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Abstract. This study emulates dropsondes to elucidate how adequately sporadic airborne sondes represent divergence {eoenvergenee)

of moisture transport in arctic Atmospheric Rivers (ARs). The convergence of vertically integrated moisture transport (/V'T')
plays a crucial role as it favours precipitation that significantly affects arctic sea ice properties. Long range research aircraft
can transect ARs and drepsondes-drop sondes to determine their IVT' divergence. However-a-limited-number-of-sondes-may

deteriorate-therepresentation-of-In order to assess the representativeness of future sonde-based I'V'T" variability-and-divergenee
—We-divergence in arctic ARs, we dlsentangle errors arising from undersamphng by discrete soundlngs and from the flight

Our synthetic study uses CARRA reanalyses to set up an idealised scenario for airborne AR observations. For nine arctic
spring ARs, we mimic flights transecting each AR in CARRA and emulate sonde-based /V'T representation by picking single
vertical profiles. The emulation quantifies V1" divergence observability by two approaches. First, sonde-based VT and its
divergence are compared to the continuous VT interpolated onto the flight cross-section. The comparison specifies uncertain-
ties of discrete sonde-based I'V'T variability and divergence. Second, we determine how temporal AR evolution affects VT

divergence values by contrasting time-propagating sonde-based values with the divergence based on instantaneous snapshots.

For our arctic AR cross-sections, we find that fﬂeﬁfufe%f&ﬂ%pefwaﬂabﬁﬁyeeﬂffrbme%coherent wind and moisture variabilit
the total transport.
Both quantities ean-be-tneorrelated-and-do-not-consistently-exhibit-a-coherent-patternare uncorrelated to a great extent. Mois-

ture turns out as the more varying-variable quantity. We show that sounding spacing greater than 100 km results in errors
greater than 10 % of the total VT along AR cross-sections. For IV'T" divergence, the arctic ARs-exhibit-similar-gradients

contribute by less than 10 % to its

ARs exhibit similar differences in moisture advection and mass convergence across the embedded front as mid-latitude ARs,
but we identify moisture advection being dominant. We-oeveral-Overall, we confirm their observability with an uncertainty
tower-than-of up to 25 % by-using a sequence of at least seven sondes per cross-section. Rather than sonde undersampling,
it is the temporal AR evolution over the flight duration that leads to higher deviations in divergence components. Dedicated

planning of sonde-based VT divergence purposes should not only involve sonde positioning but rather pursue optimizing the
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flight duration. Our benchmarks quantify sonde-based uncertainties as a prerequisite to be used for future airborne moisture

budget closure in arctic ARs.

1 Introduction

Narrow- Atmospheric Rivers (ARs), which are elongated (> 2000 km in length) but narrow (< 1000 km in width) water vapour
rich corridors -ARs;-oceassionally-floed-with high moisture transport, occasionally enter the Arctic. In-the-polarregions;they
aeeountfor-Their occurrence accounts for roughly 70 % of poleward moisture transport (Nash et al., 2018)with-significant
impactstGorodetskaya-etals2014. The presence of ARs can induce significant Arctic warming (e.g. Neff et al., 2014) causing.

substantial sea-ice retreat (Woods and Caballero, 2016) as well as Greenland ice sheet melt (Mattingly et al., 2018; Neff,
2018).

~Ma%ﬂﬁgh#ek&k—%9+8%ln addition to near-surface heat fluxes (Woods and Caballero, 2016; You et al., 2022), the meltin

arises from AR-induced precipitation (Mattingly et al., 2018; Viceto et al., 2022). Lauer et al. (2023b) identified ARs as one of

t)

the main contributors to overall arctic precipitation. The moisture needed for this is mainly extracted more southern, with the
North Atlantic being a dominant moisture uptake zone (Vazquez et al., 2018). In an interplay with poleward moving cyclones

and warm conveyor belts (e.g. Dacre et al., 2019), the AR air masses can propagate meridionally towards the Arctic ocean and

reach the sea-ice (Papritz et al., 2021

displacement, the AR embedded moist and warm air masses are subject to substantial air mass transformation (You et al., 2022

. Komatsu et al. (2018) discovered an amplification of air mass transformation after the ARs overpass the sea-ice edge.
To illuminate moisture transformation processes i i i

, shaping the regional moisture patterns (Nygard et al., 2020). Along the long-distance

occurring in arctic ARs, we-have-to-anatyse-the-i W&charactenstms of the moisture transport, i.e. the vertieal

torvertically TV T Seager and Henderson (2013)
point out that the divergence of VT’ links the local temporal evolution of moisture amount to the efficiency of precipitation
induction. In order to derive VT divergence, the spatial variability of ARs-and-their precipitation-efficiency by the divergence
of IVT (Seagerand Henderson; 2013)—While-the-in ARs needs to be resolved. Guan and Waliser (2013) considered global
ECMWE Interim reanalysis (ERA-Interim, Dee et al., 2011) to specify strong moisture transport gradients that exist along AR
cross-sections, perpendicular to the major /VT %%MM%&%WWIWMMM&%&
through the AR center, a bell-shaped IVT" di
distribution. having the strongest moisture transport in the AR core, is widely seen from airborne observations in mid-latitude

in-Ralph et al., 2017,
2020). Using ERAS, Cobb et al. (2021b) confirm this heterogeneous spatial variability of /V T for mid-latitude

Demirdjian et al.

3

ARs. For arctic AR conditions with weaker moisture transport than in the mid-latitudes, we still lack quantitative knowledge
of predominant VT variability and how this reflects to /V 1" divergence.
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High-resolution observations of IV T’ variability to derive its divergence in ARs are missing for the Arctic. Reanalysis-data-have

hilitvin-ARc (o o A and VA ar_20 o hctiadie

reason is the remote and sporadic occurrence of arctic ARs over the ocean basins. Furthermore, the observation of moisture
transport requires simultaneous measurements of winds and moisture for the entire troposphere. Radiosondes allow detailed

insights of moisture transport profiles of arctic ARs at individual locations (e.g. Viceto et al., 2022), but their observation
2016). Similarl

network in the Arctic is too sparse to obtain the divergence in single ARs (Dufour et al., dropsondes released

from research aircraft can provide vertical profiles of relative humidity and wind speed with an accuracy of 1 % and 0.1 m/s,
respectively (e.gNetris-et-al2020:-Cobb-et-al2022)butin-turntackfor-the Aretie, George et al., 2021; Konow et al,, 2021
). The simultaneous measurements allow to derive moisture transport profiles and TVT'. According to Zheng et al. (2021),
dropsondes over ocean fill a data gap left by spaceborne remote sensing or ground-based observations. To derive the 1V1'
divergence in ARs, it is necessary to release the sondes at close spacing but over horizontally extended areas above the AR
which can only be achieved by long-range research aircraft (Neiman et al.. 2014).

Stith-the-observation-of-aretieAR-The overall goal of this study is to assess the observability of moisture transport divergence
in_arctic ARs by dropsondes in order to facilitate dedicated research flight campaigns and measurement strategies, as e.g.

roposed by Wendisch et al. (2021). This assessment comprises the role of sounding frequency, the influence of correlated

moisture and wind fields on moisture transport, the ability of dropsondes to reproduce I'V'T is—challenging-One-reason-is

a anca o AR overthe-oceanh ne N\

o ha o Nt OP—O AR mae a

extended flight duration. The following paragraphs set these aspects into context with recent findings based on mid-latitude
ARs and unravel four research gaps for arctic ARs, summarised as guiding science questions.

Deteriorations in the airborne representation of AR moisture transport variability can result from a limited number of sondes
if the sounding spacing becomes too coarse to reflect the spatial variability of TVT'. The sondes may misinterpret 7V1
divergence. For mid-latitude ARs, Guan et al. (2018) compared sonde-based Total Integrated Water Vapour Transport (I'/VT)
» being the integral of JVT along an AR cross-section, with reanalysis-based TTV7’ and found an agreement up to 3 % for
airborne results based on a mean sounding spacing of 80 km. Contrasting the airborne 77V 7" in two separate AR cross-section
legs can serve as an initial estimate of /177" divergence in between both legs. However, Ralph et al. (2017) found considerable
sensitivity of sonde-based 77V to sonde spacing. Enlarging the initial spacing between the sondes by reducing the number
of included sondes, they found a mean deviation of at least 5 % for T/VT when doubling the spacing. Since given sensitivity.
studies refer purely to mid-latitude cases where we do expect higher VT (Guan et al., 2018), it remains as open question:
What is the maximum distance between sondes to determine the total moisture transport in arctic AR cross-sections (Q1)?.
When assessing spatial JVT" variability in arctic ARs, it becomes crucial how moisture and wind fields coincide in the
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AR cross-section or whether they contribute independently to the VT’ variability. For instance, in a polar AR case study,
Terpstra et al. (2021) identified incoherent patterns of moisture and wind that form the moisture transport patterns but are less
aligned than in mid-latitude ARs. The disentanglement of both quantities facilitates flight strategies in the observation of
moisture transport divergence in arctic ARs, If the moisture transport variability (and divergence) were e.g. Raiph-et-ats 2617
Demirdjian-etal;2026)mainly controlled by the moisture field, more investment should be spent on the airborne representation
of AR moisture by supplementary measurements. For this reason, it is important to determine whether moisture and wind are
aligned in AR cross-sections and to ascertain: How correlated are moisture and winds in arctic ARs and do coherent patterns.
contribute significantly to IVT (Q2)?

Knowing the spatial structure of TVT is an essential prerequisite for flight planning and reveals insights into the moisture
transport divergence pattern in arctic AR cross-sections. Since ARs mainty-oecur-n-conjuetion-primarily occur in conjunction
with a cold front, different dﬁmfmm%mmﬂ%%mwmcesses act on the moisture

transport and its divergence a

the embedded front (Cobb et al., 2021a). For mid-latitude ARs, Cobb et al. (2021a) found significant differences of vertical
moisture and wind domains for different sectors across the front which transfer to frontal gradients in divergence characteristics
Guan et al., 2020). Using reanalysis data, Guan et al. (2020) specified lateral differences of moisture transport-observation

oebservation-of-transport divergence across centers of ARs. In the AR center with maximum IV'T', they identified the dynamical
convergence of moisture as the most prominent component regulating moisture amount and precipitation. The Arctic is more

affected by exit regions of ARs rather than over-passed by AR centres and exhibits weaker VT from ARs compared to the

mid-latitudes (Guan and Waliser, 2019). ARs here commonly start dissipating and terminating (Guan et al., 2023). For such

>

conditions, we lack knowledge of predominant /V'T' divergencein-extended-sectors-of- ARs—First-airborne-studies—, Thus, we

examine: How can the divergence of moisture transport be characterised along cross-sections of arctic ARs (03)?

Norris et al. (2020) conducted airborne studies to determine VT dlvergence in mid-latitude ARs {e-g-—Nerris-etal52020)-

hrfﬁ{eérﬂﬂmbeﬁeﬁdfemeﬁdesmaydeteﬂeﬁte—fhefrom dropsondes. Such research flights allow to interpret the discrepancies
that Guan et al. (2020) found between reanalyses in representing I'V'T representation-and-consequently-the-divergenee-values:

divergence in ARs. In contrast, Norris et al. (2020)

MMMM&I VI
Mﬂm&@mwme -based undersampling—we-hypothesize
thatresults. For arctic AR conditions, we lack equivalent estimates. Moreover, besides sonde-based under-sampling of 77’
variability and divergence, we hypothesise that airborne results are also impaired by a time component. Over the flight duration
%@%&M@m
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sonde-based results significantly. Before dropsondes are used to interpret the actual IV'T" divergence in arctic ARs;we-ARs

, we have to disentangle sonde-based errors that arise from undersampling by discrete sounding and from non-instantaneous

sampling over the flight duration.
theseaiee- We quantify: To what extent do non-instantaneous sondes reproduce IV divergence in the light of the AR evolution
during flight (04)?

To pursue Q1-Q4, we focus on ARs occurring over the Arctic ocean (i.e. Fram Strait and Greenland Sea) —Our-stady-menitors

Topursue-Q1-Q4;—we-in the vicinity of the sea-ice edge due to the above-mentioned AR impacts on the sea-ice. We constrain
on ARs during spring, when maximum sea-ice extent starts melting. We look at arctic ARs ;that-we-pre-identifiedin-ERAS
&HéﬂﬂV&St—lgﬂfe—fhﬁﬁ%Wltth the novel C3S Arctic Reglonal Reanalys1s (CARRA). 5Phe~h1gh~sp&ﬁak¥ese¥&&e&e¥%

EARRAlntroducing a flight strategy to analyse moisture transport divergence in arctic AR corridors, we consider nine-arctic
AR events along synthetic flights-transeeting-and-enelosingflight tracks that transect an AR corridor. We emulate synthetic
dropsondes along the tracks by depicting single vertical profiles. Our-This study compares actual VT variability and di-
vergence along the flight tracks with the emulated sonde-based F1~Frepresentation—This-synthetic-comparison—estimates
the-observability-of-aretie-representation of JV'T" in order to assess how adequately such airborne perspectives reproduce
predominant AR-7V'T’ characteristics. In a nutshell, our synthetic assessment provides benchmarks of sonde-based uncertainties
mww&dwergence WWIMW&&%WM%

22-The remainder of the manuscript is structured as follows:

After introducing our AR cases, Section 2 describes the methods emulating dedicated flight pattern—and-the-patterns and
synthetic soundings, and how we derive moisture transport divergence. For this framework, Section 3 deals with the I'V'T vari-

ability. This entails total moisture transport in-aretie-ARs-and-their-and the VT variability along cross-sections in arctic ARs
, their sonde-based representation (Q1) and the coherence of moisture and winds (Q2). Section 4 specifies the moisture trans-

port divergence in arctic ARs (Q3) and compares its continuous representation to that by synthetie-sporadic sondes. Section 5
quantifies airborne deviations arising from AR evolution over flight duration which-is-mestly-idealized-that is mostly idealised
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2 Airborne derivation of moisture transport divergence in arctic ARs

The central quantity of our study is the Integrated Water Vapour Transport (/V 1) that represents the AR intensity as:

Ptop
1
170 IVT:—E-/qup (D

Psfc

where V is the horizontal wind vector and ¢ the specific humidity. The divergence of IVT represents a key component
contributing to the overall atmospheric moisture budget. Following Seager and Henderson (2013), the vertically integrated
moisture budget components consist of:
SIWV
= E - P - VIVT , 2)
ot ~~ ~~ SN——

Evaporation  Precipitation  Divergence of Integrated Water Vapour Transport

local change in Integrated Water Vapour

175 with all components in kilogram per metre squared per second. Precipitation and evaporation refer to surface values, while the

integrated water vapour /W V and IV'T (Eq. 1) represent the vertically integrated quantities of moisture and moisture transport.

Note that Eq. 2 neglects the moisture flux through a tilted bottom pressure surface that is included in Seager and Henderson (2013)

Such-aireraftrelease-GPS-dropsondes-—During-their-fall-Given the relevance of VT to the sondes-take-various-measturements;

180 e.o. relative humidity and wind speed with-an accuracy o Te—and-0.1m espectively (George e 021 Konow e

targets the overall observability of VT and its divergence

VIVT)in arctic ARs by airborne sondes in a synthetic way. For this purpose, this section introduces the reanalysis framework
185 we use to investigate a presented selection of arctic ARs. In addition, our airborne flight strategy to derive VIV T in arctic ARs
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Table 1. Specifications of used reanalyses for AR analysis

Reanalysis Dataset Horizontal Resolution Vertical resolution up to  Time resolution
10 km (256~ 250 hPa)
ERAS 0.25 x 0.25 deg 21 levels hourly
CARRA 2.5x2.5km 15 levels
tforeeastheurty--hourly

is specified and how we emulate the synthetic sondes in the reanalyses. Lastly, we describe the sonde-based -V 7 —For-arctic

different sectors across the AR front to examine the divergence.

2.1 Reanalysis dataframework

This ebservability-stady-relies-on-study investigates arctic ARs in a reanalysis framework (Tab. 1). The-We use ECMWF Re-
analysis v5 (ERAS) (Hersbach et al., 2020) identifies-our-ARs-ofinterest—Against-to identify the AR events of our interest.

ERAS outperforms other global reanalyses - ERAS-outperforms-with respect to AR characteristics (Graham et al., 2019; Cobb
et al., 2021b). Reeent-Thus, recent studies consider ERAS5 to investigate AR conditions explieithy—specifically in the Arctic

(e.g. Fearon et al., 2021; Zhang et al., 2022). At the Fram Strait and Greenland Sea, the lat-lon grid from ERAS yields approx-
imately 30 km distances. For-Given the flight performance (Seet—2-1);seundingresotutions-of 36km-of long-range research
aircraft (see Stevens et al., 2019), the spacing of airborne soundings in such a resolution would require releases every 2 min-
utes, which are more frequent than conducted in recent campaigns (e.g. Ralph et al,, 2017). Still, Skamarock etal. (2014)
emphasise that the effective resolution of processes in simulations is much greater than the model grid spacing. Fhis-is-higher
than-commonly-conducted-sounding-frequencies—However, to-cover-undersampled-variability-between-the ondes-even-better;
we-if our study aims to assess the sub-grid scale variability of moisture transport between sonde releases from reanalyses, the
Therefore, we further include the C3S Arctic Regional Reanalysis (CARRA );-aceessible-by-Sehybergetal(202bhaving-,

CARRA has a 2.5 km horizontal resolution over the entire domain and is accessible by Schyberg et al. (2021). Driven by lat-
eral boundary conditions from ERAS, CARRA includes more observations and hourly forecasts by the HARMONIE-AROME

model (Bengtsson et al., 2017). Kgltzow et al. (2022) verified the improved representation in-of arctic surface-near meteoro-

logical conditions —Beth-pressure-levelin CARRA, with decorrelation lengths of wind speed in better agreement to reference
observations than ERAS.

Both reanalyses are provided on pressure levels by the Copernicus Climate Data Store (CDS). While ERAS contains IVT as
output, we calculate VT in CARRA by the trapezoidal integral of moisture transport along the pressure levels (Tab. 1). In the
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following, we declare the high spatial resolution representation in CARRA as our idealised background reality of AR features.

2.2 Seleeted-Selection of Atmospheric River cases

over changing surface types (open ocean and sea-ice) along large-scale meridional circulations is part of current research
and investigated by research aircraft over the Arctic ocean (Wendisch et al., 2021). For this reason, our study selects ARs
causing air masses to overshoot the sea ice edge in the-Aretic-ocean—As-a-valid-AR-detector-we-use-this region. The principle

identification of arctic AR events is based on the IV T'that represents- AR strength-as:

Ptop
1
IVT=——. / qVdp
g

DPsfc

-based AR detection by-Guan(2022)-te-seleet
our-arctic-ARsfrom-springseasoncatalogue by Guan (2022) applied to ERAS (Lauer et al., 2023a). Among these ARs, we focus
on the spring season, when maximum sea-ice extent in the Arctic ocean starts to break-up and reacts very prone to the intrusion
of warm and moist air (Rostosky and Spreen, 2023). We restrict to conditions and events only from last decade, as the arctic
climate has witnessed rapid and intense changes over the last decades (Wendisch et al., 2023). Our AR pathways originate
from the North Atlantic and Barents Sea that Papritz et al. (2021) spot as dominant regions for arctic moisture intrusions. The
selection constrains on ARs whose lateral width is purely situated over open ocean or sea-ice. This ensures that we do not
encounter orographic induced effects on VIV T which are out of the scope of this study. Moreover, airborne sonde releases
over land are more complicated to be conducted. Given the criteria above, we selected ARs from nine spring days between
2011 and 2020, presented in Fig. 1.

In _the synoptic
W low-pressure systems fefetﬂgforce large scale meridional transport representing-acommon
“where ARs can commonly
evolve on the eastern cyclone flank and reach into the Arctic (Papritz and Dunn-Sigouin, 2020). Similarly, blocking situations
over Eurasia can favor meridional circulation. Seme-efthe-For our nine ARs (Fig. 1), we confirm a large case-to-case variabilit
regarding the synoptic situation. While some ARs (AR2, AR3, AR4, AR9) have evolved along the eastern flank of large-scale
troughs over Greenland, ARS and ARG are more steered by blocking high pressure over the Barents Sea. AR and AR7 are, in
turn, reinforced by a mesoscale cyclone situated over the Fram Strait and reach very close into the cyclone center.

The synoptic compositions lead to AR dispersions over the North Atlantic and Arctic Ocean (Fig. 1), which correspond to the

typical arctic moisture transport pathways identified in Papritz et al. (2021). Some ARs exhibit straight meridional moisture
transport north of Iceland and approach or exceed Svalbard (AR1, AR2, AR3 in Fig. 1). AR4 and AR7 show more elongated

filaments along the Norwegian coast but still reach far north. We seleet-eight-independent-consider eight independent AR
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Figure 1. VT contours of investigated AR events from ERAS. Grey lines indicate surface isobars, while brown (orange) contour lines

specify sea ice cover thresholds given in %. The arrows depict the magnitude and orientation of V7. Red lines represent the zig-zag flight

atterns to investigate the moisture budget in AR corridors. Background maps were made with Natural Earth.

events wherein ARS is also considered for the consecutive day (ARG6). At this stage, the centre of AR6 reaches close to the
North Pole. Anotherevent-ARS originates from Siberia {AR8)-thatthat, according to Komatsu et al. (2018), represents another
significant roadway for arctic moisture intrusions {Kematsu-et-al52048)favoring ARs. The last events in 2020 (ARS8, AR9) are
accompanied by a warm air intrusion period observed by the Multidisciplinary drifting Observatory for the Study of Arctic

Climate (MOSAIC) expedition (Shupe et al., 2022), studied in Kirbus et al. (2023).

nea naly o ad-ta - ot of ARc wen bam-into
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Figure 2. Comparison of selected AR events to long-term statistics (1979-2019) regarding mean IVT and AR centre latitude at given reanal-
ysis time step (ERA-Interim) based on the AR catalogue {Guan;2622)of Guan (2022). Isolines represent 25-25th and 75-75th percentiles of

the kernel density estimate. Coloured lines on the right indicate the centre of the respective flight pattern.

from-the-AR-A caveat of our selection for making general statements about / V1" variability in arctic ARs is the small sample

size (nine AR events). Therefore, we place our events in the climatology for arctic ARs in spring. Using the entirety of sprin,

ARs along the Atlantic pathway from the catalogue of Guan (2022), Figure-2-compares-we compare the latitude of their-the
AR centres and mean IVT' of our ARs with the long-term distribution (1979 2019) for spring ARs aleng-the-Atlantie pathway-

Fig. 2). The climatological distribution

in Fig. 2 indicates the decrease of mean IV'T -
mean—Meost-events—are—eentred-above-with meridional location of the AR centre. Further towards the Arctic, ARs become

weaker and when centered north of 65°Nsvith-, the mean IVT remains below 300kgm™—! s~ lwhichis-also-notexceeded-in-the
elimatolegy—. This is also the case for our AR events but they, in turn, are characterized by a higher intensity relative to the

long-term mean (Fig. 2). Only AR3 and AR?7 are centred below 60°N, aligned with mean IV T values around 350kgm~'s~ 1.

Pespite-However, despite their southern centre, they reach far north with VT > 250 kgm 's~! inside the Fram Strait (Fig.

1), so that we declare them as arctic ARs.

&n&fﬂﬂm}y—ﬂeﬁh—eﬁﬁﬁ%&eeﬂ&ﬁmmﬂg 2y

3 Aird for AR moi "

10



Evaporation  Precipitation  Divergence of Integrated Water Vapour Transport
local change in Integrated Water Vapour

270

The-main-perspeetive-is-that our cases represent the stronger AR events occurring in the Arctic.

2.1 Flight pattern and emulated observations

275 Having introduced our AR cases, this subsection returns to the perspective of the airborne observablhty of VIVT inside arctic
ARs. ieated-We describe the

emulation of real observations by mimicking dedicated flight patterns and ereates-synthetic-soundingsalong-the-flightscreating
synthetic soundings.

2.1.1 Zig-zag flight tracks observing AR corridors

280 FheFor the airborne derivation of moisture transport divergencerequiressophisticated-flight-patterns-wel-sampling-a-speeifie
AR-corridor, flight patterns have to well sample specific corridors of the AR. In general, flight tracks enclosing corridors,
e.g. circles, allow divergence calculations best and are frequently applied for elosure-purposes{(Bony-and-Stevens; 2049)such
purposes (e.g. Bony and Stevens, 2019). However, ARs exhibit cross-frontal inthemegenities-tCobb-et-al;2022)-thatheterogeneity
in moisture and wind fields (Cobb et al., 2021a) that would smooth out in single circles. FThe-Instead, the high lateral variabil-

285 ity in AR-AR moisture transport characteristics requires stacked-or-long flight legs across the AR front to better capture

divergence heterogeneity. Two parallel cross-sections can be connected via an internal flight leg resulting in a zig-zag patterns

—flight pattern (Fig. 3). The zig-zag pattern observes AR-
emﬁefﬁ%eﬁeemwmggm its transport direction. DiagenalinternalHegs-assesspreeipitation

290 rateevaperation-er-waterload-inside—The-boundary-The boundary cross-section legs perpendicular to the major flow quan-
tify the corridor in- and outflow, i.e. in- and outgomg IVT fer-over the entire lateral AR extension —These—}eg&and enable

simplified divergence calculations.

11
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Figure 3. Top (a) and side (b) view on envisioned zig-zag flight pattern to derive the moisture budget components inside AR corridors.

components-inside- AR-corridors: We-seleet-AR-Note that the diagonal internal legs can assess precipitation rate, evaporation or

water load inside the AR corridor so that this pattern additionally allows to quantify the remaining moisture budget components.

According to Fig. 1, we place such zig-zag flight patterns over AR corridors at the sea ice edgeto-place-thezig-zagflightpattern
yv—. The cross-section legs orientate orthogonal to the major FVF

-1V T direction and extend such that they cross
the entire AR as long as the legs remain over open ocean and sea ice but-and disregard land. The-tracks-mimic-idealised-flight

performanees—The-aireraftlocationrefersto+As depicted in Fig. 2, the flights transecting the AR corridors close to the sea-ice

are mainly located north of AR centres.
For the airborne representation, we mimic the flicht performance of state-of-the-art long-range research aircraft. We refer to
the HALO, equipped with dropsondes and a remote sensing configuration (Stevens et al., 2019; Konow et al., 2021); a similar

aircraft like the one examinin

km and a ground

speed of around 250 m/s. Accordingly, we idealize flights with a constant ground speed of 250m s~ but neglect the duration
for turns —We-and choose a constant flight altitude of 10 km. From this, 660we represent the aircraft location in a 1 m—

2.1.2 Synthetie-observations

Ysing-thistidealised-performanees-the-Hz resolution, in line with the operational resolution of common airborne remote-sensin,

roducts (e.g. Mech et al., 2014; Konow et al., 2019) that can support dropsonde data. The zig-zag patterns¢, shown in Fig. 1)
, require roughly 2-3 h to be eompletedflown, and up to 1 h for the-single AR cross-sectionstrotshowm—Up-._

Using this idealised flight performance, up to three reanalysis timesteps-time steps represent atmospheric conditions during ot
patternthe flights. We upsample the reanalysis datasets-data to minutely frequency by linear time interpolation. Meteerelogieat
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315 valuesalong the flightare chosenFor our 1 Hz representation of flight location, we depict the reanalysis values from the nearest
minute and spatially interpelated-interpolate them along the flight using harvesine distances. Although-This representation of
meteorological values and AR characteristics will from now on be referred to as "continuous AR representation”. Admittedly,
the upsampling leaves the model physics at intermediate timestepstime steps. However, we declare this-the interpolation as a
suitable airborne-estimate-of-atmospherie-conditions-estimate of airborne atmospheric observations in dynamic systems like

320 ARs;exhibiting-ARs that are subject to significant spatial displacement.

2.1.2 Synthetic dropsondes

We synthetically refer to the measurement principle of dropsondes (Sect. 1). Along the continuous airborne AR representation
—we-plaece—(Sect. 2.1.1), we depict profiles as synthetic soundings for which we neglect any vertical drift or fall time. We

fttﬁheﬁegleekpuf&mm%measurement uncertainties. %wehﬁgf&e#eﬁeem&m out of the scope

325 of this study . Our sondes observe

exact IV'T values at their release pos1t10n Accordingly, eurassessment-foeusses-we focus on the spatial representativeness of

ine—sporadic sonde-based IV'T" and

evaluate the uncertainties in the lateral variability of moisture transportvartability-and-its-, and how these uncertainties affect
the airborne perspective on VT divergence in arctic ARs—ARs.

330 2.2 Sonde-based divergence derivation

To determine-derive VIV 1T in AR corridors from sondes, a simplified approximation relies on deriving the Total Integrated Water Vapour T

of both cross-section legs in Fig. 3. Following Ralph et al. (2017), T'IV'T of a cross-section is defined as:

TIVT = / IVTdz, 3)

representing the lateral integral of IV éi over the flight distance x in a respective cross-section flight leg. Neglectin
335 the moisture flux that exists apart from perpendicular to the flight track, we can approximate VIVT }-the-in an AR corridor
by the difference of out- minus ingoing T /V'T of the cross-sections. However, this excludes any divergence of the flow

erpendicular to the cross-section.
The Gaussian Theorem sets the moisture flux over the perimeter of a closed surface equal to its divergence. However, our flight

pattern (Fig. 3) has open boundaries at the outer sides. Only if lateral flow can be neglected, we can obtain the divergence by

340 subtracting the inflow in the entrance leg from the streamward outflow(Fig-3)-. Given this limitation, Lenschow et al. (2007)
alternatively suggests the regression method. Under linear variations, a meteorological quantity ® (e.g. wind speed) ;-being
that is stationary in time ;-can be inferred as:

o=d,+ % Art 2% Ay, @)
ox Sy

with the area mean value ®, and Az and Ay being zonal, meridional displacements from the area centre point. Using the

345 values of ® at sounding locations and minimising the least-squared errors in the linear regression fit of Eq. 4, we obtain a linear
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estimate of zonal (x) and meridional (y) gradients, along with the-intereeptfor-theline;providing-the-the mean mesoscale value
for ®. Adding up both gradients, we calculate the divergence. Bony and Stevens (2019) and George et al. (2021) proved the

feasibility of this method by comparing its divergence values with the Gaussian-based line integral over flown circles.

Having the mathematical expression, we speerfybwew on the impact of IVT dlvergencewﬁlﬂrfespeeHeﬁeﬁtersmf&bﬁdgef

transport can be split tts:-up into two components:
IransSport ¢ P “up 1nto two components:

Ptop Ptop Ptop

1 1
V(qV)dp = - [ a(=VV)dp + V(=Vqdp . )
g Pw g Pw 9 Pw

Psfc Psfc Psfc

VIVT = —

dynamical mass convergence (CONV) integral of horizontal moisture advection (ADV)

The first term represents the dynamical mass convergence being the product of the moisture mass and divergence. The mass
convergence term can be related to vertical velocity via the continuity equation and itself is closely linked to precipitation (Wong
et al., 2016; Norris et al., 2020). The second term represents the horizontal advection of moisture that is-Guan et al. (2020)

shows to be little correlated to precipitation formationtGuan-et-al;2620)—. Instead, it locally affects the amount of water
vapour. To calculate ADV and CONYV, we use the regression method. Finally, all terms in Eq. 5 are divided by the density

of water p,, to provide budge%eemr'fbuﬁeﬁs—iﬁmmﬁeﬁda%émmd#their contributions to the moisture budget (Eq. 2) in

mmd .

2.3 Decomposition in frental-AR frontal sectors

Current research considering %W%W%M%Wsuggests to dlstmgulsh between
different sectors 4
structures that are commonly embedded in the AR, where different dynamics take place. Using-Hence, Guan et al. (2020)
separate TV’ divergence calculations across the major AR axis and the AR embedded front. Similarly, using airborne obser-
vations of a large set of pacific AR cross-sections, Cobb et al. (2021a) classified different sectors of-in ARs based on the frentat
position-position of the AR embedded cold front and IVT' —This-comprises-a-warm-seetor being shape. Both approaches
mem -frontal (warm) sector, the AR core with highest IVT %%%ﬂ#mzmmﬂm—ﬂ@}and the post-
(cold)
sector behind the cold front. Since there exist significant frontal differences in moisture transport divergence between the

frontal
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Figure 4. Frontal sector decomposition for an exemplary IV'T cross-section (AR1) using the criteria described in Sect. 2.3. The colored

shadings and text boxes indicate each frontal sector. The grey shading on the left represents moisture transport (i.e. IVT) that is not considered

as AR because it is too weak.

ARRA-at-the-hour-mid-of-the-flight-corridor—Background-map-is-made-with-Natural-Earth- We-conduet-sueh-Therefore, we
conduct a similar sector-based decomposition of VT divergence for our arctic AR events in CARRA. Figure-S-illustrates-the
ontal-sector-decompositionfor-our-mostintense-AR(AR3)-Our-decompesition-aligns-with-the-requirements-givenin-As in

Guan et al. (2020) and Cobb et al. (2021a), our decomposition relies on the TV'T characteristics along the cross-section, which
we depict for an exemplary AR cross-section in Fig. 4. The central AR core represents the region of strongest [V, which
is more than 80 % of maximum [VT (IV Ty). Bast of the core we situate the pre-frontal sector and west the post-frontal
sector. Yet, the outer edges of the frontal sectors are less trivial as ARs basically have no clear outer boundaries. To account
for case-specific relative values, we assign both frontal edges where IV < 0.33-1V'1, Fig. 4). As a secondary absolute
threshold, we declare a moisture transport with ZVT < 100kgm_'s”" as too weak to be assigned as AR. Both conditions

form the outer edges of the AR where the pre- and post-frontal sectors end. Note that the latter threshold to define the AR
edges follows the approach of Cobb et al. (2021a). However, we lower the-their mid-latitude based IV'T -threshold-defining

AR-edges—from-256-threshold from 250 to 100kg m~ st FhisHits-By this, we refer to common polar moisture transport
magnitudes exeeeding-that exceed the 95th percentile used-in-the-AR-of climatology and are declared as ARs in the detection

of Guan and Waliser (2015). Otherwise, as-statisties-inFig-—2-indicate;-we-would-we would either exclude most ARs north of

70°N5-°N or would shrink the AR cross-section so much that most transport is ignored—As-shews-, as the statistics in Fig. 5;
three-synthetic-sondes-caleutate-the-2 indicate.

Applying the frontal classification to both cross-sections, we obtain three sectors. For the cross-sections of the AR, we locate
the sondes so that six synthetic sondes (three each from the in- and outflow cross-section) span each frontal sector and calculate
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Figure 5. Illustration of AR cross-section sectors and placed sondes to calculate the divergence for AR3. IV'T contours refer to CARRA at

the hour mid of the flight corridor. Dashed lines connect the sonde sectors. Background map made with Natural Earth.

its IV'T' divergencefor-each-seetorrespeetively—divergence, respectively (Fig. 5). We-Inspecting the sonde positions in Fig.

5, we emphasise that our I'V'T'-determined frontal AR sectors along the flight track tilt while the internal VT eorridor-has
a straight northward orientationinFig-5—This-putative-inconsisteney—. This arises from the north-eastward displacement of
the AR filament over the course of the 2.5 h synthetic flight section (Sect. 2.1). Accordingly, Sect. 5 examines the extent to
which sonde-based IV'T" divergence is affected by flight duration, as opposed to actually looking at the AR in an instantaneous

snapshot.

3 Moisture transport in Arctic AR cross-sections and its variability

This section investigates-examines the IV'T variability within-in our arctic ARs (Sect. 2.2) using the high-resolution CARRA
(Sect. 2.1). First, we analyse the shape of VT (and document the larger /V'T variability compared to forcing ERAS). Next,
we focus on the observability of prevailing AR moisture transport variability by discrete soundings, using the synthetic sondes
(Sect. 222.1.2). We determine the maximum distance between sondes needed to derive the total moisture transport in AR cross-
sections accurately (Q1). Finally, we describe how coherence in moisture and wind speed contributes to moisture transport and

its variability (Q2).

3.1 Shape of IV T across arctic ARs

investigate whether arctic ARs feature the same strueturebell-shaped structure of IV'T" along their cross-sections as observed

in mid-latitudes (Ralph et al., 2017), and to what extent sondes can reproduce the /V'T cross-section. For AR1, Figure 6 illus-
trates the eross-seetoral-cross-section VT along the inflow flight leg. We recognise the bell-shaped VT from both, CARRA
and forcing ERAS. Within the cross-section centre which we declare as the AR core €in Sect. 2.3), CARRA, however, shows

stronger moisture transport with a more pronounced V7T maximum > 500kgm”'s~!. Moreover, CARRA resolves more
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Figure 6. Inflow AR-FVF-IVT cross-section from AR1 (2011-03-17) with six synthetic soundings placed along the track. A gaussian fit
based on the sounding VT representation is calculated (grey).

small-scale structures of the AR moisture transport. In particular, CARRA increases the cross-section variability for this case.

acneh-AR

~inarancad o ' b O ’ r CARRA es-the-auestion—how-—s

meisture—transpert-zSummarising all cross-sections of our ARs from Sect. 2.2, most arctic AR cross-sections maintain—the

show this typical bell-shaped IVT' curve over widths of roughly 400-800km and indicate pronounced IV maxima in
the core of 300-600kgm™'s~! (not shown). Only for the weak ARS, this structure is less pronounced. We find that the

arctic ARs are not substantially narrower than the AR widths of global climatolo Guan and Waliser, 2015) and observed

mid-latitudes events (Cobb et al., 2021a). Flight planning should therefore consider cross-section distances of about 500-1000
km, similar to mid-latitude ARs. However. this only applies if the legs are not restricted to regions with [V’ > 250kgm s ™"
which is a widely used threshold for mid-latitude ARs (e. g. Ralph et al., 2019). In contrast, the maximum JVT' for the arctic
events is roughly half as high as the majority of mid-latitude ARs from airborne studies in Cobb et al. (2021a). Moreover.
the IV'T’ magnitudes strongly differ between our cases and synoptic conditions, The strongest ARs, with IV Ty exceeding

500ke m~'s~! are found for intense Greenland troughs, while the ARs are weaker along the Siberian pathway (see also Fig.

1). If we compare our ARs with those of other arctic case studies (e. g. Viceto et al., 2022), we are looking at rather stron
ARs.

Viceto et al. (2022) documented the improved representation of arctic AR characteristics in ERAS against coarser reanalysis
data. In our comparison of CARRA with ERAS, the location and horizontal patterns of the ARs agree quite well (not shown).
For all cross-sections, we ascertain plausible /T values from CARRA with respect to ERAS. In particular, we highlight that
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maximum (mean) values of IV'T per cross-section increase by roughly 9 % (8 %) from ERAS5 to CARRA on average. CARRA
further increases the IV'T variability by roughly 11 %. This-is-an-eutcome-of-We attribute this to the higher horizontal resolu-
tion than in ERAS. While-sende-

Using a set of six synthetic sondes, a gaussian fit of 7V'T can reproduce the bell-shaped AR-ZV'T cross-section (Fig. 6). This
gaussian fit is very sensitive to the actual positions of dropsonde releases. While the centred sonde in Fig. 6 is positioned close
10 IV T 1oy, a slight shift of this sounding, which easily occurs in real observations, can quickly lead to an underestimation of
the moisture transport in the AR core. Flight planning should thus imply a sonde release in the vicinity of the predicted /VT

maximum and place additional sondes symmetrically around the core. While sonde positions in Fig. 6 are suitable to represent
the cross-section IVT, other ARs-signify-AR cross-sections evince more complexity in being accurately represented by this

number of placed-soundings. We need further inspections on how sounding intervals deteriorate the AR moisture transport

observability.

3.2 Sonde-based total cross-section moisture transport

TIVT = / IVT dz,

representing-the lateral-integral-of-As stated in Sect. 2.3, the determination of 7/ V'T' in two AR cross-sections can provide first
estimates on the prevailing IVT

n—minus-outgoing—divergence. However, the accuracy in sonde-based TIVT ef-the-eross-sections—Fo-assess—the-required
soundingfrequeney,—wevary-the number-of synthetie sondes—of an AR cross-section depends on the number of sondes

across the AR, i.e. their spacing (Ralph et al., 2017). For AR1, one of the stronger events with %%%Okgm;ls;l
~500kgm s~ (presented in Fig. 6), we find that from the release of six sondes underestimates-we underestimate

TIVT by roughly 10 % against the continuous AR-IVT' representation in CARRA —(defined in Sect. 2.1.1). In contrast,

TIVT estimates based on ten sondes differ by less than 1 % (not shown). When-lewering-the-namber-of releases
For all of our AR events, we assess the required sounding spacing to gain adequate 7' V'T" estimates by varying the frequenc

between synthetic sondes and by comparing their values with TIV'T of the continuous representation in CARRA. When
increasing the spacing between soundings, their location becomes more essential and strongly affects the derived moisture

F(T

probability-to-miss-this-TV T-dominatingregion— To account for this dependency, Figure 7 illustrates the outcome of a boot-
strapping approach wheretn-in which we sample the cross-sections with varying release intervals and pesttions—We-apply-this

method-to-all-aretic ARs(Seet-2:2)-The-emerging boxplot{varying positions and derive T/ VT therefrom. The distributions of
the relative error of T/V'T against the continuous AR representation (the grey box-whiskers in Fig. 7) reveals-how-many-sonde
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Figure 7. Relative error in TIV'T as a function of sounding freqteney-spacing in seeonds—km for all AR eross-seetions—cross-section
representations (grey) and eetered;-those including highest F¥F-maxima-(75th -percentile) IVT maxima (coloured). Statistics rely on the
boots-trapping approach containing of 100 cross-section sonde representations per AR. The boxes show the quartiles while whiskers show
the rest of the distribution, except for outliers (markers). For an assumed aircraft speed of 250 m 571, 5min-(300s)sounding spacingresults

releases-are-needed-to-reveal how dense sonde releases need to be performed in order to derive TIVT in our-chosen-ARs-
the AR cross-sections «A%efdiﬂgiywmm the relative error of T'I'VT against the continuous AR repre-
' increases significantly for sounding.
spacing > 150km afﬂ—efmseﬁpeee}ef%Oms—aﬂdr(roughly five sondes for the given cross-section lengths)—Fer-intervals
abeve—13, corresponding to release intervals above 10min at a cruising speed of 250ms™"). For sonde spacing > 200 km,
sonde-based T'IV'T can strongly-deviate—We-find-that-substantially deviate.

The T'TV'T uncertainty in Fig. 7 increases less rapidly with larger sonde intervals-thanin-spacing than derived for mid-latitude

case-studies(AR cases (see Ralph et al., 2017 ;-and Guan et al., 2018);-but-emphasise-that-our-, Total moisture transport in
Wmamc TIVT values e*teﬂd—{e«re&ghly—eﬁ&%hifd

latitude ra tARs. The ARs we

than in mid-latitude ARs.

sentation

The-With increasing spacing, the spread in 71V T errors in Fig. 7 increases. One reason is the rising relevance of the sonde
osition. Too large sonde spacing enhances the probability to miss I'V'T variability-thatcauses-such-sondeerrorsin-dominating
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regions. Especially with the occurrence of a LLJ, Guan and Waliser (2017) confirm that the AR core alone accounts for ~ 50 %
of the entire moisture transport through the cross-section. Yet, we also attribute the spread in relative VT is-stronghy
eorrefated-to-errors to the large AR case-to-case variability. In particular, the strong correlation of 7V Tiax to IV variability.
(correlation coefficient r = 0.91) may cause sonde errors in derived T/VT'. Hence, we expect more-sondes—to-be-that the

smallest sonde spacing is required for the strongest AR events. However, the eoloured-boxes-inFig—7indicate-that-the-dis-
tribution of the relative TIVT error behaves similarly, when we pick-refer to the cross-sections with IV T}, larger than the
75th percentile from the bootstrapping sampletmainty-, mainly from AR1 and AR3 (coloured box-whiskers in Fig. 7) . The
mean relative error increases more rapidly with larger sounding-intervals-whereas-the-spread-istower-than-for-spacing whereas
the inter-case spread is slightly lower than in the entire sample. Highest-For sonde spacing > 200 km, the mean error becomes
slightly lower than in the entirety but more robust.
We conclude that highest T'IV'T errors thus do not originate from the strong events when having very few sondes. Fortarger
ounding-intervals(<15min);-the-mean-error-and-its-spread-becomestower-than—for-the-entirety—Still, we emphasis that a
minimum sounding spacing of 100-150 km has to be targeted for arctic ARs, which is less restrictive than for mid-latitude ARs
in Ralph et al. (2017). In a larger set of arctic AR events than in this study, these recommendations for sonde spacing could be

3.3 Variability of moisture and wind in arctic ARs

After investigating the overall moisture transport by its vertical integral IV T, itis-intuitive-to-we take a deeper look at vertical
moisture ¢ and wind speed v (Eq. 1) individually -an mpare sto-what-w W atitu s—We
tne-in order to address Q2 (Sect. 1). For all arctic ARs, Figure 8 examines the cross-section variability of v and ¢ in-the

vertieal-over the vertical profile using the continuous representation-of-our-aretic-ARs(Fig—8)—Meoisture-AR representation
Sect, 2.1.1). Here, moisture transport in the lowest levels up to 850 hPa eontributes-to-/V--with-contains roughly 50 % of the

1V'T magnitude. Up to this height, both high moisture and wind speeds are predominant, with a local maximum of wind speeds

around 900 hPa. Further upwards, wind speed even-accelerates up to +5——36ms—and-20-30m s~ while the atmosphere
dries with height. The height decreasing moisture leads to a decline of moisture transport, Through the entire troposphere, ¢
deereases-with-heightremaining-overall remains below 5gkg ™' in our arctic ARs. These-charaeteristies-

The vertical moisture characteristics in Fig. 8b) resemble soundings of ARs-ever-the North-East Pacifie (Cobb-et-al;2621b)
who showed ¢ values up to 5gke”". However, the winds in our AR cross-sections (Fig. 8a) are roughly twice as strong as
the east were orographically slowed down by the massif of Svalbard. In this sense, the marine arctic ARs we consider are

undisturbed. This enables stronger winds whose magnitude is rather comparable to mid-latitude ARs—Whilstlow-level-wind

nead O hla to-th n tha P 5 acston—R nh-e 004~
i o o8 ye cl cl cl ars WAV
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Figure 8. Vertical statistics of wind speed (a), specific humidity (b) and moisture transport (c) from the inflow cross-sections of the nine ARs
analysed. Shaded areas represent the overall mean values + the standard deviation. The error bars depict this distribution for the strongest

AR (AR3). Vertical lines specify the cumulative contribution of moisture transport to V1" down to the given levels.

wind speeds from 10-25m s~" for a large set of ARs over North-East Pacific. The slight local wind maximum at 900 hPa
- mostly-designated-as EEH(Fig. 8a) arises from the presence of strong wind corridors designated as LLJs that represent a
gnnrn(mfwvvvwg@tvuvrgvlgvvvwwwwwnmllammdeARs(Ralph et al., 2004; Demlrdjlan et al., 2020);-the-wind-speed-slightly-deereases-before

5. Their polar existence is verified
2021). We find a very dominant LLJ inside our most intense AR (AR3 in Fig. 8). Above

in the case study of Terpstra et al.

the local wind maximum, the vertical profile of wind speed remains more homogeneous than in sub-tropic/mid-latitude cases
The eross-seetoral—cross-section variability of both gquantities—moisture and winds strongly affects VT variability. The
for the lower levels up to 850hPa, before moisture transport variability is apparently driven by the standard deviation of

moisture in upper levels, although the wind standard deviation becomes highest above 500 hPa, Figure 8-exemplarily-depicts
our-mostintense- AR For the most intense AR (AR3)-Fhe EEdin-AR3-with, the LLJ exhibits high wind speeds above 30ms~!
eatises-that cause strong moisture transport whereas moisture is more or less average —(Fig. 8a). While strong moisture trans-
port erigirates-from-in AR3 originates from overall strong winds, tts-eross-sectoral-variabitity-ts-mestly-atfected-by-motsture
vartability—The-strong-AR3-suggests-that-meisture-moisture varies strongly and seemingly dominates the moisture transport
variability in-aretie-ARs-when-windsare overalt strong-—(Fig. 8b). Hence, we hypothesise that in strong arctic ARs with intense.

winds, moisture variability primarily steers IV T variability and leads to the bell-shaped IV'T" cross-section pattern depicted in
Sect. 3.1.

Aiming-at-an-The identification of the more variable quantity eut-ef-¢-and-v-can improve measurement strategies. Specif-
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Figure 9. Vertical profile of relative standard deviation of wind (s,) and moisture (s,) for the AR cross-sections of each flight. The bold

lines indicate the mean value over all ARs for both components. The sizes of the dots scale with the mean value at this height normed by the
maximum mean value for the entire profile.

ically, moisture can be derived from supplementary remote sensing devices on leng-term-research-airerafts—For-wind-and
moisturelong-range research aircraft. For this reason, we quantify the relative standard deviations of wind and moisture (s,

and s,), normed-by-the-mean;-normalised by the horizontal mean. We investigate s, and s, as a function of height (Fig.
9). In-partieutar-Especially for the winds, the relative standard deviation in Fig. 9 remains rather consistent throughout the
atmesphere-and-at-troposphere and has a small magnitude (mean relative variability around 20 to 3635 %);-which-is-in-tine-,
This is in accordance with the high but rather homegenous-winds-in-the-strong-homogeneous wind speeds in AR3 (Fig. 8).
Besides a weak local maxima-maximum in the vicinity of the LLJ, the variability increases near the upper-level polar jet,
however;-but with minor impact on the moisture transport (variability) due to dry airmassesair masses.

The variability of moisture behaves differently. In the boundary layer, moisture variability is negligible ;—similar to wind
(8¢, 8v < 20%). Yet, the decline of mean moisture with height is opposed by the-an increase of its relative variability. Between
600 and 850 hPa, high moisture variabilitybasically-contributes-to-mean-moisture-transport-vartability, increasing half as high

as its mean—The-eross-sectoral-, basically contributes to mean moisture transport variability. Based on our AR cross-sections
we conclude that moisture represents the more variable quantity in arctic ARs.

3.4 Coherence of moisture and wind

For the moisture transport, it is not only important whether moisture and wind anomalies are high separately (Sect. 3.3), but
also how correlated they are-and-whethercoherent-pattern-evolve along the AR cross-sections and whether connected patterns
contribute significantly to AR-IVT (Q2). If they-both patterns do, carefully collocated observations are essential to deter-
mine T'IVT, otherwise independent estimates of mean moisture and wind are sufficient. The overall moisture transport g- v

bastealtyis-is basically a combination of transport by the mean quantities g and v and their eress-seetoral-variabilitiescorrelated
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cross-section variability, i.e spatial fluctuations ¢’ and v’, according to:

Tu=GQ+¢)T+v)=0-T+ ¢+ q' + ¢ -0 . (6)
~ =~ =
=0 =0 cov(q,v)

While the second and third summand equal zero, the last term represents the covariance cov() between ¢ and v. Vertieal-profile

a vartdcoVv a O DOt €O PO § O ao d W § §iere vartec—a & Hormea

maximum-mean-valaefor-the-entire-profile- Using the relation between correlation coefficient 7. and cov(), we obtain:
cov(q,v) = reonr(q,v) - std(q) - std(v), @)

and expanding by g and U, we can reformulate Eq. 6 as:

std(q) std(v)

WZQ'E'(1+Tc0rr(q7v)'f'?)~ (®)
\i_/ N——
Sq Sv
COUnorm
The normalised covariance covygm (right summand in Eq. 8;-the-nermalised-covarianee—covmom:weights—the-) weighs the

coherent transport relative to the non-coherent g - 7.

Using covnom, we—find-Figure 10 finds rather little coherence between moisture and wind in arctic AR cross-sections(Fig-
+0)—, The magnitude of the contribution of moisture transport variability to the overall moisture transport is below 10 %
for each height. Accordingly, the coherence is of minor influence for the entire IV'T" variability. Main reasons for the low
contribution of coherent patterns are the relatively low standard deviations compared to their mean (see s, and especially s,,).
Even considerable correlation (7o > 0.5, Fig. 10) cannot generate relevant moisture transport contributions. Over the vertical
extension, covperm mostly remains below 5 %. Even in moisture transport dominated levels (below 700 hPa), the cross-sections
reveal a contribution of moisture transport variability to Eq. 8 in the range of 5 to 10 %. Only for some ARs, the strongest
variability (> 10 %) primarily occurs in higher levels above 500 hPa, where, in turn, moisture transport is weak (Fig. 8 and
Fig. 10). As-The correlation between moisture and wind 7¢o; shows a large spread between the single ARs (grey lines in Fig.
10), Figure-H-iHustrate-so that we take a closer look into the spatial patterns of moisture and wind for our AR cross-sections -
Inspecting the vertical AR curtains in Fig. 11, we recognise several features that we know from mid-latitude ARs. For instance,
Ralph et al. (2004) and Cordeira et al. (2013) found the vertical slanted structure of moisture transport in AR cross-sections
from dropsondes and reanalyses, where Ralph et al. (2017) verified the vertical interaction between the correfation-between
moisture-upper-level jet and the LLJ that dominates the AR moisture transport. In Fig. 11, their conceptual depictions reflect
mostly for ARS and AR6 where moisture and wind are most coherent. Here, moist air masses residing in the warm conveyor
belt are lifted over the cold-frontal sector. The downward intrusion of the upper-level jet on the eastern flank causes the slanted
structure in the moisture transport. For the windy arctic AR events, e.g. AR3 and wind-peaks-in-the Ll -height-{reom>0-7
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lower than Cobb et al. (2021a) summarised for mid-latitude ARs. In almost every cross-section (Fig.

~! indicating that our events are rather moist for arctic AR conditions (e.g. Viceto et al., 2022), but much drier

than mid-latitude ARs where g easily exceeds 8g kg™ (Cobb et al,, 2021a).

Still, we notice a large case-to-case variability in Fig. 11 and partially less compliance to the conceptualised AR schematics
illustrated in Ralph etal. (2017). This shows for the vertical structure of moisture, the presence and intensity of the LLJ
(strongly distinctive in ARL, AR3., ARS, AR7, but missing in the other ARs) and how patterns of moisture and wind are
correlated. Apart from ARS, other ARs exhibit less coherent patterns where wind and moisture do not necessarily align with
cach other. Especially AR9 indicates a clear horizontal displacement, causing a negative correlation along the cross-section.
Here, subsiding dry air masses in the cold sector counteract the westward increase of wind speeds. For all ARs except for ARI,
ARS8 -and AR9)-Hewever; the variability of wind issmalh, the correlation between moisture and wind peaks in the LLJ height

> 0.7, Fig. 11). AR1 and AR3 exhibit small horizontal variability in the wind field, as winds are almost constant along

the entire cross-section (>25ms—1-espeeiatty-in-AR‘-and-AR3> 25ms™!). Here, it is the moisture variability steering the
moisture transport variability. Saeh-moistare-variable-ARsThe ARs, being variable in moisture, consist of an elevated moist

exceeds 4g k

layer-only-persisting-plume only residing in the AR core and-that is surrounded by dry air. The strength of dry air subsidence is
rimarily relevant for slanting the moisture transport along the cross-section. We find this most effective for ARs close to the

dry air masses east of the Greenland coast (AR3) and when the backside of the embedded cyclone advects the dry Greenland

air masses (AR9).
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Ralph-etal;2017)-mostlyrefleets-for The variety of moisture transport characteristics comes with the very different synoptic
patterns (troughs, ridges, smaller cyclones embedded in a meridional, but rather weak flow) causing the arctic ARs. In addition,
we consider different corridors of the respective ARs. While ARS where moisture-and-wind-are-mosteoherent-Residing in-was
mainly observed in the AR center, other ARs such as AR2-4 and AR7 are observed in the exit region of the AR (see Fig.1
and Fig. 2). Terpstra et al. (2021) detected that moisture and wind patterns and their coherence in polar ARs strongly change
along the AR direction. In their case study, the w ist-ai i

amm%wm%wwwmmmmmmm
vanishes out more towards the Poles and the AR exit region. Similarly, the most textbook AR among our cases, ARS, is also
the southernmost AR (Fig. 1). Moreover, Terpstra et al. (2021) identified decreasing coincidence between moisture and wind
in the polar AR exit region. In their case, the LLJ resides in rather dry regimes below the local moisture maximum. While we

detect this vertical separation of moisture and wind patterns mainly for AR4, but less uplifting of maximum moisture than in
L11).

We conclude that the-mean moisture and wind account for 95 % of overall moisture transport in arctic ARs. Moisture and

Terpstra et al. (2021), we emphasise the horizontal displacement of moisture and wind sectors in AR exit corridors (Fi

wind patterns are-little-coherent-and-exhibit little coherence especially in arctic AR exit corridors, but show high inter-case

variability. Strong-ARs/1/F>-400kgm—s—'Despite the variability, we postulate that strong ARs (/VT' > 400kg m~'s ")
tend to feature strong, but rather constant winds. Narrewed-meisture-cotumns-here-form-the-Instead, narrow and high-reaching
moisture plumes in the core control moisture transport variability. We-recommend-supplementary-measurements-of moisture
to-effectively-inerease-the-aceuracy-of AR-moisture-transportestimates—The effectiveness of dry subsidence backwards the AR
modulates the AR moisture transport pattern. An improvement for observing the moisture transport variability should thus be
built upon supplementary moisture measurements rather than those of the winds. Incoherent cross-section patterns motivate

investigating separate sectors along the AR front as they exhibit different processes (Cobb et al., 2021a). When moisture

and wind regimes—are-independent,—we-patterns do not coincide, we can expect cross-frontal differences in the divergence
components 6f(Eq. 5-).

4 Moisture transport divergence from sondes

examines-This section analyses how the divergence of moisture transport is characterised along cross-sections of arctic ARs

(Q3). We-investigate—whether-high-meisture-adveetion-Resuming the decomposed terms (Eq. 5), we inspect whether high

moisture advection occurs more frequently in strong moisture-dominated ARs-AR sectors and whether mass convergence

dominates in windy AR-corridors-AR sectors. We categorise our results based on frontal sectors defined in Sect. 2.3. Synthetic

25



645

650

655

700

850

1000

(f)

v
b=
S

w

Pressure (hPa)
<
8

©
)
=]

N
Specific humidity (g/kg)

1000

(i)
(AR9)
500 (&R9)
700

850

1000

-500  -250 0 250 500 -500  -250 0 250 500 =500  -250 0 250 500
Lateral Distance (km)

Figure 11. Cross-sections of AR inflow legs for moisture (color-coded contours), as well as wind contour lines for (pinkish) and moisture
transport (both as contour lines). Shown moisture transport values have the unit gke ~'ms !, The black-white dashed vertical line represents
the cross-sectoral mean of the correlation coefficient 7. between moisture and wind for each pressure level.

sondes illuminate how discrete soundings reflect such characteristics —against the continuous flight representation along the
AR cross-sections (Sect. 2.1.1).

4.1 Sectoralin—In- and eutgoing-meistare-transportoutflow IVT

Inafirststep;-we-depietthe-eross-seetoral- Before coming to the moisture transport divergence at single levels, we compare the
integrated quantities, namely cross-section VT of the in- and outflow leg and their AR-T'ITV'T for all nine arctic ARs (Fig.

12). The leg-eomparison-revealsafirstsimplified-understanding-of-comparison of T/VT in both legs reveals first simplified
estimates of the prevailing divergence. Idealising that no entrainment into the AR corridor (Sect. 43) takes place, we—can
eontrastFigure 12 contrasts T/ VT of the in- and outflow 7/ T-in-order-to-gain-benchmarks-cross-section to estimate whether
convergence or divergence of internal-moisture-transport-overall-exists—Maximum-moisture transport inside the AR corridor
exists. Figure 12 indicates that maximum TV T values vary between 200—656-ke-m—s='-whereby200-650kgm ‘s, with

the outflow IV'T generally exhibits-a-similiarintensity-as-having a similar intensity to the inflow leg. The strongest AR in
terms of maximum IV also has the highest total transport througheut-in both flight legs. Overall, TIVT' overall ranges

from +00-300—105 ke s~ Some aretiec AR eross-seetoral-100-300 - 10%kg s~ *. Recall that this is approximately one third to
one half the T'IVT tends-to-decrease-downstream—Higher-/V atsinghiche - F-n-the-inflowlegpotentialhysugses
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Figure 12. AR-FVF-of- I VT along inflow (outflow) seetion-legs in blue (orange) for all nine eerridors-ARs (Fig. 1). Changes in line styles
denote the ARs—The-domains-of frontal speeife-ARseetors-are-denoted-by-the line-pattern-changing-Detted-sector classifications (dashedSect.
2.3): Dotted lines represent the-warm-cross-section periods attributed to pre-frontal {eetd-sectors, while dashed lines refer to post-frontal }
sectorsusing-the-eriteria-mentioned-in-Seet. 2:2-eg-speeifie- The legend depicts T IV T values for AR-F1V-F-are-speetfied-in-the legendin-
and outflow cross-section parts within the AR. They purely-include IV'T purely internal of we-deelare-as-AR-determined AR borders i
(Sect. 2.3tdotted-tines). Arrows indicate the T'TV'T difference between in- and outflow leg scaled in length and width. The differences can
be viewed as simple estimates of 17 divergence in between both legs, according to Sect. 2.2, Upward (downward) arrows-roughly-estimate
eorridor£F-arrow scales represent estimated convergence (divergence) magnitudes. Fheirlength-and-width-seales-with-Note the differenee

magnitude found in mid-latitude ARs (Ralph et al., 2017).
Figure+2-Figure 12 further separates the AR cross-sections in the three sectors (pre-frontal, core, post-frontalyas-intredueed

in-Seet—2-3—, Although the AR cores are roughly 200-300 km narrow (slim lines in Fig. 12), they provide more than half
of the entire AR-T'TV'T. This contribution of the AR core agrees with findings from Cobb et al. (2021a) in mid-latitude ARs.

Except for AR2 and AR7, weaker slopes of IV'T" are generally in the cold sector as opposed to the warm sector. Fhe-In turn

RARAA

air masses on the backside of the AR (see also Fig. 11).
Comparing both legs (Fig. 12), cross-section T IV T tends to decrease downstream in some arctic ARs. Here, higher IV'T

27



deereasing-and T/VT in the inflow leg suggests potential convergence in the AR corridor. Yet, we likewise identify cases
with weak stream-ward tendencies in total moisture transport or with slight increases. Moreover, the downstream difference
of TIVT is unevenly distributed over the cross-section [VT It is mainly within the AR core where /VT decreases towards
670 the outflow eorerleg (e.g. AR3, AR9), thus suggesting internal convergence. However, counteracting behavior in the frontal
sectors partially compensates the core and stream-ward decrease of IV T'oeeasi intensifies :

- Like in ARG, the increase of warm
sector TV'T towards the outflow conveys a seeming divergence. This is in contrast to the findings in Guan et al. (2020), where
the pre-frontal sector is denoted as a region of moisture transport convergence. Nonetheless, although the JVT patterns of

675 ARS and ARG (Fig. 1) allow slight divergence in the pre-frontal sector, we emphasize that a TIVT-based interpretation of
predominant moisture transport divergence underlies strong idealisation;Neither-it-considers—, It considers neither moisture
flow being netflightperpendicttarnon-perpendicular to the flight, nor does it separate contributions of moisture advection and

mass convergence. Theregression—approach-is—required-Therefore, we insist on the regression approach from Sect. 2.2 to

diagnose moisture transport divergence in each seeter-of-frontal sector of the arctic ARs.

680 4.2 Sonde-based divergence and its representativeness

This section speeifies-the regression-based(Seet-2:2yderives the IVT divergence (VIVT) in arctic ARs, Using the regression-based
approach (Sect. 2.2). The moisture transport divergence is specified for the frontal sectors (Sect. 2.3) using-and for the decom-
posed terms, namely moisture advection ADV and mass convergence CONV (Eq. 5). We-compare-our VIV with-thatbased
on-the-mid-latitude-study-of-Guan-et-ak(2020)—The results-we-obtain-Again, the results from the continuous eross-seetions

685 interpolatedfrom-CARRAcross-section flight legs (Sect. 2.1.1) represent our idealised reference. For-them-and-We compare
LQMAWWNRSMMWMseven synthetlc sondes per cross-section (as in Flg 5)~we—&pp}ybﬁﬁegfe5ﬁefrmefhed—te

we build on Norris et al. (2020)

who pioneered the airborne derivation of all AR moisture budget components, including moisture transport divergence, b
690 sampling a mid-latitude AR event inties-of tati i i

For-the-intense-AR3In a first step, Figure 13 delineates the divergence components speeified-for the frontal sectors within

the intense AR3. In the continuous AR representation, ADV and CONV behave-differently-exhibit different vertical profiles
throughout the frontal cross-section sas-statedin-Guan-et-ak(2020)-and-Norris-et-ak(2020)-While- CONV~(Fig. 13). Comparing
moisture transport divergence in the sectors for the continuous representation, we see that values range from —3to +1-10"*gkg~'s”

695 . While moisture advection (ADV) does not rise above +£1-10"* gkg ™! *m—thewa%m—eeefe%ﬂ@%—e*eeed%i—}—w—gkg*—lsi
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Figure 13. Vertical contributions from ADV (a) and CONV (b) to the-moisture transport divergence (c) for the frontal sectors in AR3.
Bold lines represent sonde-based-vatues-whereas-the fited-areas-denote-the-deviationto-vatues-based-en-continuous AR representation while

dashed lines depict the sonde-based representation with the deviations as shadings.

ost-frontal sector is most crucial for moisture transport
divergence. In detail, the warm pre-frontal sector and the core exhibit weak advection (Fig. 13a), whereas substantial advection

occurs in the post-frontal cold sector. Similarly, the strongest mass convergence is found for the post-frontal sector (Fig. 13).
Not only ADV and CONV act en-differently between the frontal sectors, they also dominate in different vertical levels. Their

maximaThe maxima of ADV and CONV locate at the heights where also moisture and wind dominate srespeetively-(Fig. 11).
In-the-warm-sectormoisture-advectioninereases-above-850While advection is predominant at mid-levels above 800 hPa while

stgni tRg-t-mi s up to 500 hPa, the mass divergence primarily acts below this level (Fig. 13 a and b). In
the vicinity of the LLJ in the AR core at around 850 hPa), predominant mass convergence (negative values) prevails, although

the vertical column is slightly divergent in total. The advection of moisture in the prefrontal sector and core is too weak (Fig.

132) to compensate the more prominent mass divergence (Fig. 13b). Overall, the moisture transport convergence (divergence)
dominates in the cold post-frontal (warm pre-frontal) sector of AR3 (Fig. 13). We attribute the drying in mid-levels of the cold
LV T direction behind the cold front (see Fig. 5) accounts for the low-level mass convergence in the post-frontal sector.Fhe k3

e P PR |

The fact that the moisture transport divergence components differ across the frontal axis is in line with mid-latitude AR
based statistics of Guan et al. (2020). In detail, the characteristics in AR3 described above differ quietly to the AR case
observed by Norris et al. (2020). In their airborne study of a mid-latitude AR, they found moisture transport convergence
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to be strongest close the AR core and rather opposite signs for the pre- and post-frontal regions than us. Especially the lack

of pre-frontal moisture advection in AR3, which Guan et al. found in mid-latitude AR statistics, is

worth-mentioning. In contrast to both Norris et al. (2020) and Guan et al. (2020), we do not identify a dominance of dynamical

convergence over advection. The magnitudes of moisture transport divergence in AR3 are also much lower. Nonetheless, we
remind that Norris et al. (2020) and Guan et al. (2020) consider even more intense mid-latitude AR near its centre. While AR3

. 2), it is rather moderate for mid-latitude scales (Ralph et al., 2019).

is exceptionally strong for arctic conditions (Fi

Three synthetic sondes in each frontal sector leg (located as in Fig. 5) generally reproduce the divergence characteristics of the

continuous reference within each AR-frontal-seetor—frontal sector (Fig. 13). The highest deviations occur for the warm-cold

sector arising from meisture-adveetion-misrepresentation—Shghtmid-level moisture advection and low-level mass convergence
overestimation. We note that slight cross-sectoral displacements of the sonde positions emerge-in-changing-deviate the diver-
gence characteristics, but they de-all maintain the principle vertical characteristics for each component and sector (Fig. 13).
Setting-When we contextualise our sonde results in-eontext-to-with the airborne study of Norris-et-ak(2020)-we-identify-by
Norris et al. (2020) using real dropsondes, we recognize the strength of real dropsendes-having-sondes with a high vertical
resolutionthat-provides-much-meore-, They provide much greater vertical variability. Thus, thelower-divergenee-it is likely that
the quite low divergence displayed in Fig. 13 prestmably-does not only result from less intense-divergenecein—aretic ARs-
divergence that prevails in arctic ARs compared to mid-latitude ARs:but-is-also-due-to-ARs, but may also be a consequence of
the coarser vertical grid—To-quantify-the-contribution-ef resolution averaging out larger values. Nevertheless, given the before
mentioned contrasts of AR3 to mid-latitude AR moisture transport divergence(such-as-in-Fig—3)-to-the-moisture-budget(Eq-
2)-its, we should involve our other AR events in order to pinpoint robust commonalities and differences to mid-latitude ARs,
and to what extent the airborne sondes can reproduce them (Q3-Q4).
To compare moisture transport divergence for all our arctic cases with statistics of mid-latitude ARs, we derive the vertical
integral VIV'T is-required(Eq. 5). This quantifies the contribution of moisture transport divergence to the moisture budget
(Eq. 2). For our ARs, we summarise theirdaily-eontribution-to-the- moisture-budget the daily contribution of VIVT in mmd~!
(Fig. 14). The-Accordingly, the warm pre-frontal sector overall supplies moisture with-advection-being-twice-as-dominant-as
convergeneevia advection that overcompensates weak mass divergence. In contrast, the core and post-frontal cold sector elearty
onstitutes-a-moisture-sink—Thestrongest-dryingis-found-here-from-mass-divergeneeadvection have a inter-case variability in
the advection of either dry or moist airmasses. An overall large mass convergence in the post-frontal sector balances or even
superimposes_the advection. The post-frontal sector exhibits—marks the highest inter-event variability. The-core-marks—the

Surprisingly, the mass divergence in

the core shows a robust negative contribution for the moisture budget (Fig. 14).

For the arctic AR frontal sectors, the range of budget contributions from -3mmd ™" to +43mmd ™" is-pretty-in Fig, 14 is
quite small compared to Guan-et-ak(2020)In-particular-the-mass-convergence-is-little-compared-to-their-mid-latitude eases

to—an—tnerease—+n-AR magnitudes. For statistics of mid-latitude ARs, Guan et al. (2020) summarises budget contributions in
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the range -10mmd_" to +15mmd_". The frontal characteristics of CONV_in arctic ARs contradict the understanding from
Guan et al. (2020) who emphasized dominating mass convergence in and ahead of the AR front for mid-latitude AR. Unlike
the mid-latitudes, the core of arctic ARs is characterised by the divergence of mass. This is surprising as our arctic ARs, like
mid-latitude AR, contain LLJs, see again Fig. 11, which are associated with high mass convergence. This mass convergence is

also found in many of our AR cases, but often superimposed by mid-level mass divergence above the LLJ. For the pre-frontal

sector, moistening due to moisture advection is similarly identified for arctic (Fig. 14) and mid-latitude ARs (Guan et al., 2020

- In the post-frontal sector, both types of advection coexist, whereby the effectiveness of subsidence of dry air overrunning the
AR in the atmespherie-moisture reservoir—mid-levels becomes crucial (see also Fig. 11). High values in post-frontal mass
convergence mainly arise from two AR cases (AR3, ART), where low-level changes in wind direction induce the convergence

respeetive-mean-valae: Applymg%hfe&%etmdmg%peﬁeete%We emphasize that we cannot naively compare our frontal sector
values with those of Guan et al. (2020). First, our arctic corridors along the seﬂdes—fepheafe—&teefess-ffeﬂ{al»dwefgeﬂee

he-sea ice edge thatis-mere-distantto-the- AR-eentre

s-are primarily attributed to the AR exit region as the centre is located more southwards (see Fig. 2);-ourinvestigated-. For this

exit region, we expect stronger divergence than convergence when the outflows of the ARs spread out. Guan et al. (2020) refer
to the conditions across the AR centers. Second, our frontal sectors are larger than those classified by single reanalysis pixel-

based values used in Guan et al. (2020).

the-ebservability-Our sectors are, however, more comparable among the AR events as they are AR relative and restrict to our
defined AR edges. Note that the post-frontal sector in Guan et al. (2020) is also more distant and exclusive from the actual
AR, where we would already consider dissimilar flow patterns, such as southerly flow backside of the cyclone in ARY. In their
airborne case study, Norris et al. (2020) highlight that much higher values of moisture transport divergence occur at smaller
scales than the reanalysis resolution used in Guan et al. (2020). Hence, we postulate that the sector-based values of moisture
transport divergence by-diserete-dropsondes;-ourin Fig. 14 will also increase for smaller AR domains.

A
14), i.e. the weak mass convergence being omnipresent for our arctic ARs. The sonde configurations derive similar median
values as the continuous AR representation —For-our-arctie-AR-composition;-this-confirms—that-three-and give evidence of

the principle observability of moisture transport divergence by discrete dropsondes. Six sondes per sector are basically ca-

pable to reproduce the general frontal structure of moisture transport divergence and its vertically integrated contribution to

lying three soundings per cross-section sector, the sondes replicate the cross-frontal divergence (grey box-whiskers in Fig.

the moisture budget. However, as-the percentiles between sondes and the continuous representation deviate;-theseundings-.

For individual events, sondes can misinterpret the magnitude of the-sector-specific divergence components considerablyfor

31



790

795

800

805

10.0 r2.0

7.51 1.5

Mean Error in
Contribution (mmd~1)

Contribution to
Moisture Budget (mmd~1)

—7.54 F—1.5

—10.0- --2.0

Wa'rm Wa'rm Cc;re Cc;re Cc;ld Cc;ld
ADV CONV ADV CONV ADV CONV

Figure 14. Box plot of moisture transport divergence contributions to daily moisture budget for all nine ARs. Values specify both components

ADV, CONYV) for all frontal AR sectors (colour-coded). They compare the continuous AR representation (coloured box-whiskers) with

the sonde-based values (grey). The boxes refer to the quartiles and horizontal lines inside specify the respective mean.

the-individual-events. Since this deviation is unbiased though, the sonde mean errors remain below 0.5mmd ™' —Weremind

Neorriset-al;2020)-we-mimic-the-observations-in-the light-ef the-(Fig. 14).

Another aspect not touched on in our discussion so far is that we mimic all observations of moisture transport divergence in
terms of flight duration. Fhe-airberne-This is a major difference from Guan et al. (2020), who derived divergence components

for individual reanalysis time steps. The airborne continuous realisation (Sect. 2.1.1) is non-instantaneousperspeetive-ean-catse
differenees-, This realisation can cause considerable deterioration in our understanding of the AR corridors as-the-AR-evolves
meanwhile—

5 Deterioration . "

This-seetion-evaluates—to-due to the temporal AR evolution meanwhile. This issue is also adressed in the airborne study
of Norris et al. (2020), where they correct for the AR displacement over the flight duration by a time-to-space adjustment.
However, they were not able to account for local temporal changes. Since our flight patterns cover larger AR corridors than
in Norris et al. (2020), it is worth-investigating to what extent the diserete-synthetic-sondesreproduce 1/ T-divergence-in-the

hight-eftemporal AR evolution during flight Q49— Wequantify-the-error-in-observed-meoisture-transport-arisingfrom-the-fligh
duration-of-ap-may distort the airborne moisture transport divergence results.

5 Deterioration by non-instantaneous soundings
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Figure 15. Comparison of divergence component contributions to daily moisture budget from spatially continuous AR representation

referring to either evolving flight values (non-instantaneous) or to the values for the centered hour (instantaneous). Values are given for

each frontal sector. Black error bars are identical to the coloured boxes in Fig. 14. Grey values represent centered hour-based values.

This section examines the extent to which the temporal AR evolution during flight affects the sonde-based representation of
IV T divergence. Up to 3 hto-overpassAR-ecorridors(Seet-2-4-1H)-and-te-hours are needed to fly over AR corridors and con-
secutively observe the in- and outflow legs—Within-the-AR-eerridorthe-(Sect. 2.1.1). Meanwhile, temporal AR evolution may
deteriorate-the-airborne-interpretation-of-Eulerian—can distort the airborne (non-instantaneous) representation of IVT' diver-
gence —As-instantaneousrefereneein the AR. Therefore, we establish the-an instantaneous reference consisting of the spatially

collocated AR representatlon from-CARRA-at the flight-centered hour €empaﬂseﬂﬂfdwefgeﬂee—eempeﬂeﬂ%eeﬂfﬂbuﬁeﬂs—te

-fn-afirststepand quantify the error in observed moisture
m%mmmmmmmmwm we contrast the cross-frontal
VIVT ferbetheontinuous-temporal-representations-in both temporal perspectives (non-instantaneous and instantaneous). On
Summarising all ARs of Sect. 2.2, Figure 15 demonstrates that the frontal characteristics of VIVT is-welt-eaptured-are
more or less reasonably reproduced by the non-instantaneous representation{Fig—t5)—. However, we note that the mean
non-instantaneous error in divergence arising—from-caused by the flight duration (red dots in Fig. 15) is mere-pronounced
much greater than the error by sende-based-undersampting-discrete sondes (compare to Fig. 14). In some-sectors;-the-detail,
the evolution of the ARs deviates the airborne estimates of moisture transport divergence by up to 25 % and even stronger
on the backside of the AR, In the post-frontal sector, the mean error exceeds more-than—tmmd—-1.5mmd ', whereas
sonde undersampling (Fig. 14) only induces mean errors below-6-5mmd—< 0.5mmd_". The temporal evolution of the AR
throughout the ﬂ1ght can thus strongly deteriorate the divergence estimates for individual sectors. Altheugh-both-temporal
ifrati i i itltis ADV in
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the eore-and-post-frontal sector where we find the highest deviations (=-tmmd—)-compared to the instantaneous snapshot

(Fig. 15). The deviations show up in the mean, median and standard deviation. fn-the-eeld-Not only does the instantaneous

830

Fig—15)-mm d~1) than seen from the aircraft. When we consider airborne (non-instantaneousdeteriorations-) deviations for

TRARNANARANY

individual ARs, we find cases with ADV-errersexeeeding-errors in ADV that exceed more than 8 mm d~! (not shown). The

835 In the prefrontal sector and core, the median of CONYV is muechless-affected-Relativelyhoweverbarely affected. Although
CONYV exhibits-has higher mean errors but-they-have-lessimpaet-in relative terms, these have less influence on the absolute

deviation of moisture transport divergence.

840 aimingfor-transpert-orthogenal-Referring to the ideal representation of V/V'T in arctic AR cross-sections —Sinee-the-winds

eenterso-thatin—and-outflowlegs-can-be shifted-that is instantaneous and spatially continuous, the divergence characteristics
845  in the frontal sectors agree more with the mid-latitude statistics in Guan et al. (2020). In particular, we also identify a frontal
gradient in the divergence components with overall moistening in the pre-frontal sector and drying in the post-frontal sector.
In the arctic ARs, this is mainly driven by advection. Mass convergence being predominant in mid-latitude ARs is however
missing or is at least superimposed by mid-level mass divergence.
Having purely referred to-the continuous sampling just confined ourselves to the spatially continuous representations of mois-
850 ture transport before;-we-finally-contrast-the-uncertainty-aristng-from-divergence, we now contrast these with the sonde-based
divergence resulting from the combination of non-instantaneous and discrete spatial sampling by-sendes-and-fromnon-instantaneous
samphing—in—time—(Sect. 4). Using the root-mean-square error (RMSE), we-compare-the-different-Figure 16 compares the
different spatial samplings (continuous and discrete) in both time perspectives with our reference, the eontinuous-and-instan-
taneous representation. The-Accordingly, the subsampling errors are minor against-the-instationarity-indueed-errors-compared
855 to the errors induced by temporal evolution and cannot compensate the latter although they occasionally act in the oppo-
site directionstFig—6)—Fhe-. The RMSEs for non-instantaneous indueedRMSEs-sampling are much higher tup—to—mere
b than the one iginating from-spatial-undersampling—Whilethe-than the ones only induced by discrete
sampling. Figure 16 underlines that the largest errors occur in the cold post-frontal sector. While the RMSE for the combination
of non-instantaneous and discrete subsampling in the warm pre-frontal sector shews-the-highest-positive-meisture-budget

860 econtributionsregardless-ot-the-erro erta(kg: this-seetor-doesnothave

o hichect RMSE fo

16)-Thelargest errors-oceurin-the-core-and-and core is around or slightly below 1 mmd ", the RMSE reaches up to 3mmd !
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Figure 16. Total sonde error (orange) and individual errors enty-by only discrete sondes (green) and enty-by instatiorarity-non-instantaneous
sampling (grey) for daily IV'T" divergence in each frontal sector and divergence component (Eq. 5). For all AR cross-sections, positive bars
indicate the root-mean-square error (RMSE) while error markers and lines depict mean errors in combination with their standard deviations

for the ARs.

in the post-frontal sector. Non-instantaneous sampling-can-misrepresent-discrete sampling by sondes misrepresents the diver-

gence components by more than 50 % of the actual values (compare with Fig. ??red

The values of moisture advection are more sensitive to airborne sampling than mass divergence values. In contrast to sende

undersampling;instationarity-indueed-errors-discrete sampling, errors induced by instationarity in ADV act in a more consis-

tent direction (error bars in Fig. 16). Espectally-in-In the cold sector, AR instationarity mainly eauses-an-airborne-underestimation
in-leads to an underestimation of dry advection. In-the-instantaneousreference;-drier-airmasses-These tendencies result from the

oblique movement of the ARs which are not necessarily aligned with the moisture transport direction. In fact, our ARs move
more or less to the northeast, while our flight pattern aims for cross-sections being orthogonal to the transport and are more
zonally orientated. For the flight-centered hour (instantaneous reference), drier air masses are already more embedded in the
post-frontal sector of the inflow cross-section but-differ-leg, but less in the outflow transeet—This-gradientoverall-reinforeesleg.
This changes the moisture gradient between both flight legs, increasing the overall dry advection. Censequently, we generatly
expeet-The winds exhibit less horizontal variability (Sect. 3.4). Temporal displacement thus varies CONV less than ADV, so

that CONYV remain less sensitive to non-instantaneous sampling.
We deduce that our flight pattern is subject to the strongest sonde-based misrepresentation in VIV'T from advection in the
cold post-frontal sectorfersuch-azig-zagflightpattern—. Flight planning should involve weather forecasts to adapt the flight

legs for AR evolution. Forecasts can estimate the mean propagation speed and direction of the AR corridor center so that in-
and outflow legs can be shifted adequately. Similar to the error magnitudes, the inter-case variability in the divergence misrep-

resentation is much higher in-451/for advection (Fig. 16). The large inter-AR variability of-the-errors-Fig—16)-in the results
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highlights that more eases-ARs should be considered in order to generalise the errors for arctic ARs. This includes differentiat-
ing ARs-errors not only by their-the AR strength, but by their AR corridor type (entraneeentry, centre, exit). If a-zig-zagflightis
more-toeated-in-an-intense AR-eentreflights are located in intense AR centres, we expect the-contribution-of- mass-convergenee
and-the-mass convergence to contribute more and errors due to the-soundingintervals-to-inereaseso-thatGONV-becomes-more
comparable-to-Guan-etal—(2020)-and Norris-etal—2020)sounding spacing to_increase. The mass convergence may be more
similar to the mid-latitude values in Guan et al. (2020). However, sueh-AR-conditions-are-rarely-met-elose-to-AR centers are
g@gwwme sea ice in spring (Fig. 2). The eceurence-of-AR-occurrence of AR exit corridors over arctic sea
ice is -significantly higher. This underpins the usef&Hﬁes&ef—eﬁﬁbeﬁehmaﬂe&ferediea{eéﬂfeﬁﬁeseafehﬂtghfs
usefulness of our error estimates for research flights in arctic ARs. Fhis

6 Conclusions and perspectives

This assessment study investigated the characteristics of the moisture transport divergence in arctic Atmospherlc Rivers (ARs)

he-analysed the ARs from an airborne
perspective to_assess the dropsonde-based observability of moisture transport divergence of arctic AR. We characterised
airborne uncertainties in sonde-based representation of the AR moisture transport divergence inside arctic ARs, focusing on two
sonde-based limitations: subsampling by too large sounding spacing and the instationarity of the AR over the flight duration.
For this, we followed a synthetic approach using reanalysis data as virtual truth. CARRA reanalysis data were interpolated on
synthetic flight patterns that consist of two cross-sections covering frontal sectors over the entire AR transect. The-CARRA

va%ues—afe%paﬂe%aﬂpem}bkﬁﬁefpekﬁeémﬁeﬂae—ﬂigh%&aele&ngle vertical proﬁles fepfeseﬂ&equyﬁfhe&&dmpseﬁdes—fPhe

dropsondes.

We considered nine arctic AR events over the Atlantic pathway to the Arctic ocean in the vicinity of the sea-ice edge from last
decade. The values of Integrated Water Vapour Transport (/V'7) in the AR cores range from 300-600kg m™"s"!, although
the ARs are primarily examined north of their center. We thus %mwﬂ%m&

for arctic conditions. Still, the bell shape of IVT’
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ARs-in-the-vieinity-of the-seaice-edge,werather-intend-to-determine-across the AR varies strongly in between the AR cases.

The considered cases cover a large variability and consist of various synoptic patterns (extended troughs, blocking situations
single cyclones) in which the AR are embedded. This study delivers benchmarks of uncertainties in the airborne representation

of sonde-based AR moisture transport divergence;stemingfromsonde-undersampling-and-the-flight-duration—This-synthe
assessment-conchides-, We conclude the four pursued questions (Q1-Q4) as:

What is the maximum distance between sondes to determine the total moisture transport through AR corridors? (Q1)

— For the TotaHntegrated-Water-Vapour-Transport(F4V 1 )-of sonde-based determination of Total Integrated Water Vapour Transport |
in arctic AR cross-sections, sonde distances-spacing below 100 km have-to-be-envisioned-to-certainty-keeprobustly keeps
TIVT errors below 10% —(Fig. 7). In strong ARs with IVT exceeding 500kgm~'s~, too coarse IVT represen-

tation at the AR core leads to TTVT underestimation. Gaussian fits help repreduce-the-eross-seetoral-to reproduce
the cross-section IV'T" shape but are sensitive to how sondes estimate maximum IV7T and its location. We-Thus,
precedent flight planning should aim for a sonde release at the forecasted JV 7" maximum and place additional sondes
symmetrically around. For arctic AR widths of 400-800 km, we suggest a minimum of five-seven soundings per cross-
section te-(roughly 60 to 120 km spacing) to derive T'IV'T" in both beundary-legsas-first-estimate-of-cross-section legs.
of sonde releases should thus rely on the steepness of TVT' along the cross-section. We highlight that the differences of
TIVT between the in- and outflow cross-sections are in a range of 2-15 % (Fig. 12). If we want to reliably estimate
moisture transport divergence based on 7TV from both cross-sections, the sonde-based uncertainty of T/VT for a
single flight leg must be considerably lower.

How correlated are moisture and winds in arctic ARs and do coherent patterns contribute significantly to IVT? (Q2)

are only moderately correlated with mean correlation coefficient of 0.5 at about 850 hPa—While lateral- meisture-transport

vartability—contributestess-hPa height and less below and above. At the same time, the standard deviation of both
uantities is smaller than its mean respectively. Moderate correlation and limited variability result in a small contribution
of coherent patterns to /V'1T', which is smaller than 10 % to+ i iabili iti i

of-meisture—We-of the moisture transport by the mean quantities. We draw the conclusion that collocated sampling of
wind and moisture to assess the coherent transport is not of first priority. It is worth noting that the moisture variabilit
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dominates the wind variability over most of the profile between 850 and 500 hPa. Only close to the surface, the wind

variability peaks at about 850 hPa and plays an essential role. Thus, we prioritise supplementary airborne measurements
of moisture to better represent arctic AR-IVT vanablhty Unlike-ournortherneases;-which-are-loeated-more-in-the-AR

How does-can the divergence of moisture transport charaeterise-be characterised along the-eress-seetion-cross-sections
of arctic ARs? (Q3)

— By cemparing-contrasting the in- and outflow FVT-threugh-the-AR-transeets;-we-overall-expeet-T/VT through both

cross-sections of all ARs, we expect an overall divergence in moisture transport. However,-ARs-exhibit-frontal-speeifie

Yet, the ARs show frontal specific characteristics in VT divergencethat-, which have to be decomposed-to-separated
into moisture advection (ADV) and mass convergence (CONYV), see Sect. 4. The pre-frontal AR sectors contribute to

the moisture budget via both-decompesits;-whereas-moisture advection, while the post-frontal sectors everal-indicate

divergence—The-corerepresents-thezone-oftransition—generally show dry advection, but also occasional mass convergence.
Howeyver, in contrast to mid-latitude ARs, mass convergence is much less dominant in the Arctic ARs. Although the
mass convergence is generally dominant, especially below 850 hPa, it is often superimposed by upper-level divergence.

In turn, moisture advection is much more relevant and dominates at levels higher than 850 hPa. Across the front, the total
contribution of IV'T' divergence everall-contributes-to the moisture budget by-is up to +4-3 (pre-frontal eonvergenee)

Hmd—mwmmom -frontal éwefgeﬂee(lngewﬁcw This is of-hatf-less than half

the magnitude compared to the mi

than-meisture-adveetion—mid-latitudes.

To what extent can diserete-non-instantaneous sondes reproduce IVT divergence in the light of AR evolution during

flight? (Q4)

— Three sondes per frontal sector leg ean-are capable to reproduce the frontal gradient-ef-characteristics of moisture

transport divergence components with similar magnitudesef-budgetcontribution(dectine)yin-the pre-frontal(post-frontaly
seetor. The mean absolute error to the idealised-AR-representation-continuous AR representation along the flight extends
to around 0.5mmd ™" —(Fig. 14). Sonde-based estimates are most sensitive in the post-frontal sector, where we also
WWWThMe is, in turn, hlgh inter-case spread
with positive and negative deviations.
undersampling-error-Noteworthy is that the error for moisture transport divergence by undersampling becomes minor
compared to the flight-duration-induced-errorerror induced by the flight duration. For the AR-eere-and-post-frontal cold
sector, the temporal AR-AR evolution during the flight aceounts-is responsible for more than twice as-high-errors-the
deviations in ADV —Arising-and CONV . The divergence errors can exceed 50 % of the actual values. In-eontrast-to

ﬂﬂdef&amp}ﬁtg—eﬁefﬂﬂdtwed—byUnllke the undersampling errors, non-instantaneous samphng havegl\gy\ggés:\grm a
more consistent direction. F i
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in-the—pre-frontal-(warm)—seetor—Especially in the post-frontal sector, the divergence is stronger for both, ADV and
CONYV than assumed by the sondes. Here the intensity and pace of dry intrusions on the backside of the AR front

lays a fundamental rule in the distortion of airborne sonde-based moisture transport divergence estimates. We conclude
that moisture advection on the arctic AR boundaries-is-both-edges is most contributing to the moisture transport diver-

gence and in the post-frontal most sensitive to the airborne strategy as the ARs do not necessarily displace along the

moisture transport direction. Although mass convergence is much less predominant than in mid-latitude ARs, directional
convergence becomes relevant in the post-frontal sector, but is overestimated by sondes during flight.

Overall-we-We confirm the observability of moisture transport divergence in arctic AR corridors by releasing sondes in such

dedicated flight patterns. A minimum-of-seven-sondes-permaximum sonde spacing of 100 km within the AR cross-section can
printepally-i Nnvgggglgl&characterlse the divergence under-between both cross-sections with the given uncertainties of ~10-%-

< 10%. For the flight duration, we
obtain the moisture transport divergence e&wbe—ebfmﬂeeFSpewﬁgQMWWlth an uncertamty lower-than—25in
the range of 25-50 %. We emphasi

sonde undersampling matters and recommend a sequence of at least seven sondes per section given the widths of arctic ARs
- However, notwithstanding that we could release a higher number of sondes, it is the temporal evolution of the AR over the
flight duration that leads to higher deviations in the divergence components rather than sonde undersampling. The dedicated
planning of such sonde-based purposes should not only include the positioning of the sondes, but also the minimisation of the
flight duration. The placement of cross-section legs and their spacing should carefully consider the AR displacement during
flight. Shorter distances between the cross-sections not only reduce the flight duration, but also the area enclosed by sondes.
Given the frontal-sector widths of the arctic ARs, both cross-sections should be no more than 200 km apart. For several of our
cases, the meridional separation is higher and we have to expect considerable subgrid scale variability. Collocated flights by two
aireraft, with both cross-sections being not far apart and sampled simultaneously, is the optimal and still feasible strategy. When
faced with a limited ameunt-number of dropsondes, as-moisture-represents-the-more-varying-quantity-in-our-supplementary
measurements_of moisture should be prioritised, as moisture is the more variable quantity and moisture advection mostly.
dominates the moisture transport divergence in the arctic AR corridors.Sinee our results mainty rely-

Additional limitations of our study need to be discussed. As our results are mainly based on corridors in the AR exit region,
we strongly recommend an-extension-of-extending our uncertainty assessment to other AR regions -and-postulate-and expect
the role of winds and mass convergence to increase in strong ARs-moving-more-poleward—This-emerges-as-AR centers. This
becomes an even more het-topie-important issue with respect to pelarARs-tending-the tendency of arctic ARs to shift more
northward and intensifying-intensify under climate change (O’Brien et al., 2022). Our-provided-orders-of-magnitudesforLV1
vartability-and-divergenee are representativefor-Furthermore, as we include a large variability of synoptic AR patterns but
a small sample, we propose statistics with a larger number of AR events. The statistics can improve our understanding of

r-deduce that

the moisture transport divergence patterns in arctic ARs and guanti

will-aetually-be-performedattribute it to the dynamic and thermodynamic atmospheric conditions. Here, CARRA represents a
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very suitable reanalysis framework for this purpose in follow-up studies. Again, we encourage the use of the higher vertical
resolution of the model levels rather than our chosen pressure levels, although sufficient for initial estimates. For real sondes,
we highlightemphasise the added value of the-their high vertical resolution. Sondes reveal-more preeise-information-of-provide
more accurate information on the vertical composition of ADV and CONV . We-deduee-thatsonde-undersampling-matters

a P O Oft- S TTOtW anaing at-Ww vissie a a t

approach is limited to regression-based divergence where we consider only rather large areas and open meridional boundaries.
Even with continuous lateral sampling, the meridional gradients are only coarsely sampled.

Therefore, a follow-up study should investigate how the arctic AR moisture transport divergence acts inside the flight corridor at
grid-cell scales. This will allow two additional research topics to be addressed: First, the internal variability between both cross-
sections are-sampled-simultaneously-by-twe-ai as-the-optimum-and-still feasiblestrategycan be derived more precisely
to_improve the flight pattern, second the actual scales at which the moisture transport divergence varies significantly can
be evaluated. This may also increase the divergence magnitudes, similarly to Norris et al. (2020) who found larger values
of the divergence components. They considered smaller airborne AR corridors than the ERA-Interim pixels referred to in
Guan et al. (2020).

Despite the aforementioned limitations, the orders of magnitudes for VT variability and divergence that we provide are
representative for arctic ARs and guantify benchmarks in the sonde-based derivation. Consistently mimicking the soundings

is a fundamental step towards the understanding of the uncertainties when such airborne tactics are actually carried out. The
benchmarks are not only useful te-imprevefor improving flight strategies, but also indicate deviations in corresponding model-

observation comparisons. Only when-we-tHuminate-the-constraints-of-by illuminating the constraints on the AR representation
from both models and observations, we establish a framework from which airborne observations can support modellers in
terms of the resolution and complexity required for parametrizations-parameterisation of moisture transformation processes
caused by IV'T divergence in arctic ARs.

Code and data availability. The code created by HD analysing the downloaded reanalyses and creates the figures can be accessed via github
and is made available under: https://github.com/hdorff94/Synthetic_Airborne_Arctic_ARs. The reanalysis data from CARRA (Schyberg
etal., 2021) and ERAS (Hersbach et al., 2018) were accessed from the Copernicus Climate Change Service(C3S) Climate Data Store (CDS).
The AR catalogue (Guan, 2022) used to pre-identify AR events of interest is provided by Bin Guan via https://ucla.box.com/ARcatalog.
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