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Abstract. This study emulates dropsondes to elucidate how adequately sporadic airborne sondes represent divergence of mois-

ture transport in arctic Atmospheric Rivers (ARs). The convergence of vertically integrated moisture transport (IV T ) plays a

crucial role as it favours precipitation that significantly affects arctic sea ice properties. Long-range research aircraft can tran-

sect ARs and drop sondes to determine their IV T divergence. In order to assess the representativeness of future sonde-based

IV T divergence in arctic ARs, we disentangle errors arising from undersampling by discrete soundings and from the flight5

duration.

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 IV T representation by picking single

vertical profiles. The emulation quantifies IV T divergence observability by two approaches. First, sonde-based IV T and its

divergence are compared to the continuous IV T interpolated onto the flight cross-section. The comparison specifies uncertain-10

ties of discrete sonde-based IV T variability and divergence. Second, we determine how temporal AR evolution affects IV T

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 coherent wind and moisture variability contribute by less than 10 % to the

total transport. Both quantities are uncorrelated to a great extent. Moisture turns out as the more variable quantity. We show

that sounding spacing greater than 100 km results in errors greater than 10 % of the total IV T along AR cross-sections. For15

IV T divergence, the arctic 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. Overall, we confirm their observability with an

uncertainty of around 25–50 % 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 high deviations in divergence components. Dedicated

planning of sonde-based IV T divergence purposes should not only involve sonde positioning but rather pursue optimizing the20

flight duration. Our benchmarks quantify sonde-based uncertainties as a prerequisite to be used for future airborne moisture

budget closure in arctic ARs.
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1 Introduction

Atmospheric Rivers (ARs), which are elongated (> 2000km in length) but narrow (< 1000km in width) water vapour rich

corridors with high moisture transport, occasionally enter the Arctic. Their occurrence accounts for roughly 70 % of poleward25

moisture transport (Nash et al., 2018). The presence of ARs can induce signi�cant 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). In addition to near-surface heat �uxes (Woods and Caballero, 2016; You et al., 2022), the melting arises from

AR-induced precipitation (Mattingly et al., 2018; Viceto et al., 2022). Lauer et al. (2023b) identi�ed ARs as one of the main

contributors to overall arctic precipitation. The moisture needed for this is mainly extracted more southern, with the North30

Atlantic being a dominant moisture uptake zone (Vázquez 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), shaping the regional moisture patterns (Nygård et al., 2020). Along the long-distance

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 ampli�cation of air mass transformation after the ARs overpass the sea-ice edge.35

To illuminate moisture transformation processes occurring in arctic ARs, it is crucial to grasp characteristics of the moisture

transport, i.e. the vertically Integrated Water Vapour Transport (IV T ). Seager and Henderson (2013) point out that the diver-

gence ofIV T links the local temporal evolution of moisture amount to the ef�ciency of precipitation induction. In order to

deriveIV T divergence, the spatial variability ofIV T in ARs needs to be resolved. Guan and Waliser (2015) considered global

ECMWF Interim reanalysis (ERA-Interim, Dee et al., 2011) to specify strong moisture transport gradients that exist along AR40

cross-sections, perpendicular to the majorIV T orientation. Along such lateral cross-sections through the AR center, a bell-

shapedIV T distribution, having the strongest moisture transport in the AR core, is widely seen from airborne observations

in mid-latitude ARs (e.g. Ralph et al., 2017; Demirdjian et al., 2020). Using ERA5, Cobb et al. (2021b) con�rm this hetero-

geneous spatial variability ofIV T for mid-latitude ARs. For arctic AR conditions with weaker moisture transport than in the

mid-latitudes, we still lack quantitative knowledge of predominantIV T variability and how this re�ects toIV T divergence.45

High-resolution observations ofIV T variability to derive its divergence in ARs are missing for the Arctic. One 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 pro�les of arctic ARs at individual locations (e.g. Viceto et al., 2022), but their observation network in the

Arctic is too sparse to obtain the divergence in single ARs (Dufour et al., 2016). Similarly, dropsondes released from research50

aircraft can provide vertical pro�les of relative humidity and wind speed with an accuracy of 1 % and 0.1 m/s, respectively (e.g.

George et al., 2021; Konow et al., 2021). The simultaneous measurements allow to derive moisture transport pro�les andIV T .

According to Zheng et al. (2021), dropsondes over ocean �ll a data gap left by spaceborne remote sensing or ground-based

observations. To derive theIV T 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).55

The overall goal of this study is to assess the observability of moisture transport divergence in arctic ARs by dropsondes in
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order to facilitate dedicated research �ight campaigns and measurement strategies, as e.g. proposed by Wendisch et al. (2021).

This assessment comprises the role of sounding frequency, the in�uence of correlated moisture and wind �elds on moisture

transport, the ability of dropsondes to reproduceIV T divergence in arctic ARs and the impact of extended �ight duration. The

following paragraphs set these aspects into context with recent �ndings based on mid-latitude ARs and unravel four research60

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 re�ect the spatial variability ofIV T . The sondes may misinterpretIV T di-

vergence. For mid-latitude ARs, Guan et al. (2018) compared sonde-based Total Integrated Water Vapour Transport (T IV T ),

being the integral ofIV T along an AR cross-section, with reanalysis-basedT IV T and found an agreement up to 3 % for65

airborne results based on a mean sounding spacing of 80 km. Contrasting the airborneT IV T in two separate AR cross-section

legs can serve as an initial estimate ofIV T divergence in between both legs. However, Ralph et al. (2017) found considerable

sensitivity of sonde-basedT IV T 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 % forT IV T when doubling the spacing. Since given sensitivity

studies refer purely to mid-latitude cases where we do expect higherT IV T (Guan et al., 2018), it remains as open question:70

What is the maximum distance between sondes to determine the total moisture transport in arctic AR cross-sections (Q1)?

When assessing spatialIV T variability in arctic ARs, it becomes crucial how moisture and wind �elds coincide in the AR

cross-section or whether they contribute independently to theIV T variability. For instance, in a polar AR case study, Terpstra

et al. (2021) identi�ed 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 �ight strategies in the observation of moisture trans-75

port divergence in arctic ARs. If the moisture transport variability (and divergence) were e.g. mainly controlled by the moisture

�eld, 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 signi�cantly toIV T (Q2)?

Knowing the spatial structure ofIV T is an essential prerequisite for �ight planning and reveals insights into the moisture80

transport divergence pattern in arctic AR cross-sections. Since ARs primarily occur in conjunction with a cold front, different

dynamic and thermodynamic processes act on the moisture transport and its divergence across the embedded front (Cobb et al.,

2021a). For mid-latitude ARs, Cobb et al. (2021a) found signi�cant 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) speci�ed lateral differences of moisture transport divergence across centers of ARs. In the85

AR center with maximumIV T , they identi�ed 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 weakerIV T 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 predominantIV T divergence.

Thus, we examine:How can the divergence of moisture transport be characterised along cross-sections of arctic ARs (Q3)?90

Norris et al. (2020) conducted airborne studies to determineIV T divergence in mid-latitude ARs from dropsondes. Such
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research �ights allow to interpret the discrepancies that Guan et al. (2020) found between reanalyses in representingIV T

divergence in ARs. In contrast, Norris et al. (2020) point to the large variability ofIV T divergence at spatial scales of 50

km which has implications for sonde-based results. For arctic AR conditions, we lack equivalent estimates. Moreover, besides

sonde-based under-sampling ofIV T variability and divergence, we hypothesise that airborne results are also impaired by a95

time component. Over the �ight duration required to enclose an AR corridor, the temporal evolution of the AR (its life cycle

and spatial displacement) can affect the sonde-based results signi�cantly. Before dropsondes are used to interpret the actual

IV T divergence in arctic ARs, we have to disentangle sonde-based errors that arise from undersampling by discrete sounding

and from non-instantaneous sampling over the �ight duration. We quantify:To what extent do non-instantaneous sondes re-

produceIV T divergence in the light of the AR evolution during �ight (Q4)?100

To pursue Q1-Q4, we focus on ARs occurring over the Arctic ocean (i.e. Fram Strait and Greenland Sea) 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 within the novel C3S Arctic Regional Reanalysis (CARRA). Introducing

a �ight strategy to analyse moisture transport divergence in arctic AR corridors, we consider arctic AR events along synthetic

�ight tracks that transect an AR corridor. We emulate synthetic dropsondes along the tracks by depicting single vertical pro�les.105

This study compares actualIV T variability and divergence along the �ight tracks with the emulated sonde-based representa-

tion of IV T in order to assess how adequately such airborne perspectives reproduce predominant AR-IV T characteristics. In a

nutshell, our synthetic assessment provides benchmarks of sonde-based uncertainties in their representation ofIV T divergence

in arctic ARs to facilitate future mission planning.

The remainder of the manuscript is structured as follows: After introducing our AR cases, Section 2 describes the methods em-110

ulating dedicated �ight patterns and synthetic soundings, and how we derive moisture transport divergence. For this framework,

Section 3 deals with theIV T variability. This entails total moisture transport and theIV T variability along cross-sections in

arctic ARs, their sonde-based representation (Q1) and the coherence of moisture and winds (Q2). Section 4 speci�es the mois-

ture transport divergence in arctic ARs (Q3) and compares its continuous representation to that by sporadic sondes. Section 5

quanti�es airborne deviations arising from AR evolution over �ight duration that is mostly idealised as stationary (Q4).115

2 Airborne derivation of moisture transport divergence in arctic ARs

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

IV T = �
1
g

�

ptopZ

psfc

qV dp (1)

whereV is the horizontal wind vector andq the speci�c humidity. The divergence ofIV T represents a key component con-

tributing to the overall atmospheric moisture budget. Following Seager and Henderson (2013), the vertically integrated moisture120
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Table 1.Speci�cations of used reanalyses for AR analysis

Reanalysis Dataset Horizontal Resolution Vertical resolution up to

10 km (� 250hPa)

Time resolution

ERA5 0.25 x 0.25 deg 21 levels hourly

CARRA 2.5 x 2.5 km 15 levels hourly

budget components consist of:

�IWV
�t| {z }

local change in Integrated Water Vapour

= E|{z}
Evaporation

� P|{z}
Precipitation

� r IV T| {z }
Divergence of Integrated Water Vapour Transport

; (2)

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

the integrated water vapourIWV and IV T (Eq. 1) represent the vertically integrated quantities of moisture and moisture

transport. Note that Eq. 2 neglects the moisture �ux through a tilted bottom pressure surface that is included in Seager and125

Henderson (2013).

Given the relevance ofIV T to the AR moisture budget, this feasibility study targets the overall observability ofIV T and its

divergence (r IV T ) in arctic ARs by airborne sondes in a synthetic way. For this purpose, this section introduces the reanalysis

framework we use to investigate a presented selection of arctic ARs. In addition, our airborne �ight strategy to deriver IV T

in arctic ARs is speci�ed and how we emulate the synthetic sondes in the reanalyses. Lastly, we describe the sonde-based130

derivation ofr IV T and how we categorise different sectors across the AR front to examine the divergence.

2.1 Reanalysis framework

This study investigates arctic ARs in a reanalysis framework (Tab. 1). We use ECMWF Reanalysis v5 (ERA5) (Hersbach et al.,

2020) to identify the AR events of our interest. ERA5 outperforms other global reanalyses with respect to AR characteristics135

(Graham et al., 2019; Cobb et al., 2021b). Thus, recent studies consider ERA5 to investigate AR conditions speci�cally 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 ERA5

yields approximately 30 km distances. Given the �ight performance of long-range research aircraft (see Stevens et al., 2019),

the spacing of airborne soundings in such a resolution would require releases every 2 minutes, which are more frequent than

conducted in recent campaigns (e.g. Ralph et al., 2017). Still, Skamarock et al. (2014) emphasise that the effective resolution140

of processes in simulations is much greater than the model grid spacing. However, if our study aims to assess the sub-grid

scale variability of moisture transport between sonde releases from reanalyses, the effective resolution should be of the order

of � 10km rather than of� 100km.

Therefore, we further include the C3S Arctic Regional Reanalysis (CARRA). CARRA has a 2.5 km horizontal resolution over

the entire domain and is accessible by Schyberg et al. (2021). Driven by lateral boundary conditions from ERA5, CARRA145

includes more observations and hourly forecasts by the HARMONIE-AROME model (Bengtsson et al., 2017). Køltzow et al.
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(2022) veri�ed the improved representation of arctic surface-near meteorological conditions in CARRA, with decorrelation

lengths of wind speed in better agreement to reference observations than ERA5.

Both reanalyses are provided on pressure levels by the Copernicus Climate Data Store (CDS). While ERA5 containsIV T as

output, we calculateIV T in CARRA by the trapezoidal integral of moisture transport along the pressure levels (Tab. 1). In the150

following, we declare the high spatial resolution representation in CARRA as our idealised background reality of AR features.

2.2 Selection of Atmospheric River cases

The transformation of arctic air masses 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 this region. The principle identi�cation155

of arctic AR events is based on theIV T -based AR detection catalogue by Guan (2022) applied to ERA5 (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 for160

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 onr IV 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 composition of a Greenland trough, low-pressure systems force large-scale meridional transport where ARs165

can commonly evolve on the eastern cyclone �ank and reach into the Arctic (Papritz and Dunn-Sigouin, 2020). Similarly,

blocking situations over Eurasia can favor meridional circulation. For our nine ARs (Fig. 1), we con�rm a large case-to-case

variability regarding the synoptic situation. While some ARs (AR2, AR3, AR4, AR9) have evolved along the eastern �ank of

large-scale troughs over Greenland, AR5 and AR6 are more steered by blocking high pressure over the Barents Sea. AR1 and

AR7 are, in turn, reinforced by a mesoscale cyclone situated over the Fram Strait and reach very close into the cyclone center.170

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 identi�ed 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

�laments along the Norwegian coast but still reach far north. We consider eight independent AR events wherein AR5 is also

considered for the consecutive day (AR6). At this stage, the centre of AR6 reaches close to the North Pole. AR8 originates from175

Siberia that, according to Komatsu et al. (2018), represents another signi�cant roadway for arctic moisture intrusions favoring

ARs. The last events in 2020 (AR8, 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).

A caveat of our selection for making general statements aboutIV T 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 spring ARs along180
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