding in coastal regions of the midlatitudes, including California, Western Europe, and the
Andes in South America (Zhu and Newell, 1998; Ralph et al., 2006; Viale and Nufiez, 2011; Lavers and Villarini, 2013; Ramos
et al., 2015; Waliser and Guan, 2017; Lamijiri et al., 2017; Whan et al., 2020). ARs account for over 90% of poleward water
vapor transport in the mid- and high-latitudes (Nash et al., 2018). The primary driver for AR transport towards the Antarctic
continent is atmospheric blocking by high—pressure ridges, which enhance the transport of heat and moisture from low to high
latitudes (Terpstra et al., 2021; Pohl et al., 2021).

MB-While ARs make landfall up
to 14% of the time in the mid-latitudes 60 days per year), they are comparatively rare over the AlS, making landfall only

AIS, because they carry so much moisture. ARs are associated with strong, localized accumulation events in East Antarctica
that can account for up to 80% of the annual SMB (Gorodetskaya et al., 2014). Furthermore, they explain 63% of satellite
altimetry-identi ed increases in surface height in West Antarctica in 2019-2020 (Adusumilli et al., 2021). The ability of ARs

to transport heat poleward is important for the AIS as well, as ARs raise surface temperatures on the ice sheet through warm
air advection and enhanced cloud radiative forcing (downwelling longwave radiation) (Wille et al., 2019). This causes surface
melting in coastal Antarctica, particularly on the Antarctic Peninsula, which can lead to runoff and/or deplete the ability of
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andseasenalariability-We thenexaminea-casestudyef-a-gbservationgnda rn modelfo examinethe speci ¢ impactsof

climate scenarios.

2 Data and Methods

2.1 Observations from Automatic Weather Station$AMIGOS)-

Eastern Ice Shelf at Cavity Camp (75.033, 105.617 W) and Channel Camp (75.05&, 105.4334 W) during a eld cam-
paign in austral summer 2019/20 (Fig. 1). Cavity Camp is located on a at part of Thwaites Eastern Ice Shelf, whereas

Cavity Camp and Channel Camp provide unigue in-situ observations of the weather occurring over Thwaites Eastern Ice
Shelf by logging hourly temperature, surface pressure, wind speeds and direction, humidity, and snow height, as well as other
observations such as GPS position and rn temperature. We utilize these novel observations to characterize the in—situ at-
mospheric conditions — air temperature, surface pressure, wind speed, and wind direction — for the case study of an AR

that made landfall over TG on FebruaryZh20,andcomparethe independenrAMIGOS-ebservationwith-the Medern-Era

euse a rn-temperature
record from thermistors placed 1 m below the surface at the AMIGOS stations to identify changes in rn temperature associ-
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over Thwaites Eastern Ice Shelf in late September 2021 severely damaged the AMIGOS and have limited the available weathel
data to a period of just over 1.5 yrs after installment.

2.2 Reanalysis Products: MERRA-2 and ERA5

To characterize the large-scale atmospheric circulation and weather conditions associated with Antarctic AR events, we use

modeling to produce regularly—gridded, temporally continuous weather and climate data. Due to the spatially and temporally
limited observations available for the Southern Ocean and Antarctica, reanalysis products are essential for examining spatial

We use MERRA-2 reanalysis to generate surface pressure and surface pressure anomaly (relative to 1980 to 2020 climatol

ogy) composite maps during the times of AR landfalls over coastal West Antarctica, including the Amundsen Sea Embayment

by the AMIGOS (near-surface temperature, surface pressure, wind speed, and wind diceclibmjgitesEasternice Shelf

during the case study evellfealsecomparesnowaceumulatiofeconstructeffom-snowhei




160 the observedemperaturegsre from approximatelys. m abovethe surface We include ERAS in_this analysishecausghere

2.3 Atmospheric River Detection Catalogue and Attributing Precipitation

We use a polar-speci ¢ AR detection algorithm produced by Wille et al. (2021) to identify the occurrence and landfall of ARs
165 over theAISWAIS. The algorithm uses the MERRA-2 atmospheric reanalysis (Gelaro et al., 2017) fromS3#@®B0 S to

detect moisture laments when integrated water vapor (IWV) or meridional integrated vapor transport (vIVT) exceed the 98th
percentile of their monthly climatologies. Moisture laments are classi ed as ARs if they extend at leastth@ meridional
direction. Because it tracks IWV and vIVT relative to the monthly climatology, this algorithm is uniquely positioned to detect
polar ARs. Wille et al. (2021) found that IWV is better suited for identifying ARs that cause surface melting, as high IWV

170 over the AIS is associated with cloud development and high downwelling longwave radiation to the surface. Comparatively,
the vIVT-based de nition of ARs is better suited for studying snowfall, since the meridional transport of water vapor is linked
to atmospheric dynamics that lead to precipitation.

175 We then identify individual AR events making landfall over the Amundsen Sea Embayment and Marie Byrd Land by counting
the number of consecutive time indices of AR landfall within the region. If the time steps indicate a 12 hour break or more, we
count them as two separate AR events. We do this to account for AR families, which are multiple ARs that make landfall in
succession in short periods of time (Fish et al., 2022). Based on the AR events we identi ed, we quantify their trends, duration,
and seasonality from 1980 to 2020. To attribute precipitation to ARs, we integrate MERRA-2 3 hourly precipitation within the

180 footprint of the AR landfall, based on the vIVT AR catalogue of Wille et al. (2021). We also attribute precipitation that falls
up to 24 hours after landfall, but within the footprint of the AR, to the AR event.

2.4 SNOWPACK Firn Modeling

185 temperature from the AMIGOS to force the rn model SNOWPAQkehning et al., 2002a, b) to reconstruct accumulagiod

anoverburderformulationandsolvesthe full surfaceenergybalanceto providethe upperboundaryconditionfor solvingthe



190

195

200

205

210

215

220

window of 48 hrs. Both the Cavity Camp and Channel Camp AMIGOS are represented by the same closest MERRA-2 grid

point (Fig. 1). However, we run SNOWPACK individually for each of the AMIGOS. Using the model settings as described

to the measured position of the base plate of the AMIGOS upon installation in the eld. In the remainder of the simulation,
we track the position of this marked layer, and the AMIGOS snow depth is referenced to this speci c layer. We can then use
the aforementioned snow height driven accumulation approach, while eliminating the settling of the AMIGOS station in the
rn column. From the installation date of the AMIGOS forward, we use the available parameters from the AMIGOS to force

the simulation (i.e., snow depth, near-surface air temperature, relative humidity and wind speed), while taking downwelling

setsof simulations pneforced

2.5 Surface Height Changes via Interferometric Re ectometry

We supplement the record of surface height change estimates observed by the AMIGOS on Thwaites Eastern Ice Shelf with
surface height change measuremedntsn the groundedTG, observed with the global navigation satellite system (GNSS)

using interferometric re ectometry (Larson et al., 2009, 2015; Roesler and Larson, 2018). Two Global Navigation Satellite
System (GNSS) receivers have been maintained on TG over the last ten years. These sites are located 124 km (GNSS Lowe
Thwaites; 1011 m elevation) and 215 km (GNSS Upper Thwaites; 1315 m elevation) from the present grounding zone (Fig.
1, Wilson et al., 2009a, b) and have been used to understand the ow acceleration of the glacier and the in uence of lake
[l-drain cycles on interior glacier ow speed. These sites can also be used to understand the variability of snowfall over

surface using the signal-to-noise ratio of multi-path interference with the direct signal. As snow is deposited at Lower and

Upper Thwaites receiver sites, the height of the receivers above the surface is reduced. Forward models of re ector height
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Figure 1. Map showing the region of interest in this study — the Amundsen Sea Embayment and Marie Byrd Land in West Antarctica

along with the MERRA-2 (grey) and ERAS (black) grid cells nearest to the AMIGOS. Also shown are the GNSS receiver sites at Lower
Thwaites (light green) and Upper Thwaites (dark green), located on the grounded Thwaites Glacier. In this gure, and any following maps,
elevation contours are from MERRA-2 (doi:10.5067/ME5QX6Q5IGGU) and drainage basins are from Zwally et al. (2012).

change due to snow loading and densi cation combined with inverse methods capable of sampling posterior distributions of
model parameters using likelihood estimates that assimilate re ector height data can be used to solve for the joint accumulation
and densi cation history. From these independent records of accumulation and deposition, we can verify the in uence of
atmospheric river landfall on observed surface mass balance. We show GNSS-derived accumulation with the SNOWPACK-
reconstructed accumulation to examine the inland propagation of the case study AR event from lower TG (AMIGOS and
Lower Thwaites GNSS) to upper TG (Upper Thwaites GNSS). These observations provide additional spatial information on
accumulation patterns due to the AR event.

3 Results

3.1 Climatology of West Antarctic Atmospheric Rivers

yearfrom 1980 to 202¢Fig-2)-TFhistepresentthe, thentakethemean Our analyseshowthatARs exhibitatotal frequency

of ARs-evertheregion;caleulatedhy-dividingthen
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Figure 2. () Temporal frequencies of AR landfgihumber

of AR times divided by the total time, as a percentage)(b) precipitation

attributed to ARs, and (c) AR precipitation as the percentage of the total annual precipitation in West Antarctica (MERRA-2, 1980 to 2020).
The Amundsen Sea Embayment and Marie Byrd Land (region of interest) are outlined in black in all three Gyeseshadingover the

annually (out of 550 63 Gt total annual precipitatigirig. 2b andc; 3c), and explain 28.7% of the interannual variability in
precipitation (linear trends removed). The correlation between AR precipitation and the total annual precipitation is moderately
positive, with Pearson correlation coef cient= 0:52 (p < 0:01) (Supplementary Fig. Al).

On average, there are 175 AR events over the Amundsen Sea Embayment and Marie Byrd Land each yeara)Fig. 3

2015;, indicatingmulti-decadalariability in the numberof AR eventsembeddedvithin the longer—termpositivetrend(this

mean duration of AR events in this region is 16.23.9 hrg(Fig. 3b), which indicates there is large variability in the duration

of AR events. Throughout the study period, there were many short events that passed the AR detection threshold for only
3 hrs, while the longest detected durations after AR landfall occurred in 1985 and 2010, lasting 84 hrs. There is no statistically
signi cant correlation between the number of AR events per year and their maximum, or mean, duration. Furthermore, there is
no statistically signi cant seasonality to the number of AR events nor their duration over the Amundsen Sea Embayment and
Marie Byrd Land.
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Figure 3. (a) The number of AR events making landfall over the Amundsen Sea Embayment and Marie Byrd Land each year (blue), with
the 1980 to 2020 trend and standard error (grey) and the 1995 to 2015 trend error (pink). (b) the mean duration of AR events each year (thick
blue line), along with the maximum and minimum duration of events (dotted lines) and the standard deviation from the mean (blue shading).

From the average surface pressure maps during AR events, we can identify that ARs in this region are driven by large-
scale synoptic patterns involving the coupling of a blocking high and a low pressure system (Fig. 4). In the surface pressure
composite of all AR events on TG, we nd that AR events are associated with a climatological low—pressure system, commonly
referred to as the Amundsen Sea Low, located west of TG (Raphael et al., 2016). There is also a high pressure ridge extending
southward from South America towards the Antarctic Peninsula. In the surface pressure anomaly composite, we see statistically
signi cant high pressure anomalies over the Antarctic Peninsula, signaling the presence of a blocking high during AR landfall
on TG. We also observe statistically signi cant low pressure anomalies in the region of the Amundsen Sea Low, west of TG.
The blocking high serves to inhibit the zonal ow of low—pressure systems and directs circulation towards the Amundsen
Sea Embayment and Marie Byrd Land. Furthermore, the surface pressure anomaly composite shows a zonal wave three-like
structure of alternating high and low pressure anomalies surrounding the AIS (Raphael, 2004).

To further examine the impacts of AR landfalls on TG surface conditions, we calculate the change in surface temperatures
on Thwaites Eastern Ice Shelf during AR events (Fig. 5). To do this, we take the difference between the mean MERRA-2
2 m temperature 24 hrs before landfall, and the mean 2 m temperature 24 hrs after landfall. AR events are associated with &

temperature increase of 1.4 K ( rst quartile) to 7.1 K (third quartile), with median 3.8 K, over Thwaites Eastern Ice Shelf over

10
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Figure 4. MERRA-2 surface pressure (a) and surface pressure anomaly (b) composites during AR landfall in the region of interest (the
Amundsen Sea Embayment and Marie Byrd Land), which is outlined in black. Stippling on the surface pressure anomaly indicates regions
of statistically signi cant anomaly, where the anomaly exceeds one half of the standard deviation from the mean surface pressure.

all seasons. In austral summer (December-January-February), the median temperature increase is the smallest at 1.5 K. In fa
(March-April-May), winter (June-July-August), and spring (September-October-November), the median temperature increases
associated with AR landfall are 4.3 K, 6.3 K, and 4.3 K, respectively. The increase in surface temperatures is associated with
temperature advection and increased downwelling longwave radiation during AR landfall (Wille et al., 2019). Here we see the
largest increases in temperature associated with the landfall of winter AR events. There are many more summer events wher
2 m temperatures exceed the melting point of 273.15 K (6 events in 1980-2020) than in fall (2 events), winter (1 event), and
spring (0 events). While winter AR events are associated with the largest median and maximum temperature increases during
AR landfall, they are also associated with the largest standard standard deviation in temperature cHafd€s 4énd some

winter events exhibit a decrease in temperature from the mean 24 hrs before landfall to the mean 24 hrs after landfall.
3.2 Case Study: Atmospheric River Surface Impacts on Thwaites Glacier

The geometry and orientation of TG render it highly susceptible to synoptic ow-induced snow storms caused by ocean air

TG, the water vapor in marine air masses condenses, leading to orographic intensi cation of precipitation. With two AMIGOS
installed on Thwaites Eastern Ice Shelf in January 2020, we are now able to examine unique in-situ atmospheric conditions

11
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Figure 5. MERRA-2 2 m temperature difference by season between the average temperature 24 hours before AR landfall and the average

temperature 24 hourstartingatfrom AR landfall (post— minus pre—event) from MERRA-2 reanalysisr ThwaitesEasternice. Shelf.

Starting from the bottom, austral summer (December—January—February or DJF), fall (March—April-May or MAM), winter (June—July—
August or JJA), and spring (September—October—November or SON). From left to right on each bextptst;minimum, rst quartile,

during AR landfalls on Thwaites Eastern Ice Shelf. Case studies such as the February 2020 family of ARs can bring insight
into the hydro—climate dynamics responsible for West Antarctic AR climatologies and quantify examples of SMB impacts.

In February 2020, a family AR event occurred over TG over a period of 5 days, involving the landfall of 3 distinct ARs
in rapid succession. The event began on February 2, when the rst AR made landfall on the western ank of the glacier for
6 hrs (Fig. 6a, d). A second AR made landfall shortly after, from February 3 to 5, propagating from west to east across TG
(Fig. 6b, e). A third AR made landfall from February 7 to 8, on the eastern ank of TG (Fig. 6c¢, f). This AR family event
was associated with a persistent high pressure ridge extending from South America to the Antarctic Peninsula, coupled with a
broad low pressure system northwest of TG. This blocking high acted to keep the low pressure in place, preventing its zonal
migration.

During this time, several distinct sea—level pressure minima (nodes) developed within the broader surface low—pressure
system, which were associated with the passage of short—wave troughs in the middle troposphere (Fig. 6a—c). Short—wave
troughs promote enhanced divergence in the middle troposphere and the subsequent development of localized sea—level pre
sure minima. These nodes facilitated the formation of ARs along the eastern edge of the broader surface low by enhancing
the meridional transport of marine air masses southward. In particular, the rst AR is driven by two nodes embedded within
the broader surface low—pressure system, L1 and L2, which were associated with short—wave troughs T1 and T2. L1 and T1
subsequently dissipate, with the second AR driven by L2 and L3. The development of L3 can be tied to a separate short—wave
trough (T3) that propagated around the broader upper—level trough prior to the second AR. The third AR is driven exclusively
by L4, which is associated with another short-wave trough (T4) that can be tracked from off the coast of east Antarctica on
February 2 to TG on February 7. Coincident with this family of ARs, a persistent ridge of high—pressure, known as a blocking
high, forms downstream of the broader surface low—pressure system. The coupling of the high— and low—pressure systems
channels each AR into the Amundsen Sea Embayment and onto TG, leading all 3 ARs to make landfall at the same location.
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