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Abstract

Antarctic atmospheric rivers (ARs) are driven by their synoptic environments and lead to profound and varying impacts along the
coastlines and over the continent. The definition and detection of ARs specifically over Antarctica accounts for large uncertainty
in AR metrics, and consequently, impacts quantification. We find that Antarctic-specific detection tools consistently capture
the AR footprint inland over the ice sheets, whereas most global detection tools do not. Large-scale synoptic environments
and associated ARs, however, are broadly consistent across detection tools. Using data from the Atmospheric River Tracking
Method Intercomparison Project and global reanalyses, we quantify the uncertainty in Antarctic AR metrics as well as evaluate
large-scale environments in the context of decadal and interannual modes of variability. The Antarctic western hemisphere
has stronger connections to both decadal and interannual modes of variability compared to East Antarctica, and the IOD’s

influence on Antarctic ARs is stronger while in phase with ENSO.
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Key Points:

e Antarctic-specific AR detection tools better capture continental interior footprint

e Modes of variability (MOVs) generally hold greater influence over West Antarctica than

East Antarctica and are consistent across most ARDTS

e 10D teleconnections in phase with ENSO produce a stronger AR precipitation response

compared to other MOV
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Abstract

Antarctic atmospheric rivers (ARs) are driven by their synoptic environments and lead to
profound and varying impacts along the coastlines and over the continent. The definition and
detection of ARs specifically over Antarctica accounts for large uncertainty in AR metrics, and
consequently, impacts quantification. We find that Antarctic-specific detection tools consistently
capture the AR footprint inland over the ice sheets, whereas most global detection tools do not.
Large-scale synoptic environments and associated ARs, however, are broadly consistent across
detection tools. Using data from the Atmospheric River Tracking Method Intercomparison
Project and global reanalyses, we quantify the uncertainty in Antarctic AR metrics as well as
evaluate large-scale environments in the context of decadal and interannual modes of variability.
The Antarctic western hemisphere has stronger connections to both decadal and interannual
modes of variability compared to East Antarctica, and the IOD’s influence on Antarctic ARs is

stronger while in phase with ENSO.

Plain Language Summary

Atmospheric rivers (ARs) are large-scale weather features that transport significant amounts of
moisture and are akin to “rivers in the sky”. ARs traveling to Antarctica from the mid-latitudes
can bring enough moisture to produce extreme snowfall, or if accompanied by warm air, can
result in melt events, both of which affect ice sheets across the continent. How we define ARs in
gridded datasets significantly impact what we say about them. If a definition uses Antarctic-
specific constraints, it does a better job at describing the actual spatial footprint with increasing
importance the further inland the impact. The large-scale environments that produce ARs, and

how these environments naturally vary, however, are generally consistent regardless of how we
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define ARs. ARs impacting the western hemisphere of Antarctica are more deeply connected to
specific atmospheric patterns that repeatedly occur compared to weaker connections with East

Antarctic ARs.
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1 Introduction

Atmospheric rivers (ARSs) are long, narrow synoptic-scale weather phenomena that serve as
meridional transport vehicles important for both large-scale and local hydrological climate across
the globe. ARs transport both water and energy from lower to high latitudes and are often
connected to extratropical cyclones where moisture laden bands of water vapor and clouds
extend and travel across and along baroclinic zones (Ralph et al., 2018, AMS Glossary of
Meteorology, 2017). Although the bulk of the current literature describe ARs in mid-latitude
locations impacting western coasts of continents, such as western North America and western
Europe, ARs are equally important in polar regions where the interaction of these moisture
streams with land and sea ice, result in consequential precipitation events impacting the local
cryosphere (Turner et al., 2019, Mattingly et al., 2018). Specific to Antarctica and depending on
the thermal characteristics, ARs can produce significant snow accumulation over the ice sheet,
(Gorodetskaya et al. 2014, Adusumilli et al. 2021, Terpstra et al. 2021, Wille et al., 2021), or
melt events with consequences for ice shelf stability (Wille et al. 2019, Wille et al., 2022, Turner
et al. 2022, Clem et al., 2022). Generally, ARs reaching Antarctica are relatively rare
occurrences (Wille et al., 2021), fully extending into the continent only a few times per year but
clearly tied to favorable synoptic conditions, such as dominate blocking events in the Southern
Ocean that funnel ARs into the continent (Wille et al. 2021, Pohl et al., 2021, Maclennan et al.
2021, Bozkurt et al. 2018, Terpstra et al. 2021). Teleconnections and modes of natural variability
(MQOVs) can be tied to synoptic conditions favorable for AR occurrences around different
regions of Antarctica, such as the Southern Annular Mode (SAM) (Wille et al., 2021, Clem et al.
2016, Raphael et al., 2016, Marshall et al. 2016), the Pacific South American Mode 2 (PSA2)

(Maclennan et al., 2021, Marshall et al. 2016), the Pacific Decadal Oscillation (PDO) (Turner et
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al. 2019, Fogt et al. 2019), the Indian Ocean Dipole and El Nino Southern Oscillation (10D,
ENSO, respectively) (Nuncio and Yuan, 2015). Parts of the cold temperature anomalies in West
Antarctica can also be explained by the influence of the Indian Ocean Basin mode and Atlantic
Zonal and Meridional Modes (Li et al., 2015; Lee and Jin, 2021; Gutierrez et al., 2021, Table
Atlas.1). In this study, we explicitly evaluate the relationship between these MOVs, ARs, and
their associated precipitation and boundary layer temperature, to characterize the varied impacts
across different regions and flavors of ARs. Although we do not consider here an exhaustive list
of MOVs of consequence for ARs, we limit this study to the decadal and interannual bimodal
indices of variability introduced here. Additionally, because the very definition an AR is often
debated (i.e., is the feature simply a moisture transport alone, or rather, connected to an
extratropical cyclone) (Shields et al., 2019, Ralph et al., 2018, Gimeno et al., 2021) we quantify
the uncertainties in AR metrics such as occurrence and climatology, as well as MOV impact, to

provide context for our results.

2 Data and Methods
2.1 Reanalysis Datasets

We employ both the Modern Era Retrospective Analysis for Research and Applications, version
2 (MERRA-2) (Gelaro et al., 2017) and European Centre for Medium-Range Weather Forecasts’
Reanalysis Version 5 (ERA5) (Hersbach et al., 2020) global reanalyses in this work. To
represent large scale synoptics and analyze modes of variability, we primarily use MERRA-2,
which explicitly represents the energy and hydrologic budgets over ice sheets in Antarctica

(Gelaro et al., 2017). A more in-depth evaluation of the cryosphere in MERRA-2 is available in
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Section 9 of Bosilovich et al. (2015) as well as Gossart et al. (2019). Sea surface temperature and
sea ice concentration in MERRA-2 are prescribed as indicated by Table 3 of Gelaro et al. (2017).
At approximately 50 km resolution, MERRA-2 is sufficient to resolve weather features, such as
atmospheric rivers, along with their associated precipitation, and is the baseline dataset for the
Atmospheric River Tracking Method Intercomparison Project (ARTMIP) (Shields et al., 2018,
Rutz et al., 2019). ARTMIP provides a collection of AR “catalogues” from a variety of ARDTs
(Atmospheric River Detection Tools) that detail gridded and timeslice information on where and
when ARs exist. Using MERRA-2 across the same years as included in ARTMIP (1980-2016)
allows us to consistently apply all available ARTMIP ARDT catalogues to Antarctic AR
uncertainty quantification. ERAS datasets are also applied (1980-2020), where available, to
further represent the spread in climatology metrics across both ARDT and reanalysis products.
Monthly MERRA-2 data is used to compute MOV indices (GMAO, 2015a; GMAO, 2015b),
daily data to compute precipitation (GMAO, 2015c) and 850 hPa temperature (GMAO, 2015d)
for AR days, and 3-hourly data is used for AR identification (GMAO, 2015d). Only ARDTSs
with polar constraints (here referred to as P-ARTMIP) are used for MOV analysis to minimize

errors by only including appropriately designed ARDTSs.

2.2. Atmospheric River Detection

Identification and tracking of ARs require decisions dependent on the AR definition. Because
this definition varies wildly from one project to another (Ralph et al. 2018, Rutz et al., 2019),
metrics such as AR frequency and seasonality differ depending on choice of ARDT. ARTMIP
has shown that uncertainty based on ARDT far outweighs uncertainty based on model (O’Brien

et al., 2021) as well as reanalysis (Collow et al., 2022). Thus, uncertainty quantification is an
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important component to any analysis where AR detection is required. It is also important to
recognize that applying many different ARDTs for each science problem is not always practical
for individual researchers, so a balance must be struck where uncertainty due to ARDT is
addressed by either explicit quantification or put into context relative to other ARDTSs and
determine if the chosen ARDT is fit for purpose (Rutz et al. 2019). Traditional ARDTSs designed
for the mid-latitudes typically apply moisture thresholds using the quantity called integrated
vapor transport (IVT). However, for ARs making landfall and extending poleward onto the
continent, one option is to identify ARs by simply using the meridional component. Here, we
primarily apply Antarctic-specific ARDTS to diagnose the relationship between MOVs and ARS
across Antarctica but include all methods with polar constraints to represent uncertainty spread.
For climatology metrics, we include all available global ARTMIP ARDTSs to highlight the large
differences in metrics. The Antarctic-specific algorithms, herein referred to as Wille_vIVT and
Wille_IWV, focus on meridional geometry and filter for high (98% percentile) relative moisture
flow into the continent to better capture ARs impacting polar latitudes, rather than zonally
around the Southern Ocean. Further details on Wille the ARDTSs (Wille et al. 2019, Wille et al.,

2021), ARTMIP ARDTs, and IVT/IWV calculations are in Supplemental.

2.3 Modes of Variability

We calculate both decadal and interannual modes of variability consistent with the Climate
Variability and Diagnostic Package (CVDP) developed by Phillips et al., 2014. Modes were
chosen based on current literature, as described in the introduction, regarding AR impacts in and
around Antarctica. Decadal modes are represented here by the SAM and the PDO, and for

interannual modes, PSA2 and 10D, both in and out of phase with ENSO. Specific details on
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158  computation are found in supplemental material. One caveat to using the PDO is the relatively
159  short timespan of available data of ~four decades. Tropical pacific decadal variability (TPDV)
160  such as the PDO have timescales from 8 to 40 years (Power et al., 2021), making significance

161  testing challenging. Because we are limited to the ARTMIP time period and thus only 37 years
162  are used, PDO and AR correlations are shown for qualitative illustration, but significance

163  inferences are limited and used with caution.
164
165 3 Climatological characteristics and uncertainty due to ARDT

166 ARs impacting high latitude locales such as Antarctica do not necessarily follow mid-latitude
167  storm tracks. Rather, ARs often bend and flow around high-pressure blocks or follow baroclinic
168  zones connected to low pressure regimes ultimately pushing moisture intrusions into the

169  continent. ARs that make it onto the continent are dominated by the north-south meridional

170 component of the wind. This can be demonstrated by computing heat maps of AR occurrence
171 for each method and comparing the Antarctic specific occurrences to traditional methods

172 developed for mid-latitudes. Figure 1a shows the spatial distribution differences between the
173 mean Wille Antarctic-specific ARDTs and the ARTMIP mean. ARs that make landfall are

174  generally rare (a few times per year, Wille et al., 2021), but even so, the Antarctic specific

175  ARDTs consistently detect ARs in the interior of the continent where most traditional ARDTs
176  detect more in the Southern Ocean. Even global ARDTSs that allow for polar thresholds (P-

177 ARTMIP) (Figure 1b) ultimately do not capture ARs on the interior ice sheets, especially over
178  East Antarctica. This is likely because the Antarctic specific ARDTs applied here focus on the
179  meridional component of the moisture transport that allows for AR detection deeper into the dry

180  Antarctic interior.
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Heatmap Composite
a) Wille - ARTMIP b) Wille - P-ARTMIP
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Figure 1. Composite difference heatmaps of AR frequency in % time (relative to MERRA-2
years 1980-2016). Wille ARDTSs versus all applicable global ARDTSs (a) and Wille ARDTS versus

P-ARTMIP ARDTs that incorporate lower threshold constraints designed for polar latitudes (b).

From a continent-wide, climatological perspective, (Figure 2), the Wille ARDTSs detect ARs
distributed throughout the year, with maximum occurrence in Austral fall and winter, consistent
with instrumental observations and a regional climate model that show high accumulation events
with synoptic conditions for both West Antarctica over Thwaites Glacier (Maclennan et al.,
2021, Lenaerts, et al., 2018) and East Antarctica over Dronning Maud Land (Gorodetskaya et al.

2014). Distinctly different from Wille ARDTSs, ARs detected from global and P-ARTMIP
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methods, peak in February and Austral Fall, and are likely due to the dominance of the Antarctic
Peninsula, which in some cases, are the only location where ARs are identified (Supplemental
Figures 3 and 4). Because of the geographic position of the Peninsula in the Southern Ocean, the
global ARDTs, designed for mid-latitudes, capture more zonally-oriented ARs. Specific regional
climatologies (Antarctic Peninsula, Dronning Maud Land, and Princess Elizabeth/Queen Mary

Lands) can be found in Supplemental.

Antarcltica ABTM IFl’ ME|R RA2|/ ERA5

. /Zf\‘ == == == P-ARTMIP |-
— — —ARTMIP

1.0

Wille

Normalized 0 to 1

Figure 2. Antarctic seasonal cycle of ARs for ARTMIP mean (lines) and spread (shading) which
includes applicable available ARDTs (Supplemental S1) and both reanalysis datasets ARTMIP
Tier 1 MERRA-2 and Tier 2 ERA5. All available global ARDTS (ARTMIP) versus ARMIP

with polar constraints (P-ARTMIP) versus Antarctic specific (Wille ARDTS).
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4 Relationship between Antarctic ARs and MOVs
4.1 MOV Synoptics for AR days

Around and across Antarctica, there are a variety of different climate regimes, but coastal
climates depend on geometry and orientation of the coast relative to the zonal and meridional
flow. However, for the purposes of evaluating broad synoptic influences, we divide our study
into West and East Antarctica. To isolate and amplify unique west and east hemispheric patterns,
we apply the split hemisphere technique, commonly used for peak (seasonal) tropical cyclone
track density analysis (Korty et al., 2012, Yan et al., 2016), except here, we composite synoptic
conditions for landfalling ARs for each, respective hemisphere. That is, for days where ARs
impact West Antarctica, synoptic conditions are composited for the western hemisphere, and for
days where ARs impact East Antarctica, synoptic conditions are composited for the eastern
hemisphere. All spatial figures presented here contain a solid thick line dividing as a reminder
that the hemispheres are treated separately but plotted together for illustration. We highlight the
Wille_vIVT ARDT because this algorithm better represents AR dynamics (Wille et al., 2021).
Figure 3 plots annual anomalies for low-level (850 hPa) moisture flux (vectors) and temperature
(contours) for AR days occurring during the different phases of SAM and PSA, a decadal and
interannual mode of variability, respectively, that represents variations in the dynamics. Across
polar ARDTS (Fig. 3 e-h), clearly show the fluxes in (SAM positive Antarctic Peninsula, PSA2
negative for the West Antarctic Ice Sheet, Amundsen and Ross Seas) and out of the continent for
the western hemisphere, consistent with Antarctic MOV patterns in Marshall and Thompson
(2016) and Marshall et al. (2017). For East Antarctica, the fluxes are varied but generally the
opposite, with, for example, Dronning Maud Land showing fluxes into the continent during

SAM negative. Overall PSA2 holds greater influence for the western hemisphere, and results are
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consistent across all global ARDTS, regardless of polar constraints or not (not shown). Across

ARDTSs for AR days, although there are variations in boundary layer temperature, moisture, and

winds, synoptic conditions are robust across methods, unlike frequency metrics and seasonal
climatology although some regional differences exist from Wille_vIVT (Fig 3 i-1), our primary

method. For example, SAM-, the Wille_vIVT ARDT detects more ARs with onshore flow to

Terre Adelie Land (Fig 3I).

Wille_vIVT ARdays SAM + Wille_vIVT ARdays SAM - Wille_vIVT ARdays PSA2 +
9

Wille_vIVT ARdays PSA2 -
0
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Figure 3. Anomalies of 850 hPa Air temperature for AR day composites (color contours) and
850 hPa moisture flux (kgm*st)(arrows) during SAM phases (a-b,e-f,i-j), PSA2 phases (c-d,g-
h,k-1) in split hemisphere format. West Antarctic ARs are composited separately from East
Antarctic ARs to maintain unique hemispheric synoptic signatures and combined for illustration,
separated by thick gray line. Wille_vIVT (a-d), ARTMIP mean for ARDTSs with polar

constraints (P-ARTMIP) (e-h) and differences (i-1) are shown.

4.2 Precipitation and temperature impacts

4.2.1 Decadal modes of variability: SAM and PDO

Decadal modes of variability, their relationship with AR precipitation and 850 hPa temperature, and
ARTMIP uncertainty, is shown in Figure 4. Again, we highlight the Wille_vIVT ARDT for spatial plots
that regress PC timeseries for SAM (Fig. 4b, e) and PDO (Fig. 4c, f) onto precipitation and temperature
anomalies for AR days. For the PDO, we show western hemisphere only due to the lack of any
significance elsewhere. Both precipitation and temperature follow the composite plots for AR days (Fig.
3) in that where moisture fluxes flow into the continent, enhanced precipitation occurs, along with
corresponding temperature anomalies. For example, SAM in the positive phase typically indicates a
deeper Amundsen Sea Low (and vice-versa), and generally less mass transport between Antarctica and
the southern mid-latitudes (Turner et al., 2013, Spensberger et al., 2020). Figure 4b shows the
precipitation is positively and significantly correlated with SAM over Antarctic Peninsula (label A) and
negatively correlated over the Amundsen sea region (label B), resulting from a deeper Amundsen Sea
Low that brings cyclonic, clockwise flow into the Peninsula and out of the Amundsen sea region during
SAM positive. SAM negative, oppositely correlated with precipitation between Amundsen and Ross

Seas near Marie Byrd Land, supports onshore flow during the negative phase. The eastern hemisphere
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shows less significance in precipitation although SAM’s influence is hinted at in regions such as
Dronning Maud Land, Kemp Land and the Amery Ice Shelf, and Wilkes Land (labels C, D, E,
respectively; supplemental Figure S1 for Antarctic locations). The PDO shows a negative correlation
with the Antarctic Peninsula in both temperature and precipitation (labels K, F), and a positive one
between the Amundsen and Ross Seas (labels L, G), although significance is weak and overall shows
less influence than SAM. Each region that shows significance is tested across all P-ARTMIP algorithms
(Fig. 4a, d) to quantify uncertainty in these calculations. Across most regions and methods, the sign of
the correlation is robust for both temperature and precipitation, except for Dronning Maud Land (DML)

for precipitation (label C), where the strength of the correlation is generally tied to frequency

climatology.
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Figure 4. Regression patterns and spread for AR days and decadal modes of variability (SAM
and PDO). Precipitation (cmyr?) (b-c) and 850 hPa temperature (°C) (e-f) patterns are plotted for
Wille_vIVT ARDT. Uncertainty is shown for area-averaged regression values across all P-
ARTMIP ARDTs (a,d). Dark green boxes indicate areas used in the uncertainty calculation and
are labeled alphabetically. Split hemisphere format, as Figure 3, is used. The PDO is shown for
western hemisphere only. Significance was tested at 90% level using a student T-test. Where
shown, 850 hPa temperatures are plotted for topographical regions under 850 hPa highlighting

coastal and escarpment zones and eliminating errors on pressure surfaces due to elevation.

4.2.2 Interannual modes of variability: PSA2, IOD and ENSO

Interannual modes of variability, their relationship with AR precipitation and 850 hPa temperature, and
ARTMIP uncertainty, is shown in Figure 5. We evaluate PSA2 and 10D independently to illustrate their
dominant, spatial impacts. However, it is important to note that no MOV, and especially interannual
modes, operate in isolation. The PSA2 mode has been shown to excite sea surface temperature (SST)
patterns tied to the evolution of ENSO (Lou et al., 2021), and the 10D is often paired with ENSO, in
addition to decadal modes such as PDO. For simplicity, we evaluate the dynamical mode of PSA2
separately from modes defined by SST anomalies (I0D, ENSO). The PSA2 has already been shown to
have significant implications for the Amundsen Sea Embayment and Thwaites Glacier (Maclennen et al.
2021), and we confirm this with our regression analysis that shows negative correlation with PSA2 and
precipitation in this area (label B), consistent with flux composites in Figure 3 and a potential
amplification of wavenumber 3 (Cai et al., 1999). Temperature anomalies for AR days also align with
regressions where poleward flow from mid-latitudes brings warmth into the Ross Sea region and is

positively correlated with PSA2 (label N) compared to equatorward flow, negative correlations, and



300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

manuscript submitted to Geophysical Research Letters

colder temperature over Amundsen Sea (label M). The 10D (Fig 5c-d, g-h) is much more potent while
in phase with ENSO with negative correlations over West Antarctic regions such as Ellsworth Land
(labels GG, PP) and positive correlations with Eastern Dronning Maud Land (label 1) and Ross Sea
(labels HH, QQ). Temperature significance is stronger than precipitation significance, however, likely
tied to the broad extratropical SST influences during these modes. Although significance with
Wille_vIVT is strong for temperatures, the differences with Wille_IWV and the P-ARTMIP spread
(Fig5 a, €) suggest this result is not necessarily robust across ARDTS, and even potentially changes the
sign of the correlation. Precipitation uncertainty is smaller, with most of the methods agreeing on
correlation signs except for the IOD responses near Wilkes Land (label KK). Finally, the amplitude of
IOD-ENSO response is much higher than any other MOV, interannual or decadal, suggesting that the
IOD in phase with ENSO produces more anomalous precipitation than any other mode studied here.
Nuncio and Yuan (2015) describe Antarctic sea ice correlations during 10D with ENSO in the Pacific
sector and Ross Seas, and note the decrease is sea ice corresponding to warm meridional flow.
Additionally, the wave train schematic in Nuncio and Yuan (2015) is consistent with our results that
show for AR days, precipitation and warm low-level temperatures are positively correlated due to

enhanced poleward flow at the Ross Sea and equatorward flow off the West Antarctic Ice Sheet.
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Figure 5. Same as Fig 4 except for interannual modes of variability PSA2 (b,f), 10D without (c,g)
and 10D in phase with ENSO (d,h). Significance was tested at 90% level using a student T-test. Note

precipitation contour scales are different for PSA2 versus 10D.

5 Conclusions

Studying Antarctic atmospheric rivers combine a unique set of disciplines incorporating both
atmospheric science and the cryosphere, but also cross-disciple interests such as feature
detection. To understand this phenomenon, we must both define it and put it into context with
current research. Antarctic AR detection tools are generally robust across the synoptic
meteorology, however large uncertainties exist for AR frequency climatology metrics such as
seasonal cycle and location of landfall. Antarctic-specific tools that rely on the meridional
characteristics of ARs capture the continental interior footprint of ARs more consistently

compared to global ARDTSs designed for the mid-latitudes. When evaluating ARs in the context
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of modes of natural variability (SAM, PSA2, PDO, 10D and ENSO), this study finds the MOV's
studied here influence West Antarctic ARs more than East Antarctica. Spread among ARDTS is
generally smaller for decadal modes of variability compared to interannual modes. This is likely
due to the shorter period for interannual modes and the opportunity for compounding MOV
events. Additionally, the Indian-ocean dipole teleconnections with ENSO produce a stronger AR
response, mostly for West Antarctica and the Pacific sector, compared to other MOVs. Although
we have chosen to diagnose MOVs that sample both decadal and interannual variability, it is not
a complete list of potential influences on ARs onto the Antarctic glaciers and ice shelves. Future
work includes understanding compound MOVs beyond IOD and ENSO. With our exploration of
IOD and ENSO, compound MOVs clearly have the potential to amplify or suppress AR activity.
Understanding the interplay between MOVs and ARs improves predictability and the ability to
manage consequences as we move into a warmer climate. A future increase in MOVs that favor
AR landfalls and warmer conditions will likely increase snowfall in the impacted area, but also

risk increased surface melt and ice shelf destabilization.
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Introduction

Details for Antarctic-specific Wille ARDTs and computation of MOVs are provided as text. An
Antarctic regional map, ARTMIP climatology frequency and seasonal cycle metrics for both
Tier 1 and Tier 2 ARTMIP projects are provided as figures. ARTMIP ARDTSs included in this
study, with associated references and DOIs are provided in table format. Basic state figures for
MOVs are provided for both spatial pattern and timeseries.

Text S1.

Standard IVT and IWV calculation

Traditional ARDTSs designed for the mid-latitudes typically apply moisture thresholds using the
quantity called integrated vapor transport (IVT), calculated as Eq. (1), which combines specific
humidity with both zonal (u) and meridional (v) as such:

Pt

@ IVT== [, (@Vh)dp

where q is the specific humidity, Vs the horizontal wind vector, Pb is pressure at the bottom of the

atmosphere, typically 1000 hPa, Pt is at the top of the atmosphere, typically 200hPa, and g is the
acceleration due to gravity.

Identification based solely on moisture stream, or integrated water vapor (IWV) (Eqg. 2) is also
commonly used and is expressed as Eq. (2):

pt

1
(2 WV = 2 Jpp qdp

which integrates the total column water without any wind information (Shields et al., 2018).

Antarctic AR Detection Tool, Wille_vIVT and Wille_IWV

Moisture thresholds for the Wille “vIVT” ARDT, use anomalies of the meridional component to
the integrated water vapor (VIVT) expressed as
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_ 1 (top
vIVT—-E surface (g vh) dp

where v is the meridional component of the wind, q is the specific humidity, p atmospheric
pressure (hPa). and g is the acceleration due to gravity. Full reanalysis levels are used.

The Wille “IWV” ARDT algorithm uses integrated water vapor anomalies similar to the
traditional method with the exception of using full reanalysis model levels. It can be expressed as

_ 1 ctop
IWV = _g fsurface q dp
where q is the specific humidity, p atmospheric pressure (hPa), and g is the acceleration due to
gravity.

Both Wille_vIVT and Wille_IWV compute moisture thresholds defined as the 98th percentile in
mean monthly climatological IWV or vIVT for all grid cells calculated using reanalysis data.
Geometry requirements focus on the latitudinal footprint. Shapes are tested for a minimum
continuous 20° latitude span between 37.5° S - 80.0° S. More details and application can be found
in Wille et al. 2019 and Wille et al. 2021.

ARTMIP ARDTSs
A summary of all over ARDTSs is found in Table S1.

Text S2.

Decadal Modes of Variability

Decadal modes include both the Southern Annular Mode (SAM) and the Pacific Decadal
Oscillation (PDO). SAM is calculated classically as the leading EOF of the detrended 500 hPa
geopotential anomalies for the southern hemisphere from 20°S to 90°S. Principle component
(PC) time series are regressed onto precipitation and 850 hPa temperature for AR days to show
correlation of AR characteristics with SAM. PDO is defined as the leading principal component
of the North Pacific Ocean (20:70°N, 110°E:100°W) of the detrended sea surface temperature
anomalies. Spatial patterns and PC timeseries for both SAM and PDO are shown in
Supplemental Figure S2.

Interannual Modes of Variability

Interannual modes include the 2nd Pacific South American pattern, (PSA2), and the Indian
Ocean Dipole (I0OD), both in and out of phase with El Nifio Southern Oscillation (ENSO). The
first pattern of PSA (PSAL) is not shown because it lacks significance with AR days. PSAZ2 is
defined as the 3rd EOF of detrended 500 hPa geopotential height anomalies, which is the same
domain and approach as SAM. Not only does EOF3 of 500 hPa geopotential height have
implications for Antarctic ARs, it has also been shown as important for extratropical moisture
transport, especially for western North America (J.P. O’Brien personal communication). The
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IOD is calculated by differencing detrended, area-averaged sea surface temperature anomalies
between 10°S-10°N and 50-70°E versus 0-10°S and 90-110°E. For ENSO, we choose to apply
the combined Nifio3.4 region to emphasize more centralized equatorial sea surface temperatures.
Area-averaged SST anomalies for Nifio3.4 are computed over 5°S-5°N and 120-170°W. For
MOV analysis, the 10D index, both in and out of phase with ENSO, is regressed onto
precipitation and 850 hPa temperatures for AR days. PSA2 and 10D patterns and timeseries are
shown in Supplemental Figure S2.

00
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Figure S1. Antarctic map with labels identifying regions discussed in the main article. Blue
shading and contours represent topography.
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ARDT Name/Developer | Type Algorithm Summary DOI Reference
AR-Connect** Global Object identification; Absolute: IVT 10.1029/2020JD03
thresholds used = 700 kg/m/s for seeding, 3425
300, for region growing; Time stitching,
minimum 24-hour period; Global weighted
centroid of AR event must be outside tropics
(23.25N-23.255S)
ClimateNet_DL** Global Deep learning based segmentation; Trained | 10.5194/gmd-14-
on ~500 expert labeled images; Threshold 107-2021
free; input fields are IWV, U850, V850,
SLP; Time slice condition
Guan_Waliser_v2** Global - Polar Length >2000km and length width ratio >2; | 10.1002/2015JD02

constraints

Coherent IVT direction within 45° of AR
shape orientation and with a poleward
component; Relative: 85th percentile IVT;
Absolute min requirement designed for
polar locations: 100kg/m/s IVT; Time slice
condition

4257
10.1175/JHM-D-
17-0114.1

Lora_v2**

Global - Polar
constraints

Length >= 2000km; Relative/Absolute : IVT
225 kg/m/s above time/latitude dependent
threshold using 30-day running mean and
zonal average of IWV; Time slice condition

10.1016/j.epsl.202
0.116293

Mundhenk_v3**

Global

>1400km length, aspect ratio 1:4, lat limit
>16N/S, axis orientation based on IVT;
Relative IVT percentiles and/or anomalies
both temporal and spatial; Time slice
condition

10.1175/JCLI-D-
15-0655.1

PanLu

Global

1) Length>2000km; 2) Length-Width
ratio>2; 3) sum of turning angle<360; 4)
percentage within tropics < 95%; 5) 50%

< percentage within tropics < 95% or
percentage with IVT direction smaller than
15 degrees <50%; Two relative thresholds.
Local threshold: smoothed 85% quantile
IVT field using the Gaussian kernel density
smoothing technique; regional threshold: the
80% quantile of IVVT for all grids within
80N and 80S; Time stitching: last for at least
18 hours

10.1029/2018WR0
24407
10.1029/2020GL0
89477

Reid250

Global

Length > 2000km; Length-Width ratio > 2;
orientation angle >10°; Absolute. IVT > 250
kg/m/s; IVT > 500 kg/m/s; Time slice
condition

10.1029/2020JD03
2897

Rutz

Global

Length >= 2000km; Absolute: IVT (surface
to 100mb) = 250kg/m/s; Time slice

10.1175/MWR-D-
13-00168.1
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condition; low value on tropics

SAIL vl

Global - Polar
constraints

Length >= 250km; Length-to-width >=5;
Length is estimated along the "ridge" taking
IVT into account; Width is the median of
widths estimated in each point of AR ridge;
Relative: IVT-IVT_RM >_ 100 kg/m/s.
IVT_RM is climatological IVT running
mean with 20-day windows; Time slice
condition

Experimental

Teca Bard_vl

Global

Runs 1,024 AR detectors simultaneously.
Percentile threshold, minimum area, and
filter latitude width are all sampled from a
posterior distribution that is designed to
optimize global AR counts relative to a
dataset of AR counts from a set of experts.;
Relative threshold (based on spatial
percentile for each timestep); An inverted
Gaussian filter is applied at the equator to
damp out the ITCZ; Time slice condition

10.5194/gmd-13-
6131-2020

TEMPEST (IVT
threshold 250)

Global

Contains both an absolute threshold
(typically set at IVT>250 kg/m/s) and a
relative threshold (which uses a local
Laplacian of IVT, typically set at del"2 IVT
< -50k); Laplacian IVT thresholds most
effective for widths >1000km; cluster size
minimum = 120000km2; Time stitching
condition, Global, but latitude >=15°

10.5194/gmd-10-
1069-2017

Wille_IWV

Antarctic
Specific

Length > 20° (2000 km) equatorward with
no breaks; Defined as AR landfall if AR
shape overlaps a land grid cell; Relative >
98th percentile IWV based on monthly
climatological means; Time slice condition

10.1038/s41561-
019-0460-1

10.1029/2020JD03
3788

Wille_vIVT**

Antarctic
Specific

Length > 20° (2000 km) equatorward with
no breaks; Defined as AR landfall if AR
shape overlaps a land grid cell; Relative >
98th percentile vIVT based on monthly
climatological means; Time slice condition

10.1038/s41561-
019-0460-1

10.1029/2020JD03
3788

Supplemental Table S1. ARTMIP ARDTSs and references are listed. 13 Tier 1 (MERRAZ2) and
6 Tier 2 (ERA5) ARDTS are included in this study. Selection was determined by including any

catalogue that captured ARs over Antarctica. Regression and MOV analysis was only performed

on ARDTSs with polar constraints (5 ARDTS) to minimize error by only applying ARDTSs fit for
purpose. **ARDTSs have both Tier 1 (MERRAZ2) and Tier 2 (ERAS5) catalogue entries.
Algorithm summaries are also available on the ARTMIP webpage
(https://www.cgd.ucar.edu/projects/artmip/algorithms.html)
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