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Abstract. Atmospheric rivers (ARs) are the primary mechanism for transporting water vapor 

from low latitudes to polar regions, playing a significant role in extreme weather in both the 

Arctic and Antarctica. With the rapidly growing interest in polar ARs during the past decade, it is 

imperative to establish an objective framework quantifying the strength and impact of these ARs 

for both scientific research and practical applications. The AR scale introduced by Ralph et al. 35 

(2019) ranks ARs based on the duration of AR conditions and the intensity of integrated water 

vapor transport (IVT). However, the thresholds of IVT used to rank ARs are selected based on 

the IVT climatology at middle latitudes. These thresholds are insufficient for polar regions due to 

the substantially lower temperature and moisture content. In this study, we analyze the IVT 

climatology in polar regions, focusing on the coasts of Antarctica and Greenland. Then we 40 

introduce an extended version of the AR scale tuned to polar regions by adding lower IVT 

thresholds of 100, 150, and 200 kg m-1 s-1 to the standard AR scale, which starts at 250 kg m-1 s-1. 

The polar AR scale is utilized to examine AR frequency, seasonality, trends, and associated 

precipitation and surface melt over the Antarctica and Greenland. Our results show that the polar 

AR scale better characterizes the strength and impacts of ARs in the Antarctic and Arctic regions 45 

than the original AR scale and has the potential to enhance communication across observation, 

research, and forecast communities in polar regions. 
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1. Introduction 

An atmospheric river (AR) is a “long, narrow, and transient corridor of strong horizontal water 

vapor transport in the lower troposphere” (American Meteorological Society 2018; Ralph et al. 

2018), and it is usually associated with a low-level jet ahead of the cold front of an extratropical 70 

cyclone. ARs are the main mechanism for transporting water vapor from the tropics and 

subtropics to the middle and high latitudes (Zhu and Newell 1998; Ralph et al., 2004; Newmann 

et al., 2012). At the same time, ARs play a critical role in regional precipitation and flooding in 

coastal regions worldwide, including the United States (Guan et al., 2010; Dettinger 2011; Ralph 

et al., 2013; Debbage et al., 2017; DeFlorio et al., 2024), Europe (Lavers and Villarini 2013; 75 

Ionita et al., 2020), New Zealand, (Shu et al., 2021; Prince et al., 2021), and South America 

(Viale et al., 2018). ARs also contribute to other extreme weather events. They are directly 

linked to extreme winds over most coastal regions in the world (Waliser and Guan 2017). ARs 

are closely associated with extratropical cyclones, and antecedent AR conditions can provide 

extra water vapor inflow to significantly enhance diabatic heating and intensify cyclone 80 

deepening, especially for explosive extratropical cyclones (Zhang and Ralph 2021; Zhang et al., 

2019; Eiras-Barca et al., 2018). 

Recent studies have found that ARs have large impacts on regional climate and extreme weather 

events in polar regions and exert important influence on the polar cryosphere. As a prominent 

supplier of moisture and heat, ARs often couple with low-level jets, having the potential to 85 

induce intense snow accumulation over the ice sheets (Gorodetskaya et al. 2014; Adusumilli et 

al. 2021; Wille et al. 2024a, b), extreme hot spells and heatwaves (Bonne et al., 2015; Gonzalez-

Herrero et al., 2022; Gorodetskaya et al., 2023; Wille et al., 2024a,b), extensive surface melting 

through foehn warming, cloud radiative impacts, or rain-on-snow processes (Bozkurt et al. 2018; 

Gorodetskaya et al. 2023; Zou et al. 2023; Mattingly et al., 2020, 2023), as well as sea ice 90 

decline (Zhang et al. 2023; Liang et al. 2023; Francis et al. 2020; Li et al. 2024) in both 

Antarctica and the Arctic. These impacts may be enhanced under climate change. In regions 

characterized by intricate topography, like the Antarctic Peninsula, ARs may strike the mountain 

range, leading to substantial rainfall and snowfall on the upwind side owing to orographic lifting 

(Gorodetskaya et al. 2023). Meanwhile, foehn warming on the leeward side can intensify surface 95 
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melting and downslope winds, contributing to ice-shelf and sea ice weakening and potential 110 

disintegration (Bozkurt et al. 2018; Wille et al. 2022; Zou et al. 2023). 

In polar areas, ARs can also compound with other weather systems, making an interconnected 

and multi-scale impact on extreme weather events. For instance, in March 2022, tropical 

convection-induced Rossby wave activities led to an extraordinary AR intrusion into the East 

Antarctic ice sheet, with an amplified warm conveyor belt along the coastline due to abundant 115 

latent heat release from additional moisture (Wille et al. 2024a). Consequently, the intensified 

coupled low-pressure and blocking high system strengthened the AR's force and its elongated 

characteristics, enabling robust moisture penetration deeper inland and exerting a widespread 

influence on the ice surface (Wille et al. 2024b). During March 16th–18th, this AR had a 

maximum vertical-integrated water vapor transport (IVT) that exceeded 1000 kg m-1 s-1 offshore 120 

before hitting the East Antarctic coast with over 1000% of normal water vapor transport 

(measured as time-integrated IVT, T-IVT) penetrating into the inland area of the East Antarctica 

(Fig. 1a). The 3-day T-IVT is approximately 210% of the previous maximum over this region 

since 1981 (Fig. 1b). In addition to extreme precipitation, this extraordinary AR caused a record-

breaking heatwave. The peak of this heatwave had a temperature soaring 37°C beyond the 125 

climatological average based on ERA5 reanalysis data, and 43°C above the climatological mean 

temperature in March as observed at Dome C station (Fig. 1 c and d). The AR brought around 

300 Gt of precipitation over the ice sheet (according to a polar-oriented regional climate model 

simulation and two reanalysis datasets), including more than 2 Gt of rainfall along the coast 

(Wille et al. 2024b). Under a warming climate, the extreme ARs are expected to increase in both 130 

frequency and intensity at middle latitudes (e.g., Warner et al. 2015; Warner and Mass 2017; 

Payne et al. 2020; Shields et al. 2023). These results have implied that the impacts of ARs on 

polar regions, which are known to be vulnerable to climate change, could be enhanced in a 

warmer climate. 

 135 

Deleted: interact 



5 
 

 
Figure 1. An extreme landfalling AR over East Antarctica during 16–18 March 2022 based on 
ERA5 reanalysis. (a) Three-day time-integrated IVT (T-IVT) during 16–18 March 2022 as a 
percentage of normal (mean 3-day T-IVT during 1980-2021); the sub-panel at the top left shows 140 
the IVT (colors start from 200 kg m-1 s-1 with an increment of 100 kg m-1 s-1) at 00 UTC on 17 
March. (b) Time series of averaged 3-day T-IVT within the blue box in panel (a) for 2022 (red), 
1980-2021 (black), and climatological mean (1980-2021, green). (c) Temperature anomaly on 18 
March 2022 based on ERA5 reanalysis. (d) Time series of 3 hourly observed temperatures at 
Dome C station (blue dot in panel a and c) for 2022 (red), 1996-2021 and 2023 (gray), and 145 
climatological mean (1996-2023 mean, blue). 

 

Recent studies have made important progress in tracking ARs using polar-specific algorithms 

(Wille et al. 2019, 2021; Gorodetskaya et al 2014, 2020; Viceto et al. 2022; Mattingly et al. 

2023) and global algorithms (Guan and Waliser, 2019; Rutz et al., 2019; Guan et al., 2023). 150 

These polar AR algorithms identify ARs as objects in space with AR features using flexible 

thresholds (e.g., using different percentiles of IVT, using meridional IVT or water vapor content 

to identify ARs). For example, Guan and Waliser (2019) used 85th – 95th percentiles (with an 

increment of 2.5 in the percentile) and 100 kg m-1 s-1 as the IVT minimum thresholds to better 
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capture the ARs less well-structured. However, Ralph et al. (2019) suggested that it is also useful 

to identify ARs from an Eulerian perspective (defining an AR as a sequence of relevant 

meteorological conditions at a specific location of interest), especially for many practical, on-the-160 

ground applications and communications across research, forecasts, and public media reports. 

With the increasing interest in ARs in both the Arctic and Antarctica, it is imperative to establish 

an objective and consistent framework for quantifying their strength and impacts, which is 

usually determined by both the intensity and duration of the AR event. Ralph et al. (2019) 

introduced an AR scale (hereafter, Ralph 2019 AR Scale) to characterize their strength and 165 

impacts based on the duration of the AR condition (defined as IVT > 250 kg m-1 s-1) and the 

maximum IVT during the AR at a specific location from an Eulerian perspective. The Ralph 

2019 AR Scale has been widely used in scientific research, weather forecasts, and media reports. 

However, this scale was primarily developed based on the climatology of IVT at middle 

latitudes. The standard scale can miss ARs in polar regions that have a profound effect but 170 

nevertheless fail to meet the minimum IVT threshold of 250 kg m-1 s-1 due to the extremely low 

temperature and thus moisture content characterizing polar regions. For example, Figures 2 a-b 

show a well-defined landfalling AR and the corresponding precipitation at the Ross Ice Shelf on 

December 3rd, 2022; and Figures 2 c-d show a landfalling AR at northeast Greenland with a 

maximum precipitation rate over 10 mm per 6 hours on November 15th, 2021. However, both 175 

cases are not identified as ARs at the coast according to the Ralph 2019 AR Scale due to low 

IVT: in the first case the duration of time when the IVT exceeds 250 kg m-1 s-1 is shorter than 24 

hours, and in the second case the IVT never meets the minimum threshold for AR condition at 

the coasts. Obviously, the Ralph 2019 AR Scale developed based on the climatology of IVT at 

middle latitudes is insufficient for polar regions. 180 

This study aims to introduce an extended AR scale for polar regions based on the Ralph 2019 

AR Scale and examine the characteristics of polar ARs by utilizing the extended scale. We first 

examine the climatology of IVT in polar regions with a focus on the Antarctic and Greenland 

coastlines. Based on the IVT climatology and many AR cases in polar regions, we introduce an 

extended version of the AR scale tuned to polar regions. Additional IVT thresholds for defining 185 

AR conditions are included to capture low-IVT ARs in both the Arctic and Antarctic. The 

extended AR scale is then used to examine AR frequency, seasonality, historical trends, and 

associated impacts (precipitation and surface melt) in the Antarctic and Greenland coastal 
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regions. Finally, the AR scale forecast products for the Antarctic coast developed by the Center 

for Western Weather and Water Extremes (CW3E) and their application are introduced. 190 

 

 
Figure 2. A landfalling AR near the Ross Ice Shelf in Antarctica at 12Z (a) and 18Z (b) on 
December 3rd, 2022. The colors are IVT (kg m-1 s-1) and the cyan contours show 6-hour 
precipitation amount (every 2 mm) based on ERA5. (c) and (d) are the same as (a) and (b) but for 195 
a landfalling AR case over the East Greenland coast at 12Z and 18Z on November 15th, 2021. 

 

2. Extended AR scale for polar regions 

2.1 Data 

The IVT and precipitation data used in this study are from the fifth-generation reanalysis dataset 200 

from the European Centre for Medium-Range Weather Forecasts (ERA5, Hersbach et al., 2020). 

The ERA5 data were obtained on a regular latitude-longitude grid with a spatial resolution of 

1.0° x 1.0° and a 6-hourly temporal resolution, from January 1979 to December 2022. The ERA5 

IVT was vertically integrated from the surface to the atmosphere top in the reanalysis model. In 

this study, a common resolution of 1.0° x 1.0° was used since ARs are relatively large objects, 205 

which are usually a few hundred to a couple thousand kilometers in size. A sensitivity test using 
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a 0.25-degree IVT did not show significant impacts on the climatological mean AR frequency, 

historical trend, or seasonality compared to the 1-degree IVT in this study. 210 

The 3-hourly Automatic Weather Station (AWS) observations at Dome C station served as a 

valuable illustration of the March 2022 heatwave in East Antarctica triggered by an AR (Fig. 

1d). The dataset, spanning from 1996 to 2022, has undergone quality control and is archived at 

the Antarctic Meteorological Research and Data Center (AMRDC). 

The daily surface melt data from 1980 to 2020 were retrieved from passive microwave 215 

radiometer data of the Scanning Multichannel Microwave Radiometer (SMMR) and the Special 

Sensor Microwave/Imager (SSM/I), as documented in previous studies by Torinesi et al. (2003) 

and Picard and Fily (2006). In Antarctica, this surface melt dataset does not include the area 

higher than 1700 m of altitude, where melting is unlikely. Similar SSMR and SSM/I data and 

method were used to examine the surface melt over the Greenland ice sheet (Colosio et al. 2021). 220 

The data were obtained at a 25-km spatial resolution and was interpolated to the same 1.0°x1.0° 

latitude-longitude grid as the ERA5 data using a nearest-neighbor interpolation. When the melt 

data value is 0, it indicates a no melt day; when the value is 1, it indicates a melt day. The 

missing data is labeled with -10. Thus, the surface melt data used in this study only include the 

melt frequency (melt or not). 225 

 

2.2 Climatology of IVT in polar regions 

As a first step in developing an appropriate extended AR scale for polar regions, we examine the 

variations in climatological mean IVT between polar regions and low-to-middle latitudes. In 

general, the climatological mean IVT, calculated over the investigated period from 1979 to 2022, 230 

is notably lower along the Antarctic and Greenland coasts compared to the IVT at the middle 

latitudes (Fig. 3). In the Southern Hemisphere (Fig. 3a), the mean IVT typically exceeds 100 kg 

m-1 s-1 at the middle latitudes with a maximum (> 250 kg m-1 s-1) over the central South Atlantic 

Ocean and Indian Ocean, respectively. However, there is a rapid decrease in IVT as the latitude 

increases (Fig. 3a). Along the Antarctic coast, the mean IVT is around only 25 kg m-1 s-1 and 235 

falls below 25 kg m-1 s-1 over most of the interior due to the extremely low temperature and 

moisture. Meanwhile, the Northern Hemisphere exhibits a peak in mean IVT over the North 

Atlantic Ocean and another maximum (> 250 kg m-1 s-1) over the North Pacific Ocean, aligning 
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with the locations of storm tracks in the two ocean basins (Fig. 3b). Along the Greenland coast, 

the mean IVT ranges from 25 to 50 kg m-1 s-1 (Fig. 3b). The substantial difference in IVT 

between polar regions and middle latitudes suggests that the IVT minimum threshold based on 

mid-latitude IVT in the Ralph 2019 AR Scale is insufficient for polar regions. 

 250 

 
Figure 3. Climatological mean IVT (kg m-1 s-1) over the middle and high latitudes of the 
Southern Hemisphere (a) and Northern Hemisphere (b) in 1979–2022 based on the ERA5 
reanalysis data. 

 255 

To further understand the climatology of IVT along the Antarctic and Greenland coasts, the IVT 

frequency distribution was calculated (Fig. 4) using 6-hourly IVT values along the Antarctic 

(including Antarctic ice shelves) and Greenland coastlines (bold black line in Fig. 4 b and c) 

from 44 years of ERA5 data (1979–2022; Fig. 4a). For the Antarctic and Greenland coasts, 

respectively, 77% and 79% of the IVT values are concentrated in bins lower than 50 kg m-1 s-1, 260 

with only 7.4% and 6.6% of IVT values higher than 100 kg m-1 s-1. The percentages of IVT 

samples decrease with the thresholds (100, 150, 200, and 250 kg m-1 s-1) quickly and only 0.3% 

and 0.4% of IVT exceed 250 kg m-1 s-1 (subpanel at the top right of Fig. 4a). The variability of 

the percentages for each bin (vertical bars) is larger along the Greenland coast than along the 
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Antarctic coast, indicating that the water vapor transport around Greenland has a larger 265 

variability, which might be related to the variability of the North Atlantic storm track. 

Because this study focuses on polar ARs, the southern part of Greenland with latitude south of 

the polar circle (~67°N), was excluded from our analysis, including the calculation of IVT 

distribution (Fig. 4c). This narrow part, including 15% of the coastal grids, extends to 60°N and 

is surrounded by a relatively warm ocean, so the temperature, moisture, and therefore the IVT 270 

are significantly higher than the coast within the polar circle. Excluding this region has a small 

impact on the IVT distribution; the percentage of IVT samples higher than 100 kg m-1 s-1 would 

increase from 6.6% to 8.9% if it was included. Similar analysis and results for the entire 

Greenland ice sheet are given in the Supplement (Figs. S1 and S2). It is worth noting that the 

northern tip of the Antarctic Peninsula also extends northward beyond the polar circle (~67°S). 275 

However, the coastal grids out of the polar circle are only 3% of the total coastal grids of 

Antarctica. Therefore, those grids are not excluded since their impact on the results is negligible. 

 

 
Figure 4. (a) Averaged distribution of IVT values based on 6-hourly samples along the coastlines 280 
of Antarctica and Greenland in polar regions from 1979 to 2022, using ERA5 reanalysis data. 
The vertical bars denote the spread (one standard deviation) of the frequency over the 44 years. 
Panels (b) and (c) depict the coastlines of Antarctica and Greenland in polar regions (thick black 
lines), respectively. The green boxes in (b) and (c) highlight the coastlines of the Antarctic 
Peninsula and East Greenland used for the analysis of the AR frequency trend in Figure 13. 285 
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2.3 Extended AR scale for polar regions 

In addition to the analysis of IVT climatology along the Antarctic and Greenland coast, we also 

examined many AR cases in the polar regions, such as the two AR cases in Fig. 2. Based on the 

IVT climatology and the polar AR case studies, 100 kg m-1 s-1 is selected as the IVT minimum 290 

threshold to define AR conditions for both polar regions. This new threshold is roughly the 93rd 

percentile of the IVT values along both the Antarctic and Greenland coasts. In addition, 150 and 

200 kg m-1 s-1 are also selected as the thresholds for the AR scales in polar regions based on the 

IVT distribution in Fig. 4. 

Therefore, we extend the Ralph 2019 AR Scale to include 3 additional ranks specifically for 295 

polar regions as shown in Fig. 5. The extended minimum IVT thresholds are as follows: 100 kg 

m-1 s-1 for AR Polar 1 (AR P1), 150 kg m-1 s-1 for AR P2, and 200 kg m-1 s-1 for AR P3. 

Meanwhile, the thresholds for the other ranks (AR1 – AR5) remain the same as the Ralph 2019 

AR Scale. Following the Ralph 2019 AR Scale, the extended version of the AR scale is also 

defined based on an Eulerian perspective. In other words, the AR scale is defined for a specific 300 

location, so an AR event is a sequence of high-moisture transport conditions, which are closely 

associated with different meteorological conditions, such as the precipitation amount and rate 

(e.g., Ralph et al. 2013; Martin et al. 2018). The AR scale of an event is based on its duration and 

maximum intensity of IVT at a given location. For a given location, the duration of an AR 

matters since, with the same IVT, when an AR lasts for a longer time, it has a higher impact 305 

(e.g., more precipitation), and vice versa. Two duration thresholds, 24 hours and 48 hours, are 

used to adjust the rank of an AR. In polar AR scale, they are the same as the Ralph 2019 AR 

Scale because the difference in AR durations is substantially smaller than the difference in IVT 

magnitude between polar regions and the middle latitudes. Following the Ralph 2019 AR Scale, 

“weak” polar ARs (maximum IVT > 100 kg m-1 s-1 and < 150 kg m-1 s-1, but with a duration < 24 310 

hours) will not receive a ranking on the polar AR scale, as represented by the gray part in Fig. 5. 

A lower duration threshold (e.g., 12 hours) is not added since it may introduce many weak IVT 

cases that are not real ARs. To determine the AR scale, there are four steps as described below. 

Step 1: Pick a location of interest. 

Step 2: Identify the time when IVT exceeds 100 kg m-1 s-1 at that location. The period when IVT 315 

continuously exceeds 100 kg m-1 s-1 is defined as the duration of an AR event. 
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Step 3: Identify the maximum IVT during the AR event at that location, and then use the chart 

(Y axis) in Fig. 5 to initially assign a preliminary AR scale based on maximum IVT. 

Step 4: Adjust the rank based on the duration to determine the final AR scale: (1) if the AR 320 

duration exceeds 48 hours, promote the scale by 1 rank; (2) if the AR duration is less than 

24 hours, demote the scale by 1 rank. 

 

 
Figure 5. An extended AR scale for polar regions that categorizes AR events based on the 325 
duration of AR conditions (IVT ≥ 100 kg m-1 s-1) and the maximum IVT in the duration at a 
specific location. This scale includes ranks (AR P1, AR P2, and AR P3) designed specifically for 
ARs in polar regions. 

 

In Fig. 6, a landfalling AR over Antarctica in early December 2022 (same AR case as shown in 330 

Fig. 2a&b) is used as an illustrative example for determining the AR scale in the polar regions. 

Figures 6 a–c show three snapshots of IVT and precipitation for this case from 00 UTC on the 3rd 
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to 12 UTC on the 4th of December 2022. The landfall of this AR occurred mainly along the coast 

between 140°W – 170°W, with a peak IVT of 212 kg m-1 s-1 at 150°W. To determine the AR 

scale, we begin by selecting a location, such as a dot at 150°W on the coastline (dot with a black 335 

arrow in Fig. 6d). From the time series of IVT at that location, identify the time with AR 

conditions (IVT > 100 kg m-1 s-1), which is 30 hours (depicted in purple part in Fig. 6e). 

Subsequently, find the maximum IVT during this AR event at that location (212 kg m-1 s-1), 

which indicates that the preliminary AR scale is AR P3 according to the chart in Fig. 5. Finally, 

there is no adjustment on the preliminary rank since the duration is 30 hours (between 24–48 340 

hours). Therefore, the final AR scale of this event at 150°W on the coastline is determined to be 

AR P3. Figure 6d shows an example of the maximum AR scale during December 2nd–8th 2022 

along the Antarctic coast with small dots denoting locations along the coastline. Different colors 

of the dots along the coast represent various AR scales or the absence of an AR (white) at the 

respective locations. 345 

The extended AR scale for polar regions proves effective in capturing both weak and strong AR 

events. For example, the Greenland AR case in Figs. 2c&d is classified as AR P2 and the 

extreme AR case over East Antarctica in Fig. 1 is categorized as AR4, employing the same 

procedure as described earlier. Additionally, Fig. S3 in the Supplement provides another 

example of an AR4 (case in Fig. 1), illustrating the application of the polar AR scale. 350 
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Figure 6. Panels (a)-(c): three snapshots of a landfalling AR over Antarctica on 3–4 December 
2022; the colors are IVT (kg m-1 s-1), and the contours are 6-hour precipitation amount (every 2 
mm) from the ERA5 reanalysis at 00 UTC and 12 UTC on 3rd and 00 UTC on 4th in December 385 
2022, respectively. Panel (d): maximum AR scale along the coastline of Antarctica during 
December 2nd–8th 2022. Panel (e): the time series of IVT at the AR landfalling location (76°S, 
150°W) and the corresponding AR scale. 

 

3. Climatology of polar ARs 390 

3.1 Frequency of polar ARs 

Using the extended AR scale for polar regions, we examine the climatology of the polar ARs 

along the coastlines of Antarctica and Greenland. The frequency of AR P1 is around 4 events per 

year per location along most of the East Antarctic coast (e.g., the coasts of Enderby Land, Queen 

Mary Land, and George V Land) and the frequency decreases rapidly towards the inland area 395 

(Fig. 7a), which is mainly due to the extremely low temperature and thus low moisture over the 
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interior of Antarctica. The frequency of AR P1 is slightly higher over the West Antarctic coast, 

and the AR P1 events penetrate more inland over the Ross Ice Shelf and Ronne Ice Shelf 

compared to the other regions in Antarctica (Fig. 7a). It is easier for the warm and moist air to 

penetrate those ice shelves in West Antarctica as the elevation there is relatively low (e.g., over 410 

the Ross Ice Shelf; Nicolas and Bromwich, 2011). The frequency of AR P1 at the Antarctic 

Peninsula (5-10 ARs per year per location) is the highest along the Antarctic coast since the 

peninsula extends into the ocean at a relatively lower latitude with more moisture and 

propagating ARs. The frequency of ARs decreases with higher AR scales (Fig. 7). The frequency 

of AR P2 and AR P3 exhibits a spatial pattern similar to that of AR P1, although at a lower 415 

frequency. There are only 1-2 AR1 events (Fig. 7d) and fewer than 1 AR2 event (Fig. 7e) per 

year per location over most of the Antarctic coast. Due to the high IVT threshold, only one AR4 

(the AR case in March 2022 shown in Figs. 1 and S3) and no AR5 were identified during 1979-

2022 in Antarctica based on 6-hourly and 1-degree ERA5 IVT. 

 420 

 
Figure 7. Averaged AR frequency (number of events per year per location, colors) over the 
South Polar Region in 1979–2022 based on ERA5 according to the new polar AR scale: (a) AR 
P1, (b) AR P2, (c) AR P3, (d) AR1, (e) AR2, (f) AR3, (g) AR4, and (h) AR5. The blue, cyan, 
and green contours are the frequencies of 1, 5, and 10 ARs per year respectively. 425 
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The AR scale frequency over the Arctic (Fig. 8) is generally higher compared to Antarctica. ARs 435 

intruding into the Arctic mainly originate from the North Atlantic Ocean, making their way 

through the Atlantic gateway to the Arctic (the gap between Greenland and Northern Europe). 

As a result, the AR frequency reaches its peak within that gap, amounting to approximately 12 

ARs per year per location for AR P1 and P2, around 10 ARs for AR P3, and approximately 12 

for AR1 and AR2 within the polar circle. This is the only wide and open ocean area along the 440 

north polar circle, and the extratropical cyclones (usually acting as a dynamical driver of ARs) 

are very active and relatively stronger in this region along the Atlantic storm track. As a result, 

the ARs over that region usually have a stronger IVT and a longer duration. Therefore, there are 

more AR1 and AR2 than the relatively weaker ARs (e.g., AR P2 and AR P3). A second gap with 

AR intrusions is over the Bering Strait, where ARs originate from the North Pacific Ocean. 445 

However, the AR frequency is considerably lower over that narrow strait compared to the North 

Atlantic gap. The relatively strong ARs (AR3, AR4, and AR5) are mainly over the ocean, and 

the frequency decreases rapidly with the higher AR scales, similar to the Antarctic. 

In this study, for the Arctic region we focus on the ARs over Greenland as the ice sheet there and 

its melt is a critical component of global climate change (Alley et al., 2005; Dutton et al., 2015). 450 

Similar to Antarctica, the AR frequency decreases rapidly from the Greenland coastal area 

towards the interior. The AR frequency maximum along the Greenland coast is situated from 

southern Greenland to the southeast coast, characterized by not only relatively higher 

temperature and moisture but also enhanced AR activities associated with the North Atlantic 

storm track. Over the Greenland interior, the frequency of relatively strong ARs (e.g., AR3 and 455 

AR4) is extremely low, and no AR5 is identified. 
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Figure 8. Averaged AR frequency (number of events per year per location, colors) over the 
North Polar Region in 1979–2022 based on ERA5 according to the new polar AR scale: (a) AR 460 
P1, (b) AR P2, (c) AR P3, (d) AR1, (e) AR2, (f) AR3, (g) AR4, and (h) AR5. The blue, cyan, 
and green contours are the frequencies of 1, 5, and 10 ARs per year respectively. 

 

As described above, the ARs are mainly concentrated along the coastal areas of Antarctica and 

Greenland; thus the AR frequency along these coastlines are further analyzed. Figure 9 shows 465 

the distribution of AR scale frequency along the Antarctic and Greenland coastlines. For the 

Antarctic coast, there are 5.501 AR P1 events per year per location, and the number decreases 

rapidly from AR P1 to AR5. There are only 1.747 and 0.776 ARs per year per location classified 

as AR1 and AR2, respectively. The average annual number is only 0.011 events for AR3 and 

0.001 for AR4, which suggests that AR3 or stronger AR events are rare along the Antarctic 470 

coast, although they are common at the middle latitudes, like the U.S. West Coast. Most of these 

relatively strong ARs are located over the Antarctic Peninsula (Fig. 7). The AR4 landfalling 

event over East Antarctica in March 2022 is a record-breaking case, as described in Section 1. In 

summary, an average of 14.9 ARs per year per location is identified along the Antarctic 

coastline. 475 

The distribution of AR frequency along the Greenland coastline is similar to the frequency along 

the Antarctic coastline, with a rapid decrease from AR P1 to AR5. Although the average annual 
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number of ARs along the Greenland coast (12.1 ARs per year per location) is lower than that 

along the Antarctic coast, the frequency of relatively stronger ARs (AR2 – AR4) is higher along 480 

the Greenland coast (Fig. 9b). The AR frequency along the entire Greenland coast (bold black 

line in Fig. S1c) is also calculated. The average annual number of ARs increases to 17.0 per year 

per location when including the coast of the southern Greenland part (latitude > 67°N). This 

increase is attributed to the significantly stronger IVT around the coast outside of the polar circle. 

 485 

 
Figure 9. Averaged frequency of ARs along the coastline of (a) Antarctica and (b) Greenland 
according to the new polar AR scale based on the ERA5 reanalysis data from 1979 to 2022. 
These coastlines are highlighted by bold black lines in Figs. 4 b and c. 

 490 

3.2 Seasonality of polar ARs 

To understand the seasonal variations in AR frequency in the polar regions, a detailed analysis of 

the seasonality of AR occurrence along the Antarctic and Greenland coastlines is conducted (Fig. 

10). Overall, the AR frequency over the Antarctic coast (Fig. 10a) is low in the cold season with 

a minimum in August (3.2% of the time under AR conditions), and high in the warm season with 495 

a maximum in January (8.9% of the time under AR conditions). The relatively weaker ARs (e.g., 

AR P1 and AR P2) have a weak seasonality while the stronger ARs (e.g., AR1 and AR2) have a 

stronger seasonality. For example, AR P1 frequency has a maximum of 1.6% in February and a 

minimum of 0.9% in September; meanwhile, AR2 has the same maximum of 1.6% in January 

but a minimum of only 0.2% in August. Along the Greenland coast, the AR frequency is also 500 

relatively high in the warm season with a maximum of 16.0% in July (Fig. 10b). In contrast to 
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the Antarctic coastline, the Greenland coast has a strong seasonality for all AR scales. ARs along 

the Greenland coast primarily occur during the boreal summer, likely influenced by increased 

moisture availability during this season and the poleward shift of the North Atlantic storm track 

in summer. 505 

The seasonality of AR frequency over the Antarctic coast in this study is different from the 

findings of Wille et al. (2021). Their study indicated a greater AR frequency in June, July, and 

August (JJA) over Antarctica. This disparity is not unexpected, as our study employs a fixed 

minimum threshold (100 kg m-1 s-1) for the total IVT, but Wille et al. (2021) defined ARs using 

the meridional component of IVT (vIVT) and a relatively high threshold of IVT (the 98th 510 

percentile), which accounts for the seasonality of vIVT. Because their vIVT threshold is higher 

in summer due to the higher temperature and more moisture and is lower in winter due to the low 

temperature and less moisture in the atmosphere. In contrast, the polar AR scale introduced in 

this manuscript uses a fixed IVT minimum threshold. As a result, it identifies more ARs in 

summer due to the higher temperature and moisture, and vice versa in winter. 515 

 

 
Figure 10. Seasonality of AR frequency along the coastline of Antarctica (a) and Greenland (b) 
according to the new polar AR scale for 1979–2022 based on the ERA5 reanalysis data. 
Different colors denote the ARs at different scales. Vertical bars represent one standard deviation 520 
of total AR frequency in each month during 1979–2022. 
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3.3 Interannual variability of polar ARs 530 

This section focuses on the interannual variabilities of AR frequency along the Antarctic and 

Greenland coasts. Along the entire Antarctic coast, the interannual variability is minimal with no 

significant trend observed in the frequencies of all ARs (Fig.11a). While the AR frequency along 

the Greenland coast exhibits a slightly increasing trend, it is not statistically significant (Fig.11b). 

As the AR frequency has large regional variability, the interannual variabilities of AR frequency 535 

in specific subdomains of Antarctica and Greenland are also examined. The AR frequency along 

the coast of the Antarctic Peninsula (green box in Fig.4b) has a larger interannual variability and 

a statistically significant increasing trend (+0.89 ARs per decade, 90% confidence interval), 

especially during the recent decade (Fig.11c). This aligns with findings from previous studies, 

which show that there is an increasing trend in AR frequency over West Antarctica (e.g., 540 

Maclennan et al. 2023). This increasing trend may be related to the poleward shift of 

extratropical cyclones (Chang et al., 2012; Yin 2005). Along with the location and strength of the 

Amundsen Sea Low, cyclone activities significantly affect regional circulation, thereby 

impacting AR characteristics in West Antarctica and the Antarctic Peninsula (Coggins and 

McDonald, 2015; Wille et al., 2021). It also might be related to the decrease of sea ice and thus 545 

increased open water offshore, which can enhance the availability and delivery of water vapor in 

ARs (Kromer and Trusel, 2023). 

The increasing trend of AR frequency is also found along the Greenland coast (Fig. 11b), with 

most of the increase attributed to relatively stronger ARs (AR P2 or stronger ARs). Along the 

central-north East Greenland coast (green box in Fig.4c), it exhibits a statistically significant 550 

increasing trend (+1.21 ARs per decade, 95% confidence interval), and most of the increase in 

AR frequency comes from relatively stronger ARs (Fig.11d). Similar to the increasing trend in 

the Antarctic Peninsula, the increasing trend in the recent decade is the strongest along the coast 

of East Greenland. 

 555 

Deleted: Greenland 

Deleted: coast of East Greenland

Deleted: e



21 
 

 
Figure 11. (a) The time series of averaged frequency of landfalling ARs along the Antarctic 560 
coastline according to the new polar AR scale in 1979–2022 based on ERA5. Different colors 
denote the ARs at different scales and the dashed black line is the linear trend for the frequency 
of all ARs. (b), (c), and (d) are the same as (a) but for the coastline of Greenland in the polar 
region, Antarctic Peninsula (highlighted in the green box in Fig. 4b), and East Greenland 
(highlighted in the green box in Fig. 4c) respectively. The P values in (c) and (d) are calculated 565 
from a T-test. 

 

4. Impacts of polar ARs 

4.1 Precipitation and polar ARs 

ARs are always closely associated with precipitation. Recent studies have explored the impacts 570 

of ARs on precipitation in polar regions (Wille et al., 2021; Maclennan et al., 2022; Box et al., 

2023). In this section, the contributions of ARs to the annual precipitation along the Antarctic 

and Greenland coasts are investigated and categorized based on the AR scale. Following Wille et 

al. (2021) and Maclennan et al. (2022), precipitation that occurs during an AR event and 24 

hours after the AR event is classified as AR-related precipitation at a given location. 575 
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Along the Antarctic coast, ARs contribute 32.0% of annual precipitation on average based on 

ERA5 (Fig.12a). On average, AR P1 and P2 events each contribute approximately 8.4% of the 

annual total precipitation amount, and their contributions decrease with higher AR scales due to 580 

their lower frequency of occurrence. AR3 and AR4 events contribute less than 0.1% of the 

annual precipitation on average due to their extremely low occurrence frequency. However, if a 

relatively strong AR (e.g., AR4) event does occur, it usually has a remarkable impact on the 

precipitation amount. For instance, an AR4 event at a given location along the Antarctic coast 

can contribute 8.8% of the annual precipitation there on average (Fig.12c). The contribution of 585 

each AR event is usually proportional to the AR scale, and it decreases from 4.6% for an AR3 to 

1.5% for an AR P1 (Fig. 12c). There is no data for AR5 along the Antarctic coast because no 

AR5 case has been identified along the Antarctica coast from 1979 to 2022 based on ERA5. 

Along the Greenland coast, the total contribution of ARs to the annual precipitation is 32.2% 

(Fig.12b), which is close to the result for Antarctica (32.0%). However, the contributions to 590 

annual precipitation from AR P1 – AR2 are comparable, ranging from 5.8% to 7.1%. That is 

because the mean contribution of each AR event increases quickly from 1.7% for AR P1 to 6.4% 

for AR2 (Fig.12d). This increase compensates for the decrease in AR frequency. While the 

contribution of each AR event increases to 7.2% and 7.7% for AR3 and AR4, the frequencies of 

these two scales are below 0.1 event per year per location, so their total contribution to the 595 

annual precipitation amount is below 1.0%. 

Overall, weak and moderate ARs (AR P1 – AR2) are responsible for the majority of the AR-

related precipitation amount along the Antarctic and Greenland coasts due to their relatively high 

frequency. Meanwhile, the strong and extreme ARs (e.g., AR3 and AR4) are usually associated 

with extreme precipitation in these regions, although their frequency is relatively low. 600 
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 610 
Figure 12. Averaged contribution of ARs to annual precipitation amount along the coastlines of 
Antarctica (a) and Greenland (b) in 1979–2022 based on the ERA5 precipitation. (c)-(d) are the 
same as (a)-(b) but for the averaged contribution of each AR event in these regions. The vertical 
bars in (a)-(b) denote one standard deviation of the annual AR precipitation contribution. 

 615 

4.2 Surface melt and polar ARs 

In addition to precipitation, ARs are also related to surface melt in polar regions (e.g., Mattingly 

et al., 2018; Wille et al., 2022). Surface melting in polar regions is highly correlated to near 

surface air temperature (Trusel et al., 2015). ARs can potentially trigger widespread melting or 

intense snow accumulation, depending on temperature conditions. This section explores the 620 

contribution of ARs to surface melt over Antarctica and Greenland based on the AR scale. Since 

the melt data is daily, we first identify the AR days at a given location. These AR days are 

defined as the ones exhibiting AR conditions at any time points (00, 06, 12, or 18 UTC) at the 

given location. Mattingly et al. (2023) found that the surface melt associated with ARs occurs 
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mainly from 24 hours before to 48 hours after AR in some regions of Greenland, and there is a 

delay of 18–24 h between AR landfall in northwest Greenland and maximum foehn-induced melt 

in northeast Greenland. Therefore, if the melt occurs on the identified AR days or within one day 

before or two days after the AR days, it is classified as AR-related surface melt. 

For the Antarctic, Fig. 13a shows the mean number of days with surface melt in austral summer 630 

(DJF) from 1980 to 2020. The AR-related surface-melt days are categorized based on the 

extended AR scale (different colors) and the melt days not associated with ARs are labeled by 

gray. Both the numbers of total melt days and AR-related melt days in Antarctica have a slight 

decreasing trend but are not statistically significant. Over the Antarctic Peninsula and West 

Antarctica, where surface melting is most prevalent, there has been a cooling trend since the 635 

1990s and 2000s (Jones et al., 2019; Zhang et al., 2023), which may contribute to the slight 

decreasing trend of melt days. On average, ARs contribute to 23% of the surface-melt days with 

a relatively large interannual variability (Fig.13c). The percentage of AR-related melt days to 

total melt days ranges from around 10% to over 40%. Meanwhile, AR’s contribution to surface 

melt is substantially higher over the coastal region (over 35% on average) of Antarctica due to 640 

the relatively high frequency of ARs there (not shown). 

In contrast, over Greenland there is a significant increasing trend in the numbers of both total and 

AR-related surface-melt days (statistically significant at 95% confidence level) in boreal summer 

(JJA) during 1980-2020 (Fig. 13b). The AR’s contribution to the total melt days is 26% on 

average over the whole Greenland, and it is substantially higher over the coastal region. 645 

Although the percentage of AR-related surface melt does not have a significant trend over 

Greenland (Fig. 13d), the more frequent AR conditions (Figs. 11b&d) contribute to the 

increasing trend of surface melt during the last few decades over Greenland. 

Overall, ARs are associated with approximately one-quarter of the surface-melt days in summer 

on average over Antarctica and Greenland and over one-third of the melt days along the coastal 650 

regions. There are other factors (e.g., surface temperature) that have large impacts on surface 

melting. More studies are needed to better understand the details of trends of the melt days and 

the contribution of ARs. 
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Figure 13. (a) Stacked number of days with surface melting over Antarctica in DJF during 1980-675 
2020; gray indicates surface melting not associated with ARs and the other colors indicate 
surface melting associated with different AR scales. The dashed line is the linear trend of total 
melt days. (b) Same as (a) but for Greenland and in JJA. (c) Same as (a) but Y-axis is the 
percentage of surface melting days not associated with ARs (gray) and associated with different 
AR scales (other colors). (d) Same as (c) but for the coast of Greenland and in JJA. 680 

 

5. CW3E Antarctic AR forecast products 

The extended AR scale for polar regions serves as an objective framework to quantify the 

strength and impact of polar ARs for both scientific research and practical application. It has 

already been utilized in the forecast products for Antarctica. 685 

Following a highly successful summer campaign, the Year of Polar Prediction in the Southern 

Hemisphere (YOPP-SH, Bromwich et al. 2024) project initiated targeted observing periods 

(TOPs), aiming to enhance forecasting skills during non-summer months. The polar AR scale 

was developed collaboratively during the YOPP-SH Winter TOPs, featuring cooperation 

between CW3E at Scripps Institution of Oceanography and the Byrd Polar and Climate Research 690 

Center at The Ohio State University. Existing AR Scale forecast tools were then adapted to the 
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new scale using the Global Ensemble Forecast System (GEFS) to display forecasts of the newly 

developed Polar AR scale along the Antarctic coast (https://cw3e.ucsd.edu/arscale_antarctica/). 

This suite of tools demonstrated reliability in guiding radiosonde launches from 24 stations 

during TOPs. Moreover, this scale has proven valuable for research on AR-associated extreme 700 

weather events (Bromwich et al., 2024), as well as their impacts on the Antarctic ice surface 

(Wille et al. 2024a, b; Gorodetskaya et al. 2023; Zou et al. 2023). The forecast skill evaluation 

for the AR prediction along the Antarctic coast could be an important follow-up study. 

The AR Scale ensemble diagnostics tool displays the forecasted timing and probability of ARs 

making landfall at a given point and the associated Polar AR scale ranking for the next seven 705 

days (Fig. 14). This product is available for all locations shown in the map in Fig. 14a, colored 

dots represent the maximum Polar AR scale forecasted over the next seven days with the 

enlarged dot representative of the selected location for the other panels. For the selected location 

a seven-day forecast of IVT magnitude from each ensemble member as well as the ensemble 

mean and +/- 1 standard deviation is displayed in the top left, along with color shading 710 

representing the Polar AR scale based on the ensemble control member (Fig. 14b). The 

probability of all Polar AR scale ranking as a function of lead time is displayed in the bottom 

left, based on the number of ensemble members forecasting a given ranking at a given lead time 

(Fig. 14c). Lastly the timing and magnitude of the Polar AR scale is displayed for each ensemble 

member in the bottom right, with text within each colored bar representing the timing and 715 

magnitude of maximum IVT (Fig. 14d). Such detailed insights enable improved situational 

awareness, contributing to timely preparedness and effective decision-making for high-impact 

events over polar regions. Currently, the locations/dots of the CW3E Antarctic AR forecasts 

(Fig. 14a) are generally located every 5 degrees in longitude along the Antarctic coastline. More 

locations (such as the Antarctic weather observation stations) will be added according to research 720 

interests and application needs. In addition, we will also develop similar AR forecast products 

for Greenland in the future. 
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Figure 14. CW3E AR scale ensemble diagnostic forecast tool for 70°S, 5°E from the GEFS. 725 
initialized at 06Z 04/15/2022. Dots along the Antarctic coast indicate locations where 
information such as that shown in other panels can be provided; here other panels refer to the 
larger point at 70°S, 5°E).(a) Maximum Polar AR scale forecast over the next seven days along 
the Antarctic Coast (colored dots), enlarged dot represents the location shown in panels b-d. (b) 
Seven day forecast of IVT from each ensemble member (thin gray lines), the ensemble mean 730 
(green line), control member (black line) and +/- 1 standard deviation from the ensemble mean 
(red and blue lines and gray shading). Color shading represents the timing of the Polar AR scale 
from the control member. (c) Forecasted probability of each Polar AR scale ranking as a function 
of lead time based on the number of ensemble members predicting an AR. (d) Forecasted Polar 
AR scale timing and ranking from each ensemble member, text values represent the maximum 735 
IVT magnitude and timing during a forecasted AR. 

 

6. Conclusions and discussion 

Following the AR scale developed by Ralph et al. (2019, Ralph 2019 AR Scale), this study 

introduces an extended AR scale for the polar regions with a focus on the Antarctic and 740 

Greenland coasts. The Ralph 2019 AR Scale was developed based on the IVT climatology at the 
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middle latitudes, and is insufficient for the polar regions, where the temperature and moisture are 

extremely low. Based on the climatology of IVT in polar regions, this study introduces an 

extended AR scale. This updated scale includes three low IVT minimum thresholds, 745 

corresponding to three new ranks, specifically tailored to ARs affecting the polar regions. The 

scale of an AR event is determined based on its duration (the period when IVT exceeds 100 kg 

m-1 s-1) and intensity (maximum IVT) at a specific location. Using the extended AR scale, this 

study investigates the climatology of AR events in polar regions and categorizes them based on 

their strength. In addition, the impacts of ARs on the precipitation and surface melt are explored. 750 

Finally, an AR scale forecast tool developed by CW3E is introduced as an example of the 

application of the new extended AR scale for polar regions. 

Unlike many previous AR detection methods (Wille et al., 2019, 2021; Shields et al., 2018; 

O’Brien et al., 2020), the extended AR scale framework in this study is designed to objectively 

quantify the strength and impact of individual AR events from an Eulerian perspective based on 755 

IVT, for a specific location. Wille et al. (2019, 2021) used vIVT and the 98th percentile as the 

thresholds to identify ARs in Antarctica since meridional IVT plays a dominant role in water 

vapor intrusion in Antarctica. Their method can capture more ARs in the Antarctica interior than 

some regular global AR detection methods that use IVT to identify ARs (Shields et al., 2022). In 

the polar AR scale introduced in this study, we use IVT rather than vIVT. If only vIVT is used, it 760 

may miss many important zonal ARs in Greenland (e.g., the AR case in Figs. 2c&d) and some 

parts of Antarctica (e.g., landfalling ARs over the Antarctica Peninsula). Meanwhile, different 

from the previous AR detection methods, which are designed to purely detect ARs, the polar AR 

scale aims to quantify the strength and impact of ARs. Both meridional and zonal IVT can 

contribute to the strength and impact of ARs. The polar AR scale can also be used together with 765 

other AR detection methods, detecting ARs first and then using the polar AR scale to rank those 

detected ARs at specific locations. Regarding IVT thresholds, the fixed thresholds in polar AR 

scale can provide a consistent metric to quantify the strength and impact of ARs in polar regions 

not only in the historical and current climate but also in the future climate (e.g., estimating the 

influence of climate change on polar ARs in different future projections). Overall, the extended 770 

AR scale provides an objective and concise description of the strength of AR events at the 

locations of interest, aiming to enhance communications across observation, research, and 

forecasts for polar regions. 
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This study explores the impacts of ARs on precipitation and surface melt over Antarctica and 

Greenland based on the extended AR scale. ARs contribute over 30% of the annual precipitation 775 

amount along the coasts on average. The majority of AR-related precipitation amount is from 

relatively weak and moderate ARs (AR P1 – AR2), while the strong and extreme ARs (e.g., AR3 

and AR4) are usually associated with extreme precipitation. During summer, ARs are associated 

with 23% and 26% of the surface melt over Antarctica and Greenland respectively and over one-

third of the surface melt along the coastal regions. More research is needed to further investigate 780 

the details regarding the impacts of ARs in polar regions, like the AR’s contribution to rainfall 

and snow in polar regions, the mechanism underlying the impacts of ARs on surface melt, the lift 

mechanism of air mass in AR-related precipitation, and the interactions between ARs and other 

weather systems. Many previous studies investigated those topics (Wille et al. 2019, 2021; 

Gorodetskaya et al., 2023; Zou et al., 2023; Baiman et al., 2023; Zhang et al., 2023; Mattingly et 785 

al., 2018, 2023), but including an objective description of AR strength (the polar AR scale) can 

improve the understanding of ARs’ impacts on polar regions. For example, precipitation is 

usually determined by the water vapor transport (IVT) and the lift of the air mass (so 

condensation). The polar AR scale can objectively quantify the water vapor transport during an 

AR event in addition to the occurrence of AR. Meanwhile, it is worth noting that the lift 790 

mechanism that may be related to some dynamic weather systems (e.g., warm conveyor belts of 

extratropical cyclones) or topography (topographic lifting) could also have a great impact on 

precipitation. 
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Figure 15: (a) Maximum Polar AR scale identified along the Antarctic coast during 00Z 
05/30/2022 – 00Z 06/06/2022 based on ERA5. (b) Maximum Polar AR scale identified along the 
Greenland coast during 00Z 06/28/2021 – 00Z 06/30/2021 based on ERA5. 805 

 

As described in Section 5, the extended AR scale for polar regions has already been used in the 

CW3E Polar AR scale forecast tools, which were intensively used in the YOPP-SH Winter 

TOPs. The extended AR scale successfully identifies polar AR conditions that would have been 

missed by the standard AR scale (e.g., AR P1 – AR P3 in Fig. 15). For instance, a landfalling AR 810 

was ranked as AR P3 over the East Antarctic coast (Fig. 15a) and passed over the region around 

the Davis Station on 3–4 June 2022 during the YOPP-SH Winter TOPs (Bromwich et al., 2024). 

Another illustrative example is an extreme AR influencing Greenland during 28-30 June 2021 

(Fig. 15b). In addition to the main landfalling area ranked as AR1 – AR4, the extended AR scale 

captures the AR traveling from the southwest to the east of Greenland over the three days. The 815 

main goal of this extended AR scale for polar regions is to enhance communication across 

observation, research, and forecast communities in polar regions. The polar AR scale, along with 

the newly developed forecast tool at CW3E, has great potential to enhance situational awareness, 

contributing to timely preparedness and effective decision-making for high-impact events over 

the polar regions that are acknowledged to be vulnerable to a changing climate. 820 
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Supplement 

 
Figure S1. Same as Figure 4 but the Greenland coastline includes the southern part outside of the 
polar circle (latitude > 67°N). 
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Figure S2. Same as Figure 9 but the Greenland coastline includes the southern part outside of the 
polar circle (latitude > 67°N). 
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Figure S3. Panels (a)-(c): three snapshots of IVT associated with an extremely strong landfalling 
AR event (highlighted in the blue ovals) over East Antarctica in the middle of March 2022. The 
colors in (a)-(c) are the IVT (kg m-1 s-1) from the ERA5 reanalysis data at 1200 UTC on the 16th, 
17th, and 18th of March 2022, respectively. Panel (d): maximum AR scale along the coastline of 
Antarctica during March 14th–20th 2022. (e) shows the time series of IVT at the AR landfalling 1135 
location (65.5°S, 125°E) and the corresponding AR scale. 
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