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Evaluating Atmospheric River Impacts on Energy and
Moisture Transport in the Arctic Using Different Detection
Algorithms
Chen Zhang1,2 , John J. Cassano1,2,3 , Mark W. Seefeldt1,2 , Wen‐wen Tung4 ,
Ankur Mahesh5,6, and William D. Collins5,6

1Cooperative Institute for Research in Environmental Sciences, University of Colorado Boulder, Boulder, CO, USA,
2National Snow and Ice Data Center, University of Colorado Boulder, Boulder, CO, USA, 3Department of Atmospheric and
Oceanic Sciences, University of Colorado Boulder, Boulder, CO, USA, 4Department of Earth, Atmospheric, and Planetary
Sciences, Purdue University, West Lafayette, IN, USA, 5Lawrence Berkely National Laboratory, Berkely, CA, USA,
6University of California, Berkele, Berkeley, CA, USA

Abstract Atmospheric rivers (ARs) significantly impact the Arctic climate system by enhancing
atmospheric heat and moisture transport and altering the local energy budget. Developing AR detection tools
(ARDTs) is critical yet challenging. This study evaluates 12 ARDTs in the Arctic to assess their performance in
representing atmospheric heat (represented by moist static energy) and moisture transport, as well as surface
downward longwave radiation (LWD) and precipitation impacts, spanning 2000 to 2019 using ERA5
reanalysis. We find that AR occurrence frequency in the Arctic varies widely, from less than 1% to over 13%,
depending on the ARDT. This variability leads to differences in contributions to poleward atmospheric heat
(<1%–33%) and moisture (<1%–49%) transport. The highest AR frequency, and corresponding contributions to
atmospheric heat and moisture transport, occurs over the Atlantic sector during non‐summer seasons for most
ARDTs. This region aligns with the primary poleward moisture pathway and the end of climatological mid‐
latitude storm tracks, highlighting strong connections between Arctic ARs and mid‐latitude cyclones. ARs
induce significant LWD anomalies, largest in winter, smallest in summer, and also substantially contribute to
the seasonal precipitation. Global ARDTs detect fewer ARs with larger anomalies (>100 W m− 2 in higher
Arctic), but contribute <1% to seasonal climatological LWD and precipitation. In contrast, polar‐specific
ARDTs detect higher AR occurrences and account for up to 16% of seasonal LWD and 41% precipitation. This
suggests that algorithms emphasizing extreme events with large anomalies do not necessarily indicate a large
climate radiative and precipitation impact.

Plain Language Summary Atmospheric rivers (ARs) are long narrow filaments of intense water
vapor transport in the lower atmosphere that play a significant role in the Arctic climate. They bring heat and
moisture into the region, influencing the energy balance and potentially accelerating sea ice loss and Arctic
warming. However, detecting ARs in the Arctic is challenging because most AR detection tools (ARDTs) are
designed for global or mid‐latitudes, with few tailored for polar regions. This study evaluates 12 ARDTs to
assess their ability to identify Arctic ARs and their contributions to heat, moisture transport, surface radiation,
and precipitation impacts. Results show a wide range of AR detection frequencies, from less than 1% to over
13%, depending on the ARDT used. This variability significantly affects estimates of how much heat and
moisture ARs transport into the Arctic. ARDTs designed/adapted for the Arctic detect more frequent ARs and
show they contribute meaningfully to seasonal surface radiation and precipitation impacts. In contrast, global
ARDTs, which focus on extreme moisture events in mid‐latitudes, detect fewer ARs with larger radiation and
precipitation anomalies but have reduced cumulative climate effects. These results emphasize the limitations of
using global ARDTs in the Arctic context and should be avoided.

1. Introduction
Atmospheric rivers (ARs) are long and narrow filaments of enhanced moisture transport, typically associated with
a low‐level jet, in front of an extratropical cyclone (Ralph et al., 2018). ARs have been shown to be crucial in
modulating the global hydrological cycle, accounting for more than 90% of total meridional moisture transport in
the mid‐ and high‐latitudes, despite occupying less than 10% of the Earth's circumference at any given latitude
(Nash et al., 2018; Zhu & Newell, 1998). Although most literature focuses on the impacts of ARs on midlatitude
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precipitation (Chen et al., 2018; Lavers & Villarini, 2015; Luo & Tung, 2015; Neiman et al., 2008; Ralph
et al., 2004, 2006; Leung & Qian, 2009, and others), ARs also penetrate polar regions and significantly affect the
dry and cold environments (Gorodetskaya et al., 2014; Mattingly et al., 2018; Neff, 2018; Wille et al., 2019; C.
Zhang et al., 2023; P. Zhang et al., 2023, and others).

ARs, and similar intense moisture intrusions, are recognized as key pathways for atmospheric moisture transport
into and in the polar regions. Their contributions vary widely depending on the measurement methods, detection
algorithms and specific regions: 28% of total poleward moisture transport across 70°N in the Arctic winter
(Woods et al., 2013), 69% of total transient poleward moisture across 60°N in the Arctic winter and 66% in
summer (Liu & Barnes, 2015), and more than 90% of total meridional moisture transport in high‐latitude polar
regions (Nash et al., 2018).

The Arctic's rapidly changing climate and Arctic amplification— the accelerated warming in the Arctic relative to
the global average (e.g., Cohen et al., 2014; Graversen & Burtu, 2016; Graversen et al., 2008; Mortin et al., 2016;
Serreze & Barry, 2011; Taylor et al., 2022)— have been increasingly linked to AR‐related strong poleward
moisture and heat flux transports. For instance, intense moisture intrusions, while constituting only 28% of the
total poleward moisture transport, drive about 40% of the interannual variance in surface downward longwave
radiation (LWD) and 30% in skin temperature in the Arctic during winter (Woods et al., 2013). Subsequent studies
have shown that ARs and similar episodes of strong poleward moisture transport enhance atmospheric moisture
and cloud cover in the Arctic, leading to increased LWD and surface warming. This results in reduced sea ice
growth rate, including a record low in 2016–2017 (Hegyi & Taylor, 2018), and hinders sea ice recovery. The
culmination of these impacts has resulted in a retreat of sea ice margins in recent decades (Woods & Cabal-
lero, 2016; P. Zhang et al., 2023). ARs also induce strong poleward sensible and latent heat transport, maintaining
surface warming over the North Pacific during extended winters (Baggett et al., 2016). They also trigger
Greenland ice sheet melt by inducing strong foehn effect and amplifying turbulent heat flux (Mattingly
et al., 2018; Mattingly et al., 2020, 2023; Neff, 2018). A recent comprehensive study highlights the significant
seasonal and land‐sea‐sea ice contrasts in AR‐induced surface energy budgets (SEB) impacts of the Arctic as a
result of ARs (C. Zhang et al., 2025).

In Antarctica, ARs have multifaceted impacts on the surface mass balance. They cause strong localized snowfall
accumulation in East Antarctica (Gorodetskaya et al., 2014). They also play a role in surface melting events over
the West Antarctic ice sheet due to strong integrated water vapor (IWV) and cloud‐radiative effects, warming the
surface through increased LWD and sensible heat flux as well as reduced surface albedo via rainfall (Wille
et al., 2019). Studies using a particularly restrictive AR detection and tracking method found that ARs occurring
during only 1%–3% of the year contribute to 40% of extreme precipitation (Wille et al., 2021) and 11% of the
annual surface accumulation (Maclennan et al., 2023).

Developing AR detection and tracking methods is critical yet challenging. The Atmospheric River Intercom-
parison Project (ARTMIP) has spurred the development of numerous AR detection and tracking methods, each
with different detection criteria tailored to specific purposes (Collow et al., 2022b; O’Brien et al., 2020, 2022;
Rutz et al., 2019; Shields et al., 2018). Many AR detection tools (ARDTs) within ARTMIP are designed for mid‐
latitudes and focus on extreme events. Examples include the satellite‐based method using IWV content greater
than 20 mm (Ralph et al., 2004, 2006), the reanalysis‐based absolute integrated water vapor transport (IVT)
threshold of ≥250 kg m− 1s− 1 (Rutz et al., 2014), and the percentile‐based IVT threshold (e.g., the 85th percentile
of climatological thresholds) (Lavers et al., 2012; Lavers & Villarini, 2013). Additional ARDTs have been
developed, drawing on similar AR detection approaches inspired by these seminal methods.

More recently, some ARDTs have been specifically tailored for use in polar regions. e.g., Gorodetskaya
et al. (2014) developed a new IWV threshold to detect ARs in Antarctica by considering the decreased saturation
capacity of the polar troposphere (i.e., a temperature‐adjusted criteria). This newly defined IWV threshold meets
the 20 mm IWV value at lower latitudes of 40°–50°S but drops to slightly below 10 mm near the Antarctic coast,
effectively capturing strong precipitation events in East Antarctica. To ensure consistency with the AR detection
results in East Antarctica by Gorodetskaya et al. (2014), Guan and Waliser (2015) applied an additional
100 kg m− 1 s− 1 to supplement the seasonal 85th percentile climate thresholds of IVT in the polar regions during
their global AR detection work. Similarly, Wille et al. (2019, 2021) applies a monthly 98th percentile climate
threshold on IVT, IWV, or poleward IVT to be consistent with the results in Gorodetskaya et al. (2014). Other
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similar or adapted ARDTs have been developed in various polar AR studies (Ma et al., 2021, 2024; Mattingly
et al., 2018; C. Zhang et al., 2023).

The selection of an AR detection method can significantly affect the identified characteristics of ARs, and
consequently, the associated impacts (Shields et al., 2018). For example, in mid‐latitudes, AR frequency,
duration, and seasonality exhibits a wide range of results based on different ARTMIP methods (Rutz et al., 2019).
In the polar regions, Antarctic‐specific ARDTs developed byWille et al. (2021) tend to identify more ARs inland
over the ice sheets, compared to most global ARDTs (Shields et al., 2022). In the Arctic, restrictive AR detection
criteria emphasize impacts for individual cases but minimize AR contributions to the overall climatology of the
SEB due to their low occurrence frequency (C. Zhang et al., 2025). Moreover, studies have found that the un-
certainty arising from different AR detection methods is significantly greater than the uncertainty from model or
reanalysis differences (Collow et al., 2022b; O’Brien et al., 2022; Shields et al., 2022).

While efforts to systematically compare different ARDTs are ongoing (e.g., O’Brien et al., 2022; Rutz
et al., 2019; Shields et al., 2018, 2022), the relationships between ARs and the moisture or energy budgets of the
Arctic across a variety of AR indices remain to be quantified. Most existing intercomparison studies focus onmid‐
latitudes or Antarctica, and little is known about how different ARDTs perform in the unique thermodynamic and
dynamic environment of the Arctic. As ARs are increasingly recognized as key drivers of the Arctic amplifi-
cation, a wide range of ARDTs have been applied in Arctic studies, yet their relative performance in this region
remains unclear. This study is the first to comprehensively evaluate and compare the performance of 12 widely
used polar and global ARDTs in detecting ARs and quantifying their impacts on atmospheric heat and moisture
transport, LWD and precipitation across the entire Arctic domain (north of 60°N). By doing so, it not only reveals
methodological differences in AR detection but also highlights their implications for understanding Arctic
climate processes.

This work establishes a unified intercomparison framework to analyze AR‐driven atmospheric energy and
moisture transport and associated surface impacts and to address three key questions. These key questions
include: (a) The extent to which ARs contribute to atmospheric heat and moisture transport in the Arctic, and how
this varies spatially; (b) The impacts of ARs on LWD and total precipitation, and their climatological contribution
to Arctic LWD and total precipitation; and (c) How the above‐mentioned impacts vary across different ARDTs.
The paper is structured as follows: Section 2 describes the data and methods. Sections 3–5 analyze and discuss AR
occurrence frequency, atmospheric heat and moisture transport, and consequent LWD and total precipitation
impacts associated with different ARDTs, respectively. Section 6 provides discussion and conclusions.

2. Data and Methods
2.1. AR Detection Algorithms

A total of 12 ARDTs that cover the Arctic region (60°N north) are used for this intercomparison (Table 1). Six of
them were contributed directly by the developers of the ARDTs, and six were retrieved from the ARTMIP Tier 2
Catalogs (Collow et al., 2022b) using the fifth generation of ECMWF atmospheric reanalysis (ERA5, Hersbach
et al., 2020). In ARTMIP Tier 2, each participating ARDT submitted their binary tags for AR detection with a
temporal resolution of 1 hr and a spatial resolution of 0.25° × 0.25°, covering either 20 years from 2000 to 2019 or
41 years from 1979 to 2019. For the other six ARDTs, the temporal resolutions range from 3 hourly to 6 hourly,
and spatial resolutions are 0.25° × 0.25° or 1° × 1°. We focus on AR indices in ERA5 because it is considered a
state‐of‐the‐art global reanalysis for the Arctic (Graham et al., 2019). Additionally, it has been found that between
the two common reanalyzes used in AR research, the 0.25° × 0.25° ERA5 IVT field is more precise than the
coarser‐resolution 0.5° × 0.625° MERRA‐2 (NASA Modern‐Era Retrospective Analysis for Research and Ap-
plications, version 2, Gelaro et al., 2017) IVT for AR detection and tracking (C. Zhang et al., 2023). A brief
summary of the 12 ARDTs is listed in Table 1. It is important to note that three ARDTs have AR detection
domains that do not encompass the entire Arctic region (from 60°N to 90°N). Specifically, the spatial AR
detection domains for Wille‐vIVT and Wille‐IWV are limited to regions at or below 85°N, while TempestLR is
restricted to areas at or below 79°N. Therefore, in the subsequent analysis, we visualize the results within these
specific AR detection domains when presenting the findings based on these three ARDTs, while for other
ARDTs, the entire Arctic region is considered.

Journal of Geophysical Research: Atmospheres 10.1029/2025JD043335

ZHANG ET AL. 3 of 24

 21698996, 2026, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JD

043335, W
iley O

nline L
ibrary on [01/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



The 12 ARDTs used in this study (Table 1) apply a variety of methods to detect ARs, including climate‐percentile
and absolute thresholds on IVT or IWV, as well as AR geometry and/or temporal criteria. Some of the algorithms
are global, including the Arctic region, while others are specifically designed for Arctic or polar regions, or are
global with polar adjustments. Here we focus on the most recent 20 years from 2000 to 2019 to incorporate as
many ARDTs as possible and to facilitate intercomparison among the same common periods. Additionally,
C. Zhang et al. (2021) found that climate criteria andmoisture fields significantly affect the utility of the generated
AR index for describing AR‐related surface hydrometeorological impacts. Therefore, according to the AR
climate thresholds and the application of ARs in polar or global regions, we divide the 12 ARDTs into three
categories.

The first category includes seven polar‐specificARDTs. This group includes the Purdue‐85th‐IVT ARDT, which
is Arctic‐specific, and applies monthly 85th percentile climate thresholds on the IVT detection values without
additional absolute constraints. The three other polar‐specificARDTs includeM24, Guan‐Waliser, andMattingly
ARDTs, which apply an additional absolute threshold of 100 or 150 kg m− 1 s− 1 to supplement the 85th percentile
climate thresholds and here are considered as polar‐constrainedARDTs. According to Guan and Waliser (2015),
the lower limit of 100 kg m− 1 s− 1 was selected to isolate AR‐like features in the polar regions and to be consistent
with the AR detection results associated with the extreme precipitation events in East Antarctica by Gorodetskaya
et al. (2014). Moreover, Gorodetskaya AR detection algorithm (Gorodetskaya et al., 2014, 2020; Lauer

Table 1
List of the 12 AR Detection Algorithms Included in the Intercomparison

ARTMIP
Tier 2

Climate
percentile

Threshold
(kg m− 1 s− 1)

Length
(km)

Length:
Width

Duration
(hours)

Spatial
coverage

Spatial
resolution

Temporal
resolution Reference

Polar‐Specific Purdue‐85th
IVT

N 85th IVT ‐ ≥1,500 ≥2 18 ≥35°N 0.25° × 0.25° 3‐hourly C. Zhang
et al. (2023)

Guan‐
Walisera

Y 85th IVT 100 >2,000 >2 – global 0.25° × 0.25° 1‐hourly Guan and
Waliser (2015)

Mattinglyb N 85th IVT 150 >1,500 >1.5 – ≥10°N 0.25° × 0.25° 3‐hourly Mattingly
et al. (2018)

M24c N 85th IVT 100 >1,500 >2 – global 1.0° × 1.0° 6‐hourly Ma
et al. (2024)

Gorodetskayad N – Temp. Adjusted
saturated IWV

>2,000 <40°
longitude

– global 0.25° × 0.25° 1‐hourly Lauer
et al. (2023)

Wille‐vIVTe N 98th
vIVT

– >2,000 – – 37.5°N
to 85°N

1.0° × 1.0° 3‐hourly Wille
et al. (2021)

Wille‐IWVe N 98th IWV – >2,000 – – 37.5°N
to 85°N

1.0° × 1.0° 3‐hourly Wille
et al. (2021)

Global Mundhenk v3f Y – Anomalous 250 ≥1,400 ≥1.6 – global 0.25° × 0.25° 1‐hourly Mundhenk
et al. (2016)

Lora v2g Y – 225 &
Latitudinally
dependent

>2,000 – – global 0.25° × 0.25° 1‐hourly Skinner
et al. (2020)

AR‐Connecth Y – 700/300 – – 24 ≥23.5°N 0.25° × 0.25° 1‐hourly Shearer
et al. (2020)

TempestLRi Y See notes area
≥1.25 × 105 km

– 15°N to
79°N

0.25° × 0.25° 1‐hourly McClenny
et al. (2020)

DL ClimateNetj Y See notes – – – global 0.25° × 0.25° 1‐hourly Prabhat
et al. (2021)

aCoherence in IVT directions with a poleward mean IVT direction; consistency between object mean IVT direction and overall orientation. bARmust penetrate 66.56°N;
zonal wind>2 m s− 1 if object centroid<35°N; meridional wind>0 if object centroid<66.56°N. cBased on Guan andWaliser (2019) with slight modifications to criteria;
coherence in IVT directions with a poleward mean IVT direction. dBased on Gorodetskaya et al. (2020, 2014), IWV ≥ zonal mean plus a temperature adjusted saturated
IWV, with the object has to reach and cross 70°N. eThe meridional segments extend at least 20° in the meridional direction (∼length >2,000 km). fThreshold is for IVT
anomal by removing IVT climatological mean and seasonality. gA latitudinally and temporally dependent relative IVT threshold that requires zonal mean IWV values.
hThreshold of IVT is ≥700 kg m− 1 s− 1 for AR core and ≥300 kg m− 1 s− 1 for AR boundary. iThe Laplacian of IVT is < − 40,000 kg m− 1 s− 1 rad− 2 (meets IVT
>250 kg m− 1 s− 1). jDeep learning‐based segmentation; trained on 500 expert labeled images of various variables, including IVT, IWV, vorticity, surface wind vectors,
850 hPa wind vectors, and sea level pressure.
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et al., 2023) identifies ARs by applying thersholds to IWV based on the contrast between zonal mean and
maximum staturated IWV, accouting for polar saturation limits with a scaling coefficient. Furthermore, theWille‐
vIVT‐ andWille‐IWV‐based ARDTs (Wille et al., 2019, 2021) are two additional polar‐specificARDTs that here
are considered as polar‐extreme ARDTs. These two ARDTs apply a more restrictive 98th percentile climate
threshold on poleward IVT or IWV. By using these more restrictive climate thresholds, they detect 90% of the
ARs identified by Gorodetskaya et al. (2014).

The second category includes four global‐specific ARDTs—the Mundhenk_v3, Lora_v2, AR‐Connect, and
TempestLR. These ARDTs utilize a range of restrictive relative and absolute thresholds of IVT, or the Laplacian
of IVT, to satisfy IVT thresholds exceeding at least 225–700 kg m− 1 s− 1 (see Table 1 for ARDT details). The
common absolute IVT threshold of 250 kg m− 1 s− 1 was initially developed to better correspond to the spatial
extent of heavy precipitation over the West Coast of North America (Rutz et al., 2014). Therefore, this second
category of ARDTs primarily focuses on detecting ARs in the mid‐latitudes. The third category is deep learning‐
based ARDTs (DL ARDT), and includes one ARDT, ClimateNet. Similar to the second category of global‐
specific ARDTs, ClimateNet ARDT is designed to detect ARs in the mid‐latitudes.

2.2. Heat and Moisture Transport, Surface Downward Longwave Radiation and Surface Total
Precipitation in ERA5

Reanalysis data are crucial for the Arctic due to the sparse in situ observations in this region. In this study, we use
the ERA5 reanalysis, released by the ECMWF in 2019, which is the latest reanalysis product, offering high spatial
(0.25° × 0.25°) and temporal (hourly) resolutions. ERA5 is based on the ECMWF Integrated Forecasting System
(IFS) CY41r2, utilizing 4D‐Var data assimilation and model forecasts with 137 hybrid sigma/model levels up to
1 hPa in the vertical (Hersbach et al., 2020).

Moist static energy (MSE, defined as Equation 1), including sensible heat, latent heat, and potential energy,
encompasses all relevant forms of energy involved in atmospheric processes because kinetic energy is typically a
small component of the energy budget and can be ignored (Serreze et al., 2007). Therefore, MSE transport is
crucial for understanding and computing atmospheric energy and heat transport.

MSE= Cp · T + ∅ + Lv · q (1)

Where Cp = 1005 J (kg ·K)− 1 is the specific heat at constant pressure, T is the atmospheric temperature (in K),∅
is the geopotential (in m2 s− 2), Lv = 2.5 × 106 J kg− 1 is the latent heat of vapourization and q is the specific
humidity (in kg kg− 1).

Because reanalysis data does not conserve mass, the calculation of MSE transport requires a mass correction
(Clark et al., 2022; Cox et al., 2023, 2024; Mahesh et al., 2025). Following their approach, the mass corrected total
MSE transport and IVT at a given latitude can be computed as follows,

Instantaneous MSE transport (θ) =
2πa cos(θ)

g
∫

Ps

PT
( [MSE]+[v]+ + [MSE∗v∗]) dp (2)

Instantaneous IVT (θ) =
2πa cos(θ)

g
∫

Ps

PT
( [q]+[v]+ + [q∗v∗]) dp (3)

where θ is the latitude, a is the Earth's radius, Ps is the time‐mean surface pressure (in Pa), PT = 1 hPa denotes the
top of atmospheric vertical levels in ERA5, v is the meridional wind component (in m s− 1) and p is pressure (in
Pa). The brackets [·] denote a zonal mean, asterisks (*) are departures from the zonal average, and swords (+) are
departures from the vertical average. The detailed mass‐correction procedure is described in Cox et al. (2023,
2024) and Equation 2 above is identical to Equation 2 in Cox et al. (2024).

For the analysis presented below we need to resolve the heat and moisture transport at each ERA5 grid point at
each instantaneous time step. This requires that we do not apply the zonal average used by Cox et al. (2024). The
grid point MSE transport can be calculated as:
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MSE transportgrid =
1
g
∫

Ps

PT
( [MSE]+[v]+ + [v]MSE∗ + [MSE] v∗ +MSE∗v∗) dp (4)

This equation contains two additional terms compared to Equation 2, [v]MSE∗ and [MSE] v∗, which go to zero
when a zonal average is applied as in Cox et al. (2024) but are non‐zero when considering individual grid points.

As in Cox et al. (2023, 2024), the zonal‐mean meridional wind is further decomposed into a vertical mean and
deviations from that vertical mean, [v] = [̂v] + [v]+, where [̂v] is assumed to be zero under the constraint of no
net mass transport across a latitude circle. With this assumption, the grid‐point meridional MSE transport,
explicitly referenced to the zonal‐mean state, can be expressed as:

MSE transportgrid =
1
g
∫

Ps

PT
( [MSE]+[v]+ + [v]+MSE∗ + [MSE] v∗ +MSE∗v∗) dp (5)

Using the same zonal‐mean‐based decomposition, the grid‐point meridional integrated vapor transport (IVT) at
each instantaneous time step is calculated as:

IVTgrid =
1
g
∫

Ps

PT
( [q]+[v]+ + [v]+q∗ + [q] v∗ + q∗v∗) dp (6)

It is noted that latent heat transport in Equation 5 corresponds to the latent heat of vaporization, Lv, multiplied by
IVT in Equation 6. We are particularly interested in evaluating the impacts of ARs on poleward MSE transport
and poleward IVT in the Arctic, specifically when the calculated MSE transports in Equation 5 and IVT in
Equation 6 are directed poleward (positive).

Additionally, we retrieved hourly LWD (in J m− 2) and hourly accumulated surface precipitation (in m) from
ERA5. To be consistent with the AR index's hourly data and to quantify AR‐related LWD and precipitation over
the Arctic, accumulated surface LWD fluxes (J m− 2) and surface precipitation (m) are converted to hourly mean
surface fluxes (W m− 2) and hourly precipitation rate (m hr− 1), considered as instantaneous values at the center of
each hour (e.g., 00:30, 01:30 UTC). These values are then linearly interpolated to the start of each hourly period
(e.g., 00 UTC, 01 UTC).

As mentioned above, the temporal resolutions across the 12 ARDTs range from 1 hr, 3 to 6 hr, with most polar‐
specific ARDTs being 3‐hourly, and global‐specific and DL ARDTs being 1‐hourly. To facilitate better inter-
comparison of AR‐related MSE transport, IVT, LWD, and surface precipitation impacts in the Arctic based on
these 12 ARDTs, we downsample the 1‐hourly ARDTs (i.e., Gorodetskaya ARDT, Guan‐Waliser ARDT, global‐
specific and DL ARDTs) to 3‐hourly intervals, while maintaining the 6‐hourly resolution for M24 ARDT.
Accordingly, we downsample the time series of MSE, IVT, LWD and total precipitation to 3‐hourly intervals (or
6‐hourly for the M24 ARDT) to align with the temporal resolution of the ARDTs. Similarly, we retain the original
0.25° × 0.25° ERA5 spatial resolution of ARDTs and corresponding variables, while downsampling them to a
1° × 1° spatial resolution for the M24, Wille‐vIVT and Wille‐IWV ARDTs during the intercomparisons.

3. Variability of AR Occurrence Frequency Due To ARDTs
The latitudinal change of zonal mean AR occurrence frequency in the Arctic, from 60°N to 88°N, identified by 12
ARDTs during each season over 2000–2019, are shown in Figure 1a. Overall, Figure 1a demonstrates a sig-
nificant decrease in identified ARs as the climate criteria, or thresholds, increase across the ARDTs. Specifically,
AR occurrence frequency is highest with polar‐specific ARDTs using the 85th percentile climate thresholds.
However, incorporating the additional absolute IVT thresholds of 100 or 150 kg m− 1 s− 1 results in lower AR
frequencies for polar‐constrained ARDTs (i.e., Guan‐Waliser, M24, and Mattingly ARDTs), compared to
Purdue‐85th‐IVT ARDT. Quantitively, the identified AR occurrence frequency ranges from 10.4% to 13.6% for
Purdue‐85th‐IVT ARDT to 0.4%–11% for polar‐constrained ARDTs, between the latitudes 60°N and 80°N. Their
differences are most pronounced in winter and spring, but minimal in summer, largely due to the fact that the 85th
percentile climate threshold falls below 100 kg m− 1 s− 1 in most of the Arctic domain in cold seasons (especially in
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winter) (C. Zhang et al., 2023, 2025). The Gorodetskaya ARDT detects AR frequency ranging from 2% to 5.5%
during non‐summer seasons, aligning with the range of polar‐constrainedARDTs with the absolute thresholds. In
summer, however, its detected frequencies largely drop to a range of 0.15%–1% between 60°N and 80°N,
comparable to those using non‐polar ARDTs. Other ARDTs exhibit considerably lower AR occurrence fre-
quencies, ranging from 0.0% to 4.6% between 60°N and 80°N, due to the more restrictive thresholds applied.
Specifically, within these ARDTs, detected AR occurrences decrease with increasingly restrictive climate
thresholds, fromMundhenk_v3 (using absolute thresholds of IVT anomaly≥250 kg m− 1 s− 1) and Lora_v2 (using
both absolute of 225 kg m− 1 s− 1 and relative thresholds depending on the zonal mean IWV), across AR‐Connect
(using absolute thresholds of 700 kg m− 1 s− 1) and polar‐extremes ARDTs (using 98th percentile climate
thresholds) to TempestLR (using Laplacian of IVT < − 40,000 kg m− 1s− 1rad− 2) and DL ARDTs. The DL‐based
ClimateNet ARDT is trained to detect strong AR features in the midlatitudes and may underperform in the Arctic
where AR signals are weaker and less distinct.

From 60°N to higher latitudes, absolute threshold‐based ARDTs (polar‐constrained and global‐specific) and the
DL ARDT detect ARs decreasing dramatically, and beyond 80°N the magnitudes decrease to ∼0% for global‐
specific and DL ARDTs, and less than 1% for polar‐constrained ARDTs in winter, spring and fall. The DL
ARDT tends to capture extreme AR signals in the midlatidues and behaves similarly to global‐specific ARDTs
that are designed to identify intense precipitation. The percentile‐based ARDTs (Purdue‐85th_IVT and polar‐
extreme ARDTs) exhibit smaller meridional variability due to their grid‐point‐dependent climate thresholds,
with AR frequency dropping off only at the highest latitudes for Purdue‐85th_IVT. In summer, the 85th‐
percentile climate threshold exceeds the absolute threshold used in the polar‐constrained ARDTs resulting in
only a gradual decrease of AR occurrence frequency for all polar‐specific ARDTs in this season. The Purdue‐
85th‐IVT and polar‐extreme ARDTs display little seasonality, compared to other ARDTs. The lack of strong
latitudinal variability and seasonality could be attributable to their percentile‐only based, grid point‐ and monthly
(seasonal)‐ dependent climate threshold detection algorithms. While the polar‐constrained ARDTs with an ab-
solute threshold of 100 or 150 kg m− 1 s− 1 exhibit much stronger seasonality in the Arctic, AR frequencies are

Figure 1. (a) Zonal mean distribution of AR occurrence frequency (unit: %) as a function of latitude from 60°N to 88°N during each season (Spring: Mar–May, Summer:
Jun–Aug, Fall: Sep–Nov, Winter: Dec–Feb) from 2000 to 2019 using 12 ARDTs. (b) Longitudinal distribution of AR occurrence frequency (unit: %) at 70°N during
each season detected by all 12 ARDTs. An Arctic map showing the region crossing the 70°N (red dotted line) is displayed at the base of each panel.
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much larger in the summer season compared to spring, fall and winter. Interestingly, the Gorodetskaya ARDT
displays the opposite seasonality, with maximum AR occurrence between 65°N and 75°N during non‐summer
seasons. This distinct pattern likely arises from its detection algorithm, which uses a relative threshold based on
saturated IWV and requires ARs to reach and cross 70°N, making it more sensitive to cold‐season moisture
anomalies and less likely to detect ARs in summer when saturated IWV is higher. North of 70°N, its AR
occurrence pattern closely resembles thsother polar‐constrainedARDTs with absolute thrresholds, particularly in
fall and spring, and to a lesser extent in winter. In summer, however, the Gorodetskaya ARDT identifies far fewer
ARs, with the magnitudes similar to those identified by the Polar‐extreme ARDTs, and a maximum occurrence
near 80°N.Global‐specific and DL‐ ARDTs display a weaker seasonality in the Arctic due to the smaller fre-
quency of ARs with slightly more ARs in fall and summer, less in winter and a minimum in spring. Overall, the
absolute threshold‐based ARDTs using more restrictive criteria tend to detect only the most extreme AR events.

Figure 1b visualizes the longitudinal distribution of seasonal mean AR occurrence frequency identified by the 12
ARDTs at 70°N. Due to the nature of percentile‐based climate thresholds for each grid point at each month,
Purdue‐85th‐IVT ARDT and polar extreme ARDTs show little longitudinal variability, compared to the other
ADRTs. In non‐summer seasons (winter, spring and fall), the other ARDTs indicate that ARs occur more
frequently over oceans than over land. The highest AR occurrence frequency is observed in the Arctic
Atlantic sector extending to the Barents‐Kara Seas, with the maximum ranging from 29% for Gorodetskaya
ARDT, 11.6%–15.5% for polar‐specific ARDTs using the 85th percentile climate thresholds, to 2%–6.6% for
global‐specific and DL ARDTs. The particularly high AR frequency detected by the Gorodetskaya ARDT is
likely due to its use of temperature‐adjusted saturated IWV and its criterion that ARs must corss 70°N. The next
highest AR occurrences are over the Arctic Pacific sector and Baffin Bay. These highest AR occurrences over the
Arctic Atlantic and Pacific sectors correspond to the climatologically stronger IVT or IWV regions, where the
ends of the two extratropical storm tracks are located. In summer, consistent with the climatological minima of
IWV or IVT over Greenland, the detected AR occurrence frequency is lowest over central Greenland for most
ARDTs (with a minimum AR frequency ranging from 0.2% for polar‐constrained ARDTs to ∼0% for global‐
specific and DL ARDTs), except for the Purdue‐85th‐IVT ARDT, which shows a higher frequency (∼11%)
due to its percentile‐, grid point‐based detection algorithm.

4. Role of ARs in Atmospheric Heat and Moisture Transport
ARs are well‐known for their ability to transport large amounts of heat and moisture poleward frommid‐latitudes,
significantly influencing the Arctic environment. Assessing AR‐related heat and energy budgets has been
recognized as an important area of research within the AR community (Ralph et al., 2017). In the Arctic, un-
derstanding these budgets is particularly crucial due to their potential impacts on sea ice extent, surface warming,
and the melting of the Greenland ice sheet (e.g., Hegyi & Taylor, 2018; Mattingly et al., 2018; P. Zhang
et al., 2023). In this study, we aim to quantify the extent to which meridional heat and moisture transport, spe-
cifically the portion that carries heat and moisture poleward to the Arctic region, can be attributable to ARs. We
calculate the ratio of AR‐related poleward MSE transport (i.e., the MSE transport within the detected ARs,
referred to AR MSETP), to the total poleward MSE transport (MSETP) for each ARDT. This ratio indicates the
fraction of all poleward MSE transport attributable to ARs. Additionally, we compare the magnitude of AR
contributions to poleward MSE transport relative to how often the ARs occur, expressed as the ratio of AR‐MSE
contribution to corresponding AR frequency (AR MSE contribution

AR frequency ). Similarly, we assess AR contributions to
poleward moisture transport using the same approach with IVT instead of MSE transport.

4.1. AR Contributions to Atmospheric Heat Transport

Figures 2a and 2c illustrate the zonal ratio of AR MSETP to MSETP (AR MSETP
MSETP

), which is the fractional AR
contribution to poleward MSE transport, as a function of latitude from 60°N to 88°N, and the longitudinal dis-
tribution of AR MSETP

MSETP
at 70°N, respectively, derived from each ARDT during each season. Figure 2b illustrates

the comparison of the zonal AR contribution to poleward MSE transport (Figure 2a) with their corresponding
frequency (Figure 1a) from 60°N to 88°N, expressed as the ratio AR MSE contribution

AR frequency . The corresponding zonal and
longitudinal distribution for MSETP and AR MSETP for each ARDT are provided in Figure S1 of Supporting
Information S1. Similarly, Figure S2 in Supporting Information S1 shows the corresponding figures for total
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meridional (both poleward and equatorward) MSE transport and AR‐related total meridional MSE transport, for
each ARDT during each season.

As shown in Figure 2a, there is a wide range of AR contributions to poleward MSE transport, resulting from the
varying AR occurrence frequencies depicted in Figure 1a. The extent to which ARs contribute to poleward MSE
transport is strongly influenced by their occurrence frequency, as a result of different AR detection criteria. Less
restrictive detection criteria, such as the Purdue‐85th‐IVT ARDT, account for the largest total poleward MSE
transport, ranging from 10% to 33% (Figure 2a), which is 1.5–2.5 times the corresponding AR occurrence fre-
quency (Figure 2b). When additional absolute thresholds of 100 or 150 kg m− 1 s− 1 are applied, polar‐constrained
ARDTs contribute smaller percentages to polewardMSE transport, ranging from 1% to 29%, which is 1.7–4 times
their corresponding AR occurrence frequency. Consistent to Figure 1a, the Gorodetskaya ARDT shows
maximum MSE transport between 65°N and 70°N during non‐summer seasons. North of 70°N, its pattern
resemble that of Polar‐constrained ARDT, with contributions ranging from 0.4% to 12%, around 1.7 to 3 times of
its frequency. In summer, when fewer ARs are detected, the associatedMSE transport is also slower, ranging from
0.4% to 2.5%, 2.3–3 times the frequency. Global‐specific and DL ARDTs, which use more restrictive detection

Figure 2. (a) Zonal distribution of AR contribution to total poleward MSE transport (AR MSETP
MSETP

, unit: %) at each latitude from 60°N to 88°N during each season (Spring:
Mar–May, Summer: Jun–Aug, Fall: Sep–Nov, Winter: Dec–Feb) from 2000 to 2019 using 12 ARDTs. (b) Zonal distribution of the ratio of AR contribution to total
poleward MSE transport (panel (a)) to AR occurrence frequency (Figure 1a) from 60°N to 88°N during each season. (c) Longitudinal distribution of AR contribution to
total poleward MSE transport (AR MSETP

MSETP
, unit: %) at 70°N during each season detected by all 12 ARDTs. An Arctic map showing the region crossing the 70°N (red

dotted line) is displayed at the base of each panel.
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criteria, result in lower contributions of ARs to poleward MSE transport. Specifically, ARDTs such as
Mundhenk_v3, Lora_v2, and AR‐Connect correspond to 0%–16% of poleward MSE transport, while AR con-
tributions using TempestLR and DL ARDTs are about 0%–4%. Despite their smaller total contribution to
poleward MSE transport due to lower occurrence frequency, global‐specific and DL ARDTs detect stronger AR
events that transport significantly more MSE poleward, often 3 to 5 times their corresponding occurrence fre-
quency (Figure 2b). Due to their lower AR occurrence, polar‐extreme ARDTs contribute only 1%–4% of pole-
ward MSE transport. The Wille‐vIVT ARDT, based on the meridional IVT detection measurement, is more
efficient in transporting MSE poleward, contributing 4 to 5 times their occurrence frequency (Figure 2b).

Consistent with the meridional variability of AR occurrence frequency in Figure 1a, ARDTs based on absolute
thresholds, including the polar‐constrained and global‐specific ARDTs, exhibit rapid decreases in AR‐related
poleward MSE transport in spring, fall and winter. In contrast, during summer, their contribution values
decrease more slowly. Similarly, DL ARDTs limit the detected AR occurrences to only the strongest events,
which significantly impacts the results over higher latitudes. Percentile‐only, grid point‐ and seasonal‐dependent
ARDTs (i.e., Purdue‐85th‐IVT and polar‐extreme ARDTs) display a slower decrease in AR contribution to MSE
transport with latitude than the polar‐constrained and global‐specific ARDTs. The Gorodetskaya ARDT using the
temperature‐adjusted saturated IWV also shows a slower decline in their contribution north of 70°N. It is noted
that in summer, the Purdue‐85th‐IVT ARDT corresponds to a similar or even smaller portion of poleward MSE
transport compared to other polar‐constrained ARDTs, such as the Guan‐Waliser ARDT. The Gorodetskaya
ARDT shows comparable magnitudes to those using global‐specific and polar‐extreme ARDTs.

Overall, the seasonality in AR occurrence frequency (Figure 1a) largely determines the seasonality in AR con-
tributions to poleward MSE transport, AR MSETP

MSETP
(Figure 2a). For example, Purdue‐85th‐IVT and polar extreme

ARDTs exhibit minimal seasonality in AR MSETP
MSETP

due to their percentile‐only‐based, seasonally dependent al-

gorithms. In contrast, polar‐constrained ARDTs exhibit significant seasonality, with the largest AR MSETP
MSETP

occurring in summer and less in cold seasons. The peak in summer is attributed to their highest AR occurrence
frequency in summer (Figure 1a) and corresponding large AR MSETP (Figure S1a in Supporting Informa-
tion S1), alongside decreased total climatological MSETP (Figure S1a in Supporting Information S1) caused by
the weakened meridional temperature gradient between mid‐ and high‐latitudes in summer. The Gorodetskaya
ARDT exhinits the opposite seasonality, with a pronounced minimum in summer. Global‐specific and DL
ARDTs tend to show smaller seasonality, with relatively larger AR contributions in fall due to the larger AR
occurrence frequency and corresponding larger AR MSETP in this season (Figure S1a in Supporting
Information S1).

At 70°N, the longitudinal distribution of AR MSETP
MSETP

in Figure 2c closely mirrors that of AR occurrence frequency
in Figure 1b for most ARDTs (except for Purdue‐85th‐IVT and polar‐extreme). This similarity indicates that AR
occurrence frequency largely determines their contribution fraction to total poleward MSE transport, particularly
for absolute‐based ARDTs. Specifically, during non‐summer seasons, these ARDTs show the largest AR con-
tributions to poleward MSE transport primarily over the Arctic Atlantic (extending to Barents‐Kara Seas) and
Arctic Pacific sectors, which align with the regions of highest AR occurrence frequency observed in Figure 1b,
and consequently, the highest AR MSETP observed in Figure S1b of Supporting Information S1. In addition to
these Arctic oceanic sectors, there are localized maxima as total MSETP pathways, such as the western edge of
Greenland, Alaska, and East Siberia as depicted in Figure S1b of Supporting Information S1. In these areas, ARs
only transport moderate to lesser amounts of MSE poleward, resulting in smaller contributions visible in
Figure 2c. In summer, the reduced meridional temperature gradient between mid‐ and high‐latitudes leads to
decreased longitudinal variability in total MSETP (Figures S1b and S2b in Supporting Information S1). More-
over, the longitudinal variability of AR occurrence frequency (Figure 1b) is also reduced due to the weakening of
storm tracks over oceanic regions and strengthening of cyclonic storms over continents (Serreze et al., 2009).
Consequently, this results in less focused MSE transport, shown as smaller longitudinal variability in
AR MSETP (Figure S1b in Supporting Information S1) and AR MSETP

MSETP
(Figure 2c), compared to other seasons.

In contrast, the percentile‐only based ARDTs (i.e., Purdue‐85th‐IVT and polar extreme) display little variability
in the longitudinal distribution of AR occurrence frequency (Figure 1b) due to their grid‐point dependent
detection algorithm. However, they exhibit greater variability in AR contribution to MSE transport (Figure 2c)
due to the large spatial variability of total MSETP and resultant AR MSETP (Figure S1b in Supporting
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Information S1). The polar‐specific ARDTs using the 85th percentile climate thresholds, with or without an
absolute threshold, agree on AR contribution in summer, except for Greenland (with Purdue‐85th‐IVT as an
outlier of 20% contribution).

Overall, at 70°N, most ARDTs (except DL and TempestLR ARDTs) display AR contributions to poleward MSE
transport at a rate more than twice to over six times their AR occurrence frequency, except in regions like the
Beaufort Sea in summer and northeast Eurasian continent in spring, fall and winter where lower AR occurrence
frequency result in lesser contributions. In contrast, over the Canadian Archipelago, AR contributions to poleward
MSE transport can exceed four times their corresponding AR frequency, which can be attributed to the prevailing
meridional southward meridional transports (Figure S2b in Supporting Information S1) and overall smaller
poleward transports there (Figure S1b in Supporting Information S1), highlighting the significant role ARs play in
these regions.

4.2. AR Contributions to Atmospheric Moisture Transport

ARs play a more significant role in transporting moisture poleward (Figure 3) compared to their role in poleward
MSE transport (Figure 2), as indicated by larger contribution percentages. There is a wide range of AR

Figure 3. (a) Zonal distribution of AR contribution to total poleward IVT (AR IVTP
IVTP

, unit: %) from 60°N to 88°N during each season (Spring: Mar–May, Summer: Jun–
Aug, Fall: Sep–Nov, Winter: Dec–Feb) from 2000 to 2019 using 12 ARDTs. (b) Zonal distribution of the ratio of AR contribution to total poleward IVT (panel (a)) to
AR occurrence frequency (Figure 1a) from 60°N to 88°N during each season. (c) Longitudinal distribution of AR contribution to total poleward IVT (AR IVTP

IVTP
, unit: %)

at 70°N during each season detected by all 12 ARDTs. An Arctic map showing the region crossing the 70°N (red dotted line) is displayed at the base of each panel.
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contributions to poleward IVT (0%∼49% in Figure 3a) as a result of the large range of AR occurrence frequency
(0%∼14% in Figure 1a) due to different AR detection criteria. Poleward of 60°N (Figure 3a), the Purdue‐85th‐
IVT detects more ARs and accounts for the highest poleward IVT, ranging from 15% to 49%, which is
approximately 2–4 times the corresponding AR occurrence frequency (Figure 3b). Polar‐constrained ARDTs,
which detect fewer but stronger ARs, contribute 2%–44% of total poleward IVT, corresponding to 2 to 15 times
their occurrence frequency. ARs detected using the Gorodetskaya ARDT contribute 0.8%–31% of the total
poleward IVT, which is approximately 4–7 times their occurrence frequency. Other ARDTs emphasize extreme
events, which minimizes their total contribution to poleward IVT due to low occurrence frequency. For instance,
polar‐extreme ARDTs contribute 1%–8% of total poleward IVT, which is 4–11 times their corresponding fre-
quency. Global‐specific and DL ARDTs have contributions range from 0% to 29% for Mundhenk_v3, Lora_v2,
and AR‐Connect, and 0%–8% for TemestLR and DL ARDT, exceeding their occurrence frequency by more than
5 times.

AR occurrence frequency (Figure 1a) largely determines AR contributions to climatological poleward IVT,
exhibiting similar seasonality and meridional variability (Figure 3a), consistent with Figure 1a. Percentile‐based
ARDTs (i.e., Purdue‐85th‐IVT and polar extremes) exhibit little seasonality and a gradual meridional decrease,
except for a sharp drop‐off in AR IVTP

IVTP
at higher latitudes for Purdue‐85th_IVT due to the rapid decrease in AR

frequency. Polar‐constrained ARDTs display considerable longitudinal variability and prominent seasonality,
with the largest contributions in summer and fall due to the highest AR occurrence frequency and corresponding
largest AR IVTP (Figure S3a in Supporting Information S1). In contrast, the Gorodetskaya ARDT displays the
opposite seasonality, with a minimum in summer. Global‐specific and DL ARDTs tend to show smaller
seasonality due to overall smaller magnitudes, with relatively larger AR contributions in fall, consistent with
the larger AR occurrence frequency and correspondingly larger AR IVTP during this season.

As discussed in Figure 1a, absolute threshold‐based ARDTs (such as polar‐constrained and global‐specific
ARDTs), which impose more restrictive climate criteria, detect fewer ARs in the Arctic, with a minimum in
higher latitudes during cold seasons. This is evident in Figure S3a of Supporting Information S1 where the
minimum climatological IVTP makes it difficult to satisfy the absolute thresholds, limiting AR detection and
leading to a sharp decrease in the AR occurrences frequency in the higher Arctic during the cold seasons.
Although fewer ARs are detected, these ARs are extreme and contribute to total poleward moisture transport more
than five times their corresponding occurrence frequency, with even higher ratios at higher latitudes in cold
seasons (Figure 3b). In summer, polar‐constrained ARDTs display a gradual decrease of detected ARs in the
lower latitudes of the Arctic (Figure 1a) and a corresponding gradual decrease in AR contributions to poleward
moisture transport (Figure 3a). This is because, in summer, higher climatological IVTP (Figure S3a in Supporting
Information S1) often exceeds the 100 or 150 kg m− 1 s− 1 absolute thresholds, with grid point‐dependent 85th
percentile climate thresholds dominating the detection criteria of polar‐constrained ARDTs.

Figure 3c shows the longitudinal distribution of AR contributions to total poleward IVT (AR IVTP
IVTP

) at 70°N for
each of the 12 ARDTs. In general, the longitudinal distribution of AR occurrence frequency at 70°N (Figure 1b)
significantly influences the distribution of their total contributions to poleward IVT, with exceptions for Purdue‐
85th‐IVT and polar‐extreme ARDTs. For most ARDTs, during cold seasons, the maximum AR contributions are
consistently located over the Arctic Atlantic and Pacific sectors, coinciding with the maximum IVTP and
AR IVTP pathways observed in Figure S3b of Supporting Information S1 and the end of the mid‐latitude storm
tracks, indicating a strong connection between mid‐latitude storms and Arctic ARs, which play a significant role
in transporting moisture poleward over the primary IVTP pathways to the Arctic. Over these regions, ARs
contribute to 47%–66% of total IVTP for the Gorodetskaya and polar‐constrained ARDTs, 8%–31% for global‐
specific ARDTs, and 9% for DL ARDT, more than three times their corresponding AR occurrence frequency.
Baffin Bay, another IVTP pathway seen in Figure S3b of Supporting Information S1, receives secondary local
maximumAR contributions, which can exceed more than five times their corresponding occurrence frequency. In
the summer there is less longitudinal variability in AR occurrence frequency (Figure 1b) and AR contribution to
poleward IVT (Figure 3c) compared to the other seasons. Weakened storm activity over the Arctic Atlantic sector
in summer leads to slightly reduced ARs and AR contributions to poleward IVT. Additionally, total IVTP and
AR IVTP are higher almost everywhere in summer (Figure S3b in Supporting Information S1), particularly over
continents, although it remains minimal over Greenland, contributing to the reduced longitudinal variability in
AR contribution to poleward IVT in summer (Figure 3c). Larger IVTP and AR IVTP in summer are likely due to
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greater moisture from increased evaporation and intensified storm activity (such as cyclone activity) that in-
creases the advection of moisture over northern Eurasia and Canada (Dufour et al., 2016; Serreze et al., 2009;
Tilinina et al., 2013). As a result, in summer, higher AR occurrence frequencies lead to a greater total contribution
to poleward IVT, especially over the Eurasian continent, while minimal contributions are noted over Greenland
and the Beaufort Sea due to fewer detected ARs (Figure 1b) and less AR IVTP (Figure S3b in Supporting In-
formation S1), respectively. Note that the maximummagnitudes of ARs and associated AR IVTP detected by the
Gorodetskaya ARDT over the Eurasian continent in summer are much lower than those over the Atlantic sector
during non‐summer seasons.

Although there is little longitudinal variability in AR occurrence frequency (Figure 1b) for percentile‐only‐based
ARDTs (Purdue‐85th‐IVT and polar‐extreme), the total moisture they carry shows large longitudinal variability
due to the large variability of climatological total IVTP (Figure S3b in Supporting Information S1), therefore
distinct longitudinal variability in AR contributions to poleward IVT (Figure 3c). Purdue‐85th‐IVT shows
agreement with polar‐constrained ARDTs over oceans, particularly the Arctic Atlantic sector, due to similar
detected AR occurrence frequencies, but larger contributions over the Arctic Pacific sector. In summer, Purdue‐
85th‐IVT and polar‐constrained ARDTs largely align in AR contributions except for Greenland. The Gor-
odetskaya ARDT generally agrees with the polar‐constrainedARDTs over the Atantic sector and into the Barents
Sea during non‐summer seasons, but shows much lower magnitudes over land and across all regions during
summer. Polar extreme ARDTs, especially Wille‐vIVT, display significant longitudinal variability due to their
poleward IVT‐based AR detection measurements, with higher contributions over the Eurasian continent in spring
and fall, and the Canadian Archipelago in spring, fall, and winter. For the primary IVTP pathways over Arctic
Atlantic and Pacific sectors, their role in transporting moisture poleward does not seem to be as important as
results derived from other ARDTs.

Overall, total latent heat transport (Lv × IVT) constitutes only a small part of the total MSE transport, comprising
about 1% when comparing their magnitudes as shown in Figures S1 and S3 of Supporting Information S1. ARs
play a more significant role in transporting moisture poleward than in MSE transport, as evidenced by the higher
percentage contribution of ARs to the total poleward moisture transport (Figure 3) compared to poleward MSE
transport (Figure 2). Particularly, their maximum contributions both occur over the primary IVT pathway in the
Arctic Atlantic sector, owing to the maximum AR occurrence frequency in that region.

5. AR Impacts on Surface Downward Longwave Radiation and Surface Total
Precipitation
As stated, many previous Arctic AR studies highlight the significant impacts of ARs on LWD and surface
precipitation. These impacts influence the subsequent surface radiation and energy budgets, leading to enhanced
surface warming and sea ice decline over the Arctic during the boreal winter (e.g., Hegyi & Taylor, 2018; Woods
& Caballero, 2016; P. Zhang et al., 2023). In this study, we quantify the relationship between AR occurrences, as
identified by various ARDTs, and their associated impacts on LWD and precipitation in the Arctic. Our focus is
on the average LWD anomalies during AR events in each season and their total integrated AR LWD contribution
to seasonal climatological LWD. The average anomalies of LWD for AR events are calculated by first deter-
mining 3‐hourly anomalies from 2000 to 2019 relative to the 20‐year climatological mean for each day of the year
and then averaging these anomalies at each grid point across all AR occurrences for each season. Using the same
approach, we also calculate the average AR‐related total precipitation anomalies and quantify the AR contribution
to the seasonal climatological precipitation totals.

5.1. AR‐Related Surface Downward Longwave Radiation Anomalies and Their Seasonal Climatological
Contributions

The average AR‐related LWD anomalies for each of the 12 ARDTs during each season are shown in Figure 4a. As
expected, all 12 ARDTs show that ARs produce significant positive LWD anomalies across the entire Arctic,
likely due to enhanced water vapor content and cloud formation associated with ARs. More restrictive criteria,
such as global‐specific ARDTs, tend to detect fewer but more extreme ARs in the Arctic, resulting in larger
average AR‐LWD anomalies. Less restrictive ARDTs, such as Purdue‐85th‐IVT, detect both extreme and
moderately intense ARs, leading to smaller average AR‐LWD anomalies. According to the 12 ARDTs, the AR
LWD anomalies range from a minimum of 10–43 W m− 2 in summer to a maximum of 38–116 W m− 2 in winter.
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All 12 ARDTs, no matter absolute‐ or percentile‐based, or temperature adjusted IWV‐based‐ display significant
seasonality, with the maximumAR LWD anomalies occurring in winter and the minimum in summer. Spring and
fall have intermediate values of AR LWD anomalies. As discussed in C. Zhang et al. (2025) the seasonality of
LWD anomalies associated with Arctic ARs may be related to previous research indicating that longwave cloud
forcing is most sensitive to clouds with low liquid water paths, with this sensitivity decreasing as the liquid water
path increases (Chen et al., 2006). Arctic clouds typically contain lower amounts of liquid water during the winter.
Any increase in this low‐content cloud liquid water due to Arctic ARs results in a more significant LWD anomaly.
Additionally, during winter, the influence of clear‐sky LWD on surface warming is more pronounced compared

Figure 4. (a) Zonal mean distribution of average LWD anomalies (unit: W m− 2) during AR occurrences across latitudes from 60°N to 88°N during each season from
2000 to 2019 using 12 ARDTs. (b) Zonal mean distribution of AR contribution to seasonal climatological LWD (unit: %) cross latitudes from 60°N to 88°N during each
season from 2000 to 2019 using 12 ARDTs. (c) Zonal mean distribution of the ratio of AR contribution to total LWD (panel (b)) to AR occurrence frequency (Figure 1a)
from 60°N to 88°N during each season.
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to summer, due to the dry and cold conditions prevalent in the Arctic (R. Zhang et al., 2021). Under these
conditions, ARs enhance water vapor transport, which increases clear‐sky LWD by intensifying the greenhouse
effect even in the absence of clouds. As a result, winter AR LWD is likely more influenced by clear‐sky LWD,
making its contribution to surface warming particularly significant during cold seasons.

Percentile‐only based ARDTs, such as Purdue‐85th‐IVT and Wille‐vIVT, show little latitudinal variability in
LWD anomalies during the winter. North of 60°N, their anomaly values range from 38 to 46 W m− 2 for Purdue‐
85th‐IVT and from 56 to 64 W m− 2 for Wille‐vIVT (Figure 4a). While there are few differences in the detected
AR occurrences between Wille‐vIVT and Wille‐IWV, the average AR‐LWD anomalies are larger and show
distinct meridional variability when using the Wille‐IWV, with values ranging from 67 to 74 W m− 2 poleward of
60°N poleward. This might be due to IWV‐based ARDTs emphasizing moisture content alone, as increases in
IWV are correlated with increases in LWD (Wille et al., 2019). Similarly, IWV‐based‐Gorodetskaya ARDT is
associated with larger LWD anomalies in spring and fall compared to the polar‐constrained ARDTs, despite
detecting a similar frequency of ARs north of 70°N. Other ARDTs display sharp increases in LWD anomalies
with latitude, ranging from 49 to 62Wm− 2 at 60°N to the maximum of 73–116Wm− 2 at higher latitudes. As seen
in Figure 1a, most ARDTs, particularly those based on absolute thresholds, detect lower AR occurrence fre-
quencies, with a minimum over the higher Arctic. However, as the temperature and moisture decrease to their
minimum in the central Arctic, any ARs detected by these absolute‐threshold‐based ARDTs are extremely
intense, producing the largest LWD anomalies in the climatological minimum LWD environment. In contrast,
during summer when climatological LWD is at its maximum, although there is a large difference in AR
occurrence frequencies between polar‐specific ARDTs using the 85th percentile climate thresholds and other
ARDTs (Figure 1a), their AR‐LWD anomalies are similar and display a smaller range. Gorodetskaya ARDT‐
related summer LWD anomalies (18–43 W m− 2) resemble thoese derived using the Wille‐IWV ARDT and
are larger than those from Wille‐vIVT ARDT. All 12 ARDTs show that anomaly values range from 22 to
41 W m− 2 at 60°N, gradually increasing to a local maximum of 23–43 W m− 2 between 63 and 69°N, then
decreasing to a minimum of 10–18 W m− 2 at around 85°N. Most ARDTs display larger AR‐LWD anomalies in
spring (24–90 W m− 2) compared to fall (22–53 W m− 2).

Although Figure 4a shows large positive AR‐LWD anomalies; the AR contribution to seasonal LWD ranges from
less than 1% to over 15% of the seasonal climatological LWD, depending on the AR detection methods used, as
seen in Figure 4b. The contribution patterns align with the AR occurrence frequency shown in Figure 1a, indi-
cating that AR occurrence frequency strongly influences their total contribution to climatological surface LWD
impacts. The ratio of AR contribution to seasonal LWD to AR occurrence frequency is always greater than 1 and
ranges from about 1.04 to greater than 1.5 (Figure 4c) indicating that AR contribution to seasonal LWD ranges
from 4% to over 50% more to seasonal LWD than expected based on their AR occurrence frequency.

The results in Figure 4 reveal that ARDTs with large AR‐LWD anomalies (Figure 4a), due to the extreme nature
of their infrequently detected ARs, result in a small overall contribution to seasonal LWD (Figure 4b). ARDTs
with larger AR occurrence frequency and smaller AR‐LWD anomalies make a larger overall contribution to
seasonal LWD. For example, polar‐specific ARDTs using the 85th percentile climate thresholds with higher AR
occurrence frequencies (Figure 1a) and smaller AR‐LWD anomalies (Figure 4a) exhibit larger AR contributions
to seasonal LWD (Figure 4b). The Purdue‐85th‐IVT, which does not use any absolute thresholds, detects the
highest AR occurrence frequency but has the smallest average AR‐LWD anomalies. It accounts for a maximum
contribution of 7%–16% to the seasonal climatological LWD, with minimal seasonality. These contribution
percentages are about 1.04–1.3 times their corresponding AR occurrence frequencies (Figure 4c). Polar‐
constrained ARDTs with additional 100–150 kg m− 1 s− 1 absolute thresholds show larger contributions of
6%–12% in summer, with percentage values similar to their AR occurrence frequency, although they have smaller
AR‐LWD anomalies in this season. During winter, although the largest AR‐LWD anomalies are observed, their
least frequent occurrences result in accumulated contributions that decrease from around 6%–7% at 60°N to
0.5%–1% in the higher Arctic, which is around 1.5 times their AR occurrence frequency (Figure 4c). Still, the
Gorodetskaya ARDT shows the opposite seasonality, with the highest contribution in winter (0.4%–6%) and the
lowest in summer (0.2%–1.1%), corresponding to 1.1–1.4 times and 1.1times of their frequences, respectively.
Global‐specific and DL ARDTs tend to detect extreme ARs with intense AR‐LWD anomalies. Their overall
contribution percentages are smaller, ranging from the maximum of 1.5%–5% at 60°N in fall to nearly 0.0% in
higher Arctic due to fewer detected AR events. Consequently, their seasonality is weaker compared to polar‐
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constrained ARDTs. Although polar extreme ARDTs detect larger average AR‐LWD anomalies, their total
contributions range only from 0.1% to 1.3% with little seasonality due to the smaller AR occurrence frequency.

To complement the analysis of AR‐related LWD impacts, we present spatial distributions (Figures S5–S16 in
Supporting Information S1) of 20‐year averaged AR‐induced LWD anomalies and their contribuitons to seasonal
climatological LWD across the Arctic (north of 60°N) for each of the 12 ARDTs. The over spatial features are
well captured in Figures 4a and 4b, with some spatial details. In winter, the largest anomalies appear over the
central Arctic Ocean extending to both the Eurasian and North American continents, especially for polar‐
constrained ARDTs that detect fewer but most intense ARs. Global‐specific ARDTs using stricter absolute
thresholds tend to miss ARs in these coldest regions, resulting in non‐detection of ARs. Localized LWD anomaly
maxima are observed along the sea ice margins, particularly from the Greenland Sea to the Barents‐Kara Seas.
These maxima are most prominent in winter for percentile‐only based ARDTs (e.g., Purdue_85th‐IVT, Wille‐
vIVT), and they persist into spring for all polar‐specific ARDTs and some global‐specific ARDT (such as
Lora_v2 and Mundhenk_v3). These regions coincide with areas of rapid sea ice decline and seasonal onset of sea
ice melt, suggesting these ARDTs may better capture radiatively impactful ARs relevant to potential initiation or
acceleration of sea ice melt. In summer, spatial differences between ARDTs largely diminish, but increased AR
frequency lead to greater overall contributions to seasonal LWD across the Arctic.

5.2. AR‐Related Surface Total Precipitation Anomalies and Their Seasonal Climatological Contributions

The average AR‐related total surface precipitation anomalies for each of the 12 ARDTs during each season are
shown in Figure 5a, with spatial distributions of the 20‐year average anomalies across the entire Arctic presented
in panel (a) of Figures S17–S28 of Supporting Information S1. As expected, all ARDTs indicate enhanced
precipitation during AR events throughout the Arctic, reflecting the strong thermodynamic characteristics of AR.
However, the magnitude and spatial coverage of these precipitation anomalies vary considerably among ARDTs
due to differences in detection criteria.

Global‐specfic ARDTs, which apply more restrictive thresholds, typically detect fewer but more intense ARs,
leading to higher precipitation anomalies, ranging 0.13–1.3 mm/hr (Figure 5a), but limited spatial coverage, as
shown in Figures S17–S28 of Supporting Information S1. In contrast, polar‐specificARDTs using 85th percentile
climate thresholds capture a broader range of AR intensities, including more frequent and moderate events,
yielding wider spatial coverage but lower average anomalies (0.04–0.3 mm/hr). In spring, fall and winter, polar‐
extreme and the Gorodetskaya ARDTs exhibit similarly high precipitation anomalies south of 65°N‐comparable
to those from global‐specfic ARDTs‐while their anomaly magnitudes drop north of 65°N, aligning more closely
with those from polar‐specific ARDTs. In summer, however, both polar‐extreme and the Gorodetskaya ARDT
show larger precipitation anomalies, likely due to their detection of fewer, more intense AR events. Although the
DL‐based ClimateNet ARDT detects ARs with similar frequency to global‐specific ARDTs, its associated with
smaller precipitation anomalies. This suggests that while AR frequency may align, the detected ARs differ in
intensity and structure, influencing the resulting precipitation impacts.

Compared to AR‐related LWD anomalies, the seasonality of AR‐induced precipitation anomalies is less pro-
nounced. While winter and fall generally exhibits slightly higher anomalies and spring and summer slightly
lower, the contrast is modest. This suggests that, unlike radiative impacts, AR‐induced precipitation is less
sensitive to cold, dry background conditions. The modest increase in winter anomalies likely reflects enhanced
baroclinicity and stronger poleward moisture fluxes, often resulting in snowfall. In summer, the background
atmosphere is moister and the intensity of more frequent ARs is somewhat reduced, the relative anomaly
magnitude is limited. Despite weaker seasonality, AR‐related precipitation shows stronger latitudinal variability,
especially for global‐specific ARDTs with more restrictive thresholds. As shown in Figures S17–S28 of Sup-
porting Information S1, regions such as the Bering Sea into interior Alaska and Siberia, the Norwegian Sea toward
the western coast of Norway and the Greenland Sea exhibit strong AR‐induced precipitation anomalies—
particularly in winter—corresponding to storm tracks and enhanced moisture transport. In particular, local
maxima are evident over major mountainous regions including Alaska, the Scandinavian Mountains, eastern and
western Greenland, and parts of Siberia, largely driven by strong orographic lifting.

Although AR‐related precipitation anomalies may not always be extreme in magnitude, ARs can account for a
substantial portion of the total precipitation, with contributions ratios often far exceeding their occurrence fre-
quencies. For instance, in summer, polar‐specificARDTs using 85th percentile climate thresholds show that ARs
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account for 17%–39% of total seasonal precipitation (Figure 5b), with contribution ratios 2.5–3.6 times their
occurrence frequencies (Figure 5c). In non‐summer seasons, although ARs are less frequent, their contribution
still range from 2.4% to 41%, corresponding to 3–10 times their occurrence frequency. The Gorodetskaya ARDT
displays an opposite seasonality, with the lowest contributions in summer (0.8%–5.8%) and highest in non‐
summer seasons (1.6%–14.8%), consistent with its seasonal ARs detection variation. These contribution
represent 4–11 times the expected precipitation based on AR frequency in summer and 2–11 times in winter.
Global‐specific ARDTs, although detecting ARs with the largest precipitation anomalies, contribute less to
seasonal totals due to their low detected occurrence frequency. Their overall contributions range from 0% to 19%,

Figure 5. (a) Zonal mean distribution of average total precipitation anomalies (unit: mm hr− 1) during AR occurrences across latitudes from 60°N to 88°N during each
season from 2000 to 2019 using 12 ARDTs. (b) Zonal mean distribution of AR contribution to seasonal climatological total precipitation (unit: %) cross latitudes from
60°N to 88°N during each season from 2000 to 2019 using 12 ARDTs. (c) Zonal mean distribution of the ratio of AR contribution to total precipitation (panel (b)) to AR
occurrence frequency (Figure 1a) from 60°N to 88°N during each season.
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yet in some high Arctic regions, contributions can be up to 20 times what would be expected based on AR
occurrence frequency, such as the Lora_v2 ARDT in spring (Figure 5c), highlighting the disproportionate impact
of rare, extreme AR events. Nevertheless, these events are extremely infrequent, occurring less than 0.05% of the
time‐equivalent to only a few hours, or a single AR event in spring over the 20 years.

While ARs are relatively infrequent, they are disproportionately responsible for precipitation across the Arctic,
particularly over the Atlantic and Pacific oceanic sectors during cold seasons, consistent with climatological
storm tracks, and across broader regions in summer (Figures S17–S28 in Supporting Information S1). Contri-
bution ratios exceeding 3 across most ARDTs and large portions of the Arctic demonstrate that ARs deliver
significantly more precipitation than would be expected based on their occurrence frequency alone. ARDTs that
capture a broader spectrum of AR intensities—especially polar‐specific ARDTs —consistently yield more
stronger and spatially extensive seasonal contributions. These results highlight the importance of the selected
ARDTs when quantifying AR‐related hydro‐meteorological impacts in the Arctic climate system.

6. Discussions and Conclusions
This study evaluates the performance of 12 prevailing ARDTs in detecting AR occurrence frequency (Section 3),
AR atmospheric heat (represented by MSE) and moisture (IVT) transport (Section 4), and surface LWD and
precipitation impacts (Section 5) in the Arctic, using ERA5 reanalysis data from 2000 to 2019. The performance
of 12 ARDTs is concisely summarized in Table 2. These ARDTs are divided into three categories based on their
climate thresholds and their application to either polar or global regions. Polar‐specific ARDTs, which include
both percentile only based ARDTs like Purdue‐85th‐IVT, polar‐extreme, Gorodetskay ARDT using temperature‐
adjusted saturated IWV thresholds, as well as polar‐constrained ARDTs that use additional absolute IVT
thresholds (100 or 150 kg m− 1 s− 1) to supplement the 85th percentile climate thresholds.Global‐specificARDTs,

Table 2
Summary of the Performance of 12 AR Detection Algorithms Included in the Intercomparison

AR frequency
(zonal mean
occurrence)

Poleward MSE
transport
contribution

Polward IVT
contribution LWD impact Precipitaion impact

Seasonality and
latitudinal
varaiblitiy

Polar‐Specific Purdue‐
85th IVT

Highest (up
to 13.6%)

Highest (up
to 33%)

Highest (up
to 49%)

Smallest anomalies,
largest total LWD
contribution
(7%–16%)

Smallest anomalies,
largest total
precipitation (up
to 41%)

Little

Guan‐
Waliser

Higher (up to 11%
in summer)

Higher (up to 29%
in summer)

Higher (up to
45% in
summer)

Large anomalies, modest
total contribution (up
to 12% in summer)

Large anomalies,
modest total
contribution (up to
35% in summer)

Large

Mattingly

M24

Gorodetskaya High in cold
seasons (2%–
5.5%), min in
summer (<1%)

High in cold
seasons
(∼12%), min
in summer
(<2.5%)

High in cold
seasons
(∼31%), min
in summer
(<5%)

Large anomalies, modest
total contribution
(summer min, <1.1%)

Large anomalies,
modest total
contribution
(summer
min, <5.8%)

Distinct
seasonality,
min in summer,
large in cold
seasons

Wille‐vIVT Lowest (<1%) Lower (<4%) Lower (<8%) Large anomalies, small
total
contribution (<1.3%)

Large anomalies,
small total
contribution
(<5%)

Little

Wille‐IWV

Global Mundhenk v3 Lowest
(0.0%–4.6%)

Lower (<16%) Lower (<29%) Largest anomalies
(>100 W m− 2 in
winter), lowest total
contribution (<5%)

Largest anomalies,
lowest total
contribution
(<19%)

Large

Lora v2

AR‐Connect

TempestLR

DL ClimateNet Lowest (<1.5%) Lowest (<4%) Lowest (<8%) Large anomalies, lowest
contribution (<1.7%)

Large anomalies,
lowest
contribution
(<5%)

Large
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originally designed for mid‐latitudes, apply more restrictive absolute or relative thresholds. DL ARDTs form a
separate category based on deep learning AR detection methods. This classification reduces variability within
each category while highlighting significant contrasts between them. For brevity, nuanced criteria such as AR
geometry, direction, or temporal criteria are not discussed, as they are secondary to climate threshold criteria for
AR index generation and corresponding climatology statistics (C. Zhang et al., 2021).

AR occurrence frequency varies widely in the Arctic, from less than 1% to over 13%, depending on the ARDT
used with AR frequency decreasing with latitude (Figure 1a). This variability leads to differences in contributions
to poleward MSE transport (<1% to >33% in Figure 2a) and poleward IVT (<1% to >49% in Figure 3a). Polar‐
specific ARDTs using the 85th percentile climate thresholds are typically associated with the highest AR
occurrence frequency and the largest contributions to poleward MSE transport and IVT.

There is substantial agreement between the Purdue‐85th‐IVT (which does not use any absolute thresholds) and
polar‐constrained ARDTs that do use absolute thresholds during the summer season (except over Greenland, as
seen in Figures 1b, 2b and 3b). However, significant differences arise during other seasons, particularly in winter
(Figures 1a, 2a and 3a). This discrepancy is mainly because the 85th percentile climate threshold drops below
100 kg m− 1 s− 1 in most of the Arctic domain during non‐summer seasons (especially winter) and in Greenland
during summer, resulting in lower AR occurrence frequency and lower contributions to poleward moisture and
heat transport in the polar‐constrainedARDTs. Note that the M24 ARDT is based on the Guan‐Waliser detection
algorithm with slight modification. However, due to its use of coarser spatial and temporal resolution, it tends to
detect fewer ARs, especially in summer, highlighting the potential advantage of finer‐resolution data for more
accurately capturing the spatial structure and temporal variability of Arctic ARs. Future investigation is warranted
to fully understand how resolution differences affect AR detection, especially in the context of climate modeling,
where accurate representation of ARs is critical. Other ARDTs, due to their more restrictive climate thresholds,
detect much lower AR occurrence frequency (<5%) and correspondingly smaller contributions to poleward MSE
transport (<16%) and IVT (<29%).

In cold seasons (fall, winter, and spring), most ARDTs (except for Purdue‐85th‐IVT and polar‐extreme ARDTs)
show that the highest AR occurrence frequency (Figure 1b) and AR contributions to the transports of MSE
(Figure 2b) and moisture (Figure 3b) occur over the Atlantic sector. This region hosts the primary IVT pathway
(Figure S3b in Supporting Information S1), associated with the Atlantic mid‐latitude storm track, highlighting a
strong connection between mid‐latitude storms and Arctic ARs, which significantly contribute to poleward MSE
and moisture transport. The next largest AR contributions to poleward MSE transport and IVT are over the Arctic
Pacific and Baffin Bay. The use of percentile‐only climate thresholds in the Purdue‐85th‐IVT and polar‐extreme
ARDTs result in a relatively uniform longitudinal distribution of AR occurrence frequency (Figure 1b) that does
not isolate the linkage between AR occurrence and mid‐latitude storms seen in the other ARDTs. In summer, most
ARDTs show that ARs occur more frequently across almost all of the Arctic, particularly over the continents,
while the Atlantic sector is less prominent compared to other seasons, likely due to increased mid‐latitude
cyclonic storms over continents but reduced storm activity over the Arctic Atlantic sector in summer (Dufour
et al., 2016; Tilinina et al., 2013). Consequently, overall higher contributions to poleward MSE transport and IVT
occurred in summer. Greenland consistently shows lower AR occurrence frequency and smaller contributions
throughout the year (except for Purdue‐85th‐IVT), potentially due to the minimum climatological IVT or IWV
that limits AR detection over Greenland. Additionally, the prevailing equatorward moisture transport over the
Greenland‐Denmark Strait (Figure S4 in Supporting Information S1) leads to reduced poleward moisture
transport (Figure S3 in Supporting Information S1), further limiting AR detection, particularly in summer.
Notably, the Gorodetskaya ARDT shows an opposite seasonality, with higher AR frequency in cold seasons
(maximum in winter, particularly in Atlantic sector), and minimum in summer. This is distinct seasonality may
stem from its temperature‐adjusted saturated moisture threshold. Warm summer temperatures in the Arctic reduce
the frequency with which the statured IWV threshold is met, leading to fewer detected ARs. Consequently, this
ARDT shows minimum AR‐related heat, moisture transport, and minimum contributions to seasonal LWD and
surface contribution climatology during summer. The distributions of AR's contributions to poleward MSE
transport (Figures 2a and 2b) and IVT (Figures 3a and 3b) are similar, and both are determined by the frequency of
AR occurrences (Figures 1a and 1b). However, ARs play different roles in transporting total poleward MSE and
IVT, as shown in Figures S1 and S3 of Supporting Information S1. Total poleward MSE transport is largest in
winter due to the strongest temperature difference between the Arctic and mid‐latitudes and smallest in summer.
This seasonality contrasts with total poleward IVT and detected AR occurrence frequency (except for Purdue‐
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85th‐IVT and polar extreme ARDTs), which are largest in summer and are minimal in winter. Baffin Bay is the
primary pathway for poleward MSE transport, but is secondary for Arctic ARs and poleward IVT. The primary
pathway for poleward IVT, Arctic ARs, and the corresponding AR‐IVT and AR‐MSE pathways is all concen-
trated in the Arctic Atlantic sector. Additionally, total poleward IVT‐related latent heat transport is only 1% of
total poleward MSE transport. As a result, ARs, detected mainly by moisture measurement, play a larger role in
transporting moisture poleward than heat, as shown by larger overall IVT contribution percentages (Figures 2 and
3) and consistency with the primary pathway of poleward IVT rather than MSE transport. In contrast to ARs,
warm air intrusions, defined by temperature rather than moisture (Dekoutsidis et al., 2024), might be more
reflective of poleward heat transport, particularly in the primary pathway for polewardMSE transport. This merits
further investigation.

Surface LWD forcing has been recognized as an important driver of ongoing changes in sea ice extent and
concentration (Huang et al., 2019; Park et al., 2015). Arctic ARs have been found to impede sea ice recovery in
cold seasons by increasing LWD. This has been observed in both specific low‐record sea ice years and cumulative
climatological impacts studies (Hegyi & Taylor, 2017; Woods & Caballero, 2016; P. Zhang et al., 2023). Across
all 12 ARDTs, ARs consistently produce significant positive surface LWD anomalies throughout the Arctic.
These anomalies are most prominent in winter (increasing with latitude), followed by spring and fall, and
are smallest in summer (decreasing with latitude), demonstrating strong seasonality (Figure 4a). However, their
total integrated LWD during AR events constitutes only a small fraction of the seasonal climatological LWD
(0.0%–15% in Figure 4b) and is strongly determined by their AR occurrence frequency (0.0%–14% in Figure 1a).
Absolute threshold‐based ARDTs, such as global‐specific ARDTs, use more restrictive criteria and detect only
the most extreme AR events, resulting in the largest average LWD anomalies (>100 W m− 2) during cold seasons
and over the higher Arctic. Despite these large anomalies, their infrequent occurrence leads to a much smaller
integrated contribution to seasonal climatological LWD (<1%).

In contrast, polar‐specific ARDTs using the 85th percentile climate thresholds detect more frequent AR occur-
rences, producing lower average AR‐LWD anomalies. Nevertheless, these more frequent AR events account for
10%–15% of seasonal LWD, leading to a substantial cumulative impact. This shows that algorithms emphasizing
extreme events with large LWD anomalies do not always indicate a large overall radiative climate impact.
Additionally, consistent with the AR occurrence frequency, most ARDTs (except for Purdue‐85th‐IVT and polar
extreme) display the largest AR contribution to total LWD in summer and the smallest in winter, which is opposite
to the seasonal pattern of AR‐LWD anomalies. Compared to the AR‐LWD anomalies, the seasonality of AR
contribution to the total LWD is much weaker due to the smaller contribution magnitude ranges, particularly for
global‐specific and DL ARDTs. Percentile‐only‐based ARDTs display even smaller seasonality compared to
other ARDTs yet remain consistent with their AR occurrence frequency.

Although AR‐related surface precipitation anomalies may not be extreme in magnitude as AR‐induced LWD
anomalies, they contribute more substantially to the seasonal precipiaton climatology across all 12 ARDTs. The
magnitude and spatial extent of these anomalies vary considerably by ARDT: Global‐specific ARDTs tend to
detect fewer but more intense events, resulting in high, localized precipitation anomalies with limited spatial
coverage, while polar‐specific ARDTs capture a broader spectrum of AR intensities, yielding weaker but more
spatially extensive anomalies. Unlike AR‐induced LWD anomalies, AR‐related precipitation anomalies exhibite
weaker seasonality, suggesting the thermodynamic impacts of ARs on precipitation might be less sensitive to
variations in background temperature and moisture conditions. However, latitudinal variability remains pro-
nounced, particularly in regions aligns with storm tracks and orgraphic features. Importantly, ARs contribute to
seasonal precipitation totals at rates often 2 to 10 times greater than their frequency, underscoring their outsized
role of ARs in surface precipitation impacts. These findings suggest that, beyond radiative forcing, surface
temperature responses may also be influenced by diabatic heating associated with AR‐related precipitation
processes, which should be considered when evaluating Arctic surface warming in the future studies. Addi-
tionally, strong AR‐related precipitation anomalies around Greenland, particularly along its eastern and western
coasts, contribute significantly to surface mass balance and may accelerate ice sheet or enhance snowfall,
underscoring the complex role of ARs in modulating Greenland's surface mass balance beyond their strong
melting effects through changes in surface energy budgets (Mattingly et al., 2018, 2020, 2023).

Among the 12 ARDTs, Purdue‐85th_IVT and polar extremeARDTs are percentile‐only‐based algorithms. These
ARDTs show minimal seasonality and smaller meridional (Figure 1a) and longitudinal gradients (Figure 1b) in
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AR occurrence frequency due to their grid‐point and monthly (seasonally)‐dependent detection algorithms. The
large longitudinal variability in total climatological MSE transport (Figures S1b and S2b in Supporting Infor-
mation S1) and IVT (Figures S3b and S4b in Supporting Information S1) results in significant longitudinal
variability in AR‐related MSE and IVT, as well as their contributions to poleward MSE transport (Figure 2c) and
IVT (Figure 3c).

Different ARDTs lead to differences in AR climatology and consequent impacts attributable to ARs in the Arctic.
More restrictive climate criteria‐based ARDTs, such as global‐specific and polar extreme ARDTs, identify
extreme AR events with substantial heat and moisture (Figures 2b and 3b) and causing significant surface LWD
and precipitation anomalies (Figures 4a and 5a). However, these ARDTs detect ARs less frequently thus their role
in transporting total poleward heat and moisture and their impacts on climatological surface LWD forcing and
precipitation are not as large (Figures 2a, 3a, 4b and 5b). Polar‐constrained ARDTs, which use both relative and
absolute thresholds, are commonly used in the Arctic (Z. Zhang et al., 2024). The use of an absolute threshold of
100 kg m− 1 s− 1 was initially selected to identify AR‐like features and extreme precipitation events in the polar
regions. This results in polar‐constrained ARDTs identifying more extreme ARs with higher MSE and moisture
transports (Figures 2b and 3b) and larger AR‐LWD and surface precipitation anomalies (Figures 4a and 5a)
during AR events than the non‐constrained Purdue‐85th‐IVT ARDT. But, because they detect fewer ARs
(Figure 1a) their overall contribution to seasonal MSE transport, IVT, LWD, and surface precipitation is less than
for the Purdue‐85th‐IVT ARDT. The Purdue‐85th‐IVT ARDT generally shows the highest climatological
contribution to MSE transport (Figure 2a), IVT (Figure 3a) and seasonal LWD forcing (Figure 4b) and precip-
itation contribution (Figure 5b) due to its higher AR occurrence frequency (Figure 1a) compared to other ARDTs
in this study. In cold seasons, absolute‐threshold ARDTs and Gorodetskaya ARDT are more effective at detecting
Arctic ARs in oceanic regions, especially along the primary poleward IVT pathway in the Arctic Atlantic sector.
Conversely, percentile‐only ARDTs tend to identify more ARs over continental areas and have less spatial
variability than absolute‐threshold ARDTs.

In summary, this study presents the first comprehensive evaluation of 12 widely used ARDTs in the Arctic,
revealing substantial variability in their ability to detect ARs and quantify their impacts on atmospheric heat and
moisture transport, surface radiative forcing, and precipitation. Crucially, we show that the choice of ARDT
directly influences estimates of Arctic energy and moisture budgets, particularly MSE transport and IVT, which
in turn affect surface radiative and energy budgets, and hydrological extremes. These differences have critical
implications for interpreting AR‐driven process under Arctic amplification, with direct relevance to sea ice loss,
glacier melt, warming extremes, and broader Arctic hydrological changes.

Our results demonstrate that global ARDTs, while widely used in the midlatitude studies to capture extreme
precipitation events, severely underestimate AR frequency and their cumulative impacts in the Arctic due to the
restrictive thresholds that are not appropriate for its dry and cold Arctic environment. Their use in the polar
contexts can therefore yield misleading conclusions, especially when assessing climatological impact. These
global‐specific ARDTs emphasize rare, extreme AR events associated with large LWD anomalies, while over-
looking the more frequent yet less intense ARs that nonetheless transport substantial moisture and energy
poleward, driving significant changes in Arctic's radiative and energy budgets. As a result, they fail to capture the
full extent of AR‐driven surface warming and sea ice decline, leading to a systematic underestimation of AR's role
in Arctic amplification. Similarly, although these ARDTs may attribute up to 10 times more precipitation than
expected from their low AR frequency, such extreme events are rare, often occurring only once per season in
20 years, or not at all.

We therefore recommend that future Arctic AR research avoid relying on global ARDTs and instead prioritize the
use of polar‐specific ARDTs, which are better suited to capturing the frequency, spatial distribution, and
climatological significance of ARs in this unique environment. Because large‐scale climate variability strongly
modulates the spatial and temporal clustering of AR occurrences (C. Zhang et al., 2023; Zhou et al., 2024), polar‐
specific ARDTs are more effective at identifying consecutive, back‐to‐back ARs that affect the Arctic over short
time intervals. Accurately representing these clustered events is essential for improving subseasonal‐to‐seasonal
(S2S) prediction of Arctic ARs (DeFlorio et al., 2024; Yang et al., 2024). Furthermore, polar‐specificARDTs can
more accurately assess the contributions of ARs to Arctic climate change, including surface and snowpack
warming, earlier sea ice melt onset in spring, delayed refreeze in fall and winter, and their broader role of ARs in
accelerating Arctic amplification. Within the category of polar‐specific ARDTs, the choice of specific method
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should be adaptive to the specific types of impact being investigated, the region of interest (e.g., continents vs.
oceans), and timing (e.g., seasonal variation). This study advances the understanding of Arctic ARs, their effects
on the climate system, and the variability in the results based on the selected ARDT. It provides valuable insights
for the future application of ARDTs in Arctic research. Climate change poses another important consideration for
appropriate application of ARDTs. As atmospheric temperature and moisture increase following the Clausius‐
Clapeyron equation, the absolute threshold‐based ARDTs may become less effective in detecting ARs under
climate change scenarios due to fixed thresholds that do not account for a rising moisture field. Meanwhile,
percentile threshold‐based ARDTs, which adapt to both the current climate conditions and future projections,
warrant further investigation to fully understand AR behavior and impacts in a rapidly changing climate.
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