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Abstract. Atmospheric rivers (ARs) play a major role in transporting heat and moisture into the Arctic, yet their thermody-

namic structure and regional impacts remain poorly understood. Here, we adopt a combined Eulerian-Lagrangian framework to

investigate two intense ARs that penetrated into the central Arctic within one week in April 2020, providing a comprehensive

view of their large-scale dynamics, moisture sources, and thermodynamic evolution.

The first AR entered the Arctic via the Siberian sector, driven by a highly anomalous quasi-stationary anticyclone over north-5

central Siberia. The second followed an Atlantic pathway and was associated with an unusually deep and persistent cyclone over

Baffin Bay. Despite their distinct origins and pathways, both events produced extreme surface impacts, including widespread

warming across Eurasia exceeding 9◦C over a 7-day period and intense precipitation along the Greenland coast and in the cen-

tral Arctic. The events coincided with a notable decline in sea ice extent in the Barents-Kara Sea and along eastern Greenland,

that is highly correlated with the AR-induced warming and rainfall.10

Backward trajectory analysis of air parcels associated with extreme Arctic precipitation reveals distinct pathways and ther-

modynamic evolution. One group of parcels associated with overall cooling and increases in potential temperature exhibits

classic AR characteristics: warm, moist, low-pressure airmasses that ascended upon arrival and released intense precipitation.

Moisture sources however differed by pathway: the Atlantic AR drew from the warm Gulf Stream region, while the Siberian

AR was fed by continental Eurasia. These findings highlight the diverse origins and mechanisms of ARs and their capacity to15

drive rapid Arctic climate and cryospheric changes.

1 Introduction

Atmospheric rivers (ARs) are narrow bands of enhanced water vapour that play a crucial role in transporting moisture into

the Arctic (Doyle et al., 2011; Liu and Barnes, 2015; Papritz et al., 2022). ARs primarily originate in the subtropics and mid-20

latitudes (Guan and Waliser, 2015) and are steered poleward by synoptic weather systems commonly associated with strong
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low–high pressure couplets (Dacre et al., 2015; Wang et al., 2024). Despite their episodic nature, ARs account for over 90%

of the total poleward moisture transport through the midlatitudes, making them key actors in the global hydroclimate (Zhu and

Newell, 1998; Nash et al., 2018).

25

Recent decades have seen a rise in AR frequency in the Arctic (Zhang et al., 2023; Wang et al., 2024; Gong et al., 2025;

Thaker et al., 2025). Such Arctic ARs occur year-round, following seasonally-dependent pathways that are mostly concentrated

over water bodies, where continuous evaporation provides the necessary moisture supply (Salimi et al., 2020; Pan et al., 2024).

Important AR pathways into the Arctic include the Pacific sector and the North Atlantic (Nash et al., 2018; Gong et al., 2025;

Tiedeck and Rinke, 2025), particularly in association with cyclones forming and deepening near Greenland (Papritz et al.,30

2022; Loeb et al., 2024). The observed increase in Arctic AR occurrences is in line with projections under climate change

indicating a poleward shift of more frequent and intense ARs (Payne et al., 2020). Concurrently, the Arctic is undergoing

accelerated surface warming, a phenomenon known as Arctic amplification (Serreze and Barry, 2011; Previdi et al., 2021).

Enhanced poleward moisture transport has emerged as a key driver of this amplification, suggesting that continued increases

in AR activity may exacerbate stress on an already vulnerable system (Doyle et al., 2011; Neff, 2018; Hao et al., 2019).35

ARs can induce surface warming in the Arctic through various physical mechanisms. The greenhouse effect of water vapour,

and the latent heat released during condensation in advected airmasses can cause significant warming and promote surface melt

(Boisvert et al., 2016; Mattingly et al., 2018). Increased atmospheric moisture also leads to the formation of extensive cloud

bands with high liquid water content, which enhance downwelling longwave radiation and sensible heat fluxes (Svensson et al.,40

2023; Li et al., 2024). This additional thermodynamic forcing contributes to surface warming, while simultaneously reducing

the efficiency of the Arctic surface to cool radiatively (Doyle et al., 2011; Graversen et al., 2011; Cullather et al., 2016; Hegyi

and Taylor, 2018). AR-induced rain-on-snow events and melt further reduce the surface albedo, amplifying surface warming

(Zhang et al., 2023; Kolbe et al., 2025). Lastly, as an AR is advected into the polar environment, the warm, moist air is forced

upward by the cold Arctic air, leading to a combination of condensation, cloud formation, and precipitation accompanied by45

further latent heat release (Komatsu et al., 2018).

ARs are increasingly recognized as a major driver of sea ice variability in the Arctic, capable of both inhibiting growth

and inducing loss (Hegyi and Taylor, 2018; Zhang et al., 2023; Gong et al., 2025; Thaker et al., 2025; Zhang et al., 2025).

For instance, during the 2016-2017 winter season, ARs contributed to a record-low sea ice extent and substantial thinning50

(Binder et al., 2017; Hegyi and Taylor, 2018). In 2012 and 2020, years characterised by extremely low summer sea ice extent,

individual ARs drove rapid and substantial sea ice loss (Li et al., 2024). While Li et al. (2024) highlight the dominant role of

turbulent heat fluxes and strong near-surface winds that promote sea ice advection and rapid retreat along the sea ice margins,

other studies identify enhanced downwelling longwave radiation as a key driver of AR-induced sea ice decline (Doyle et al.,

2011; Graversen et al., 2011; Cullather et al., 2016; Hegyi and Taylor, 2018).55
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ARs also exert substantial impacts on the Greenland Ice Sheet by modulating surface energy and mass balance through

moisture transport, melt processes, and snowfall (Bonne et al., 2015; Neff, 2018; Box et al., 2022; Loeb et al., 2024). Anoma-

lously high moisture transported by ARs has been linked to enhanced surface melting and substantial mass loss (Mattingly

et al., 2018). Landfalling ARs can also trigger föhn winds that drive exceptional melt episodes and speed-ups of outlet glaciers,60

whereas heavy snowfall during some AR events can increase the surface mass balance (Neff, 2018; Mattingly et al., 2023).

Collectively, these studies underscore the role of ARs as episodic but potent drivers of cryosphere disruption and Arctic climate

variability (Mattingly et al., 2023).

Two distinct ARs travelled along different pathways before intruding into the Arctic during 13-21 April 2020. One AR trav-65

elled from northwestern Russia, while the second propagated poleward from the northern Atlantic (Kirbus et al., 2023). Both

ARs reached the central Arctic, where their presence led to unprecedented high moisture and suppressed outgoing longwave

radiation together with a stark 30◦C surface warming that resulted in record-breaking daily temperatures (Rinke et al., 2021).

The ARs coincided with the Multidisciplinary Drifting Observatory for the Study of Arctic Climate (MOSAiC) expedition

(Nicolaus et al., 2022; Shupe et al., 2022), passing directly above the the research vessel (RV) Polarstern, thus providing70

unique in-situ measurements from ship and the surrounding sea ice.

Previous studies have examined this episode from different perspectives. Kirbus et al. (2023) examined the poleward latent

energy transport across the Arctic Circle and investigated the cloud and moisture properties around RV Polarstern. Dada et al.

(2022) focused on aerosol transport and transformations near the ship. Svensson et al. (2023) investigated warm-air intrusions75

using MOSAiC data with a focus on airmass transformation, vertical structure, and surface energy exchanges.

Given the significant impacts that these ARs exerted on the Arctic, a deeper understanding of their origins, pathways, and

poleward moisture transport is essential. Moreover, key questions remain regarding how unusual the synoptic-scale drivers

were that contributed to the extremeness of the two ARs, how the ARs are linked to surface impacts and sea ice loss beyond80

the immediate MOSAiC site, and how they evolved thermodynamically along their pathways. Our study addresses this gap

by combining Eulerian and Lagrangian perspectives to trace the AR airmass origins, transport pathways, and thermodynamic

changes. This broader approach complements previous work and provides new insights into AR dynamics and impacts during

an unprecedented event.

2 Data and Methods85

We employ a number of different tools to study the two ARs that reached the Arctic in April 2020. The AR originating from

northwestern Russia is referred to as the Siberian AR, while the AR originating from the North Atlantic is termed the Atlantic

AR. We further define 15–21 April 2020 as the target period, during which both ARs were located within the Arctic Circle

(north of 66.34◦N).
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2.1 ERA5 reanalysis data90

We use the European Centre for Medium-range Weather Forecasts (ECMWF) fifth generation reanalysis data set ERA5 (Hers-

bach et al., 2020) to analyse meteorological fields linked to the two Arctic ARs. Daily mean sea level pressure (MSLP), 2-m

surface temperature (T2m), precipitation, and rainfall data at 0.25◦× 0.25◦ horizontal grid spacing are used. Anomalies are

calculated as deviations from the April mean climatology for the period 1979–2023. Daily T2m anomalies are further averaged

over the target period to quantify the longer-lasting impact of the ARs on surface temperature. In addition, daily T2m, precipi-95

tation and rainfall data are used to compute time series over distinct regions in the Arctic where the largest changes in sea ice

concentration are observed associated with the ARs.

To assess how unusual the low- and high-pressure systems associated with the Arctic ARs were with respect to the 1979-

2023 period, we determine the 7-day averaged MSLP anomaly field for the target period and define boxes enclosing each100

weather system. For each box, a reference distribution of 7-day mean MSLP anomalies is constructed for April 1979–2023

using a 7-day moving window. The percentile of the target period anomaly is then computed within this distribution.

A similar approach is applied to T2m. 7-day mean T2m anomalies for April 1979-2023 are spatially averaged over regions

within the Arctic Circle (north of 66.34◦N) where the ARs prevailed for at least three days, forming a reference distribution.

The percentile of the target period T2m anomaly is then calculated relative to this distribution. For precipitation, we compute105

7-day accumulated precipitation amounts at each grid cell for April 1979-2023. The value for the target period at each grid cell

is then compared against the corresponding reference distribution.

2.2 Sea ice data

To derive sea ice extent and sea ice concentration (SIC) changes, we use the daily sea ice concentration product OSI-401-b

produced by the EUMETSAT Ocean and Sea Ice Satellite Application Facility (OSI SAF) at a 10 km horizontal resolution110

(Tonboe and Lavelle, 2016). The global SIC data is derived from atmospherically corrected passive microwave satellite (SS-

MIS) brightness temperatures over the polar regions using the OSI SAF algorithm. Sea ice extent is defined based on a 15%

threshold of SIC.

2.3 Observational data from MOSAiC

To investigate the local meteorological conditions around RV Polarstern associated with the two Arctic ARs, we analyse high-115

resolution in-situ observations from the MOSAiC expedition, a year-long, icebreaker-based research mission that took place

from September 2019 to October 2020 (Shupe et al., 2020). During this period, the RV Polarstern drifted with the sea ice

across the central Arctic Ocean, providing an unprecedented opportunity to observe air–surface interactions in the high Arctic.

We use processed and quality-controlled Level 3 data with 10-minute temporal resolution for T2m, 2-m specific humidity120

(Q2m), and surface energy balance (SEB) components aggregated to 6 hours. The SEB components include incoming (in) and
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outgoing (out) shortwave (SW) and longwave (LW) radiation, as well as latent heat (LH) and sensible heat (SH) fluxes. The

SEB is computed as

SEB = SWin−SWout + LWin−LWout + LH + SH,

so that SEB is positive when incoming exceed outgoing fluxes.125

These measurements were collected at the ‘Met City’ observation site located on the sea ice near Polarstern, which was

equipped with a 10-metre micrometeorological tower, a 23–30 metre telescoping mast, and a radiation station (Cox et al.,

2023). In addition, we use precipitation measurements at 1-minute time intervals from a vertically-pointing ka-band radar

mounted on the ship accumulated to 6-hourly data. Together, these observations provide a detailed view of the thermodynamic130

and radiative processes during AR intrusions into the central Arctic.

2.4 AR detection

To study the two Arctic ARs, we use the global AR database produced by Guan and Waliser (2024). This dataset is based on

version 4 of the Tracking Atmospheric Rivers Globally as Elongated Targets (tARget) algorithm applied to ERA5 reanalysis

data for 1940–2023 at 6-hour intervals and a horizontal grid spacing of 0.25◦× 0.25◦.135

tARget identifies AR objects based on integrated water vapour transport (IVT), geometry requirements and direction of mo-

tion (Guan and Waliser, 2015, 2024). It employs a hybrid thresholding approach that combines a month- and location-dependent

85th percentile IVT threshold with a hemispherically fixed, month-dependent threshold derived from the area-weighted spatial

5th percentile for each hemisphere. This combination enhances AR detection in regions where IVT is climatologically low,140

such as the cold and/or dry Arctic. Additionally, the tARget algorithm is capable of tracking ARs through space and time

following its life cycle and extracting key characteristics such as life time, travel distance and mean zonal and meridional IVT,

all of which are included in the global AR database.

2.5 Lagrangian parcel tracking145

To investigate the thermodynamic evolution of airmasses and the moisture budget associated with the two Arctic ARs, we use

the Lagrangian Analysis Tool LAGRANTO v2.0 (Sprenger and Wernli, 2015). Parcels are initialised at 80 hPa vertical inter-

vals between 1000 and 200 hPa on an equidistant 100 km grid within the AR boundaries defined by the global AR database

(Guan and Waliser, 2024). Parcels are released every 6 hours for the period 13–21 April 2020 and tracked backward in time for

9 days. The trajectory calculations use the three-dimensional wind field and pressure retrieved from hourly ERA5 reanalysis150

data with a horizontal grid spacing of 0.5◦× 0.5◦. Along each trajectory, temperature, pressure (p), and specific humidity (Q)

are traced. Additionally, potential temperature (θ) and temporal changes of pressure (dp/dt) and specific humidity (dQ/dt) are
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computed to identify vertical motion and moisture exchange processes.

To identify the parcel trajectories relevant to extreme Arctic precipitation associated with the two ARs, we retain only those155

with endpoints within the Arctic Circle along the Greenland coast and in the central Arctic, where 7-day accumulated pre-

cipitation exceeds the 90th percentile (white stippling in 5a). As only the Atlantic AR contributes to precipitation along the

Greenland coast, we perform separate analyses for the respective two regions. Instead of keeping a uniform trajectory length

of 9 days across all parcel trajectories, the trajectory length is optimised for each region to best capture the thermodynamic

evolution of air parcels most closely associated with ARs, accounting for both AR lifetime and the temporal variability of key160

thermodynamic parameters. Sensitivity analyses confirm that the results remain qualitatively consistent for trajectory lengths

within the typical range of 5–9 days (not shown).

Following Binder et al. (2017), we identify the maximum difference in temperature (∆T ) and potential temperature (∆θ)

along each trajectory relative to their endpoint values, effectively grouping the parcels into four subcategories. This approach165

provides insight into the adiabatic and diabatic processes experienced by the air parcels: trajectories with positive (negative)

∆T indicate a net temperature increase (decrease), while those with positive (negative) ∆θ primarily reflect diabatic heating

(cooling). This classification thus distinguishes airstreams with distinct thermodynamic characteristics.

3 Results170

3.1 Synoptic drivers of the Siberian and Atlantic ARs

Fig. 1 shows that the Siberian and Atlantic ARs, each steered by a cyclone–anticyclone couplet, followed distinct pathways

before merging in the central Arctic. Both reached RV Polarstern within a few days. The first AR, the Siberian AR, advances

into the Arctic Circle on 13 April 2020 after travelling across Europe and Scandinavia, defining what we term the Siberian

pathway. It is steered by a quasi-stationary anticyclone over Siberia, located east of the AR, which deepens between 16–18175

April. On the western flank of the AR, the associated cyclone lies over Scandinavia on 13–14 April. It then strengthens and

shifts eastward by 16 April, displacing the AR further east. The second AR, the Atlantic AR, propagates northward along the

Atlantic Ocean and reaches the Arctic Circle three days after the Siberian AR on 16 April. The associated quasi-stationary

cyclone develops over Baffin Bay west of Greenland, a region where cyclones frequently become occluded and slow-moving

(Bintanja and Selten, 2014; Loeb et al., 2024). Together with a persistent anticyclone over the UK, the cyclone-anticyclone180

couplet steers the Atlantic AR towards south-eastern Greenland on 16-17 April. This coincides with the region of Greenland

with the highest frequency of landfalling ARs (Waling et al., 2024). The cyclone undergoes rapid deepening and expands on

17 April while the anticyclone strengthens over Scandinavia, steering the AR further through the Fram Strait into the central

Arctic. After the two ARs merge in the central Arctic on 19 April, residual AR airmasses persist until 21 April, sustained by

anomalous low pressure north and north-west of Greenland and by two anticyclones, one over central–eastern Siberia and the185
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Figure 1. Synoptic conditions based on ERA5. MSLP anomalies relative to the April climatology (shading) are shown for each day for 13-21

April 2020. Red contours outline the shapes of the Atlantic and Siberian ARs at 12:00 UTC of the respective days diagnosed from the tARget

database. The position of RV Polarstern is indicated by the blue dot.
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Figure 2. Assessing the extremeness of the synoptic weather systems driving the Atlantic and Siberian ARs based on ERA5. (a) 7-day

mean MSLP anomalies for 15-21 April 2020 relative to the April climatology. The extratropical cyclone west of Greenland is enclosed by

a blue box (55◦–90◦W and 55◦–80◦N) while the anticyclone over northern Siberia is marked by a red box (85◦–135◦E and 55◦–80◦N).

(b) Distribution of 7-day mean MSLP anomalies spatially averaged over the blue box in (a) for April 1979-2023. The anomaly of the target

period is indicated by a blue vertical line, annotated with the percentile and mean anomaly. (c) As (b) but for the region enclosed by the red

box in (a).

other over Scandinavia.

To further investigate how unusual the persistent large-scale weather systems were that steered the Atlantic and Siberian

ARs into the Arctic, the 7-day averaged MSLP anomaly for the target period is computed. Figure 2a reveals a wave train of

alternating high- and low-pressure systems across the mid- to high latitudes. This pattern features a deep cyclone over Baffin190

Bay, an anticyclone over the northeastern Atlantic, a cyclone over western Russia, and a pronounced anticyclone over northern

Siberia, with each cyclone-anticyclone couplet steering one of the two ARs poleward. The cyclone centred over Baffin Bay

(blue box) exhibits an exceptional 7-day mean anomaly of −18.3hPa, placing it in the lowest 0.3% of the climatological dis-

tribution for 1979-2023 over the same region (Fig. 2b), highlighting the rarity of such a persistent and strong negative MSLP

anomaly over Baffin Bay. The accompanying anticyclone over the northern Atlantic is characterised by a 7-day mean anomaly195
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Figure 3. In-situ observations from MOSAiC for 11-23 April 2020. Shown are time series of (a) T2m, (b) total precipitation, (c) Q2m, (d)

SEB, and (e) individual SEB components including radiative and turbulent surface fluxes. SW (LW) denotes the net shortwave (longwave)

flux, defined as the difference between incoming and outgoing radiation. Shaded areas indicate periods when the Siberian AR (orange) and

the Atlantic AR (purple) were located over the research vessel.

of 6.6hPa, corresponding to the upper 86.1% of its distribution (not shown). Meanwhile, the cyclone centred over western

Russia forming part of the cyclone-anticyclone couplet associated with the Siberian AR, is characterised by a 7-day mean

of −7hPa, placing it at the lower 11.6% of its distribution (not shown). The anticyclone over northern Siberia (red box), in

contrast, is highly anomalous with a 7-day mean anomaly of 15.6hPa placing it in the upper 99.5% of the distribution (Fig.

2c). The corresponding distribution is non-Gaussian, with a bell-shaped core from –10 to +10 hPa and a pronounced heavy tail200

toward positive values.
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3.2 MOSAiC in-situ observations

Next, we examine the impact of the Siberian and Atlantic ARs on surface conditions near RV Polarstern (Fig. 3). The arrival

of the Siberian AR is marked by a stark rise in T2m (Fig. 3a), increasing from about -30◦C on 13 April to just below 0◦C on205

16 April. This warming is accompanied by a pronounced increase of roughly 3 gkg−1 in Q2m (Fig. 3c) and a steady increase

in SEB (Fig. 3d) from negative to positive values. Positive SEB values persist for about 2 days, indicating a net transfer of

energy from the atmosphere to the surface and suggesting surface melt. Consistent with previous studies (e.g., Cullather et al.,

2016), the increase in SEB under AR conditions is primarily driven by enhanced net longwave radiation, while turbulent fluxes

play a comparatively minor role (Fig. 3e). A spike in total precipitation occurs while the Siberian AR remains above the ship210

on 16 April (Fig. 3b), coinciding with a sharp decline in Q2m and SEB. By 17 April, both variables return to values similar

to those before the AR event, suggesting a transition to clear-sky conditions. T2m also drops rapidly by about 15◦C between

16-17 April, while still remaining well above pre-Siberian AR temperatures.

The Atlantic AR reaches RV Polarstern on 18 April, marking the onset of a rise in T2m (Fig. 3a) and Q2m (Fig. 3c). Both215

peak at even higher values than during the Siberian AR, with T2m slightly surpassing 0◦C. SEB (Fig. 3d) also increases to

high positive values, reflecting enhanced energy influx to the surface. Between 19-21 April, precipitation (Fig. 3b) reaches

amounts approximately 2.5 times greater than those during the Siberian AR. Data gaps in SEB coincide with the period of

intense precipitation. Analysis of the individual SEB components (Fig. 3e) again shows that the increase in SEB is primarily

driven by enhanced longwave radiation directed towards the surface, likely associated with increased cloud cover, whereas220

turbulent fluxes contribute only marginally. After the retreat of the Atlantic AR, Q2m and SEB return to levels similar to those

before the Siberian AR. T2m decreases gradually to around -20◦C but does not decrease to pre-AR temperatures, marking the

transition from winter to spring (Svensson et al., 2023).

3.3 Impact on surface temperature, precipitation and sea ice225

After having analysed the synoptic-scale context of the two ARs and their impacts on surface conditions around RV Po-

larstern, we examine how the two ARs impacted T2m, precipitation and sea ice extent in the wider Arctic. Strong positive

T2m anomalies averaged over the target period 15-21 April 2020 are shown in Fig. 4a with anomalies exceeding 6◦C located

over Greenland, central Siberia and the central Arctic. Further, widespread positive T2m anomalies of 3-9◦C dominate central

Eurasia, encompassing parts of Siberia, southern Russia, and extending southward to the Caspian Sea. These coincide with230

an exceptionally intense and persistent heat wave in Siberia from January to June 2020 (Gloege et al., 2022; Overland and

Wang, 2021). The positive T2m anomalies along the Siberian pathway (see Fig. 1) align with previous findings indicating that

the Siberian AR was associated with the transport of considerable heat into higher latitudes (Dada et al., 2022; Kirbus et al.,

2023). The area where the two ARs prevailed for at least 3 days within the Arctic Circle coincides with strong T2m anomalies

exceeding 6-9◦C. Such strong 7-day mean T2m anomalies are extremely unusual, placing them in the upper 98.6% of the235

10

https://doi.org/10.5194/egusphere-2025-6285
Preprint. Discussion started: 5 January 2026
c© Author(s) 2026. CC BY 4.0 License.



0°

60° E
120° E

180°

12
0°

 W
60

° W

60° N

80° N

12 6 0 6 12
T2m anomaly [°C]

10 5 0 5 10
T2m anomaly [°C]

0

50

100

150

Fr
eq

ue
nc

y

98.6%
(8.6 °C)

(a) (b)

Figure 4. Impact of the Siberian and Atlantic ARs on surface temperature based on ERA5 data. (a) 7-day averaged T2m anomalies for the

target period 15-21 April 2020. Stippling highlights areas within the Arctic Circle where AR conditions persisted for at least three days. (b)

Distribution of 7-day mean T2m anomalies averaged over the stippling region in (a) for April 1979-2023. The anomaly for the target period

is indicated by a vertical line, with the corresponding magnitude and percentile annotated.

climatological distribution for that region (Fig. 4b).

The accumulated precipitation over the target period, expressed relative to the climatological distribution at each grid point

(Fig. 5a), reveals extremely unusual precipitation amounts exceeding the 90th percentile along the eastern Greenland coast

and across the central Arctic. The latter region coincides with the area where the ARs persisted for at least three days (Fig.240

4a). These two regions of extreme precipitation align with the pathways of the two ARs (see Fig. 1), highlighting their role in

delivering extremely anomalous precipitation. Based on their respective pathways, the Atlantic AR primarily accounts for the

extreme precipitation along the Greenland coast, while both ARs contribute to the exceptionally unusual precipitation over the

central Arctic. Further, to assess the impact of both ARs on sea ice, the difference in SIC before and after the event is shown

in Fig. 5b. A clear retreat of the sea ice edge is evident along the southeastern Greenland coast and in the Barents-Kara Sea,245

while an increase in SIC is observed in the Greenland Sea north of Iceland.
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Figure 5. Impact of the Siberian and Atlantic ARs on precipitation and sea ice extent in the Arctic. (a) Percentiles of 7-day gridded accumu-

lated precipitation for the target period relative to the April distribution 1979-2023 based on ERA5. Stippling shows areas within the Arctic

Circle where ARs coincide with precipitation ≥ 90th percentile. (b) Changes in SIC in the Arctic Ocean between 12 April (before the AR

event) and 22 April (after the event) using EUMETSAT OSI SAF OSI-401-b data; grey shading shows sea ice extent. Blue boxes mark the

SEG and BKS regions.

To unravel how T2m, precipitation, rainfall and sea ice retreat are interconnected while being impacted by ARs, two boxes

are defined along the sea ice edge to capture negative SIC changes (Fig. 5b). One box is defined over south-east Greenland

(SEG, 20◦-45◦W, 60◦-70◦N) and the other over the Barents-Kara Sea (BKS, 10◦-80◦E, 70◦-82◦N); both lie on the pathway of250

the two ARs. Further, the SEG region encompasses the area along the Greenland coast where highly anomalous precipitation

is observed (Fig. 5a), whereas BKS experiences strong and widespread positive T2m anomalies of 6-9◦C (Fig. 4a).

Area-averaged time series of T2m, precipitation, rainfall, and SIC are shown in Fig. 6 for the SEG and BKS regions. Over

SEG, SIC (Fig. 6a) gradually decreases while T2m undergoes a steady increase throughout April 2020, rising from around –10255
◦C to slightly above 0 ◦C by 17 April. Intermittent and well-defined precipitation events are observed in SEG with daily totals

exceeding 10 mmday−1 (Fig. 6c). In early April, rainfall remains low, whereas later a mix of rain and snow is observed. Dur-

ing the ARs, precipitation rates exceed 10 mmday−1 while rainfall surpasses 4 mmday−1. The time series further reveal that

notable precipitation and rainfall events also occur outside the period when the ARs are located over SEG. A strong negative

correlation is present between SIC and T2m (r =−0.69) suggesting that SIC decreases in SEG are closely linked to warmer260

T2m, whereas the correlation between SIC and precipitation (rprecip =−0.32) and between SIC and rainfall (rrain =−0.48) are
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Figure 6. Relation between surface variables and SIC over SEG and BKS based on ERA5 and OSI SAF data for April 2020. (a) Time series

of T2m (red) and SIC (blue) averaged over the SEG region. Grey shading indicates the period during which at least one AR is located over

the region. The correlation coefficient between the two time series is shown in the panel title. (b) is as in (a), but for the BKS region. (c)

and (d) as in (a) and (b) but for SIC, total precipitation (light blue) and rainfall (orange). Here, rprecip represents the correlation coefficient

between precipitation and SIC in the respective region, while rrain denotes the correlation coefficient between rainfall and SIC.

relatively weak.

Over BKS, SIC (Fig. 6b) undergoes a steady decline throughout April with an accelerated decrease during the ARs. T2m,

in contrast, exhibits a sharp increase from -10◦C on 12 April, prior to the AR arrival, to 0◦C by 18 April. After the AR re-265

treat, T2m drops again to -5◦C, possibly due to clear-sky conditions and enhanced radiative cooling. Rainfall in BKS remains

generally low (Fig. 6d) due to persistent sub-zero temperatures, although intermittent rainfall events are measured. During the

ARs, precipitation increases substantially. A strong negative correlation between T2m and SIC (r =−0.87), as well as between

rainfall and SIC (r =−0.73) indicates that decreases in SIC in the BKS region are closely tied to both surface warming and

enhanced rainfall. In contrast, a low correlation is found between total precipitation and SIC.270

3.4 Thermodynamic evolution of AR parcels associated with extreme precipitation

Having examined the drivers and surface impacts of the two ARs from a Eulerian point of view, this section uses a Lagrangian

framework to analyse the spatial and thermodynamic evolution of airmasses, and the moisture budget along the Siberian and

Atlantic pathways. We start by analysing 5-day backward trajectories with endpoints within the Arctic Circle where precipita-275

tion exceeds the 90th percentile along the Greenland coast (see white stippling in Fig. 5a). The same analysis is then repeated

for trajectories with endpoints in the central Arctic, where highly anomalous precipitation (≥ 90th percentile) is observed dur-
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Figure 7. Thermodynamic properties of parcels contributing to extreme precipitation over the Greenland coast within the Arctic Circle (white

stippling in Fig. 5a over Greenland). 5-day backward trajectories are considered based on ERA5. (a) Maximum difference in temperature

(∆T ) and potential temperature (∆θ) along each trajectory relative to their endpoints. Coloured clusters indicate four distinct groups: nTpθ

(blue; negative ∆T , positive ∆θ), pTpθ (orange; positive ∆T , positive ∆θ), nTnθ (grey; negative ∆T , negative ∆θ), and pTnθ (green;

positive ∆T , negative ∆θ). (b) Spatial density distribution of nTpθ trajectories. (c) same as (b) but for pTpθ parcels. (d) and (e) same as (b)

and (c) but for nTnθ and pTnθ parcels.

ing the two ARs.

Figure 7a shows the scatter plot of the maximum differences in temperature (∆T ) and potential temperature (∆θ) relative to280

their trajectory endpoints, grouping the trajectories into four distinct groups. Positive (negative) ∆T indicate a net temperature

increase (decrease), while positive (negative) ∆θ reflect diabatic heating (cooling). The nTpθ group (blue, 46.4% of trajecto-

ries) experiences cooling, together with diabatic heating. The pTpθ group (orange, 5.3%) undergoes both warming and diabatic

heating, while the nTnθ group (grey, 32.4%) shows a net decrease in temperature and diabatic cooling. Finally, the pTnθ group

(green, 15.9%) exhibits warming coupled with diabatic cooling.285

The spatial density distribution of nTpθ parcels (Fig. 7b) visualises the pathway taken by the corresponding parcels. It reveals

that they primarily originate in the mid-latitudes over the western Atlantic, as well as across the USA and subsequently follow
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the Atlantic pathway north-eastward along the Gulf Stream before reaching the Greenland coast. This transport pattern agrees

with the findings of Waling et al. (2024), who showed that, during summer, ARs reaching Greenland generally originate over290

the central USA and the western Atlantic between 30◦ and 45◦N. The temporal evolution of key thermodynamic properties av-

eraged across each subgroup (Fig. 8) supports this, indicating that nTpθ parcels typically originate in the mid-latitudes south of

45◦N and undergo rapid poleward transport during the final two days before reaching their endpoints (Fig. 8e). The air parcels

remain relatively warm (Fig. 8a), averaging near 0◦C 3-4 days before arrival, and move at nearly constant potential temperature

(Fig. 8b), indicating adiabatic motion. Specific humidity exceeds the surface annual mean of 2.4 gkg−1 at 70◦N (Serreze et al.,295

1995) and increases steadily, reaching a maximum 2-3 days prior to arrival (Fig. 8c). The parcels are mainly found around 750

hPa (Fig. 8d), consistent with previous studies showing that the core of an AR and associated strongest horizontal moisture

fluxes are concentrated below this level, where air parcels can take up moisture from the surface (Ralph et al., 2017; Guan and

Waliser, 2015). The interplay of these thermodynamic variables, their evolution along the trajectories and high moisture con-

tent show that nTpθ parcels exhibit characteristics typical for ARs, intensifying over warm ocean waters as they move poleward.300

On the last day before landfall, nTpθ parcels experience a sharp decline in temperature and pressure, as well as specific

humidity, together with an increase in potential temperature (Fig. 8). This indicates that airmasses rise upon reaching the

Greenland coast, leading to cooling, condensation, and precipitation, accompanied by latent heat release. This thermodynamic

evolution of nTpθ parcels reflects the complex interplay of surface heat exchange, moisture transport, and vertical mixing typ-305

ical of ARs as they release moisture upon landfall.

In contrast, the pTpθ, nTnθ and pTnθ groups represent more local transports of airmasses. The nTnθ parcels are primarily lo-

cated over the north-central Atlantic, west of the UK, with a smaller fraction originating across the USA (Fig. 7d). On average,

these parcels follow a northward journey starting around 45◦N (Fig. 8e) and are characterised by consistently cold temperatures310

below−15◦C (Fig. 8a). Lower pressure (Fig. 8d) and high potential temperature values (Fig. 8b) indicate that the parcels travel

mainly in the middle troposphere. Furthermore, the gradual decline in potential temperature indicates slow diabatic cooling.

Specific humidity (Fig. 8c) remains low and nearly constant, suggesting limited moisture uptake or loss. On the final day,

the parcels ascend and experience a decline in temperature in addition to decreasing potential temperature. This indicates that

nTnθ parcels move from warmer to colder regions and mix with cold airmasses near Greenland, thus, experiencing cooling and315

energy loss, possibly associated with evaporative processes. Owing to their higher-altitude and cold trajectories, nTnθ parcels

are unable to take up moisture along their paths. Thus, despite their spatial proximity, they do not contribute to the extreme

precipitation observed along the Greenland coast and lack key characteristics of ARs.

Parcels belonging to the pTpθ and pTnθ groups originate largely over the North Atlantic south of Greenland (Fig. 7c,e) and320

share similar characteristics. They originate near 60◦N and follow a descending pathway from the mid-troposphere towards the

lower altitudes (Fig. 8). Along their trajectories, the temperature and specific humidity increase, indicating interactions with

the underlying surface. However, both groups remain relatively cold and retain overall low moisture content, limiting their
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contribution to precipitation along the Greenland coast.

325
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Figure 9. Moisture budget analysis of 5-day back trajectories for parcels belonging to the nTpθ group (see Fig. 7a) based on ERA5. From

top to bottom, the panels show: (a) Spatial distribution of accumulated moisture uptake (dQ/dt>0) along the trajectories. (b) Same as for (a)

but for moisture loss (dQ/dt <0). (c) Spatial distribution of the net moisture budget, calculated as the difference between panels (b) and (c),

i.e. moisture uptake minus loss. (d) Map of average pressure changes per parcel for bins containing more than 20 parcels.

After having determined that nTpθ parcels exhibit key AR characteristics and act as the primary conveyors of extreme pre-

cipitation to the Greenland coast, we next focus on moisture uptake and loss regions along their trajectories. Figure 9 reveals

that in general moisture uptake occurs predominantly at lower latitudes (Fig. 9a) and in the lower levels of the troposphere

near 900 hPa (not shown). In contrast, moisture loss takes place at higher latitudes (Fig. 9b) and in the mid-troposphere (not

shown). Further, moisture uptake is most pronounced over the western Atlantic near the USA coast, where warm sea surface330

temperatures favour upward turbulent surface fluxes, and over the north-central Atlantic south-east of Greenland. In contrast,

moisture loss, corresponding to precipitation, is confined to a narrow filament along the Atlantic pathway from the eastern

coast of Florida to Greenland. This loss intensifies near the Greenland coast, where orographic uplift of the landfalling Atlantic
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Figure 10. Same as Fig. 7 but for 7-day back trajectories of parcels with endpoints in the central Arctic where precipitation ≥ 90percentile

(see white stippling in Fig. 5a).

AR leads to extreme precipitation, as indicated by a marked decrease in the averaged parcel pressure in this region (Fig. 9d).

335

Next, the trajectory analysis is repeated for parcels with endpoints in the central Arctic, where extreme precipitation occurred

during the two ARs (see white stippling in Fig. 5a). For this region, 7-day parcel trajectories are considered, again yielding

four distinct groups based on the maximum changes in ∆T and ∆θ along each trajectory relative to its endpoint. Figure 10a

shows the resulting groups: nTpθ (26.5% of trajectories), pTpθ (6.1%), nTnθ (47.6%), and pTnθ (19.8%). Compared to the

Greenland coast, where nearly half of the parcels fell within nTpθ, the dominant group in the central Arctic is nTnθ, while340

nTpθ accounts for only about one quarter of the trajectories.

The trajectory density map for the nTpθ group (Fig. 10b) clearly captures the distinct pathways of both the Atlantic and

Siberian ARs. Along the Atlantic, an elongated stream is shown, coinciding with regions of enhanced moisture uptake (Fig.

12a) and low parcel altitudes around 900 hPa (not shown). Moisture loss, accompanied by upward motion (Fig. 12b,d), also345

occurs in the same region but is concentrated further north. Additionally, strong moisture loss and upward motion is shown over

the Greenland coast. Over Eurasia, two distinct trajectory pathways emerge. One extends from southeastern Europe through

Siberia and eastern Scandinavia, reaching the Arctic Ocean and Svalbard. The other, less pronounced, follows a similar arch-
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shaped route farther east over Russia and Siberia, terminating over the Kara Sea. Both pathways are associated with the Siberian

AR, where a south-eastward shift of the driving low-high pressure couplet leads to an eastward displacement of the AR track350

(see Fig. 1). Moisture uptake along the Siberian pathway is most prominent over south-eastern Europe and western Russia,

while the eastern route shows limited moisture uptake east of the Urals (Fig. 12a). Moisture loss is concentrated over south-

ern Europe and Russia along an arch-shaped route (Fig. 12b). The close spatial alignment between moisture source and sink

regions along the AR pathway suggests that a substantial fraction of the precipitated moisture is being locally recycled within

the AR, as has been shown in previous studies (Nusbaumer and Noone, 2018).355

The temporal evolution properties along the trajectories show that nTpθ parcels reaching the central Arctic typically orig-

inate near 50◦N and travel northward, mainly during the final three days before arrival (Fig. 11e). They are characterised

by relatively warm temperatures compared to pTpθ, nTnθ and pTnθ parcels (Fig. 11a), although their average temperatures

remain below 0◦C. Their nearly constant potential temperature indicates adiabatic motion (Fig. 11b), while pressure values360

around 750 hPa suggest that the parcels travel within the lower troposphere (Fig. 11d). Similar to nTpθ parcels reaching the

Greenland coast (see Fig. 8c), those arriving in the central Arctic have high specific humidity (Fig. 11c). However, whereas

the Greenland-bound nTpθ parcels exhibit a marked increase in Q along their trajectories, the central Arctic parcels maintain

comparatively flat Q values. This indicates that a substantial fraction of the moisture was acquired upstream, more than 7

days before the airmasses reached the central Arctic. A steady decrease in temperature, along with decreasing humidity and365

increasing pressure 1–3 days before arrival, coincides with the northward propagation of the parcels into the colder Arctic

environment, reflecting progressive cooling and ascent, particularly between 60◦ and 70◦N.

Parcels in the nTnθ group primarily originate from the north-central Atlantic and the UK, following an arch-shaped pathway

along eastern Greenland into the high latitudes. Additional trajectories are observed over central Siberia and the Kara Sea across370

northern Eurasia, though at lower densities. These parcels represent a high-altitude feature characterised by low pressure,

elevated potential temperature, and low, nearly constant specific humidity (Fig. 11). Given these characteristics, the nTnθ

group does not appears to be part of the incoming AR plumes and likely contributes minimally to the anomalous precipitation

observed in the central Arctic during the period. In contrast, the pTpθ and pTnθ groups seem to be linked to more localised

processes, similar to those observed for the parcels reaching the Greenland coast. Like the nTnθ group, they exhibit low375

temperatures and low specific humidity, which limit their capacity to produce significant precipitation.

4 Discussion and Conclusion

By utilising a combined Eulerian and Lagrangian analysis framework, we have identified the dynamical drivers, local and

Arctic-wide surface impacts, and the thermodynamic evolution of two distinct Arctic ARs during 13-21 April 2020. Together,

these ARs contributed to highly unusual atmospheric conditions across the Arctic, underscoring their critical role in amplifying380
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Figure 12. Same as Fig. 9 but for 7-day back trajectories of nTnθ parcels from Fig. 10. For panel (d) only bins with more than 50 parcels are

taken into account.

regional weather extremes, and shaping Arctic climate variability and associated cryospheric impacts.

Our analysis captures the detailed temporal evolution of the large-scale circulation patterns that steered the two major ARs

into the Arctic (see Fig. 1), resulting in unprecedented transport of heat and moisture into the region. The Atlantic AR was

driven by a highly exceptional cyclone over Baffin Bay and an anticyclone over the North Atlantic, while the Siberian AR was385

driven by a cyclone over western Siberia and an extremely anomalous and persistent anticyclone over north-central Siberia

(Fig. 2). The two ARs had distinct characteristics and regional impacts. The Siberian AR was more strongly associated with

widespread surface temperature anomalies, particularly across the Eurasian landmass (Fig. 4), while the Atlantic AR was char-

acterised by abundant moisture transport, producing intense precipitation along the Greenland coast (Fig. 5a). The ARs led

to increased cloud cover, enhanced downward longwave radiation, and regional warming (Fig. 3 and Fig. 6), coinciding with390
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notable sea ice retreat in the Barents-Kara Sea and along the south-eastern coast of Greenland (Fig. 5b).

Backward parcel trajectories associated with extreme precipitation along the Greenland coast provide new insights into the

thermodynamic evolution of the Atlantic AR. We identify four distinct groups of air parcels, each exhibiting unique thermody-

namic characteristics (Fig. 7). Three of these groups are marked by persistently cold temperatures and low specific humidity395

(Fig. 8). Although embedded within the same synoptic system, these air parcels do not belong to the AR plume. In contrast,

the dominant group, comprising roughly half of the trajectories, is primarily responsible for the anomalously high precipitation

along the Greenland coast and displays clear AR characteristics (Fig. 8 and Fig. 9). These parcels originate south of 40◦N

and travel northward along the eastern coast of the USA, drawing moisture predominantly from the warm waters of the Gulf

Stream (Fig. 9). The air parcels are characterised by relatively warm temperatures that increase to around 0◦C, increased spe-400

cific humidity, and low pressure during transport. Upon reaching Greenland, they ascend rapidly, cool, and release moisture

through intense precipitation accompanied by latent heat release.

Trajectories associated with extreme precipitation in the central Arctic similarly reveal four distinct groups, three of which

show limited potential for precipitation (Fig. 10). The remaining group, accounting for roughly one quarter of the trajectories,405

displays clear signatures of both the Atlantic and Siberian ARs and is characterised by poleward transport of moist, relatively

warm air from the midlatitudes (Fig. 11 and Fig. 12). These parcels travel within the lower troposphere under near-adiabatic

conditions, gradually cooling and losing moisture as they enter the colder Arctic environment, where precipitation occurs north

of 80◦N.

410

The Siberian AR derived its moisture from continental Eurasia (Fig. 12). Previous studies have shown that strong positive

T2m anomalies over Siberia in early 2020 led to an unusually early onset of snowmelt, enhanced soil moisture, and earlier

greening (Gloege et al., 2022; Kwon et al., 2021). These conditions likely provide a significant moisture reservoir for the

Siberian AR. At the same time, regions of moisture uptake and loss along the Siberian AR spatially align,indicating that part

of the moisture is locally recycled over Eurasia within the AR (Nusbaumer and Noone, 2018). This implies that a portion of415

the moisture reaching the central Arctic is not newly acquired over Eurasia, but carried from more distant regions over a period

exceeding seven days, highlighting the importance of long-range transport in sustaining the moisture content of the Siberian

AR.

Our findings align with previous research on the role of ARs in transporting heat and moisture into polar regions (Gorodet-420

skaya et al., 2014; Wille et al., 2019; Payne et al., 2020; Wang et al., 2024). We complement recent works by Kirbus et al.

(2023) and Svensson et al. (2023), who analysed the same event using combined Eulerian and Lagrangian approaches, pri-

marily focusing on impacts in the vicinity of RV Polarstern. Kirbus et al. (2023) emphasised the poleward transport of latent

energy, associated cloud modifications, and surface energy balance anomalies driven by turbulent heat fluxes and radiation.

Svensson et al. (2023), in turn, highlighted the large-scale circulation patterns channelling warm air intrusions into the Arctic,425
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their surface impacts at the ship’s location, and Lagrangian air-mass transformations along three distinct pathways reaching

the vessel. By tracing the origin and evolution of air parcels associated with AR-induced extreme Arctic precipitation, our

analysis extends previous findings by showing how distinct trajectory groups contributed to the build-up and release of mois-

ture, thereby linking the large-scale transport dynamics directly to the precipitation observed along the Greenland coast and

the central Arctic.430

In a warming climate, increasing atmospheric moisture content in the Arctic, together with declining sea ice and enhanced

storm activity (Iijima et al., 2016), is expected to intensify AR activity and expand their reach into the high latitudes. Recent

evidence suggests that Siberian ARs are becoming more frequently occurring features of the Arctic climate system (Komatsu

et al., 2018), raising important questions about how the combined transport of heat, moisture, and aerosols influences Arctic435

amplification and cloud radiative forcing. Continued investigation into the mechanisms, variability, and impacts of ARs under

a changing climate will be essential for improving projections and informing climate resilience strategies in the Arctic and

beyond.
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