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1. Introduction
Polar regions are experiencing climate change more than any other region of the planet (Hall, 2004; Rantanen 
et al., 2022). Changes in aerosol emissions are significantly contributing to the recent Arctic warming, through 
the interaction of aerosols with clouds and radiation (Acosta Navarro et al., 2016; AMAP, 2021). This faster 
change is also impacted by the cloud phase feedback, which is influenced by aerosols (Tan & Storelvmo, 2019). 
In parallel, aerosols and clouds (and their interactions) comprise a large uncertainty in global climate predictions, 
including in the Arctic and Antarctic (Myhre et al., 2013; Szopa et al., 2021). In addition, the polar regions are 
largely snow and ice covered and one important polar climate feedback mechanism is through deposition of 
light absorbing aerosols (including dust and black carbon) which darkens these surfaces and accelerates melting/
warming (Bond et al., 2013; Skiles et al., 2018). Therefore, it is critical to be able to estimate the aerosol budget 
in the polar regions, including the contribution from rapid transport from the mid-latitudes toward the poles 
(Schmale et al., 2021).

The aerosol lifecycle in the polar regions has specific characteristics compared to typical urban or remote regions 
found at mid-latitudes. Primary aerosol sources in the Arctic and Antarctic include sea spray from the open 
ocean, leads and blowing snow (Abbatt et al., 2019; Frey et al., 2020; Kirpes et al., 2019), dust from ice-free 
terrain (Amino et al., 2021; Bullard et al., 2016; Meinander et al., 2022), and some local anthropogenic emissions 
(Marelle et al., 2018; Roiger et al., 2015). Intrusions of aerosol-containing mid-latitude air masses contribute 

Abstract Aerosols play a key role in polar climate, and are affected by long-range transport from the 
mid-latitudes, both in the Arctic and Antarctic. This work investigates poleward extreme transport events of 
aerosols, referred to as polar aerosol atmospheric rivers (p-AAR), leveraging the concept of atmospheric rivers 
(AR) which signal extreme transport of moisture. Using reanalysis data, we build a detection catalog of p-AARs 
for black carbon, dust, sea salt and organic carbon aerosols, for the period 1980–2022. First, we describe the 
detection algorithm, discuss its sensitivity, and evaluate its validity. Then, we present several extreme transport 
case studies, in the Arctic and in the Antarctic, illustrating the complementarity between ARs and p-AARs. 
Despite similarities in transport pathways during co-occurring AR/p-AAR events, vertical profiles differ 
depending on the species, and large-scale transport patterns show that moisture and aerosols do not necessarily 
originate from the same areas. The complementarity between AR and p-AAR is also evidenced by their long-
term characteristics in terms of spatial distribution, seasonality and trends. p-AAR detection, as a complement 
to AR, can have several important applications for better understanding polar climate and its connections to the 
mid-latitudes.

Plain Language Summary The extreme transport of aerosol-containing air masses, from the 
mid-latitudes to the polar regions, can be characterized and quantified by leveraging polar Aerosol Atmospheric 
Rivers (p-AARs). This is similar to the Atmospheric Rivers (ARs) which carry large amounts of water to the 
poles and affect the overall stability of polar ecosystems. In this work, we establish a detection algorithm for 
p-AARs and evaluate it for different well-known aerosol intrusions or AR events. The areas most affected 
by p-AARs are described, their trends are investigated and we discuss the potential applications of p-AAR 
detection for a better understanding of polar climate.
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significantly to the aerosol budget in the Arctic (J. L. Thomas et al., 2017; Zhao et al., 2022) and Antarctic (Jumelet 
et al., 2020), and may affect polar cloud properties with important climate implications (Dada et al., 2022; Shi 
et al., 2022). In the Arctic in winter and spring, the polar dome expands to include some parts of Europe, Eurasia, 
and North America, so that pollution from the mid-latitudes can be transported at low levels toward the Arctic, 
which is known as the Arctic Haze phenomenon (Barrie, 1986; Quinn et al., 2007). Aerosols are also transported 
from lower latitudes into the Arctic dome via three possible pathways: low-level transport followed by uplift 
upon reaching the dome and eventually descent, direct injection into the free troposphere at the source followed 
by long-range transport, or via mid-latitude cyclones transporting pollutants in the free troposphere into the 
Arctic (Stohl, 2006; M. A. Thomas et al., 2019). Several of these circulation types can be associated with warm 
air mass intrusions, as reviewed in Pithan et al. (2018), or the more extreme atmospheric rivers (AR), which also 
bring large quantities of moisture and precipitation to the polar regions (Gorodetskaya et al., 2014; Maclennan & 
Lenaerts, 2021; Turner et al., 2019).

ARs are defined as long filamentary bands of poleward moisture transport often embedded within the low-level 
jet ahead of an extratropical cyclone's cold front. They make a major contribution (90%) to the transport of water 
vapor from the interior of the tropics to the mid-latitudes and the poles, even though they cover only about 10% of 
the surface area; four or five AR in each hemisphere may therefore be sufficient to carry the majority of meridional 
flows across the globe (Nash et al., 2018; Zhu & Newell, 1998). ARs are low-frequency, high-impact events with 
major implications for the global hydrological cycle. They have been linked with flooding and drought busting 
(i.e., water system replenishment during dry spells) in the mid-latitudes (Lavers et al., 2012; Neiman et al., 2013; 
Ralph et  al.,  2019), and ice-sheet mass balance impacts in polar regions (Adusumilli et  al.,  2021; Mattingly 
et al., 2018; Wille et al., 2019, 2021, 2022). Due to their crucial role in the hydrological cycle, various global 
AR detection algorithms have been developed, as summarized for example, in the Atmospheric River Tracking 
Method Intercomparison Project (ARTMIP) program (Shields et al., 2018, 2022). ARs in the mid-latitudes have 
been shown to initiate the deposition of long-range transported dust and biological aerosols through ice riming 
when the AR moisture is forced upward through orographic or isentropic ascent (Creamean et al., 2013; Francis 
et al., 2022). Given the importance of AR for moisture transport, and the importance of aerosols for cloud forma-
tion, distinguishing clean and aerosol-containing ARs could be important for understanding precipitation, surface 
and cloud albedo, radiation and melting impact of ARs.

Inspired by the concept of ARs, Chakraborty et  al.  (2021,  2022) proposed the definition of aerosol atmos-
pheric rivers (AARs) to characterize the rapid, large-scale transport of large quantities of aerosols. Chakraborty 
et al. (2021) developed an objective global algorithm to detect AARs and demonstrated that they play a crucial 
role in long-range transport pathways, accounting for a significant fraction (40%–80%) of global total aero-
sol transport over relatively few events (20–40 AAR days/year). These works demonstrated that AARs can be 
detected and are useful for investigating and quantifying aerosol transport.

For polar applications, it is important to adapt the detection of AARs to the specific characteristics of poleward 
transport. This is similar to the case of ARs, where there is a large spread in AR detection frequency between 
global and regional methods (Collow et al., 2022). Due to the lower moisture capacity of colder, polar atmos-
pheres, most global AR detection algorithms tend to capture an overly broad swath of extratropical cyclone 
activity instead of the more characteristically intense meridional moisture transport seen in ARs. Thus a regional 
detection method is better suited for studying AR connections with modes of variability, especially around the 
Southern Ocean (Shields et al., 2022).

Here, we follow the development of the concept of AARs, from Chakraborty et al. (2021, 2022), but adapt the 
polar AR detection method developed by Wille et al. (2019) to do so, in order to identify polar oriented extreme 
transport of aerosols. These will be referred to as polar aerosol atmospheric rivers (p-AAR) hereafter. Leveraging 
this detection, we aim to answer the following scientific questions:

•  What are the characteristics and climatology of p-AARs?
•  How do p-AARs compare with ARs?
•  Can p-AARs provide a moisture-independent characterization of atmospheric circulation during extreme 

poleward transport events?

In order to answer these questions, the paper is organized into the following sections. In Section 2, the algorithm 
and the input data used for AR and p-AAR detection are described. Then, we show case studies of major ARs and 
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p-AARs, validating the detection method and illustrating the interest of a combined approach to extreme transport 
events (Section 3). The climatology and characteristics of p-AAR in the Arctic and the Antarctic obtained with 
this algorithm are also presented in Section 3. Finally, we discuss the potential applications of this p-AAR catalog 
in Section 4.

2. Data and Methods
2.1. AR and p-AAR Detection Methods

The quantity of interest for p-AAR detection is the vertically integrated, meridional mass flux of aerosol (denoted 
vIxT), as described by Equation 1.

v𝐼𝐼𝐼𝐼𝐼𝐼 = ∫
𝑡𝑡𝑡𝑡𝑡𝑡

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑉𝑉 𝐼𝐼 𝑉𝑉𝑡𝑡 (1)

where V is the meridional wind speed, dp is the pressure level increment, and x is the transported quantity of 
interest (water vapor mixing ratio for AR, aerosol mixing ratio for p-AAR).

We focus on three key aerosol species for p-AARs including: black carbon (BC), dust (DU), and sea-salt (SS). 
These three species are selected because they are representative of different types of emission sources and 
processes, and cover most of the global mass of primary aerosols (Chin et  al.,  2002). Organic Carbon (OC) 
p-AARs are also considered for a case study although the climatology is not investigated in detail. For each time 
step, whenever a grid point has a vIxT directed poleward (i.e., positive for the Northern Hemisphere, negative for 
the Southern Hemisphere), it is considered a p-AAR-participating point provided that the vIxT value for this point 
is larger than the historical 97th percentile (P97) for the whole corresponding month over the 1980–2022 clima-
tology (see Appendix A2 for more details). The choice of P97 is discussed in Section 3.1. When a continuous 
area (i.e., a contour) of p-AAR-participating points extends more than 20° in latitude, a p-AAR is detected. This 
detection scheme is adapted from Wille et al. (2019, 2021) and applied in this work both to integrated meridional 
fluxes of water vapor for the detection of ARs, and to integrated meridional fluxes of BC, DU, SS and OC for 
p-AARs. The suitability of the 20°-latitude extent criterion for p-AAR is discussed in Appendix A2. The valida-
tion of the adaptations compared to the original AR detection method is provided in Appendix A2.

This detection method is different from the one adopted by Chakraborty et al. (2021), owing to our need for a 
polar-adapted detection. The main differences between these two approaches are described in Appendix A3, 
along with a comparison of the climatologies given by the p-AAR and AAR catalogs, and examples of differences 
in detections based on case studies.

The definition of an AR consists in selecting extreme events based on considerations of extreme moisture trans-
port amounts. The detection algorithms take into account an AR event by analyzing points where the meridional 
integrated vapor transport (vIVT) exceeds a threshold value. For AR detection, the threshold is taken at P97 here, 
as it matches best with the reference AR climatologies from Wille et al. (2019), with the MERRA-2 input data 
used here (described in Section 2.2), although Wille et al. (2019) used a P98 threshold instead. This is connected 
to different spatial resolutions and assumptions in the computation of vIVT (different vertical extent for the inte-
gration), as explained in Appendix A2.

Like for AR, a key parameter for a p-AAR detection methodology is the threshold for which grid cells are consid-
ered p-AAR-participating. There is no reason why the same number of events should be found for different aero-
sols. The definition of an AR or p-AAR event should therefore be based solely on an objective and independent 
statistical detection criterion, regardless of the aerosol type under consideration. For this reason, we recommend 
considering the same percentile for all aerosol types. In this work, we chose to remain consistent between the 
transport of moisture and aerosols in order to capture similar types of anomalous events, regardless of the trans-
ported quantity. As a result, the threshold P97 is also used for p-AARs.

The algorithms for AR and p-AAR detection described in this work are implemented in a Python3 Jupyter Notebook 
(Kluyver et al., 2016). This code leverages the contour detection offered by the Matplotlib library (Hunter, 2007), 
and the image analysis tools from the OpenCV library (Bradski, 2000) which provides an efficient way of mask-
ing 2-dimensional data. The corresponding detection catalogs for AR and p-AAR, based on MERRA-2 vertically 
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integrated fluxes at 1° × 1° spatial resolution (see Section 2.2) and covering the period 1980–2022, along with the 
processing and detection codes, are available at https://doi.org/10.5281/zenodo.8082768 (Lapere, 2023).

Using the definition described above, p-AARs can be seen as a selection of the most extreme aerosol trans-
port events reaching high latitude that are long enough and with a poleward orientation. Regional and seasonal 
large-scale pollution transport, such as Arctic haze, is not detected as p-AAR due to the use of an extreme (P97), 
seasonal (monthly) and local (point by point) threshold, which filters out regularly occurring aerosol transport 
pathways. p-AARs are extreme transport events that are generated by strong blocking activity, similar to polar 
ARs (Wille et al., 2019), and they therefore have elongated, filament-like structures (see the detection catalog 
available at https://doi.org/10.5281/zenodo.8082768 (Lapere,  2023) and Figures in Section 3.2). Due to their 
shape and their similarity to polar ARs, we refer to these events as aerosol atmospheric rivers.

Mid-latitude AR/AAR detection algorithms traditionally use lower thresholds, for example, P85, and include 
additional constraints on length (i.e., greater than 2,000 km, which corresponds to our 20°-latitude criterion) and 
aspect ratio (greater than 2:1). Due to the nature of transport to the polar regions, Wille et al. (2019) found that by 
using a more selective threshold than P85, the additional aspect ratio criteria is not needed. The 2:1 aspect ratio 
is respected using our detection method with average length to width ratios of 2.3:1 and 2.4:1 for BC and DU 
p-AAR reaching 65°N, and 3.1:1 and 3.2:1 for BC and DU p-AAR reaching 65°S.

2.2. MERRA-2 Data

The data used for AR detection is the MERRA-2 hourly Vertically Integrated Diagnostics, northward flux of 
atmospheric water vapor. Similarly, the detection of p-AARs is performed using the MERRA-2 hourly Vertically 
Integrated Diagnostics, dust/black carbon/sea salt/organic carbon column v-wind mass flux. The MERRA-2 
aerosol product was also used in Chakraborty et al. (2021, 2022) for AAR detection. These products are inte-
grated fluxes over the whole atmospheric column (1000 hPa to 0.1 hPa). Additionally, large scale meteorological 
conditions (500 hPa geopotential height, 500 hPa winds and surface precipitation) associated with the case stud-
ies presented are extracted from the single-level MERRA-2 hourly reanalysis. Geopotential height anomalies are 
computed as the difference between the hourly values averaged over the considered event and the monthly mean 
climatology for the corresponding month. For these case studies, vertical profiles of aerosol and water mixing 
ratio are from the MERRA-2 hourly product on pressure levels. Total column mass concentration and surface 
concentration of aerosols, as well as aerosol optical thickness are from the MERRA-2 hourly single level aerosol 
assimilation product. All data sets are systematically re-gridded to the 1° × 1° spatial resolution and re-sampled 
to a 3-hourly time resolution. Monthly aerosol emission fluxes from MERRA-2 are also considered, for the 
1980–2022 period. For readability, the references corresponding to these data sets are summarized as Global 
Modeling and Assimilation Office (GMAO) (2015a, 2015b, 2015c, 2015d, 2015e). Emissions of sea salt and 
dust in MERRA-2 are computed online at hourly resolution, while biomass burning emissions are daily inputs 
(Randles et al., 2017). Although no validation of MERRA-2 aerosols is carried out in this work, previous studies 
on polar aerosols have relied on MERRA-2 data and showed reasonable performance of this product at high 
latitudes (Böö et al., 2023; Xian et al., 2022; Zamora et al., 2022). In addition, the fact that the events presented 
in Section 3.2 are adequately captured by MERRA-2 suggests that this product is fit for the purpose of detecting 
extreme transport events of aerosols.

3. Results and Discussion
3.1. p-AAR Detection Thresholds

The sensitivity of the p-AAR detection to the threshold choice is tested in Figure 1a. With a P99 threshold, the 
fraction of grid points above 60°N or below 60°S which belong to a p-AAR is less than 0.2%, on average, for all 
aerosol species and both poles. With P97, this number increases to around 0.5%–1% for non SS species. For SS 
this number is lower, at 0.2%. As the threshold decreases, the number of p-AAR points increases, up to around 
20% of the domain, on average, for a P65 threshold. This illustrates how strongly the detection depends on the 
selection of the threshold.

In Figure 1b, we look at the percentage of AR points, over the climatology, which are also p-AAR points (i.e., 
overlapping contours), using different p-AAR detection thresholds (but keeping P97 for ARs). We investigate this 
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sensitivity for BC, DU, SS, and OC, for the Arctic and the Antarctic, with similar conclusions for all, irrespec-
tive of the hygroscopic nature of the aerosol type. For percentiles above P85, the slope is steep and the number 
of co-located AR and p-AAR points varies strongly, between less than 5% for P99, and up to 70% for P85. For 
percentiles below P85, the number of co-occurrences starts to reach its asymptotic value of 70%–80%. This shows 
that no matter what percentile threshold is chosen for p-AARs, 20%–30% of AR grid cells cannot be described 
as p-AAR grid cells, and therefore belong to pristine (no aerosol) AR cases. This illustrates that while ARs and 
p-AARs may be similar (see Section 3.3), they describe different phenomena.

Figure 1 also shows that SS p-AARs behave differently from other p-AAR types. For similar detection thresholds, 
SS p-AAR are detected less often than for other aerosols, and also coincide less often with ARs. This can be 
connected to the relatively closer source of SS in polar regions compared to other aerosol sources. The DU and 
BC aerosols found at the poles mostly originate from the mid-latitudes, but SS is mainly emitted from open ocean 
areas, such as the Southern Ocean or North Atlantic and North Pacific, which are located closer to the poles. As 

Figure 1. Polar Aerosol Atmospheric River detection - threshold sensitivity. (a) Average percentage of p-AAR grid points as 
a function of the detection threshold, for Black carbon (BC - squares), Dust (DU - circles), Sea salt (SS - stars) and Organic 
carbon (OC - triangles) p-AAR, in the Arctic (60°–85°N - blue) and the Antarctic (60°–85°N - yellow). (b) Fraction of 
Atmospheric River (AR) grid points with co-occurring p-AAR as a function of the p-AAR detection threshold.
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a result, the background SS is higher and the regional transport more frequent, which leads to a higher P97 and 
therefore lower frequency of SS p-AAR. The implications of this result are further discussed in the continuation.

3.2. Validation of the Detection With Case Studies

Here we study events of AR and large aerosol transport which were well monitored and documented in the liter-
ature, in order to assess if they are well captured by our detection algorithm. We analyze these case studies using 
both the AR and p-AAR detections and show the interest of adopting a combined analysis approach for a better 
understanding of extreme poleward transport events.

3.2.1. 2013 Asian Dust Transport to the Arctic

A dust transport event from Asia to the high Arctic, originating from the Gobi desert, was recorded in March 2013, 
which resulted in several days of enhanced pollution measured at Arctic stations (Zhao et al., 2022). Although this 
event was originally studied from the point of view of dust transport, the AR/p-AAR detection scheme developed 
in this study shows that extreme transport of other aerosols and water vapor also occurred simultaneously at these 
dates, along the same pathways, with AR, BC p-AAR and SS p-AAR detected in addition to the DU p-AAR 
(Figure 2). Figure A1 reveals that the DU transport was originally zonal above Asia, and turns poleward near the 
180° longitude mark, where AR and p-AARs are detected, extending from 35°N to 90°N. This spatial pattern is 
consistent with the findings from Zhao et al. (2022). Figure A1 also shows that although the AR/p-AARs have 
similar spatial extents, they are associated with transport originating from different areas.

Based on the patterns in Figure A1, DU most likely comes from the Gobi desert, which was shown and discussed 
in Zhao et al. (2022) using backward trajectory analysis. BC, SS and water vapor likely originate from various 
source regions, different from DU according to Figure A1. Therefore, these similar AR/p-AAR detections actu-
ally connect different sources to the receptor region in the Arctic.

The vertical profiles associated with this transport event (Figure 2) reveal that the DU aerosols are transported in 
two layers, at around 700 hPa and 400 hPa. BC aerosols are found in the same 700 hPa layer, but not higher up in 
the atmosphere. In comparison, the SS aerosols and moisture along the transect are mostly found near the surface, 
below 800 hPa, in connection with more local sources of SS and moisture. The DU and BC transport pathway 
near 700 hPa is consistent with the transport mechanism from Asia due to lifting of air mass and slow descent 
in the Arctic due to radiative cooling, described in Stohl (2006), although the transect shown here is too short 
for this descent mechanism to be visible. The 400 hPa DU layer on the other hand can either come from longer 
range transport, or from the same source region and have been lifted higher up at another time, as illustrated by 
the back-trajectories in Roiger et al. (2011). Climatological zonal mean cross sections of BC in Wang et al. (2014) 
further indicate that the 400 hPa layer likely comes from sources located in South or East Asia or North Africa, 
while the 700 hPa layer most likely originates from Northern Asia or Northern Europe. This layer may also come 
from the generally excessive concentrations of DU in the polar free troposphere in MERRA-2 (Böö et al., 2023).

This event was of importance for the Arctic climate: Zhao et al. (2022) estimate that it contributed to a reduction 
of snow and ice albedo of around 2%, due to deposition of dust and soot. Therefore, quantifying the frequency of 
such events is critical for a better understanding of the Arctic climate. Moreover, this Asian dust transport event 
was recorded as a polar crossing event, with increases in particulate matter concentration as far as Alert, Canada 
(Zhao et al., 2022). Therefore, we would expect the DU p-AAR contour to reach this region. However, the p-AAR 
detection is, by design, unable to capture polar crossing events since the condition for the detection of a p-AAR is 
that the transport has to be directed toward the pole. This is a limitation of the current algorithm, which is also a 
limitation of polar AR detection methods. Similar polar-crossing aerosol transport events were also observed and 
studied in Sodemann et al. (2011); Raut et al. (2017), for example, which justifies improving current algorithms 
for a more comprehensive detection.

3.2.2. 2020 European Pollution Transport to the Arctic

In April 2020, an extreme aerosol transport event was recorded in the central Arctic (85°N, 15°E) during the 
international Multidisciplinary drifting Observatory for the Study of the Arctic Climate (MOSAiC) expedition 
(Dada et  al.,  2022; Shupe et  al.,  2022) which involved the Polarstern research vessel. Measurements showed 
strong, rapid increases in aerosol surface concentrations, including BC and OC. This event is well captured by 
our detection algorithm (Figure 3a “MOSAiC event”), with an AR detected on April 15, at the onset of the event, 
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which was described as driven by a warm air mass intrusion by Dada et al. (2022). In parallel, a BC and an OC 
p-AAR are detected on the same day, lasting for 3 consecutive days, during which increased BC surface concen-
trations were recorded (Figure 3b). Dada et al. (2022) also noted increased concentrations of OC in addition to 

Figure 2. 2013-03-12 Asian dust transport to the high Arctic. Top: detection of Atmospheric River (AR - lightblue), Black carbon (BC - green), Dust (DU - yellow) 
and Sea salt (SS - red) polar Aerosol Atmospheric Rivers (p-AAR), 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).

 21698996, 2024, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JD

039606 by C
ochrane France, W

iley O
nline L

ibrary on [14/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Atmospheres

LAPERE ET AL.

10.1029/2023JD039606

8 of 40

BC, with which our OC p-AAR detection is also consistent. Figure 3c further shows that MERRA-2 captures this 
event adequately, with BC surface mixing ratios rising up to 0.3 μg kg −1 both in the observations and the reanal-
ysis at the location of the ship (orange square in Figure 3c).

Figure 3. 2020-04-15 pollution transport to the Arctic during MOSAiC. (a) Synoptic circulation and Atmospheric River 
(AR) and polar Aerosol Atmospheric River (p-AAR) detection on 2020-04-15/16. Blue shade is AR, green shade is Black 
carbon (BC) p-AAR, pink shade is Organic carbon (OC) p-AAR, yellow shade is Dust (DU) p-AAR, red shade is Sea salt 
(SS) p-AAR. 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 kg m −3) 
and corresponding AR/p-AAR daily detections (stars - blue is AR, green is BC p-AAR, pink is OC p-AAR) 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. Contours indicate constant levels of equivalent 
potential temperature (isentropes).
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The vertical profiles associated with this event reveal that the transport of aerosols occurs at several altitudes 
(Figure 3c). The large quantities of BC and OC close to the surface are consistent with the observations from 
Dada et al. (2022) that low-altitude transport of air masses from northern Eurasia explained the measured increase 
in aerosols at the location of the Polarstern. The secondary aerosol layer higher up, around 600 hPa, is more likely 
connected to transport from eastern and southern Asian sources, which dominate the high-altitude transport to 
the Arctic in spring (Xu et al., 2017). Similar to the Asian dust case presented in Section 3.2.1, moisture is trans-
ported close to the surface, below 800 hPa.

Dada et al. (2022) highlight the importance of this event with respect to aerosol-cloud interactions, and therefore 
climate, with an observed strong increase of cloud condensation nuclei (CCN) concentrations during the intru-
sion. This event was observed during the MOSAiC expedition, with a unique set of in situ and remote sensing 
measurements available. However, Figure 3a shows that at the same time, another major combined AR/p-AAR 
event reached Greenland (”Greenland event”). First, a DU p-AAR is detected, which can affect the formation and 
characteristics of mixed-phase clouds given the important role of dust as ice nucleating particle (INP) (Murray 
et al., 2012). Second, because an AR is also associated with the BC and DU p-AAR, light-absorbing aerosols 
were likely deposited to the Greenland ice sheet by wet scavenging. Events like these may impact the albedo of 
the Greenland ice sheet through deposition of light-absorbing impurities, thereby contributing to accelerate the 
melting of the cryosphere, through the snow albedo feedback (Skiles et al., 2018). The precise impact of such 
p-AAR events needs to be studied as well, despite the lack of in situ measurements. In summary, this case study 
shows how the use of p-AAR detection can form the basis of more systematic studies of such extreme aerosol 
transport events and their impact on polar climate.

3.2.3. 2002 Antarctic Peninsula AR

On 19 February 2002, a major AR event was detected in the Antarctic Peninsula (AP) and was connected to 
the final collapse of the Larsen B ice shelf (Wille et al., 2022). This event is also detected as a DU p-AAR 
(Figure 4 presents the synoptic situation during this event). However, the DU p-AAR (yellow shade) and AR 
(blue shade) have different spatial coverage (Figure 4c). According to our catalog, an AR is detected in the 
southern Pacific Ocean, which does not extend further south than the tip of South America. However, when 
using the AR occurrences detected by Wille et al. (2022) with their algorithm based on integrated water vapor 
(IWV) values instead of vIVT, the AR contour (pink shade) made landfall in good agreement with the area 
where the highest rainfall rates were observed (Figure 4d), except for the southwestern precipitation area over 
Ellsworth land.

For the event depicted in Figure 4, the highest water vapor amounts are simulated in a more zonal flow and are 
divorced from the strongest meridional flow near the extratropical cyclone center (Figure 4d). This orientation 
lowered the meridional moisture transport below the detection threshold over the AP. As the IWV AR detection 
is independent of moisture transport direction, the algorithm detects an AR extending further poleward within 
the region of zonal winds.

All of the precipitation reaching the AP is within the DU p-AAR contour. In this case, with an AR-only approach, 
whether using vIVT or IWV, the precipitation in Ellsworth land is not associated to the transport event, but by 
combining vIVT AR with IWV AR and DU p-AAR the whole precipitation event can be traced back to the extreme 
long-range transport of air masses. Precipitation is a critical mass source for the ice sheet (Lenaerts et al., 2019). 
However, rainfall brought by AR can cause melt-albedo feedback and enhance snow melt (Box et al., 2022). As a 
result, precipitation events reaching the ice sheet, including the water phase, are of major importance. Therefore, 
it is critical to be able to capture the whole precipitation event in this case to better identify the underlying sources 
and transport pathways, and connect to the type of precipitation.

For this event, the DU aerosol and moisture had different source regions. The DU p-AAR most likely origi-
nated from Australia (Figure 4a), while the moisture that contributed to the AR comes from the central tropical 
Pacific area (Figure 4b), the region where the strongest ARs affecting the AP are generated, as described in Clem 
et al. (2022). After traveling above the Pacific Ocean, these two air masses generating the AR and p-AAR meet in 
a confluent manner, near 40°S–110°W and converge afterward. This shows how an AR and p-AAR correspond-
ing to the same event can connect the impacted region to different source areas and therefore transport processes. 
This case can also illustrate how ARs and p-AARs partly follow the same trajectories (here they overlap at around 
35°S), but later diverge (here the p-AAR goes further poleward than the AR and with a more meridional axis) as 
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AR-associated air parcels lose their moisture content when advecting over colder ocean surfaces and isentropi-
cally ascend.

As shown by Figure 4c, the DU p-AAR is detected over the cloud-free region adjacent to the AR. One possible 
explanation for this is that the extent of the DU p-AAR is initially the same as the AR, but the DU aerosols present 
in the AR are scavenged in- or below-cloud along the way. This would lower their atmospheric concentration and 
hence the poleward flux, which would no longer be detected as a p-AAR. This hypothesis is consistent with the 
vertical profiles during the event (Figure A2): DU is mostly found in large quantities where no liquid/ice water 
is found, and over the region of lower precipitation along the transect, but the mixing ratio is very low wherever 
water, including precipitation, is found. Figure A2 also shows, similar to the previous cases, that the transport of 
aerosols takes place at higher altitude than moisture transport.

In summary, these case studies show that (a) the p-AAR detection algorithm reproduces well important aerosol 
transport events, (b) aerosols and moisture during combined AR/p-AAR events are not transported at the same 
altitudes, and (c) aerosols and moisture do not necessarily follow the same large-scale pathways nor originate 
from the same area, even though they impact the same receptor region.

3.3. Characteristics of p-AARs

In this section we present the climatology (1980–2022) of p-AARs (i.e., poleward p-AARs that reach high latitude 
areas) and show their similarity and differences compared to ARs, including the impacted areas and seasonality. 

Figure 4. 2002-02-19 Antarctic Peninsula Atmospheric River. Vertically integrated Dust (DU) (a) and water vapor (b) flux (zonal and meridional) from MERRA-2 
on 2002-02-19 (colormap) and associated 500 hPa wind field (arrows). (c) Detected Atmospheric River (AR - blue shade) and DU polar Aerosol Atmospheric River 
(p-AAR - yellow shade) near the Antarctic Peninsula on 2002-02-19. Pink shade with dashed contour is the AR detected in Wille et al. (2022) using Integrate Water 
Vapor (IWV) instead of meridional Integrated Vapor Transport (vIVT). 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 p-AAR (yellow 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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We also explore the trends in the frequency of occurrence of p-AARs and ARs between 1980 and 2022 for the 
Arctic and Antarctic.

3.3.1. Climatology

We present a high latitude poleward p-AAR climatology and investigate the regions most affected by p-AAR 
events and the seasons of stronger activity, in order to establish a comparison with ARs. In the Arctic, BC 
p-AARs are mostly detected in the northern Atlantic, reaching the Greenland and Iceland regions, and in the 
northeastern Pacific, reaching Alaska predominantly, and the Bering strait area, with a frequency of up to 5 days 
per year for the 1980–2022 period (Figure 5). To some extent, DU p-AARs are found in the same regions as 
BC p-AARs, except for an eastward displacement in the Atlantic where higher frequencies are obtained, and an 
additional pathway over Russia that does not appear in BC p-AARs. Overall, DU p-AARs are also more frequent 
than BC p-AARs. Since sources of SS are more evenly distributed around the globe and closer to the polar regions 
compared to BC and DU, SS p-AARs are much less frequent, with a maximum frequency of 2 days per year. 
They also present a unique spatial distribution: The maximum of SS p-AAR detection frequency and dominant 
pathway is located in Russia, far from significant SS sources, where baseline concentrations are very low but fast 
transport can occur. Although these SS p-AARs do not seem to reach the high Arctic, this is an interesting feature 
showing how different aerosols can trace different pathways. This feature can also be related to a known issue 
of errant sea spray emissions over the Caspian and Black Seas in MERRA-2 (Randles et al., 2017). Elsewhere, 
the detection frequency of SS p-AARs is more homogeneous and generally less than 1 day per year. Compared 
to ARs, BC and DU p-AARs have similar frequencies of occurrence and spatial distributions overall, except at 
higher latitudes, where p-AARs can be two times more frequent than ARs, for instance in northern Greenland 
and the central Arctic.

In the Antarctic, BC p-AARs are more frequent than DU p-AARs, in contrast to the Arctic. p-AARs generally 
affect similar areas as ARs, except for Queen Maud Land (20°W–45°E), which is frequently reached by ARs, but 
seldom affected by p-AARs. The finding for the Arctic that p-AARs are more frequent than ARs at higher latitude 
does not apply for the Antarctic. SS p-AARs are less frequent than BC and DU p-AARs in the Antarctic too, and 
predominantly reach the Weddell Sea and Coats Land region (36°W–20°W). An important difference between 
p-AARs in the Arctic and the Antarctic is that, in the Antarctic, p-AARs (and ARs likewise) tend to be able to 
reach higher latitudes more frequently. While the frequency of AR/p-AAR crossing 80°N is less than 2.5 days per 

Figure 5. Climatology of polar Atmospheric Rivers and polar Aerosol Atmospheric Rivers. Frequency of Atmospheric River (AR - left), Black carbon (BC - 
middle-left), Dust (DU - middle-right) and Sea salt (SS - right) polar Aerosol Atmospheric River (p-AAR) detection, expressed as a number of days per year under 
AR/p-AAR for each grid point. This climatology covers the period 1980–2022.
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year in the Arctic, they can penetrate as far as 85°S in West Antarctica with twice the frequency. This suggests a 
possibly larger impact (through change in, e.g., clouds, precipitation, albedo) of ARs/p-AARs on the Antarctic ice 
sheet than on the central Arctic sea ice, because of the stronger polar vortex around Antarctica which generally 
limits intrusions of lower-latitude air masses.

In the Arctic, averaged at the regional scale (65°–85°N), the seasonality of p-AARs (analyzed using the number 
of p-AAR points per month) is similar to that of ARs, with maximum frequency in winter months and minimum 
activity in summer months, and a correlation of at least 0.69 among these four types of AR/p-AAR (Figure 6). 
For ARs, this can be related to higher background levels of moisture in the summertime atmosphere (Rinke 
et al., 2019) which, due to the threshold definition criterion, causes fewer situations to be categorized as AR 
in this season, along with the position of the Arctic dome that does not favor long-range transport in summer, 
including of aerosols (Boyer et  al.,  2023). This makes the long-range transport relatively less important, as 
opposed to winter/spring when the polar dome is more expanded which facilitates long-range transport from 
lower latitudes (Boyer et al., 2023; Pernov et al., 2022). The DU p-AAR seasonality shown here is consistent with 
the seasonality of DU transport to the Arctic shown in Böö et al. (2023). SS p-AARs stand out, with a stronger 
seasonality and more rapid transitions between the winter and summer frequencies, resembling more a binary 
regime shift than a smooth seasonal evolution (cross markers in Figure 6). This latter cycle is harder to interpret 
as there are few SS p-AAR events per year (Figure 5), but it may be related to the seasonal cycle of sea ice cover: 
when sea ice is at its minimum extent, between late spring until late fall, more open ocean is present compared to 
winter, and therefore more SS is emitted locally. As a result of these local emissions, the background SS loads are 
higher than in winter, and the relative contribution of transport is thus less important, which is why SS p-AARs 
are less often detected.

In the Antarctic (65°–85°S), the seasonality is less clear, especially for BC p-AARs which do not feature a 
seasonal cycle and are, as a result, not correlated with the other three types of AR/p-AAR at the 95% level. This 
absence of correlation is interesting as it can signal a more steady occurrence of BC p-AARs throughout the year, 
which provides a more systematic and non-seasonally dependent way of analyzing extreme transport events. Here 
again, the seasonality of SS p-AARs is stronger than for the other species, also most likely related to sea ice cover 
seasonality like in the Arctic. Given how the sulfate content of SS in ice and firn, which varies with seasons, 
may be used to recover the seasonality of precipitation and reconstruct annual surface mass balance (Goursaud 
et al., 2019), coupling this feature with SS p-AAR detection can provide insight for the reconstruction of seasonal 
climate variations.

Despite their relatively low frequency of occurrence (generally less than 1% of the time - Figure 5), p-AARs 
account for a notable fraction of the total annual meridional transport of aerosols to the poles (up to more than 
14%), as illustrated in Figure A3. The fraction of BC transport to the Arctic driven by p-AAR ranges from 3% 
around the North Pole up to 8% in the Bering Strait area and North Atlantic. Over the Southern Ocean, 8%–12% 
of BC transport occurs through p-AAR, down to around 5% in Antarctica. For DU, this fraction is even higher 
with more than 14% in Northern Europe and 12% over the Bering Strait area, and more than 10% in the Southern 
Ocean. Given the lower frequency of occurrence of SS p-AAR, their contribution to SS transport is also lower 

Figure 6. Seasonality of polar Atmospheric Rivers and polar Aerosol Atmospheric Rivers. Normalized monthly average 
frequency of polar Atmospheric Rivers (AR) and polar Aerosol Atmospheric Rivers (p-AAR) 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. Stars in the matrix indicate non-significant Pearson correlation coefficients at the 95% level.
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than for BC and DU, with most values below 6% and rarely exceeding 8%. Contrary to BC and DU, this fraction 
for SS is generally larger over land than oceanic areas.

3.3.2. Trends

This section investigates the spatial and temporal trends of p-AARs, including a comparison with AR trends, in 
order to assess whether they similarly reflect changes in the climate. We explore whether there is a connection 
between the evolution in the frequency of AR/p-AAR events and the amount of the corresponding transported 
species present in the atmosphere. For aerosols, this amount is represented as the total annual emissions. For 
water vapor, we use annual mean surface atmospheric concentrations. AR/p-AAR are short-lived events and 
therefore are not directly linked to annual quantities of aerosol/water, but on long time scales the evolution of the 
latter quantities is representative of the availability of the transported tracers, and therefore connect to AR/p-AAR 
frequency.

If there is more moisture/aerosol available, even with no evolution in transport patterns, more AR/p-AAR will 
be detected since the historical threshold will be crossed more frequently. In a warming climate, due to the 
Clausius-Clapeyron relationship, the water content in the atmosphere increases and therefore more AR should 
be detected. As a result of this correlation, it is hard to disentangle the effect on AR frequency of the warming 
climate and of changes in circulation patterns. Primary aerosol emissions on the other hand are not as strongly 
affected by the warming climate, which may be an opportunity to isolate the change in extreme poleward trans-
port frequency using p-AAR. This idea is explored in the next paragraphs.

Figures 7 and 8 show that ARs feature significantly (at the 95% level) increasing trends at the regional level 
since the 1980s, despite spatial heterogeneity, with similar magnitudes at both poles. The underlying causes 
for these trends remain an open question (Wille et al., 2019, 2022). Increasing amount of water vapor in the 
atmosphere at the mid-latitudes as the climate warms could partly explain this (Gershunov et al., 2017). For the 
Arctic, changes in circulation, with increasing frequency of blockings also drive the increase in moisture transport 
(Nygård et al., 2020; You et al., 2022), whereas in Antarctica, trends on the Amundsen Sea Low might explain 
AR trends in the Amundsen-Bellinghausen Sea (Turner et al., 2013; Wille et al., 2021). Trends in AR activity 
across Antarctica are similar with previously observed trends, but are slightly sensitive to the choice of the reanal-
ysis product used for AR detection (Wille et al., 2021). Figure 8 illustrates that, overall at the hemispheric level, 
the evolution of high latitude poleward ARs is closely correlated with the evolution of hemispheric averages of 
water vapor mixing ratio at 1000 hPa. p-AARs on the other hand display a variety of trends depending on the pole 
and species considered (Figure 7).

Figure 7. Trends in polar Atmospheric Rivers and polar Aerosol Atmospheric Rivers. 1980–2022 trends in Atmospheric Rivers (AR - left), Black carbon (BC - 
middle-left), Dust (DU - middle-right) and Sea salt (SS - right) polar Aerosol Atmospheric Rivers (p-AAR). Trend coefficients are computed as a linear regression of 
the time series of yearly AR/p-AAR 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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BC p-AARs tend to generally increase over time in the Arctic, except over the Finland/Russia corridor where a 
significant decreasing trend is observed (Figure 7). BC p-AARs strongly increase in the North Atlantic, while 
BC emissions decrease in Europe and do not display trends in North America (Figure A4). This suggests that 
the evolution of North Atlantic p-AARs may be driven more by changes in circulation than changes in source 
intensity. However, BC p-AARs are also strongly increasing in the Bering Strait area, which is more directly 
under the influence of aerosol transport from the Indo-Gangetic plain and East Asia (Backman et al., 2021; Ikeda 
et al., 2017; Zhao et al., 2022). Figure A4 shows that BC emissions in Asia have been increasing over the period. 
The resulting increase in BC p-AAR frequency over the Bering Strait may thus be connected to the change in 
source activity and not only changes in dynamics, contrary to the North Atlantic sector. In the Antarctic, BC 
p-AARs are more homogeneously increasing, with only a portion of East Antarctica not showing a significant 
trend. In parallel, BC emissions decrease in the Amazon region in MERRA-2 (Figure A4), which drives the 
hemisphere-averaged decrease, but strong increases in emissions are found in southern Africa and south Asia. 
The resulting increasing trend in BC p-AARs suggests that either (i) African and Asian BC sources are more 
important than South American sources for Antarctic-reaching BC p-AARs, or (ii) changes in circulation domi-
nate the evolution. Note that averaging emissions only below 30°S/above 30°N instead of the whole hemisphere, 
results in the same conclusions (Figure A5).

DU p-AARs do not feature significant trends in the Arctic on average (Figure 8), due to slight increases in North-
east America and Siberia compensated by slight decreases over Europe and Alaska (Figure 7). At the same time, 

Figure 8. Evolution of polar Atmospheric Rivers and polar Aerosol Atmospheric Rivers. Time series of the annual number 
(yellow line) of polar Atmospheric Rivers (AR) and polar Aerosol Atmospheric Rivers (p-AAR) in the Arctic (65°–85°N 
- left) and Antarctic (65°–85°S - right), and evolution 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 regressions 
(solid lines if the trend is significant at the 95% level based on a Mann-Kendall test, dashed line otherwise). 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 A5).
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emissions are slightly decreasing in the northern hemisphere (Figure 8). For the Antarctic, a strong increasing 
trend is observed everywhere (Figure 7), despite a slight decrease in emissions (Figure 8). However, the decrease 
in emissions hides an important heterogeneity: while DU emissions decrease in Australia over the period, they 
increase in Patagonia at the same time (Figure A4). The fact that the resulting DU p-AAR trend has on average 
a strong increase (Figure 8) suggests that the South American DU sources are generally more important than 
Australian sources for Antarctic DU p-AARs. This is consistent with the usual dominant transport pathways of 
DU to Antarctica (Neff & Bertler, 2015), but differ from the finding by Li et al. (2008) that sources in South 
America and Australia contribute equally to the average DU transport to the Antarctic.

SS emissions have been increasing globally over the course of the 20th century (Figure A4), driven by increases 
in wind speed and decline of sea-ice cover (Lapere et al., 2023). As a result of the increasing emissions, the 
historical threshold is more and more likely to be exceeded, and therefore an increase in SS p-AAR would be 
expected over the last decades under unchanged transport dynamics. However, contrary to this expectation, the 
corresponding trend in SS p-AARs is on average non-significant (Figure 8) and even slightly decreasing at higher 
latitudes, particularly over Greenland and Antarctica (Figure 7). This might suggest that the dynamical mecha-
nisms generating SS p-AARs have been generally weakening over the last 40 years.

In summary, current trends in p-AAR (a) are different from trends in AR, (b) are diverse depending on the type 
of p-AAR (BC, DU, SS), (c) have clear differences between the poles, and (d) are not clearly correlated with 
emission trends. All of the above suggests that AR and p-AAR detections have the potential to be complementary 
tools that can be used together for a number of applications, as will be further discussed in Section 4.

3.4. Co-Occurrence of Strongest p-AARs and ARs

This section investigates the strongest AR/p-AAR of each type that reached Greenland and the AP, between 
1980 and 2022. These two regions are often studied in the AR literature, hence their choice as receptor regions 
here. The top AR and p-AAR days are ranked based on the cumulated vIxT within an AR/p-AAR event detected 
inside the black contours in the left panels in Figures 9 and 10. The top 20 of these events are then analyzed as a 
composite, and their co-occurrence with other types of AR/p-AAR is quantified.

For Greenland, the 20 strongest ARs are frequently associated with BC p-AARs (70% of events), around 60% of 
the time with DU p-AARs, and less than 20% with SS p-AARs (Figure 9a). These top AR events originate from 
the northwest Atlantic Ocean (Figure A6). In contrast, the strongest BC p-AARs affect primarily eastern Green-
land, coming from the northeastern Atlantic Ocean or continental North America (Figure A6), and occur mostly 
independently from the other types of AR/p-AAR, with co-occurrences in less than 30% of the cases (Figure 9b). 
Major DU p-AARs originate either from the continental North America or from Northern Africa, where impor-
tant dust sources exist, and are associated with BC p-AARs for up to 75% of cases (Figure 9c). ARs are present 

Figure 9. Top 20 polar Atmospheric Rivers and polar Aerosol Atmospheric Rivers in Greenland. Blue bars are Atmospheric 
Rivers (AR), green bars are Black carbon (BC) polar Aerosol Atmospheric Rivers (p-AAR), yellow bars are Dust (DU) 
p-AAR, red bars are Sea salt (SS) p-AAR. (a) Composite of the top 20 ARs in terms of cumulated meridional Integrated 
Vapor Transport (vIVT) reaching Greenland, and associated p-AARs. Panel (b) same as (a) but for the top 20 BC p-AAR. 
Panel (c) same as (b) but for DU p-AAR. Panel (d) same as (b) but for SS p-AAR. 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/p-AAR types are detected 
at the same time as the top AR/p-AAR.
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for 45% of the top DU p-AARs, and SS p-AARs are mostly absent. Finally, major SS p-AARs are often associated 
with ARs and BC p-AARs (more than 50%), and with DU p-AARs only in 40% of cases (Figure 9d). Generally, 
major ARs tend to be associated with p-AARs, but the opposite is not the case. p-AARs can occur within rela-
tively dry air masses not classified as ARs.

In the AP, the co-occurrence of all types of AR/p-AAR is generally more frequent than in Greenland (Figures 10 
and A7). Top SS p-AARs feature less frequent co-occurrences than the other types of AR/p-AAR (Figure 10d). 
75% of the top ARs are also BC p-AARs (Figure 10a), and more than 75% (50%, respectively) of the top DU (BC, 
respectively) p-AARs are associated with co-located ARs (Figures 10b and 10c). Another difference between 
Greenland and the AP is that the top AR/p-AAR for Greenland feature a variety of orientations and thereby 
source region, whereas in the AP all these events have a similar axis, with an origin near the tip of South America 
(Figure A7). Trajectories also appear to be more narrow for the AP than Greenland. This can be related to more 
distributed aerosol sources and more diverse transport pathways in the Arctic. Figure 10 also shows that the top 
ARs/p-AARs reaching the AP are more often coinciding with other types of ARs/p-AARs also reaching the AP 
than it is the case for Greenland (except for SS p-AAR). Although a more thorough investigation is required 
to explain this difference, this may suggest that in the AP, extreme AR/p-AAR events are driven more by the 
dynamics, since all the quantities are transported, whereas in Greenland those large events may be driven both by 
transport patterns and emission sources, due to the closer proximity of those sources.

4. Potential Applications of p-AARs
The general characteristics of p-AARs and the case studies presented above suggest that p-AARs can have rele-
vance for several applications, interesting for both the aerosol and the climate communities. In the following we 
explore some of these potential applications.

4.1. On the Co-Occurrence of p-AARs and ARs

The association between ARs and p-AARs could be used to understand both how aerosols modify cloud proper-
ties and for understanding aerosol wet deposition. BC and DU aerosols are important species when it comes to 
liquid and mixed-phase clouds, as BC can act as CCN (Quinn et al., 2011; Zieger et al., 2023) and DU can act as 
INP (Irish et al., 2019; Kawai et al., 2023; Yun et al., 2022). Therefore, when ARs and p-AARs are combined, 
cloud properties could be different compared to AR-only cases, with impacts on cloud albedo and/or precip-
itation timing. Also, since ARs are important contributors to precipitation in the AP (Maclennan et al., 2023; 
Wille et al., 2021), ARs that are also p-AARs could scavenge (wet removal in and below clouds) the high aerosol 
content, resulting in deposition to the ice sheet upon precipitation, which can darken snow and ice surfaces, and 
trigger the ice albedo feedback (Bond et al., 2013; Skiles et al., 2018). The co-localized presence of large amounts 
of moisture and aerosols can also significantly increase aerosol optical depth through the uptake of water by 
hygroscopic aerosols, with direct impacts on surface radiation.

These possible impacts are illustrated by the difference in total column and atmospheric surface mass concen-
tration of aerosols, as well as aerosol optical thickness (AOT), during the top 20 combined AR/p-AAR events 

Figure 10. Top 20 polar Atmospheric Rivers and polar Aerosol Atmospheric Rivers in the Antarctic Peninsula. Same as 
Figure 9 but for AR/p-AAR reaching the Antarctic Peninsula (AP).
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(i.e., simultaneous detection of AR, BC p-AAR, DU p-AAR and SS p-AAR) compared to the top 20 AR events 
without associated p-AAR in Greenland (Figure A8) and the AP (Figure A9). These top 20 AR/p-AAR are ranked 
based on the daily mean vIVT averaged over the region defined by the black contours in Figures A8 and A9.

Over Greenland, atmospheric surface mass concentration of BC and DU increase by up to 15 ng m −3 and 1 μg m −3, 
respectively, when AR and p-AARs occur simultaneously compared to AR-only cases (Figure A8a), indicating 
that transport does not only occur at high altitudes in the atmosphere. SS surface concentrations mostly increase 
over the ocean but the anomaly can reach up to 3 μg m −3 over Greenland. For all aerosols, the total column mass 
density also has a positive anomaly during AR + p-AAR events (Figure A8b). Similarly, AOT increases by up to 
0.08 in the Greenland region (Figure A8c). The largest increases in AOT are correlated with the largest increases 
in SS mass. Given the highly hygroscopic nature of SS, the combined presence of high moisture levels through 
the AR, and SS through the SS p-AAR, explains this large increase in AOT, which can have major impacts on 
the radiative balance through the aerosol-radiation interaction. For the AP, similar conclusions can be drawn as 
for Greenland, except for DU for which the surface transport contributes more to the total column compared to 
Greenland (similar change in total column, but surface concentrations 10 times larger). Based on Figures A8 
and A9, it is important to distinguish between clean and polluted ARs for understanding precipitation, albedo, 
radiation and melting impact of ARs. p-AAR detection provides a way to do so, and facilitates conducting more 
holistic impact studies.

The synoptic conditions are different when AR and p-AAR occur simultaneously compared to cases when each 
type of AR/p-AAR occurs independently, as shown in Figure 11. For Greenland, there is a larger diversity of 
synoptic situations for the top 20 AR/p-AAR compared to the AP. The geopotential height anomalies are similar 
for combined AR/p-AAR (Figure 11e) and AR-only (Figure 11f) cases, with a strong high centered on Iceland, and 

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 Antarctic Peninsula (left) and Greenland (right). (a, e) Co-occurring Atmospheric River (AR) and polar Aerosol Atmospheric River (p-AAR) of all aerosols. (b, f) 
AR only with no p-AAR. (c, g) Black carbon (BC) p-AAR only. (d, h) Dust (DU) p-AAR only. (e, i) Sea salt (SS) p-AAR only. Geopotential height from MERRA-2. 
Hatching indicates areas where the standard deviation of the anomaly among the events is two times larger than the absolute value of the average anomaly.
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a comparatively weaker low above eastern Canada. The cases where only BC p-AARs are detected are associated 
with similar spatial patterns but the low is comparatively stronger, and the high comparatively weaker, in addition 
to a slight eastward displacement which connects Greenland with North American air masses (Figure 11g). For 
DU p-AAR days, the transport is driven by a strong high located over the Norway sea, enabling transport from 
North Africa but without an associated low pressure system (Figure 11h). In other words, the transport in this case 
is probably slower, but more sustained and with less wet scavenging. SS p-AAR cases exhibit, for Greenland as 
well, circulation patterns different from all the others: a large area of low pressure covering Canada and extending 
until Europe, and a weaker high near Svalbard (Figure 11i). This synoptic situation leading to local storms can 
export large amounts of open-ocean-sourced sea spray. As a result, SS p-AAR may not be as fit as BC and DU 
p-AAR for the purpose of characterizing long-range transport from the mid-latitudes.

In the AP, when all types of AR/p-AAR occur simultaneously, a strong high-low dipole with a longitudinal axis 
appears (Figure 11a), indicating that air masses originate primarily from continental South America. The situa-
tion is similar when ARs with no p-AAR occur, with the exception of the dipole axis which is tilted and therefore 
suggests air masses come from the southeastern Pacific Ocean rather than continental areas (Figure 11b). When 
only BC p-AARs are detected, the dipole is weaker, with a reduced intensity of the low in particular, and shifted 
eastward (Figure 11c), but the typical wave train of high-lows coming from Australia appears more clearly than 
in the other cases. The composite during DU p-AARs (Figure 11d) is similar to BC p-AARs, except for the tilt of 
the dipole which shows the influence of Patagonian dust sources in this configuration. In the case of SS p-AARs 
only, the synoptic situation is different from all the others: a very strong low covers the whole AP, surrounded by a 
strong high in the southwestern Atlantic Ocean and another high at the Pacific and Southern Ocean demarcation. 
This situation translates the fact that SS sources are closer to Antarctica (sea spray from the Southern Ocean), 
compared to the other aerosols, and are thus transported by strong winds associated with local storms during 
extreme events.

The differences in synoptic circulation described above can partially be attributed to the season during which 
these top events occur. For Greenland, compound events are mostly found in SON–DJF, with the exception of SS 
p-AARs which are more frequent in DJF–MAM (Figure A10). This last feature can be connected to the sea ice 
cover at that season, which implies a more important contribution from long-range transport to Arctic concen-
trations of SS. Cases with only DU p-AAR and only SS p-AAR are similarly found predominantly in JJA–SON 
in the Antarctic. For both poles, the events transporting all quantities simultaneously (AR + BC + DU + SS) 
have the same seasonal distribution: 50% occur during wintertime, and another 30% during the fall. This finding 
suggests that winter-fall weather regimes are more favorable for the occurrence of more intense ARs/p-AARs 
reaching Greenland/AP, in addition to being conducive to a higher frequency of AR/p-AAR occurrence irre-
spective of their intensity on average at the poles (as indicated by Figure 6). This similarity in the seasonality of 
combined events can be leveraged for studying, for instance, the comparative evolution, between the two poles, 
of the seasonality of extreme transport, over longer time scales.

In summary, differences in synoptic circulation appear when considering the five different types of AR/p-AAR 
(AR, BC p-AAR, DU p-AAR, SS p-AAR, and all combined), leading to different source/receptor areas during 
the strongest events. Polar BC p-AAR, and DU p-AAR are also usually polar ARs and vice versa, which can 
have a combined impact broader than only affecting aerosols or moisture independently. Therefore, they deserve 
to be treated as compound events, not in isolation. Because of their different pathways, p-AARs can sometimes 
connect relatively dry transport events to their impacts (e.g., precipitation) when ARs are not detected. This anal-
ysis supports the idea that adopting a clustering analysis using the 5 types of AR/p-AAR discussed here should 
be explored in future work.

4.2. Dry Extreme Poleward Transport

p-AARs can provide insight for cases of fast poleward transport of relatively dry air masses, that we have demon-
strated to be significantly different from AR in terms of the circulation pattern (see Figure 11). In recent liter-
ature (Pohl et al., 2021), AR analogs were analyzed, showing important differences with polar AR events. By 
leveraging the p-AAR detection built in this work, future research could try to address the question: what if 
these AR analogs are p-AARs? If so, because of the difference in moisture content and radiation/cloud feedback 
(due to aerosols), the (thermo)dynamics of these two types of events should be different, despite leading to the 
analogous situations shown in Figure 11. The compared vertical structures of moisture/aerosol extreme transport 
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events, in particular, could help better describe the underlying physical processes. Adopting a new clustering 
method accounting for ARs, analogs and p-AARs instead of the first two only could pave the way toward a better 
understanding of the factors contributing to AR-like dynamics, and could help to explain the occurrence of non 
AR-related extreme temperature events (Wille et al., 2022).

4.3. Analyzing Future Poleward Transport Occurrences

Analyzing future AR frequency and intensity is complex. As the climate warms, more moisture is available, 
which constitutes a trend in the source of AR-carried water vapor (Gershunov et al., 2017), as shown in Figure 8. 
This trend makes it hard to untangle changes in circulation from changes in atmospheric water vapor content 
when exploring current and future trends in ARs (Bintanja et  al.,  2020; Rinke et  al.,  2019). In addition, the 
AR response to future climate change is highly dependent on the chosen detection tool (O’Brien et al., 2022; 
Shields et al., 2023). For natural aerosols, the emission sources are not expected to feature strong trends in future 
scenarios, although more sea salt (Lapere et al., 2023) and possibly slightly more dust (Zhou et al., 2023) can 
be expected under a changing climate. Local sources of anthropogenic aerosols such as BC are also expected to 
change moderately, particularly in the Arctic with increased shipping traffic (Corbett et al., 2010). However, the 
aerosol trends are less directly connected to the warming temperatures compared to the changes in moisture  trans-
port (Held & Soden, 2006).

p-AARs can offer robust and key information on the dependence of intrusions and ARs on climate change. The 
implementation of specific simulations, with controlled aerosol emissions, would make it possible to assess the 
future evolution of atmospheric intrusions considering only variations in atmospheric dynamics. The assessment 
of the future evolution of the frequency and intensity of ARs could then be treated by eliminating the increase in 
frequency of occurrence resulting directly from the Clausius-Clapeyron process. Another method could consist 
of introducing idealized aerosols with different residence times, or other tracers, in a general circulation model 
(Krinner & Genthon, 2003) and then to analyze the resulting p-AARs. Applying this approach based on tracer age 
for different climates would allow to analyze the climatologies of poleward transport, including in future climate.

4.4. Ice Core Analysis of Past AR Activity

The reconstruction of AR variations in past climate has been proposed through the analysis of water isotopes 
in ice cores, using the δO 18 ratio (Servettaz et al., 2023), which can be related to changes in local temperature 
over long time scales (Jouzel et al., 1997). However, the use of the δO 18-temperature relationship in ice cores is 
complex, as it is related to changes in air mass origins, transport, sublimation of hydrometeors, post-depositional 
effects as well as diffusion in the firn (Buizert et al., 2014; Casado et al., 2018; Cauquoin et al., 2019; Krinner 
& Werner, 2003; Werner et al., 2001). Moreover, a direct relationship between δO 18 or d-excess anomalies and 
temperature is not systematic (Wahl et al., 2022) and is insufficient to retrieve AR occurrence using this proxy 
alone. Aerosol analysis, through p-AARs, could complement water isotopes to retrieve past occurrences of 
extreme transport events, using a combined δO 18-aerosol analysis, since changes in aerosol content in ice cores 
could result from changes in meteorology (Levine et al., 2014; Rhodes et al., 2018). This connection can also be 
made for longer time scales, including paleoclimate reconstruction (Wolff et al., 2006).

In addition, Earth System Models (ESM) sometimes use aerosol content measured in ice cores for evaluating the 
simulated aerosol concentrations in past conditions (Moseid et al., 2022). However, it is not clear how well ESMs 
reproduce specific extreme events which can generate p-AARs, or more generally AARs (e.g., extreme boreal 
fires). These events can account for an important fraction of the aerosols deposited onto snow (J. L. Thomas 
et al., 2017) and found in ice cores. An evaluation of both AAR and p-AAR occurrences in ESMs could therefore 
help better understand the model limitations when comparing aerosol trends in ESM and ice cores, and provide 
insight into deposition of light absorbing particles onto the ice sheet.

4.5. Understanding Aerosol-Climate Interactions in Polar Regions

Aerosols influence both the formation and evolution processes within clouds, acting as CCN or INP. The latter, 
because of their scarceness and the predominance of ice and mixed-phase clouds in the Arctic and over Antarctica 
(Matus & L’Ecuyer, 2017), condition the cloud radiative effect and therefore the energy budget of these regions, 
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making them critical for understanding and predicting the polar climate (Murray et al., 2021). The systematic 
identification of ARs and p-AARs could be central in helping elucidate the predominant CCN and INP sources 
originating from rapid transport to the poles. Aerosol-cloud interactions within ARs have yet to be studied in 
detail. Depending on the meteorological conditions and the aerosol content and type within ARs, the cloud prop-
erties can be affected, as well as the precipitation timing which can be either accelerated or delayed. Conversely, 
aerosols can be washed away by intense precipitation during an AR, as was shown here for the February 2002 
AR event in the AP. Comparing combined AR/p-AAR events with AR-only events could be an efficient way to 
quantify these interactions.

In addition to affecting clouds and precipitation, aerosols can darken snow and ice surfaces upon deposition and 
lower their albedo, triggering the ice albedo feedback (Bond et al., 2013; Skiles et al., 2018). Non-polluted ARs 
or combined AR + p-AAR likely have different impacts on the polar ice sheet, which deserves closer investiga-
tion, particularly in connection with the observed polar amplification in which ARs and aerosols could play an 
important role (Wendisch et al., 2023; Zhang et al., 2023).

Finally, the study of transport events of aerosols to the high latitudes usually relies on their detection from 
satellite or from field campaigns. Satellite measurement of aerosols in polar regions is complex and therefore 
limited, for several reasons. First, sea ice is too bright a surface for sensors to accurately separate the contribu-
tion to back-scattering from the ground and from aerosols (Mei et al., 2013). Second, cloud cover is predom-
inant throughout the year both in the Arctic and Antarctic (Eastman & Warren,  2010; Lachlan-Cope, 2010), 
which impedes the retrieval of valid aerosol data. Field campaigns and ground-based measurements are also 
more limited in these remote regions. As a result, some important aerosol transport pathways or major events 
can be missed. The systematic detection of p-AARs using reanalysis or models can help identify all important 
events more exhaustively, which is particularly important given the current attention for a better quantification of 
aerosol-cloud interactions in polar regions. For this, dedicated high-resolution climate modeling of the detected 
events can help to provide a better understanding.

4.6. Adapting AR Algorithms for Heat Transport

The p-AAR detection developed here shows that the concept of AR detection can be extended to transported 
quantities other than water vapor. Another quantity of interest could be heat (Komatsu et  al.,  2018). The 
increased meridional latent heat transport (LHT) through ARs was shown for the mid-latitudes, in connection 
with the moisture transport, but the effect on sensible heat transport (SHT) is less clear (Shields et al., 2019). 
However, Shields et  al.  (2019) also show that under climate change scenarios, the increase in the 300  hPa 
meridional wind speed is a stronger driver of the increase in AR-related SHT than the 850 hPa meridional wind 
speed. This transport in the upper troposphere is also characteristic of the aerosol transport in p-AARs as shown 
in the different case studies in this work. The aerosol transport occurring higher up also connects to the findings 
from Papritz et al. (2022), who found that air subsiding from the mid-troposphere into the boundary layer is as 
important an airstream as surface fluxes for the transport of moisture to the Arctic in wintertime. Using similar 
algorithms for heat transport as developed for ARs and p-AARs, and cross comparing ARs, p-AARs and heat 
transport events could allow the community to understand how moisture, aerosols, clouds, latent heat release 
and heat advection interact during these events, and quantify how these interactions impact the heat budget at 
high latitudes.

4.7. Limitations

Future work building on the possibilities offered by p-AAR detection should however be careful to keep in mind 
that p-AARs have limitations, both from the point of view of their capability and their interpretation.

4.7.1. Aerosol Sources

Because aerosol sources over the globe are generally more localized than moisture, when analyzing specific 
regions of the Arctic or Antarctic, there is a risk of over-sampling certain trajectories that connect source and 
receptor regions. For example, when studying the AP, trajectories associated with Patagonian dust events could 
be over-represented due to the short distance and high activity of this source. This is particularly true for the 
Arctic where aerosol sources of all types are generally closer than in the Antarctic, which leads to transport events 
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occurring more frequently. As a result, extreme transport events described by p-AARs have a comparatively 
smaller importance when it comes to the annual aerosol budget in the Arctic than in Antarctica.

However, this possible sampling bias does not seem to appear in the climatologies presented in this work as both 
ARs and p-AARs feature similarities in spatial distribution and frequencies, despite different source regions 
(moisture mostly comes from the ocean, whereas BC and DU are mostly emitted from land). In this respect, one 
could argue that, perhaps, p-AARs are a signal of extreme transport of the global background aerosol, rather 
than a source-receptor connection. In that case, for example, a DU p-AAR in the Antarctic would not necessarily 
describe the transport of Patagonian or Australian DU, but extreme transport of air masses not coming from DU 
source regions, which carry background DU levels throughout the troposphere. This does not appear to be what 
happens in the case studies presented in Sections 3.2.1 and 3.2.2 where concentrations are much higher than 
background, but this could partly explain the lack of correlation, on average, between emission trends and trends 
in p-AAR that we show in this work.

4.7.2. Sea Salt Aerosol

Among the different aerosol types considered here, SS p-AARs seem to be a less adapted tool when it comes 
to the potential applications of p-AARs. First, because sources are more widespread and closer to the poles, 
particularly in the Southern Ocean, SS p-AARs are quite rare and seem to relate more to local large storms, 
rather than extreme transport of mid-latitude air masses. Furthermore, simulations show that the interpretation 
of sodium variability in Arctic ice cores can be either related to sea ice changes or meteorological factors, 
and depends on the area where the ice cores are drilled (Rhodes et  al.,  2018). As a result, the connection 
between sodium in ice cores and circulation patterns can be difficult to interpret.  although at shorter time 
scales and for Antarctica, ice core sodium can be more directly related to meteorology (Levine et al., 2014). 
In comparison, BC and DU in ice  cores might be more straightforward to relate to atmospheric processes as 
the sources are further away, and to some extent less seasonally dependent as they are not connected to sea 
ice cover variations.

Furthermore, SS can undergo re-suspension in sea ice and snow regions through the process of blowing snow 
(Frey et  al.,  2020; Yang et  al.,  2008). SS aerosols that were deposited onto coastal regions can thereby be 
transported further inland and eventually end up in non-coastal ice cores. As a result, SS aerosols that may 
have been brought to the poles through SS p-AARs can be transported several days later and several hundred 
kilometers away from the p-AAR region. This can create a bias in the connection between ice core sodium and 
p-AARs.

4.7.3. Current State of Aerosol Modeling

The representation of the polar aerosol budget in models and reanalysis is still uncertain. Emissions, transport 
and deposition are diversely represented. In particular, DU and SS mass concentrations are usually overesti-
mated at high latitudes, including in MERRA-2, and differ depending on the model/reanalysis considered (Böö 
et al., 2023; Lapere et al., 2023). Because we only evaluate extreme events here, defined based on a relative 
threshold, this should not be a problem for p-AAR detection, but for impact studies this may be a limitation.

Furthermore, aerosol-radiation and aerosol-cloud interactions are still challenging to represent in climate models 
and reanalysis. In particular, the effect of aerosol content in ARs and the role of p-AARs in triggering precipita-
tion, designated above as a topic that can benefit from p-AAR detection, is not straightforward to estimate. The 
extent to which p-AARs exert a meteorological feedback, which could help self-sustain or dampen the transport, 
is also not possible to evaluate at this state of climate modeling, although this would be critical information for 
understanding the physical processes controlling extreme transport events. Similarly, even in the latest generation 
of models, transport and deposition (dry and wet) processes in polar regions are challenging to accurately model, 
which can affect both the quality of the p-AAR detection and the impact studies.

However, these aerosol-climate interactions are better represented in smaller scale models, such as regional 
chemistry-transport models (CTMs) and regional climate models (RCMs). We believe that using the AR/p-AAR 
catalogs can help identify test cases of interest which can then be simulated using high-resolution CTMs/RCMs. 
Evaluation and sensitivity analysis for these cases can help isolate and quantify the impact on clouds and precip-
itation, and eventually on cryosphere melting, of the aerosols present in p-AARs. Furthermore, deposition fluxes 
of BC and DU can be computed, and the impact on snow and ice albedo can be evaluated.
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5. Conclusions and Perspectives
In this work, we create a polar-specific p-AAR catalog for BC, DU and SS aerosols, by leveraging and adapting 
an AR detection algorithm. We validate the p-AAR detection by analyzing case studies and comparing with AR 
climatologies, including evaluating the sensitivity of detection to the threshold chosen. We present the clima-
tology and seasonality of p-AARs, in the Arctic and Antarctic, and show that they are often similar to ARs, but 
also have different characteristics that have added-value for understanding poleward transport processes. We also 
present the trends in p-AARs over the last 40 years, which do not show a connection with the evolution of aerosol 
emissions. In comparison, AR trends are well correlated with the increase in atmospheric moisture.

The detailed study of three major AR and p-AAR events shows that they can originate from different remote 
source regions and eventually converge in a confluent manner resulting in similar trajectories just before land-
fall. These case studies also show that aerosols and moisture are not transported at the same altitudes. Overall, 
they indicate that a more holistic approach of extreme transport events is needed instead of moisture-only or 
aerosol-only analyses. Composites over the strongest AR/p-AAR of each type further illustrate the complemen-
tary nature between AR and p-AAR, as they are associated with different synoptic circulations. These composites 
also show that co-occurring AR and p-AAR bring large amounts of aerosols near the surface compared to AR 
events with no p-AAR.

The potential applications of p-AARs that should be explored in future work include:

1.  Gaining a holistic understanding of rapid transport from the mid-latitudes to the poles. Because the dynamics 
involved in p-AAR and AR can be similar in some cases, but the sources, or zones of uptake and uplift of 
moisture differ from aerosols, combining both ARs and p-AARs can provide a more holistic understanding 
of the transport of mid-latitude air masses to the poles. This can aid in better understanding the underlying 
physical processes and their feedbacks, that are critically important for polar climate including, for example, 
cyclogenesis, blocking amplification, clouds, and precipitation.

2.  Understanding aerosols preserved in ice, firn, and snow. p-AAR detection is one tool that can be used to help 
understanding how aerosols arrive on the ice sheets and aid in interpreting chemical signals stored in polar ice, 
firn, and snow. p-AAR catalogs take into account changes in emissions, transport and wet or dry deposition, 
which is important for understanding what species are stored in the ice core record and how the associated air 
masses were transported from the mid-latitudes to the poles. The approach could also be extended for future 
climates, and to tracer age analyses based on controlled emissions of various tracers, giving information on 
transit times and pathways to the ice sheet.

3.  Quantifying the impact of extreme aerosol transport on polar climate. Systematic studies of major aerosol 
intrusions through p-AAR can provide a way of quantifying both the aerosol direct (aerosol-radiation inter-
actions) and indirect (aerosol-cloud interactions) effects, as influenced by transport from the mid-latitudes. 
Event detection and clustering can, for example, suggest p-AAR impacts on polar clouds and precipitation.

In summary, we provide a catalog of p-AARs that are a new and unique tool that can provide a better understand-
ing of polar climate and its connections with the mid-latitudes.
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Appendix A
A1. Supplementary Figures

Below are additional figures illustrating the case studies and statistical description of p-AARs (Figures A1–A10)

Figure A1. Fluxes on 2013-03-12. Vertically integrated Dust (DU) (a), water vapor (b), Black carbon (BC) (c) and Sea salt 
(SS) (d) flux (zonal and meridional) from MERRA-2 on 2013-03-12 (colormap) and associated 500 hPa wind field (arrows). 
White contours indicate Atmospheric River/polar Aerosol Atmospheric River detection for each species.
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Figure A2. Vertical profiles during the 2002-02-19 Antarctic Peninsula case. Vertical profiles along the white transect in 
Figure 4c. Top: Dust (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. Importance of polar Aerosol Atmospheric Rivers for aerosol transport. Annual average fraction of poleward 
Black carbon (BC - left), Dust (DU - center) and Sea salt (SS - right) transport occurring through polar Aerosol Atmospheric 
River events for the period 1908–2022.
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Figure A4. Aerosol emission trends. Trends in annual emissions of Black carbon (BC - top), Dust (DU - middle), Sea salt 
(SS - bottom) in MERRA-2 over the period 1980–2022. Hatching indicates non-significant trends at the 95% level based on a 
Mann-Kendall test.
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Figure A5. Aerosol emission trends. Sensitivity of emission trends to the cut-off latitude. Black is for a cut-off at the 
equator, gray is for a cut-off at 30°N-S.
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Figure A6. Top 20 Atmospheric Rivers and polar Aerosol Atmospheric Rivers in Greenland. Blue shades are Atmospheric Rivers (AR), green shades are Black carbon 
(BC) polar Aerosol Atmospheric Rivers (p-AAR), yellow shades are Dust (DU) p-AAR, red shades are Sea salt (SS) p-AAR. (a) Composite of the top 20 ARs in terms 
of cumulated meridional Integrated Vapor Transport (vIVT) reaching Greenland, and associated p-AARs. Panel (b) same as (a) but for the top 20 BC p-AAR. Panel (c) 
same as (b) but for DU p-AAR. Panel (d) same as (b) but for SS p-AAR. AR/p-AAR counts correspond to the number of AR/p-AAR days for the top 20 dates, for each 
grid point.
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Figure A7. Top 20 Atmospheric Rivers and polar Aerosol Atmospheric Rivers in the Antarctic Peninsula. Same as Figure 10 but for Atmospheric Rivers and polar 
Aerosol Atmospheric Rivers reaching the Antarctic Peninsula.
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Figure A8. Effect of polar Aerosol Atmospheric Rivers on aerosol mass and optical properties. Difference in (a) surface mass concentration of Black carbon (BC), 
Dust (DU) and Sea salt (SS), (b) total column mass concentration of aerosols, and (c) total aerosol optical thickness (AOT), between days with combined Atmospheric 
River (AR) and polar Aerosol Atmospheric Rivers, and days with AR only. The days/area considered for compositing are the same as in Figures 11a and 11b.
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Figure A9. Same as Figure A8 but for Antarctic Peninsula events.

Figure A10. Seasonal distribution of the top 20 Atmospheric Rivers and polar Aerosol Atmospheric Rivers. Frequency 
of occurrence, by season, of the top 20 Atmospheric Rivers (AR) and Black carbon (BC), Dust (DU), Sea salt (SS) polar 
Aerosol Atmospheric Rivers (p-AAR) composites from Figure 11.
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Figure A11. Validation of the adaptations made to the Wille et al. (2019) Atmospheric River detection scheme. (a) Frequency of Atmospheric River (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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Figure A12. Climatology of polar Aerosol Atmospheric Rivers and Aerosol Atmospheric Rivers. Average annual frequency (in days per year) of Black carbon 
(BC), Dust (DU) and Sea salt (SS) polar Aerosol Atmospheric River (p-AAR) detection from this work (left) and Aerosol Atmospheric River detection (AAR) from 
Chakraborty (2022) (right). Period 1997–2014. Different scales are used for different panels.
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A2. Adaptations to and Validation of AR Detection

The method for the detection of ARs and p-AARs is based on the algorithm described in Wille et al. (2019, 2021). 
In this scheme, the criterion variable is the integrated meridional flux of water vapor (vIqTWille) between the 900 
and 300 hPa pressure levels (Equation A1), taken every 3 hr.

v𝐼𝐼𝐼𝐼𝐼𝐼Wille = −
1

𝑔𝑔 ∫
300ℎ𝑃𝑃𝑃𝑃

900ℎ𝑃𝑃𝑃𝑃

𝑉𝑉 𝐼𝐼 𝑉𝑉𝑉𝑉 (A1)

where V is the meridional wind, q is the water vapor mixing ratio, and dp is the pressure level increment. NB: 
Wille et al. (2019) apply a 𝐴𝐴 −

1

𝑔𝑔
 factor, with g the gravity acceleration, for dimensional purposes. We do not apply 

this scaling factor in our detection because we are not interested in vIqT absolute values but only relative to the 
P97 threshold (which is not affected by a constant multiplicative factor).

Only poleward fluxes (i.e., V positive in the northern hemisphere, and V negative in the southern hemisphere) 
are considered. The threshold on vIqTWille is defined as the 98th percentile of vIqTWille (P98), computed for each 
month and each grid cell, over the 1980–2018 climatology. At each time step, if vIqTWille in a grid cell is above the 
corresponding month's threshold, the grid cell is counted as an AR-participating point. When an area of continu-
ous AR-participating points is longer than 20° latitude, an AR is detected.

In this work, the detection algorithm differs from Wille et al. (2019) as follows. (a) While Wille et al. (2019) keep 
the original MERRA-2 resolution of 0.5° lat × 0.625° lon, our data is regridded to a 1° × 1° spatial resolution. 

Figure A13. Polar Aerosol Atmospheric Rivers and Aerosol Atmospheric Rivers detection for two major events. Polar 
Aerosol Atmospheric River (p-AAR - left) and Aerosol Atmospheric River (AAR - right) detection from Chakraborty (2022) 
for two case studies presented in this work.
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We perform this regridding for data storage management and because we foresee applications of our algorithm 
for global climate models, which tend to have a resolution closer to 1° × 1°, (b) instead of limiting the integral 
between 900 hPa and 300 hPa, the flux is taken for the whole column, in order to leverage the integrated vari-
ables provided by MERRA-2, and capture the aerosols present below 900 hPa and above 300 hPa identified in 
Figures 3 and A2. This can have an impact over land near the surface where katabatic winds may affect the flux 
(Wille et al., 2019). As a result, our criterion variable becomes vIxT as described by Equation 1. This vIxT is a 
pre-computed quantity provided by MERRA-2 as an integrated meridional flux. (c) As a result of the two previ-
ous differences, our threshold is taken as the P97 of vIxT instead of P98, in order to obtain similar climatologies 
as in Wille et al. (2019) as shown in Figure A11. (d) The climatology is updated and covers the period 1980–2022.

Our methodology for AR detection is slightly different from the Wille et al. (2019) algorithm, both in terms of 
input data, detection threshold, and implementation. Therefore a validation is carried out, comparing our results 
in terms of AR climatology and trends with those from the Wille et al. (2019) catalog. The detection catalog 
from Wille et al. (2019) covers the years 1980–2022 and is available through the ARTMIP database https://doi.
org/10.5065/D62R3QFS (Rutz et al., 2019).

Figure A11 summarizes this comparison, with Figure A11a showing that, for the years 1980–2022, both meth-
odologies yield similar magnitudes and spatial patterns in the frequency of AR detection both in the Arctic and 
the Antarctic, except for slightly stronger gradients in our detection. In the Arctic, maximum frequencies of 
around 1% are obtained over Greenland, coming from the Northwest Atlantic region, and in the Bering strait 
region, coming from the North Pacific, with an additional pathway over Western Russia. In the Antarctic, West 
Antarctica and the peninsula, along with Queen Maud Land feature a 1% maximum frequency detection in both 
catalogs. Furthermore, the underlying seasonality of ARs, aggregated by pole (50–80°N for the Arctic, 50–80°S 
for the Antarctic), is the same with both approaches, as described in Figure A11b, with monthly Pearson corre-
lation coefficients of 0.99 and 0.96, for the Arctic and Antarctic, respectively, for the period 1980–2022. This 
seasonality is stronger in the Arctic with a maximum of detection in winter and a minimum in summer. A weaker 
seasonality with a maximum in austral winter is observed for the Antarctic.

In terms of trends, Figure A11c shows almost identical spatial patterns between the two catalogs. Both catalogs 
mainly show increasing trends in the regions where AR detection is climatologically most frequent, suggesting 
an amplification effect more than a change in physical processes. In the Arctic, the Bering strait region features 
the largest increasing trend with around 1 more AR day per decade. In the Antarctic, West Antarctica and Queen 
Maud land are the regions where this increasing trend is the most significant with also 1 more AR day per decade. 
Finally, Figure A11d describes this trend comparison in terms of regionally aggregated time series, showing very 
similar annual variations along with identical overall increasing trends over the 1980–2022 period.

In conclusion, despite slight methodological differences, the results given by our adapted polar AR detection 
scheme are very comparable to (Wille et al., 2019), and our detection leveraging vertically integrated variables 
provided by MERRA-2 is therefore fit for purpose and can be duplicated to aerosols.

Another parameter than the threshold percentile that could be tuned for p-AARs is the shape criterion imposing 
a minimum 20° extent in latitude. Aerosol sources, including anthropogenic activities and biomass burning, exist 
in North America and Siberia around 65°–70°N. Because of the 20°-latitude length criterion, p-AARs originating 
from these sources will not be accounted for unless they reach the pole. From an aerosol transport perspective 
this may seem like a limitation. However, we argue that, by design, p-AARs should generally detect extreme, 
long-range transport of background aerosols from the mid-latitudes, rather than relating to aerosol sources activ-
ity. In this respect, we believe it is relevant to keep the 20°-latitude length condition for aerosols as well, despite 
the implied rejection of high latitude sources that can be important for the Arctic aerosol budget. For the Antarc-
tic, this criterion is not a problem since all aerosol sources (except sea salt) are further away than 20° in latitude.

A3. Comparison Between p-AARs and AARs

In the atmospheric river community, it has been demonstrated that the use of non-polar specific methods have 
important limitations for the detection of water vapor transport extremes to the poles (Collow et al., 2022; Shields 
et al., 2022), which is what motivated the use of a polar-adapted detection method here. Therefore, the detection 
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method for p-AAR used in this work is different from the approach by Chakraborty et al. (2021, 2022) for AAR. 
The main differences are summarized below:

•  Chakraborty et al. (2021, 2022) use both zonal and meridional components, whereas our algorithm considers 
only the meridional component of the integrated transport. This choice is made following the findings from 
Wille et al. (2019, 2022) that for polar applications, the meridional wind speed component better reflects the 
dynamical processes that lead to precipitation generation, which is ultimately one of the important applica-
tions of this work.

•  Chakraborty et al. (2021, 2022) use an aspect ratio criterion, which in our case is only a condition on latitu-
dinal extent.

•  Chakraborty et al. (2021, 2022) use a P85 detection threshold which is more permissive than our P97 thresh-
old, which leads to a different event selection.

As a result of these methodological differences, the frequency of AAR detection is very different between our 
catalog and the one created by Chakraborty et al. (2021, 2022). Because they use a lower detection threshold 
(P85), and because both the meridional and zonal components are considered in their work, they detect more 
frequent AAR compared to our catalog. We have maximum frequencies of up to 8 BC and DU p-AAR days per 
year in the North Atlantic and North Pacific, where they obtain up to more than 40 BC or DU AAR days per year 
in these regions (Figure A12). Similarly, in the Antarctic 5 days per year is our maximum of detection frequency 
whereas they find up to 40 days per year of BC or DU AAR. In addition to different frequencies, the spatial 
patterns are also different.

Regarding two of the case studies presented in Section 3.2, the two approaches also result in different conclu-
sions. The 2002 AP case does not appear as a DU AAR in Chakraborty et al. (2022), although a DU AAR is 
similarly detected between Australia and Antarctica (Figure A13). On the other hand, the 2013 Asia case shows 
many AARs (BC, DU and SS) detected on the day of the event in the Chakraborty et al. (2022) catalog, while 
our method shows one clear single event. The fact that these two events studied here, which had already been 
described as major transport events, were clearly detected as p-AARs and not so clearly as AARs proves that our 
classification makes sense and can be used for more systematic impact studies in polar regions.

Data Availability Statement
The detection catalogs for AR and p-AAR, based on MERRA-2 vertically integrated fluxes at 1° × 1° spatial 
resolution and covering the period 1980–2022, along with the processing and detection codes, are available at 
https://doi.org/10.5281/zenodo.8082768 (Lapere, 2023).
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