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Abstract. Atmospheric rivers (ARs) represent the main in-
trusions of moisture and heat into Antarctica, exerting a ma-
jor influence on the continent’s surface mass balance. Yet,
due to geometric and directional constraints, existing detec-
tion algorithms often fail to track their evolution inland after
landfall or in regions where abrupt directional changes oc-
cur. We introduce DARK (Detecting ARs using their Kur-
vature), a new Antarctic AR detection framework designed
to overcome these limitations. DARK applies a strict 98th-
percentile threshold to total integrated vapor transport and
computes AR length along the curved axis to evaluate the
2000 km AR criterion. This enables the continuous detection
of ARs with complex geometries, including those that curve,
overturn, or extend across the South Pole. An additional AR-
children module identifies smaller but still intense moisture
remnants that detach from parent ARs after landfall yet con-
tinue to transport vapor and heat inland. The resulting cli-
matology shows that DARK ARs account for about 18 % of
total Antarctic precipitation and are linked to roughly half of
top 1 % daily precipitation anomalies, 60 % of top 1 % daily
maximum temperature anomalies, and 80 % of compound
warm-and-wet events. DARK provides a more detailed as-
sessment of AR-related precipitation and temperature im-
pacts in the South Pole region. Despite slightly higher oc-
currence, risk ratio analysis shows that DARK ARs more ef-
fectively capture the most intense events than earlier Antarc-
tic schemes. Including AR-children further strengthens these
associations, especially over Victoria Land, where they con-
tribute to about one third of AR-related precipitation.

1 Introduction

Atmospheric rivers (ARs) are long, narrow filaments of en-
hanced horizontal water vapor transport that are an essen-
tial component of the global hydrological cycle and particu-
larly play a central role in the Antarctic surface mass balance
(e.g. Zhu and Newell, 1998; Wille et al., 2025). ARs con-
tribute positively to the Antarctic Ice Sheet (AIS) mass bal-
ance through enhanced snowfall (Turner et al., 2019; Wille
et al., 2021; Maclennan et al., 2022), but they can also in-
duce surface melt and promote ice-shelf instability when
transporting warm, moist air masses inland (Gorodetskaya et
al., 2014; Adusumilli et al., 2021; Wille et al., 2019, 2022).
Given their dual role, robust detection of ARs is essential for
quantifying their frequency and impacts.

Many AR detection tools (ARDTs) have been developed
for different purposes and regions (Collow et al., 2022),
but only a few are tailored to polar environments (Gorodet-
skaya et al., 2014; Mattingly et al., 2018; Wille et al., 2021,
2025). At the global scale, the most widely used scheme re-
mains that of Guan and Waliser (2015), recently updated in
Guan and Waliser (2024). It employs seasonally and spatially
varying vertically integrated water vapor transport (IVT)
thresholds (85th percentile), which provide broad applica-
bility and robust intercomparison across reanalyses (Collow
et al., 2022). The method also applies a set of geometric
and directional filters, including a minimum feature length
of about 2000 km, a length-to-width ratio requirement to en-
sure narrow filamentary structures, and directional coher-
ence criteria that retain only elongated, dynamically consis-
tent moisture transport features. In its latest version (Guan
and Waliser, 2024; hereafter G&W v4), several refinements
were introduced, including a revised treatment of directional
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coherence, improved handling of zonally oriented ARs in
the extratropics, and a polar refinement based on a hemi-
spheric IVT threshold, defined from the area-weighted spa-
tial Sth percentile of local IVT thresholds. This replaces
the previously fixed 100kgm™'s~! minimum and allows
ARs to extend farther inland in polar regions. Despite these
advances, limitations remain over Antarctica. Because the
threshold is based on hemispheric IVT climatology, its ef-
fective local percentile varies strongly across the continent.
It corresponds to relatively low local percentiles in West
Antarctica and coastal regions, favoring numerous AR de-
tections, but to very high percentiles over the cold, dry East
Antarctic interior, sometimes exceeding the 99th percentile,
which prevents inland detections. Consequently, AR occur-
rence remains spatially heterogeneous, with frequent detec-
tions along the coast and in West Antarctica but few over
much of the East Antarctic Ice Sheet.

For Antarctica, the most widely used polar-specific ARDT
is that of Wille et al. (2021), which includes two variants
of the same method applied to different input variables: the
meridional component of IVT (VIVT, hereafter Wille vIVT)
and vertically integrated water vapor IWYV, hereafter Wille
IWV). Among these, the vIVT-based version is the most
commonly used. It applies a monthly, locally defined 98th-
percentile threshold on vIVT, combined with a 20° merid-
ional extent criterion, to identify the strongest southward
moisture intrusions linking the lower latitudes to the Antarc-
tic continent. This design is physically consistent with the dy-
namics of extreme Antarctic precipitation, as intense snow-
fall events are generally associated with above-average IVT
directed southward and approximately perpendicular to the
coast (Wille et al., 2021). Consequently, the Wille vIVT
scheme effectively isolates the ARs that have been linked
to intense precipitation (Wille et al., 2021; Maclennan et
al., 2022), surface melt (Wille et al., 2019; Gorodetskaya
et al., 2023), firn depletion, large iceberg calving events,
and ice-shelf destabilization (Wille et al., 2022). Thus, this
ARDT has become the reference framework for polar AR
studies (Wille et al., 2025).

However, the Wille et al. (2021) framework, while robust,
does not capture the full range of intense moisture transport
features relevant to Antarctica. While weaker or more diffuse
intrusions are rightly excluded by design, some long, narrow,
and intense filaments of water vapor transport, dynamically
consistent with the physical definition of ARs (American
Meteorological Society, 2022), remain undetected. This un-
derdetection arises from methodological constraints related
to the orientation, coherence, and geometric requirements of
the detection scheme.

First, the use of vIVT in the Wille vIVT scheme intro-
duces a discontinuity at the South Pole. When an AR crosses
the pole, the sign of VIVT reverses from poleward to equa-
torward, preventing its identification. This discontinuity also
breaks the continuity of the feature’s axis, preventing it from
satisfying the minimum length criterion (20° meridional ex-
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tent) at the highest latitudes. This issue does not affect the
Wille IWV scheme, which does not consider the meridional
wind; however, Wille et al. (2021) restricted their detection
domain to 85°S (Fig. 1b) to avoid this singularity, in both
vIVT and IWV schemes, to maintain consistency of AR cli-
matologies between both algorithms. While this boundary
had little impact on coastal AR landfalls and when tracking
their progression inland, it introduces a progressive detection
bias toward lower latitudes, up to around 65° S, as a result of
the 20° meridional-extent requirement.

Second, focusing on “moisture transport axes”, a term in-
troduced to unify ARs, tropical moisture exports, and warm
moist intrusions; Spensberger et al. (2025) note that one third
of those axes exhibit an equatorward component. This be-
havior likely reflects synoptic-scale processes such as frontal
occlusion and the curvature of moisture pathways within ma-
ture cyclones, as well as the modulation of moisture transport
by quasi-stationary large-scale circulation features and topo-
graphic forcing. As these systems move poleward and their
associated ARs approach the Antarctic coast, they interact
with the prevailing near-surface easterlies and the steep to-
pography of the ice sheet margin. These interactions often
cause the moisture plumes to curve or tilt at landfall, devi-
ating from a purely meridional orientation. Approximately
20 % of “moisture transport axes” south of 70° S display such
equatorward curvature (Spensberger et al., 2025). This be-
havior is particularly common in the Ross Sea and Wed-
dell Sea regions (see Fig. la for geographic regions refer-
enced in this study), where synoptic and orographic effects
jointly steer moisture fluxes away from the meridional di-
rection. In these cases, VIVT decreases and reverses sign as
the AR curves equatorward, leading to a loss of detection at
and beyond the inflection point. Although this specific limi-
tation does not affect the Wille IWV scheme, it remains con-
strained by the 20° meridional-extent criterion, which also
excludes long, curved, or overturning ARs that are dynam-
ically consistent with AR characteristics but have limited
meridional span due to their complex geometry. This limi-
tation is not unique to the Wille vIVT and IWV frameworks.
Global AR detection schemes such as G&W v4 also apply
directional-coherence constraints that may limit the detec-
tion of ARs with strongly curved or reversing geometries,
though their primary limitation over Antarctica relates to the
effective IVT threshold rather than directionality, as further
discussed in Sect. 3.

Another limitation of existing detection approaches con-
cerns the evolution of ARs after they reach the Antarctic
continent. As they make landfall, they often diverge and lose
their narrow filamentary geometry due to condensation, la-
tent heat release, and the spreading of moisture fluxes within
occluding or decaying frontal systems (Dacre and Clark,
2025). Although this morphological transition causes them
to fall outside the geometric criteria of standard AR detection
methods, these features frequently remain highly moisture-
laden and continue to drive precipitation, cloud formation,
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Figure 1. (a) Map of the Antarctic Ice Sheet showing surface elevation (ma.s.l.) and key geographic regions discussed in the text. (b) Con-
ceptual schematic illustrating detection differences between the DARK, Wille AR and G&W v4 frameworks during three arbitrary yet

representative landfall events.

and surface melt inland. To capture the continuation of AR
influence, identifying and tracking such post-landfall rem-
nants would be relevant but has not yet been proposed. This
would allow the monitoring of structures representing the in-
land evolution of decaying but still active AR-provided mois-
ture remnants. Accounting for these structures would be es-
sential for quantifying the sustained hydrological and ther-
modynamic effects of ARs on the Antarctic surface mass bal-
ance, while extending the study of the Antarctic AR life cycle
to its terminus (Wille et al., 2024).

To address these limitations, we develop a new Antarctic
ARDT called DARK (Detecting ARs using their Kurvature),
that builds upon the intensity-based framework of Wille et
al. (2021) while removing directional constraints that limit
the identification of curved or equatorward-turning ARs (like
the AR making landfall on 16 November 2020, in Dronning
Maud Land, Fig. 1b). The method applies a 98th-percentile
threshold on total integrated vapor transport (IVT), computed
using a 15d rolling window to capture temporal variability
and regional seasonality. Features smaller than 200 000 km?
are removed prior to classification. ARs are then defined as
contiguous structures exceeding the IVT threshold with a to-
tal length of at least 2000 km, approximately equivalent to
the 20° meridional extent criterion of Wille et al. (2021)
(Fig. 1b), but regardless of their orientation or directional
coherence. In addition, we introduce an add-on to identify
and track post-landfall moisture remnants with IVT above
the local 98th-percentile, with an area exceeding 20 000 km?,
which evolve from previously detected ARs but no longer
meet the geometric length criterion, hereafter referred to as
AR-children. This study aims to illustrate that our framework
provides a more complete and physically consistent view of
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AR-driven moisture transport and its influence on Antarctic
precipitation and near-surface temperature variability, with
implications for surface melt and ice-shelf stability.

We apply this framework to a multi-decadal ERAS5 reanal-
ysis (1979-2023) to produce the first comprehensive assess-
ment of Antarctic ARs detected by DARK (hereafter DARK
ARs) and their post-landfall AR-children. The analysis quan-
tifies their contribution to Antarctic precipitation, as well as
to precipitation, temperature, and compound extreme anoma-
lies. It further characterizes the magnitude and orientation of
IVT and presents representative case studies illustrating their
synoptic evolution. Throughout, DARK is compared against
the Wille vIVT, Wille IWV, and G&W v4 catalogues to con-
textualize its added value. This framework aims to fill key ob-
servational and methodological gaps left by existing ARDTs,
providing a more comprehensive representation of Antarctic
ARs and their impacts on the AIS.

2 Data and methodology
2.1 Data

We use the ERAS reanalysis produced by the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF; Hers-
bach et al., 2020) for the period 1979-2023, at a horizon-
tal resolution of 0.25° x 0.25°. Atmospheric rivers are de-
tected at 6-hourly intervals using the eastward (uIVT) and
northward (vIVT) components of integrated vapor transport
(IVT). Diagnostic variables, including wind and geopoten-
tial height at 500 hPa, are analyzed at the same 6-hourly
timestep. Surface diagnostics are evaluated at daily resolu-
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tion: total precipitation is aggregated to daily sums, and 2m
air temperature is used to derive daily maximum values.

For intercomparison, the Wille et al. (2021) Antarctic AR
detection schemes based on integrated water vapor (IWV)
and meridional IVT (vIVT) were recomputed at 6-hourly in-
tervals. To ensure spatial consistency with the new DARK
framework, both Wille schemes were extended northward
to 15° S while retaining their original southern boundary at
85°8S. This adjustment provides uniform temporal and spa-
tial coverage across methods, enabling a direct comparison
of AR frequency, geometry, and associated surface impacts
over the 1979-2023 period.

We additionally use the tARget version 4 AR catalog
(Guan and Waliser, 2024; hereafter referred to as G&W
v4), generated from ERAS for 1940-2023. Only the 1979-
2023 period is retained to match the analysis window used
throughout this study.

2.2 DARK AR Detection Algorithm

At each 6-hourly time step, the DARK framework is applied
over the 15-90°S domain. The magnitude of IVT is com-
puted from its zonal and meridional components as

IVT = VulVT2 4+ vIVTZ, 6))

where ulVT and vIVT are the zonal and meridional compo-
nents of IVT from ERAS.

A rolling 15 d 98th-percentile threshold of IVT is calcu-
lated for each grid point and day of year using all available
years (1979-2023). Grid cells exceeding this threshold are
identified at each 6-hourly time step and grouped into con-
tiguous features using a connectivity criterion that links all
directly adjacent or diagonally touching cells (Fig. 2a). Ob-
jects smaller than 200 000 km? are removed (consistent with
the typical spatial scale of ARs, which are generally hun-
dreds of kilometres wide and at least 2000 km long) before
centerline computation to avoid processing small, isolated
exceedances that are not representative of large-scale mois-
ture transport and for which centerline estimation is compu-
tationally expensive and prone to numerical error (Fig. 2b).
The remaining features are processed to extract a smoothed
centerline (Fig. 2d, e). An object is classified as an AR if the
geodesic length of this centerline equals or exceeds 2000 km,
consistent with the typical length scale used in established
AR detection frameworks (Fig. 2f; e.g., Guan and Waliser,
2015, 2024; Wille et al., 2021; Skinner et al., 2020; Gorodet-
skaya et al., 2014). This procedure yields a binary AR mask
indicating the presence or absence of an AR at each grid
point and time step.

2.3 Optional AR-children add-on

The AR-children add-on is an optional extension of the
main detection algorithm. It builds upon the AR catalog de-
scribed above to identify post-landfall moisture structures
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that remain intense after the parent AR loses spatial coher-
ence. Accordingly, two catalogs are provided: one including
only DARK ARs and another combining DARK ARs with
their AR-children, with accompanying binary and classifi-
cation variables (see the section “Code and data availabil-
ity”’). At each time step, regions where IVT exceeds the 98th-
percentile threshold are labeled as contiguous features using
a connectivity criterion that links all directly adjacent or diag-
onally touching grid cells. Temporal continuity is established
through spatial overlap between consecutive time steps, en-
suring consistent tracking of moisture structures while main-
taining computational efficiency. A feature is classified as an
AR-child when it previously overlaps with a detected parent
AR and subsequently detaches from it while being in contact
with, or located over, the Antarctic continent. A minimum
area of 20 000km? is imposed to exclude small structures.
This approach ensures both physical and temporal consis-
tency while remaining computationally efficient for multi-
decadal, hemispheric reanalysis datasets.

The AR-children module requires approximately 9h of
CPU time and ~ 17 GB of memory for the full 1979-2023
climatology, compared to 1 h and ~ 8 GB for the core DARK
algorithm (see the section “Code and data availability™).

2.4 Attribution of events to ARs

To attribute surface impacts to ARs (or AR-children), we
identify precipitation and temperature events associated with
AR occurrence at each grid cell. Because AR-related pre-
cipitation and temperature anomalies can persist beyond the
period when a given grid cell is directly affected by an AR,
the attribution window is extended to include adjacent days,
depending on the variable.

For precipitation, AR-related events are defined as those
occurring on the day of AR landfall (Dg) and the following
day (D41), following Wille et al. (2021) and Maclennan et
al. (2022). We use here a daily timescale for computing ef-
ficiency and to avoid multiple detections of single extreme
events due to serial correlation at sub-daily timescales. This
extension accounts for residual precipitation that continues
after the main AR plume loses coherence or moves inland.

For temperature, AR-related events are considered on the
day before (D_1), the day of (Dy), and the day after (D)
AR landfall. This accounts for both preconditioning (e.g.,
warm advection ahead of the AR) and lagged warming due
to persistent cloud cover, latent heat release, or surface melt
following AR passage.

For precipitation, daily totals are compared to the mean
daily climatology for each calendar day (1979-2023), while
for 2 m air temperature, daily maxima are compared with the
corresponding daily-maximum climatology. In both cases,
the anomaly represents the deviation from the daily mean cli-
matological value at each grid point.

Extreme events are defined as days when these anoma-
lies exceed the 99th percentile of their respective daily
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Figure 2. Schematic overview of the DARK detection workflow applied to a single 6-hourly ERAS5 time step. (a) Total IVT field used as
input. (b) Grid cells exceeding the local 98th-percentile threshold. (¢) Objects with an area exceeding 200 000 km? retained. (d) Skeleton
extracted from each remaining object. () Smoothed centerline derived from the skeleton. (f) Final DARK AR classification: objects whose
centerline geodesic length equals or exceeds 2000 km are retained, with their centerline length indicated in km. Magenta contours show the
potential (b—e) or final (f) AR object boundaries and black lines show the skeleton (d), centerline (e) or smoothed centerline (f).

anomaly distributions, computed independently at each grid
point. Compound events, defined as the co-occurrence of ex-
treme precipitation and temperature anomalies, are identified
when an extreme precipitation day coincides with or occurs
within £1d of an extreme temperature anomaly. This tem-
poral window ensures that temporally overlapping or closely
spaced extremes are captured within a single compound-
event framework. This approach allows both direct and short-
lagged compound extremes associated with ARs to be in-
cluded in the analysis.

2.5 Characterisation of AR moisture transport
directionality

To characterise the directionality of moisture transport dur-
ing AR events, we analyse the ERAS5 IVT components
(uIVT and vIVT; eastward and northward respectively) at
each grid cell and 6-hourly time step flagged as an AR
over the 1979-2023 period. Three metrics are computed for
each grid cell. First, the fraction of AR time steps where
meridional flow dominates (i.e. | vVIVT | > |ulVT]) is com-
puted as a percentage of all AR time steps at that grid cell;
the complementary fraction corresponds to zonal-dominant
flow |ulVT|> |vIVT]). Second and third, the fraction of
AR time steps with eastward (uIVT >0) and northward
(VIVT > 0) IVT are computed likewise.

https://doi.org/10.5194/wed-7-1189-2026

2.6 Risk Ratio

Because extending the attribution window naturally in-
creases the number of AR-associated events, we quantify
their statistical relevance using risk ratios (RR; Katz et
al., 1978; Scholz and Lora, 2024). This ensures that higher
counts reflect genuine physical associations rather than the
effect of broader temporal inclusion. RR are computed as the
ratio between the probability of an extreme event during AR
conditions (Eq. 2) and the probability during non-AR condi-
tions (Eq. 3).

For each grid point, the conditional probabilities are de-
fined as:

N
P(E | AR) = —2AR 2)
Nar
Ng -
P(E|-AR) = —Z7AR 3)
N-arR

where Ng ar is the number of days with both an AR and an
extreme event (considering the temporal extension defined
in Sect. 2.6), Nar is the total number of AR days (includ-
ing the temporal extensions defined in Sect. 2.6), Ng AR is
the number of extreme events without an AR, and N_ R the
number of non-AR days.
RR is then expressed as:
P (E | AR)

RR= ——— (4)
P (E | —AR)
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Values of RR > 1 indicate that extreme events are more likely
under AR conditions. For example, a value of RR =2 implies
that extreme events are twice as likely to occur during AR
conditions compared to non-AR conditions. This metric ac-
counts for the frequency of AR occurrence, ensuring that re-
sults reflect the relative enhancement of extremes rather than
the prevalence of ARs themselves.

2.7 Statistical significance

Differences in AR occurrence between schemes were eval-
uated using a two sample test of equality of proportions at
each grid point. For the share of precipitation attributable to
ARs, as well as for extreme precipitation, temperature, and
compound events, significance was assessed using the same
bootstrap framework: AR dates (including their variable-
dependent temporal extensions) were kept fixed, while entire
precipitation or temperature years were permuted without re-
placement, preserving their autocorrelation and seasonality
but breaking their co-occurrence with ARs. The observed
AR-associated fraction (or the difference between detection
schemes) was compared against 1000 bootstrap realizations,
and values were considered significant when they lay outside
the corresponding 95 % bootstrap confidence interval.

The statistical significance of the RRs was assessed fol-
lowing the log-normal approximation method of Katz et
al. (1978), because the distribution of the risk ratio is asym-
metric while its logarithm is approximately normally dis-
tributed, allowing reliable confidence intervals to be derived
using standard normal theory. To handle zero count cases, we
applied the Haldane—Anscombe correction (Haldane, 1956;
Anscombe, 1956) by adding 0.5 to both co-occurrence counts
and 1 to the total-event denominators. A 95 % confidence in-
terval was computed on the log-transformed RR and then ex-
ponentiated back to the RR scale. Grid cells were considered
significant when the confidence interval excluded 1; other-
wise, they were masked as non-significant.

3 Results
3.1 Frequency of DARK ARs and AR-children

DARK ARs exhibit their highest occurrence within the mid-
latitude storm-track regions (~50°S, Fig. 3a; Chemke et
al., 2022) (Chang et al., 2002; Wirth et al., 2018), with max-
ima during austral winter (see Fig. S1 in the Supplement).
The lowest frequencies occur over the Ross Sea sector, where
the minimum is most pronounced in winter. The spatial dis-
tribution closely matches that of Wille vIVT and Wille IWV
schemes, although DARK ARs yields higher overall fre-
quencies, particularly over the AIS. Over South of the East
Antarctic Ice Divide (EAID, Fig. la), occurrence is up to
1.2 percentage points (pp) higher than in Wille vIVT and
IWYV, while along the East Antarctic coast the difference re-
mains small (= 0.3 pp), indicating that the total frequency of
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AR landfalls along the Antarctic coastline remains roughly
unchanged between the Wille and DARK schemes. By con-
struction, AR-children occur exclusively over the continent
and its coastal margins, with mean frequencies up to 0.3 %
along the coast and local maxima of 0.6 % near McMurdo
and farther inland over the plateau (Fig. S2a), bringing the to-
tal frequency of DARK ARs and their AR-children at 1.5 %
across most of the AIS (Fig. 3b).

The G&W v4 scheme exhibits a strikingly different spa-
tial distribution of AR occurrence from both DARK and the
Wille schemes. On average, G&W v4 detects 4.4 pp more AR
occurrence than DARK across the Antarctic continent, but
this average conceals an extreme spatial heterogeneity. Along
the coast of West Antarctica, the Antarctic Peninsula, and
the broader AIS coastline, G&W v4 exceeds DARK by up to
10 pp, while inland, south of the East Antarctic Ice Divide,
DARK detects up to 1.3 pp more than G&W v4 (Fig. 3a).
This sharp gradient is further illustrated in Fig. S2: G&W v4
detects more than 2000 AR days at the coastline but fewer
than 10 South of the EAID over the full 1979-2023 period,
compared to around 400 for DARK and around 300 for the
Wille schemes. This sharp coastal-to-inland gradient reflects
a fundamental limitation of the G&W v4 hemispheric thresh-
old for capturing the full lifecycle of Antarctic ARs, and re-
sults in detection frequencies that are either far in excess of or
far below those of DARK and the Wille schemes across most
of the continent, with only a narrow transitional zone where
they are broadly comparable. While G&W v4 effectively de-
tects the most intense moisture intrusions at the coast, where
IVT is highest, its effective threshold of 46.8kgm™!s~!
in January and 39.4kgm~!s~! in July (Guan and Waliser,
2024) prevents detection of ARs as they penetrate inland and
progressively lose intensity. As shown in Fig. S2, mean AR
IVT values for DARK and the Wille schemes decrease to
10kg m~!s~! or below south of the EAID, well below the
G&W v4 effective threshold, and G&W v4 records no detec-
tions (Fig. S2) at all over some interior regions such as Dome
A and the area surrounding the South Pole. This suggests that
G&W v4 captures the arrival of the most intense ARs at the
Antarctic margin, but is not designed to monitor their inland
penetration and associated surface impacts on the ice sheet.

3.2 Direction and orientation of DARK ARs

DARK ARs exhibit a much wider range of orientations
than either Wille schemes while still reproducing well the
dominant large-scale IVT orientation patterns (zonal ver-
sus meridional, and eastward versus westward) captured by
Wille IWV (Fig. 4a, c; Sect. 2.5). A majority of Wille vIVT
ARs are also detected by DARK, with 64 % agreement over
the Southern Ocean and about 61 % on average across the
AIS (Fig. S5a). The co-detection is strongest where DARK
ARs exhibit predominantly meridional, southward orienta-
tions, such as over southern Dronning Maud Land, Coats
Land, and along the northern flank of the East Antarctic Ice
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Figure 3. Frequency of DARK atmospheric rivers (ARs) (a) and DARK ARs and their children (b) from 60 to 90°S. From left to right:
AR occurrence ( %), differences from the Wille vIVT, the Wille IWV and the G&W v4 schemes (percentage points, pp). Hatched white
areas south of 85° S mark regions without data in the Wille schemes, hatches elsewhere cover non-significant regions (Sect. 2.7). Land-area
weighted mean and maximum values are indicated below each panel.

Divide. However, a substantial fraction of ARs detected by
DARK are not captured by Wille vIVT: across the Antarc-
tic Ice Sheet, roughly 67 % of DARK ARs are exclusive to
the new detection framework (Fig. S5b). These additional
detections are particularly frequent from the Ross Ice Shelf
to Dome A along the southern flank of the East Antarc-
tic Ice Divide. In these regions, DARK ARs are mainly
northward (Fig. 4c; and eastward, due to the influence of
the East Antarctic topography and the Coriolis deflection
of the pressure-driven circulation) oriented, which is incom-
patible with Wille’s strict requirement of southward vIVT.
Elsewhere across the continent, all three schemes, DARK,
Wille vIVT, and Wille IWV, show predominantly southward-
oriented ARs, confirming that most intense moisture trans-
port toward Antarctica occurs in a poleward direction. Wille
vIVT ARs that do occur there generally correspond to rel-
atively strong meridional, but weak total IVT, since the
percentile-based threshold can be met even under low IVT.
In contrast, DARK detects ARs in these sectors because
they exceed the 98th-percentile threshold in total IVT, cap-
turing dynamically stronger but more geometrically com-
plex structures. Compared with Wille IWV, DARK shows
a more homogeneous agreement across the AIS, with up
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to 90 % co-detection in Dronning Maud Land (Fig. S5a).
This higher overlap reflects the greater directional flexibil-
ity of Wille IWV, which can capture zonal or northward
ARs (Fig. 4a, c), including those turning over the Ross and
Amery Ice Shelves and along the East Antarctic coastline.
However, Wille IWV remains limited by its 20° meridional-
extent criterion, which disfavors fully zonal filaments. More-
over, because IWV represents static moisture rather than dy-
namic transport, it detects only about 50 % of DARK ARs
in localized regions such as the Dronning Maud Land coast
(Fig. S5b). These undetected cases typically contain high hu-
midity but insufficient wind to produce large IVT values, pre-
venting them from meeting the DARK threshold. Overall,
Wille vIVT and IWV ARs only partially overlap with DARK
detections. A majority of Wille (VIVT or IWV) ARs are
identified by DARK, but many DARK ARs are not detected
by Wille ARDTs. This asymmetry highlights that while the
methods share a common physical basis, DARK extends be-
yond Wille’s directional and geometric constraints, capturing
a more dynamically coherent and diverse range of AR ge-
ometries, including curved, zonal, and poleward-turning fila-
ments that were missed by previous frameworks.

Weather Clim. Dynam., 7, 1189-1210, 2026
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Figure 4. Fraction of AR time characterized by (a) zonal vs. meridional dominant IVT components (|ulVT | vs. | vIVT |), (b) westward vs.
eastward ul VT, and (c) southward vs. northward vIVT, for each AR catalogue (from left to right: DARK, Wille vIVT, Wille IWV and G&W
v4). Hatched white areas south of 85° S mark regions without data in the Wille schemes. Grey shading in the G&W v4 column indicates grid

cells where no AR was detected over the full period.

Compared with G&W v4, DARK shows broadly con-
sistent large-scale IVT orientation patterns across both the
Southern Ocean and the Antarctic continent, although the
G&W v4 fields appear noisier over the interior due to the
very low number of detections in these regions.

3.3 Contribution of ARs to Antarctic precipitation
DARK ARs account for an average of 18 % of total AIS pre-

cipitation, reaching up to 35 % in some regions (Fig. 5a).
Only along the relatively straight, zonally oriented sectors

Weather Clim. Dynam., 7, 1189-1210, 2026

of the East Antarctic coastline, their contribution is compa-
rable to that of Wille vIVT ARs. In contrast, in areas where
the coastline geometry departs from this alignment, particu-
larly within the major embayments such as the Ross, Ronne—
Filchner, and Amery Ice Shelves, DARK ARs contribute
to substantially more precipitation, with enhanced signals
extending inland over the catchments located south of the
EAID. The only region where DARK ARs contribute to less
precipitation than Wille vIVT ARs is Oates Land.

https://doi.org/10.5194/wcd-7-1189-2026
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Figure S. Share of total precipitation attributed (Sect. 2.4) to (a) DARK ARs and (b) DARK ARs and their children. From left to right:
percentage of precipitation from ARs, differences from the Wille vIVT, the Wille IWV, and the G&W v4 schemes (pp). Antarctic land-only
(inside-coastline) mean and maximum values are reported below each panel. Hatched white areas south of 85° S mark regions without data
in the Wille schemes, hatches elsewhere cover non-significant regions (Sect. 2.7).

On average, DARK ARs deliver 5 (8) pp more precipita-
tion than Wille vIVT (Wille IWV), with local increases up to
18 (20) pp in the interior, notably near the South Pole and the
Transantarctic Mountains. Even when both Wille schemes
are combined, DARK ARs still produce 2 pp more precip-
itation on average, with local differences reaching up to
15 pp (Fig. S6). The comparison with G&W v4 reveals spa-
tially contrasting differences that cannot be summarized by
the AIS-averaged difference alone, as the two schemes have
fundamentally different detection footprints over Antarctica.
Along the coast and over the WAIS, the very high AR occur-
rence in G&W v4 translates into substantially more attributed
precipitation, locally exceeding DARK by up to 50 pp. Mov-
ing inland, this signal reverses sharply: DARK explains up to
24 pp more precipitation north of the EAID, where G&W v4
detections drop off rapidly due to its effective hemispheric
IVT threshold. This coastal dominance outweighs the inland
gains, yielding a slightly negative AIS-averaged difference
of —3pp (Fig. 5a, right column). This sign reversal reflects
the different purposes of the two approaches: G&W v4 was
designed for global applicability and captures intense coastal
moisture intrusions, while DARK was specifically designed
to monitor AR activity across the full Antarctic continent, in-
cluding its interior. Within the DARK framework itself, AR-
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children contribute little on average (Fig. 5b) but represent a
significant additional source within these embayments, most
notably over the Amery Ice Shelf and Victoria Land, where
they account for more than 8 % of total AIS precipitation
(Fig. S2b).

In this analysis, precipitation occurring on the day of AR
landfall (Dg) and the following day (D) is attributed to
ARs throughout this study (Sect. 2.4), and to ARs and their
children when using the DARK + children framework, con-
sistent with common practice (Wille et al., 2021; Maclen-
nan et al.,, 2022). When AR-children are included, how-
ever, a comparable AlS-averaged share of precipitation is
obtained (Fig. S7) even when considering precipitation as-
sociated with DARK ARs and their children on the day of
landfall alone (Dy), compared to attributing precipitation to
DARK ARs without including AR-children over both the day
of landfall (DO) and the following day (D41). This reflects
not a temporal substitution, but a spatial refinement: AR-
children explicitly capture the inland propagation and dis-
sipation of moisture that, in previous approaches, was only
approximated by extending the temporal attribution window
beyond landfall. Their inclusion therefore provides a more
physically consistent representation of post-landfall hydro-
logical impacts.
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While DARK ARs contribute more to precipitation than
either Wille scheme across most of the AIS, this increase
primarily reflects their higher occurrence frequency rather
than higher precipitation per event (Fig. 6a). When normal-
ized by AR occurrence, that is, expressed as the ratio of AR-
related precipitation (%) to AR occurrence (%), the mean
precipitation intensity (pppp~', dimensionless) associated
with DARK ARs is slightly lower overall than in both Wille
schemes (around —5). Relative to Wille IWV, precipitation
intensity is lower across the AIS in a broadly uniform pat-
tern. However, relative to Wille vIVT, differences are more
heterogeneous: intensity is reduced over most of the AIS but
locally enhanced over the Amery Ice Shelf and south of the
EAID, peaking along the Ross sector of the Transantarctic
Mountains (up to 34). When DARK ARs and their associated
children are considered together, the overall AR intensity fur-
ther decreases, although they remain more intense than Wille
ARs in the latter regions (Fig. 6b).

The comparison with G&W v4 mirrors the spatial hetero-
geneity seen in total precipitation. Along the coast and over
the WAIS, DARK ARs are more intense than G&W v4 ARs
(positive differences), consistent with DARK having fewer
but still highly impactful detections in these regions. Inland,
the picture reverses: intensity differences become negative
over large parts of the East Antarctic interior, reaching below
—50 in some areas. These strongly negative values, however,
must be interpreted with caution, as they correspond to re-
gions where G&W v4 detects very few AR days over the full
period (fewer than 35 where differences exceed —50, fewer
than 100 where they exceed —30; Fig. S4). In these areas,
the small sample of G&W v4 detections consists almost ex-
clusively of the most intense inland moisture intrusions, in-
flating their mean intensity relative to DARK. Overall, this
confirms that G&W v4 selectively captures the most intense
moisture intrusions at the coast and in the rare inland loca-
tions where IVT remains sufficiently high, while missing the
broader population of intrusions that DARK and the Wille
schemes track from the coast into the interior.

3.4 Contribution to extreme events

DARK ARs are associated with 53 % of extreme (Sect. 2.4)
precipitation days on average (Fig. 7a), with local values
reaching up to 85 % inland of the East Antarctic coast and
decreasing toward Dome C. Although the mean precipita-
tion per AR event is lower (Sect. 3.2), the DARK scheme
captures a substantially larger proportion of the most intense
precipitation anomalies than either Wille scheme. Compared
to Wille vIVT, the association fraction is higher by 15 pp on
average and locally by up to 56 pp south of the EAID, with
only a few small areas showing slightly weaker associations,
the largest being Oates Land. Relative to Wille IWYV, the in-
crease is more spatially homogeneous, with the largest dif-
ferences following topography, particularly over Queen Eliz-
abeth Land. This pattern indicates that DARK, like Wille
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vIVT, better represents topographically induced precipitation
linked to moisture transport rather than static humidity. Com-
pared with G&W v4, DARK explains on average 10 pp more
extreme precipitation days across the AIS, with gains up to
81 pp inland. Along the coast and over the WAIS, G&W v4
associates more extreme days with ARs, consistent with its
very high detection frequency in these regions. However, un-
like for total precipitation, the AIS-averaged difference re-
mains positive, reflecting the fact that many of the numerous
G&W v4 coastal detections are associated with non-extreme
precipitation events that do not reach the top 1% thresh-
old. Including AR-children increases the mean association
by only about S pp (Fig. 7a, b), but they remain locally sig-
nificant, forming broad hotspots over the Amery Ice Shelf
and across Victoria Land, where they account for more than
15 %, and locally up to 20 %, of extreme precipitation days
(Fig. S8). These regions represent the strongest and most spa-
tially extensive contributions of AR-children, while more lo-
calized contributions also occur south of the EAID, where
post-landfall moisture remnants sustain intense precipitation
after the parent AR dissipates.

DARK ARs are associated with 67 % of extreme daily
maximum temperature events on average (Sect. 2.4; Fig. 7c),
with local values exceeding 80 % near Dome C and over
Dronning Maud Land. Compared to the Wille schemes,
DARK increases the association fraction by more than 28 pp
on average. The gain is spatially uniform relative to Wille
IWYV and more spatially contrasted compared to Wille vIVT,
with the largest improvements south of the EAID. Compared
with G&W v4, DARK explains on average 22 pp more ex-
treme temperature days, with a spatially uniform inland ad-
vantage reflecting DARK’s more consistent continental cov-
erage. As with precipitation extremes, G&W v4 explains
more along the coast, but the AlS-averaged difference re-
mains strongly positive, consistent with DARK’s broader and
more homogeneous detection across the interior. Including
AR-children further raises the mean association to approxi-
mately 71 % (Fig. 7d), primarily through a uniform increase
of about 4 pp across most of the AIS. In several regions, this
leads to association fractions exceeding 90 % locally, while
the largest increases occur over Victoria Land and the Ross
Ice Shelf-McMurdo area, where AR-children contribute up
to 20 pp of additional extreme temperature events. This re-
flects the persistence of warm, moist air masses following
AR landfall (Fig. S8).

Compound (precipitation and 2m air temperature) ex-
tremes (Sect. 2.4) occur widely across Antarctica but are ab-
sent leeward of the Antarctic Peninsula, where strong foehn
winds produce warm but dry conditions (Fig. S9). DARK
ARs are associated with approximately 78 % of compound
extremes on average (Fig. 8a) and with nearly 100 % across
broad sectors of East Antarctica. DARK identifies substan-
tially more inland events than Wille vIVT, which captures
many compound events along the coast but misses large in-
terior regions south of the EAID, from southern Dronning
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Figure 6. Normalized AR precipitation intensity, defined as the ratio between the percentage of precipitation from ARs (Fig. 3) and AR
frequency (Fig. 3, unitless), for (a) DARK ARs and (b) DARK ARs and their children. From left to right: differences from the Wille vIVT,
the Wille IWV, and the G&W v4 schemes (pp). Antarctic land-only mean and maximum values are reported below each panel. Hatched
white areas south of 85° S mark regions without data in the Wille schemes, hatches elsewhere cover non-significant regions (Sect. 2.7).

Maud Land to Victoria Land and around the Amery Ice Shelf.
Compared with G&W v4, DARK explains on average 30 pp
more compound extremes across the AIS, with the same
coastal-to-inland polarity as for precipitation and tempera-
ture extremes. Including AR-children increases the mean as-
sociation modestly (by about 3 pp) but introduces a distinct
new hotspot over Victoria Land (Fig. 8b), where AR-children
contribute to more than 20 pp of additional compound ex-
tremes (Fig. S8). Notably, Victoria Land is also one of the
two main regions of frequent compound events across the
continent, although such events remain rare overall (fewer
than 0.5 % of days: Fig. S9).

Risk ratios (RR) are next used to account for differences
in AR occurrence frequency (Sect. 2.6). For precipitation,
DARK yields RR values comparable to or higher than those
of the Wille schemes across most of the AIS (Fig. 9a), in-
dicating that extreme precipitation is about 30 times more
likely during an AR, independently from the selected ARDT.
The spatial pattern closely resembles that of Wille vIVT, with
the highest values north of the EAID and local peaks reach-
ing 142. However, for 2 m air temperature (Fig. 9b), the sim-
ilarity with Wille’s ARDTs is weaker. While DARK repro-
duces the main hotspots seen in Wille’s ARDTSs, RRs are
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considerably larger over a much wider area. The Antarctic-
wide mean RR reaches 45 (roughly twice the Wille means),
with local maxima up to 143, demonstrating that DARK not
only amplifies the temperature hotspots detected by Wille
vIVT and IWV but also identifies additional regions of
strong AR influence beyond those captured by the origi-
nal scheme. For compound extremes (Fig. 9¢), DARK pro-
duces a markedly higher RR than Wille’s ARDTs, with an
Antarctic-wide mean of 128, almost double that of Wille’s
ARDTs, and local maxima exceeding 103, highlighting the
dominant influence of ARs on concurrent warm and wet ex-
tremes. Including AR-children further increases both mean
and peak RR for precipitation, temperature, and compound
events, illustrating that post-landfall moisture remnants can
cause extremes after the parent AR loses coherence.

The G&W v4 ARDT yields substantially larger RR val-
ues across the AIS for all variables (Fig. 9). For precipita-
tion (Fig. 9a), the Antarctic-wide mean RR reaches 71, more
than twice the values obtained with DARK and the Wille
schemes. A similar difference is found for 2 m air tempera-
ture (Fig. 9b), where the mean RR rises to 76. For compound
extremes (Fig. 9¢), the Antarctic-wide mean RR reaches 146.
These large ratios reflect a very strong statistical association

Weather Clim. Dynam., 7, 1189-1210, 2026
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Figure 7. Fraction of 99th-percentile anomaly days associated with DARK ARs for precipitation (a-b) and 2 m temperature (c—d). Within
each variable, the first row shows DARK ARs and the second row shows DARK ARs + children. Columns show (left to right) the absolute
fraction of extremes and the differences relative to the Wille vIVT,the Wille IWV, and the G&W v4 schemes (percentage points, pp). Antarctic
land-only mean and maximum values are reported below each panel. Hatched white areas south of 85° S mark regions without data in the
Wille schemes; hatched overlays indicate non-significant values (Sect. 2.7); grey shading indicates grid cells with no detected extremes.
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extremes.

between G&W v4 ARs and extreme events. However, their
magnitude is strongly shaped by the particular spatial struc-
ture of G&W v4 detection frequency over Antarctica, with
far more AR days than DARK or the Wille schemes at the
coast and far fewer inland, which creates strongly contrasted
AR and non-AR pools that mechanically amplify RR in both
regimes. The spatial coincidence between the largest RR val-
ues and the regions of highest G&W v4 detection frequency
is a direct consequence of these contrasts, rather than evi-
dence of a stronger physical association. Consequently, the
RR values from G&W v4 are less directly comparable to
those obtained with DARK and Wille’s ARDTs.

3.5 Regional case studies

To illustrate the performance of the DARK framework dur-
ing intense to extreme weather events, we analyze represen-
tative cases. The first case study focuses on the McMurdo re-
gion, a well-known area situated between the Ross Ice Shelf
and Victoria Land, both of which show strong enhancement
in DARK relative to Wille’s ARDTs. The second case study
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examines ARs detected south of the EAID, including those
crossing the South Pole.

3.5.1 Extreme events in the McMurdo-Dry Valleys
region

The first case study focuses on the McMurdo-Dry Valleys
domain (160-168° E, 78.5-77.5°S), where two exceptional
events exemplify the synoptic conditions driving major pre-
cipitation and temperature extremes.

On 1 December 2003 (Fig. 10a), the McMurdo-Dry Val-
leys region recorded more than 16 mm of precipitation, ex-
ceptionally high for this arid environment, representing the
largest daily precipitation total in the 1979-2024 ERAS
dataset. Including the following day (2 December 2003, with
more than 12 mm, corresponding to the 99.9th percentile),
the two day total accounts for over 14 % of the annual precip-
itation in 2003. The 500 hPa geopotential height anomalies
reveal a broad anticyclonic circulation spanning the Antarc-
tic interior from the Bellingshausen Sea to Dome C, with a
maximum over Marie Byrd Land. The western flank of this

Weather Clim. Dynam., 7, 1189-1210, 2026
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Figure 9. Risk ratio (RR; see Sect. 2.6) of 99th-percentile anomalies during AR conditions for (a) 2m air temperature, (b) precipitation,
and (¢) compound events (precipitation + temperature; see Sect. 2.4). Columns correspond to DARK ARs, DARK ARs and their children,
Wille vIVT, Wille IWV, and G&W v4 ARs. Values of RR > 1 indicate an increased likelihood of extremes under AR conditions. Grey areas
indicate grid cells without detected compound extremes, hatches indicate non-significant RR (Sect. 2.7), black shading in the G&W v4
column indicates grid cells where no AR was detected over the full period.

ridge directed a zonal moisture flux into the western Ross
Sea sector. Upon encountering the Transantarctic Mountains,
this flux curved equatorward and westward, producing in-
tense coastal precipitation. The DARK scheme captures the
full curvature of this moisture filament as it arcs inland over
Victoria Land, while neither Wille vIVT nor Wille IWV de-
tect the equatorward-turning portion (Fig. 10a). G&W v4 de-
tects a broader moisture feature over the Ross Sea and Vic-
toria Land, capturing part of the zonal flux but not the full
inland portion of what DARK classifies as an AR. Notably,
G&W v4 flags numerous AR objects across the Southern
Hemisphere on this date, considerably more than DARK or
the Wille schemes, reflecting its lower effective IVT thresh-
old in high-IVT coastal regions. The precipitation maximum
coincides with the AR’s interaction with the Transantarctic
Mountains, followed by a sharp inland decline in IVT consis-
tent with strong orographic precipitation. By 2 December, a

Weather Clim. Dynam., 7, 1189-1210, 2026

deep trough northwest of the Ross Sea had aligned and chan-
neled moisture from the South Pacific toward the Ross Ice
Shelf, sustaining the precipitation event. The main AR fila-
ment had dissipated, leaving behind a remnant classified as
an AR-child, while G&W v4 captures this day as a full AR
extending from the South Pacific, detecting the entire mois-
ture import corridor where DARK identifies only the inland
tip. Despite its smaller spatial extent, this remnant produced
more than 12 mm of precipitation, still within the top 0.1 %
of daily values. This demonstrates that post-landfall AR frag-
ments can sustain extreme precipitation even after the parent
AR loses coherence. This event highlights the importance of
explicitly identifying and tracking AR-children, which can
prolong the hydrological impacts of ARs well beyond their
formal duration.

On 9 July 2019 (Fig. 10b), an exceptional temperature ex-
treme affected the Ross Ice Shelf region, including the Mc-
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Figure 10. Daily composites of the most intense (a—b) precipitation and (c) temperature events in the McMurdo-Dry Valleys region (160-
168°E, 78.5-77.5°8S, grey window in the third column panels). Panels (a) and (b) correspond to 1 and 2 December 2003, respectively,
showing the evolution of the same precipitation event, while panel (c) shows the temperature event on 9 July 2019. Each column displays,
from left to right: integrated vapor transport (IVT) anomaly (kg m~! s~ 1), meridional IVT (VIVT) anomaly (kg m~!s~1), and (a-b) daily
precipitation (mm w.e. d=1) or (¢) 2 m air temperature anomaly (°C). Grey contours in the first column indicate 500 hPa geopotential-height
anomalies (m; solid = positive, dashed =negative) at 100 m intervals. DARK ARs (solid magenta) and their children (dashed magenta)
are shown together with Wille ARs (solid blue = vIVT; dashed blue =IWV) and G&W v4 ARs (limegreen). For each day, AR contours
represent the maximum spatial extent of each AR type across all 6-hourly time steps (i.e., the union of all detected positions within the day).
White-shaded contours in the middle panels outline the domain shown in the rightmost panels.

Murdo area, with 2 m air temperature daily anomalies peak- an extensive anticyclonic structure extending from the south-
ing at +27.9 °C in the McMurdo-Dry Valleys. This event rep- ern tip of South America across the Antarctic continent and
resents the largest daily-mean temperature anomaly in the into the southern Indian Ocean, centered over the Antarctic
1979-2024 ERAS record, and exceeded +31 °C over parts interior. A deep trough north of the Ross Sea directed moist
of the shelf. The 500 hPa geopotential height anomalies show air from the South Pacific toward the Ross Ice Shelf, where
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the flow was deflected by the topography of the eastern Ross
sector. As the IVT cyclonically curved along the Transantarc-
tic Mountains, leading to equatorward fluxes off the coasts
of Victoria Land, the strongest temperature anomalies oc-
curred and peaked over the Ross Ice Shelf. DARK ARs cap-
ture the complete curved moisture transport pathway respon-
sible for this event, whereas the Wille schemes detect only
the initial southward intrusion and miss the equatorward-
turning segment beneath which the peak temperature anoma-
lies occurred. G&W v4 detects the initial southward intru-
sion from the mid-latitudes and, like DARK, captures the
moisture transport toward the Ross Ice Shelf where the peak
temperature anomalies occurred, but its detection stops at the
coastline. As on 1 December 2003, G&W v4 flags numerous
AR objects across the hemisphere on this date, in contrast to
the more sparse detections of DARK and the Wille schemes.

3.5.2 ARs reaching the South Pole

One of the major advancements of the DARK framework is
its ability to detect ARs reaching the South Pole, whereas
previous schemes such as Wille vIVT and IWV ceased de-
tection at 85°S. In ERAS, IVT vectors become ill-defined
exactly at 90° S because of the coordinate singularity, which
causes an artificial drop in detections at the pole. Neverthe-
less, DARK captures continuous poleward moisture transport
all the way to the South Pole, enabling for the first time a
physically consistent identification of ARs in this region. To
illustrate this, we examine three events detected by DARK
near the pole.

On 30 July 1991 (Fig. 11a), a DARK AR was detected
extending from the Princess Elizabeth Land coast across the
Antarctic interior to the South Pole. The synoptic configura-
tion featured two centers of action, with a low-pressure sys-
tem east of Princess Elizabeth Land and a high-pressure sys-
tem farther east, jointly channeling the moisture plume pole-
ward in a roller-like pattern. Both Wille vIVT and DARK
identified ARs along this corridor on that day. However, the
Wille vIVT AR stopped at the coast as the meridional IVT
component weakened below the 98th percentile and the flow
turned more zonal toward Dome A and the South Pole. Yet,
the total IVT remained strong, allowing DARK to main-
tain continuous detection inland. G&W v4 detects multiple
ARs around the continent on this date, including the AR of
interest, but its detection stops shortly after the coastline.
Under the AR footprint, 2 m air temperature anomalies al-
ready reached around 4-20 °C, reflecting the strong advection
of warm, moist air from lower latitudes. On the following
day, the IVT flow advanced farther across the East Antarc-
tic Plateau. Both Wille and DARK detected ARs from the
Princess Elizabeth Land coast over Dome A, with their ex-
tent broadening to cover areas from Dronning Maud Land to
Victoria Land, reaching latitudes as far south as 85°S. G&W
v4 follows the moisture plume slightly further inland than
on the previous day. Temperature anomalies intensified in
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step with the AR progression, spreading across the south-
ern flank of the EAID. By the third day, the Wille ARs were
no longer detected, while the DARK AR spanned a broad re-
gion south of the EAID, reaching the South Pole with a tail
still visible along the East Antarctic coast. G&W v4 had al-
ready regressed to the coastline, failing to track the moisture
transport over the interior where the strongest temperature
anomalies, approaching 427 °C, were now concentrated be-
neath and slightly downstream of the DARK AR core. The
strongest temperature anomalies, approaching 427 °C, were
recorded at this stage beneath and slightly downstream of the
AR core. By the fourth day, the feature had contracted into a
thinner filament along the southern flank of the EAID, while
the residual warm anomalies persisted in the area previously
impacted by the main AR.

On 11 May 2018 (Fig. 11b), intense moisture transport
was directed toward Dronning Maud Land, similarly driven
by a marked pressure dipole, with a high-pressure system
to the east and a low to the west. Both Wille vIVT and
DARK detect ARs in this configuration, but the DARK AR
extends farther inland, reaching Queen Elizabeth Land and
up to 87°S. G&W v4 follows the moisture transport more
closely than the Wille schemes, detecting the AR along the
Queen Elizabeth Land coastline and the Ronne—Filchner Ice
Shelf. It also captures an additional AR approaching from the
WALIS that is not detected by DARK or the Wille schemes,
which may represent the precursor moisture flux that evolves
into the DARK AR over the South Pole on the following day.
This event coincides with widespread positive 2 m air tem-
perature anomalies across most of the Antarctic Ice Sheet,
except along the East Antarctic coast from Victoria Land to
the Amery Ice Shelf. On the following day, no Wille AR
was detected, while the DARK AR had evolved and split
into two structures: an AR over the South Pole, just north of
the Ross Ice Shelf where surface temperatures continued to
rise, and an AR-child along the original AR path over Dron-
ning Maud Land. G&W v4 no longer detects the interior fea-
ture, consistent with its inland detection limitations. By the
third day, only the main DARK AR remained, now centered
over and slightly beyond the South Pole, having crossed the
EAID before being deflected westward by the topography.
Beneath this AR, 2 m air temperature anomalies intensified
further, locally reaching +20 °C. By the fourth day, the AR
had decayed into a smaller AR-child, yet the warm anoma-
lies remained strong, particularly within these moisture rem-
nants. Notably, after the AR had moved away from Dron-
ning Maud Land, temperature anomalies there continued to
increase through days 3 and 4, suggesting that the warm air
mass and its heat content persisted well after the main AR
passage.

On 31 August 2020 (Fig. 11c), a moisture-laden plume
reached the Ross Ice Shelf, similarly guided by a high-
pressure system centered over West Antarctica and a low-
pressure system over Victoria Land. The disorganized struc-
ture of both systems, with wavy rather than well-defined
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Figure 11. Synoptic evolution of three DARK AR events penetrating south of 85°S. Rows (a)—(c) correspond to the events from 30 July—
2 August 1991, 11-14 May 2018, and 31 August-3 September 2020, respectively. Columns show sequential days at 00:00 UTC. Filled
colors depict 2m air temperature anomalies (°C), and grey contours show 500 hPa geopotential-height anomalies (m; solid = positive,
dashed = negative) at 50 m intervals. DARK ARs (solid magenta) and their children (dashed magenta) are shown together with Wille ARs
(solid blue = vIVT; dashed blue =IWV) and G&W v4 ARs (limegreen). The dashed circle marks 85°S, and regions north of 60°S are

masked.

closed centers of action, reflects relatively weak wind speeds,
which likely explains why this event is not detected by ei-
ther vIVT or DARK. The event was detected as a Wille IWV
AR and as a G&W v4 AR, extending from the South Pacific
across Marie Byrd Land to the Ross Ice Shelf. At its southern
tip, a portion of this AR was also classified as an AR-child,
indicating sustained, concentrated moisture transport embed-
ded within the broader IWV and IVT structure. This episode
produced exceptionally strong surface temperature anoma-
lies over the Ross Ice Shelf, locally exceeding +30°C. On
the following day, the anticyclonic anomaly shifted south-
ward toward the South Pole, while the low-pressure system

https://doi.org/10.5194/wed-7-1189-2026

elongated eastward, forming a double-centered trough. To-
gether, these systems established a broad zonal corridor that
directed the DARK AR across the Antarctic interior. By the
third day, the AR extended along the southern flank of the
EAID, maintaining a coherent filament structure. G&W v4
still detects the feature on this day but its detection stops
shortly after the coastline, failing to follow the moisture
plume as it propagates inland with DARK. The warm anoma-
lies migrated with the AR core, indicating active advection
of heat and moisture along its path. By the fourth day, the
AR weakened and contracted into a diminished AR structure
centered near the South Pole and extending over southern
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Dronning Maud Land and southern Princess Elizabeth Land.
Despite this decay, pronounced 2 m air temperature anoma-
lies persisted over the region previously covered by the main
AR on day 3, rather than beneath the contracted AR-child
itself, reflecting the lingering thermal influence of the moist
and warm air mass advected during peak AR activity rather
than active transport at this stage.

4 Discussion and Conclusion

The DARK framework bridges the gap between the intensity-
focused Antarctic schemes of Wille vIVT and IWV and
the globally applied IVT-based approaches such as Guan
and Waliser (2015, 2019), while extending the geometric
flexibility recently introduced by Spensberger et al. (2025).
Building on Wille’s methods, DARK retains the strict 98th-
percentile threshold to isolate the most intense moisture-
transport events while introducing key advancements: it uses
total IVT rather than only its meridional component and
computes total filament length instead of meridional ex-
tent, thereby removing the directional and geometric con-
straints that previously limited the detection of curved or
equatorward-turning ARs. Global IVT-based schemes such
as Guan and Waliser (2015, 2019, 2024) also use IVT mag-
nitude but impose a directional coherence constraint that may
limit the detection of ARs with strongly curved or reversing
geometries. By relaxing this requirement, DARK identifies
dynamically coherent, non-meridional ARs that are common
near the Antarctic coast, where synoptic steering, Coriolis
deflection, and topographic deflection distort moisture path-
ways.

Unlike previous frameworks, DARK eliminates the artifi-
cial boundary effects that limited AR detection close to the
poles. In Wille vIVT, the reversal of the meridional IVT com-
ponent at the South Pole prevents continuous detection of
pole-crossing features, while the 20° meridional extent cri-
terion introduces a secondary edge effect up to about 65°S.
The Wille IWV scheme avoids the vIVT singularity but re-
mains affected by this geometric limitation, because it was
developed and applied assuming a southward boundary at
85°S. G&W v4 avoids these specific boundary issues but in-
troduces a different spatial limitation: its hemispheric IVT
threshold is very permissive along the coast and over West
Antarctica, generating far more AR detections than DARK
or the Wille schemes in these regions, while being very re-
strictive over the cold, dry East Antarctic interior, where its
effective threshold prevents detection of the weaker but cli-
matologically relevant moisture intrusions that DARK and
Wille capture. This results in a highly heterogeneous detec-
tion footprint, with overdetection at the coast and underdetec-
tion inland, and only a narrow transitional zone where detec-
tion frequencies are broadly comparable to those of DARK or
the Wille schemes. This reflects the fundamental mismatch
between a hemispheric IVT threshold and the strong spa-
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tial gradients in Antarctic IVT climatology, making G&W
v4 better suited for characterizing coastal AR activity rather
than tracking AR influence across the full Antarctic conti-
nent and into the interior. By using total IVT and defining
the 2000 km minimum extent along the full curved axis of
the filament rather than its meridional projection, DARK,
together with the AR-children add-on, enables continuous
tracking of ARs throughout their lifecycle, from oceanic gen-
esis across the Antarctic continent and occasionally the South
Pole to their inland decay and fragmentation as AR-children.
This provides a seamless representation of poleward mois-
ture transport and its persistence over the ice sheet.

The climatology derived from DARK ARs is broadly con-
sistent with that of Wille vIVT and IWV, confirming that
it preserves the physical realism of established Antarctic
AR frameworks. A majority of Wille ARs are detected by
DARK, and overall AR frequency along the Antarctic coast
remains similar to that obtained with Wille’s schemes, in-
dicating strong agreement to detect the initial moisture in-
trusions. This shows that the method extends rather than re-
places previous approaches: Wille ARs represent some of the
most intense events, accounting for much of the precipita-
tion and extreme anomalies. DARK additionally identifies
ARs systematically missed by Wille’s directional and geo-
metric constraints. These new detections occur mainly south
of the EAID, but additional events are found across the con-
tinent wherever moisture plumes turn zonally or overturn
under the combined influence of vorticity and topography.
These ARs are dynamically coherent systems associated with
strong precipitation, pronounced temperature anomalies, and
compound extremes. Their frequency aligns with the 20 % of
extratropical moisture-transport axes that turn equatorward
beyond 70°S (Spensberger et al., 2025), although the pro-
portion is smaller here (about 6 %), suggesting that the most
intense filaments, such as those detected by Wille, are less
likely to overturn than weaker or more diffuse transports.
While Wille vIVT remains most effective at isolating direct,
intense poleward intrusions, DARK complements it by cap-
turing a broader spectrum of AR geometries that are still
physically meaningful and climatically relevant.

DARK ARs account for an average of 18 % of total
Antarctic precipitation, compared to about 13 % in Wille
vIVT. The largest increases occur in coastal embayments and
across catchments south of the EAID, where the inclusion
of AR-children further amplifies local contributions, rais-
ing them from only a few percent in Wille vIVT to over
20 %. This rise does not result from more intense precipi-
tation within individual events but from a higher occurrence
and greater diversity of ARs detected by DARK. On aver-
age, individual DARK ARs are associated with slightly lower
mean precipitation per event than Wille ARs, which remain
the most precipitation-intense. However, DARK also iden-
tifies additional ARs that are moderately weaker while still
belonging to the upper tail of the precipitation distribution.
In particular, DARK captures a larger fraction of precipita-

https://doi.org/10.5194/wecd-7-1189-2026



V. Buffet et al.: Curved ARs and their moisture remnants

tion extremes, as defined above by the daily 99th-percentile
anomaly, with the strongest signals in regions such as Mc-
Murdo, Victoria Land, and near the South Pole south of the
EAID. A similar pattern emerges for 2 m air temperature and
compound extremes, where DARK detects more events than
Wille. Risk ratio analysis confirms that this stronger asso-
ciation with extremes is not simply a by-product of higher
AR frequency: extreme events are statistically more likely to
occur during DARK ARs than during Wille ARs, and even
more so when AR-children are included. The comparison
with G&W v4 reveals a contrasting picture for both precipita-
tion attribution and risk ratios. While G&W v4 explains more
total precipitation along the coast and over West Antarctica
due to its high detection frequency in these regions, DARK
explains substantially more inland, particularly north of the
EAID where G&W v4 detections drop sharply. For extreme
events, the same coastal-to-inland polarity applies, but the
continent-wide mean difference remains positive in favor of
DARK, as the abundance of G&W v4 coastal detections in-
evitably captures most extreme days by volume while at-
tributing a large share of precipitation to non-extreme events.
The very high RR values of G&W v4 along the coast re-
flect this detection structure. Conversely, inland where G&W
v4 detections are sparse, the few detected ARs are almost
exclusively associated with extreme events, while the vast
non-AR pool again drives the denominator toward zero. In
both cases, the RR is not physically comparable to that of
DARK or the Wille schemes, which maintain a spatially
consistent detection range across the continent. This high-
lights a general limitation of the RR metric when compar-
ing ARDTs with strongly contrasting detection frequencies:
RR conflates physical association strength with detection se-
lectivity, and should be interpreted alongside occurrence and
fraction of extremes explained when assessing cross-ARDT
performance.

Another key contribution of this work lies in the intro-
duction of the AR-children module, which extends detection
beyond landfall by identifying remnants with high moisture
transport that remain dynamically connected to their parent
ARs. As ARs encounter the Antarctic coast, condensation,
latent heating, and orographic deflection often disrupt their
filamentary structure, causing them to fall below the length
or coherence thresholds of conventional algorithms. These
fragments, although shorter, maintain IVT above the 98th
percentile and continue to produce significant precipitation
and temperature anomalies inland. The AR-children algo-
rithm captures these post-landfall features, enabling the rep-
resentation of the decaying yet dynamically active stages of
the ARs (Wille et al., 2024). In Antarctica, AR-children are
particularly important over Victoria Land and the Amery Ice
Shelf, where they account for more than 8 % of total precip-
itation and contribute up to 20 % of all extreme events, in-
cluding precipitation, temperature, and compound extremes.
When AR-children are included in addition to DARK ARs,
the mean association with precipitation extremes increases
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from 53 % to 58 %, with temperature extremes from 67 %
to 71 %, and with compound extremes from 80 % to 83 %.
These results demonstrate that AR-children are not marginal
phenomena but intrinsic components of the Antarctic AR
lifecycle, representing the decaying inland phase of ARs and
accounting for their delayed effects on precipitation and tem-
perature extremes. From a practical standpoint, users whose
focus is limited to coastal AR landfalls and their immedi-
ate impacts may find the core DARK algorithm sufficient,
given its substantially lower computational cost, while the
AR-children module is recommended for studies focusing on
inland moisture transport and surface impacts.

Despite these advances, DARK remains subject to
methodological assumptions that introduce uncertainty. A
minimum AR length of 2000 km was imposed to match the
typical scale of ARs described in the literature (e.g., Guan
and Waliser, 2015; Wille et al., 2021; Skinner et al., 2020;
Gorodetskaya et al., 2014), generally longer than 2000 km
and narrower than 1000 km. DARK does not explicitly con-
strain AR width, as the use of IVT naturally favors elongated
structures, in contrast with IWV-based schemes that can pro-
duce broad, static moisture plumes. The AR-children mod-
ule further applies a minimum feature area of 20000 km?
to remove small, short-lived moisture patches. This thresh-
old is not physically based but chosen pragmatically to ex-
clude spurious, localizedpost-landfall features. These thresh-
olds are empirically motivated by case-study analyses, which
show that post-AR moist structures typically extend over
at least this spatial scale. While a comprehensive sensitiv-
ity analysis is beyond the scope of this study, future work
could further explore how varying these thresholds affects
detection frequency and precipitation attribution. Likewise,
the 15 d rolling window used to compute the 98th-percentile
IVT threshold improves upon monthly percentiles by avoid-
ing discontinuities at month boundaries, but it adds complex-
ity that may affect reproducibility. These design choices il-
lustrate the necessary balance between physical robustness
and algorithmic simplicity inherent to percentile-based de-
tection frameworks.

As with all threshold-based methods, DARK defines dis-
crete events within a continuous moisture field. The 98th-
percentile threshold represents both an empirical compro-
mise between inclusiveness and selectivity and a deliberate
choice to ensure methodological continuity with previous
Antarctic AR frameworks, particularly Wille vIVT and IWV.
Lowering the threshold would inflate detections but weaken
dynamical coherence, while raising it would isolate too few,
overly intense events. Retaining the 98th percentile thus pre-
serves comparability with earlier studies while providing a
pragmatic balance that isolates physically meaningful ARs
and maintains statistical consistency. Future work could ex-
plore adaptive thresholds that evolve with temperature, such
as those proposed by Barthélemy et al. (2025) and Maclen-
nan et al. (2025), to better represent thermodynamic scaling
under warming conditions and to extend the applicability of
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DARK and related tools across diverse climate states, from
palaeoclimate to future projections.

Overall, DARK provides a coherent and physically con-
sistent framework for characterizing Antarctic ARs and their
climatic influence. By removing directional and geometric
constraints, eliminating artificial boundaries at the pole, and,
with the add-on incorporating post-landfall detection through
AR-children, it allows continuous tracking of ARs from
oceanic genesis to polar dissipation. In doing so, DARK bet-
ter captures the full lifecycle of Antarctic ARs, from their
formation in the lower latitudes, through landfall and in-
land decay, including a potential passage across the South
Pole, thereby providing an unprecedentedly complete view
of AR-driven moisture and energy transport over the Antarc-
tic Ice Sheet. In addition to further highlighting the SMB
impacts of ARs across the entire Antarctic Ice Sheet as
seen here, DARK provides a tool for tracking the influence
of residual AR moisture on Antarctic mesoscale-scale at-
mospheric dynamics like polar lows and barrier jets (Car-
rasco and Bromwich, 1993; Nigro et al., 2012). This frame-
work bridges global and polar perspectives, linking large-
scale moisture transport pathways to regional precipitation,
temperature, and compound extremes over the Antarctic Ice
Sheet, and highlighting that the influence of ARs extends
well beyond their initial landfall.

Code and data availability. The DARK algorithm was developed
in Python and is publicly available under an open-source li-
cense at https://doi.org/10.5281/zenodo.20610709 (Buftet, 2026).
The detection and analysis scripts rely on standard Python li-
braries including xarray, numpy, scipy, matplotlib, and cartopy,
and are designed to process ERAS reanalysis data in NetCDF for-
mat, however codes were made for MERRA-2 and CESM-LE2,
codes are available upon request. ERAS reanalysis data (Hersbach
et al., 2023a, https://doi.org/10.24381/cds.bd0915¢c6; Hersbach et
al., 2023b, https://doi.org/10.24381/cds.adbb2d47) are available
from the Copernicus Climate Data Store (CDS) at https://cds.
climate.copernicus.eu/ (last access: 18 June 2026). The DARK
AR catalog is available at https://doi.org/10.5281/zenodo.17963007
(Buffet et al., 2025b), while the DARK AR-+-children catalog
is available at https://doi.org/10.5281/zenodo.17962931 (Buffet et
al., 2025a). The AR-children detection module requires substan-
tially more computational resources than the core DARK algorithm.
Processing the full 1979-2023 ERAS climatology in a single run re-
quires approximately 9 h of CPU time and ~ 17 GB of memory on
a single CPU core, compared to 1 h and ~ 8 GB for the core DARK
algorithm. Users requiring only AR detection without post-landfall
remnant tracking can therefore run DARK at negligible computa-
tional cost, while the AR-children module is recommended for stud-
ies focusing on inland moisture transport or the full AR life cycle.
AR catalogs for Wille vIVT and Wille IWV, re-run from the method
of Wille et al. (2021), on the full period of study (1979-2023), are
available at https://doi.org/10.5281/zenodo.17968902 (Wille and
Buffet, 2025).
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