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Abstract. The

horizontal water vapour transport is _mainl
organised in narrow elongated filaments. These filaments are referred to with a variety of names depending on the eontextscontext,

for example tropical moisture export, atmospheric river, warm moist intrusion, warm conveyor belt, and feeder air stream. De-
spite the various names, these features share essential properties, such as their narrow elongated structure. Here, we propose
an algorithm that detects these various lines of moisture transport in instantaneous maps of the vertically integrated water
vapoer-vapour transport. The detection algorithm extracts well-defined maxima in the water vaper-vapour transport and con-
nects them to lines that we refer to as moisture transport axes. By only requiring a well-defined maximum in the vapervapour
transport, we avoid imposing a threshold in the absolute magnitude of this transport or the total column water vapervapour.
Consequently, the algorithm is able to pick-up-trace moisture transport axes at all latitudes without requiring region-specific
tuning or normatizationnormalisation. We demonstrate that the algorithm can detect both atmospheric rivers and warm moist
intrusions, but also tropical moisture exports, prominent monsoon air streams, as well as low-level jets with moisture transport.
Atmospheric rivers sometimes consist of several distinct moisture transport axes, indicating the merging of several moisture
filaments into one atmospheric river. We showcase the synoptic situations and precipitation patterns associated with the oc-

currence of the identified moisture transport axes in example regions in the low, mid, and high latitudes. As our detection

algorithm performs seamlessly from the tropics across the mid-latitudes into the polar regions, our approach might turn out to
be particularly useful to study moist interactions between the tropics and subtropics, mid-latitudes, and polar regions.

1 Introduction

Throughout the mid-latitudes, the bulk of the moisture transport occurs in narrow filaments (Newell et al., 1992; Zhu and
Newell, 1994, 1998; Sodemann and Stohl, 2013; Dacre et al., 2015) that received much attention under the label armospheric
river (e.g., Zhu and Newell, 1994; Ralph et al., 2005; Lora et al., 2020). Landfalling atmospheric rivers are key contributors to
the hydrological cycle and can produce intense precipitation events that lead to flooding (e.g., Zhu and Newell, 1994; Sodemann
and Stohl, 2013). Dynamically, atmospheric rivers are generally linked to one or more extratropical cyclones, with anticyclones

often contributing to the filamentation of the moisture field (Azad and Sorteberg, 2017; Zhang et al., 2019). Conversely, the
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moisture contained in atmospheric rivers can contribute to cyclone intensi cation through the feeder airstream (Dacre et al.,
2019)--

along the South American low level jet, are sometimes considered to constitute atmospheric rivers (e.g., Poveda et aI.,

2014)



60

65

70

75

80

85

90

fremanTo unify thedetectionsicrosglimatezonespurapproactiocusegpntheglongatedstructureof moisture laments. We

hasethedetectiongn analgorithmdevelopedor detectiorof upper tropospheric jetetectioralgerithmwherejetsarede-ned

kropop ¢ ensheragere a nensherae nad-Spenaler—R02e00

Our approach is most similar to atmospheric river detection algorithms that include transport axes to de ne the start, end, or

length of an atmospheric river. Mundhenk et al. (2016) and Inda-Diaz et al. (2021) derive such an axis a-posteriori from the two-
dimensional atmospheric river object, thus relying on geometrical properties that do not have immediate physical signi cance.
Similarly, Wick et al. (2013) and Xu et al. (2020) derive their axes by applying techniques from image processing. Lavers et al.
(2012) and Grifth et al. (2020), like us, de ne the axis by the maximum transport, but require a target region and consider
only lines of maxima that continuously extend westward from that region. Finally, and most similar to our approach, Guan
and Waliser (2015) de ne their axis such that it highlights the maximum IVT within their two-dimensional detections. Their
construction method, however, cannot detect overturning axes, which can occur close to the core of extratropical cyclones, anc
only provides a sometimes incoherent set of axis grid points rather than a continuous line. In contrast to previous approaches
our algorithm is directly and only based on the structure of the IVT vector eld and identi es elongated maxima in the
IVT irrespective of their orientation. Geometric features like start point, end point, and length are thus straightforward and

unambiguously de ned.

motivatedby the sameneedfor a morestructure-basede nition, theirthresholdelds_still scalelinearly with IVT magnitude

There are several further advantages of considering moisture laments as a one-dimensional rather than two-dimensional

feature.First-asAs we will show, an atmospheric river outline can contain several distinct maxima in the moisture transport
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highlight the direction of the moisture transport, for example relative to the orientation of a coastline, which is essential to
assess orographic precipitation (Grif th et al., 2020).

2 Data and detection method
2.1 Data

We base our study on 3-hourly ERAS reanalysis data at eSolution for the period 1979-2020 (Hersbach et al., 2020).
We follow Spensberger et al. (2017) and Spensberger and Spengler (2020) and spectrally Iter the IVT components to T84

scale and many mesoscale structures (cf., Spensberger et al., 2017, and the case study snapshots herein; Figs. 2; 5a,b; 62
7a,b; and S1in the supplement). The IVT componentssecusedareas provided by the European Centre for Medium-Range
Weather Forecasts (ECMWF).

2.2 Detectionmethod

d 1
oot c c G o0 cl C O cl O

algorithm identi es well-de ned maxima in IVT in cross sections normal

locations where the “shear”in IVT,

_@IVTj _

T 0o 1)

which identi es the location of the wind maximum by the zero-shear line, the line marking the transition from cyclonic to

anticyclonic shear. We pinpoint the exact location of thgr = 0-line by linear interpolation between identi ed pairs of

In the second step, we lter out IVT minima and weak IVT maxima by requiring

VT SV @

IVT using a combination of absolute magnitug®/TT j) and sharpness of the IVT maximu@@ﬁ). Small-amplitude maxima
can thus become part of a moisture transport axis if the associated peak in IVT is sharp enough (yellow dots in the cross section:s
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de ned maxima in the local IVT along the sections are marked by yellow circles in A and B; these well-de ned maxima are then connected
to form the yellow moisture transport axis line. Black contours indicate isobars, and the labels L and H mark a cyclone and an anticyclone,
respectively.

A and B in Fig. 1). Minima in IVT do nofuHt—ful | this criterion, because there@;%>€)%'VnT > 0. For determiningK v,
we follow the suggestion of Spensberger et al. (2017) and use the 12.5-percentile of year—rourjdi\chj)b%. For ERA5S
the resulting threshold i€yt = 4:06 10 "kg?s °m “. When applied to a climate model, the variation of this percentile

across the climates to be studied will provide an indication on whether the threshold might need to be adapted. ¢tesvever,

In a third step, we connect all remaining points marking well-de ned IVT maxima into lines using a maximum distance
of 1.5 grid points between two successive points along a line (technical details on this step in Spensberger et al., 2017). In

the fourth and nal step, we require a minimum length of 2000 km, measured following the line, for such a line to become a
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in the unit m * for mean occurrence. This unit can be interpreted as an average line length per unit area (e.g., Spensberger
and Spengler, 2020) but is still not intuitive. Thus, we use a 200km-radius to lend our lines an areal extent. A small radius
such as that does hardly change the geographical pattern, but the time-mean occurrence of this spatial feature becomes simp
a dimensionless fraction of time steps in which a moisture transport axis is within 200km of a given location.

3 iestrom low-mid-_and high-latitud

To illustrate the performance of the detection algorithm,-#8é&-showcase selected occurrences of moisture transport axes
(yellow lines in Fig. 2). Three of the four cases in Fig. 2 are based on previous studies of atmospheric rivers. The North Paci c
and South Indian Ocean cases are discussed in Lora et al. (2020) (our Fig. 2a-d). The North Atlantic case (Fig. 2e,f) is discussec
in Azad and Sorteberg (2017) and yielded one of the highest daily precipitation totals on record in Bergen on the west coast
of Norway. These cases also include examples of high-latitude moisture transport axes, such as the one touching the Antarctic
coastline south of Africa (Fig. 2d) and the one close to Novaya Zemlya (Fig. 2f). The fourth case highlights a moisture transport
axis from the Sahel region across the Sahara towards the Mediterranean (Fig. 2g,h). This moisture transport axis is associate
with scattered patches of precipitation exceeding 1 mm/h over the Sahara desert (magenta contours in Fig. 2g,h).

column of Fig. 2), despite the large variation in the absolute magnitude of the IVT along the various axes and across the different
climate zones. Many axes extend to IVT values below 250 kgs * and some trace IVT maxima beyond the saturation of

For example, the moisture transport
oisture lament associated with only moderate IVT close to Novaya Zethbjigspickedup-by-oneto

axespiekuptraceam

dete on aTa alaa N-the-ARTNVHP R A aYalVa fa' A onto A a nne onto -
C OHaago vV atarfOguUg-ou oHtour-ouaitvwa \/ O out.

moisture transport around tropical cyclones (e.g., close to the North American east coast in Figw2fi;asmoderate-
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mtensrty moisture transport laments over North Africa (Fig. %ﬂartheethemersturetranspertaxestraeeane*pu@enet

3 Climatology of moisture transport axes

Climatologically, the occurrence of moisture transport axes in the mid-latitudes follows the storm tracks [Fig. 3; cf. Chang et al.
(2002) and Wirth et al. (2018)]. This is particularly true for the winter hemisphere (Fig. 3a,c). During winter, the occurrence
of moisture transport axes is closely related to the IVT climatolagsgs(grey contours in Fig. 3), whereas during summer and
autumn, moisture transport axes occur frequently over the continents downstream of a storm track despite comparatively small
climatological IVT.

In the subtropics and tropics, the occurrence of moisture transport axes is con ned to speci ¢ regions (Fig. 3). Moisture
transport axes frequently occur along the Intertropical Convergence Zone (ITCZ) year-round. In addition, the monsoon circu-
lation is frequently associated with moisture transport axes, for example the Indian monsoon (Fig. 30) as well as the Somali Jet

. The climatology of moisture transport axes also highlights the moisture transport along low-level jets steered by orography.

This effect is apparent year-round along the South American low-level jet on the eastern side of the Andes (Montini et al.,
2019), but also, with seasonal variation, along the straits through the Maritime continent.

In comparison with the low and mid-latitudes, relatively few moisture transport axes occur in subpolar and polar regions
(Fig. 3). Nevertheless, the 1%-frequency of occurrence isoline extends to arouddrBthe North Atlantic during winter
(Fig. 3a) and the 5%-contour covers most of the ice-free Arctic Ocean during summer (Fig. 3c). Similarly, in the North Paci c,
the Aleutian Islands have a moisture transport axis nearby for more than 5% of the time winter time steps. In the Southern
Hemisphere the 1%-isoline generally follows the Antarctic coastline during all seasons and extends furthest poleward upstream

moisture transport axes are detected.
In synthesis the case studies and cIimatoIogies give a strong indication that our de nition of moisture transport axes is able

4), but also capture synoptically meaningful events in the tropics, subtropics, and polar regions.



(compare our Fig. 3 with Fig. 5 of Collow et al., 2022). The most obvious difference between our results and the ARTMIP
205 consensus is the frequency of detection in the subtropics and tropics. We observe a signi cant number of detections at low
latitudes. These might not be desirable for all applications and we thus explore the potential of reducing the number of tropical
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To corroborate the qualitatively good correspondence between moisture transport axes and atmospheric rivers documente

by the case studies and climatologies, we supplement these analyses rst by a quantitative comparison of the properties of mois-

225 ture transport axes with a selection of criteria that are sometimes used to identify atmospheric rivers (cf. marginal histograms
in Fig. 4), and second by a composite analysis of moisture transport axes making landfall in Northern California.

230 Zarzycki (2017) and Shearer et al. (2020), respectivély.usea cutoff at 20 latitudeto distinguishbetweentropical and

The bimodality in latitud€erthe-ron-nermalizeeetectionds re ected in a slight bimodality also in total column water
vapor (TCWYV, Fig. 4a). Tropical moisture transport axes are associated with distinctly more TCWV than extratropical moisture

transport axes, with only a small overlap in the distributions around 45 Kgthe most frequent TCWV in extratropical axes

235 is approximately 20kgn? andareund20%ef-themeisturetranspertaxes28% of theseare below this value. Note that the
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histogram is based on all points along all moisture transport axes rather than the axes' peak intensity. The statistic thus implies

Most detection algorithms for atmospheric rivers use IVT as one of their criteria to de ne the feature. Typical thresholds
used are 250, 500 and 700kdsn ! (e.g., CONNECT by Sellars et al. (2015), TempestExtremes by Ullrich and Zarzycki
(2017), and the Rutz et al. (2014) algorithm). In comparison, the most common IVT value along moisture transport axes is
around 350kgs' m ! (Fig. 4b). Interestingly, the most common value is largely independent of latitude (Fignyticular,

Instead of using a cut-off latitude, several de nitions of atmospheric rivers rely on a threshold for the poleward and/or
eastward component of the IVT (e.g., Guan and Waliser, 2015; Mattingly et al., 2018; Viale et al., 2018). The eastward
component of the IVT also exhibits a bimodal distribution with a local minimum between the westerly and easterly modes at
Okgs 'm 1! (Fig. 4c). This bimodality maps reasonably well onto the bimodality in latitude, with tropical axes being mostly

easterly and mid-latitude axes being mostly westerly. A separation using a threshold at zero nevertheless remains questionable

coasfine. A further problem with a cut-off at Okg dm ! eastward IVT is the frequent occurrence of mainly meridional mois-
ture transport in the Southern Hemisphere (e.g., Fig. 2d), where slight variations off the meridional direction then determine
whether an atmospheric river is detected.

Similar arguments hold for the poleward IVT (Fig. 4d). Here, thstributionis-unimedaland-centeredeloseto-zero

IVT-threshold. Consequentlgmestasmanyaboutathird of theextratropical axes exhibit equatorwarddpolewardmeisture

Despite the mentioned differences between moisture transport axes and typical de nitions of atmospheric rivers, these two
concepts generally capture the same phenomenon in the mid-latitudes. For example, the occurrence of moisture transport axe
along the North American west coast is often associated with strong precipitation (snapshot and composite analysis in Fig.
5) and the characteristic synoptic structure associated with atmospheric rivers in this region (as documented in Fig. 9 of Rutz
etal., 2019) is very similar to the mean synoptic situation conditioned on the presence of a moisture transport axes in the same
location (Fig. 5c,d).
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Moisture laments and associated peaks in the moisture transport occur in a similar form also in polar regions (Woods et al.,
2013). Gorodetskaya et al. (2014) and Wille et al. (2019) discuss cases where moisture laments made landfall on the Antarctic
coastline, referring to these featuresatimospheric riverso stress the similarities to their mid-latitude counterparts. Around
Antarctica, atmospheric rivers are an important factor for both liquid and frozen precipitation (Gorodetskaya et al., 2014; Wille
et al., 2019, 2021) and have also been linked to ice sheet calving events (Wille et al., 2022). When these moisture laments
occur in the Atlantic Arctic, theyveuleraretypically be calledvarm moist intrusionge.g., Woods and Caballero, 2016; Papritz

transport onto the Greenland Ice Sheet. In the following, we relate detected moisture transport axes to both of these features
but focus on maritime/coastal events, as we detect very few moisture transport axes over the ice sheets.

Returning rst to the Southern Ocean and the May-2009 case of Gorodetskaya et al. (2014), a moisture transport axis
traces the essentially meridional moisture transport across all of the mid-latitudes from close to Madagascar onto the Antarctic
continent (Fig. 6a,b). Their February-2011 case is similar in that it also features a well-de ned moisture transport axis across
all of the mid-latitudes-and is thus only shown in the supplement (Fig. S1c,d). In both cases, the moisture transport is well-
captured by the detected axes, but also largely by the ARTMIP schemes available for ERA5.

The synoptic structure of the May-2009 case is typical for the region (Fig. 6¢,d). A composite of all cases where moisture
transport axes reach the Antarctic coastline within 200 km of the Gorodetskaya et al. (2014) case demonstrates a predominantly
meridional orientation of the axes reaching the coastline (green contours in Fig. 6d). Few transport axes penetrate into the
interior of the Antarctic continent; nearly all are diverted along the coastline (green contours and shading in Fig. 6d). In
contrast, the composite moisture transport remains largely zonal throughout most of the mid-latitudes and only exhibits a

cyclonic anomaly close to the Antarctic coasthtereeCentredaround 60S (Fig. 6¢). Many of these events are also captured

by the ARTMIP-ERAS5 schemes (orange and pale red contours Fig. 6d), but ARTMIP detections are substantially less consistent
for this location compared to Northern California (cf. Fig. 5d; peak detection rates of 20.4% versus 28.8%).

In the Atlantic Arctic, a moisture transport axis occurs in the vicinity of Longyearbyen in between 1% and 2.5% of the winter
time steps (Fig. 3a). In line with the ndings of Serreze et al. (2015), a composite analysis of these events highlights pronounced
northeastward moisture transport from the mid-latitude North Atlantic (Fig. 7). Moisture transport axes occur frequently across
the entire subpolar North Atlantic, between Greenland and Norway, with only a slight skew towards the Norwegian coast. The
composite is also fully consistent with the case study discussed in Binder et al. (2017), with pronounced meridional moisture
transport between France and Fram Strait (Fig. 7a,b).

These composites and synoptic examples suggest a good correspondence between our moisture transport axes and bg
polar atmospheric rivers and warm moist intrusions. To corroborate this nding, we systematically compare our transport axes
with the occurrence of warm moist intrusions as de ned by Woods et al. (2013). They de ne such intrusions by a transport
threshold of 200 Tgday* deg.long * across 70N, which corresponds to about 61kglan 1. We relate this to the poleward

10



IVT along all moisture transport axes detected between 68 anthfiide (Fig. 8c). We include detections withir2 latitude
305 toincrease the sample size for this analysis.
About 60% of the transport axes exceed this threshold (Fig. 8c). Further, a skew in the poleward IVT distribution towards
positive values shows that moisture transport is predominantly poleward. Nevertheless, about 20% of moisture transport axes

310 separated total and net moisture transport into the Arctic. Sugbhrasize&mphasisednoisture export from the Arctic is
plausible from the synoptic example in Fig. 2f. In this snapshot, a moisture transport axis turns equatorward arfdund 60
tracing the warm front of a mature cyclone. An analogous synoptic situation with a cyclone core located in the Barents Sea
would simultaneously yield strong moisture import into and export from the Arctic.

Considering transport irrespective of direction, few transport axes feature less than 206@kdgFig. 8b). Further, while

315 most polar transport axes feature TCWV below 20kdimit is interesting to note the occasional occurrence of moisture

transport axes with up to around 40kgfeven at around 70latitude (Fig. 8a).

6 Moeisture-transpertaxesinthe-subtrepies-Tropical detections an iestheir_relation to tropical moisture exports

and monsoonair. streams

320

325

across the Maritime Continent and along the Andes), some seem to captuadintermittent moisture transport similar to

330 that in the extratropics (e.g., Sahel regioajd some seem to capture seasonal circulation anomalies like the Indian Mon-

335 Australianmonsoons remain visible withermatizatiemnormalisation by the annual mea®mpositgor the Indianmonsoon

11
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ow during the monsoon season.

Using composite analyses, we contrast the moisture transport axes detected in the near-stationary Indian Monsoon with the
intermittent transport axes detected over the Sahel region (Fig. 9). The composite analysis for the Indian Monsoon is based or
the occurrence of transport axes in the vicinity of Kolkata, India. This composite comprises 8982 time steps, corresponding
to about 56 days per year, highlighting the semi-permanent nature of the feature during the monsoon season (Fig. 9b). The
composite moisture transport axes are diverted by the Himalayas, with westward-pointing moisture transport axes along the
mountain range to the west of the Bay of Bengal, and eastward axes to the east (Fig. 9b). This dif uence is not visible in
the direction of the mean transport (Fig. 9a), because the magnitude of the mean transport vector is relatively small along the
Himalayas §ray-grey contours in Fig. 9b). In combination with the high TCWV evident in Fig. 9a, this indicates a variable
transport direction along the mountain range.

With our second composite analysis, we move from one of the (seasonally) most humid to one of the most arid places in
the subtropics (Fig. 9¢,d). Here, the composites are based on the occurrence of moisture transport axes close to Timbuktu
Mali, which is located in the Sahel belt to the south of the Sahara Desert. The snapshot in Fig. 2g,h includes an example case

the ITCZ into the Sahel region (Fig. 9c). Although the average precipitation along these transport axes is not strong enough to
exceed the contour level, the snapshot in Fig. 2g,h illustrates that scattered precipitation can be associated with such transpol
events.

In the Sahel region, the occurrence of moisture transport axes is very intermittent, mainly occurring during late summer

(JAS) and winter to early spring (DJFMA). The composite includes about 16 days per year. Their occurrence during JAS

of African Easterly Waves (e.g., Berry et al., 2007). In contrast, the occurrence during winter and spring might be related to an
in uence from the mid-latitudes due to the southward displacement of the stormfackSpensbergerand-Spengler;2020)

7 Summary and concluding remarks

We introduced a novel and generic feature detection algorithm for moisture laments using an algorithm developed to detect
upper tropospheric jets (Spensberger et al., 2017). We call the detected featistse transport axesas these trace lines of

as lines are not meant to imply a continuous transport along the line. As Laderach and Sodemann (2016) and Dacre et al.
(2019) pointed out, there is a continuous recycling of water along atmospheric rivers, even though some long-range transport
of moisture does occur (Stohl et al., 2008; Sodemann and Stohl, 2013). Analogously, we expect the same to be true for moisture

transport along our detected moisture transport axes.

12
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In the mid-latitudes, moisture transport axes generally capture the same synoptic phenomenon as commonly used def-
initions of atmospheric rivers. Due to the structure-based de nition of the feature, moisture transport axes often trace the
moisture lament further into the subtropics, continents, or polar regions than the ARTMIP detections available for ERA5.

Consequentlymoisturetransportaxesoften alsg detectwarm-conveyoibelts (Madonna et al., 2014pandhighlight which. of

spheric riverswith several distinct maxima in the IVand they are not subject to any limitations in the orientation of the
moisture transport.

For polar regions (except the ice sheets), we document a relation to warm moist intrusions and to existing polar adaptations
of atmospheric rivers. Moisture transport axes thus highlight events with pronounced moisture import into polar regions. They,
however, also reveal synoptic structures where much of the imported moisture is directly exported again. While such events are

export events is not obvious from previous studies on warm moist intrusions.

In the tropics and subtropics, moisture transport axes highlight both intermittent, seasonal and near-stationary features of
the circulation. For example, moisture transport axes both highlight the continuously strong moisture transport in the Indian

into the polar regions. The concept of transport axes might thus turn out to be particularly useful to study moist interactions

13
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berger and Spengler (2020), moisture transport axes enable the investigation of variability in the occurrence of atmospheric

rivers largely independent from their varying intensity.
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part ofdynlib, a library of meteorological analysis tools (Spensberger, 2024).
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