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Abstract.

A substantial portion of the moisture transport into the Arctic occurs in episodic, high-amplitude events with strong impacts
on the Arctic’s climate system components such as sea ice. This study focuses on the origin of such moist-air intrusions during
winter and examines the moisture sources, moisture transport pathways, and their linkage to the driving large-scale circulation
patterns. For that purpose, 597 moist-air intrusions, defined as daily events of intense (exceeding the 90*" anomaly percentile)
zonal mean moisture transport into the polar cap (> 70°N), are identified. Kinematic backward trajectories combined with a
Lagrangian moisture source diagnostic are then used to pinpoint the moisture sources and characterize the air-streams accom-
plishing the transport.

The moisture source analyses show that the bulk of the moisture transported into the polar cap during these moist-air
intrusions originates in the eastern North Atlantic with an uptake maximum poleward of 50° N. Trajectories further reveal an
inverse relationship between moisture uptake latitude and the level at which moisture is injected into the polar cap, consistent
with ascent of poleward flowing air in a baroclinic atmosphere. Focusing on intrusions in the North Atlantic (424 intrusions),
we find that lower tropospheric moisture transport is predominantly accomplished by two types of air-streams: (i) cold, polar
air warmed and moistened by surface fluxes, and (ii) air subsiding from the mid-troposphere into the boundary layer. Both
air-streams contribute about 36 % each to the total transport. The former accounts for most of the moisture transport during
intrusions associated with an anomalously high frequency of cyclones east of Greenland (218 intrusions), whereas the latter
is more important in the presence of atmospheric blocking over Scandinavia and the Ural (145 events). Long-range moisture
transport, accounting for 17 % of the total transport, dominates during intrusions with weak forcing by baroclinic weather
systems (64 intrusions). Finally, mid-tropospheric moisture transport is invariably associated with (diabatically) ascending
air and moisture origin in the central and western North Atlantic, including the Gulf Stream front, accounting for roughly
10 % of the total transport. In summary, our study shows that moist-air intrusions into the polar atmosphere result from a
combination of air-streams with pre-dominantly high-latitude or high-altitude origin, whose relative importance is determined

by the underlying driving weather systems (i.e., cyclones and blocks).



25

30

35

40

45

50

55

1 Introduction

The atmospheric transport of moisture from mid-latitudes towards the pole constitutes an essential component of the Arctic
energy and freshwater budgets (e.g., Dufour et al., 2016; Singh et al., 2017; Mayer et al., 2019). Variations of this transport have
direct consequences for sea ice (e.g., Boisvert et al., 2016; Mortin et al., 2016; Woods and Caballero, 2016), the mass balance
of Greenland’s ice sheet (e.g., Chen et al., 2016; Fettweis et al., 2017; Hermann et al., 2020), and the stratification of the Arctic
ocean (e.g., Serreze et al., 2006). Furthermore, a long-term increase of atmospheric water content in the Arctic, mainly caused
by enhanced meridional moisture transport (Nygard et al., 2020), is thought to contribute to the amplified warming of the
Arctic as compared to lower latitudes primarily via enhanced downward longwave radiation (Francis and Hunter, 2006; Doyle
et al., 2011; Kapsch et al., 2013; Graversen and Burtu, 2016; Vihma et al., 2016; Lee et al., 2017; Rinke et al., 2019). Hence,
improving our mechanistic understanding of the processes that drive the meridional transport of moisture and its variability
is essential for better understanding the Arctic climate system and its rapid changes (Gimeno et al., 2019; Henderson et al.,
2021).

A substantial portion of moisture transport into the polar cap occurs in episodic, high-amplitude, zonally confined injections
of moisture, often referred to as moist-air intrusions (Doyle et al., 2011; Woods et al., 2013; Graversen and Burtu, 2016;
Dufour et al., 2016; Messori et al., 2017; Naakka et al., 2019). Variations in the frequency of moist-air intrusions contribute
towards a large inter-annual variability of Arctic temperatures and sea ice extent. Furthermore, the warming trend of the Arctic
is most pronounced during winter (e.g., Screen and Simmonds, 2010) and a significant part of this trend can be attributed to
changes in the frequency and intensity of moist-air intrusions (Park et al., 2015b, a; Woods and Caballero, 2016; Lee et al.,
2017; Gong et al., 2017). In summer, in contrast, moist-air intrusions are less important for the warming trend as air-mass
exchanges between mid-latitudes and the Arctic are generally reduced (Orbe et al., 2015; Papritz, 2020) and local feedback
processes dominate the warming (Alekseev et al., 2019). Consequently, the focus of this study lies on moist-air intrusions
during extended winter (November to March; NDJFM).

Geographically, wintertime moist-air intrusions are most frequent in three regions, namely the Nordic Seas and the Barents
and Kara Seas in the Atlantic sector, the Labrador Sea located west of Greenland, as well as Bering Strait in the Pacific sector
(Woods et al., 2013; Dufour et al., 2016; Naakka et al., 2019). Various large-scale circulation patterns and weather systems
have been identified to drive poleward transport of warm and humid air in these regions (cf. Henderson et al., 2021, for a
comprehensive overview). For example, moist-air intrusions in the Atlantic sector are associated with a zonally aligned dipole
of mid- and upper-tropospheric geopotential height anomalies (Luo et al., 2017; Messori et al., 2018). The negative geopotential
height anomaly is linked to an enhanced frequency of cyclones along Greenland’s east coast (Sorteberg and Walsh, 2008;
Villamil-Otero et al., 2018; Messori et al., 2018). In fact, Fearon et al. (2021) established that 74 % of the annual moisture
flux into the polar cap north of 70° N is related to poleward propagating cyclones. The positive geopotential height anomaly,
in turn, is linked to blocks over Scandinavia and the Ural mountains (Woods et al., 2013; Liu and Barnes, 2015; Gong and
Luo, 2017; Ruggieri et al., 2020), whereby blocks can directly cause a poleward moisture flux via their associated circulation

or indirectly via the poleward deflection of cyclone tracks (Madonna et al., 2020; Papritz and Dunn-Sigouin, 2020). Moreover,
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Luo et al. (2017) and Luo et al. (2019) found poleward moisture transport in the Nordic Seas and towards the Barents Sea to
be particularly efficient when blocking over Scandinavia or the Ural coincided with a strengthened North Atlantic storm track
as reflected by the positive phase of the North Atlantic Oscillation (NAO+). Similarly, the interplay of synoptic-scale waves
and blocking over Alaska has been shown to contribute to moisture transport in the Pacific sector (Baggett et al., 2016). These
finding are in line with Papritz and Dunn-Sigouin (2020) who identified the most intense poleward moisture transport events
at 70°N to coincide with blocking over Scandinavia or Alaska and a pronounced poleward deflection of the mid-latitude storm
tracks.

Several studies have explored the geographical origin of moisture transported into the Arctic or specific subregions. Using
a climate model equipped with water vapour tracers, Singh et al. (2017) found that moisture precipitating in the Arctic during
winter originates mainly in the North Atlantic in a band between 50° N — 70° N, whereas contributions from the North Pacific,
land areas, and lower latitudes are comparatively small. An alternative approach diagnoses moisture sources based on reanal-
ysis data using kinematic trajectories (e.g., Sodemann et al., 2008) or dynamical recycling models (e.g., Zhong et al., 2018).
Focusing on wintertime precipitation in the Barents and Kara Seas, Zhong et al. (2018) identified the warm Norwegian Sea
as an important source region for moisture transported from remote areas into the target region. Similarly, Sodemann et al.
(2008) and Schuster et al. (2021) found the Norwegian Sea to contribute substantially to precipitation over the Greenland ice
sheet and an arid region in north-east Greenland, respectively. Finally, the results by Vazquez et al. (2016) agree with those of
the preceding studies in that they portray a predominantly oceanic origin of atmospheric moisture in the Arctic during winter.
However, their findings suggest long-range transport of moisture evaporating from the ocean surface near the western boundary
currents, i.e., the Gulf Stream and the Kuroshio, which are the regions where climatological evaporation is most intense, are the
principal source regions. The importance of long-range moisture transport from the western North Atlantic towards the Arctic
is further supported by the moisture transport pathway from the Gulf Stream Extension towards the Barents and Kara Seas
proposed by Luo et al. (2019). While the discrepancies in previously identified moisture sources for the Arctic can partly be
explained by the different target areas in the Arctic and the methodologies used, they also indicate that the origin of moisture
in the Arctic and its transport pathways are still not fully understood.

In this study, we aim to combine the two main lines of earlier research that focused either on the dynamical mechanisms
causing moist-air intrusions into the Arctic or on the moisture origin. In contrast to many previous studies focusing on particular
sub-regions of the Arctic, we widen the geographical focus to the entire Arctic by considering moisture origin associated with
moist-air intrusions at 70° N. An important goal of this study is to explore how the various driving weather systems influence
moisture origin and transport pathways, and how they are interlinked with the thermodynamic evolution of the air that transports
the moisture. For that purpose, we use the ERAS reanalysis and compute, in a first step, kinematic trajectories to identify the
origin and transport pathways of moisture associated with wintertime moist-air intrusions into the Arctic at 70° N. Then, we
use this data set to explore how different configurations of the large-scale flow conducive for moist-air intrusions are linked
to specific sources and transport pathways of moisture, as well as to transformations of the related air-masses. The study is

structured as follows: In the next section, we describe the identification procedures for moist-air intrusions and moisture sources
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based on kinematic trajectories, which we illustrate in Sect. 3 with the aid of an exemplar case. In Sect. 4 we present the results

of the climatological analyses, followed by concluding remarks in Sect. 5.

2 Methods
2.1 Data

In this study we use the ERAS reanalysis from the European Centre for Medium-Range Weather Forecasts (ECMWF; Hersbach
et al., 2020). We use fields at hourly temporal resolution on model levels and spatially interpolated to a 0.5° x 0.5° grid,
including horizontal and vertical winds, (potential) temperature, specific humidity, and potential vorticity. In addition, we also
consider 500 hPa geopotential height, surface pressure and mean sea-level pressure, as well as sea surface temperature (SST).

The study period comprises 39 extended winters (NDJFM), starting with winter 1979/1980.
2.2 Meridional moisture transport and identification of moist-air intrusions

The zonally integrated transport of moisture across 70° N is given by
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where p, denotes surface pressure and v and ¢ are the meridional wind velocity and specific humidity, g is the gravitational
acceleration, and )\, ¢, and p denote longitude, latitude, and pressure, respectively. The vertically integrated moisture transport
is computed every three hours from the ERAS model level data. Reanalyses are generally not mass conserving due to analysis
increments and model errors, which can lead to biases in zonal mean meridional fluxes of moisture (and heat, e.g., Liang et al.,
2018). Therefore, we apply a mass flux correction scheme to remove possible inconsistencies in the conservation of mass in
ERAS following the method by Trenberth (1991). From the 3-hourly mass flux corrected meridional moisture fluxes we then
compute daily mean fluxes H.

As shown by Liang et al. (2018), a major portion of meridional moist static energy fluxes on the daily timescale results from
fluxes of mass into and out of the polar cap at the average moist static energy of the polar cap. Such mass fluxes do not change
the average moist static energy in the polar cap. The same issue arises when instead of moist static energy moisture alone
is considered. Since in this study we are interested in events of highly anomalous, intense meridional moisture transport that
cause excess moisture to accumulate in the Arctic - as reflected by a substantial increase of the average moisture content in the
polar cap - we subtract these extensive fluctuations from H, . Specifically, we define the daily mean meridional moisture flux
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where M = 7 [ v|y=70en 2 d\ is the mass flux across 70°N, Q = & [[ oo Jo* ¢ 22 dAdg! is the average moisture
content of the polar cap, and m = ff¢2700 N g’s % dAd¢ is the mass of the polar cap (Liang et al., 2018). Finally, since we
are interested in the Hy, " anomaly, we remove the seasonality and the long-term trend by subtracting a transient calendar day
climatology from ", Following Messori et al. (2018), the transient climatology for a given day and year is obtained from a
smoothing of H," witha 21-day running mean filter and subsequent centred averaging over 9 years. At the beginning and end
of the timeseries, the climatology is kept constant across years. This is to ensure that neither the seasonality nor the long-term
increase of poleward moisture transport bias the selection of anomalous events based on a fixed percentile threshold towards the
warmer (and more humid) extended winter months or the later years in the study period. This is important since our goal is to
gain insight into the dynamical mechanisms linking moisture sources and the Arctic, whereas seasonality and long-term trends
of poleward moisture transport are not our focus. We then select all 597 timesteps of daily poleward moisture transport for

further analysis for which H," anomalies exceed the 90*"-percentile. From here on, these anomalous events of daily moisture

transport will be refered to as moist-air intrusions or intrusions.
2.3 Trajectory calculation and moisture source identification

Kinematic backward trajectories provide the basis for analysing the moisture transport and identifying moisture source regions.
For each moist-air intrusion, the computation of trajectories and identification of the moisture sources involves three main steps.
In the first step, potential trajectory starting points at 70° N are defined every three hours on the day of the moist-air intrusion
(from 00 UTC to 21 UTC) on an equidistant grid with spacing of 50 km in longitude and 20 hPa in the vertical, ranging from
10 hPa to 610 hPa above ground-level. This yields 8 x 274 x 31 potential trajectory starting points per moist-air intrusion. The
instantaneous meridional moisture transport g - v is then interpolated to these points (see Supp. Fig. 1 for an example) for all
three hourly timesteps and transport values at potential trajectory starting points are ranked from highest to lowest. Finally,
the highest ranked points are selected as trajectory starting points such that together they account for 50 % of the integrated
poleward moisture transport on that day (red circles in Supp. Fig. 1b). With this approach we ensure that selected trajectories
provide a representative sample of the upper half of the daily moisture flux into the polar cap.

In the second step, we compute for each moist-air intrusion 8-day kinematic backward trajectories from the selected grid
points using the Lagrangian Analysis Tool (LAGRANTO; Wernli and Davies, 1997; Sprenger and Wernli, 2015). Thereby,
trajectories are started every three hours between 00 UTC and 21 UTC. A trajectory is characterized by time relative to the
initialization, longitude, latitude and pressure. Further variables such as (potential) temperature and specific humidity are
interpolated to the trajectory positions.

The third and final step comprises the identification of moisture sources following the approach by Sodemann et al. (2008).
This approach identifies moisture sources, thereafter also referred to as moisture uptakes, from positive increments of specific
humidity along a trajectory. To filter out spurious fluctuations of specific humidity along the trajectory, which for exam-
ple can arise due to numerical errors in the spatial interpolation, we only consider changes of specific humidity exceeding

0.025gkg ' h~! (detection threshold). Since an air parcel can undergo several cycles of moisture uptakes and losses via pre-

I'The shorthand IS $>T0ON d\ d ¢ indicates integration over the polar cap poleward of 70°N.
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cipitation prior to reaching 70° N, intermittent precipitation events are considered by reducing the contribution (or weight) of
preceding moisture uptakes. The moisture transported into the target area by a trajectory is, therefore, given by a weighted
sum of all moisture uptakes along the trajectory. In contrast to Sodemann et al. (2008), moisture uptakes above the planetary
boundary layer are included to account for moistening caused by convective transport of moisture from the boundary layer into

the free troposphere.
2.4 Large-scale flow features: extratropical cyclones, atmospheric blocks, and marine cold air outbreaks

In order to link moisture uptake and transport to large-scale circulation patterns, we further consider 500 hPa geopotential height
as well as a number of weather features that are potentially important for inducing moisture transport, namely extratropical
cyclones, atmospheric blocking, and marine cold air outbreaks. For that purpose, we use established identification schemes
that produce binary fields indicating at a given grid point whether the respective type of weather feature is present (1) or not
(0). Temporally averaging these binary fields over a set of timesteps, e.g., days preceding selected moist-air intrusions, yields
the fraction of time a given flow feature is present, thereafter referred to as the feature frequency. These frequencies can then
be compared to climatology to obtain frequency anomalies.

Extratropical cyclones are identified from minima in sea-level pressure and the cyclone area is delimited by the outermost
closed sea-level pressure contour surrounding a sea-level pressure minimum (Wernli and Schwierz, 2006; Sprenger et al.,
2017). The detection of atmospheric blocking is based on 5-day persistent negative anomalies of vertically averaged upper
tropospheric potential vorticity anomalies below —1.3pvu (1pvu=10"m?s~ ' Kkg™'; see Croci-Maspoli et al., 2007, for
details about the methodology). Finally, marine cold air outbreaks are identified as ocean grid points where the potential
temperature difference between the sea surface and the 900 hPa level exceeds 4 K (6ssT — 0900 > 4K; Papritz et al., 2015).
This criterion captures regions of lower tropospheric instability and intense upward sensible heat and moisture fluxes (Papritz

and Spengler, 2017).

3 Illustrative example

In this section, we consider an exemplar case that serves to illustrate the methodology and at the same time reveals the diversity
of air flows associated with moist-air intrusions. For that purpose, we select a moist-air intrusion on 17 January 1995 for which
75 % of the poleward moisture transport occurs in the Nordic Seas and the Barents Sea, i.e., between 45° W — 60° E. This is the
region where climatologically most of the moist-air intrusions into the Arctic take place (e.g., Woods et al., 2013). Figures 1a, b
show the subset of all moisture transport trajectories associated with this moist-air intrusion (see Sect. 2.3) initialized in the
lower and mid-troposphere near the 900 hPa and 700 hPa levels, respectively. Note that we consider the 700 hPa level as mid-
tropospheric since the moisture transport characteristics at this level are clearly distinct from those at lower altitudes (cf. Sect.
4).

Lower tropospheric trajectories follow two distinct branches (Fig. 1a). Trajectories in the first branch originate over the

Canadian Archipelago, representing originally cold and, therefore, also dry Arctic air. These trajectories subsequently move
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south and reach open ocean in the Labrador Sea, from where they turn cyclonically around Greenland and then move poleward
into the Nordic Seas. During their path over open ocean, they remain in the lower troposphere. As they are exposed to a
comparatively warm ocean surface, they experience warming and moistening via surface sensible and latent heat fluxes (e.g.,
Papritz and Spengler, 2017).

Trajectories in the second branch, in contrast, originate at lower latitudes in the mid-troposphere. They have anti-cyclonic
curvature and descend in an anti-cyclone west of the Iberian Peninsula to well below 800 hPa, subsequently moving poleward
as a coherent bundle (Figs. 1a, b). Thus, this second branch transports relatively dry, free tropospheric air into the lower
troposphere, gaining moisture as it enters the boundary layer. Prior to arrival at 70° N, some of the trajectories ascend again,
leading to a deep moisture transport extending vertically to 700 hPa (Fig. 1b). Furthermore, Fig. 1b shows a few additional
trajectories arriving at 700 hPa with a cyclonic curvature and descending over the North Atlantic from above 500 hPa.

The two main branches are associated with clear imprints in the moisture source field (Fig. 1c). The cyclonic branch results in
an elongated band with large moisture uptake contributions stretching from the Labrador Sea around Greenland into the Nordic
Seas. Thereby, moisture uptake contributions increase over warmer ocean (cf. SST contours) and towards the coast of Norway,
where the maximum occurs. The anti-cyclonic branch is associated with moisture uptake west of the Iberian Peninsula and the
Bay of Biscay, but also the North Sea and Scandinavia (compare trajectories in Fig. 1a and regions of high uptake contributions
in Fig. 1c).

This exemplar case suggests that individual moist-air intrusions can result from a combination of various air-streams, each
characterised by different origin of the air, thermodynamic evolution and moisture uptake patterns. Thus, an important aspect
of the following will be to systematically investigate what types of air-streams contribute to moist-air intrusions and how they

are linked to the large-scale circulation.

4 Climatological results
4.1 Characteristics of moisture transport at 70° N

Arctic moisture transport occurs in well-known, relatively narrow regions (e.g., Woods et al., 2013). This is confirmed by
vertical cross-sections at 70° N (Figs. 2a, b) showing the frequency of trajectory starting points associated with the moist-air
intrusions and the mean intensity of the moisture transport (v - ¢) accomplished by the moisture transport trajectories. These
cross-sections highlight three distinct sectors where most of the moisture transport associated with the intrusions takes place:
the North Atlantic between Greenland and Scandinavia with by far the highest frequency of moisture transport trajectories, the
Labrador Sea west of Greenland, and Bering Strait in the North Pacific. The latter two show substantially lower frequencies
than the North Atlantic east of Greenland. Furthermore, most of the transport occurs in the lower troposphere below 800 hPa.
Nevertheless, fairly high trajectory frequencies reach up to the mid-troposphere to 600 hPa and above, especially in the eastern
North Atlantic.

The mean poleward moisture transport v-q associated with moisture transport trajectories is most intense in the eastern North

1

Atlantic and the Labrador Sea with peaks of about 60 gkg ™" ms~*! below 850 hPa (Fig. 2b). Moist-air intrusions in the Labrador
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Sea are associated with lower specific humidity but higher poleward windspeeds than intrusions in the eastern North Atlantic

(Figs. 2c, d) - likely related to topographic channeling of the flow along Greenland’s west coast. In both sectors, the transport

1 1

is fairly deep, extending well into the mid-troposphere and with an intensity of the transport in excess of 30gkg™  ms™
at 600 hPa. Along with the rapid decrease of specific humidity with altitude (Fig. 2c), mid-tropospheric moisture transport
is accomplished by strong poleward windspeeds, which at 600 hPa are more than twice as large as in the lower troposphere
(>30ms~!vs.~ 15ms™; Fig. 2d). Finally, moist-air intrusions in the North Pacific are slightly less intense than in the North

Atlantic, mainly because of lower specific humidity.
4.2 Geographical distribution of moisture sources

In the following, we first consider the spatial distribution of moisture sources for all intrusions (Fig. 3). The moisture sources
are unevenly distributed across the Northern Hemisphere with most of the moisture originating in the eastern North Atlantic
— a fairly small portion of the Northern Hemisphere’s ocean basins. The striking asymmetry between the North Atlantic and
the North Pacific essentially reflects the fact that most of the moist-air intrusions take place east of Greenland in the Nordic
Seas (Fig. 2a). Most of the moisture uptake occurs in the planetary boundary layer (cf. Supp. Fig. 2) between Iceland and the
British Isles, as well as the Norwegian Sea along the warm ocean currents flowing poleward. In addition, a tongue of enhanced
moisture uptake extends into the western North Atlantic along the warm side of the Gulf Stream front.

To gain a more detailed insight into the geographical distribution of moisture sources, we group moist-air intrusions accord-
ing to the sector in which the bulk of the moisture transport occurs. Specifically, we attribute intrusions to the North Atlantic,
the Labrador Sea, or the North Pacific if at least 75 % of the zonally integrated, poleward moisture transport takes place within
the longitude bands 45° W — 60° E, 100° W — 45° W, and 140° E — 120° W, respectively. This results in 424 intrusions in the
North Atlantic, 9 in the Labrador Sea, 22 in the North Pacific, and 142 intrusions that cannot be uniquely attributed to one of
these regions, which can happen, for instance, if intense poleward moisture transport occurs in two sectors simultaneously.

Figure 4 shows the moisture sources and contributions by latitude segments separately for intrusions in the three sectors. The
geographical distribution of moisture uptake associated with intrusions in the North Atlantic shows several interesting features.
The moisture uptake contributions increase almost monotonically with latitude with disproportionate contributions between
40° N and 65° N as compared to the area covered by the respective latitude bands (Fig. 4d). The largest uptake contributions
occur between 55° N and 65° N over the relatively warm ocean between Iceland and the British Isles and along the Norwegian
coast (Fig. 4a), followed by a sharp decrease poleward of 65° N. Contributions from the western North Atlantic, with the
exception of a band stretching along the warm side of the Gulf Stream front, are weak.

The bulk of the moisture uptake associated with intrusions in the Labrador Sea occurs between 35° N and 50° N (Fig. 4e).
Major contributions stem from the warm side of the Gulf Stream front and its extension with a maximum east of Newfound-
land, as well as from the mid-latitude central North Atlantic (Fig. 4b). Finally, the North Pacific features a relatively uniform
distribution of moisture uptake from 30° N across mid-latitudes (Fig. 4f), suggesting that long-range moisture transport is more

important in the North Pacific than in the North Atlantic and the Labrador Sea. Furthermore, the center of mass of the moisture
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uptake field is located in the eastern North Pacific (Fig. 4c), indicating that moisture follows an anti-cyclonic pathway from the

source region towards Bering Strait, where the injection into the polar cap takes place.
4.3 Linkage of moisture sources and transport to characteristic air-streams

The previous analyses have shed light on the geographical origin of moisture contributing to moist-air intrusions. In this
section, our goal is to investigate how favourable conditions for moisture uptake and the subsequent moisture transport towards
the Arctic are established. Moisture uptake along a trajectory requires the formation of sub-saturated conditions. From a
mechanistic point of view, various thermodynamic pathways of a trajectory can lead to such conditions. They include, for
example, air subsiding from the mid-troposphere towards the ocean surface, thereby undergoing adiabatic warming due to
compression. An alternate pathway comprises cold air that is progressively warmed by surface sensible heat fluxes as it moves
over a warm ocean surface. In the following, we introduce a method to systematically classify trajectories according to their
thermodynamic evolution. We will then use this classification to explore the relative importance of different thermodynamic
pathways for the moist-air intrusions, as well as the relationship between moisture origin, transport and the link to the weather

systems accomplishing the moisture transport.
4.3.1 Thermodynamic classification method for trajectories

We characterize trajectories according to the temporal evolution of temperature and potential temperature following the proce-
dure by Binder et al. (2017) and Papritz (2020). Specifically, for each trajectory we consider the maximum absolute changes
of temperature AT and potential temperature A6 (for details see Papritz, 2020). The maximum absolute change of a quantity
is given by the difference between the quantities’ final value and the minimum or maximum value attained along the trajectory
depending on which difference has the larger magnitude. Hence, the maximum absolute change of, e.g., temperature, is positive
for a trajectory experiencing an overall temperature increase.

This characterisation of trajectories allows for a straightforward classification based on the signs of AT and A# into
four categories. Following the symbolic notation introduced by Papritz (2020), the four categories are denoted Af + AT —,
AO+ AT+, A6 — AT—, AG — AT+, where +/— indicates the sign of the respective term. Each of these categories repre-
sents a different type of air-stream characterized by a unique thermodynamic evolution. This is visualized in the # — 7" diagram
(Fig. 5a), showing the temporal evolution of 7" and 6 averaged over all trajectories in each category (see also Papritz, 2020, for
a more detailed discussion of this type of diagram). Following the thermodynamic energy equation (e.g., Holton and Hakim,
2012), temperature changes along a trajectory are the result of adiabatic compression and expansion associated with vertical
motion as well as diabatic heating and cooling. Thus, jointly considering the evolution of 7" and 6 in these diagrams provides
insight into the interplay of vertical motion and diabatic processes. Moreover, the thermodynamic evolution and vertical motion
are closely related to the moisture budget of a trajectory, for instance via the generation of favourable conditions for moisture
uptake along the trajectories. Therefore, the trajectory categories also have distinct signatures in the evolution of specific hu-
midity and pressure (Fig. 5b). In the following, we will discuss the temperature and moisture evolution of the four trajectory

categories in more detail.
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Trajectories in the Af + AT — category experience diabatic heating (positive Af) and at the same time a temperature de-
crease (negative AT). This requires trajectories to ascend such that associated adiabatic cooling exceeds the temperature
increase caused by diabatic heating (Fig. 5a). Ascent and diabatic heating take place primarily during the final 2 days prior
to arrival at 70° N, where the diabatic heating is mainly due to latent heat release, as can be seen from the rapid reduction
of specific humidity during ascent (Fig. 5b). Favourable conditions for moisture uptake along these trajectories are generated
prior to ascent when they slowly subside into the lower troposphere. As a consequence of the final ascent, trajectories in this
category contribute to the poleward moisture transport mainly in the mid-troposphere, associated with relatively low values of
specific humidity but high wind speeds (cf. Fig. 2).

Trajectories in the Af + AT+ category lack substantial ascent and temperature increases strongly as a result of intense
diabatic heating. Trajectories in this category are originally cold, subsiding slowly into the lower troposphere under diabatic
cooling, followed by a vigorous diabatic warming phase in which temperature and potential temperature increase rapidly
(Fig. 5a). This thermodynamic evolution is typical for marine cold air outbreaks in which cold air sweeps over a warm ocean
surface and moisture is continuously replenished by ocean evaporation (Fig. 5b) along with the warming of the air by sensible
heat fluxes (Papritz and Spengler, 2017). Due to the lack of ascent, these trajectories can only contribute to moisture transport
in the lower troposphere.

The remaining categories comprise trajectories that are diabatically cooled - for instance via longwave radiation - with
various degrees of subsidence determining the sign of AT'. Trajectories in the A§ — AT+ category subside from the mid-
troposphere towards the surface and, therefore, experience an overall temperature increase despite diabatic cooling (Fig. 5a).
Low initial specific humidity and adiabatic warming cause sub-saturated conditions such that they quickly gain moisture as
they enter into the boundary layer (Fig. 5b). This is opposed to trajectories in the A§ — AT — category, which show much less
subsidence and shortly before arrival at 70° N even modest ascent (Fig. 5a). Initial temperature and specific humidity are high
along these trajectories and moisture gains along the trajectories are smaller in comparison (Fig. 5b). Along with trajectories

in the Af + AT+ category, these two categories contribute to moisture transport mainly in the lower troposphere.
4.3.2 Relative contributions of trajectory categories to moisture transport

How important are the four trajectory categories for the Arctic moisture transport? Quantifying the relative contributions of
the categories to the total poleward moisture transport at 70° N, we find that in fact all four trajectory categories are relevant
for moist-air intrusions (Fig. 6). In the North Atlantic, the largest contributions to the moisture transport are due to trajectories
in the A0+ AT+ and Af — AT+ categories, contributing slightly more than 35 % each, followed in descending order by
trajectories in the A9 — AT— and Af + AT — categories (Fig. 6a). In the Labrador Sea and the North Pacific, in contrast,
subsiding trajectories (Af — AT'+; Figs. 6b, ¢) dominate with contributions of about 35 % to 40 %, respectively. Furthermore,
diabatically ascending trajectories (Af + AT —) contribute 10 % to 15 % more in these sectors than in the North Atlantic at
the expense of cold air outbreak trajectories (Af + AT+). Relative numbers of trajectories (see symbols in Fig. 6) are in close
agreement with the categories’ contribution to moisture transport, indicating that the mean magnitude of moisture transport is

fairly uniform across categories.
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4.3.3 Geographical distribution of moisture sources associated with trajectory categories

Each trajectory category is associated with preferred moisture uptake regions and moisture transport pathways. To illustrate
this, we focus in the following on moist-air intrusions in the North Atlantic, which due to their large number allow for a robust
decomposition of moisture sources by trajectory category. Figure 7 shows moisture uptake fields for each trajectory category as
well as the trajectory density 6 days prior to arrival at 70° N. Note that the moisture source uptake field is normalized wrt. the
total moisture transport at 70° N, i.e., the moisture transport associated with trajectories from all four categories. Accordingly,
the sum of the moisture uptake fields shown in the four panels yields the total moisture uptake shown previously in Fig. 4a.

We first consider diabatically heated, ascending trajectories (Af + AT —). They are initially spread out over much of the
mid-latitude North Atlantic and eastern North America (Fig. 7a). Moisture sources are distributed across mid-latitudes with
a maximum east of the Gulf Stream extension (see the kink in SST contours) and comparatively low contributions from the
eastern North Atlantic and the Norwegian Sea. Accordingly, moisture sources associated with this category of trajectories tend
to be more remote than for the mean of all trajectories (Fig. 4a). This is in line with moisture uptakes preceding diabatic ascent,
which takes place during the final two days (Figs. 5a, b). In a similar fashion, the high initial temperature and specific humidity
of Af — AT — trajectories suggests an origin at rather low latitudes (Figs. 5a, b). This is confirmed by Fig. 7¢c, showing that
6 days before arrival, the trajectories are located in the subtropics and at mid-latitudes. Moisture uptake occurs mainly in the
eastern North Atlantic with high contributions from west of the Iberian Peninsula to the Norwegian Sea, which is consistent
with the small but continuous increase of moisture along these trajectories, as suggested by Fig. 5b.

Cold air outbreak trajectories (Af + AT+; Fig. 7b) and to a slightly lesser extent also subsiding trajectories (A0 — AT+;
Fig. 7d) have a remote, high-latitude origin, as evident from the high trajectory densities over the Canadian Archipelago and
North America. Nevertheless, the dominant moisture sources are located in the eastern North Atlantic, the reasons for which
are different for the two categories. Since ocean evaporation in cold air outbreaks is limited by the saturation vapour pressure
at the SST (see Papritz et al., 2015, for a discussion of the relationship between SST and surface evaporation), the most intense
moisture uptake occurs over the relatively warm waters in the eastern North Atlantic and not in the colder Labrador Sea.
Subsiding trajectories, in contrast, do not experience substantial moisture uptake as long as they are in the free troposphere and
they do not descend below 800 hPa until about 2 days before arrival at 70° N. Hence, the most intense moisture uptake occurs
while they approach the eastern North Atlantic and the Norwegian Sea, leading to a similar distribution of moisture uptake as

for A6 + AT+ trajectories.
4.4 Residence time of moisture

The remote origin of moisture and long-range transport in some categories and the rather local sources with short transport
distances in others suggest different residence times of moisture, here defined as the time moisture spends in the atmosphere
between uptake and arrival at 70° N (i.e., ¢ = 0h). Figure 8 shows the accumulated fraction of moisture transported across

70° N that is attributed to uptakes taking place between ¢ = Oh and the given time .
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Let us first consider all trajectories associated with all intrusions (gray curve). The rapid increase of the explained fraction
for t > —60h and the flattening of the curve for ¢ < —60h reveal that a substantial portion of the moisture uptakes take place
only a short time before arrival at 70° N. Specifically, nearly 25 % of the moisture uptakes occur between ¢t = 0hto ¢t = —24h
and an additional 25 % between t = —24h and ¢ = —60h. This implies a median residence time of moisture between uptake
and injection into the polar cap of around 60 h. If all identified moisture uptakes until ¢ = —192h are taken into account, nearly
85 % of the moisture transport is attributed to specific sources. The remaining 15 % of the moisture is picked up earlier or
remains undetected by the moisture source diagnostic, for instance, because of moisture uptakes falling below the detection
threshold (see methods and Sodemann et al., 2008). Note that the maximum explained fraction reduces to slightly less than
75 % for A — AT — trajectories associated with intrusions in the North Atlantic, which is in line with the fact that these
trajectories originate at low latitudes and have a high initial moisture content (Fig. 5b).

We now consider the median residence time for the four trajectory categories associated with intrusions in the North Atlantic
(colored in Fig. 8). Comparing the four trajectory categories, we find large differences in the median residence time - in line
with the different distribution of moisture uptake and the implied moisture transport distance. The median residence time is
between 84 h to 96 h for A§ — AT— and A + AT — trajectories, which are characterized by more remote uptakes and longer
moisture transport distance as compared to A@ — AT+ and A6 + AT+ trajectories. In contrast, the median residence time is
clearly less than 48 h for the latter categories, which agrees with the fact that their moisture sources are largely confined to the

triangle between Iceland, the British Isles, and Norway (Figs. 7b, d).
4.5 Role of the large-scale flow configuration
4.5.1 Clustering of moist-air intrusions in the North Atlantic

The exemplar case presented in Sect. 3 showed that moist-air intrusions can result from a combination of several distinct
air-streams with characteristic moisture sources and thermodynamic evolution of the air. To shed light on the combinations
of air-streams common during intrusions and their linkage to the driving large-scale weather systems, we first explore the co-
variability of the moisture transport contributions to the moisture flux at 70° N accomplished by the four trajectory categories.
For that purpose, we perform a principal component analysis on the standardized contributions to the moisture transport and
consider the first two principal components. Figure 9a shows the projections of the moist-air intrusions as well as the four
original basis vectors, representing the contributions of the four trajectory categories to the moisture transport, onto the plane
spanned by the first two principal components (PC1 and PC2). The relative orientation of the four original basis vectors
in the principal component space provides information about the co-variability of the contributions of the four trajectory
categories, i.e., nearly parallel vectors indicate a high degree of co-variability, whereas perpendicular vectors indicate statistical
independence of the variables. PC1 and PC2 explain approximately 47 % and 26 % of the total variance, respectively.

The largest case-to-case variability occurs along PC1 separating the moisture transport contribution of Af + AT+ trajec-
tories from that of the remaining categories, as evident from the opposite orientation of the basis vectors along PC1. More

specifically, intrusions with positive PC1 have important contributions from originally cold polar air (A0 + AT+), whereas
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subsiding air (A# — AT+) or longer-range poleward transport of moisture (Af + AT —) are more important for intrusions
with negative PC1. Furthermore, PC2 is more variable for intrusions with negative PC1 than for those with positive PC1,
indicating that PC2 further stratifies intrusions with a weak contribution of A8 4+ AT+ according to the relative importance
of A0 — AT— and A — AT+. This points towards the existence of several types of moist-air intrusions for which moisture
transport is dominated by different processes.

In order to group moist-air intrusions according to their moisture transport characteristics, we use an agglomerative clustering
algorithm based on the variance minimization method by Ward (1963) with a Euclidean distance metric. As input we take all
four standardized contributions of the four trajectory categories to the moisture transport. Starting from single-element clusters,
the idea of Ward’s method is to merge elements one-by-one into larger clusters until all elements belong to one single cluster. At
each merging step, the within cluster variance is minimized. This results in a hierarchy of clusters as visualized in a dendrogram
(Supp. Fig. 3). In the following we choose a total of three clusters, and Figs. 9b-d show the relative contributions of the four
trajectory categories to the moisture transport. Note that choosing a higher number of clusters does not reveal additional types
of moist-air intrusions with clearly distinct moisture transport contributions by the trajectory categories (cf. Supp. Fig. 4).

The intensity of moist-air intrusions in terms of the poleward moisture transport is almost identical in all three clusters
(not shown). Nearly 50 % of the moisture transport associated with intrusions in the first cluster (218 intrusions; Fig. 9b)
results from cold air outbreak trajectories (A6 + AT+) while about 35 % is due to subsiding trajectories (A — AT'+). The
second cluster (145 intrusions; Fig. 9c) contains intrusions for which subsiding trajectories have the largest contribution to the
moisture transport (A0 — AT+; 40 %), followed by cold air outbreak trajectories (A + AT+; 30 %). Finally, the third cluster
(61 intrusions; Fig. 9d) represents intrusions associated with long-range moisture transport (A6 — AT —; 40 %) and transport
by subsiding trajectories (A0 — AT+; 30 %).

The month-to-month variability in the number of intrusions is modest (Fig. 9¢) with the highest number in December (nearly
2.5 intrusions per 30 days) and the lowest in March (about 1.8 intrusions per 30 days). However, the distribution of intrusions
across clusters shows pronounced changes throughout winter. About 50 % of the intrusions in November are related to cluster
2, whereas cluster 1 accounts for the majority of intrusions during the other months with a peak in January. Cluster 3, finally is

slightly more frequent in early than in late winter.
4.5.2 Relationship to cyclones, blocks, and cold air outbreaks

The variable contributions of the different trajectory categories to the moisture transport suggests different dynamical drivers
causing the moist-air intrusions in the three clusters. To test this, we analyse the large-scale flow patterns throughout the three
days preceding the intrusions by means of cluster composites (Fig. 10). For all three clusters, this reveals the well-known dipole
pattern in 500 hPa geopotential height anomalies known to favour episodes of strong poleward transport of warm and humid
air in the Atlantic sector (contours Fig. 10; Luo et al., 2017; Messori et al., 2018; Papritz, 2020), i.e., a positive anomaly over
Scandinavia and a negative over Greenland. Differences between clusters occur in terms of the relative magnitudes and detailed
orientation of the positive and negative anomalies. Considering the frequencies of specific weather features, namely cyclones,

blocks, and cold air outbreaks, reveals substantial differences between the three clusters.
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Moist-air intrusions belonging to the first cluster are associated with a shift of the storm track towards Greenland’s east coast
and an especially strong cyclone frequency anomaly in the Irminger Sea (Fig. 10a), while there is only a weak enhancement
in the frequency of blocks over Scandinavia (Fig. 10d). A trough over Greenland and cyclones in the Irminger Sea favour the
advection of cold air off the ice in the Labrador Sea, consistent with a notable positive anomaly of cold air outbreak frequency
(Fig. 10g), and the further transport of the air around the tip of Greenland and poleward toward the Arctic. This agrees with the
large share of Af + AT+ trajectories to the moisture transport in this cluster (Fig. 9b), as well as with the preferential origin
of Af + AT+ trajectories over the Canadian Archipelago (Fig. 7b).

Intrusions belonging to the second cluster feature frequent blocking over Scandinavia (Fig. 10e) and a storm track shift,
similar as intrusions in cluster 1, albeit with a weaker amplitude (Fig. 10b). The lower cyclone frequency is consistent with
reduced frequency of cold air outbreaks in the Labrador Sea (Fig. 10h) and lower contributions of cold air outbreak trajecto-
ries (Af + AT+) to the moisture transport. However, the contribution of subsiding trajectories (A — AT+) is increased by
roughly 10 % as compared to cluster 1 (Fig. 9c), in agreement with the high frequency of blocks over Scandinavia (Fig. 10e).

Cyclone, blocking, and cold air outbreak frequency anomalies in the third cluster, finally, are weak (Figs. 10c, f, i), indicating
that these intrusions are less related to transport by cyclones and blocks. Nevertheless, there is a clear geopotential height dipole
(e.g., Fig. 10c) related to a favourable configuration of a trough over Greenland and a ridge over Scandinavia. Taken together,
this indicates that the large-scale flow configuration is less baroclinic than in the other two clusters, favoring the poleward
transport of warm and humid air with little ascent. This is consistent with large contributions of A§ — AT — to the moisture

transport (Fig. 9d).

5 Discussion and conclusion

In this study, we have analysed the moisture sources and moisture transport pathways of 597 wintertime, moist-air intrusions
across 70° N into the Arctic in the period 1979 to 2018. For that purpose, we have chosen a Lagrangian approach based
on kinematic backward trajectories that allows us to identify moisture sources and to link them to the evolution of the air that
carries the moisture poleward. Since the moist evolution of an air parcel is fundamentally linked to its thermodynamic evolution,
we have classified air parcel trajectories according to their evolution in § — T space by considering maximum absolute changes
of 6 and T'. Based on this classification of trajectories, we have scrutinized the relationship between different configurations
of the large-scale circulation that drive moist-air intrusions and the origin of the air, the regions where moisture uptake takes
place, and the moisture transport pathways.

For 455 out of all 597 identified moist-air intrusions, 75 % of the zonally integrated moisture transport into the polar cap
takes place in one of three sectors, that is the North Atlantic (424 intrusions), the Labrador Sea (22 intrusions), and the North
Pacific (9 intrusions). This uneven distribution of moist-air intrusions across the Northern Hemisphere is in line with previous
work (Woods et al., 2013; Dufour et al., 2016; Naakka et al., 2019). The remaining 142 moist-air intrusions are associated with

substantial moisture transport in more than one of these sectors.
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5.1 Moisture source regions and important air-streams

Climatologically, the moisture injected into the polar cap during moist-air intrusions originates almost exclusively in the North
Atlantic owing to the much higher number of intrusions in this basin. The largest contributions of moisture associated with
intrusions in the North Atlantic stem from a band between 50° N and 70° N (accounting for > 50 % of the explained moisture),
including the seas between Iceland, the British Isles, and Norway. Evaporation along the Gulf Stream front and its extension -
the regions with the climatologically highest evaporation rates in the North Atlantic - provides only about 10 % of the moisture
transported into the polar cap. In addition, the moisture originating in this region is only relevant for moisture transport at
mid-tropospheric levels but not in the lower troposphere. For intrusions in the Labrador Sea, in contrast, the Gulf Stream front
is an important source region along with the Labrador Sea itself. Finally, the sources associated with intrusions in the North
Pacific are relatively uniformly distributed across the eastern parts of the Pacific basin in a wide latitudinal band stretching
from 30° N to 60° N.

Four types of air-streams are distinguished based on the maximum absolute changes of 6 and 7. They comprise polar
cold air subject to diabatic warming and moisture uptake as the air is exposed to a warm ocean surface (A0 + AT+), air
subsiding from the mid-troposphere into the boundary layer (Af — AT+), warm and moist air ascending (diabatically) from
the boundary layer into the mid-troposphere (A6 + AT—), as well as warm and moist, low latitude air subject to diabatic
cooling that is transported poleward at low altitudes (A8 — AT —). As evident from Fig. 11, a close relationship exists between
these trajectory categories, moisture uptake latitude and - in reverse - the level at which the moisture is injected into the polar
cap. Lower tropospheric moisture transport, accounting for slightly more than 70 % of the total moisture transport during moist-
air intrusions in the North Atlantic, is related to A + AT+ and Af — AT+ trajectories, whereas mid-tropospheric moisture
transport is associated with trajectories that ascended diabatically from the boundary layer (A6 + AT —; accounting for 11 % of
the total moisture transport). Long-range moisture transport, finally, peaks in-between the lower- and mid-troposphere around
800 hPa (Af — AT —; accounting for 17 % of the total moisture transport).

As a consequence of the relatively short average distance between the moisture uptake regions in the North Atlantic and
70° N, the median residence time of the moisture in the atmosphere prior to arriving at 70° N is approximately 2.5 days.
However, the residence time depends on the type of the air-stream accomplishing the transport, and hence, on the origin of the
air (e.g., polar, mid-tropospheric or low latitudes). Residence times are typically below 2 days for polar cold air (Af + AT+)
or air subsiding from the mid-troposphere (Af — AT+), whereas they amount to almost 4 days for the other categories, which
transport moisture over larger distances.

The prominent moisture uptake contributions of the latitude band between 50° N to 70° N agree with the findings of Singh
et al. (2017) who emphasize these latitudes as important source regions of moisture transported into the polar cap, as well
as with those of Zhong et al. (2018) in terms of moisture sources for precipitation falling in the Barents and Kara Seas.
They contrast, however, with the results by Vazquez et al. (2016) and Luo et al. (2017, 2019) who find lower latitudes to be
important. More specifically, they identify western boundary currents such as the Gulf Stream front and its extension as the

dominant moisture sources. Some of this discrepancy is likely because of the consideration of a different target domain, which
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hampers a direct comparison. For instance, Vazquez et al. (2016) include major areas south of 70° N in the definition of the
Arctic domain, whereas Luo et al. (2017, 2019) focus on the Barents and Kara Seas, a sub-region of the Arctic polar cap.
While some of the moist-air intrusions considered in our study are associated with moisture transport into the Barents and
Kara Seas, most of the intrusions extend further poleward into the high Arctic. Finally, it is important to note that we do find
moisture originating in the western North Atlantic, especially along the extension of the Gulf Stream front, to contribute to

mid-tropospheric poleward moisture transport at 70° N (A + AT —).
5.2 Linkage to large-scale flow and synoptic weather systems

From a synoptic perspective, moist-air intrusions in the North Atlantic have previously been shown to be associated with a
dipole of 500 hPa geopotential height anomalies (e.g., Messori et al., 2018; Zhong et al., 2018), where the negative anomaly is
linked to a shift of the storm track in the Nordic Seas towards Greenland’s east coast and the positive anomaly to blocking over
Scandinavia and the Ural (Luo et al., 2017; Papritz and Dunn-Sigouin, 2020). The relative amplitude of the two anomalies and,
thus, the degree to which these flow features contribute to the transport, varies greatly from one intrusion to another. Here, we
have shown that the contributions of different types of air-streams to the poleward moisture transport are strongly influenced
by the configuration of the large-scale flow, e.g., the presence of a cyclone or block.

More specifically, focusing on intrusions in the North Atlantic, we have found that moisture transport during intrusions with
a pronounced shift and high intensity of the storm track (218 intrusions) is mainly accomplished by polar air originating in the
Canadian Arctic, which is drawn southward and around the southern tip of Greenland in the cold sectors of cyclones with their
centers located in the Irminger Sea (Af 4+ AT'+). Thereby, the cold air is warmed and moistened as it moves over increasingly
warmer waters in a cold air outbreak type of flow. This type of intrusions is most frequent during the peak winter months (DJF)
when cyclone activity in the Nordic Seas is strong and the air-sea temperature contrast over the North Atlantic is most intense.
In the case of blocking dominated moist-air intrusions (145 intrusions), which are most frequent in early winter (November),
the moisture transport is in the first place accomplished by air that subsided from the mid-troposphere into the boundary layer
prior to moisture uptake (A9 — AT+). Similarly, subsiding air is also the most important contributor to the moisture flux during
moist-air intrusions in the North Pacific. This is consistent with the frequent occurrence of blocking over Alaska and the minor
role of poleward propagating cyclones for the poleward moisture transport in this basin (e.g., Papritz and Dunn-Sigouin, 2020;
Fearon et al., 2021). In situations with weak forcing by cyclones and blocks (61 intrusions), finally, the transport is from lower
latitudes and of a longer-range nature (A — AT'—) as compared to situations with strong synoptic forcing.

The relationship between uptake latitude and the level of the moist-air intrusion at 70°N, as shown in Fig. 11, is a con-
sequence of the fact that in a baroclinic atmosphere poleward flowing air ascends along the slanted isentropes. As a result,
moisture injected into the atmosphere at relatively low latitudes such as along the Gulf Stream front or in the subtropics is
likely forced to ascend and rain out prior to reaching 70°N, if baroclinicity is strong. This suggests that baroclinic weather
systems are unfavourable for transporting moisture over large distances towards the Arctic. In line with this argument, our
results emphasize the importance of cold air outbreaks and subsiding air (Af + AT+ and A — AT+) for moist-air intrusions

associated with a strong cyclonic influence. These air-streams are indeed closely related to the cold sector of cyclones (Fletcher
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et al., 2016; Papritz et al., 2015). Since the air associated with these air-streams typically originates at fairly high-latitudes and
the moisture sources are predominantly located poleward of 50° N, this implies a moisture transport over relatively short dis-
tances. In reverse, long-range moisture transport, as described by Af — AT — trajectories, becomes more important or even

dominant during moist-air intrusions associated with blocking or weak synoptic forcing.
5.3 Limitations

An important limitation of our approach is that 15 % of the moisture transported into the polar cap cannot be attributed to
specific sources, mainly because of uptakes that take place more than 8 days before arrival at 70° N, and to a lesser extent also
because of numerical issues such as uptakes falling below the detection threshold. The fraction of unattributed moisture depends
on the type of air-stream, that is the trajectory category. It is below 10 % for cold air outbreak (A6 + AT+) and subsiding
(A6 — AT+) trajectories that are typically very dry before taking up moisture en route to the Arctic, owing to their polar and
mid-tropospheric origin, respectively. In contrast, it is notably higher for trajectories associated with longer-range moisture
transport (Af + AT — and Af — AT — trajectories). Thus, our method tends to underestimate the contribution of long-range
moisture transport and, thus, more remote moisture sources. It is important to note, however, that this affects mainly moisture
transported poleward near 800 hPa and above, including the mid-troposphere, but not the lowermost troposphere, where most
of the moisture transport is due to A9 + AT+ and Af — AT+ categories with high-latitude moisture sources (see Fig. 11).
In this study, we have focused on moisture transport at 70° N, which is a common choice among Arctic moisture transport
studies (Sorteberg and Walsh, 2008; Woods et al., 2013; Dufour et al., 2016; Woods and Caballero, 2016; Naakka et al., 2019;
Fearon et al., 2021). With this choice we include not only the high Arctic but also Bering Strait and marginal seas, such as the
Barents Sea, where moist-air intrusions unfold an especially strong impact on sea ice variability and in recent years even have
contributed to unusual wintertime melt events of sea ice (e.g., Boisvert et al., 2016). Yet, it is not as restrictive as 80° N, which
would limit the analysis to the high Arctic, and it is not as expansive as 60° N, which would shift the analysis domain close to
mid-latitudes and include areas that are not generally considered to belong to the Arctic. Since the synoptic drivers of poleward
moisture transport depend somewhat on the considered latitude (compare supplement in Papritz and Dunn-Sigouin, 2020) as
does the sector in which the moisture transport takes place (Dufour et al., 2016; Naakka et al., 2019), moisture source regions
can be expected to shift along with the considered latitude, as well as the contributions of the different types of air-streams to
the moisture transport. Nevertheless, we expect the mechanistic relationships between the driving synoptic weather systems

and the air-streams accomplishing the moisture transport to be largely unaffected by the precise choice of latitude.
5.4 Final remarks and outlook

In summary, this study reveals a rich spectrum of dynamical processes and large-scale flow patterns acting together in shaping
moist-air intrusions, which profoundly impact the Arctic’s weather and climate. This richness of dynamical and thermody-
namic processes and their interlinkages complicate a thorough understanding of how the Arctic’s hydrological cycle changes
as the climate warms. On one hand, thermodynamic changes might modulate the frequency of particular air-streams and their

efficiency in extracting moisture from the ocean surface, as well as transporting it poleward. For example, the more rapid
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warming of the polar regions as compared to mid-latitudes implies a reduction of the sea-air temperature difference when polar
air is advected over open ocean, which as shown in this study provide an important pathway for moisture transport into the
Arctic. On the other hand, also the frequency and tracks of weather systems is subject to change. Combining kinematic trajec-
tories and feature-based weather system diagnostics and employing them to simulations of future climate scenarios provides

an interesting avenue for pinpointing causes of future changes of moisture transport towards the Arctic.
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Figure 1. Exemplar case of a moist-air intrusion in the North Atlantic on 17 January 1995. Shown are in (a, b) 8-day kinematic backward
trajectories colored according to pressure and initialized at 70° N (black solid line) in the pressure ranges of (a) 895 hPa — 905 hPa and (b)
695 hPa — 705 hPa. Shown in (c) is moisture uptake per area in percent of the total moisture transported across 70° N by the trajectories. Gray

contours show SST in intervals of 3 K.
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Figure 2. Vertical cross-sections at 70° N showing (a) relative frequency of trajectory starting points contributing to moist-air intrusions and
mean (b) meridional moisture transport (v - q), (c) specific humidity (g), and (d) meridional wind (v) during moist-air intrusions as a function

of longitude and pressure. In (b-d) regions with a trajectory frequency of less than 0.1 % are masked out by gray hatching.
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Figure 3. Moisture uptake per area for all moist-air intrusions in percent of the total moisture transported across 70° N by the trajectories.

Gray contours show SST in intervals of 3 K.
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Figure 4. Moisture uptake (a-c) per area (as in Fig. 3) and (d-f) per latitude segment in percent of the total moisture transported across 70° N

by the trajectories during moist-air intrusions in (a, d) the North Atlantic, (b, ) the Labrador Sea, and (c, f) the North Pacific. Additionally,

diamonds in (d-f) indicate the fractional area of the Northern Hemisphere occupied by each latitude segment. Furthermore, solid black lines

in (a-c) show the longitude ranges based on which moist-air intrusions are attributed to the respective sector. Gray contours show SST in

intervals of 3 K.

26



—_—
Q
N

(b)

o S .
O - , 500 hPa , 550 hPa K 600 hPa , 650 hPa , 700 hPa , 750 hPa,, 800 hPa © o
©® ' ’ ’ ’ ’ ’ , 850 hPa ¢
/ o
T} °
oj -
g N K 900 hPa 8 | °
9 N~
2 8 4
© & ,950hPa °
@ ’ ©
1% o
£ <
% § - 1000 hPa %’ % - .
- o
o o , 1050 hPa .
S i )
& o
o
S
[«
0
N © AO+AT-
N ) +AT-
B AG+AT+ -] ig+i$+
O AB-AT+ O AD-AT+
o | A AO-AT— o
& . K S AB=AT S - A AQ-AT-
I T T T T T T T 1 - ) T T T T T T T T T T T 1
245 250 255 260 265 270 275 280 285 0.0 1.0 2.0 3.0 4.0 5.0 6.0
temperature [K] specific humidity [g/kg]
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time of arrival at 70° N (¢ = Oh) indicated by white filled symbols. Gray dashed lines show isobars. (b) Same as (a) but for the evolution of

specific humidity vs. pressure.
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Figure 6. Relative contributions of trajectory categories to meridional moisture transport associated with moist-air intrusions in (a) the North

Atlantic, (b) the Labrador Sea, and (c) the North Pacific. Symbols indicate the percentage of trajectories in each of the categories.
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Figure 7. Moisture uptake per area as in Fig. 3 but for moist-air intrusions in the North Atlantic stratified by trajectory categories, i.e., for
(a) A+ AT —, (b) A+ AT+, (c) A — AT —, and (d) A — AT+. The percentages are relative to the total of all four categories. The 1,
2, and 5 %(10%km?) ™! probability contours of finding a trajectory of the given category at a certain location 6 days prior to arrival at 70° N

(t = —144h) are shown by yellow dotted, hatched, and cross-hatched areas, respectively. Gray contours show SST in intervals of 3 K.

28



100

T e A6+AT-
g 4 B AB+AT+
O AG-AT+

8 1 A AG-AT-

70
1

60
1

accumulated fraction explained [%)]
30 40 50
1 1

20
1

10

I T T T T T T T T T T T T T T T 1
0 -24 -48 -72 -9%6  -120  -144 168  -192
time [h]
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Figure 9. (a) Biplot for moist-air intrusions in the North Atlantic based on a PCA of the contributions of the four trajectory categories to the

moisture transport. The projections of individual intrusions on PC1 and PC2 are shown by dots colored according to the intrusion’s attribution

to clusters 1-3. Coloured lines indicate the projections of the original basis vectors (i.e., contributions to moisture transport) onto PC1 and

PC2. Note that the latter have been scaled to optimize visibility but relative magnitudes are retained. (b-d) Relative contributions of the four

trajectory categories to the moisture transport (as in Fig. 6) for intrusions in (b) cluster 1, (c) cluster 2, and (d) cluster 3. (¢) Mean number of

intrusions per 30 days (cluster 1: blue, cluster 2: red, cluster 3: green).
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Figure 10. Composites of (a-c) cyclone, (d-f) blocking, and (g-i) cold air outbreak frequency anomalies relative to climatology during
the three days prior to moist-air intrusions in the North Atlantic in clusters (a, d, g) 1, (b, e, h) 2, and (c, f, i) 3. Blue contours indicate

corresponding 500 hPa geopotential height anomalies in intervals of 20 m with negative values dashed and the zero-contour omitted.

31



600
]

AO+AT-
1 %
o
o -
e
‘©
o
=
z
E o AO-AT-
© 8 T 17 %
o
o}
1]
7]
1<)
o
o
o
[e)]
AO+AT+
36 %
o
S |
o
= r T T T 1
30 40 50 60 70

uptake latitude [°N]

Figure 11. Summary figure showing for moist-air intrusions in the North Atlantic the interquartile range of moisture uptake latitude vs.
pressure at 70° N for the four trajectory categories. Line thickness is proportional to the relative contribution to the moisture transport, also

indicated in %.
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