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Introduction

The passage of synoptic-scale cyclones
over the British Isles and Europe can lead
to extreme rainfall, which can then lead to
flooding (e.g. Huntingford et al., 2014). A
prototype picture of these synoptic-scale
cyclones is provided by the concept of a
cyclone family, originally introduced by the
Bergen School (Bjerknes and Solberg, 1922):
a series of cyclones forming in sequence
along the same surface polar front. Interest
in the cyclone family has been recently
renewed (Priestley et al., 2020), partially due
to their association with damaging events
(cf. Dacre and Pinto, 2020).

As another potential cause of extreme
rainfall and natural disasters, atmospheric
rivers (e.g. Lavers et al, 2011; Lavers and
Villarini, 2013) are also increasingly drawing
attention. These features, originally identi-
fied by satellite imagery analysis (Newell
et al., 1992), are filaments of high moisture
transport in the atmosphere. These filamen-
tary structures often stretch from the tropics
to higher latitudes. Arguably, the concept
of the atmospheric river is already implic-
itly embedded in the original prototype
picture of Bjerknes and Solberg (1922), in
which a low-level jet along the cold front
extends polewards from the subtropics
(cf. their figs. 11 and 12, also reproduced
as e.g. Figure 1 by Dacre and Pinto, 2020)
as argued by Browning (2018). The pre-
sent paper pursues this perspective of

the atmospheric river as an integrated
part of synoptic-scale weather systems.
The adopted approach here may best be
understood as a response to a hypothetical
question of how the Bergen school would
have presented atmospheric rivers if good
measurements of the moisture field had
been in their hands: we closely follow the
evolution of the moisture field in associa-
tion with the evolution of the synoptic-scale
cyclone systems from this perspective. Also
following the canonical picture of Bjerknes
and Solberg (1922), we take a case with a
well-defined synoptic cyclone family that
developed over the North Atlantic during
September 2018. An extensive atmospheric
river also formed in association with this
cyclone family.

The close link between both features has
already been widely recognised (cf. Ralph
et al, 2020). The current understanding of
the synoptic-scale dynamics associated with
atmospheric rivers is reviewed in Sodemann
et al. (2020). Studies of the atmospheric riv-
ers from the perspective of synoptic-scale
dynamics are found, for example, in Ralph
et al. (2004) and Dacre et al. (2015, 2019).
However, existing studies focus more on the
statistically averaged synoptic state associated
with atmospheric rivers and the associated
long-duration heavy precipitation (e.g. Fish
et al., 2019; Moore et al.,, 2021). The present
study is more descriptive, yet direct: it fol-
lows the synoptic evolution of the moisture
and the surface pressure fields side by side
so that we can examine the evolution of the
atmospheric rivers as a part of the synoptic-
scale weather systems. Furthermore, basic
synoptic-scale processes associated with the
atmospheric river are inferred by evaluating
the associated timescales.

The present paper avoids statistical tools
introduced in many studies of atmospheric
rivers. Especially, rather than adopting
standard detection methods, which reduce
the moisture field into 1 or 0 depending
on whether or not it belongs to an atmos-
pheric river (e.g. Lavers and Villarini, 2013;

Xu et al., 2020), this study examines the con-
tinuous distribution of the moisture field
to find how atmospheric rivers emerge and
dissolve under the evolution of the mois-
ture field. This analysis is further extended
to a period before the event to exam-
ine how the moisture field has evolved
towards this atmospheric river event from
the earlier states; hence, the event is bet-
ter characterised by comparing it with the
evolution of the moisture field during the
non-atmospheric river period.

In the present paper, we adopt the mor-
phological picture originally proposed
by Newell et al. (1992) and summarised
by fig. 1 of Dettinger et al. (2015) for the
atmospheric river: a stream-like structure of
high moisture transport stretching from the
tropics to higher latitudes. By following this
picture, we identify the atmospheric river
as a well-defined horizontal stretch, taking
the form of a narrow strip in the moisture
field. This picture may be contrasted with
more recent studies, especially in associa-
tion with extreme events (e.g. Lavers and
Villarini, 2013), that apply the strict thresh-
olds for identifications: as the threshold
increases, the atmospheric river defined by
the closed contour with the given threshold
also decreases in length.

An alternative synoptic-scale perspec-
tive to interpret the atmospheric river is
as a backward extrapolation of the warm
conveyor belt (WCB), which is an upward
moisture transport along the cold front
interface (cf. fig. 4d of Dacre et al., 2015).
The low-level jet leading to the WCB is often
associated with a high moisture field, which
may even be considered a definition of the
atmospheric river (e.g. Browning, 2018).
Conversely, an atmospheric river is expected
to typically lead to a WCB (cf. fig. 1 of
Dettinger et al., 2015). However, when an
atmospheric river is formed in association
with a cyclone family, as in the present
study, a more complex picture emerges.

We proceed as follows. A morphological
description in the first half of the paper
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Figure 1. Annotated Met Office analysis charts at 0000utc on (a) 15, (b) 17, (c) 18, (d) 19, (e) 20, and (f) 22 September 2018 as indicated in each panel,
also showing the positions of North Atlantic cyclones during this period. The analysis charts mark the sea level pressure (hPa), front positions, and
extrema of the surface pressures with the maximum and minimum marked by H and L, respectively. The pressure contour intervals are 4hPa. Analysis

charts are Crown copyright.

reveals the synoptic-scale dynamics control-
ling the evolution of atmospheric rivers. The
last half of the paper quantifies the time-
scales associated with the synoptic-scale
dynamics controlling atmospheric rivers:
atmospheric rivers evolve with a relatively
short timescale, less than 24h, in associa-
tion with vertical transport. The quantifica-
tion here, also following the spirit of the
Bergen school to understand the weather
charts from a physical basis, complements

the moisture budget studies by, for exam-
ple, Dacre et al. (2015, 2019, 2023) and Guan
et al. (2020).

Data and methods

The weather charts presented are based on
the 6-hourly Met Office analysis, which is
produced operationally by forecasters using
a range of products including the output
of the Met Office Unified Model and the

forecasters’ expertise. The locations of the
cyclones occurring in the North Atlantic
during the period of the study are assessed
manually, based on surface pressure minima,
using 6-hourly Met Office analysis charts.
Furthermore, ERA5 (Hersbach et al., 2020),
the fifth-generation reanalysis produced by
the European Centre for Medium-range
Weather Forecasts, provides mean sea level
pressure, total column water vapour (TCWV),
the vertically integrated water vapour trans-
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port (IVT) and total column water vapour
convergence (TCVC), provided as vertically
integrated moisture flux divergence. All
these single-level fields were retrieved every
6h starting on 0000utc 1 September 2018
and throughout that month on a regular
0.25° % 0.25° longitude-latitude grid.

The present study, by following a com-
monly accepted custom (Rutz et al., 2015),
uses the IVT value of 250kgm™s™ as a
marker to visually identify a stream-like
structure of high moisture transport stretch-
ing from the tropics to higher latitudes as
an atmospheric river, but not as means of
defining it.

Cyclone family event: synoptic
description

During the period, 15-20 September 2018,
a series of nine cyclones developed in close
sequence over the North Atlantic, including
post-tropical cyclone Helene, and storms Ali
and Bronagh, the first two storms named by
the UK Met Office in the 2018-2019 season.
The last three cyclones of the series formed
a cyclone family. This study period is that of
intensive active cyclone activity in the North
Atlantic (Gentile et al, 2021). In particular,
Storm Bronagh caused localised flooding in
parts of England and Wales (Cuckow et al.,
2022).

Two cyclones (C1, C2) found over the
Atlantic on 14 September lead this series
of cyclones, and a third cyclone (C3) is
forming behind just off Newfoundland. As
cyclones C1 and C2 move farther to the
middle of the Atlantic, cyclone C3 remains
over Newfoundland on 15 September
(Figure 1a). By 17 September (Figure 1b),
cyclone C1 has moved northeast towards
Iceland, cyclone C2 has passed just north of
the UK and cyclone C3 has moved towards
the middle of the Atlantic. A long-stretched
cold front crossing the Atlantic in associa-
tion with cyclone C3 may also be noted
(Figure 1). Such an extended frontal struc-
ture is considered a precondition for form-
ing a cyclone family. Note, however, that
no more cyclones develop along this trail-
ing cold front immediately behind. At this
point, post-tropical cyclone Helene, which
underwent extratropical transition on 16
September, is located just south of cyclone
C3 propagating towards the UK (Figure 1b).
Post-tropical cyclone Helene then follows
behind the three cyclones, C1-C3.

A separate well-defined extended fron-
tal structure initially associated with
cyclones C4 and C5 between Greenland
and Newfoundland (Figure 1b) takes
another 3days to fully develop between
18 and 20 September (Figures 1c-e). As
the frontal structure develops, the cyclone
family that closely follows the canonical
picture by Bjerknes and Solberg (1922)
initiates with cyclone Ali (Figure 1c) and

can be fully identified on 20 September
(Figure Te): an extensive cold front crosses
the whole Atlantic and further stretches to
Scandinavia, crossing over the UK. Along
this front, three cyclones are aligned to
form a well-defined cyclone family: Ali (A),
Bronagh (B) and cyclone C6. However, this
cyclone family is not sustained long: as
Bronagh crosses over the Atlantic during
19-21 September, following Ali, only the last
cyclone, C6, is found over the Atlantic on
22 September (Figure 1f). With no cyclone
following behind, this cyclone family event,
initiated from a close sequence of cyclones,
ends.

IVT field: preformation stage
of the atmospheric river

A well-defined atmospheric river formed
in association with the cyclone family pre-
sented in the last section. In the following
three sections, we present the evolution of
the IVT field leading to these atmospheric
river events, its formation stage and how it
ended. We examine the evolution of the IVT
field for a more extended period, especially
because the description of non-atmospheric
river state provides a good point of ref-
erence to see how an atmospheric river
state can be contrasted against a ‘normal’
state. It soon becomes clear that the IVT
evolution hardly consists of those two dis-
tinguished states in a dichotomous man-
ner. Rather, under continuous evolution, an
atmospheric river gradually emerges and
then dissolves without any well-defined
transitions: an atmospheric river period
cannot be defined in any strict manner,
unless a predefined threshold, single or a
set, is imposed specifically, as is the case
with many other atmospheric phenomena.
Specifically, we will often identify a chain of
high IVT patches around cyclones, which is
not dissimilar to an atmospheric river, but
the ‘flow’ is not as homogeneous as a river
must be. For this reason, when we judge
the strip of high IVT is not long enough to
call it a'river, we simply call it a stretch; and
furthermore, if not narrow enough, a‘patch.

The formation of the well-defined exten-
sive atmospheric river over the Atlantic dur-
ing 18-20 September is proceeded by a cycle
of ‘active’ and ‘break’ phases of atmospheric
rivers associated with a gradual build-up of
IVT over the North Atlantic. The beginning
of this full cycle can be identified by a weak
atmospheric river extending from the mid-
dle of the Atlantic into the Norwegian Sea
and as north as Svalbard, ‘flowing’ along the
southeast side of a cyclone over Iceland, on
1 September (Figure 2a). Another atmos-
pheric river flowing towards Quebec along
the North American East Coast is identified,
turning around the Gulf of Mexico along
the Azores high and originating from the
subtropical Atlantic. The first atmospheric

river largely dissipates by 4 September
(Figure 2b), whereas the second southern
counterpart is still well maintained. On 9
September, a relatively weak stretch of IVT,
less than 500kgm~'s7', is identified over the
UK in association with a cyclone centred
south of Iceland (not shown).

By 10 September, a well-defined atmos-
pheric river is formed around the Azores
high and extending well into the subtropics
with four high IVT patches, three of them
at low latitudes associated with tropical
cyclones and one in the midlatitudes asso-
ciated with an extratropical low-pressure
system (Figure 2c). By 13 September, this
strong atmospheric river dissipates into a
stretch of weak IVT (Figure 2d). In the fol-
lowing days, this weak IVT stretch remains
relatively stationary, as maintained by the
circulation induced by a relatively station-
ary low over Iceland. On 14 September, the
weak IVT stretch becomes the leading edge
of the atmospheric river that merges with
a high IVT induced by the circulation due
to cyclone C2 and Tropical Storm Helene
at its southern edge. This marks the begin-
ning of the cyclone family event of 18-20
September.

Atmospheric river: formation
and dissolution

A possible contribution from the tropics in
forming the atmospheric river during 18-20
September is from Tropical Storm Helene:
on 15 September (Figure 3a), we find that
Helene effectively constitutes the southwest
edge of the atmospheric river associated
with cyclone C2. Another structure with
high IVT is also seen moving from the west
over North America on 15 September along
with cyclone C3 (Figure 3a). In mean time,
Helene undergoes extratropical transition
as it travels north and becomes an extra-
tropical system on 16 September. These
two separate segments of high IVT, associ-
ated with post-tropical cyclone Helene, C2
and C3, merge together on 17 September
(Figure 3b).

This merger forms a long atmospheric
river across the Atlantic, also incorporating
the IVT induced by the first cyclone family
cyclone, Ali. On 18 September (Figure 3c),
a high IVT signal crossing the Atlantic fur-
ther continues backwards to North America,
then farther back to the subtropical Atlantic
by following the flow of the Azores high.
Morphologically speaking, the atmospheric
river formed here, consistent with the
canonical picture originally presented by
Newell et al. (1992), appears to represent a
moisture transport route from the tropics to
the midlatitudes, and in the most prominent
manner over the 22-day analysis period.

The first and last day that a well-defined
atmospheric river can be connected
to easterly flow in the tropics is on 18
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Figure 2. Vertically-integrated vapour transport (IVT, kgm~'s™': shading) and mean sea level pressure (black contours with intervals of 4hPa) at
0000utc on (a) 1, (b) 4, (c) 10, and (d) 13 September 2018 as indicated in each panel, also showing the positions of North Atlantic cyclones during the
period. Short vectors further indicate the directions of the IVTs.

September, with the three cyclones, post-
tropical cyclone Helene, C3, and Ali, aligning
together in the mid-latitudes (Figure 3c).
The atmospheric river on this day stretches
continuously around the Azores high from
the subtropics, although relatively weak in
magnitude. On 19 September (Figure 3d),
this continuous long stretch of the atmos-
pheric river is already disrupted by high IVT
patches associated with the three cyclones,
Ali (A), Bronagh (B) and cyclone C6. From
this point, the extratropical atmospheric
river, over the north side of the Azores high,
begins to be detached from the southern
counterpart. Yet, the remaining extratropi-
cal atmospheric river is strongest in magni-
tude on 20 September (Figure 3e).

The canonical atmospheric river identified
during 18-20 September breaks down imme-
diately afterwards: on 21 September, we find

that two high IVT stretches in association with
two secondary cyclones (not shown). On 22
September (Figure 3f), the atmospheric river
structure identified over the previous few
days is no longer recognisable. We only see
three isolated patches of high IVT in associa-
tion with three cyclones on the chart.

Morphological interpretations

The formation process of the atmospheric
river during 18-20 September can be mor-
phologically interpreted in various manners,
although none of them is without problem.
First, it can be interpreted that the climato-
logical presence of the Azores high maintains
a circulation along which the atmospheric
river flows. However, this interpretation can
be misleading, because this atmospheric river
is maintained only over 3days.

It may be also noted that this atmospheric
river, formed along the cyclone family, also
aligns well with an equally well-stretched
cold front on 20 September, as seen from
Figures 1(e) and 3(e). However, it is not
always the case that an atmospheric river
is formed along a well-stretched cold front:
no atmospheric river is identified along the
cold front stretched from cyclone C3 in
Figure 3(b): a strip of high ITV in the prox-
imity is rather associated with post-tropical
cyclone Helene.

Alternatively, it may be argued that Helene
provided the necessary moisture source for
forming an atmospheric river by following
the view of Krichak et al. (2004, 2006, 2015).
A hypothesis of the tropical cyclone origin
of this atmospheric river is, however, incon-
sistent with the fact that reasonably long
stretches of high IVT are already identified

i Royal Meteorological Society
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(a) 0000 UTC 15 September 2018 (b) 0000 UTC 17 Se tember 2018
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Figure 3. Vertically-integrated vapour transport (IVT, kgm~'s™": shading) and mean sea level pressure (black contours with intervals of 4hPa) at
0000utc on (a) 15, (b) 17, (c) 18, (d) 19, (e) 20, and (f) 22 September 2018 as indicated in each panel. In the same format as for Figure 2.
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on 15 September (Figure 3a), associated with
C2 and to a lesser extent with C1, ahead of
the high IVT associated with Tropical Storm
Helene. Inspection of 6-hourly plots of IVT
reveals that, more precisely, Tropical Storm
Helene merges into this pre-existing stretch
of an atmospheric river, although the IVT
field of 18 September (Figure 3c) may give an
impression that post-tropical cyclone Helene
is a source of the atmospheric river.

As seen from the morphological description
of the IVT field so far, atmospheric river struc-
tures in the midlatitudes are formed locally
by following the evolution of the synoptic-
scale cyclones along their southern portions:
advection of moisture by the synoptic-scale
flows drives the evolution of atmospheric riv-
ers. Under the intermittent evolution of mid-
latitude atmospheric rivers, a canonical form
with high IVT stretching continuously around
a subtropical Azores high may be realised, but
only over limited periods: each realisation lasts
only between 1 and 3days over the 22-day
period considered, too short to transport the
tropical moisture to the midlatitudes, as going
to be evaluated in the next section.

Water vapour transport speed

Now, how efficiently does the atmospheric
river, analysed in the previous sections, work
as a moisture transport route of a purely
advective process? Here, the water vapour
is transported horizontally as the air mass
that contains the water vapour moves with
the wind velocity. Amount of the total water
vapour contained in a single atmospheric
column from the surface to the top of the
atmosphere is measured by the total column
water vapour (TCWV: Equation 1a of Box 1).
Conceptually, the water vapour is trans-
ported by moving this atmospheric column
by a certain speed (water vapour transport
speed), u, so that the observed integrated
vapour transport (IVT) is realised, that is,

u=IVT /TCWV ®)

Note that it measures a purely advective
process of the atmospheric river. In reality,
the water vapour is transported with differ-
ent wind speeds at different heights. The
water vapour transport speed, u, is obtained
by vertically averaging the wind speed
weighted by the water vapour, as seen in
the above definition (2).

By taking typical values of IVT and TCWV
for atmospheric rivers, we obtain a value:

250kgm™"s™!
u ~ g—

_ =1
25kgm™2 = 10ms ®

This value is fairly comparable to typi-
cal propagation speeds of synoptic-scale
cyclones (e.g. Bjerknes and Solberg, 1922).
Note that the moisture column moves

Box 1.

TCWV, IVT and TCVC are defined,
respectively, as:

Ps

TCWV = é / qdp (1a)

Ps
1
vr=1 yEd
0

Ps

TCVC = —%/VH-qu,_,dp (10
0

in terms of g the acceleration due to
gravity, p the pressure, g the specific
humidity, u, the horizontal wind veloc-
ity and —V,, - qu,, the convergence rate
of the moisture at a given pressure
level. Note that all the above integrals
are performed from the surface to the
top of atmosphere, although the con-
tributions from above the tropopause
are negligible in practice.

about 10°km over a day with a transport
speed of 10ms~'; thus, about 10days are
required to transport moisture from the
tropics to a midlatitude. It is not a coin-
cidence that 10ms™' also corresponds to
a typical synoptic-scale wind speed: the
water vapour is transported along the
atmospheric river by synoptic-scale winds,
leading to extensive horizontal transport.

Here, the water vapour transport speed, u,
as defined above (Equation 2) is not merely a
means of estimating the order of magnitude
of the transport speed, as just presented: the
transport speed, u, can be evaluated at every
horizontal point to provide the transport speed
of TCWV, that exactly leads to the observed
IVT. This distribution is shown in Figure 4:
atmospheric rivers are marked by the regions
of the transport speed, u, above 10ms™, and
u is systematically smaller outside the atmos-
pheric rivers. Moreover, the transport speed,
u, can even exceed 30ms™' inside cyclones,
where the water vapour is transported in a
cyclonic manner by following the flow inside
the cyclone, rather than contributing to a long-
range transport. Thus, u=10ms~" adopted for
estimating the transport timescale (Equation 3)
is not much of an underestimation.

Total column water vapour
convergence (TCVC)

Yet, the idea that atmospheric rivers simply
transport water over very long distances,

purely by horizontal transport as diagnosed
in the last section, could be misleading:

moisture is also transported vertically, often
associated with warm conveyor belts. Here,
the vertical transport itself merely changes
the vertical distribution of the moisture in a
given atmospheric column, without chang-
ing TCWV. An important consequence of the
vertical transport is that the moisture is either
gathered to or dispersed from a given atmos-
pheric column by the low-level convergence
and divergence, respectively, in association
with the upward and downward motion of
the moist air from and to the lower level. To
assess the extent of such an effect of the ver-
tical transport of moisture, we now examine
the total convergence of water vapour inte-
grated over the atmospheric column (total
column water vapour convergence, TCVC:
Equation 1c in Box 1). Here, the convergence
rate, measuring a rate at which a physical
quantity merges to a single horizontal point,
is evaluated for the water vapour with a verti-
cal integral so that a vertically accumulated
effect can be assessed.

The most straightforward speculation,
by following a local generation process of
atmospheric rivers in association with mid-
latitude cyclones, is that the moisture distri-
bution of atmospheric rivers is maintained
by local convergence of moisture along the
low-level jet associated with the cold front (cf.
fig. 4c of Dacre et al., 2015). Yet, even a quick
glance of the TCVC field betrays this specula-
tion (Figure 5): a wave-like, yet highly irrequ-
lar interchange of moisture convergence and
divergence is typically found along an atmos-
pheric river identified by IVT.

Note that those moisture convergence
and divergence are, respectively, associated
with low-level convergence and divergence
of the flow due to the fact that most of the
moisture is found in the lower troposphere
(below 700hPa). Thus, these two different
convergence and divergence processes can
be considered equivalent qualitatively, as
we consider in the following.

A relative phase between the TCVC and
the surface pressure presents certain con-
sistencies with what is expected from the
omega equation, an equation that diag-
noses the convergence for the synoptic-
scale flow in good approximations, with
a tendency of low-level convergence and
divergence ahead and behind a cyclone
(cf. Holton and Hakim, 2013, see especially
their fig. 6.14). Referring to the schematics
given by fig. 7 of Dacre et al. (2019), we fur-
ther interpret that they are associated with
the warm conveyor belts (WCBs) and the
dry intrusions, respectively. However, this
correspondence is rather crude, and TCVC
also contains much smaller scale structures
than the surface pressure, partially due to
the fact that the divergence field is related
to the second-order horizontal derivatives
of the pressure through the vorticity equa-
tion. Also, those wave-like patterns occur
far away from the cyclone centres; thus,
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Figure 4. Distribution of the water-vapour transport speed, u, on (a) 15, (b) 17, (c) 18, (d) 19, (e) 20, and (f) 22 September 2018.

not all convergence regions are necessarily Here, as moisture is transported hori- and supply of the moisture associated with
associated with WCBs (cf. fig. 4d of Dacre zontally along an atmospheric river, the divergence and convergence: the atmos-
et al., 2015). atmospheric column experiences depletion  pheric river is hardly a simple horizontal

Royal Meteorological Society

1A >uaydsowye ue pue Ajjwey auopA> e jo Juswdojanap-0)
‘3DIN Aq T9.LBOM/Z00T OT/I0P/LU0Y A8 I ARG 1 [PUI|UO'SBLLLY/SUNY LUO.Y PaPeOIUMOQ ‘0 '9698LLYT

6 "ON ‘66 IO\ ‘6666 — 19y1e3M

LILIOD AR 3|de01idde U1 Ad PouBA0B 22 SOOI YO 88N 0 SN 0y AXeiq178UIIUO /BIIM UO (SUOTHIPUOD-PUE-SLLBIC" A3 AJe.q1 PUIIUO//SAIY) SUOIPUOD PUe SIS | aU) 89S *[5202/0T/20] U0 Akeiqi18U1IUO AB1IA ‘S0US|B0XT 98D PLE YIESH 10} 21NIIISU| [EUOIE

~

— —

asue01



(b) 0000 UTC

(d) 000
Y WA

-7

Weather - 9999, Vol. 99, No. 9 I Co-development of a cyclone family and an atmospheric river

(f) 0000 UTC 22 September 2018
n 7 Z ~, Qy T

AW

Yook NN , / i

R

~0.00100 -0.00075 =—0.00050 —0.00025 0.00025  0.00050  0.00075  0.00100
kg m-2 s-1

Figure 5. Total column water-vapour convergence (TCVC, kgm=s~": shading), mean sea level pressure (black contours with intervals of 4hPa), and

250kgm™'s™" IVT contour (blue) at 0000 urc on (a) 15, (b) 17, (c) 18, (d) 19, (e) 20, and (f) 22 September 2018 as indicated in each panel, also showing
the positions of North Atlantic cyclones (cf. Figure 1).
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flow of moisture but also associated with
extensive recycling of moisture associated
with a divergent flow. Furthermore, conver-
gence is associated with upward transport
of moisture followed by condensation and
precipitation: a substantial fraction of mois-
ture is lost along the atmospheric river in
this manner. The lost moisture is, in turn,
locally resupplied by surface evaporation,
especially over the feeder airstreams for
the moisture converging into WCBs (Dacre
etal., 2015, 2019).

The time, 7, required for the recycling of
moisture associated with the vertical trans-
port may be measured by:

7 =TCWV /TCVC (4)

More precisely, 1 / z is a fractional rate that
TCWV is changed by TCVC, in association
with the vertical transport. Here, the recy-
cling time, 7, is positive or negative depend-
ing on the sign of TCVC, that is, whether
TCWV tends to increase or decrease, respec-
tively, under moisture convergence or
divergence. Over the absolute value of this
time, 7, a given total water vapour (TCWV)
is either doubled or depleted, respectively,
by a given rate of the convergence or diver-
gence (TCVC) of water vapour. By substitut-
ing typical values, we find:

25kgm~2
‘L’ ~
2.5 x 10~ *kgm=25~"

=10°s  (5)

Thus, the moisture is recycled in about
a day.

Figure 6 reveals that the recycling time,
7, is systematically less that 24h along
atmospheric rivers in association with
strong divergence and convergence, and
often even less than 12h: the given time-
scale is so short that we cannot properly
quantify the moisture transport associated
with atmospheric rivers without taking into
account the vertical transport as well as the
associated local moisture resupplies. Also
note that the recycling time, 7, is substan-
tially longer away from the high IVT regions:
strong divergences and convergences of
moisture characterise the atmospheric riv-
ers. The analysis here generalises the mois-
ture budget analysis focused on cyclones by
Dacre et al. (2015, 2019) to all the way along
atmospheric rivers with a much simpler sin-
gle diagnosis (Equation 4) and effectively
concludes the same, that is, importance of
local moisture supply.

Conclusions

The co-development of a cyclone family and
an extensive atmospheric river across the
North Atlantic in September 2018 has been

presented. A particular case with a well-
defined cyclone family linked to an atmos-
pheric river has been chosen for elucidating
the characteristics of the co-development
well. A direct examination of the evolu-
tion of both the surface pressure and the
moisture fields side by side has exposed
that the atmospheric river actively evolves
locally, driven by synoptic-scale cyclones
(cf. Figures 1 and 3): atmospheric rivers are
formed and dissolved over few day time-
scales by following the synoptic evolution
of the weather.

The horizontal transport speed, u, of
atmospheric rivers evaluated from IVT and
TCWV (Equation 2) is typically about 10ms™,
which is comparable by the order of mag-
nitude to a typical propagation speed of
synoptic-scale cyclones (see also Cuckow
et al., 2022). In this respect, atmospheric riv-
ers can transport moisture horizontally fairly
efficiently. Yet, the synoptic-scale cyclones
typically propagate slightly faster than the
water vapour transport speed, thus along
the coordinates moving with the cyclone
centre, the atmospheric rivers tend to flow
away from cyclones and be left behind:
atmospheric rivers are not direct source of
water vapour for the synoptic-scale cyclones
(Dacre et al., 2015, 2019).

The TCVC analysis (cf. Equation 4 and
Figure 6) suggests that the moisture is
maintained by the supply of moisture over
a short timescale of less than 24h by conver-
gence and divergence along atmospheric
rivers associated with synoptic-scale evolu-
tion of cyclones, as well as local supply by
evaporation (Dacre et al., 2015, 2019). Thus,
the atmospheric river does not only trans-
port moisture from the tropics to higher lati-
tudes purely horizontally like hydrological
rivers but also transports the moisture ver-
tically even more intensively. Furthermore,
a well-defined atmospheric river stretching
from the tropics to higher latitudes around
a climatological subtropical high is hardly
persistent, but only lasts for a few days at
most: the well-defined atmospheric river
breaks down before moisture can be trans-
ported from the tropics to higher latitudes
along, even assuming that the transport is
purely horizontal.

The present study quantifies both the
transport speed and the recycling time of
the moisture associated with the atmos-
pheres with simple diagnosis formulae
(Equations 2 and 4). Yet, to understand
those processes better, a further analysis
is required of the synoptic-scale dynamics
associated with the atmospheric rivers more
directly, most likely under the framework of
semi-geostrophy (a higher order approxi-
mation to the quasi-geostrophy designed
to describe the front dynamics; Hoskins and
Bretherton, 1972), but it will be left for a
future study.
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