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Abstract

We present {the} Arctic atmospheric river (AR) climatology based on twelve {sets of} labels derived from ERA5 and MERRA-2
reanalyses for 1980–2019. The ARs were identified and tracked in the 3-hourly reanalysis data with a multifactorial approach
based on either atmospheric column-integrated water vapor ($IWV$) or integrated water vapor transport ($IVT$) exceeding
one of the three climate thresholds (75th, 85th, and 95th percentiles). Time series analysis of the AR event counts from the AR
labels showed overall upward trends from the mid-1990s to 2019. The 75th $IVT$- and $IWV$-based labels, as well as the 85th
$IWV$-based labels, are likely more sensitive to Arctic surface warming, therefore, detected some broadening of AR-affected
areas over time, while the rest of the labels did not.

Spatial exploratory analysis of these labels revealed that the AR frequency of occurrence maxima shifted poleward from over-
land in 1980–1999 to over the Arctic Ocean and its outlying Seas in 2000–2019. Regions across the Atlantic, the Arctic, to
the Pacific Oceans trended higher AR occurrence, surface temperature, and column-integrated moisture. Meanwhile, ARs were
increasingly responsible for the rising moisture transport into the Arctic. Even though the increase of Arctic AR occurrence was
primarily associated with long-term Arctic surface warming and moistening, the effects of changing atmospheric circulation could
stand out locally, such as on the Pacific side over the Chukchi Sea. The changing teleconnection patterns strongly modulated
AR activities in time and space, with prominent anomalies in the Arctic-Pacific sector during the latest decade. Besides, the
extreme events identified by the 95th-percentile labels displayed the most significant changes and were most influenced by the
teleconnection patterns. The twelve Arctic AR labels and the detailed graphics in the atlas can help navigate the uncertainty
of detecting and quantifying Arctic ARs and their associated effects in current and future studies.
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Key Points:6
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Abstract13

We present the Arctic atmospheric river (AR) climatology based on twelve sets of14

labels derived from ERA5 and MERRA-2 reanalyses for 1980–2019. The ARs were iden-15

tified and tracked in the 3-hourly reanalysis data with a multifactorial approach based16

on either atmospheric column-integrated water vapor (IWV ) or integrated water vapor17

transport (IV T ) exceeding one of the three climate thresholds (75th, 85th, and 95th per-18

centiles). Time series analysis of the AR event counts from the AR labels showed over-19

all upward trends from the mid-1990s to 2019. The 75th IV T - and IWV -based labels,20

as well as the 85th IWV -based labels, are likely more sensitive to Arctic surface warm-21

ing, therefore, detected some broadening of AR-affected areas over time, while the rest22

of the labels did not.23

Spatial exploratory analysis of these labels revealed that the AR frequency of oc-24

currence maxima shifted poleward from over-land in 1980–1999 to over the Arctic Ocean25

and its outlying Seas in 2000–2019. Regions across the Atlantic, the Arctic, to the Pa-26

cific Oceans trended higher AR occurrence, surface temperature, and column-integrated27

moisture. Meanwhile, ARs were increasingly responsible for the rising moisture trans-28

port into the Arctic. Even though the increase of Arctic AR occurrence was primarily29

associated with long-term Arctic surface warming and moistening, the effects of chang-30

ing atmospheric circulation could stand out locally, such as on the Pacific side over the31

Chukchi Sea. The changing teleconnection patterns strongly modulated AR activities32

in time and space, with prominent anomalies in the Arctic-Pacific sector during the lat-33

est decade. Besides, the extreme events identified by the 95th-percentile labels displayed34

the most significant changes and were most influenced by the teleconnection patterns.35

The twelve Arctic AR labels and the detailed graphics in the atlas can help navigate the36

uncertainty of detecting and quantifying Arctic ARs and their associated effects in cur-37

rent and future studies.38

Plain Language Summary39

Atmospheric Rivers (ARs), the narrow filaments of enhanced moisture transport40

in the lower troposphere, are conspicuous pathways for poleward moisture transport. We41

hypothesize that the changes in Arctic AR’s occurrence frequency, strength, and loca-42

tion are integral to Arctic warming. We approached the data analysis in the Arctic, a43
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data-sparse region compared with the mid-latitudes, with a statistical design to iden-44

tify and track Arctic ARs based on the climate significant-event or extreme-event cri-45

teria. We created twelve sets of AR labels for 1980–2019 using the ERA5 and MERRA-46

2 reanalysis data and presented the Arctic AR climatology. All labels consistently showed47

that there had been an increasing number of Arctic AR events in recent decades. The48

labels more sensitive to Arctic surface warming and moistening could also detect some49

broadening of the areas affected by AR events. The locations of maximum Arctic AR50

frequency of occurrence shifted poleward from the Eurasian and American continents51

in 1980–1999 to over the oceanic areas in 2000–2019, with regions across the Atlantic,52

the Arctic, to the Pacific Oceans trending higher AR occurrence, warmer surface tem-53

perature, and more air moisture. These increased AR activities coincided with surface-54

warming hot spots but not entirely with the September sea ice retreat. ARs were increas-55

ingly responsible for the rising moisture transport into the Arctic. Even though the in-56

crease in Arctic AR activities was primarily associated with long-term Arctic surface warm-57

ing and moistening, changes in atmospheric circulation could also affect AR occurrence58

locally, such as over the Chukchi Sea. The changing teleconnection patterns, such as Arc-59

tic Oscillation, North Atlantic Oscillation, and Pacific/North America patterns, strongly60

modulated AR activities, especially their extreme events. The twelve Arctic AR labels61

and the detailed graphics in the atlas can help navigate the uncertainty of detecting and62

quantifying Arctic ARs and their associated effects in current and future studies.63

1 Introduction64

The Arctic region has warmed at rates double that of the global average over the65

past decades (Polyakov et al., 2002; Serreze & Francis, 2006; Graversen et al., 2008; Ser-66

reze et al., 2009; Screen & Simmonds, 2010; Serreze & Barry, 2011; Cohen et al., 2014).67

This phenomenon is widely known as Arctic amplification. The rapid warming and as-68

sociated sea ice decline, as well as glacier retreat, have had significant ecological and eco-69

nomic impacts locally and globally (Francis & Vavrus, 2012; Post et al., 2013; Cohen et70

al., 2014; Stroeve et al., 2014; Overland et al., 2016; Crépin et al., 2017; Francis et al.,71

2017). There is a wide range of physical processes underlying the Arctic amplification.72

Among them, the most often cited mechanism is the Arctic sea ice decline and associ-73

ated albedo feedback (Hall, 2004; Serreze et al., 2009; Screen & Simmonds, 2010), through74

which initial warming tends to melt sea ice, exposing more open water that readily ab-75
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sorbs more solar radiation, leading to further warming. However, it has been shown that76

surface albedo feedback is not a dominating mechanism (Winton, 2006). There are other77

important dynamical and radiative feedbacks (e.g., Alexeev et al., 2005; Graversen et78

al., 2008; Abbot et al., 2009; Chylek et al., 2009; Graversen & Wang, 2009; Shindell &79

Faluvegi, 2009; Serreze & Barry, 2011; Graversen & Burtu, 2016).80

In particular, recent works on poleward moisture transport (e.g., Woods et al., 2013;81

D.-S. R. Park et al., 2015; H. S. Park et al., 2015; Woods & Caballero, 2016; Johansson82

et al., 2017; Y. Liu et al., 2018; Gimeno et al., 2019) have shown it to be one of the fac-83

tors that could influence Arctic warming and sea ice decline in the boreal winter through84

enhanced downward longwave radiation and cloud radiative effects. Atmospheric rivers85

(ARs), the narrow filaments of enhanced moisture transport typically associated with86

a low-level jet and extratropical cyclone (Ralph et al., 2018), is a conspicuous pathway87

for poleward moisture transport (e.g., Neff et al., 2014; C. Liu & Barnes, 2015; Mattingly88

et al., 2018; Hegyi & Taylor, 2018; Komatsu et al., 2018). The roles of ARs in Arctic and89

high-latitude climate have received growing attention in recent years (e.g., Baggett et90

al., 2016; Hegyi & Taylor, 2018; P. Zhang et al., 2023; Guan et al., 2016; Liang & Sushama,91

2019; Xiao & Lettenmaier, 2021) due to the enhanced moisture that increases the down-92

ward infrared radiation, cloud-radiative effects, precipitation and precipitation process,93

and changes of surface energy balance, potentially leading to lasting surface warming in94

the Arctic.95

We can therefore hypothesize that the changes in Arctic AR’s frequency of occur-96

rence, strength, and location are integral to the warming and surface melting in Arctic97

amplification. However, the Arctic is an observational data-sparse region, which has posed98

significant uncertainty in constructing the Arctic AR climatology. For example, the changes99

in the Arctic atmospheric moisture content and moisture transport have remained am-100

biguous in the literature. They appeared dependent on the studied region, time, eleva-101

tion, and the reanalysis data (e.g., X. Zhang et al., 2013; Dufour et al., 2016; Woods &102

Caballero, 2016; Villamil-Otero et al., 2018; Gimeno et al., 2019; Rinke et al., 2019; Nyg̊ard103

et al., 2020). The disagreements prompted us to answer these questions: what is the fea-104

ture of climate change in Arctic AR’s frequency of occurrence? Is there a change of mois-105

ture transported by ARs into the Arctic? Furthermore, is there a change in the propor-106

tion of poleward moisture transport attributed to ARs? Finally, are there recurring spa-107

tial patterns of ARs?108
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In probing these questions, we created twelve sets of Arctic AR labels with ERA5109

and MERRA-2 reanalysis from 1980 to 2019. Essentially, the Arctic AR detection and110

tracking algorithm was designed to be consistent with that developed in the mid-latitudes111

(C. Zhang et al., 2021) since the AR labels were used to study the moisture transported112

by the ARs into the Arctic, while there is no physical boundary between the Arctic and113

the lower latitudes.114

Even more, beyond the current work, the labels should be useful for studying the115

sensible and latent heat transports as well as the radiative and cloud-radiative effects116

associated with the Arctic ARs. These considerations are different from some of the pre-117

vious AR identification and tracking works. For example, Guan and Waliser (2015) ap-118

plied an IV T minimum threshold of 100 kg m−1s−1 to supplement the seasonal 85th per-119

centile IV T climate thresholds when tracking global ARs. The lower limit of 100 kg m−1s−1
120

was selected to isolate AR-like features in the polar regions and to be consistent with121

the AR detection results in East Antarctica by Gorodetskaya et al. (2014) that captured122

Antarctic extreme precipitating events. Moreover, Gorodetskaya et al. (2014) integrated123

IWV and IV T from 900 to 300 hPa. The exclusion of the layer between the surface and124

900 hPa was to avoid the katabatic flow near the continental edge. Similarly, Wille et125

al. (2019) also removed the lower boundary layer condition of the atmosphere (i.e., IWV126

and IV T ) below 900 hPa to avoid the katabatic wind effects from the ice sheet plateau127

when constructing AR climatology over Antarctica. The seminal Arctic moisture instruc-128

tion studies by Woods et al. (2013) and Woods and Caballero (2016) defined Arctic mois-129

ture intrusions as intense northward moisture transport within the winter season. Wille130

et al. (2021) and Maclennan et al. (2022) also used the meridional component of the in-131

tegrated water transport to detect continuous filament of extreme AR events with long132

meridional spans.133

However, the physical considerations in Antarctica might not apply to the Arctic.134

Over the Arctic, AR-related poleward sensible and latent heat transport plays an essen-135

tial role in the Arctic climate (Neff et al., 2014; C. Liu & Barnes, 2015; Baggett et al.,136

2016; Mattingly et al., 2018; Komatsu et al., 2018). Moreover, Arctic ARs increased cloud137

amount and higher cloud liquid and ice water contents, affecting subsequent surface en-138

ergy budgets via cloud-radiative effects (Y. Liu et al., 2018; Hegyi & Taylor, 2018; Box139

et al., 2022). Besides, the topography of the Arctic is different from the Antarctic. The140

elevated Greenland ice sheet only constitutes a small fraction of the Arctic, which con-141
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sists mostly of ocean and sea ice. Thus, excluding the lowest portion of the atmosphere142

in the AR detection algorithm may be inappropriate for detecting Arctic ARs, charac-143

terizing associated AR climatology, and examining AR-related clear-sky radiative and144

cloud-radiative effects. Similarly, the extent of the AR effects on surface energy budgets145

should be examined beyond strong poleward-only moisture transports.146

Last but not least, the radiative forcing of water vapor scales logarithmically with147

the specific humidity (Raval & Ramanathan, 1989; Huang & Bani Shahabadi, 2014). So,148

water vapor’s greenhouse effect increases the most with a slight uptick of specific humid-149

ity in originally low-moisture places such as the Arctic, where cold sea surface and ice150

packs dominate. Setting a fixed minimum threshold on IV T or IWV could preclude a151

comprehensive study of AR’s radiative forcing.152

Henceforth, we detected and tracked Arctic AR events that might be associated153

with significant heat and moisture transports or distinctly accompanied by extensive ra-154

diative effects using the multifactorial approach in C. Zhang et al. (2021). We then ex-155

amined and discussed the AR climatology, trends, and decade-by-decade changes in the156

Pan-Arctic region (Figure 1). In the remainder of the paper, the data and methods are157

described in Section 2; the analysis and discussions of AR occurrence frequency, mois-158

ture, moisture transport, trends, and modulation by the teleconnections with intrinsic159

climate variability are in Section 3; Section 4 is the conclusion. Appendix A details the160

AR detection and tracking algorithm, while Appendix B provides additional figures sup-161

porting the discussions in the main text. An extensive set of figures that visualizes and162

compares these AR labels is presented in the Supplementary materials.163
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Figure 1. Arctic polar stereographic map of the geographic and marine regions discussed in

the paper, made with Natural Earth data (https://naturalearthdata.com).

2 Data and Methods164

2.1 Data165

Reanalysis has been considered as a comprehensive data in the Arctic due to the166

sparse in situ observations. For the atmospheric moisture transport, reanalyses have been167

found to be qualitatively consistent with the radiosonde data in terms of spatial and tem-168

poral patterns, even though a slight overestimation by the reanalyses (Dufour et al., 2016).169

In addition, because Nayak and Villarini (2017) recommended high-resolution products170

for AR impact assessments, our analysis focused on the two highest-resolution reanal-171

ysis data, the fifth generation of ECMWF atmospheric reanalysis (ERA5, Hersbach et172

al., 2020) and NASA Modern-Era Retrospective Analysis for Research and Applications,173

version 2 (MERRA-2, Gelaro et al., 2017).174
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At the start of this project, an ERA5 source dataset for the Atmospheric River Track-175

ing Method Intercomparison Project (ARTMIP; Shields et al., 2018; O’Brien et al., 2020;176

Collow et al., 2022) was not available. Hence, we calculated the two conventional mois-177

ture measurements, integrated water vapor transport (IV T ) and integrated water va-178

por (IWV ), for AR detection and tracking in ERA5, specifically following the definition179

used by the ARTMIP in their creation of the MERRA-2 source data for ARTMIP (NCAR180

CDG, 2019). This MERRA-2 source data was calculated by the University of Califor-181

nia, San Diego (UCSD) Center for Western Weather and Water Extremes according to182

the equations (e.g., Shields et al., 2018):183

IV T = −1

g

∫ 200

1000

|q(p) ·Vh(p)| dp, (1)

IWV = −1

g

∫ 200

1000

q(p) dp . (2)

The three variables, horizontal wind (Vh = (u, v) where u is the zonal and v the184

meridional winds in m s−1), specific humidity (q in kg kg−1), and pressure (p in hPa),185

used in the equations were from NASA MERRA-2 (Gelaro et al., 2017). MERRA-2 is186

the latest atmospheric reanalysis of the modern satellite era produced by NASA’s Global187

Modeling and Assimilation Office. It made progress on the assimilation of modern hy-188

perspectral radiance and microwave observation, as well as the GPS-Radio Occultation189

datasets (Gelaro et al., 2017). The horizontal spatial resolution and the temporal res-190

olution of the vertically integrated fields in the MERRA-2 source data for ARTMIP are191

0.625◦ longitude by 0.5◦ latitude and 3 hours, respectively. The ARTMIP used the 3-192

hourly reanalysis data as a compromise between computational efficiency and sufficient193

temporal information for AR detection (Shields et al., 2018).194

ERA5 is the latest version released by ECMWF in 2019 with high spatial (0.25◦195

longitude by 0.25◦ latitude) and temporal (hourly) resolutions. ERA5 is based on ECMWF196

Integrated Forecasting System (IFS) CY41r2 by 4D-Var data assimilation and model fore-197

casts with 137 hybrid sigma/model levels to 1Pa in the vertical (Hersbach et al., 2020).198

Besides, Atmospheric data in ERA5 on the standard pressure levels from 1000 hPa to199

1 hPa (i.e., a total of 37 vertical pressures) are interpolated from the hybrid sigma/model200

levels in the IFS.201
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However, surface pressures over the Arctic may be lower than 1000 hPa at high al-202

titudes (e.g., Greenland, East Siberia, Alaska). Therefore, considering Arctic topogra-203

phy, we integrated the IV T and IWV from the surface pressure, Psfc, to 200 hPa us-204

ing the modified (1) and (2) at the same 3-hourly time steps as those in the MERRA-205

2 source data. The corresponding equations are shown in (3) and (4) as follows:206

IV T = −1

g

∫ 200

Psfc

|q(p) ·Vh(p)| dp, (3)

IWV = −1

g

∫ 200

Psfc

q(p) dp . (4)

We generated the twelve Arctic AR labels from January 1980 to December 2019207

using the IVT and IWV derived from either ERA5 or MERRA-2 with the algorithm de-208

scribed in the next section. In the subsequent analysis of the atmospheric rivers detected209

by these labels, we incorporated the analysis on the surface 2-m temperature (T2m) from210

both reanalyses. To facilitate comparison between the AR detected in ERA5 and those211

in the MERRA-2 source data, we down-sampled the ERA5 data from hourly to 3-hourly212

at 00, 03, 06, 09, 12, 15, 18, 21 UTC each day from January 1980 to December 2019. More-213

over, the fields from the 0.625◦×0.5◦ MERRA-2 were interpolated bilinearly to ERA5’s214

0.25◦×0.25◦ horizontal mesh for comparison. In addition, we extracted the 25 km×25215

km monthly sea ice concentration (SIC) data from 1980 to 2019 from the National Snow216

and Ice Data Center (National Snow and Ice Data Center, 2020). The daily indices of217

Arctic Oscillation (AO), North Atlantic Oscillation (NAO), and Pacific/North America218

(PNA) pattern were retrieved from NOAA National Weather Service Climate Predic-219

tion Center (2021). The monthly indices of Interdecadal Pacific Oscillation (IPO) and220

AMO (Atlantic Multidecadal Oscillation) were both extracted from NOAA Physcial Sci-221

ences Laboratory, specifically at NOAA Physical Sciences Laboratory (2023b) and NOAA222

Physical Sciences Laboratory (2023a), respectively.223

2.2 AR detection and tracking algorithm224

The AR detection and tracking algorithm followed a similar multifactorial design225

as C. Zhang et al. (2021), in which we found that the choices of moisture fields and cli-226

mate thresholds strongly dictated the summary statistics of the identified ARs and AR-227

related surface hydrometeorological effects. In this work, we created six Arctic AR la-228
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bels with each reanalysis dataset from January 1980 to December 2019. That is, a to-229

tal of twelve labels were created based on the combinations of conditions depicted in Fig-230

ure 2.231

The schematic diagram in Figure 2 summarizes the Arctic AR detection and track-232

ing algorithm. The algorithm is composed of two steps: AR object detection (shown in233

the first light blue frame) and AR event tracking (the second light blue frame). The first234

step of AR object detection was based on the IV T or IWV field exceeding one of the235

three levels of monthly climate thresholds (75th, 85th, and 95th percentiles) at each grid-236

point location in each reanalysis dataset. Moreover, to be qualified as an AR event, the237

extracted objects must satisfy a geometric constraint (length ≥ 1500 km and length: width238

ratio ≥ 2). In the second step, we examined the time sequence of identified AR objects239

to construct AR events with the Lagrangian tracking framework based on the spatial prox-240

imity and morphological similarity between two consecutive time steps (Guan & Waliser,241

2019), as schematically shown in the second light blue frame in Figure 2. Particularly,242

we kept only AR events penetrating the Arctic (the boundary of the Arctic is defined243

as the 60°N) and continuously existed for at least 18 hours in the Arctic. In the end, a244

total of twelve sets of Arctic AR labels expressing spatial and temporal AR information245

based on the factor of moisture fields and climate thresholds from January 1980 to De-246

cember 2019 were completed with ERA5 and MERRA-2 reanalyses. The algorithm is247

further detailed in Appendix A.248

Figures 3 ab are examples of the Arctic ARs identified by the 85th IV T - and the249

85th IWV -based AR labels, respectively, at the same time on May 30, 2017. Both AR250

labels identified five AR events. The locations of four AR events were roughly consis-251

tent between two AR labels, corresponding to the respective IV T or IWV maximum252

regions. Both labels detected the most prominent Arctic AR event, the long narrow fil-253

aments of enhanced IV T or IWV from the Eurasian continent across the Barents-Kara254

Seas and towards the Greenland Sea, marked as Event 1. According to the 85th IV T -255

based labels (Figure 3a), this AR event persisted over the Arctic for 2.5 days from May256

29 to June 1, 2017. The 85th IWV -based labels (Figure 3b) detected the event in the257

Arctic 2 days earlier since May 27 for 4.5 days. The second AR (Event 2 in Figure 3)258

identified by both AR labels occurred from Western Canada to the Beaufort Sea, with259

more extensive AR coverage determined by the 85th IWV -based AR label. The IWV -260

based labels (Figure 3b) determined a more extensive coverage than the IV T -based la-261
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Figure 2. Schematic diagram illustrating the Arctic AR detection and tracking algorithm

using factors including two moisture fields (IV T and IWV ) and three levels of climate thresholds

(75th, 85th, and 95th percentiles) with ERA5 and MERRA-2 source data for ARTMIP. The two

light blue frames in the flowchart indicate the two main steps in the algorithm. The first step is

the AR object detection with the three levels of climate thresholds and the geometry threshold

(based on C. Zhang et al. (2021)). The second light blue frame illustrates the AR event tracking

with a Lagrangian AR tracking routine (modified based on Guan and Waliser (2019)) as well as

the event penetrating latitude and duration threshold.

Figure 3. A screenshot of the Arctic AR events on May 30, 2017, at 06:00 UTC. For each set

of AR labels, a total of five AR events (red contour) were detected over the Arctic at this time.

The five AR events are marked as “1”, “2”, “3”, “4”, and “5” in each subplot.
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bels (Figure 3a). Also, Event 2 identified by the IV T -based labels lasted about four days262

in the Arctic, in contrast to more than six days according to the IWV -based label.263

In the Atlantic sector, the 85th IV T -based AR labels captured one AR over the264

Denmark Strait (Event 3 in Figure 3a) and the other (Event 4) from Western Europe,265

Scandinavia, to the Arctic. However, in the IWV field, these two AR events merged as266

one AR event (Event 3 in Figure 3b) according to the 85th IWV -based AR label. This267

merged AR event stemmed from Western Europe, penetrated Scandinavia, and moved268

northward towards the Denmark Strait. Moreover, at the same time, the 85th IV T -based269

labels picked up a small area of an AR over East Siberia (Event 5 in Figure 3a), which270

had a much more substantial presence with the IWV -based label. In both labels, this271

was the end of a long event persisting over East Siberia since May 21, 2017. One addi-272

tional AR event (Event 4 in Figure 3b) was detected only by the 85th IWV -based la-273

bels at this time step. The event came from North America and ascended into the Arc-274

tic over Hudson Bay.275

AR-related IV T and IWV magnitudes over the Arctic can be comparable to those276

over the mid-latitudes. As shown in Figure 3, the AR-related maximum IV T and IWV277

values were greater than 350 kg m−1s−1and 27 kg m−2, respectively. Furthermore, the278

85th IWV -based AR labels identified larger, broader, and longer persistent AR events279

than those using the 85th IV T -based label. Interestingly, from 1980 to 2019, the largest280

areas ever covered by an Arctic AR instantaneously were approximately 6.5 and 8.5 times281

the size of Greenland according to the 85th IV T - and the 85th IWV -based label, re-282

spectively, on November 15, 1996, at 06 UTC and May 31, 2012, at 21 UTC.283

3 Analysis and Results284

3.1 Analysis of AR occurrence frequency285

3.1.1 AR event statistics286

Figure 4 visualizes the time series of annual AR event counts in the Arctic, north287

of 60◦ N, based on the 12 AR labels. Overall, in both ERA5 (Figure 4a) and MERRA-288

2 (Figure 4b) reanalyses, regardless of the IV T - or IWV -based moisture field, the AR289

annual events decreased dramatically as the climate threshold increased from the 75th290

to the 95th percentile. With the IV T -based field for AR detection, the 75th percentile291

climate threshold-based AR labels from ERA5 and MERRA-2 yielded a median of 559292
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counts year−1. The corresponding 85th- and 95th-based labels resulted in median val-293

ues of 476 counts year−1 and 267 counts year−1. The IWV -based labels led to median294

values of 428, 406, and 246 counts year−1 from the 75th, the 85th, to the 95th percentile295

climate thresholds, respectively. Nonetheless, slightly more AR events were identified in296

ERA5 than in MERRA-2 when factors of moisture field and climate threshold are con-297

trolled.298

Despite the different magnitudes, all labels except for the 75th IWV-based MERRA-299

2 labels showed consistent upward trends of AR events from the mid-1990s to 2019, as300

illustrated by the dashed lines of the loess fits (LOcally-weighted rEgreSSion, Cleveland,301

1979) with a window size of 30 years. The trends are especially prominent in recent decades.302

Such inflection is most evident in the ERA5 IVT-based labels. It is noted that with the303

IWV-based labels from both reanalyses, the upward trends were increasingly steeper as304

the climate threshold increased from the 75th to the 95th percentile, suggesting a more305

rapid increase of extreme AR events within this group. Accompanied by the increasing306

trends, all of the AR event count time series display quasi-biennial oscillatory signals over307

the 40 years. As will be discussed in Section 3.4, the Arctic ARs activities were strongly308

influenced by the Arctic Oscillation. Since Quasi-Biennial Oscillation (QBO) has been309

known to impact on the spatial structure of the AO (Cai et al., 2022; Liang & Yong, 2021),310

the oscillatory signals in AR event time series might be associated with QBO.311

Figure 4 shows that IWV -based labels resulted in fewer Arctic AR events than IV T -312

based ones. However, AR events identified with IWV tend to last longer. The boxplots313

in Figure 5a summarize the sampling distributions of the AR per-event duration (in days)314

in the Arctic across the entire 40 years based on the 12 AR labels. Figure 5b, similarly,315

shows the distributions of the areas swept by AR events resulted from the 12 AR labels316

(in m2). An area swept by an AR event was determined with all the grid points to the317

north of 60◦ N visited at least once by the AR throughout its event lifetime, consistent318

with the definition used previously in C. Zhang et al. (2021, c.f. their Figure 9). The val-319

ues of AR per-event duration (Figure 5a) and swept-area (Figure 5b) shown in the box-320

plots are the original values transformed with base-2 logarithm to accommodate the wide321

range.322

It is noted that in Figure 5a, more restrictive climate thresholds did not always yield323

shorter per-event duration. Regardless of the moisture field or the reanalysis data used,324
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the 85th percentile climate threshold-based labels surpassed the 75th percentile-based325

ones and presented the longest median and Q3 of per event duration. This may be due326

to the 75th percentile thresholds permitting the detection of more splitting of ARs into327

shorter events. Nevertheless, the effects of climate thresholds appear to be secondary to328

the moisture detection fields for AR detection. The IWV -based labels identified longer329

per event duration than IV T -based ones when holding the climate thresholds constant.330

This conspicuous feature can be seen as the larger Q1, Q2, Q3, and the maximum val-331

ues of each subset with IWV -based labels in Figure 5a. Furthermore, for each set of AR332

labels in the two reanalyses, the distribution of per-event duration across each year did333

not appear to have a distinguished upward trend (Figures not shown).334

Moreover, as expected, the areas swept by ARs decreased with rising climate thresh-335

olds on both moisture fields in both reanalyses. Analogously, the median per-event av-336

erage swept-area corresponds to about 50%, 35%, and 25% of the size of Greenland us-337

ing the 75th-, 85th- or 95th-percentile climate thresholds in both reanalyses. ARs de-338

tected by the 75th-percentile-based labels influenced discernibly broader areas in the re-339

cent decades (Supplementary Figure S1), reflected in a positive shift in the sampling dis-340

tribution over time. The Figure S1 illustrates this change with annual boxplots. The 75th IWV -341

based labels exhibit the most obvious AR broadening trends, in contrast to their lack342

of trend in event counts (Figure 4). To a lesser degree, the broadening is also seen in the343

ARs identified by the 85th IWV -based labels in Figure S2. There is no apparent broad-344

ening of AR-affected areas with 85th IV T -, 95th IWV -, or 95th IV T -based labels in345

Figures S2–S3.346

Overall, the statistics of AR event occurrences presented in this section were more347

sensitive to the selection of climate threshold and moisture field than to the choice of re-348

analysis data. More restrictive climate thresholds, such as the 95th percentile, empha-349

sized extreme AR events with limited occurrences, smaller affected areas, and shorter350

duration in the Arctic. These results were mostly consistent with the conclusions derived351

from the ARs making landfall on the US continents (C. Zhang et al., 2021). Furthermore,352

even though ERA5 had more AR events than MERRA-2. Given the same climate thresh-353

old and moisture field (Figure 4), both reanalyses showed an increasing trend in AR event354

counts in the recent decades. The recent trend was the most pronounced when the 95th IWV -355

based labels were used. The 75th percentile IV T - and IWV -based labels, as well as the356

85th IWV -based labels, detected some broadening of AR-affected areas over time, while357
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the rest of the labels did not. It is reasonable to hypothesize that the 75th percentile la-358

bels and the 85th IWV -based labels are more responsive than the rest to Arctic warm-359

ing manifested in the moisture field through the Clausius-Clapeyron relation.360

3.1.2 Spatial distribution of AR frequency361

At each grid point, AR occurrence frequency based on each set of AR label was cal-362

culated as the accumulated 3-hourly time steps in AR events during four decadal seg-363

ments (1980–1989, 1990–1999, 2000–2009, and 2010–2019) and throughout 1980–2019,364

expressed as an annual mean occurrence in days per year. Figure 6 visualizes the occur-365

rence frequency derived from the 85th percentile climate threshold-based labels in ERA5366

and MERRA-2. The results derived from 95th-percentile labels are in Appendix Figure367

B1, while those from 75-percentile labels are in Supplementary Figure S4. The zonal mean368

of AR occurrence frequency as a function of latitude for all time segments are shown in369

Figures 6ef for the 85th percentile labels (cf., 95th- and 75th-labels in Figures B1ef and370

S4ef, respectively). In both reanalyses, the climate threshold had a first-order influence371

on the AR occurrence. Regardless of the moisture field, the mean AR occurrence fre-372

quency decreased dramatically as the climate percentile threshold increased from 75th373

(10%–29% in Figure S4), 85th (4%-18% in Figure 6), to 95th (0.7%–6% in Figure B1)374

during each analysis period. The choice of moisture field in AR detection rendered slightly375

different outcomes between the two reanalyses. For ERA5, the IWV -based labels de-376

tected overall more AR occurrence than the IV T -based labels for all analysis periods.377

In MERRA-2, the IWV -based labels resulted in slightly lower occurrence during 1980–378

1999 but much higher occurrence during 2000–2019 than the IV T -based labels. This rapid379

increasing trend is consistent with that in the event counts based on the 85th- and 95th-380

percentile labels in Figure 4b.381

The spatial distributions of ARs identified by the 12 labels were qualitatively sim-382

ilar (Figure 6, cf. Figures B1, S4). The maximum AR frequencies were over the Eurasian383

and North American continents from 1980–1989. In the following decade, the North At-384

lantic ARs increased. From 2000–2009, North Atlantic (Norwegian-Barents Seas) and385

northeast Canada, Davis Strait, and southern Greenland continued witnessing more ARs.386

In North Pacific, Bering Strait had more ARs according to the IV T -based labels, while387

the IWV -based labels detected more ARs over the Chukchi Sea. From 2010 to 2019, the388

maximum AR occurrence regions moved poleward to the Chukchi Sea, Barents-Kara Seas,389
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and central Greenland with an increased magnitude and greater coverage than in pre-390

vious decades. The maxima over the Arctic Ocean in the last two decades appeared to391

coincide, although without clear causality, with the retreat of September sea ice mar-392

gins, an indicator of annual minimum sea ice concentration, in Figure 6g. Across the four393

decades, more ARs occurred over the Bering Strait, Davis Strait, southern Greenland,394

Norwegian-Barents-Kara Seas, and Siberia, which were roughly consistent with the main395

pathways for moisture transport into the Arctic found in the previous studies (Dufour396

et al., 2016; Nyg̊ard et al., 2020). Again, the latitudinal profile of zonal mean AR fre-397

quency (Figures 6ef, cf. ef in Figures B1, S4) suggested AR’s poleward-moving and in-398

creasing trends: the peak occurrence frequency shifted into higher latitudes and increased399

from the first to the last decade. Most of the Arctic experienced increasing AR occur-400

rence in the latest decade. The extreme ARs represented via the 95th-percentile labels401

exhibited the largest increasing rates relatively, especially in the latest decade (e.g., Fig-402

ures B1, B2).403

Figure 7 further verifies the conspicuous poleward shift of the maximum AR oc-404

currence frequency from overland in the first two decades to the ocean in the last decade405

within the background trend of increasing AR frequency in the Arctic. It shows the lon-406

gitudinal distribution of mean AR frequency of occurrence identified by the 6 ERA5 AR407

labels (top row) and the 6 MERRA-2 labels (bottom row) during each analysis decade408

at 60◦N and 75◦N, respectively. The land-ocean contrast of AR occurrence during each409

individual decade was observed at both latitudes. Along 60◦N, during the first two decades,410

AR occurred more frequently overland, i.e., the North American and Eurasian continents411

indicated by the grey segments along the x-axis in Figure 7a. In contrast, over the ocean,412

marked by the black segments in Figure 7a, lower AR occurrence frequency was observed.413

Within the following decade of 2000–2009, the maximum AR occurrence shifted east-414

ward to the Labrador Sea and Greenland. In the last decade, the longitudinal maximum415

AR occurrence moved to the ocean with enhanced magnitudes, while the minima moved416

to the land. AR’s different behaviors over land and ocean across the four individual decades417

were also observed at the 75◦N. Along 75◦N, the maximum AR occurrence was over the418

Eurasian continent (centered around 100◦E in Figure 7b) in 1980–1989, then moved to419

the Chukchi-Beaufort Seas (around 180–120◦E in Figure 7b), north of the North Amer-420

ican continent (cf., the peak AR occurrence in Figure 7a) in 1990–1999. In recent two421

decades of 2000–2019, the peak AR occurrence shifted to the Arctic Ocean and its marginal422
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Figure 6. Maps of mean AR occurrence frequency (in %) in the Arctic during each decade

(1980–1989, 1990–1999, 2000–2009, or 2010–2019) and the entire time period (1980–2019) iden-

tified by the 85th-percentile climate threshold applied to either IV T or IWV moisture field.

Shown are results from (a) 85th IV T - and (b) 85th IWV -based AR labels with ERA5, and (c)

85th IV T - and (d) 85th IWV -based labels with MERRA-2. The corresponding latitudinal pro-

files of zonal mean frequency from (e) ERA5 and (f) MERRA-2 labels are shown on the right,

where the grey area is bounded by the 2.5% and 97.5% quantiles of the zonal mean of AR occur-

rence frequency over 1980–2019. The subplot (g) shows the regions where the mean September

sea ice concentration (SIC) was ≥ 15% in each analysis period.
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seas (especially Chukchi, Barents-Kara, and Greenland Seas) with an even greater mag-423

nitude than those at 60◦N.424

In Figures 6-7, results from both reanalyses show that IWV -based labels performed425

differently from IV T -based labels in recent decades over the ocean and especially at 75◦N426

(Figure7b). The IWV -based labels detected more AR occurrences over and around the427

Arctic Ocean in recent decades, implying that IWV -based labels are not only more re-428

sponsive to Arctic surface warming (as in Figure 4) but specifically more sensitive to the429

surface warming over the ocean. Moreover, consistent with the results in Section 3.1.1,430

the spatial features of AR occurrence frequency were more sensitive to the selection of431

climate threshold and moisture field than the reanalysis data. However, the spatial anal-432

ysis reveals further details about the quantitative differences between the two reanaly-433

ses. For example, among the IV T -based labels, more ARs were detected over a large por-434

tion of the central Arctic over the first 30 years in MERRA-2; among the IWV -based435

labels, ERA5 had more ARs during 1980–1999 and 2010–2019 (cf. Figures S5 and S6 for436

differences between pairs of ERA5 and MERRA-2 labels).437

3.1.3 Empirical cumulative distribution comparisons in the most recent438

decade439

We further quantified the relationship between the selection of climate threshold440

and moisture field in AR label generation and the resulted AR frequency of occurrence441

in the most recent decade of 2010–2019, when the maximum AR occurrences were ob-442

served. We divided the Arctic into eight equal sectors with an angle of 45◦, i.e., from 0◦–443

45◦ E to 45◦ W–0◦, to partition the spatial features of AR occurrence frequency seen in444

Figures 6-7. For each Arctic sector, the quantile-quantile (Q-Q) plots in Figure 8 com-445

pare the empirical cumulative distributions of AR occurrence frequency detected by the446

85th-percentile IV T -based AR labels (85th IV T ) against those detected by the 75th-447

percentile IV T -based labels (75th IV T , Figure 8a), the 95th-percentile IV T -based la-448

bels (95th IV T , Figure 8b), and the 85th-percentile IWV -based labels (85th IWV , Fig-449

ure 8c) by pairing the distributions according to their common quantiles. The compar-450

isons were performed for labels from both ERA5 and MERRA-2. Within each octant,451

we randomly sampled along each latitudinal arc between 60◦ and 85◦N with a sample452

size proportional to the cosine of the latitude. This way, the Q-Q plots of each Arctic453
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sector in Figure 8 do not over-estimate the AR’s occurrence at higher latitudes and ex-454

clude the values above 85◦N.455

In Figure 8, the grey solid line in each subplot has a slope of 1 and serves as a ref-456

erence line for comparison. If two distributions have a similar spread, or standard de-457

viation, the pairwise comparison of their common quantile values should be on or in par-458

allel to the reference line. Due to the widely different magnitudes of AR occurrence fre-459

quency depending on the climate thresholds in Figures 8ab, we vertically shifted the y-460

intercept of the reference line upwards or downwards from zero by 9%, respectively, to461

facilitate visual inspection. Each subplot also marks the 50% quantile values to show the462

median, along with the 5% and 95% quantiles to inspect the spread and the tails of a463

distribution.464

Among the AR occurrence frequency detected by the 75th IV T , 85th IV T , and465

95th IV T labels, the higher the climate threshold, the smaller the median of the sam-466

ple distribution, the narrower the distribution spreads, and the thinner its lower tail be-467

comes. The Q-Q plots in Figure 8a show that in all Arctic sectors, the 75th IV T labels468

resulted in AR occurrence frequency with much larger values than the 85th IV T labels,469

as the reference lines intercept the y-axis at -9%. The distributions of the 75th IV T AR470

frequency have a larger spread than those of the 85th IV T AR frequency since the ma-471

jority of the 5%–95% quantile values form lines slightly steeper than the reference lines.472

The differences are minor but can be easily seen in the sectors including the Nordic Seas473

(0◦–45◦ and 45◦–90◦ E), Hudson Bay to Baffin Bay (45◦–90◦ W), and North Atlantic474

Ocean and Greenland Sea (0◦–45◦ W). Moreover, in Figure 8b, the reference lines in-475

tercept the y-axis at 9%, reflecting the smaller AR occurrence frequency from the 95th IV T476

labels compared against that from the 85th IV T labels. The most conspicuous feature477

in these Q-Q plots are the slopes formed by the 5%–95% quantile values. They are clearly478

smaller than 1, indicating a larger spread of the 85th IV T AR frequency distributions479

than that of the 95th IV T ones. Between the ERA5 labels, in all sectors except for 90◦–480

135◦ W, the 85th IV T AR frequency distributions had significantly thicker and longer481

lower tails than the 95th IV T AR frequency distributions. This is seen with the lower482

tails rising toward the y-axis.483

Furthermore, as seen in Figure 6 with 85th IV T labels and in the Supplementary484

Figure S4 with 75th IV T , the AR occurrence frequency maxima in 2010–2019 were em-485
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bedded in areas of large variances over the various Arctic oceanic regions. Specifically,486

in Figure 8a, the 75th IV T labels resulted in maximum occurrence frequency over the487

Nordic Seas (0◦–45◦ E in both reanalyses and 45◦–90◦ E in MERRA-2) and the Chukchi-488

Beaufort Seas (135◦–180◦ W). The 85th IV T labels behaved similarly, although its max-489

imum in the Chukchi-Beaufort Seas surpassed those in the Nordic Seas. However, with490

the 95th IV T labels, the maxima were limited over the Pacific side from East Siberia491

to Chukchi-Beaufort Seas (135◦–180◦ E and 135◦–180◦ W) in Figure 8b (cf. Figure S1).492

This is consistent with Figure 4 discussed in Section 3.1.1 and suggests that the lower493

climate thresholds are more sensitive to the Arctic surface warming and the ensuing moist-494

ening effects. And, the resulted empirical distributions of AR occurrence frequency have495

a wider spread and longer tails than the restrictive 95th-percentile climate threshold. It496

is however intriguing that, as the climate threshold increased, the maximum AR occur-497

rence frequency shifted away from the Atlantic side to focus on the Pacific side of the498

Arctic. The signal on the Pacific side will be further explored in Section 3.3.2.499

Figure 8c, on the other hand, compares the quantile values between the 85th IWV500

and the 85th IV T AR occurrence frequency from each reanalysis in each Arctic sector.501

Here, the y-intercepts of the reference lines are zero. Hence, the upward displacements502

of the quantile values with respect to the reference lines indicate that the distributions503

resulted from the 85th IWV labels are consistently larger than those from the 85th IV T504

labels in both reanalyses and in all Arctic sectors. The majority of the 5%–95% quan-505

tile values form lines slightly steeper than the reference lines, indicating the AR occur-506

rence frequency from the 85th IWV labels had larger variance than those from the 85th IV T507

labels. This is likely due to the IWV -based labels being more sensitive to the Arctic sur-508

face warming. There are however exceptions: the AR occurrence frequency from the ERA5509

85th IWV labels spreads less than those from the 85th IV T labels in the Pacific sec-510

tors of 135◦–180◦ E and 135◦–180◦ W.511

Figures 8 also compare the distributions of AR frequency derived from ERA5 against512

those from MERRA-2. Several differences between the two reanalysis products are non-513

trivial. The 75th, 85th, and 95th IV T -based labels from ERA5 all yielded much longer514

lower tails with smaller values than those from MERRA-2 in all sectors. In contrast, in515

Figure 8b, 75th IV T labels from MERRA-2 resulted in longer upper tails with larger516

values than those from ERA5 in all sectors except for those covering East Siberian Sea517

(135◦–180◦ E) and eastern Beaufort Sea and Canadian Arctic Archipelagos (90◦–135◦ W).518
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To a lesser degree, similar upper-tail relationships were observed between the 85th IV T519

MERRA-2 and ERA5 labels in 45◦–135◦ E and 45◦–90◦ W. This disparity in the upper520

tails diminishes in the 95th IV T labels. There is a prominent difference between the lower521

tails of the two reanalyses in Figure 8c. In ERA5 the 85th IV T labels resulted in longer522

lower tails than the 85th IWT , while in MERRA-2 the opposite was observed. It is noted523

that MERRA-2 fields were interpolated from 0.625◦×0.5◦ to ERA5’s 0.25◦×0.25◦ hor-524

izontal mesh for comparison. The IWV -based labels are spatially broader than the IV T -525

based labels. The interpolation can not represent the fine spatial details of IV T unre-526

solved by MERRA-2’s coarser mesh. This can explain the longer lower tails of the AR527

occurrence frequency distributions from ERA5. Therefore, the ERA5 IV T are more pre-528

cise and desirable choice than the MERRA-2 IV T for detecting and tracking Arctic ARs.529

3.2 AR contributions to Arctic moisture and moisture transport530

3.2.1 Arctic poleward moisture transport531

From 1980 to 2019, the maxima of high-latitude poleward integrated water vapor532

transport (IV TP) persisted over the North Pacific and the North Atlantic, at latitudes533

corresponding to the mid-latitude storm tracks (cf. Figure B3). In recent decades, a large534

part of the Arctic received increasing poleward moisture transport. As seen in the dark535

blue areas of the decadal poleward IV T anomalies, IV T ′
P, in ERA5 (top) and MERRA-536

2 (bottom) in Figure 9a, the maximum positive IV T ′
P were over Bering Sea–East Siberia,537

Laptev-East Siberian Seas and the adjoining Arctic Ocean, Greenland-Norwegian Seas,538

and Baffin Bay-Davis Strait in the latest decade. Figure 9b shows the longitudinal tran-539

sects of IV T ′
P in both reanalyses, decade-by-decade, along 60◦ N (top) and 70◦ N (bot-540

tom), respectively. An overall increasing trend of poleward moisture transport from the541

second decade was observed along both latitudes in the two reanalyses. The longitudi-542

nal transects along the two latitudes evolved roughly in sync, which is consistent with543

the spatial patterns in Figure 9a. The strongest positive IV T ′
P were at the lower lati-544

tudes in the Arctic, such as 60◦ N in Figure 9b. However, the local maxima of positive545

anomalies were not just confined to where the mid-latitude storm tracks resided, sug-546

gesting that other synoptic weather systems, presumably regional Arctic ARs, contributed547

to the rising poleward moisture transport.548
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Figure 8. Q-Q plots for AR occurrence frequency (in %)showing pair-wise comparison of AR

labels in each of the eight Arctic sectors. Specifically, for each sector, (a) compares the proba-

bility distribution of AR occurrence frequency (%) between the 75th IV T - and 85th IV T -based

AR labels by plotting their quantile values against each other in ERA5 (in red) and MERRA-2

(in blue). The 5%, 50% (median), and 95% quantile values were marked with the dotted red

and solid blue lines for ERA5 and MERRA-2, respectively. The grey line on each panel repre-

sents a reference line with a slope of 1 and a y-intercept of 9%. Plots in (b) and (c) are similar

to (a), except that (b) compares the distributions of AR occurrence frequency identified by the

95th IV T - against the 85th IV T -based AR labels, where the reference lines have a y-intercept of

-9%; (c) compares the distributions by the 85th IWV - against the 85th IV T -based AR labels,

where the reference lines have a y-intercept of 0.
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Therefore, we divided the Arctic into eight sectors to tease out the regions where549

the increasing poleward moisture transport occurred the most in the recent decade. By550

inspecting the Q-Q plots that compared the empirical cumulative distributions of the551

poleward IV T anomalies in the latest decade of 2010–2019 against those in each of the552

previous three decades, three IV T ′
P positive extrema were identified in areas covering553

the Nordic Seas (0◦-45◦ E), East Siberia (135◦-180◦ E), and Baffin Bay-Davis Strait (45◦-554

90◦ W), as shown in Figure 9c. It is noted that, like in Figures 8, the data in Figures 9bc555

were downsampled gradually with latitude to avoid the over-representation of high-latitude556

values in constructing the empirical cumulative distributions. And, the diagonal refer-557

ence lines Figure 9c have a slope of 1 and a y-intercept of 0. When compared against558

1980–1989 and 1990–1999, the increasing IV T ′
P in 2010–2019 was evident because of the559

downward displacement of the common quantile values from the reference lines, indicat-560

ing the overall larger values in the last decade than the first two. The magnitudes of the561

data in 2000–2009 were closer to those in 2010–2019 than those in the first two decades.562

The majority parts of the quantile values with slopes < 1 suggest larger variance of IV T ′
P563

in 2010–2019, although the tail distributions may vary. These three IV T ′
P “hotspots”564

do not exactly co-locate with the maximum IV TP, particularly for the sectors of 135◦-565

180◦ E and 45◦-90◦ W (cf. Figure B3). Therefore, we further estimated the role of ARs566

in transporting moisture poleward in the Arctic to test the hypothesis that the increas-567

ing transports can be attributed to ARs.568

3.2.2 AR contributions to total poleward moisture transport569

Past studies have shown that ARs contributed to a significant amount of total pole-570

ward moisture transport to the Arctic during the boreal winter. However, the estimates571

varied widely from 28% or 36% (Woods et al., 2013), 38% (C. Liu & Barnes, 2015), to572

up to 60% (Nash et al., 2018), depending on the detection algorithm, estimate method,573

and study location. We calculated the ratio of AR-related poleward IV T , AR IV TP, and574

the total poleward IV T , IV TP, with each AR label. Figure 10 shows the resultant decadal575

mean AR IV TP/IV TP derived from the 85th-based labels in ERA5 and MERRA-2. The576

complete maps from all 75th-, 85th-, and 95th-percentile AR labels can be see in the Sup-577

plementary Figures S7 (IV T -based ERA5 labels), S8 (IWV -based ERA5 labels), S9 (IV T -578

based MERRA-2 labels), and S10 (IWV -based MERRA-2 labels). In general, the max-579

imum ratios were consistently located over the regions from North Pacific to Bering-Chukchi580
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Seas, from Canadian Arctic Archipelagos to southern Greenland, and the Nordic Seas581

across different analysis periods, reflecting the connection between mid-latitude storm582

tracks and Arctic ARs.583

These three regions of maximum AR contribution to the poleward moisture trans-584

port coincided with the three IV T ′
P hotspots in Figure 9c, deviating from the climato-585

logical poleward moisture transport (cf. IV TP in Figure B3). This suggests that ARs586

were indeed crucial in transporting the moisture poleward to the three hotspots. Par-587

ticularly, in Arctic Archipelagos to southern Greenland (45◦-90◦ W), AR’s contribution588

to the poleward moisture transport was the most prominent feature in each decade. Con-589

sistent with the increasing poleward moisture transport anomalies over a large part of590

the Arctic (Figure 9a), most grid points in the Arctic experienced increasing AR con-591

tribution to the poleward moisture transport over the decades, as seen in the deepen-592

ing blue areas over time in Figure 10. That means, ARs were increasingly more influ-593

ential to the rising moisture transport into the Arctic, particularly to the three hotspots.594

Furthermore, Figures 11ab show the decadal mean fractional poleward moisture595

transport attributed to ARs (AR IV TP/IV TP) and the surface temperature (T2m) along596

60◦ N and 70◦ N, respectively. The results derived from the 6 ERA5 AR labels (top rows)597

and the 6 MERRA-2 AR labels (bottom rows) during each analysis decade are largely598

consistent. Different from the significant poleward shift of the maximum AR occurrence599

frequency from land to ocean (Figure 7), the highest percentages of AR contribution to600

poleward moisture transport persisted around Bering-Chukchi Seas (centered about 180◦)601

and Canadian Arctic Archipelagos to southern Greenland (60◦ W) along 60◦ N; around602

the Nordic Seas (60◦ E) and the Arctic Archipelagos to southern Greenland (60◦ W) along603

70◦ N. And, the magnitudes of AR IV TP/IV TP along 60◦ N appear to be slightly larger604

than those along 70◦ N.605

There were striking differences in the locations of the maximum AR IV TP/IV TP606

between IV T - and IWV -based labels over the Arctic Pacific sector (around 180◦ in Fig-607

ure 11). For example, at 60◦ N (Figure 11a), the local peak ratio from the IV T -based608

labels appears to be larger and further east to around the Gulf of Alaska, compared against609

the peak ratio from the IWV -based labels. Indeed, the Gulf of Alaska was the region610

where the maximum climatological poleward moisture transport was observed over the611

Pacific (cf. Figure B3). This implies that IV T -based labels are better associated with612
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mid-latitude storm-track activities and tracking more poleward moisture transport to613

the Arctic than the IWV -based ones. At 70◦ N (Figure 11b) and around 180◦, the di-614

vergence of the peak ratios between IV T - and IWV -based labels diminished, and their615

local maxima were primarily consistent with the local maximum T2m. As shown in Fig-616

ure 10, and in the Supplementary Figures S7, S8, the local maximum of AR IV TP/IV TP617

was shifted northward to the Chukchi Sea in IWV -based labels (particularly in the last618

decade), implying IWV -based labels are better related to the local surface warming and619

moistening in the Arctic. Naturally, ARs identified by IV T -based labels accounted for620

more poleward IV T (Figures 2ac and S7, S9) compared with those by IWV -based la-621

bels (Figures 2bd and S8, S10), with the maximum AR IV TP/IV TP values up to 75%,622

65%, and 35% for the 75th-, 85th-, and 95th-percentile labels in both reanalyses. It is623

noted that, among all AR contributions to poleward IV T , extreme events based on the624

95th-percentile labels exhibited the greatest relative growth and contribution over time625

(Figure B4 ).626

The spatial pattern of the AR’s proportion of total IV T (AR IV T/IV T , in Sup-627

plementary Figures S11-S14) roughly matched that of AR’s proportion of poleward IV T628

(AR IV TP/IV TP, Figures S7-S10). However, the magnitudes of AR contribution to to-629

tal IV T were much smaller. The maximum ratios of total IWV attributed to ARs (AR IWV /IWV ,630

Figures S15-S18) were in northeast Canada, southern Greenland, and western Siberia631

in the first two decades, then moved to Arctic Pacific, Arctic Atlantic, and Greenland632

in the last two decades. This is consistent with the migration of the maximum AR fre-633

quency regions seen in Figures 6, B1, and S4. ARs identified by the IV T -based labels634

contributed more to the total IV T (Figures S11-S14) than those identified by the IWV -635

based labels, with the maximum percentages more than 60%, 47%, and 22% for the 75th-636

, 85th-, and 95th-percentile labels in both reanalyses. Not surprisingly, the IWV -based637

labels showed a higher AR-related IWV to total IWV ratio than the IV T -based labels638

(Figures S15-S18). It is noted that the maximum contributions of AR to total IV T and639

total IWV were both over Greenland, as a result of a local climatological minimum year-640

round.641

3.2.3 Seasonality of AR contributions to Arctic moisture transport642

Atmospheric moisture and moisture transport over the Arctic have been known to643

display strong seasonality (Dufour et al., 2016; Nyg̊ard et al., 2020; Fearon et al., 2021),644

–29–



manuscript submitted to ERCL

Figure 10. Maps showing the fraction of AR contribution to the total poleward moisture

transport, AR IV TP/IV TP, during each decade (1980–1989, 1990–1999, 2000–2009, 2010–2019)

and the entire time period (1980–2019) identified by the 85th-percentile climate threshold applied

to either IV T or IWV moisture field, with (a) 85th IV T - and (b) 85th IWV -based AR labels in

ERA5, and (c) 85th IV T - and (d) 85th IWV -based labels in MERRA-2.
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as indicated in the maps of three climate thresholds for IV T and IWV fields (Figures645

A1, A2). The global AR detection study (Guan & Waliser, 2015) according to the sea-646

sonal 85th percentile of the IV T -based AR labels supplemented with the lower limit of647

100 kg m−1s−1 reveals that in the Arctic, AR frequencies were increased in the extended648

summer season (May–September) but decreased in the extended winter (November-March).649

The two extended seasons were selected based on the hydrological importance to char-650

acterize distinct dry and wet conditions in the west coast of mid-latitudes.651

Therefore, we further divided the AR occurrence frequency into the four seasons:652

Spring (March-May), Summer (June-August), Fall (September-November), and Winter653

(December-February) to examine their seasonal variation. Figure 12 illustrates the spa-654

tial distribution of the average annual percentage of AR occurrences during these sea-655

sons across each decade and over the 40-year study period, based on the 85th percentile656

IV T -based AR labels in ERA5. Results derived from the other 11 sets of AR labels are657

shown in Figures S19-S29. Our study consistently reveals that, irrespective of the com-658

bination of the IV T or IWV field with the 75th-, 85th-, or 95th-percentile climate thresh-659

olds, a greater number of Arctic ARs are observed annually during the winter and spring660

seasons, with fewer ARs observed in the summer and fall seasons (Figures 12, S19-S29).661

The distribution of AR occurrence exhibited distinct seasonal variations. In spring,662

the highest AR frequency was observed over the central Eurasian Continent, East Siberia,663

and Labrador Sea during the first decade (1980–1989), shifting towards the Atlantic sec-664

tor in the 1990s, while reducing over the Pacific sector (e.g., Chukchi Sea). The final decade665

saw a move of maximum AR occurrence towards the Chukchi and Kara Seas. In sum-666

mer, the area of maximum AR occurrence shifted from continental regions in the first667

three decades (1980–2009) towards Arctic oceanic regions, specifically the Beaufort and668

Kara Seas, in the last decade. During fall, AR activity remained relatively low until the669

final decade (2010–2019), when the Eurasian continent, Beaufort Sea, and Baffin Bay670

saw the most ARs. In winter, the area of maximum AR occurrence moved from the Eurasian671

continent in the first two decades to the Arctic, Pacific, and Atlantic sectors with increased672

magnitude in the last decade.673

In summary, the highest AR occurrence shifted from the Eurasian continent in spring674

and winter of the initial decade, towards the Arctic Pacific and Atlantic sectors in the675

same seasons by the last decade. This shift likely reflects the intensification of storm tracks676
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in colder seasons, driving ARs further into the Arctic. Of particular note is the north-677

ward shift of maximum AR occurrence over the Eurasian continent during summer in678

the 1990s compared to winter, possibly indicating the seasonally shifting jet streams. In679

the most recent decade (2010–2019), the highest AR occurrences during summer were680

observed over the Arctic oceans, potentially tied to increased sea ice melting and sub-681

sequent evaporation.682

In line with the findings on the average AR occurrence frequency outlined in Sec-683

tion 3.1.2, the IWV -based AR indices (Figures S20,S21,S23,S25,S27,S29) identified a greater684

number of ARs overall than the IV T -based indices (Figures 12 and S19,S22,S24,S26,S28)685

for both reanalyses. However, the IV T -based indices emphasized ARs associated with686

storm tracks more distinctly. For instance, in the winter of the last decade, the IV T -687

based indices pinpointed maximum AR occurrences in the Arctic Pacific and Atlantic688

sectors where the storm tracks resided. Conversely, when employing the IWV -based in-689

dices, regions of maximum AR occurrence showed a larger magnitude and expanded across690

the entire Arctic Ocean.691

The two reanalyses showed qualitatively similar seasonal variability during the 40692

years (Figures 12, 13, and Supplementary Figures S19-S40). There was a tendency for693

more fractional poleward IV T attributed to ARs during the fall, winter, and spring but694

less so in the summer (Figures 13, S30-S40). In the winter, the local maxima of AR con-695

tribution were pronounced over the Arctic Pacific and northeast Canada–southern Green-696

land. Yet, a smaller fraction of poleward IV T over Siberia and the Laptev-Kara Seas697

can be attributed to ARs. This distinct pattern of AR contribution to poleward IV T698

remained the same but with a weaker magnitude in the spring. Finally, each Arctic lo-699

cation experienced a smaller AR contribution to poleward IV T in the summer. Through-700

out the records, ARs’ poleward moisture transport was the largest over the Arctic Pa-701

cific in the winter during 1980–1989 and 2010–2019. The northeast Canada-southern Green-702

land also exhibited local maxima of poleward IV T attributed to ARs in the winter and703

spring of 1990–1999 and 2000–2009.704
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Figure 12. Maps showing the average annual percentage of AR occurrence (in %) during each

of the four seasons: Spring (March–May), Summer (June–August), Fall (September–November)

and Winter (December–February) at each decade (1980–1989, 1990–1999, 2000–2009, or 2010–

2019) and the entire time period (1980–2019) identified by the 85th-percentile climate threshold

applied to the IV T moisture field, with 85th IV T -based AR index in ERA5.

3.3 AR trends in climate705

3.3.1 Spatial patterns of AR linear trend706

We further examined the long-term linear trends of AR occurrence detected by each707

Arctic AR label. There is a caveat, however. As studies have shown that the Arctic am-708

plification is the most prominent in recent decades (Serreze & Francis, 2006; Serreze et709

al., 2009), calculation of climate trends of moisture or moisture transport in the Arctic710

has been known to sensitively depend on the definition in the temporal domain (Dufour711
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Figure 13. Maps showing the fraction of AR contribution to the total poleward moisture

transport, AR IV TP/IV TP, divided into four seasons: Spring (March–May), Summer (June–

August), Fall (September–November) and Winter (December–February) during each decade

(1980–1989, 1990–1999, 2000–2009, or 2010–2019) and the entire time period (1980–2019) identi-

fied by the 85th-percentile climate threshold applied to the IV T moisture field, with 85th IV T -

based AR index in ERA5.

et al., 2016; Rinke et al., 2019). Hence, in addition to the linear trends of Arctic AR oc-712

currence during the entire 40-year period from 1980 to 2019 (Figures S41, S42), we es-713

timated the linear trends from 1990 to 2019 (Figures B5, B6) considering the acceler-714

ated increase of Arctic ARs in the recent 30 years (e.g., Figures 6, 7 and Figures B1, S4).715

Overall, the two reanalyses yielded comparable spatial patterns derived from the IV T -716

or IWV -based labels. Consistent with the magnitude of the AR frequency (Figures 6717

and Figures B1, S4), increasing the climate threshold from the 75th to the 95th percentiles718
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decreased the amplitude of AR trends. Still, scaled by the individual climatology of 30-719

or 40-year mean, the extreme events represented by the 95th-labels exhibited the largest720

increase of occurrence (Figures S43-S46).721

Figures 14 ab show the 1990–2019 AR occurrence trends estimated from the 85th IV T -722

and 85th IWV -based AR labels in ERA5. In Figure 14a, the 85th IV T -based AR trends723

within 95% confidence intervals were all positive and extended from the Chukchi Sea,724

across the Arctic Ocean, to northeast Greenland. Similarly but with stronger signals,725

in Figure 14b, the 85th IWV -based ARs occurred increasingly more frequently over most726

of the Arctic Ocean, extending to the Greenland Sea and Barents-Kara Seas. The strongest727

trending regions were over central Arctic Ocean margins, such as the East Siberian Sea728

and the Laptev Sea. The intensified trends of AR occurrence in the recent 30 years in729

Figures 14ab and Figures B5, B6 (cf. 40-year trends in Figures S41, S42) were mostly730

located over the Chukchi Sea for the IV T -based labels, and the East Siberian-Laptev731

Sea and Barents-Kara Seas for the IWV -based labels.732

3.3.2 Trend analysis by scaling decomposition733

It is possible to infer the possible mechanisms leading to the different AR occur-734

rence trends between the IV T - and IWV -based labels. As an example, we decomposed735

the AR trends obtained by the 85th IV T -based labels (Figure 14a) into the long-term736

trends, most likely directly associated with Arctic surface warming, and the “remain-737

der” trends, where the changes in atmospheric dynamics more likely manifest. We used738

a scaling approach similar to that used in Ma et al. (2020) to preserve the non-negative739

property of IV T while detecting ARs. At each 3-hourly time step, for each unique lon-740

gitude, latitude, and pressure-level coordinates, a factor of q(p)c/q(p)m was applied to741

scale the specific humidity, q(p), in Equation (3). Here, q(p)c is the 40-year climate mean742

specific humidity at each location. q(p)m is the annual mean specific humidity at each743

location for any year between 1980–2019. The approach is intended to suppress the long-744

term variability and trends of the specific humidity that roughly scaled with the vari-745

ability and trends of surface temperature as inferred by the Clausius Clapeyron relation.746

Then, we further applied the AR detection and tracking method described in Section 2.2747

with the re-calculated IV T using the scaled moisture and the corresponding scaled-IV T748

85th percentile monthly climate threshold. At each location, the difference between the749

original “total” AR occurrence trend and the scaled trend represents the long-term cli-750
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matological effects of surface warming. In Ma et al. (2020), the scaled trend was con-751

sidered as the dynamically driven component, while the long-term trend was driven by752

the thermodynamic changes.753

The scaled trends displayed a narrow region of increased AR occurrence confined754

to the Chukchi Sea on the Arctic Pacific side (Figure 14c). This was in the same region755

with the conspicuous increase of AR occurrence in the latest decade in Figure 8. The756

results imply that changes in atmospheric circulation, such as the Arctic cyclones or tele-757

connection patterns, that operated in time scales deviating from that of the long-term758

surface warming might be the driver of increasing AR occurrence over the region.759

In contrast, the scaled trends also suggested decreased AR occurrence over East760

Canada-northern Hudson Bay, Norwegian Sea, and East Siberia. However, the long-term761

increasing trends of the atmospheric moisture field largely contributed to increases in762

total AR trends over almost the entire Arctic region (Figure 14d). The larger trends at-763

tributed to the long-term atmospheric moisture were over the central Arctic Ocean mar-764

gins, from the Pacific sector, across the East Siberian Sea, Laptev Sea, Barents Sea, and765

Kara Seas, towards the Greenland Sea-Baffin Bay, which reflects the long-term increase766

of atmospheric moisture scaled with increasing T2m (Figure 14e) following the Clausius-767

Clapeyron relationship. Furthermore, the larger long-term trending area roughly coin-768

cided with the intensified AR trends obtained by the 85th IWV -based labels in Figure769

14b. The coincidence of the increased AR trending area in Figure 14b and Figure 14d770

further supported that AR occurrence obtained by the IWV -based labels, especially with771

the 75th- and 85th-percentile climate thresholds, was more sensitive to the Arctic increas-772

ing moistening and surface warming previously discussed. AR occurrence estimated us-773

ing the IV T -based labels was more easily affected by changes in the moisture transport774

mechanisms, which leads to localized AR trends that stood above the long-term Arctic775

warming and moistening trends.776

3.3.3 Relationship with surface warming777

As discussed above in Figures 14ab and B5, B6, the large trends of AR occurrence778

over the Chukchi Sea from the IV T -based labels, as well as those in the East Siberian-779

Laptev Sea and Barents-Kara Seas from the IWV -based labels, coincided with the strong780

warming areas in T2m (Figures 14e and Figures S47bd), and were consistent between781
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the two reanalyses (Figures B5, B6, and Figures S41, S42, S47). To quantify the asso-782

ciation between AR and T2m, Figures 14de show the spatial distribution of linear cor-783

relation coefficients in the recent 30 years between T2m and AR occurrence frequency784

identified by the 85th IV T - and the 85th IWV -based label, respectively. For both la-785

bels, the highest positive correlation values existed over Greenland, a region with max-786

imum AR occurrence (Figure 6) and highest fraction of AR contribution to poleward mois-787

ture transport (Figure 10). As stated previously, Greenland had the minimum climato-788

logical mean integrated water vapor (Figures A1b, A2b) and poleward moisture trans-789

port (Figure B3) but received the maximum positive poleward moisture transport anoma-790

lies in the most recent decade (Figure 9). The highest positive correlation region in Green-791

land implies that Greenland ARs were more sensitive to the surface warming effects than792

other Arctic regions. As seen in Figure 14e, Greenland was not the strongest T2m warm-793

ing area, yet a change in T2m could influence the local moisture content and the sub-794

sequent AR occurrence that further transported the moisture poleward.795

For both labels, the second highest positive correlation regions were over the At-796

lantic sector, extending to the Barents-Kara Sea and the Pacific sector (i.e., Bering Land797

Bridge-Chukchi Sea), which coincided with the strong warming areas in T2m (Figure798

14c). Over the Atlantic sector, areas with the highest correlation collocated with the largest799

AR occurrence trends from the 85th IWV -based labels (Figure 14b). Over the Pacific800

sector (i.e., Chukchi Sea), the highest correlation area coexisted with the largest AR trends801

using both AR labels (Figures 14ab). In addition, with the 85th IWV -based label, the802

East Siberian Sea experienced the most prominent AR trends (Figure 14b) and ampli-803

fied surface warming (Figure 14e). However, the linear relationship between the AR oc-804

currence and T2m was not distinct over the East Siberian Sea (Figure 14g), implying805

that other factors besides surface warming might contribute to higher AR occurrence trends.806

Overall, the surface temperature positively correlated with the AR occurrence fre-807

quency over the entire Arctic for all 12 AR labels in the recent 30 years and across the808

entire 40 years (Figures S48-S53). However, their relationships were not distinctly strong.809

Even over Greenland, the largest linear correlation coefficients were about 0.4 for the 75th810

percentile-based AR labels, which means that T2m can only explain 16% of the varia-811

tion in AR occurrence in linear regression. As expected, AR frequency detected by IWV812

was more correlated with T2m than that detected using the IV T -based labels. More-813

over, the relationship between T2m and AR occurrence frequency became weaker with814
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Figure 14. Spatial distribution of linear trends (in %·decade−1) of AR occurrence frequency

from 1990 to 2019 derived from (a) 85th IV T - and (b) 85th IWV -based AR labels in ERA5. (c)

is the scaled “remainder” component and (d) is the long-term component of AR occurrence trend

decomposition using the 85th IV T -based labels in ERA5 from 1990 to 2019. (e) shows the trend

of surface temperature T2m (in K·decade−1) in ERA5 reanalysis. (f) and (g) are the correlation

coefficients between the T2m and the AR occurrence frequency derived from the 85th IV T - and

85th IWV -based AR labels in ERA5, respectively, during 1990–2019. (h) shows The correlation

coefficients between AR occurrence frequency using the 85th IV T -based labels and the AR oc-

currence frequency using the 85th IWV -based label. The grey dots are plotted over regions of

values outside of the 95% confidence intervals for trends (a-e) or correlation coefficients (f-h).

increasingly restrictive climate thresholds from the 75th to the 95th percentiles in both815

reanalyses. Regardless, the relationships between the T2m and the AR frequency do not816

appear to be strikingly different between the recent 30 years (Figures S48-S53de) and817

across the entire 40 years (Figures S48-S53ab). Lastly, as expected, AR occurrence fre-818

quencies identified by the IV T - and the IWV -based labels were highly correlated for819

all three climate thresholds during 1980–2019 (Figures S48-S53c) and 1990–2019 (Fig-820

ures 14c and S48-S53f). The maximum coefficients were greater than 0.7 over the Greenland-821

Baffin Bay, central Siberia, and the Bering-Chukchi Seas.822
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3.4 Relationship with teleconnections823

Existing research has demonstrated significant modulation of Atmospheric Rivers824

(ARs) by climate variability in the ocean and the atmosphere (e.g., Guan et al., 2013;825

Guan & Waliser, 2015; Lavers & Villarini, 2013; Sharma & Déry, 2020; Ma et al., 2020).826

The correlation between Arctic ARs and climate variability modes, however, remains largely827

unexplored. P. Zhang et al. (2023) suggested through ensemble CESM2 model exper-828

iments that Arctic ARs in the Barents-Kara Seas, and their surroundings, increased from829

1979-2021 due to anthropogenic warming and teleconnection with internal climate vari-830

ability in the tropical Pacific. This led to surface melting that delayed winter-time sea-831

ice recovery in recent decades. Hence, the conjecture regarding internal climate variabil-832

ity’s influence on Arctic ARs can be inferred from previous studies on sea ice variabil-833

ity (e.g., L’Heureux et al., 2008; Rigor et al., 2002; Hegyi & Taylor, 2017; Hilmer & Jung,834

2000; Caian et al., 2018; Kwok et al., 2013; Hurrell, 1995).835

S. Zhang et al. (2020), utilizing quantile regression, observed that teleconnection836

patterns (AO, NAO, and PNA) exerted a more profound influence on Arctic sea ice than837

internal climate variability (such as ENSO, AMO, and PDO the Pacific Decadal Oscil-838

lation). However, the positive phase of AMO and PDO augmented the effects of these839

teleconnection patterns. It is plausible that AR modulation by internal climate variabil-840

ity could mirror these spatial-temporal patterns, albeit compounded by interactions with841

anthropogenic warming. For instance, Nakamura et al. (2015) discovered that sea-ice re-842

duction in the Barents region triggered a Rossby wave response, inducing an anomalous843

circulation pattern akin to the negative phase of AO/NAO throughout most of the 1980s.844

Furthermore, Hamouda et al. (2021) suggested in their future projection that AO and845

NAO would respond differently to a warming climate, effectively decoupling the two. AO846

variability would lessen over the Atlantic, strengthen over the Pacific, while the NAO847

pattern would remain relatively unchanged.848

Here, we computed for each set of AR labels the anomalies of Arctic AR occurrence849

in each decade by subtracting the decadal mean at each grid point. We defined the pos-850

itive or negative phase of AO, NAO, or PNA with index values > 0.5 or < −0.5. Then,851

we composited the spatial distributions of anomalous AR occurrence for each phase. Fig-852

ure 15 shows the results with the 85th IV T -based AR labels from ERA5, while the re-853

maining results are in Supplementary Figures S54-S71. It is noted that the extreme ARs854
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based on the 95th percentile thresholds were the most influenced by the teleconnections855

(Figures S74-S85).856

In order to elucidate the decadal difference of the composited spatial patterns in857

Figure 15, we have included time series of AO, NAO, PNA, ENSO, IPO, and AMO in-858

dices in Figure B7. A notable shift in internal climate variability is AMO’s transition859

from negative to positive around 2000, paralleled by a shift from predominantly posi-860

tive ENSO and IPO phases in the first two decades to more negative phases in the sub-861

sequent two. Nonetheless, as further examined in the subsequent subsections, these tran-862

sitions do not seem to fully explain the decadal changes of AR occurrence conditioned863

on the phases of AO, NAO, and PNA (Figure 15 and Figures S75-S85). This is similar864

to the previous research of sea ice variability. It is however possible that in the last decade865

the anthropogenic warming was caught up and amplified by the positive AMO phase,866

resulting in a significant and distinct increase of AR activities over the ocean.867

3.4.1 Arctic Oscillation (AO)868

During the positive phase of AO, the jet stream is shifted farther north, and so are869

the storm tracks (Thompson & Wallace, 1998). Under these conditions, all AR labels870

consistently displayed that Arctic ARs occurred more frequently over a large area from871

the Norwegian Sea across the central north Eurasian continent; however, ARs decreased872

over a relatively smaller area including the entire Greenland and the Baffin Bay/Davis873

Strait (Figure 15a and Figures S54-S59ac). Moreover, the magnitudes of AR anomalous874

frequency during the positive AO were the strongest with the 95th IV T -based labels (Fig-875

ures S58, S59), which were about the same as the climatology (i.e., the decadal means876

in Figures B1ac) while those derived with the 75th- and 85th-labels (Figures S54-S57)877

were more than half of the climatology (cf. Figures 6ac, S4ac). During the negative AO,878

AR frequency anomalies were mostly reversed (Figure 15b and Figures S54-S59bd).879

There are distinct features of the AR frequency anomalies in each decade. Most880

notably, in the most recent decade (2010–2019) the anomalous patterns developed a sig-881

nificant branch between the North Pole and Beaufort Sea (Figure 15ab). Moreover, the882

occurrence of AO phase skewed toward negative in the first decade but migrated to be883

more positive in early 90s before shifting back toward symmetry after 2000, as shown884

in Figure B7 and discussed in Nakamura et al. (2015). The positive AR anomalies over885
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Figure 15. Composite AR frequency anomalies (in %) using the ERA5 85th IV T -based AR

for each analysis period during (a) positive AO phase (+AO), (b) negative AO phase (-AO),

(c) positive NAO phase (+NAO), (d) negative NAO phase (-NAO), (e) positive PNA phase

(+PNA), and (f) negative PNA phase (-PNA). Only values within the 95% confidence intervals

are shown.
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the northeast Canada and Greenland during the negative AO (Figures 15b and S54-S59bd)886

were stronger during 1980–1999 than during 2000–2019, and attained stronger magni-887

tudes than negative anomalies during the positive phase (Figures 15a and S54-S59ac)888

in the first two decades.889

3.4.2 North Atlantic Oscillation (NAO)890

The distributions of anomalous AR occurrence modulated by NAO in Figures 15cd891

and S60-S65 were similar to those modulated by AO (Figures 15ab, and Figures S54-S59),892

but with enhanced signals over the Arctic–North Atlantic Oceans. In the positive phase893

of NAO (Figure 15c), the westerly jet and storm track associated with the strong Ice-894

landic Low and the Azores High moved northward (Hurrell et al., 2003), setting up the895

ideal condition for ARs to proceed across the Atlantic sector into the Arctic. Consequently,896

the area of positive anomalous AR occurrence (shaded in blue in Figure 15c) moved to897

the Greenland, Barents, and Kara Seas as opposed to the Eurasian continent during the898

positive AO (Figure 15a). Meanwhile, anomalous negative AR occurrence was observed899

over northeast Canada and Greenland, which was similar to effect of the positive AO mod-900

ulation. During the negative NAO (Figure 15d), the Greenland blocking regime (Cheng901

& Wallace, 1993; Kimoto & Ghil, 1993) diverted the jet stream and enhanced AR oc-902

currence was observed over the northeast Canada and Greenland while reduced occur-903

rence was detected over the Greenland, Barents, and Kara Seas. This seesaw pattern was904

consistent across all the 12 AR labels (Figures S60-S65).905

Similar to AR anomalies related to AO in 2010–2019, those related to NAO had906

a significant polar extension; however, the pattern bridged from the Atlantic to the Chukchi907

or Bering Seas in the Pacific (Figures 15cd), implying a decoupling between NAO and908

AO in the warming Arctic but different from that in Hamouda et al. (2021). The mag-909

nitudes of AR occurrence anomalies related to NAO were stronger than those related910

to AO. Especially, with the 95th-labels (Figures S64, S65), the former were more than911

twice of the latter over northeast Canada and Greenland. Over time, the NAO phases912

underwent similar shifts as AO phases. Regardless, the magnitudes of positive AR anoma-913

lies over northeast Canada–Greenland during the negative NAO (in dark blue in Fig-914

ure 15d) appeared stronger than those of the negative anomalies in the opposite phase915

(Figure 15c) without clear trends.916
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3.4.3 Pacific North America (PNA)917

During the positive phase of PNA, two positive geopotential height anomalies were918

centered over Hawaii and northwestern Canada, and two negative anomalies were over919

the Aleutian Islands and the southeastern US (Wallace & Gutzler, 1981; Feldstein, 2000).920

The associated jet stream increased, shifted eastward, and exited towards North Amer-921

ica, which favored AR moisture transport along the eastern Pacific to the Arctic. Con-922

sequently, ARs occurred more frequently over Canada but less so over Eastern Siberia923

(Figure 15e). Central Siberia also experienced increased ARs during each analysis pe-924

riod. During the negative PNA, the anomalous height fields over the four centers were925

reversed, so were the related AR occurrence anomalies. Instead, AR entered the Arc-926

tic through western North Pacific and Bering Sea (Figure 15f). Moreover, northwestern927

Canada, Beaufort and Chukchi Seas, and Eastern Siberia received increasingly more AR928

occurrence over the four decades. That is, the strength of positive AR occurrence anoma-929

lies generally exceeded those of negative anomalies in these regions (Figures 15ef).930

Note that the AR frequency in the eastern Beaufort Sea had clearly been positively931

affected by the negative PNA (Figure 15f), and in the most recent decade, by the pos-932

itive AO and NAO (Figures 15ac). Similarly, the AR frequency over the Arctic Archipelago933

had been positively affected by the negative NAO, even though the surface warming in934

this area was weak to negative in the reanalyses (Figure S47). Moreover, poleward mois-935

ture transport increased in these areas, especially in the latest decade (Figure 9a and Fig-936

ures S7-S10), along with increased AR contributions to the transport most evident in937

the colder seasons with both IV T - and IWV -based labels in both reanalyses (Figures938

S19-S40). Since teleconnections are the most active in the boreal winter, future inves-939

tigations on the time-dependent mechanisms associated with the changing teleconnec-940

tions in the Arctic are imperative to clarify the relationship between the physical facets941

of ARs and Arctic sea ice decline.942

4 Conclusions943

Using 3-hourly ERA5 and the MERRA-2 data for ARTMIP from January 1980 to944

December 2019, a total of 12 Arctic atmospheric river labels were created based on com-945

binatory conditions of either the IV T or the IWV field exceeding one of the monthly946

climate thresholds (75th, 85th, and 95th percentiles) at each location in the Arctic. An947
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AR event is strung by extracted objects satisfying the geometric constraint (length ≥948

1500 km and length-to-width ratio ≥ 2), the spatial proximity and morphological sim-949

ilarity between adjacent time steps, and persisted at least 18 hours altogether. Consis-950

tent across all AR labels, there was an increasing trend of AR events with a striking quasi-951

biennial oscillatory signal over the 40 years. The increasing trend of AR event counts952

was the most prominent in the recent decade. The quasi-biennial oscillatory signal might953

be due to the influence of QBO on AR activities through AO, and deserves further study.954

Further spatial exploratory analysis of all 12 labels consistently showed that the955

locations of maximum Arctic AR occurrence frequency shifted poleward, from overland956

in 1980–1999 to over the Arctic Ocean and its outlying Seas in 2000–2019, as regions across957

the North Atlantic, the Arctic, to the North Pacific Oceans trending toward higher AR958

occurrence, warmer surface temperature, and more column-integrated moisture. In the959

meantime, the AR contribution to the increasing poleward IV T also increased, estimated960

to reach up to 75%, 65%, and 35% with the 75th-, 85th-, and 95th-percentile labels in961

both reanalyses. The maximum ratios were located over the regions connected with the962

North Pacific and North Atlantic storm tracks.963

The long-term trends of heightened AR frequencies over the ocean coincided with964

areas of warming hot spots. Using a scaling approach similar to that in Ma et al. (2020),965

we decomposed the AR trend obtained by the 85th IV T -based labels into the long-term966

trend and the scaled remainder trend. The former was more likely directly associated967

with Arctic surface warming, and the latter was more likely to show the effects of atmo-968

spheric circulation changes such as Arctic cyclones or teleconnection patterns. Even though969

the increase of Arctic AR occurrence was primarily associated with long-term Arctic sur-970

face warming and moistening, the decomposition also showed positive scaled trends con-971

fined to the Chukchi Sea (Figure 14c). The AR occurrence was indeed strongly modu-972

lated by the changing teleconnections including AO, NAO, and PNA, with notable anoma-973

lies in the Arctic-Pacific sector during the latest decade.974

The paper’s main data visualization features the 85th-percentile-based labels, while975

the 75th- and 95th-percentile labels are shown in the supportive information. This is be-976

cause we expect the 85th-percentile labels will be the most commonly adopted in future977

research. The 75th-percentile labels likely could capture the broad presence and accu-978

mulation of surface hydrometeorological effects as we found in C. Zhang et al. (2021).979
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Moreover, the 75th IV T - and IWV -based labels, as well as the 85th IWV -based labels,980

are likely more sensitive to Arctic surface warming and moistening. Therefore, these la-981

bels detected some broadening of AR-affected areas over the study period, while the rest982

of the labels did not. It was also noted that the ERA5 IV T field was more precise than983

the coarser-resolution MERRA-2 IV T for AR detection and tracking.984

In the interests of studying extreme events, however, the 95th-percentile labels ex-985

hibited the largest increase rates of AR occurrence and AR contribution to poleward IV T ,986

especially from 2000–2009 to 2010–2019 in ERA5. When scaled by the corresponding987

climatology, the occurrence of extreme events identified by the 95th-percentile labels was988

the most influenced by the teleconnection patterns and exhibited the greatest relative989

trends in both reanalyses.990

In conclusion, we applied a data-driven approach using two moisture fields, three991

levels of climate thresholds, and two reanalysis data sets to create an ensemble of 12 AR992

labels to present an atlas of Arctic atmospheric river (AR) climatology. However, the993

choice of Arctic AR detection labels should be adaptive to the problem to be addressed.994

For example, questions like which set of AR labels is most in synergy with the extrat-995

ropical storms, which set of labels captures the cloud-radiative effects the best, or which996

set of labels is most predictive of surface energy balance changes remain open and should997

be explored in the future.998

Appendix A AR detection and tracking algorithm999

The creation of an ensemble of twelve Arctic AR labels—using factors including1000

two moisture fields (IV T and IWV ) and three relative climate thresholds (75th, 85th,1001

and 95th percentiles)—with ERA5 and the MERRA-2 source data for ARTMIP from1002

January 1980 to December 2019 was based on the detection and tracking algorithm of1003

C. Zhang et al. (2021) modified with a Lagrangian AR tracking routine such as the one1004

used in Guan and Waliser (2019).1005

Step 1: AR Object Selection Based on Climate Thresholds1006

The first step was to create monthly climate threshold values for the moisture fields.1007

For each moisture field (IV T or IWV ) to the north of 35◦ N, we initially aggregated at1008

each grid point the datum at 1200 UTC of each day during neutral or weak El Niño-Southern1009
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Oscillation events. Then, we calculated their monthly 75th, 85th and 95th percentiles1010

as the climate thresholds (Figures A1, A2). In addition to the common 85th percentile1011

climate thresholds used for AR detection in the mid-latitude, the 95th percentile climate1012

thresholds represent the extreme AR events in the Arctic, while the 75th percentile thresh-1013

olds can broadly capture AR effects. The choice of the neutral or weak ENSO events was1014

based on the bi-monthly NOAA Multivariate ENSO index (MEI.v2, e.g., Wolter & Tim-1015

lin, 1993) whose values were within ±1, consistent with the criteria used previously in1016

C. Zhang et al. (2021).1017

Figures A1 and A2 plot these three levels of monthly climate thresholds of (a) IV T1018

and (b) IWV fields in the Arctic (above 60◦N) in January and July based on ERA5 and1019

MERRA-2, respectively. Here, January is representative of the boreal winter, and July1020

is representative of the summer as a way of summarizing the threshold instead of list-1021

ing all twelve months. Overall, the spatial characteristics of the IV T and IWV climate1022

thresholds in January and July were consistent between ERA5 and MERRA2.1023

Figures A1 and A2 show that from the 75th to the 95th percentiles, the threshold1024

value at each grid point elevated and became successively more restrictive to AR detec-1025

tion. In agreement with the Clausius-Clapeyron relation, IV T and IWV thresholds were1026

generally stronger in the summer than in the winter. The minima of IV T and IWV were1027

located over Greenland and more prominent in the summer. For both reanalyses, two1028

maximum IV T regions were evident over the Arctic Pacific (Bering Sea) and Arctic At-1029

lantic Ocean (extending from the Labrador Sea to the Norwegian Sea) in both January1030

and July, where the end of the two storm tracks resided (Figures A1a and A2a). While1031

from the winter to the summer, the maximum IWV switched from the Pacific and At-1032

lantic Oceans to the Eurasian and North American continents (Figure A1b and A2b).1033

This might be due to the different heat capacities between ocean and land, which leads1034

to more evaporation over the continent in the summer (Vázquez et al., 2016) but less1035

in the winter.1036

Figure A3 shows the differences between ERA5 and MERRA-2 in terms of the three1037

levels of climate thresholds for IV T and IWV . Basically, in the IV T fields, the three1038

climate thresholds calculated in ERA5 were smaller over the American and Eurasian con-1039

tinents but larger over a fractional part of the Arctic Ocean than those calculated in MERRA-1040

2 (Figure A3a). For the climate threshold values in the IWV fields, ERA5 exhibited smaller1041
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overall values, especially in the two continents during summer, than those in MERRA-1042

2. Although in winter, slightly larger values were observed over the Arctic Ocean for the1043

75th and 85th percentile climate thresholds.1044

It is noted that Figures A1a and A2a outline the fixed lower limit of the IV T field1045

(100 kg m−1s−1) used by Guan and Waliser (2015, 2019) and Fearon et al. (2021) in the1046

polar areas to supplement the seasonal percentile thresholds in their AR detection method.1047

In January, the majority of our monthly climate threshold values over the Arctic (exclud-1048

ing Arctic Atlantic and Bering Sea) were below 100 kg m−1s−1. Therefore, Figure A11049

shows that northward of 60◦ N, the fixed lower limit could result in fewer detected ARs1050

from Eurasia, across the entire Arctic Ocean, to North America. Furthermore, as the thresh-1051

olds decreased from the 95th to the 75th percentiles, this under-detected region enlarged1052

to almost the entire Arctic. In July, the under-detected regions shrunk significantly, but1053

our monthly climate thresholds still permitted more frequent ARs to be detected over1054

or around Greenland. Overall, for both reanalyses, our monthly percentile threshold yielded1055

more detected ARs throughout the entire Arctic, especially during the winter months1056

and over Greenland in the summer, compared with the previous results of the global AR1057

detection in the Arctic (Guan & Waliser, 2015).1058
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Figure A1. Three levels of climatological thresholds of IV T (a, in kg m−1s−1) and IWV (b,

in kg m−2) in the Arctic for January and July calculated from periods of neutral or weak ENSO

between the beginning of 1980 and the end of 2019 in ERA5. The black lines (100 kg m−1s−1

in IV T are the minimum threshold value used in Guan and Waliser (2015, 2019); Fearon et al.

(2021) for their AR detection in the polar region.
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Figure A2. Similar to Figure A1, but shown with climate thresholds calculated with

MERRA-2 reanalysis.
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Next, at each time step, we identified the grid points whose moisture values equaled1059

or exceeded a threshold. The principal curves method (Hastie & Stuetzle, 1989) was then1060

applied to determine the length of the curvy patterns formed by aggregating the max-1061

imum IV T or IWV values at each latitude and longitude within the identified spatial1062

pattern. The algorithm had the periodic boundary condition about each latitude. The1063

width of the pattern was calculated as the surface area divided by the length. A pattern1064

with a length ≥ 1500 km and a length-to-width ratio ≥ 2 was kept as a potential AR1065

object.1066

Step 2: AR Event Tracking1067

Then, we examined the time sequence of identified AR objects to construct AR events.1068

We defined an AR event as a run of AR objects that persisted for at least 18 hours in1069

the Arctic region. We modified the Eulerian AR event tracking algorithm suited for re-1070

gional studies in the United States in C. Zhang et al. (2021) with the Lagrangian track-1071

ing framework based on the spatial proximity and morphological similarity in Guan and1072

Waliser (2019).1073

In this Lagrangian framework, for a given time step, an AR object was deemed to1074

be a continuation of an AR object from the previous time step as long as they overlapped1075

spatially, i.e., possessing spatial proximity. In the cases of AR object separation or merger,1076

when multiple AR objects were continued from one object or vice versa, only one ob-1077

ject was selected. In Guan and Waliser (2019), this selection was based on the maximum1078

morphological similarity between AR shapes at two consecutive time steps, determined1079

by the Jaccard similarity index (J ; Deza & Deza, 2014) between the area-weighted IV T1080

values of two identified AR objects as follows:1081

JIV T (AR(1), AR(2)) =

∑
i min(Ai · IV T

(1)
i , Ai · IV T

(2)
i )∑

i max(Ai · IV T
(1)
i , Ai · IV T

(2)
i )

, (A1)

with i a grid point in the analysis domain, Ai the mesh area encasing only the ith grid1082

point, the superscripts (1) and (2) notating the two AR objects from consecutive time1083

steps. The point i may be inside an area affected by AR(1), AR(2), both ARs, or neither1084

ARs. As seen in the Eq.(A1), JIV T is zero if the two AR objects do not intersect in space;1085

it is 1 if the two AR objects completely overlap in space and have identical IV T values.1086
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We calculated the Jaccard similarity index for both IV T - and IWV -based labels.1087

For the latter, the formula was:1088

JIWV (AR(1), AR(2)) =

∑
i min(AiIWV

(1)
i , AiIWV

(2)
i )∑

i max(AiIWV
(1)
i , AiIWV

(2)
i )

. (A2)

As in Guan and Waliser (2019), after a selection based on the maximum J took place,1089

the rejected AR objects were considered as current genesis of new AR events in the case1090

of separation or terminations of previous events in the case of merger.1091

We performed the event tracking using the IWV and IV T fields that passed the1092

thresholds at all horizontal grid points north of 35◦ N in the reanalyses. At the same time,1093

we defined Arctic AR events as those penetrating beyond 60◦N and persisted for at least1094

18 hours in the Arctic. The outcomes were 12 Arctic AR labels expressing spatial and1095

temporal AR information based on the factors of moisture fields and climate thresholds1096

from January 1980 to December 2019 from the ERA5 and MERRA-2 reanalyses. The1097

detection and tracking algorithm was implemented via distributed-parallel computing,1098

specifically, the divide-and-recombine approach using the R-based DeltaRho software back-1099

ended by a Hadoop system (Cleveland & Hafen, 2014; Tung et al., 2018).1100

Appendix B Additional Supportive Figures1101
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Figure A3. Difference of the three levels of climate thresholds between ERA5 and MEERA-2

(ERA5−MERRA2) for IV T (a, in kg m−1s−1) and IWV (b, in kg m−2) in the Arctic for the

months of January and July.
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Figure B1. Similar to Figure 6, but for ARs identified by the 95th percentile climate

threshold combined with IV T and IWV -based moisture field shown in as (a) 95th IV T - (b)

95th IWV -based AR labels in ERA5, (c) 95th IV T - (d) 95th IWV -based AR labels in MERRA-

2. The corresponding latitudinal profiles of zonal mean frequency from ERA5 and MERRA-2 la-

bels are shown in (e) and (f), respectively. The grey area is the 95% confidence interval bounded

by the 2.5% and 97.5% quantiles of the zonal mean of AR occurrence frequency across the entire

40 years of 1980–2019.
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Figure B2. Spatial distribution of relative percentage increase (in %) of mean AR occurrence

frequency during each decade compared against the previous decade (labeled on each row, for

example, “D2−D1” denotes the percentage increase in the second decade of 1990–1999 compared

against the first decade of 1980–1989) according to the ARs identified by the 75th-, 85th-, and

95th-percentile climate thresholds applied to the IV T and IWV moisture fields in ERA5.
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Figure B3. Spatial distribution of the decadal mean poleward moisture transport averaged

over each decade (1980–1989, 1990–1999, 2000–2009, 2010–2019) and the entire 40 years (IV TP

in kg m−1s−1), using (a) ERA5 and (b) MERRA-2.
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Figure B4. Spatial distribution of relative percentage increase (in %) of the fraction of AR

contribution to the total poleward moisture transport (total IV T ) during each decade compared

against the previous decade (labeled on each row, for example, “D2−D1” denotes the percentage

increase in the second decade of 1990–1999 compared against the first decade of 1980–1989) ac-

cording to the ARs identified by the 75th-, 85th-, and 95th-percentile climate thresholds applied

to the IV T and IWV moisture fields in ERA5.
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Figure B5. Spatial distribution of the 30-year simple linear trends of AR frequency (in

%·decade−1) from 1990 to 2019 derived from the (a) 75th-, (b) 85th-, and (c) 95th-percentile

climate thresholds applied to the IV T and IWV moisture fields in ERA5. The grey dots are

plotted over regions of values outside of the 95% confidence intervals.
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Figure B6. Similar to Figure B5, but for the 30-year simple linear trends of AR frequency (in

%·decade−1) derived from the (a) 75th-, (b) 85th-, and (c) 95th-percentile climate thresholds ap-

plied to the IV T and IWV moisture fields in MERRA-2. The grey dots are plotted over regions

of values outside of the 95% confidence intervals.
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Figure B7. Time Series of daily teleconnection pattern indices from January 1, 1980, to De-

cember 31, 2019, for (a) A0, (b) NAO, and (c) PNA. In (a)–(c), the red and blue lines represent

the positive and negative raw sequences, respectively. The black lines show the loess fits with a

window size of three months applied to the daily indices across the 40 years. The two horizontal

dashed purple lines denote the values of 0.5 and -0.5 used as thresholds in section 3.4 to define

the positive and negative phases of a teleconnection pattern, respectively. (e)–(f) show the time

series of monthly ENSO, IPO, and AMO indices from January 1980 to December 2019. Similar

to (a)–(c), the red and blue lines represent the positive and negative raw sequences. The black

lines show the loess fits with a window size of three months applied to the monthly indices. As a

reference, the horizontal dotted black line denotes 0 value in each time series.
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Open Research1102

This study used publicly available data, including the ERA5 global reanalysis (Hersbach1103

et al., 2020) that can be downloaded from NCAR Research Data Archive (European Cen-1104

tre for Medium-Range Weather Forecasts, 2019), the NASA MERRA-2 global reanal-1105

ysis (Gelaro et al., 2017) from NASA Goddard Earth Sciences Data and Information Ser-1106

vices Center (Global Modeling and Assimilation Office, 2015), the MERRA-2 data for1107

ARTMIP from NCAR CDG (2019), the Bootstrap Sea Ice Concentration from National1108

Snow and Ice Data Center (2020), and the NOAA Teleconnection indices from NOAA1109

National Weather Service Climate Prediction Center (2021) and Multivariate ENSO in-1110

dex from NOAA Physical Science Laboratory (2021). In addition, the map in the Fig-1111

ure 1 was made with 1:10m scale physical and cultural datasets freely available from Nat-1112

ural Earth (https://naturalearthdata.com) using the Free and Open Source QGIS.1113

The atlas data created by the authors are currently available in Google Drive:1114

https://drive.google.com/drive/folders/10TaDg-w559chndAld3YnsBarM8gcy7kH1115

shared with the reviewers, and will be published along with the Arctic Atmospheric River1116

labels with a DOI in a public repository by paper acceptance.1117

The AR detection, tracking, and statistical analysis were performed via distributed-1118

parallel computing, especially the divide-and-recombine approach using the open-source1119

R version 3.4 (R Core Team, 2019) and the R-Hadoop Integrated Programming Envi-1120

ronment (Rhipe) in the DeltaRho software stack (Guha, 2018), back-ended by a Hadoop1121

system version 2.7.4 (Cleveland & Hafen, 2014; Tung et al., 2018).1122
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Caian, M., Koenigk, T., Döscher, R., & Devasthale, A. (2018, 1). An interannual1150

link between arctic sea-ice cover and the north atlantic oscillation. Climate Dy-1151

namics, 50 , 423-441. doi: 10.1007/s00382-017-3618-91152

Cheng, X., & Wallace, J. M. (1993). Cluster analysis of the Northern Hemisphere1153

wintertime 500-hPa height field: spatial patterns. Journal of the Atmospheric1154

Sciences, 50 (16), 2674–2696. doi: 10.1175/1520-0469(1993)050⟨2674:caotnh⟩2.01155

.co;21156

Chylek, P., Folland, C. K., Lesins, G., Dubey, M. K., & Wang, M. (2009). Arctic air1157

temperature change amplification and the Atlantic Multidecadal Oscillation.1158

Geophysical Research Letters. doi: 10.1029/2009GL0387771159

Cleveland, W. S. (1979). Robust locally weighted regression and smoothing1160

scatterplots. Journal of the American Statistical Association, 74 (368), 829-1161

836. Retrieved from https://www.tandfonline.com/doi/abs/10.1080/1162

01621459.1979.10481038 doi: 10.1080/01621459.1979.104810381163

–62–



manuscript submitted to ERCL

Cleveland, W. S., & Hafen, R. (2014). Divide and recombine (D&R): Data science1164

for large complex data. Statistical Analysis Data Mining , 7 (6), 425–433. doi:1165

10.1002/sam.112421166

Cohen, J., Screen, J. A., Furtado, J. C., Barlow, M., Whittleston, D., Coumou, D.,1167

. . . Jones, J. (2014). Recent Arctic amplification and extreme mid-latitude1168

weather. Nature Geoscience, 7 (9), 627–637. doi: 10.1038/ngeo22341169

Collow, A. B. M., Shields, C. A., Guan, B., Kim, S., Lora, J. M., McClenny, E. E.,1170

. . . Wehner, M. (2022). An Overview of ARTMIP’s Tier 2 Reanalysis Inter-1171

comparison: Uncertainty in the Detection of Atmospheric Rivers and Their1172

Associated Precipitation. Journal of Geophysical Research: Atmospheres, 127 .1173

doi: 10.1029/2021JD0361551174
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Introduction

This supporting information provides Supplementary Figures laying out the rest of the7

Arctic Atmospheric River Climatology in the following order:8

1. Figures S1–S3 show the boxplots of base-2 logarithmic transformations of surface9

area (in m2) swept by the detected ARs for each AR event in the Arctic annually from10

1980 to 2019 according to the 75th (Figure S1), 85th (Figure S2), and 95th (Figure S3)11

percentiles of climate thresholds with the two moisture field of IV T and IWV derived12

from ERA5 (Figure S1–S3a) and MERRA-2 (Figures S1-S3b).13

2. Figures S4-S6 are the maps of mean AR occurrence frequency in the Arctic according14

to the 75th percentile climate threshold-based AR labels (similar to those of the 85th-15

labels in Figure 6 and the 95th-labels in Figure B1) as well as the comparison of the mean16

AR occurrence frequency between ERA5 and MERRA-2 (shown as ERA5−MERRA-2 in17

Figures S5-S6).18

3. Figures S7–S18 are the maps showing the fraction of AR contribution to the to-19

tal poleward moisture transport, AR IV TP/IV TP (Figures S7–S10), the fraction of AR20

contribution to the total moisture transport, AR IV T/IV T (Figures S11–S14), and the21

fraction of AR contribution to the total integrated moisture, AR IWV /IWV (Figures22

S15-S18) derived from the 12 AR labels in the two reanalyses.23

4. Figures S19–S29 are the maps showing the AR occurrence frequency divided into24

four seasons based on the 11 AR labels (all except for 85th-percentile IVT-based ERA525

labels in main text Figure 12).26
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5. Figures S30–S40 are the maps showing the fraction of AR contribution to the total27

poleward moisture transport, AR IV TP/IV TP, divided into four seasons based on 11 AR28

labels (all except for 85th-percentile IVT-based ERA5 labels in main text Figure 13).29

6. Figures S41–S42 are maps showing spatial distribution of the 40-year simple linear30

trends of AR frequency from 1980–2019 derived from the 6 ERA5-based labels (Figure31

S41) and the 6 MERRA-2 labels (Figure S42). The recent 30-year trends, from 1990–2019,32

are shown in Appendix B with Figures B5 and B6. The 30-year trends are expected to33

be steeper than the 40-year trends owing to amplifying Arctic warming.34

7. Figures S43–S46 are simple linear trends of AR occurrence frequency based on all35

12 labels in ERA5 and MERRA-2 over the 40 years (S43–S44) and the recent 30 years36

(S45-S46) scaled by the corresponding AR climatology. These can be compared against37

Figures S41-S42 and Figures B5-B6 to see the relatively strong trends presented by the38

extreme events (with the 95th-percentile labels).39

8. Figure S47 shows the 40-year and 30-year simple linear trends of 2m surface tem-40

perature (T2m), i.e., surface warming, in ERA5 and MERRA-2.41

9. Figures S48–S53 show the spatial distributions of the correlation coefficients between42

the T2m and the AR occurrence frequency derived from the 12 AR labels, as well as the43

correlation coefficients between AR occurrence frequency using the IV T - and IWV -based44

labels during 1990–2019 and the entire 40 years of 1980–2019 in ERA5 (Figures S48–S50)45

and MERRA-2 (Figures S51–S53).46

10. Figures S54–S71, respectively, display for ERA5 and MERRA-2 the composited47

AR frequency anomalies during different phases of AO (S54–S59), NAO (S60–S65), and48

PNA (S66–S71).49
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11. Figures S72-S73 show, for all 6 MERRA-2 labels, the relative percentage increase50

of mean AR occurrence frequency (Figures S72) and, similarly, the relative percentage51

increase of the fraction of AR contribution to total poleward moisture transport (Figures52

S73) between each decade. The comparison across different climate thresholds accentu-53

ates the growth rates associated to the extreme events (with the 95th-percentile labels).54

Compare to the 6 ERA5 labels in Figures B2 and B4.55

12. Figures S74–S85 show, for each decade and the 40-year period from 1980 to 2019,56

the composited AR frequency anomalies scaled by the corresponding AR climatology57

during each phase of teleconnection patterns (AO, NAO, PNA). The scaling emphasizes58

the relatively strong amplitudes associated to the extreme events (with the 95th-percentile59

labels).60
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Figures
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Figure S4 Caption: Maps of mean AR occurrence frequency (in %) in the Arctic during61

each decade (1980–1989, 1990–1999, 2000–2009, or 2010–2019) and the entire time period62

(1980–2019) identified by the 75th-percentile climate threshold applied to either IV T or63

IWV moisture field. Shown are results from (a) 75th IV T - and (b) 75th IWV -based AR64

labels with ERA5, and (c) 75th IV T - and (d) 75th IWV -based labels with MERRA-2.65

The corresponding latitudinal profiles of zonal mean frequency from ERA5 and MERRA-266

labels are shown in (e) and (f), respectively. The grey area is the 95% confidence interval67

bounded by the 2.5% and 97.5% quantiles of the zonal mean of AR occurrence frequency68

across the entire 40 years of 1980–2019.69

May 19, 2023, 11:17am



X - 10 ZHANG ET AL.: ARCTIC AR CLIMATOLOGY

Figure S4. See previous page
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Figure S5. Difference of Arctic AR occurrence frequency (in %) identified by (a)

75th IV T -, (b) 85th IV T -, (c) 95th IV T -based AR labels between ERA5 and MEERA-2

(calculated as ERA5−MERRA2).
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Figure S6. Similar to S5, but for the difference of Arctic AR occurrence frequency (in

%) identified by (a) 75th IWV -, (b) 85th IWV -, (c) 95th IWV -based AR labels between

ERA5 and MERRA-2 (calculated as ERA5−MERRA2).
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Figure S7. Maps showing the fraction of AR contribution to the total poleward moisture

transport, AR IV TP/IV TP, during each decade (1980–1989, 1990–1999, 2000–2009, or

2010–2019) and the entire time period (1980–2019) identified by the 75th-, 85th-, and

95th-percentile climate thresholds applied to the IV T moisture field, with (a) 75th IV T -,

(b) 85th IV T -, and (c) 95th IV T -based AR labels in ERA5.
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Figure S8. Similar to Figure S7, but for the AR IV TP/IV TP according to ARs

identified by the 75th-, 85th-, and 95th-percentile climate thresholds applied to the IWV

moisture field, with (a) 75th IWV - (b) 85th IWV -, (c) 95th IWV -based AR labels in

ERA5.
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Figure S9. Similar to Figure S7, but for the AR IV TP/IV TP according to ARs

identified by the 75th-, 85th-, and 95th-percentile climate thresholds applied to the IV T

moisture field, with (a) 75th IV T -, (b) 85th IV T -, and (c) 95th IV T -based AR labels in

MERRA-2.
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Figure S10. Similar to Figure S7, but for the AR IV TP/IV TP according to ARs

identified by the 75th-, 85th-, and 95th-percentile climate thresholds applied to the IWV

moisture field, with (a) 75th IWV - (b) 85th IWV -, (c) 95th IWV -based AR labels in

MERRA-2.
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Figure S11. Maps showing the fraction of AR contribution to the total moisture

transport, AR IV T/IV T , during each decade (1980–1989, 1990–1999, 2000–2009, or

2010–2019) and the entire time period (1980–2019) identified by the 75th-, 85th-, and

95th-percentile climate thresholds applied to the IV T moisture field, with (a) 75th IV T -,

(b) 85th IV T -, and (c) 95th IV T -based AR labels in ERA5.
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Figure S12. Similar to Figure S11, but for the AR IV T/IV T according to ARs

identified by the 75th-, 85th-, and 95th-percentile climate thresholds applied to the IWV

moisture field, with (a) 75th IWV - (b) 85th IWV -, (c) 95th IWV -based AR labels in

ERA5.
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Figure S13. Similar to Figure S11, but for the AR IV T/IV T according to ARs

identified by the 75th-, 85th-, and 95th-percentile climate thresholds applied to the IV T

moisture field, with (a) 75th IV T -, (b) 85th IV T -, and (c) 95th IV T -based AR labels in

MERRA-2.
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Figure S14. Similar to Figure S11, but for the AR IV T/IV T according to ARs

identified by the 75th-, 85th-, and 95th-percentile climate thresholds applied to the IWV

moisture field, with (a) 75th IWV - (b) 85th IWV -, (c) 95th IWV -based AR labels in

MERRA-2.
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Figure S15. Maps showing the fraction of AR contribution to the total column inte-

grated moisture, AR IWV /IWV , during each decade (1980–1989, 1990–1999, 2000–2009,

or 2010–2019) and the entire time period (1980–2019) identified by the 75th-, 85th-, and

95th-percentile climate thresholds applied to the IV T moisture field, with (a) 75th IV T -,

(b) 85th IV T -, and (c) 95th IV T -based AR labels in ERA5.
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Figure S16. Similar to Figure S15, but for the AR IWV /IWV according to ARs

identified by the 75th-, 85th-, and 95th-percentile climate thresholds applied to the IWV

moisture field, with (a) 75th IWV - (b) 85th IWV -, (c) 95th IWV -based AR labels in

ERA5.
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Figure S17. Similar to Figure S15, but for the AR IWV /IWV according to ARs

identified by the 75th-, 85th-, and 95th-percentile climate thresholds applied to the IV T

moisture field, with (a) 75th IV T -, (b) 85th IV T -, and (c) 95th IV T -based AR labels in

MERRA-2.
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Figure S18. Similar to Figure S15, but for the AR IWV /IWV according to ARs

identified by the 75th-, 85th-, and 95th-percentile climate thresholds applied to the IWV

moisture field, with (a) 75th IWV -, (b) 85th IWV -, and (c) 95th IWV -based AR labels

in MERRA-2.
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Figure S19. Maps showing the average annual percentage of AR occurrence (in

%) during each of the four seasons: Spring (March–May), Summer (June–August), Fall

(September–November) and Winter (December–February) at each decade (1980–1989,

1990–1999, 2000–2009, or 2010–2019) and the entire time period (1980–2019) identified

by the 75th-percentile climate threshold applied to the IV T moisture field, with 75th-

IV T -based AR index in ERA5.
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Figure S20. Similar to Figure S19, but for the average annual percentage of AR

occurrence (in %) according to ARs identified by the 75th IWV -based AR index in ERA5.
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Figure S21. Similar to Figure S19, but for the average annual percentage of AR

occurrence (in %) according to ARs identified by the 85th IWV -based AR index in ERA5.
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Figure S22. Similar to Figure S19, but for the average annual percentage of AR

occurrence (in %) according to ARs identified by the 95th IV T -based AR index in ERA5.
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Figure S23. Similar to Figure S19, but for the average annual percentage of AR

occurrence (in %) according to ARs identified by the 95th IWV -based AR index in ERA5.
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Figure S24. Similar to Figure S19, but for the average annual percentage of AR occur-

rence (in %) according to ARs identified by the 75th IV T -based AR index in MERRA-2.
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Figure S25. Similar to Figure S19, but for the average annual percentage of AR occur-

rence (in %) according to ARs identified by the 75th IWV -based AR index in MERRA-2.
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Figure S26. Similar to Figure S19, but for the average annual percentage of AR occur-

rence (in %) according to ARs identified by the 85th IV T -based AR index in MERRA-2.
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Figure S27. Similar to Figure S19, but for the average annual percentage of AR occur-

rence (in %) according to ARs identified by the 85th IWV -based AR index in MERRA-2.
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Figure S28. Similar to Figure S19, but for the average annual percentage of AR occur-

rence (in %) according to ARs identified by the 95th IV T -based AR index in MERRA-2.
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Figure S29. Similar to Figure S19, but for the average annual percentage of AR occur-

rence (in %) according to ARs identified by the 75th IWV -based AR index in MERRA-2.
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Figure S30. Maps showing the fraction of AR contribution to the total poleward

moisture transport, AR IV TP/IV TP, divided into four seasons: Spring (March–May),

Summer (June–August), Fall (September–November) and Winter (December–February)

during each decade (1980–1989, 1990–1999, 2000–2009, or 2010–2019) and the entire time

period (1980–2019) identified by the 75th-percentile climate threshold applied to the IV T

moisture field, with 75th-IV T -based AR index in ERA5.
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Figure S31. Similar to Figure S30, but for the seasonal AR IV TP/IV TP according to

ARs identified by the 75th IWV -based AR index in ERA5.
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Figure S32. Similar to Figure S30, but for the seasonal AR IV TP/IV TP according to

ARs identified by the 85th IWV -based AR index in ERA5.

May 19, 2023, 11:17am



ZHANG ET AL.: ARCTIC AR CLIMATOLOGY X - 39

Figure S33. Similar to Figure S30, but for the seasonal AR IV TP/IV TP according to

ARs identified by the 95th IV T -based AR index in ERA5.
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Figure S34. Similar to Figure S30, but for the seasonal AR IV TP/IV TP according to

ARs identified by the 95th IWV -based AR index in ERA5.
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Figure S35. Similar to Figure S30, but for the seasonal AR IV TP/IV TP according to

ARs identified by the 75th IV T -based AR index in MERRA-2.
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Figure S36. Similar to Figure S30, but for the seasonal AR IV TP/IV TP according to

ARs identified by the 75th IWV -based AR index in MERRA-2.
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Figure S37. Similar to Figure S30, but for the seasonal AR IV TP/IV TP according to

ARs identified by the 85th IV T -based AR index in MERRA-2.
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Figure S38. Similar to Figure S30, but for the seasonal AR IV TP/IV TP according to

ARs identified by the 85th IWV -based AR index in MERRA-2.

May 19, 2023, 11:17am



ZHANG ET AL.: ARCTIC AR CLIMATOLOGY X - 45

Figure S39. Similar to Figure S30, but for the seasonal AR IV TP/IV TP according to

ARs identified by the 95th IV T -based AR index in MERRA-2.
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Figure S40. Similar to Figure S30, but for the seasonal AR IV TP/IV TP according to

ARs identified by the 95th IWV -based AR index in MERRA-2.
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Figure S41. Spatial distribution of the 40-year simple linear trends of AR frequency

(in %·decade−1) from 1980 to 2019 derived from the (a) 75th-, (b) 85th-, and (c) 95th-

percentile climate thresholds applied to the IV T and IWV moisture fields in ERA5. The

grey dots are plotted over regions of values outside of the 95% confidence intervals.
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Figure S42. Similar to Figure S41, but for the 40-year simple linear trends of AR

frequency (in %·decade−1) derived from the (a) 75th-, (b) 85th-, and (c) 95th-percentile

climate thresholds applied to the IV T and IWV moisture fields in MERRA-2. The grey

dots are plotted over regions of values outside of the 95% confidence intervals.
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Figure S43. Spatial distribution of the 40-year simple linear trends of AR frequency (in

%·decade−1) from 1980 to 2019 scaled by the 40-year AR occurrence frequency climatology

derived from the 75th-, 85th-, and 95th-percentile climate thresholds applied to the IV T

and IWV moisture fields in ERA5. The grey dots are plotted over regions of values

outside of the 95% confidence intervals.
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Figure S44. Similar to Figure S43, but for the 40-year simple linear trends of AR

frequency (in %·decade−1) from 1980 to 2019 scaled by the 40-year AR occurrence fre-

quency climatology derived from the 75th-, 85th-, and 95th-percentile climate thresholds

applied to the IV T and IWV moisture fields in MERRA-2. The grey dots are plotted

over regions of values outside of the 95% confidence intervals.
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Figure S45. Spatial distribution of the 30-year simple linear trends of AR frequency (in

%·decade−1) from 1990 to 2019 scaled by the 30-year AR occurrence frequency climatology

derived from the 75th-, 85th-, and 95th-percentile climate thresholds applied to the IV T

and IWV moisture fields in ERA5. The grey dots are plotted over regions of values

outside of the 95% confidence intervals.
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Figure S46. Similar to Figure S45, but for the 30-year simple linear trends of AR

frequency (in %·decade−1) from 1990 to 2019 scaled by the 30-year AR occurrence fre-

quency climatology derived from the 75th-, 85th-, and 95th-percentile climate thresholds

applied to the IV T and IWV moisture fields in MERRA-2. The grey dots are plotted

over regions of values outside of the 95% confidence intervals.
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Figure S47. Spatial distribution of the simple linear trends of T2m (in K·decade−1) (a)

over 40 years from 1980 to 2019 in EAR5, (b) over 30 years from 1990 to 2019 in ERA5,

(c) over 40 years from 1980 to 2019 in MERRA-2 and (d) over 30 years from 1990 to 2019

in MERRA-2. Only trends within the 95% confidence intervals are shown.
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Figure S48. Spatial distribution of the correlation coefficients between the T2m and the

AR occurrence frequency derived from the 75th IV T - and 75th IWV -based AR labels in

ERA5, respectively, during 1990–2019. (c) shows the correlation coefficients between AR

occurrence frequency using the 75th IV T -based index and the AR occurrence frequency

using the 75th IWV -based index in ERA5 during 1990–2019. (d)-(f) are similar to (a)-

(c), but for the correlation coefficients over 40 years during 1980–2019. The resultant

correlation coefficient values were all within 95% confidence intervals.
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Figure S49. Spatial distribution of the correlation coefficients between the T2m and the

AR occurrence frequency derived from the 85th IV T - and 85th IWV -based AR labels in

ERA5, respectively, during 1990–2019. (c) shows the correlation coefficients between AR

occurrence frequency using the 85th IV T -based index and the AR occurrence frequency

using the 85th IWV -based index in ERA5 during 1990–2019. (d)-(f) are similar to (a)-

(c), but for the correlation coefficients over 40 years during 1980–2019. The resultant

correlation coefficient values were all within 95% confidence intervals.
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Figure S50. Spatial distribution of the correlation coefficients between the T2m and the

AR occurrence frequency derived from the 95th IV T - and 95th IWV -based AR labels in

ERA5, respectively, during 1990–2019. (c) shows the correlation coefficients between AR

occurrence frequency using the 95th IV T -based labels and the AR occurrence frequency

using the 95th IWV -based labels in ERA5 during 1990–2019. (d)-(f) are similar to (a)-

(c), but for the correlation coefficients over 40 years during 1980–2019. The resultant

correlation coefficient values were all within 95% confidence intervals.
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Figure S51. Similar to Figure S48, but for the results obtained using MERRA-2. The

resultant correlation coefficient values were all within 95% confidence intervals.
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Figure S52. Similar to Figure S49, but for the results obtained using MERRA-2. The

resultant correlation coefficient values were all within 95% confidence intervals.
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Figure S53. Similar to Figure S50, but for the results obtained using MERRA-2. The

grey dots are plotted over regions of values outside of the 95% confidence intervals.
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Figure S54. The composited AR frequency anomalies (in %) using the (a,b) ERA5

75th IV T - and (c,d) ERA5 75th IWV -based AR labels for each analysis period during

(a,c) positive AO phase (+AO), (b,d) negative AO phase (-AO). Only values within the

95% confidence intervals are shown.
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Figure S55. Similar to Figure S54, but for the composited AR frequency anomalies (in

%) using the MERRA-2 (a,b) 75th IV T - and (c,d) 75th IWV -based AR labels.
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Figure S56. Similar to Figure S54, but for the composited AR frequency anomalies (in

%) using the ERA5 (a,b) 85th IV T - and (c,d) 85th IWV -based AR labels.
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Figure S57. Similar to Figure S54, but for the composited AR frequency anomalies (in

%) using the MERRA-2 (a,b) 85th IV T - and (c,d) 85th IWV -based AR labels.
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Figure S58. Similar to Figure S54, but for the composited AR frequency anomalies (in

%) using the ERA5 (a,b) 95th IV T - and (c,d) 95th IWV -based AR labels.
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Figure S59. Similar to Figure S54, but for the composited AR frequency anomalies (in

%) using the MERRA-2 (a,b) 95th IV T - and (c,d) 95th IWV -based AR labels.
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Figure S60. The composited AR frequency anomalies (in %) using the (a,b) ERA5

75th IV T - and (c,d) ERA5 75th IWV -based AR labels for each analysis period during

(a,c) positive NAO phase (+NAO), (b,d) negative NAO phase (-NAO). Only values within

the 95% confidence intervals are shown.
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Figure S61. Similar to Figure S60, but for the composited AR frequency anomalies (in

%) using the MERRA-2 (a,b) 75th IV T - and (c,d) 75th IWV -based AR labels.
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Figure S62. Similar to Figure S60, but for the composited AR frequency anomalies (in

%) using the ERA5 (a,b) 85th IV T - and (c,d) 85th IWV -based AR labels.
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Figure S63. Similar to Figure S60, but for the composited AR frequency anomalies (in

%) using the MERRA-2 (a,b) 85th IV T - and (c,d) 85th IWV -based AR labels.
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Figure S64. Similar to Figure S60, but for the composited AR frequency anomalies (in

%) using the ERA5 (a,b) 95th IV T - and (c,d) 95th IWV -based AR labels.
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Figure S65. Similar to Figure S60, but for the composited AR frequency anomalies (in

%) using the MERRA-2 (a,b) 95th IV T - and (c,d) 95th IWV -based AR labels.
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Figure S66. The composited AR frequency anomalies (in %) using the (a,b) ERA5

75th IV T - and (c,d) ERA5 75th IWV -based AR labels for each analysis period during

(a,c) positive PNA phase (+PNA), (b,d) negative PNA phase (-PNA). Only values within

the 95% confidence intervals are shown.
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Figure S67. Similar to Figure S66, but for the composited AR frequency anomalies (in

%) using the MERRA-2 (a,b) 75th IV T - and (c,d) 75th IWV -based AR labels.
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Figure S68. Similar to Figure S66, but for the composited AR frequency anomalies (in

%) using the ERA5 (a,b) 85th IV T - and (c,d) 85th IWV -based AR labels.
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Figure S69. Similar to Figure S66, but for the composited AR frequency anomalies (in

%) using the MERRA-2 (a,b) 85th IV T - and (c,d) 85th IWV -based AR labels.
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Figure S70. Similar to Figure S66, but for the composited AR frequency anomalies (in

%) using the ERA5 (a,b) 95th IV T - and (c,d) 95th IWV -based AR labels.
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Figure S71. Similar to Figure S66, but for the composited AR frequency anomalies (in

%) using the MERRA-2 (a,b) 95th IV T - and (c,d) 95th IWV -based AR labels.
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Figure S72. Spatial distribution of relative percentage increase (in %) of mean AR

occurrence frequency during each decade compared against the previous decade (labeled

on each row, for example, “D2−D1” denotes the percentage increase in the second decade

of 1990–1999 compared against the first decade of 1980–1989) according to the ARs iden-

tified by the 75th-, 85th-, and 95th-percentile climate thresholds applied to the IV T and

IWV moisture fields in MERRA-2.
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Figure S73. Spatial distribution of relative percentage increase (in %) of the fraction

of AR contribution to the total poleward moisture transport (total IV T ) during each

decade compared against the previous decade (labeled on each row, for example, “D2−D1”

denotes the percentage increase in the second decade of 1990–1999 compared against the

first decade of 1980–1989) according to the ARs identified by the 75th-, 85th-, and 95th-

percentile climate thresholds applied to the IV T and IWV moisture fields in MERRA-2.
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Figure S74. The composited AR frequency anomalies scaled by the corresponding AR

occurrence frequency climatology for each analysis period during the positive AO phase

(+AO) according to the ARs identified by the 75th-, 85th-, and 95th-percentile climate

thresholds applied to the IV T and IWV moisture fields in ERA5.

May 19, 2023, 11:17am



ZHANG ET AL.: ARCTIC AR CLIMATOLOGY X - 81

Figure S75. Similar to Figure S74, but for the composited AR frequency anomalies

scaled by the corresponding AR occurrence frequency climatology during the negative

AO phase (-AO) according to the ARs identified by the 75th-, 85th-, and 95th-percentile

climate thresholds applied to the IV T and IWV moisture fields in ERA5.
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Figure S76. The composited AR frequency anomalies scaled by the corresponding AR

occurrence frequency climatology for each analysis period during the positive NAO phase

(+NAO) according to the ARs identified by the 75th-, 85th-, and 95th-percentile climate

thresholds applied to the IV T and IWV moisture fields in ERA5.
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Figure S77. Similar to Figure S76, but for the composited AR frequency anoma-

lies scaled by the corresponding AR occurrence frequency climatology during the nega-

tive NAO phase (-NAO) according to the ARs identified by the 75th-, 85th-, and 95th-

percentile climate thresholds applied to the IV T and IWV moisture fields in ERA5.
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Figure S78. The composited AR frequency anomalies scaled by the corresponding AR

occurrence frequency climatology for each analysis period during the positive PNA phase

(+PNA) according to the ARs identified by the 75th-, 85th-, and 95th-percentile climate

thresholds applied to the IV T and IWV moisture fields in ERA5.
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Figure S79. Similar to Figure S78, but for the composited AR frequency anoma-

lies scaled by the corresponding AR occurrence frequency climatology during the nega-

tive PNA phase (-PNA) according to the ARs identified by the 75th-, 85th-, and 95th-

percentile climate thresholds applied to the IV T and IWV moisture fields in ERA5.

May 19, 2023, 11:17am



X - 86 ZHANG ET AL.: ARCTIC AR CLIMATOLOGY

Figure S80. Similar to Figure S74, but for the composited AR frequency anomalies

scaled by the corresponding AR occurrence frequency climatology during the positive AO

phase (+AO) according to the ARs identified by the 75th-, 85th-, and 95th-percentile

climate thresholds applied to the IV T and IWV moisture fields in MERRA-2.

May 19, 2023, 11:17am



ZHANG ET AL.: ARCTIC AR CLIMATOLOGY X - 87

Figure S81. Similar to Figure S75, but for the composited AR frequency anomalies

scaled by the corresponding AR occurrence frequency climatology during the negative

AO phase (-AO) according to the ARs identified by the 75th-, 85th-, and 95th-percentile

climate thresholds applied to the IV T and IWV moisture fields in MERRA-2.
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Figure S82. Similar to Figure S76, but for the composited AR frequency anomalies

scaled by the corresponding AR occurrence frequency climatology during the positive NAO

phase (+NAO) according to the ARs identified by the 75th-, 85th-, and 95th-percentile

climate thresholds applied to the IV T and IWV moisture fields in MERRA-2.
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Figure S83. Similar to Figure S77, but for the composited AR frequency anoma-

lies scaled by the corresponding AR occurrence frequency climatology during the nega-

tive NAO phase (-NAO) according to the ARs identified by the 75th-, 85th-, and 95th-

percentile climate thresholds applied to the IV T and IWV moisture fields in MERRA-2.
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Figure S84. Similar to Figure S78, but for the composited AR frequency anomalies

scaled by the corresponding AR occurrence frequency climatology during the positive PNA

phase (+PNA) according to the ARs identified by the 75th-, 85th-, and 95th-percentile

climate thresholds applied to the IV T and IWV moisture fields in MERRA-2.
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Figure S85. Similar to Figure S79, but for the composited AR frequency anoma-

lies scaled by the corresponding AR occurrence frequency climatology during the nega-

tive PNA phase (-PNA) according to the ARs identified by the 75th-, 85th-, and 95th-

percentile climate thresholds applied to the IV T and IWV moisture fields in MERRA-2.
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