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Abstract19

Aerosols play a key role in polar climate, and are affected by long-range transport20

from the mid-latitudes, both in the Arctic and Antarctic. This work investigates pole-21

ward extreme transport events of aerosols, referred to as aerosol rivers (AeR), leverag-22

ing the concept of atmospheric rivers (AR) which signal extreme transport of moisture.23

Using reanalysis data, we build a detection catalog of polar AeRs for black carbon, dust,24

sea salt and organic carbon aerosols, for the period 1980–2022. First, we describe the25

detection algorithm, discuss its sensitivity, and evaluate its validity. Then, we present26

several extreme transport case studies, in the Arctic and in the Antarctic, illustrating27

the complementarity between ARs and AeRs. Despite similarities in transport pathways28

during co-occurring AR/AeR events, vertical profiles differ depending on the species, and29

large-scale transport patterns show that moisture and aerosols do not necessarily orig-30

inate from the same areas. The complementarity between AR and AeR is also evidenced31

by their long-term characteristics in terms of spatial distribution, seasonality and trends.32

AeR detection, as a complement to AR, can have several important applications for bet-33

ter understanding polar climate and its connections to the mid-latitudes.34

Plain Language Summary35

The extreme transport of aerosol-containing air masses, from the mid-latitudes to36

the polar regions, can be characterised and quantified by leveraging Aerosol Rivers (AeRs).37

This is similar to the Atmospheric Rivers (ARs) which carry large amounts of water to38

the poles and affect the overall stability of polar ecosystems. In this work, we establish39

a detection algorithm for AeRs and evaluate it for different well-known aerosol intrusions40

or AR events. The areas most affected by AeRs are described, their trends are investi-41

gated and we discuss the potential applications of AeR detection for a better understand-42

ing of polar climate.43
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1 Introduction44

Aerosols and clouds (and their interactions) are of particular concern because they45

comprise a large uncertainty in global climate predictions, including in the Arctic and46

Antarctic (Myhre et al., 2013; Szopa et al., 2021), as well as the fact that the polar re-47

gions are experiencing climate change more than any other region of the planet (Hall,48

2004; Rantanen et al., 2022). This faster change is also impacted by the cloud phase feed-49

back, which is influenced by aerosols (Tan & Storelvmo, 2019). In addition, the polar50

regions are largely snow and ice covered and one important polar climate feedback mech-51

anism is through deposition of light absorbing aerosols (including dust and black car-52

bon) which darkens these surfaces and accelerates melting/warming (Bond et al., 2013;53

Skiles et al., 2018). Therefore, it is critical to be able to estimate the aerosol budget in54

the polar regions, including from rapid transport from the mid-latitudes towards the poles55

(Schmale et al., 2021).56

The aerosol lifecycle in the polar regions has particular characteristics compared57

to typical urban or remote regions found at mid-latitudes. Primary aerosol sources are58

limited in the Arctic and Antarctic, and include sea spray (Abbatt et al., 2019; Kirpes59

et al., 2019; Frey et al., 2020) as well as local dust from ice-free terrain (Bullard et al.,60

2016; Amino et al., 2021; Meinander et al., 2022), and limited local anthropogenic sources61

(Marelle et al., 2018). As a result, intrusions of aerosol-containing mid-latitude air masses62

contribute significantly to the aerosol budget in the Arctic (J. L. Thomas et al., 2017;63

Zhao et al., 2022) and Antarctic (Jumelet et al., 2020), and may affect polar cloud prop-64

erties with important climate implications (Dada et al., 2022; Shi et al., 2022). In the65

Arctic in winter and spring, the polar dome expands to include some parts of Europe,66

Eurasia, and North America, so that pollution from the mid-latitudes can be transported67

at low levels towards the Arctic, which is known as the Arctic Haze phenomenon (Barrie,68

1986; Quinn et al., 2007). Aerosols are also transported from lower latitudes into the Arc-69

tic dome via three possible pathways: low-level transport followed by uplift upon reach-70

ing the dome and eventually descent, direct injection into the free troposphere at the source71

followed by long-range transport, or via mid-latitude cyclones transporting pollutants72

in the free troposphere into the Arctic (Stohl, 2006; M. A. Thomas et al., 2019). Sev-73

eral of these circulation types can be associated with warm air mass intrusions, as re-74

viewed in Pithan et al. (2018), or the more extreme atmospheric rivers (AR), which also75

bring large quantities of moisture and precipitation to the polar regions (Gorodetskaya76

et al., 2014; Turner et al., 2019; Maclennan & Lenaerts, 2021).77

ARs are defined as long filamentary bands of poleward moisture transport often78

embedded within the low-level jet ahead of an extratropical cyclone’s cold front. They79

make a major contribution (90%) to the transport of water vapor from the interior of80

the tropics to the mid-latitudes and the poles, even though they cover only about 10%81

of the surface area; four or five AR in each hemisphere may therefore be sufficient to carry82

the majority of meridional flows across the globe (Zhu & Newell, 1998; Nash et al., 2018).83

ARs are low-frequency, high-impact events with major implications for the global hy-84

drological cycle. They have been linked with flooding and drought busting in the mid-85

latitudes (Lavers et al., 2012; Neiman et al., 2013; Ralph et al., 2019), and ice-sheet mass86

balance impacts in polar regions (Mattingly et al., 2018; Wille et al., 2019, 2021, 2022;87

Adusumilli et al., 2021). Due to their crucial role in the hydrological cycle, various global88

AR detection algorithms have been developed, as summarized for example in the Atmo-89

spheric River Tracking Method Intercomparison Project (ARTMIP) program (Shields90

et al., 2018, 2022). ARs in the mid-latitudes have been shown to initiate the deposition91

of long-range transport dust and biological aerosols through ice riming when the AR mois-92

ture is forced upward through orographic or isentropic ascent (Creamean et al., 2013;93

Francis et al., 2022).94

Inspired by the concept of ARs, Chakraborty et al. (2021, 2022) proposed the def-95

inition of aerosol atmospheric rivers (AARs) to characterize the rapid, large-scale trans-96

–3–



manuscript submitted to JGR: Atmospheres

port of large quantities of aerosols. Chakraborty et al. (2021) developed an objective global97

algorithm to detect AARs and demonstrated that they play a crucial role in long-range98

transport pathways, accounting for a significant fraction (40–80%) of global total aerosol99

transport over relatively few events (20–40 AAR days/year). These works demonstrated100

that AARs can be detected and are useful for investigating and quantifying aerosol trans-101

port.102

For polar applications, it is important to adapt the detection of AARs to the spe-103

cific characteristics of poleward transport. This is similar to the case of ARs, where there104

is a large spread in AR detection frequency between global and regional methods (Collow105

et al., 2022). Due to the lower moisture capacity of colder, polar atmospheres, most global106

AR detection algorithms tend to capture an overly broad swath of extratropical cyclone107

activity instead of the more characteristically intense meridional moisture transport seen108

in ARs. Thus a regional detection method is better suited for studying AR connections109

with modes of variability, especially around the Southern Ocean (Shields et al., 2022).110

Here, we follow the development of the concept of AARs, from Chakraborty et al.111

(2021, 2022), but adapt the polar AR detection method developed by Wille et al. (2019)112

to do so, in order to identify polar oriented extreme transport of aerosols. These will be113

referred to as aerosol rivers (AeR) hereafter (since aerosols are inherently in the atmo-114

sphere). Leveraging this detection, we aim to answer the following scientific questions:115

• What are the characteristics and climatology of polar AeRs?116

• How do polar AeRs compare with ARs?117

• Can AeRs provide a moisture-independent characterization of atmospheric circu-118

lation during extreme poleward transport events?119

In order to answer these questions, the paper is organized into the following sections. In120

Section 2, the algorithm and the input data used for AR and AeR detection are described.121

Then, we show case studies of major ARs and AeRs, validating the detection method122

and illustrating the interest of a combined approach to extreme transport events (Sec-123

tion 3). The climatology and characteristics of AeR in the Arctic and the Antarctic ob-124

tained with this algorithm are also presented in Section 3. Finally, we discuss the po-125

tential applications of this AeR catalog in Section 4.126

2 Data and Methods127

2.1 AR and AeR detection methods128

The quantity of interest for AeR detection is the vertically integrated, meridional129

mass flux of aerosol (denoted vIxT ), as described by Equation 1.130

vIxT =

∫ top

surface

V x dp (1)

where V is the meridional wind speed, dp is the pressure level increment, and x is the131

transported quantity of interest (water vapor mixing ratio for AR, aerosol mixing ratio132

for AeR).133

We focus on three key aerosol species for AeRs including: black carbon (BC), dust134

(DU), and sea-salt (SS). These three species are selected because they are representa-135

tive of different types of emission sources and processes, and cover most of the global mass136

of primary aerosols (Chin et al., 2002). Organic Carbon (OC) AeRs are also considered137

for a case study although the climatology is not investigated in detail. For each time step,138

whenever a grid point has a vIxT directed poleward (i.e. positive for the Northern Hemi-139

sphere, negative for the Southern Hemisphere), and a value greater than the historical140

97th percentile (P97) of the corresponding month, over the 1980–2022 climatology, it is141

–4–



manuscript submitted to JGR: Atmospheres

considered an AeR-participating point. The choice of P97 is discussed in Section 3.1. When142

a continuous area (i.e. a contour) of AeR-participating points extends more than 20 ◦ in143

latitude, an AeR is detected. This detection scheme is adapted from Wille et al. (2019,144

2021) and applied in this work both to integrated meridional fluxes of water vapor for145

the detection of ARs, and to integrated meridional fluxes of BC, DU, SS and OC for AeRs.146

The suitability of the 20 ◦-latitude extent criterion for AeR is discussed in Section A1.147

The validation of the adaptations compared to the original AR detection method is pro-148

vided in Section A1.149

The definition of an AR consists in selecting extreme events based on considera-150

tions of extreme moisture transport amounts. The detection algorithms take into account151

an AR event by analyzing points where the integrated vapor transport (IVT) exceeds152

a threshold value. For AR detection, the threshold is taken at P97 here, as it matches153

best with the reference AR climatologies from Wille et al. (2019), with the MERRA2154

input data used here (described in Section 2.2), although Wille et al. (2019) used a P98155

threshold instead. This is connected to different spatial resolutions and assumptions in156

the computation of IVT (different vertical extent for the integration), as explained in157

Section A1.158

Like for AR, a key parameter for an AeR detection methodology is the threshold159

for which grid cells are considered AeR-participating. There is no reason why the same160

number of events should be found for different aerosols. The definition of an AR or AeR161

event should therefore be based solely on an objective and independent statistical de-162

tection criterion, regardless of the aerosol type under consideration. For this reason, we163

recommend considering the same percentile for all aerosol types. In this work, we chose164

to remain consistent between the transport of moisture and aerosols in order to capture165

similar types of anomalous events, regardless of the transported quantity. As a result,166

the threshold P97 is also used for AeRs.167

The algorithms for AR and AeR detection described in this work are implemented168

in a Python3 Jupyter Notebook (Kluyver et al., 2016). This code leverages the contour169

detection offered by the Matplotlib library (Hunter, 2007), and the image analysis tools170

from the OpenCV library (Bradski, 2000) which provides an efficient way of masking 2-171

dimensional data. The corresponding detection catalogs for AR and AeR, based on MERRA2172

vertically integrated fluxes at 1 ◦ x 1 ◦ spatial resolution (see Section 2.2) and covering173

the period 1980–2022, along with the processing and detection codes, are available at174

https://doi.org/10.5281/zenodo.8082768 (Lapere, 2023).175

2.2 MERRA2 data176

The data used for AR detection is the MERRA2 hourly Vertically Integrated Di-177

agnostics, northward flux of atmospheric water vapor. Similarly, the detection of AeRs178

is performed using the MERRA2 hourly Vertically Integrated Diagnostics, dust/black car-179

bon/sea salt/organic carbon column v-wind mass flux. The MERRA2 aerosol product180

was also used in Chakraborty et al. (2021, 2022) for AAR detection. These products are181

integrated fluxes over the whole atmospheric column (1000 hPa to 0.1 hPa). Addition-182

ally, large scale meteorological conditions (500 hPa geopotential height, 500 hPa winds183

and surface precipitation) associated with the case studies presented are extracted from184

the single-level MERRA2 hourly reanalysis. Geopotential height anomalies are computed185

as the difference between the hourly values averaged over the considered event and the186

monthly mean climatology for the corresponding month. For these case studies, verti-187

cal profiles of aerosol and water mixing ratio are from the MERRA2 hourly product on188

pressure levels. Total column mass concentration and surface concentration of aerosols,189

as well as aerosol optical thickness are from the MERRA2 hourly single level aerosol as-190

similation product. All data sets are systematically re-gridded to the 1 ◦x1 ◦ spatial res-191

olution and re-sampled to a 3-hourly time resolution. Monthly aerosol emission fluxes192
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from MERRA2 are also considered, for the 1980–2022 period. For readability, the ref-193

erences corresponding to these data sets are summarized as Global Modeling and As-194

similation Office (GMAO) (2015a, 2015b, 2015c, 2015d, 2015e).195

3 Results and discussion196

3.1 Polar AeR detection thresholds197

The sensitivity of the AeR detection to the threshold choice is tested in Figure 1a.198

With a P99 threshold, the fraction of grid points above 60 ◦N or below 60 ◦S which be-199

long to an AeR is less than 0.2%, on average, for all aerosol species and both poles. With200

P97, this number increases at around 0.5–1% for non SS species. For SS this number is201

lower, at 0.2%. As the threshold decreases, the number of AeR points increases, up to202

around 20% of the domain, on average, for a P65 threshold. This illustrates how strongly203

the detection depends on the selection of the threshold.204

In Figure 1b, we look at the percentage of AR points, over the climatology, which205

are also AeR points (i.e. overlapping contours), using different AeR detection thresholds206

(but keeping P97 for ARs). We investigate this sensitivity for BC, DU, SS and OC, for207

the Arctic and the Antarctic, with similar conclusions for all, irrespective of the hygro-208

scopic nature of the aerosol type. For percentiles above P85, the slope is steep and the209

number of co-located AR and AeR points varies strongly, between less than 5% for P99,210

and up to 70% for P85. For percentiles below P85, the number of co-occurrences starts211

to reach its asymptotic value of 70-80%. This shows that no matter what percentile thresh-212

old is chosen for AeRs, 20% to 30% of AR grid cells cannot be described as AeR grid213

cells, and therefore belong to pristine (no aerosol) AR cases. This illustrates that while214

ARs and AeRs may be similar (see Section 3.3), they describe different phenomena.215

Figure 1 also shows that SS AeRs behave differently from other AeR types. For216

similar detection thresholds, SS AeR are detected less often than for other aerosols, and217

also coincide less often with ARs. This can be connected to the relatively closer source218

of SS in polar regions compared to other aerosol sources. The DU and BC aerosols found219

at the poles mostly originate from the mid-latitudes, but SS is mainly emitted from open220

ocean areas, such as the Southern Ocean or North Atlantic and North Pacific, which are221

located closer to the poles. As a result, the background SS is higher and the regional trans-222

port more frequent, which leads to a higher P97 and therefore lower frequency of SS AeR.223

The implications of this result are further discussed in the continuation.224

3.2 Validation of the detection with case studies225

Here we study events of AR and large aerosol transport which were well monitored226

and documented in the literature, in order to assess if they are well captured by our de-227

tection algorithm. We analyze these case studies using both the AR and AeR detections228

and show the interest of adopting a combined analysis approach for a better understand-229

ing of extreme poleward transport events.230

3.2.1 2013 Asian dust transport to the Arctic231

A dust transport event from Asia to the high Arctic, originating from the Gobi desert,232

was recorded in March 2013, which resulted in several days of enhanced pollution mea-233

sured at Arctic stations (Zhao et al., 2022). Although this event was originally studied234

from the point of view of dust transport, the AR/AeR detection scheme developed in235

this study shows that extreme transport of other aerosols and water vapor also occurred236

simultaneously at these dates, along the same pathways, with AR, BC AeR and SS AeR237

detected in addition to the DU AeR (Figure 2). Figure A1 reveals that the DU trans-238

port was originally zonal above Asia, and turns poleward near the 180 ◦ longitude mark,239
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where AR and AeRs are detected, extending from 35 ◦N to 90 ◦N. This spatial pattern240

is consistent with the findings from Zhao et al. (2022). Figure A1 also shows that although241

the AR/AeRs have similar spatial extents, they are associated with transport originat-242

ing from different areas. DU comes from the Gobi desert, but BC comes from the indus-243

trial regions of southeast China, SS comes from the Pacific Ocean, and water vapor comes244

from the China sea and Pacific Ocean. Therefore, these similar AR/AeR detections ac-245

tually connect different sources to the receptor region in the Arctic.246

The vertical profiles associated with this transport event (Figure 2) reveal that the247

DU aerosols are transported in two layers, at around 700 hPa and 400 hPa. BC aerosols248

are found in the same 700 hPa layer, but not higher up in the atmosphere. In compar-249

ison, the SS aerosols and moisture along the transect are mostly found near the surface,250

below 800 hPa, in connection with more local sources of SS and moisture. The DU and251

BC transport pathway near 700 hPa is consistent with the transport mechanism from252

Asia due to lifting of air mass and slow descent in the Arctic due to radiative cooling,253

described in Stohl (2006). The 400 hPa secondary DU layer on the other hand can ei-254

ther come from longer range transport, or from the same source region and have been255

lifted higher up at another time, as illustrated by the back-trajectories in Roiger et al.256

(2011). This layer may also come from the generally excessive concentrations of DU in257

the polar free troposphere in MERRA2 (Böö et al., 2023).258

This event was of importance for the Arctic climate: Zhao et al. (2022) estimate259

that it contributed to a reduction of snow and ice albedo of around 2%, due to deposi-260

tion of dust and soot. Therefore, quantifying the frequency of such events is critical for261

a better understanding of the Arctic climate. Moreover, this Asian dust transport event262

was recorded as a polar crossing event (which is also illustrated by Figure A1), with in-263

creases in particulate matter concentration as far as Alert, Canada (Zhao et al., 2022).264

Therefore, we would expect the DU AeR contour to reach this region. However, the AeR265

detection is, by design, unable to capture polar crossing events since the condition for266

the detection of an AeR is that the transport has to be directed toward the pole. This267

is a limitation of the current algorithm, which is also a limitation of polar AR detection268

methods. Similar polar-crossing aerosol transport events were also observed and stud-269

ied in Sodemann et al. (2011); Raut et al. (2017), for example, which justifies improv-270

ing current algorithms for a more comprehensive detection.271

3.2.2 2020 European pollution transport to the Arctic272

In April 2020, an extreme aerosol transport event was recorded in the central Arc-273

tic (85 ◦N, 15 ◦E) during the international Multidisciplinary drifting Observatory for the274

Study of the Arctic Climate (MOSAiC) expedition (Shupe et al., 2022; Dada et al., 2022)275

which involved the Polarstern research vessel. Measurements showed strong, rapid in-276

creases in aerosol surface concentrations, including BC and OC. This event is well cap-277

tured by our detection algorithm (Figure 3), with an AR detected on April 15, at the278

onset of the event, which was described as driven by a warm air mass intrusion by Dada279

et al. (2022). In parallel, a BC and an OC AeR are detected on the same day, lasting280

for 3 consecutive days, during which increased BC surface concentrations were recorded281

(Figure 3b). Dada et al. (2022) also noted increased concentrations of OC in addition282

to BC, with which our OC AeR detection is also consistent. Figure 3c further shows that283

MERRA2 captures this event adequately, with BC surface mixing ratios rising up to 0.3 µg kg−1
284

both in the observations and the reanalysis at the location of the ship (orange square285

in Figure 3c).286

The vertical profiles associated with this event reveal that the transport of aerosols287

occurs at several altitudes (Figure 3c). The large quantities of BC and OC close to the288

surface are consistent with the observations from Dada et al. (2022) that low-altitude289

transport of air masses from northern Eurasia explained the measured increase in aerosols290
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at the location of the Polarstern. The secondary aerosol layer higher up, around 600 hPa,291

is more likely connected to transport from eastern and southern Asian sources, which292

dominate the high-altitude transport to the Arctic in spring (Xu et al., 2017). Similar293

to the Asian dust case presented in Section 3.2.1, moisture is transported close to the294

surface, below 800 hPa.295

Dada et al. (2022) highlight the importance of this event with respect to aerosol-296

cloud interactions, and therefore climate, with an observed strong increase of cloud con-297

densation nuclei (CCN) concentrations during the intrusion. This event was observed298

during the MOSAiC expedition, with a unique set of in situ and remote sensing mea-299

surements available. However, Figure 3a shows that at the same time, another major com-300

bined AR/AeR event reached Greenland. First, a DU AeR is detected, which can affect301

the formation and characteristics of mixed-phase clouds given the important role of dust302

as ice nucleating particle (INP) (Murray et al., 2012). Second, because an AR is also as-303

sociated with the BC and DU AeR, light-absorbing aerosols were likely deposited to the304

Greenland ice sheet by wet scavenging. As a result, the albedo of the Greenland ice sheet305

may have been impacted, thereby contributing to accelerate the melting of the cryosphere,306

through the snow albedo feedback (Skiles et al., 2018). The precise impact of such AeR307

events needs to be studied as well, despite the lack of in situ measurements. In summary,308

this case study shows how the use of AeR detection can form the basis of more system-309

atic studies of such extreme aerosol transport events and their impact on polar climate.310

3.2.3 2002 Antarctic Peninsula AR311

On 19 Feb 2002, a major AR event was detected in the Antarctic Peninsula (AP)312

and was connected to the final collapse of the Larsen B ice shelf (Wille et al., 2022). This313

event is also detected as a DU AeR (Figure 4 presents the synoptic situation during this314

event). However, the DU AeR (yellow shade) and AR (blue shade) have different spa-315

tial coverage (Figure 4c). According to our catalog, an AR is detected in the southern316

Pacific Ocean, which does not extend further south than the tip of South America. How-317

ever, when using the AR occurrences proposed by Wille et al. (2022) with their detec-318

tion algorithm based on integrated water vapor (IWV) values instead of IVT, the AR319

contour (pink shade) made landfall in good agreement with the area where the highest320

rainfall rates were observed (Figure 4d), except for the southwestern precipitation area321

over Ellsworth land. All of the precipitation reaching the AP is within the DU AeR con-322

tour. In this case, with an AR-only approach, whether using IVT or IWV, the precip-323

itation in Ellsworth land is not associated to the transport event, but by combining IVT324

AR with IWV AR and DU AeR the whole precipitation event can be traced back to the325

extreme long-range transport of air masses.326

For this event, the DU aerosol and moisture had different source regions. The DU327

AeR most likely originated from Australia (Figure 4a), while the moisture that contributed328

to the AR comes from the central tropical Pacific area (Figure 4b), the region where the329

strongest ARs affecting the AP are generated, as described in Clem et al. (2022). Af-330

ter traveling above the Pacific Ocean, these two air masses generating the AR and AeR331

meet in a confluent manner, near 40◦S-110◦W and converge afterwards. This shows how332

an AR and AeR corresponding to the same event can connect the impacted region to333

different source areas and therefore transport processes. This case can also illustrate how334

ARs and AeRs partly follow the same trajectories (here they overlap at around 35◦S),335

but later diverge (here the AeR goes further poleward than the AR and with a more merid-336

ional axis) as AR-associated air parcels lose their moisture content when advecting over337

colder ocean surfaces and isentropically ascend.338

As shown by Figure 4c, the DU AeR is detected over the cloud-free region adja-339

cent to the AR. One possible explanation for this is that the extent of the DU AeR is340

initially the same as the AR, but the DU aerosols present in the AR are scavenged in-341
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or below- cloud along the way. This would lower their atmospheric concentration and342

hence the poleward flux, which would no longer be detected as an AeR. This hypoth-343

esis is consistent with the vertical profiles during the event (Figure A2): DU is mostly344

found in large quantities where no liquid/ice water is found, and over the region of lower345

precipitation along the transect, but the mixing ratio is very low wherever water, includ-346

ing precipitation, is found. Figure A2 also shows, similar to the previous cases, that the347

transport of aerosols takes place at higher altitude than moisture transport.348

In summary, these case studies show that (i) the AeR detection algorithm repro-349

duces well important aerosol transport events, (ii) aerosols and moisture during combined350

AR/AeR events are not transported at the same altitudes, and (iii) aerosols and mois-351

ture do not necessarily follow the same large-scale pathways nor originate from the same352

area, even though they impact the same receptor region.353

3.3 Characteristics of polar AeRs354

In this section we present the climatology (1980–2022) of polar AeRs (i.e. poleward355

AeRs that reach high latitude areas) and show their similarity and differences compared356

to ARs, including the impacted areas and seasonality. We also explore the trends in the357

frequency of occurrence of AeRs and ARs between 1980 and 2022 for the Arctic and Antarc-358

tic.359

3.3.1 Climatology360

We present a high latitude poleward AeR climatology and investigate the regions361

most affected by AeR events and the seasons of stronger activity, in order to establish362

a comparison with ARs. In the Arctic, BC AeRs are mostly detected in the northern At-363

lantic, reaching the Greenland and Iceland regions, and in the northeastern Pacific, reach-364

ing Alaska predominantly, and the Bering strait area, with a frequency of up to 5 days365

per year for the 1980–2022 period (Figure 5). To some extent, DU AeRs are found in366

the same regions as BC AeRs, except for an eastward displacement in the Atlantic where367

higher frequencies are obtained, and an additional pathway over Russia that does not368

appear in BC AeRs. Overall, DU AeRs are also more frequent than BC AeRs. Since sources369

of SS are more evenly distributed around the globe and closer to the polar regions com-370

pared to BC and DU, SS AeRs are much less frequent, with a maximum frequency of371

2 days per year. They also present a unique spatial distribution: The maximum of SS372

AeR detection frequency and dominant pathway is located in Russia, far from signifi-373

cant SS sources, where baseline concentrations are very low but fast transport can oc-374

cur. Although these SS AeRs do not seem to reach the high Arctic, this is an interest-375

ing feature showing how different aerosols can trace different pathways. Elsewhere, the376

detection frequency of SS AeRs is more homogeneous and generally less than 1 day per377

year. Compared to ARs, BC and DU AeRs have similar frequencies of occurrence and378

spatial distributions overall, except at higher latitudes, where AeRs can be two times more379

frequent than ARs, for instance in northern Greenland and the central Arctic.380

In the Antarctic, BC AeRs are more frequent than DU AeRs, in contrast to the381

Arctic. AeRs generally affect similar areas as ARs, except for Queen Maud Land (20 ◦W–382

45 ◦E), which is frequently reached by ARs, but seldom affected by AeRs. The finding383

for the Arctic that AeRs are more frequent than ARs at higher latitude does not apply384

for the Antarctic. SS AeRs are less frequent than BC and DU AeRs in the Antarctic too,385

and predominantly reach the Weddell Sea and Coats Land region (36 ◦W–20 ◦W). An386

important difference between AeRs in the Arctic and the Antarctic is that, in the Antarc-387

tic, AeRs (and ARs likewise) tend to be able to reach higher latitudes more frequently.388

While the frequency of AR/AeR crossing 80 ◦N is less than 2.5 days per year in the Arc-389

tic, they can penetrate as far as 85 ◦S in West Antarctica with twice the frequency. This390

suggests a possibly larger impact (clouds, precipitation, albedo) of ARs/AeRs on the Antarc-391
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tic ice sheet than on the central Arctic sea ice, because of the stronger polar vortex around392

Antarctica which generally limits intrusions of lower-latitude air masses.393

In the Arctic, averaged at the regional scale (65 ◦–85 ◦N), the seasonality of AeRs394

(analyzed using the number of AeR points per month) is similar to that of ARs, with395

maximum frequency in winter months and minimum activity in summer months, and396

a correlation of at least 0.69 among these four types of AR/AeR (Figure 6). For ARs,397

this can be related to higher background levels of moisture in the summertime atmosphere398

(Rinke et al., 2019), along with the position of the Arctic dome that does not favor long-399

range transport in summer, including of aerosols (Boyer et al., 2023). This makes the400

long-range transport relatively less important, as opposed to winter/spring when the po-401

lar dome is more expanded which facilitates long-range transport from lower latitudes402

(Pernov et al., 2022; Boyer et al., 2023). The DU AeR seasonality shown here is consis-403

tent with the seasonality of DU transport to the Arctic shown in Böö et al. (2023). SS404

AeRs stand out, with a stronger seasonality and more rapid transitions between the win-405

ter and summer frequencies, resembling more a binary regime shift than a smooth sea-406

sonal evolution (cross markers in Figure 6). This latter cycle is harder to interpret as407

there are few SS AeR events per year (Figure 5), but it may be related to the seasonal408

cycle of sea ice cover: when sea ice is at its minimum extent, between late spring until409

late fall, more open ocean is present compared to winter, and therefore more SS is emit-410

ted locally. As a result of these local emissions, the background SS loads are higher than411

in winter, and the relative contribution of transport is thus less important, which is why412

SS AeRs are less often detected.413

In the Antarctic (65 ◦–85 ◦S), the seasonality is less clear, especially for BC AeRs414

which do not feature a seasonal cycle and are, as a result, not correlated with the other415

three types of AR/AeR. This absence of correlation is interesting as it can signal a more416

steady occurrence of BC AeRs throughout the year, which provides a more systematic417

and non-seasonally dependent way of analysing extreme transport events. Here again,418

the seasonality of SS AeRs is stronger than for the other species, also most likely related419

to sea ice cover seasonality like in the Arctic. Given how the sulfate content of SS in ice420

and firn, which varies with seasons, may be used to recover the seasonality of precipi-421

tation and reconstruct annual surface mass balance (Goursaud et al., 2019), coupling this422

feature with SS AeR detection can provide insight for the reconstruction of seasonal cli-423

mate variations.424

3.3.2 Trends425

This section investigates the spatial and temporal trends of AeRs, including a com-426

parison with AR trends, in order to assess whether they similarly reflect changes in the427

climate. Figures 7 and 8 show that ARs feature significantly (at the 95% level) increas-428

ing trends at the regional level since the 1980s, despite spatial heterogeneity, with sim-429

ilar magnitudes at both poles. The underlying causes for these trends remain an open430

question (Wille et al., 2019, 2022). Increasing amount of water vapor in the atmosphere431

at the mid-latitudes as the climate warms could partly explain this (Gershunov et al.,432

2017). For the Arctic, changes in circulation, with increasing frequency of blockings also433

drive the increase in moisture transport (Nyg̊ard et al., 2020; You et al., 2022), whereas434

in Antarctica, trends on the Amundsen Sea Low might explain AR trends in the Amundsen-435

Bellinghausen Sea (Turner et al., 2013; Wille et al., 2021). Trends in AR activity across436

Antarctica are similar with previously observed trends, but are slightly sensitive to the437

choice of the reanalysis product used for AR detection (Wille et al., 2021). Figure 8 il-438

lustrates that, overall at the hemispheric level, the evolution of high latitude poleward439

ARs is closely correlated with the evolution of hemispheric averages of water vapor mix-440

ing ratio at 1000 hPa. AeRs on the other hand display a variety of trends depending on441

the pole and species considered (Figure 7).442
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BC AeRs tend to generally increase over time in the Arctic, except over the Fin-443

land/Russia corridor where a significant decreasing trend is observed (Figure 7). The444

strongest increase in BC AeRs is found in the North Atlantic, while emissions are steady445

in MERRA2 in North America over the period. This suggests that the evolution of Arc-446

tic AeRs may be driven more by changes in circulation than changes in source intensity.447

In the Antarctic, BC AeRs are more homogeneously increasing, with only a portion of448

East Antarctica not showing a significant trend. In parallel, BC emissions decrease in449

the Amazon region in MERRA2 (Figure A3), which drives the hemisphere-averaged de-450

crease, but strong increases in emissions are found in southern Africa and south Asia.451

The resulting increasing trend in BC AeRs suggests that either (i) African and Asian452

BC sources are more important than South American sources for Antarctic-reaching BC453

AeRs, or (ii) changes in circulation dominate the evolution. Note that averaging emis-454

sions only below 30 ◦ S/above 30 ◦ N instead of the whole hemisphere, results in the same455

conclusions (Figure A4).456

DU AeRs do not feature significant trends in the Arctic on average, due to slight457

increases in Northeast America and Siberia compensated by slight decreases over Eu-458

rope and Alaska (Figure 7). At the same time, emissions are relatively steady in the north-459

ern hemisphere (Figure 8). For the Antarctic, a strong increasing trend is observed ev-460

erywhere (Figure 7), despite a slight decrease in emissions (Figure 8). However, the de-461

crease in emissions hides an important heterogeneity: while DU emissions decrease in462

Australia over the period, they increase in Patagonia at the same time (Figure A3). The463

fact that the resulting DU AeR trend has on average a strong increase suggests that the464

South American DU sources are generally more important than Australian sources for465

Antarctic DU AeRs.466

SS emissions have been increasing globally over the course of the 20th century (Fig-467

ure A3), driven by increases in wind speed and decline of sea-ice cover (Lapere et al.,468

2023). However, the corresponding trend in SS AeRs is generally non-significant and even469

slightly decreasing at higher latitude (over Greenland and Antarctica in particular). This470

might suggest that the dynamical mechanisms generating SS AeRs have been generally471

weakening over the last 40 years.472

In summary, current trends in AeR (ii) are different from trends in AR, (ii) are di-473

verse depending on the type of AeR (BC, DU, SS), (iii) have clear differences between474

the poles, and (iv) are not clearly correlated with emission trends. All of the above sug-475

gests that AR and AeR detections have the potential to be complementary tools that476

can be used together for a number of applications, as will be further discussed in Sec-477

tion 4.478

3.4 Co-occurrence of strongest AeRs and ARs479

This section investigates the strongest AR/AeR of each type that reached Green-480

land and the AP, between 1980 and 2022. These two regions are often studied in the AR481

literature, hence their choice as receptor regions here. The top AR and AeR days are482

ranked based on the cumulated vIxT within an AR/AeR event detected inside the black483

contours in the left panels in Figures 9 and 10. The top 20 of these events are then an-484

alyzed as a composite, and their co-occurrence with other types of AR/AeR is quanti-485

fied.486

For Greenland, the 20 strongest ARs are frequently associated with BC AeRs (70%487

of events), around 60% of the time with DU AeRs, and less than 20% with SS AeRs (Fig-488

ure 9a). These top AR events originate from the northwest Atlantic Ocean (Figure A5).489

In contrast, the strongest BC AeRs affect primarily eastern Greenland, coming from the490

northeastern Atlantic Ocean or continental North America (Figure A5), and occur mostly491

independently from the other types of AR/AeR, with co-occurrences in less than 30%492

of the cases (Figure 9b). Major DU AeRs originate either from the continental North493
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America or from Northern Africa, where important dust sources exist, and are associ-494

ated with BC AeRs for up to 75% of cases (Figure 9c). ARs are present for 45% of the495

top DU AeRs, and SS AeRs are mostly absent. Finally, major SS AeRs are often asso-496

ciated with ARs and BC AeRs (more than 50%), and with DU AeRs only in 40% of cases497

(Figure 9d). Generally, major ARs tend to be associated with AeRs, but the opposite498

is not the case. AeRs can occur within relatively dry air masses not classified as ARs.499

In the AP, the co-occurrence of all types of AR/AeR is generally more frequent than500

in Greenland (Figure 10 and A6). Top SS AeRs feature less frequent co-occurrences than501

the other types of AR/AeR (Figure 10d). 75% of the top ARs are also BC AeRs (Fig-502

ure 10a), and more than 75% (50%, respectively) of the top DU (BC, respectively) AeRs503

are associated with co-located ARs (Figure 10b,c). Another difference between Green-504

land and the AP is that the top AR/AeR for Greenland feature a variety of orientations505

and thereby source region, whereas in the AP all these events have a similar axis, with506

an origin near the tip of South America (Figure A6). Trajectories also appear to be more507

narrow for the AP than Greenland. This can be related to more distributed aerosol sources508

and more diverse transport pathways in the Arctic. Figure 10 also shows that the top509

ARs/AeRs reaching the AP are more often coinciding with other types of ARs/AeRs also510

reaching the AP than it is the case for Greenland (except for SS AeR). Although a more511

thorough investigation is required to explain this difference, this may suggest that in the512

AP, extreme AR/AeR events are driven more by the dynamics, since all the quantities513

are transported, whereas in Greenland those large events may be driven both by trans-514

port patterns and emission sources, due to the closer proximity of those sources.515

4 Potential applications of polar AeRs516

The general characteristics of AeRs and the case studies presented above suggest517

that AeRs can have relevance for several applications, interesting for both the aerosol518

and the climate communities. In the following we explore some of these potential appli-519

cations.520

4.1 On the co-occurrence of AeRs and ARs521

The association between ARs and AeRs is a crucial feature for cloud properties and522

for aerosol deposition. BC and DU aerosols are important species when it comes to liq-523

uid and mixed-phase clouds, as BC can act as CCN and DU can act as INP. Therefore,524

when ARs and AeRs are combined, cloud properties can be different compared to AR-525

only cases, with impacts on cloud albedo and/or precipitation timing. Also, since ARs526

are important contributors to precipitation in the AP (Wille et al., 2021; Maclennan et527

al., 2023), ARs that are also AeRs can scavenge (wet removal in and below clouds) the528

high aerosol content, resulting in deposition to the ice sheet upon precipitation, which529

can darken snow and ice surfaces, and trigger the ice albedo feedback (Bond et al., 2013;530

Skiles et al., 2018). The co-localized presence of large amounts of moisture and aerosols531

can also significantly increase aerosol optical depth through the uptake of water by hy-532

groscopic aerosols, with direct impacts on surface radiation.533

These possible impacts are illustrated by the difference in total column and atmo-534

spheric surface mass concentration of aerosols, as well as aerosol optical thickness (AOT),535

during the top 20 combined AR/AeR events (i.e. simultaneous detection of AR, BC AeR,536

DU AeR and SS AeR) compared to the top 20 AR events without associated AeR in Green-537

land (Figure A7) and the AP (Figure A8). These top 20 AR/AeR are ranked based on538

the daily mean vIV T averaged over the region defined by the black contours in Figure A7539

and Figure A8.540

Over Greenland, atmospheric surface mass concentration of BC and DU increase541

by up to 15 ngm−3 and 1 µgm−3, respectively, when AR and AeRs occur simultaneously542
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compared to AR-only cases (Figure A7a), indicating that transport does not only oc-543

cur at high altitudes in the atmosphere. SS surface concentrations mostly increase over544

the ocean but the anomaly can reach up to 3µgm−3 over Greenland. For all aerosols,545

the total column mass density also has a positive anomaly during AR+AeR events (Fig-546

ure A7b). Similarly, AOT increases by up to 0.08 in the Greenland region (Figure A7c).547

The largest increases in AOT are correlated with the largest increases in SS mass. Given548

the highly hygroscopic nature of SS, the combined presence of high moisture levels through549

the AR, and SS through the SS AeR, explains this large increase in AOT, which can have550

major impacts on the radiative balance through the aerosol-radiation interaction. For551

the AP, similar conclusions can be drawn as for Greenland, except for DU for which the552

surface transport contributes more to the total column compared to Greenland (simi-553

lar change in total column, but surface concentrations 10 times larger). Based on Fig-554

ures A7 and A8, it is important to distinguish between clean and polluted ARs for un-555

derstanding precipitation, albedo, radiation and melting impact of ARs. AeR detection556

provides a way to do so, and facilitates conducting more holistic impact studies.557

The synoptic conditions are different when AR and AeR occur simultaneously com-558

pared to cases when each type of AR/AeR occurs independently, as shown in Figure 11.559

For Greenland, there is a larger diversity of synoptic situations for the top 20 AR/AeR560

compared to the AP. The geopotential height anomalies are similar for combined AR/AeR561

(Figure 11e) and AR-only (Figure 11f) cases, with a strong high centered on Iceland, and562

a comparatively weaker low above eastern Canada. The cases where only BC AeRs are563

detected are associated with similar spatial patterns but the low is comparatively stronger,564

and the high comparatively weaker, in addition to a slight eastward displacement which565

connects Greenland with North American air masses (Figure 11g). For DU AeR days,566

the transport is driven by a strong high located over the Norway sea, enabling transport567

from North Africa but without an associated low pressure system (Figure 11h). In other568

words, the transport in this case is probably slower, but more sustained and with less569

wet scavenging. SS AeR cases exhibit, for Greenland as well, circulation patterns dif-570

ferent from all the others: a large area of low pressure covering Canada and extending571

until Europe, and a weaker high near Svalbard (Figure 11i). This synoptic situation lead-572

ing to local storms can export large amounts of open-ocean-sourced sea spray. As a re-573

sult, SS AeR may not be as fit as BC and DU AeR for the purpose of characterizing long-574

range transport from the mid-latitudes.575

In the AP, when all types of AR/AeR occur simultaneously, a strong high-low dipole576

with a longitudinal axis appears (Figure 11a), indicating that air masses originate pri-577

marily from continental South America. The situation is similar when ARs with no AeR578

occur, with the exception of the dipole axis which is tilted and therefore suggests air masses579

come from the southeastern Pacific Ocean rather than continental areas (Figure 11b).580

When only BC AeRs are detected, the dipole is weaker, with a reduced intensity of the581

low in particular, and shifted eastward (Figure 11c), but the typical wave train of high-582

lows coming from Australia appears more clearly than in the other cases. The compos-583

ite during DU AeRs (Figure 11d) is similar to BC AeRs, except for the tilt of the dipole584

which shows the influence of Patagonian dust sources in this configuration. In the case585

of SS AeRs only, the synoptic situation is different from all the others: a very strong low586

covers the whole AP, surrounded by a strong high in the southwestern Atlantic Ocean587

and another high at the Pacific and Southern Ocean demarcation. This situation trans-588

lates the fact that SS sources are closer to Antarctica (sea spray from the Southern Ocean),589

compared to the other aerosols, and are thus transported by strong winds associated with590

local storms during extreme events.591

The differences in synoptic circulation described above can partially be attributed592

to the season during which these top events occur. For Greenland, compound events are593

mostly found in SON–DJF, with the exception of SS AeRs which are more frequent in594

DJF–MAM (Figure A9). This last feature can be connected to the sea ice cover at that595
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season, which implies a more important contribution from long-range transport to Arc-596

tic concentrations of SS. Cases with only DU AeR and only SS AeR are similarly found597

predominantly in JJA–SON in the Antarctic. For both poles, the events transporting598

all quantities simultaneously (AR+BC+DU+SS) have the same seasonal distribution:599

50% occur during wintertime, and another 30% during the fall. This finding suggests that600

winter-fall weather regimes are more favorable for the occurrence of more intense ARs/AeRs601

reaching Greenland/AP, in addition to being conducive to a higher frequency of AR/AeR602

occurrence irrespective of their intensity on average at the poles (as indicated by Fig-603

ure 6). This similarity in the seasonality of combined events can be leveraged for study-604

ing, for instance, the comparative evolution, between the two poles, of the seasonality605

of extreme transport, over longer time scales.606

In summary, differences in synoptic circulation appear when considering the 5 dif-607

ferent types of AR/AeR (AR, BC AeR, DU AeR, SS AeR, and all combined), leading608

to different source/receptor areas during the strongest events. Polar BC AeR and DU609

AeR are also usually polar ARs and vice versa, which can have a combined impact broader610

than only affecting aerosols or moisture independently. Therefore they deserve to be treated611

as compound events, not in isolation. Because of their different pathways, AeRs can some-612

times connect relatively dry transport events to their impacts (e.g. precipitation) when613

ARs are not detected. This analysis supports the idea that adopting a clustering anal-614

ysis using the 5 types of AR/AeR discussed here should be explored in future work.615

4.2 Dry extreme poleward transport616

AeRs can provide insight for cases of fast poleward transport of relatively dry air617

masses, that we have demonstrated to be significantly different from AR in terms of the618

circulation pattern (see Figure 11). In recent literature (Pohl et al., 2021), AR analogues619

were analyzed, showing important differences with polar AR events. By leveraging the620

AeR detection built in this work, future research could try to address the question: what621

if these AR analogues are AeRs? If so, because of the difference in moisture content and622

radiation/cloud feedback (due to aerosols), the (thermo)dynamics of these two types of623

events should be different, despite leading to the analogous situations shown in Figure 11.624

The compared vertical structures of moisture/aerosol extreme transport events, in par-625

ticular, could help better describe the underlying physical processes. Adopting a new clus-626

tering method accounting for ARs, analogues and AeRs instead of the first two only could627

pave the way towards a better understanding of the factors contributing to AR-like dy-628

namics, and could help to explain the occurrence of non AR-related extreme tempera-629

ture events (Wille et al., 2022).630

4.3 Analyzing future poleward transport occurrences631

Analyzing future AR frequency and intensity is complex. As the climate warms,632

more moisture is available, which constitutes a trend in the source of AR-carried water633

vapor (Gershunov et al., 2017), as shown in Figure 8. This trend makes it hard to un-634

tangle changes in circulation from changes in atmospheric water vapor content when ex-635

ploring current and future trends in ARs (Rinke et al., 2019; Bintanja et al., 2020). In636

addition, the AR response to future climate change is highly dependent on the chosen637

detection tool (O’Brien et al., 2022; Shields et al., 2023). For natural aerosols, the emis-638

sion sources are not expected to feature strong trends in future scenarios, although more639

sea salt (Lapere et al., 2023) and possibly slightly more dust (Zhou et al., 2023) can be640

expected under a changing climate. Local sources of anthropogenic aerosols such as BC641

are also expected to change moderately, particularly in the Arctic with increased ship-642

ping traffic (Corbett et al., 2010). However, the aerosol trends are less directly connected643

to the warming temperatures compared to the changes in moisture transport (Held &644

Soden, 2006).645
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AeRs can offer robust and key information on the dependence of intrusions and ARs646

on climate change. The implementation of specific simulations, with controlled aerosol647

emissions, would make it possible to assess the future evolution of atmospheric intrusions648

considering only variations in atmospheric dynamics. The assessment of the future evo-649

lution of the frequency and intensity of ARs could then be treated by eliminating the650

increase in frequency of occurrence resulting directly from the Clausius-Clapeyron pro-651

cess. Another method could consist of introducing idealized aerosols with different res-652

idence times, or other tracers, in a general circulation model (Krinner & Genthon, 2003)653

and then to analyze the resulting AeRs. Applying this approach based on tracer age for654

different climates would allow to analyse the climatologies of poleward transport, includ-655

ing in future climate.656

4.4 Ice core analysis of past AR activity657

The reconstruction of AR variations in past climate has been proposed through the658

analysis of water isotopes in ice cores, using the δO18 ratio (Servettaz et al., 2023), which659

can be related to changes in local temperature over long time scales (Jouzel et al., 1997).660

However, the use of the δO18-temperature relationship in ice cores is complex, as it is661

related to changes in air mass origins, transport, sublimation of hydrometeors, post-depositional662

effects as well as diffusion in the firn (Werner et al., 2001; Krinner & Werner, 2003; Buiz-663

ert et al., 2014; Casado et al., 2018; Cauquoin et al., 2019). Moreover, a direct relation-664

ship between δO18 or d-excess anomalies and temperature is not systematic (Wahl et al.,665

2022) and is insufficient to retrieve AR occurrence using this proxy alone. Aerosol anal-666

ysis, through AeRs, could complement water isotopes to retrieve past occurrences of ex-667

treme transport events, using a combined δO18-aerosol analysis, since changes in aerosol668

content in ice cores could result from changes in meteorology (Levine et al., 2014; Rhodes669

et al., 2018). This connection can also be made for longer time scales, including pale-670

oclimate reconstruction (Wolff et al., 2006).671

4.5 Understanding aerosol-climate interactions in polar regions672

Aerosols influence both the formation and evolution processes within clouds, act-673

ing as CCN or INP. The latter, because of their scarceness and the predominance of ice674

and mixed-phase clouds in the Arctic and over Antarctica (Matus & L’Ecuyer, 2017),675

condition the cloud radiative effect and therefore the energy budget of these regions, mak-676

ing them critical for understanding and predicting the polar climate (Murray et al., 2021).677

The systematic identification of ARs and AeRs could be central in helping elucidate the678

predominant CCN and INP sources originating from rapid transport to the poles. Aerosol-679

cloud interactions within ARs have yet to be studied in detail. Depending on the me-680

teorological conditions and the aerosol content and type within ARs, the cloud proper-681

ties can be affected, as well as the precipitation timing which can be either accelerated682

or delayed. Conversely, aerosols can be washed away by intense precipitation during an683

AR, as was shown here for the February 2002 AR event in the AP. Comparing combined684

AR/AeR events with AR-only events could be an efficient way to quantify these inter-685

actions.686

In addition to affecting clouds and precipitation, aerosols can darken snow and ice687

surfaces upon deposition and lower their albedo, triggering the ice albedo feedback (Bond688

et al., 2013; Skiles et al., 2018). Non-polluted ARs or combined AR+AeR likely have dif-689

ferent impacts on the polar ice sheet, which deserves closer investigation, particularly690

in connection with the observed polar amplification in which ARs and aerosols could play691

an important role (Wendisch et al., 2023; Zhang et al., 2023).692

Finally, the study of transport events of aerosols to the high latitudes usually re-693

lies on their detection from satellite or from field campaigns. Satellite measurement of694

aerosols in polar regions is complex and therefore limited, for several reasons. First, sea695
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ice is too bright a surface for sensors to accurately separate the contribution to back-scattering696

from the ground and from aerosols (Mei et al., 2013). Second, cloud cover is predom-697

inant throughout the year both in the Arctic and Antarctic (Eastman & Warren, 2010;698

Lachlan-Cope, 2010), which impedes the retrieval of valid aerosol data. Field campaigns699

and ground-based measurements are also more limited in these remote regions. As a re-700

sult, some important aerosol transport pathways or major events can be missed. The sys-701

tematic detection of AeRs using reanalysis or models can help identify all important events702

more exhaustively, which is particularly important given the current attention for a bet-703

ter quantification of aerosol-cloud interactions in polar regions. For this, dedicated high-704

resolution climate modeling of the detected events can help to provide a better under-705

standing.706

4.6 Adapting AR algorithms for heat transport707

The AeR detection developed here shows that the concept of AR detection can be708

extended to transported quantities other than water vapor. Another quantity of inter-709

est could be heat (Komatsu et al., 2018). The increased meridional latent heat trans-710

port (LHT) through ARs was shown for the mid-latitudes, in connection with the mois-711

ture transport, but the effect on sensible heat transport (SHT) is less clear (Shields et712

al., 2019). However, Shields et al. (2019) also show that under climate change scenar-713

ios, the increase in the 300 hPa meridional wind speed is a stronger driver of the increase714

in AR-related SHT than the 850 hPa meridional wind speed. This transport in the up-715

per troposphere is also characteristic of the aerosol transport in AeRs as shown in the716

different case studies in this work. The aerosol transport occurring higher up also con-717

nects to the findings from Papritz et al. (2022), who found that air subsiding from the718

mid-troposphere into the boundary layer is as important an airstream as surface fluxes719

for the transport of moisture to the Arctic in wintertime. Using similar algorithms for720

heat transport as developed for ARs and AeRs, and cross comparing ARs, AeRs and heat721

transport events could allow the community to understand how moisture, aerosols, clouds,722

latent heat release and heat advection interact during these events, and quantify how723

these interactions impact the heat budget at high latitudes.724

4.7 Limitations725

Future work building on the possibilities offered by polar AeR detection should how-726

ever be careful to keep in mind that AeRs have limitations, both from the point of view727

of their capability and their interpretation.728

4.7.1 Aerosol sources729

Because aerosol sources over the globe are generally more localized than moisture,730

when analysing specific regions of the Arctic or Antarctic, there is a risk of over-sampling731

certain trajectories that connect source and receptor regions. For example, when study-732

ing the AP, trajectories associated with Patagonian dust events could be over-represented733

due to the short distance and high activity of this source. This is particularly true for734

the Arctic where aerosol sources of all types are generally closer than in the Antarctic,735

which leads to transport events occurring more frequently. As a result, extreme trans-736

port events described by AeRs have a comparatively smaller importance when it comes737

to the annual aerosol budget in the Arctic than in Antarctica.738

However, this possible sampling bias does not seem to appear in the climatologies739

presented in this work as both ARs and AeRs feature similarities in spatial distribution740

and frequencies, despite different source regions (moisture mostly comes from the ocean,741

whereas BC and DU are mostly emitted from land). In this respect, one could argue that,742

perhaps, AeRs are a signal of extreme transport of the global background aerosol, rather743

than a source-receptor connection. In that case, for example, a DU AeR in the Antarc-744
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tic would not necessarily describe the transport of Patagonian or Australian DU, but ex-745

treme transport of air masses not coming from DU source regions, which carry background746

DU levels throughout the troposphere. This does not appear to be what happens in the747

case studies presented in Sections 3.2.1 and 3.2.2 where concentrations are much higher748

than background, but this could partly explain the lack of correlation, on average, be-749

tween emission trends and trends in AeR that we show in this work.750

4.7.2 Sea salt aerosol751

Among the different aerosol types considered here, SS AeRs seem to be a less adapted752

tool when it comes to the potential applications of AeRs. First, because sources are more753

widespread and closer to the poles, particularly in the Southern Ocean, SS AeRs are quite754

rare and seem to relate more to local large storms, rather than extreme transport of mid-755

latitude air masses. Furthermore, simulations show that the interpretation of sodium vari-756

ability in Arctic ice cores can be either related to sea ice changes or meteorological fac-757

tors, and depends on the area where the ice cores are drilled (Rhodes et al., 2018). As758

a result, the connection between sodium in ice cores and circulation patterns can be dif-759

ficult to interpret, although at shorter time scales and for Antarctica, ice core sodium760

can be more directly related to meteorology (Levine et al., 2014). In comparison, BC and761

DU in ice cores might be more straightforward to relate to atmospheric processes as the762

sources are further away, and to some extent less seasonally dependent as they are not763

connected to sea ice cover variations.764

Furthermore, SS can undergo re-suspension in sea ice and snow regions through765

the process of blowing snow (Yang et al., 2008; Frey et al., 2020). SS aerosols that were766

deposited onto coastal regions can thereby be transported further inland and eventually767

end up in non-coastal ice cores. As a result, SS aerosols that may have been brought to768

the poles through SS AeRs can be transported several days later and several hundred769

kilometers away from the AeR region. This can create a bias in the connection between770

ice core sodium and AeRs.771

4.7.3 Current state of aerosol modeling772

The representation of the polar aerosol budget in models and reanalyses is still un-773

certain. Emissions, transport and deposition are diversely represented. In particular, DU774

and SS mass concentrations are usually overestimated at high latitudes, including in MERRA2,775

and differ depending on the model/reanalysis considered (Böö et al., 2023; Lapere et al.,776

2023). Because we only evaluate extreme events here, defined based on a relative thresh-777

old, this should not be a problem for AeR detection, but for impact studies this may be778

a limitation.779

Furthermore, aerosol-radiation and aerosol-cloud interactions are still challenging780

to represent in climate models and reanalyses. In particular, the effect of aerosol con-781

tent in ARs and the role of AeRs in triggering precipitation, designated above as a topic782

that can benefit from AeR detection, is not straightforward to estimate. The extent to783

which AeRs exert a meteorological feedback, which could help self-sustain or dampen784

the transport, is also not possible to evaluate at this state of climate modeling, although785

this would be critical information for understanding the physical processes controlling786

extreme transport events. Similarly, even in the latest generation of models, transport787

and deposition (dry and wet) processes in polar regions are challenging to accurately model,788

which can affect both the quality of the AeR detection and the impact studies.789

However, these aerosol-climate interactions are better represented in smaller scale790

models, such as regional chemistry-transport models (CTMs) and regional climate mod-791

els (RCMs). We believe that using the AR/AeR catalogs can help identify test cases of792

interest which can then be simulated using high-resolution CTMs/RCMs. Evaluation and793
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sensitivity analysis for these cases can help isolate and quantify the impact on clouds and794

precipitation, and eventually on cryosphere melting, of the aerosols present in AeRs. Fur-795

thermore, deposition fluxes of BC and DU can be computed, and the impact on snow796

and ice albedo can be evaluated.797

5 Conclusions and perspectives798

In this work, we create a polar-specific AeR catalog for BC, DU and SS aerosols,799

by leveraging and adapting an AR detection algorithm. We validate the AeR detection800

by analysing case studies and comparing with AR climatologies, including evaluating the801

sensitivity of detection to the threshold chosen. We present the climatology and season-802

ality of polar AeRs, in the Arctic and Antarctic, and show that they are often similar803

to ARs, but also have different characteristics that have added-value for understanding804

poleward transport processes. We also present the trends in AeRs over the last 40 years,805

which do not show a connection with the evolution of aerosol emissions. In comparison,806

AR trends are well correlated with the increase in atmospheric moisture.807

The detailed study of three major AR and AeR events shows that they can orig-808

inate from different remote source regions and eventually converge in a confluent man-809

ner resulting in similar trajectories just before landfall. These case studies also show that810

aerosols and moisture are not transported at the same altitudes. Overall, they indicate811

that a more holistic approach of extreme transport events is needed instead of moisture-812

only or aerosol-only analyses. Composites over the strongest AR/AeR of each type fur-813

ther illustrate the complementary nature between AR and AeR, as they are associated814

with different synoptic circulations. These composites also show that co-occurring AR815

and AeR bring large amounts of aerosols near the surface compared to AR events with816

no AeR.817

The potential applications of AeRs that should be explored in future work include,818

for example:819

1. Gaining a holistic understanding of rapid transport from the mid-latitudes820

to the poles. Because the dynamics involved in AeR and AR can be similar in821

some cases, but the sources, or zones of uptake and uplift of moisture differ from822

aerosols, combining both ARs and AeRs can provide a more holistic understand-823

ing of the transport of mid-latitude air masses to the poles. This can aid in bet-824

ter understanding the underlying physical processes and their feedbacks, that are825

critically important for polar climate including, for example, cyclogenesis, block-826

ing amplification, clouds, and precipitation.827

2. Understanding aerosols preserved in ice, firn, and snow. AeR detection828

is one tool that can be used to help understanding how aerosols arrive on the ice829

sheets and aid in interpreting chemical signals stored in polar ice, firn, and snow.830

AeR catalogs take into account changes in emissions, transport and wet or dry de-831

position, which is important for understanding what species are stored in the ice832

core record and how the associated air masses were transported from the mid-latitudes833

to the poles. The approach could also be extended for future climates, and to tracer834

age analyses based on controlled emissions of various tracers, giving information835

on transit times and pathways to the ice sheet.836

3. Quantifying the impact of extreme aerosol transport on polar climate.837

Systematic studies of major aerosol intrusions through AeR can provide a way of838

quantifying both the aerosol direct (aerosol-radiation interactions) and indirect839

(aerosol-cloud interactions) effects, as influenced by transport from the mid-latitudes.840

Event detection and clustering can, for example, suggest AeR impacts on polar841

clouds and precipitation.842
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In summary, we provide a catalog of AeRs that are a new and unique tool that can843

provide a better understanding of polar climate and its connections with the mid-latitudes.844
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Figures866

Figure 1. AeR detection - threshold sensitivity. (a) average percentage of AeR grid

points as a function of the detection threshold, for BC AeR (squares), DU AeR (circles), SS AeR

(stars) and OC AeR (triangles), in the Arctic (60 ◦–85 ◦N - blue) and the Antarctic (60 ◦–85 ◦N -

yellow). (b) Fraction of AR grid points with co-occurring AeR as a function of the AeR detection

threshold.
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Figure 2. 2013-03-12 Asian dust transport to the high Arctic. Top: detection of AR

(lightblue), BC (green), DU (yellow) and SS (red) AeRs, and 500 hPa wind (arrows) on 2013-

03-12. Bottom: vertical profiles of BC, DU, SS and water vapor mixing ratio along the white

transect in the top panel. Contours indicate constant levels of equivalent potential temperature

(isentropes).
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Figure 3. 2020-04-15 pollution transport to the Arctic during MOSAiC. (a) synoptic

circulation and AR/AeR detection on April 15-16. Blue shade is AR, green shade is BC AeR,

pink shade is OC AeR, yellow shade is DU AeR, red shade is SS AeR. Wind field (arrows) and

geopotential height anomalies (contours) are superimposed on the detections. The location of

the ship is indicated by the black square. (b) time series of equivalent BC measured onboard the

ship (black line - data from Heutte et al. (2022) converted from concentration to mixing ratio

assuming air density of 1.2922 kgm−3) and corresponding AR/AeR daily detections (stars - blue

is AR, green is BC AeR, pink is OC AeR) in the ship area (black square in panel a). (c) Vertical

profiles of aerosol and water vapor mixing ratio along the white transect represented in panel a.

The orange rectangle indicates the area where the ship was located.
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Figure 4. 2002-02-19 Antarctic Peninsula AR. Vertically integrated DU (a) and water

vapor (b) flux (zonal and meridional) from MERRA2 on 2002-02-19 (colormap) and associated

500 hPa wind field (arrows). (c) detected AR (blue shade) and DU AeR (yellow shade) near the

AP on 2002-02-19. Pink shade with dashed contour is the AR detected using IWV instead of

IVT (Wille et al., 2022). Background: Moderate-Resolution Imaging Spectroradiometer (MODIS)

Terra corrected reflectance, downloaded from the Earth Observing System Data and Information

System (EOSDIS) Worldview (NASA, 2013). (d) detected AR (white contour), DU AeR (yel-

low contour) and IWV AR (white dashed contour), 500 hPa geopotential height anomaly (black

contours), 500 hPa winds (arrows), and precipitation (colormap). The extent of the right-hand

panels corresponds to the black box in the left-hand panels.
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Figure 5. Climatology of polar ARs and AeRs. Frequency of AR (left), BC AeR

(middle-left), DU AeR (middle-right) and SS AeR (right) detection, expressed as a number of

days per year under AR/AeR for each grid point. This climatology covers the period 1980–2022.
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Figure 6. Seasonality of polar ARs and AeRs. Normalized monthly average frequency

of AeR and AR grid points (left) for the Arctic (65 ◦–85 ◦N - top) and the Antarctic (65 ◦–85 ◦S -

bottom) and correlation matrix between these seasonal cycles (right). Period 1980–2022.
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Figure 7. Trends in polar ARs and AeRs. 1980–2022 trends in AR (left), BC AeR

(middle-left), DU AeR (middle-right) and SS AeR (right). Trend coefficients are computed as

a linear regression of the time series of yearly AR/AeR over the period, for each grid point.

Hatching indicates non-significant trends at the 95% level against a Mann-Kendall test.
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Figure 8. Evolution of polar ARs and AeRs. Time series of the annual number of AR

and AeR (yellow line) in the Arctic (65 ◦–85 ◦N - left) and Antarctic (65 ◦–85 ◦S - right), and evo-

lution of annual emissions of aerosols (1000 hPa water vapor mixing ratio for AR) in the northern

(0 ◦–90 ◦N) and southern (0 ◦–90 ◦S) hemisphere (black line). Straight lines indicate linear regres-

sions. All time series are normalized to vary between 0 and 1 in order to compare the relative

trends. Period 1980–2022. NB: emission trends remain similar if the cut-off is performed at 30 ◦

latitude instead of the equator (see Figure A4).
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Figure 9. Top 20 ARs and AeRs in Greenland. Blue bars are AR, green bars are BC

AeR, yellow bars are DU AeR, red bars are SS AeR. (a) composite of the top 20 ARs in terms

of cumulated vIVT reaching Greenland, and associated AeRs. (b) same as (a) but for the top 20

BC AeR. (c) same as (b) but for DU AeR. (d) same as (b) but for SS AeR. The area considered

for compositing is the black box in the left panel. The percentage corresponds to the fraction of

days for which other AR/AeR types are detected at the same time as the top AR/AeR.
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Figure 10. Top 20 ARs and AeRs in the AP. Same as Figure 10 but for AR/AeR reach-

ing the AP.
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Figure 11. Geopotential height anomalies during top events. Composite of 500 hPa

geopotential height anomalies for the top 20 events of 5 different types reaching the AP (left)

and Greenland (right). (a, e) co-occuring AR and AeR of all aerosols. (b, f) AR only with no

AeR. (c, g) BC AeR only. (d, h) DU AeR only. (e, i) SS AeR only. Geopotential height from

MERRA2.
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Appendix A867

Figure A1. Fluxes on 2013-03-12. Vertically integrated DU (a), water vapor (b), BC (c)

and SS (d) flux (zonal and meridional) from MERRA2 on 2013-03-12 (colormap) and associated

500 hPa wind field (arrows).
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Figure A2. Vertical profiles during the 2002-02-19 AP case. Vertical profiles along

the white transect in Figure 4c. Top: DU (colormap) and water vapor (contours) mixing ratio.

Middle: Liquid (colormap) and ice (contours) water mixing ratio. Bottom: surface precipitation.
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Figure A3. Aerosol emission trends. Trends in yearly aerosol emissions in MERRA2 over

the period 1980–2022.
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Figure A4. Aerosol emission trends. Sensitivity of emission trends to the cut-off latitude.

Black is for a cut-off at the equator, grey is for a cut-off at 30 ◦ N-S.
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Figure A5. Top 20 ARs and AeRs in Greenland. Blue shades are AR, green shades are

BC AeR, yellow shades are DU AeR, red shades are SS AeR. (a) composite of the top 20 ARs

in terms of cumulated vIVT reaching Greenland, and associated AeRs. (b) same as (a) but for

the top 20 BC AeR. (c) same as (b) but for DU AeR. (d) same as (b) but for SS AeR. AR/AeR

counts correspond to the number of AR/AeR days for the top 20 dates, for each grid point.
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Figure A6. Top 20 ARs and AeRs in the AP. Same as Figure 10 but for AR/AeR reach-

ing the AP.
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Figure A7. Effect of AeRs on aerosol mass and optical properties. Difference in (a)

surface mass concentration of aerosols, (b) total column mass concentration of aerosols, and (c)

aerosol optical thickness, between days with combined AR/AeR and days with AR only. The

days/area considered for compositing are the same as in Figure 11a and Figure 11b.
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Figure A8. Same as Figure A7 but for AP events.
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Figure A9. Seasonal distribution of the top 20 AeRs/ARs. Frequency of occurrence,

by season, of the top 20 AR/AeR composites from Figure 11.
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A1 Adaptations to and validation of AR detection868

The method for the detection of ARs and AeRs is based on the algorithm described869

in Wille et al. (2019, 2021). In this scheme, the criterion variable is the integrated merid-870

ional flux of water vapor (vIqTWille) between the 900 hPa and 300 hPa pressure levels871

(Eq. A1), taken every 3 hours.872

vIqTWille = −1

g

∫ 300hPa

900hPa

V q dp (A1)

where V is the meridional wind, q is the water vapor mixing ratio, and dp is the pres-873

sure level increment. NB: Wille et al. (2019) apply a − 1
g factor, with g the gravity ac-874

celeration, for dimensional purposes. We do not apply this scaling factor in our detec-875

tion because we are not interested in vIqT absolute values but only relative to the P97876

threshold (which is not affected by a constant multiplicative factor) .877

Only poleward fluxes (i.e. V positive in the northern hemisphere, and V negative878

in the southern hemisphere) are considered. The threshold on vIqTWille is defined as879

the 98th percentile of vIqTWille (P98), computed for each month and each grid cell, over880

the 1980–2018 climatology. At each time step, if vIqTWille in a grid cell is above the881

corresponding month’s threshold, the grid cell is counted as an AR-participating point.882

When an area of continuous AR-participating points is longer than 20 ◦ latitude, an AR883

is detected.884

In this work, the detection algorithm differs from Wille et al. (2019) as follows. (1)885

While Wille et al. (2019) keep the original MERRA2 resolution of 0.5 ◦ lat x 0.625 ◦ lon,886

our data is regridded to a 1 ◦x1 ◦ spatial resolution. We perform this regridding for data887

storage management and because we foresee applications of our algorithm for global cli-888

mate models, which tend to have a resolution closer to 1 ◦x1 ◦, (2) instead of limiting the889

integral between 900 hPa and 300 hPa, the flux is taken for the whole column, in order890

to leverage the integrated variables provided by MERRA2. This can have an impact over891

land near the surface where katabatic winds may affect the flux (Wille et al., 2019). As892

a result, our criterion variable becomes vIxT as described by Equation 1. This vIxT is893

a pre-computed quantity provided by MERRA2 as an integrated meridional flux. (3) As894

a result of the two previous differences, our threshold is taken as the P97 of vIxT instead895

of P98, in order to obtain similar climatologies as in Wille et al. (2019) as shown in Fig-896

ure A10. (4) The climatology is updated and covers the period 1980–2022.897

Our methodology for AR detection is slightly different from the Wille et al. (2019)898

algorithm, both in terms of input data, detection threshold, and implementation. There-899

fore a validation is carried out, comparing our results in terms of AR climatology and900

trends with those from the Wille et al. (2019) catalog. The detection catalog from (Wille901

et al., 2019) covers the years 1980–2022 and is available through the ARTMIP database902

https://doi.org/10.5065/D62R3QFS (Rutz et al., 2019).903

Figure A10 summarizes this comparison, with Figure A10a showing that, for the904

years 1980–2022, both methodologies yield similar magnitudes and spatial patterns in905

the frequency of AR detection both in the Arctic and the Antarctic, except for slightly906

stronger gradients in our detection. In the Arctic, maximum frequencies of around 1%907

are obtained over Greenland, coming from the Northwest Atlantic region, and in the Bering908

strait region, coming from the North Pacific, with an additional pathway over Western909

Russia. In the Antarctic, West Antarctica and the peninsula, along with Queen Maud910

Land feature a 1% maximum frequency detection in both catalogs. Furthermore, the un-911

derlying seasonality of ARs, aggregated by pole (50–80 ◦N for the Arctic, 50–80 ◦S for912

the Antarctic), is the same with both approaches, as described in Figure A10b, with monthly913

Pearson correlation coefficients of 0.99 and 0.96, for the Arctic and Antarctic, respec-914

tively, for the period 1980–2022. This seasonality is stronger in the Arctic with a max-915
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imum of detection in winter and a minimum in summer. A weaker seasonality with a916

maximum in austral winter is observed for the Antarctic.917

In terms of trends, Figure A10c shows almost identical spatial patterns between918

the two catalogs. Both catalogs mainly show increasing trends in the regions where AR919

detection is climatologically most frequent, suggesting an amplification effect more than920

a change in physical processes. In the Arctic, the Bering strait region features the largest921

increasing trend with around 1 more AR day per decade. In the Antarctic, West Antarc-922

tica and Queen Maud land are the regions where this increasing trend is the most sig-923

nificant with also 1 more AR day per decade. Finally, Figure A10d describes this trend924

comparison in terms of regionally aggregated time series, showing very similar annual925

variations along with identical overall increasing trends over the 1980–2022 period.926

In conclusion, despite slight methodological differences, the results given by our adapted927

polar AR detection scheme are very comparable to (Wille et al., 2019), and our detec-928

tion leveraging vertically integrated variables provided by MERRA2 is therefore fit for929

purpose and can be duplicated to aerosols.930

Another parameter than the threshold percentile that could be tuned for AeRs is931

the shape criterion imposing a minimum 20 ◦ extent in latitude. Aerosol sources, includ-932

ing anthropogenic activities and biomass burning, exist in North America and Siberia933

around 65 ◦–70 ◦N. Because of the 20 ◦-latitude length criterion, AeRs originating from934

these sources will not be accounted for unless they reach the pole. From an aerosol trans-935

port perspective this may seem like a limitation. However, we argue that, by design, AeRs936

should generally detect extreme, long-range transport of background aerosols from the937

mid-latitudes, rather than relating to aerosol sources activity. In this respect, we believe938

it is relevant to keep the 20 ◦-latitude length condition for aerosols as well, despite the939

implied rejection of high latitude sources that can be important for the Arctic aerosol940

budget. For the Antarctic, this criterion is not a problem since all aerosol sources (ex-941

cept sea salt) are further away than 20 ◦ in latitude.942
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Figure A10. Validation of the adaptations made to the Wille et al. (2019) AR de-

tection scheme. (a) Frequency of AR grid points detected in 1980–2022 using our method (left)

and the Wille et al. (2019) method (right). (b) Seasonality in the normalized number of AR grid

points in 1980–2022 above 50 ◦ N (blue) and below 50 ◦ S (gold), with our method (solid line) and

the Wille et al. (2019) method (dashed line). Spatial averaging is weighted by the cell surface.

R indicates the Pearson correlation coefficient between our catalog and the Wille et al. (2019)

catalog. (c) Trends in AR days per year in the Antarctic, over the period 1980–2022, in this work

(left) and in Wille et al. (2021) (right). (d) Relative evolution of AR frequency in the Arctic (top

- 50–80 ◦ N) and Antarctic (bottom - 50–80 ◦ S) in both catalogs, for the period 1980–2022.
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Myhre, G., Shindell, D., Bréon, F.-M., Collins, W., Fuglestvedt, J., Huang, J., . . .1159

Zhang, H. (2013). Climate Change 2013: The Physical Science Basis. Contri-1160

bution of Working Group I to the Fifth Assessment Report of the Intergovern-1161

mental Panel on Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M.1162

–47–



manuscript submitted to JGR: Atmospheres

Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley1163

(eds.)]. In (chap. Anthropogenic and Natural Radiative Forcing). Cambridge1164

University Press, Cambridge, UK and New York, NY, USA.1165

NASA. (2013). EOSDIS Worldview. Retrieved from https://worldview.earthdata1166

.nasa.gov/1167

Nash, D., Waliser, D., Guan, B., Ye, H., & Ralph, F. M. (2018). The Role of Atmo-1168

spheric Rivers in Extratropical and Polar Hydroclimate. Journal of Geophysi-1169

cal Research: Atmospheres, 123 (13), 6804–6821. doi: 10.1029/2017JD0281301170

Neiman, P. J., Ralph, F. M., Moore, B. J., Hughes, M., Mahoney, K. M., Cordeira,1171

J. M., & Dettinger, M. D. (2013). The Landfall and Inland Penetration of a1172

Flood-Producing Atmospheric River in Arizona. Part I: Observed Synoptic-1173

Scale, Orographic, and Hydrometeorological Characteristics. Journal of Hy-1174

drometeorology , 14 (2), 460–484. doi: 10.1175/JHM-D-12-0101.11175

Nyg̊ard, T., Naakka, T., & Vihma, T. (2020). Horizontal Moisture Transport Dom-1176

inates the Regional Moistening Patterns in the Arctic. Journal of Climate,1177

33 (16), 6793–6807. doi: 10.1175/JCLI-D-19-0891.11178

O’Brien, T. A., Wehner, M. F., Payne, A. E., Shields, C. A., Rutz, J. J., Leung, L.-1179

R., . . . Zhou, Y. (2022). Increases in Future AR Count and Size: Overview of1180

the ARTMIP Tier 2 CMIP5/6 Experiment. Journal of Geophysical Research:1181

Atmospheres, 127 (6), e2021JD036013. doi: 10.1029/2021JD0360131182

Papritz, L., Hauswirth, D., & Hartmuth, K. (2022). Moisture origin, transport path-1183

ways, and driving processes of intense wintertime moisture transport into the1184

Arctic. Weather and Climate Dynamics, 3 , 1–20. doi: 10.5194/wcd-3-1-20221185

Pernov, J. B., Beddows, D., Thomas, D. C., Dall´Osto, M., Harrison, R. M.,1186

Schmale, J., . . . Massling, A. (2022). Increased aerosol concentrations in the1187

High Arctic attributable to changing atmospheric transport patterns. npj Cli-1188

mate and Atmospheric Science, 5 (1), 1–13. doi: 10.1038/s41612-022-00286-y1189

Pithan, F., Svensson, G., Caballero, R., Chechin, D., Cronin, T. W., Ekman,1190

A. M. L., . . . Wendisch, M. (2018). Role of air-mass transformations in1191

exchange between the Arctic and mid-latitudes. Nature Geoscience, 11 (11),1192

805–812. doi: 10.1038/s41561-018-0234-11193

Pohl, B., Favier, V., Wille, J., Udy, D. G., Vance, T. R., Pergaud, J., . . . Codron,1194

F. (2021). Relationship Between Weather Regimes and Atmospheric Rivers1195

in East Antarctica. Journal of Geophysical Research: Atmospheres, 126 (24),1196

e2021JD035294. doi: 10.1029/2021JD0352941197

Quinn, P. K., Shaw, G., Andrews, E., Dutton, E. G., Ruoho-Airola, T., & Gong,1198

S. L. (2007). Arctic haze: current trends and knowledge gaps. Tellus B , 59 ,1199

99–114. doi: 10.1111/j.1600-0889.2006.00238.x1200

Ralph, F. M., Rutz, J. J., Cordeira, J. M., Dettinger, M., Anderson, M., Reynolds,1201

D., . . . Smallcomb, C. (2019). A Scale to Characterize the Strength and Im-1202

pacts of Atmospheric Rivers. Bulletin of the American Meteorological Society ,1203

100 (2), 269–289. doi: 10.1175/BAMS-D-18-0023.11204

Rantanen, M., Karpechko, A. Y., Lipponen, A., Nordling, K., Hyvärinen, O., Ru-1205

osteenoja, K., . . . Laaksonen, A. (2022). The Arctic has warmed nearly four1206

times faster than the globe since 1979. Commun Earth Environ, 3 , 1–10. doi:1207

10.1038/s43247-022-00498-31208

Raut, J.-C., Marelle, L., Fast, J. D., Thomas, J. L., Weinzierl, B., Law, K. S., . . .1209

Schlager, H. (2017). Cross-polar transport and scavenging of Siberian1210

aerosols containing black carbon during the 2012 ACCESS summer cam-1211

paign. Atmospheric Chemistry and Physics, 17 (18), 10969–10995. doi:1212

10.5194/acp-17-10969-20171213

Rhodes, R. H., Yang, X., & Wolff, E. W. (2018). Sea Ice Versus Storms: What Con-1214

trols Sea Salt in Arctic Ice Cores? Geophysical Research Letters, 45 (11), 5572–1215

5580. doi: 10.1029/2018GL0774031216

Rinke, A., Segger, B., Crewell, S., Maturilli, M., Naakka, T., Nyg̊ard, T., . . . Keller,1217

–48–



manuscript submitted to JGR: Atmospheres

J. (2019). Trends of Vertically Integrated Water Vapor over the Arctic dur-1218

ing 1979–2016: Consistent Moistening All Over? Journal of Climate, 32 (18),1219

6097–6116. doi: 10.1175/JCLI-D-19-0092.11220
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