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Introduction
The precipitation associated with extrat-
ropical cyclones can lead to flooding in 
the United Kingdom (UK). Furthermore, the 
intensity of cyclone precipitation and asso-
ciated flooding is expected to increase in 
the future due to climate change (Allan and 
Soden, 2008). Therefore, it is important that 
we understand the mechanisms by which 
extratropical cyclones generate precipita-
tion so that we can accurately forecast flood 
events and mitigate risk. Previous studies 
have shown that a cyclone-relative airflow, 
known as a warm conveyor belt (WCB), can 
generate precipitation extremes (Pfahl and 
Wernli,  2012), and additional research has 
found that features known as atmospheric 
rivers are associated with precipitation 
extremes in the UK (Lavers et al., 2011, 2012).

Since the 1970s, the structure and evolu-
tion of cloud and precipitation features asso-
ciated with extratropical cyclones have been 
described using the conveyor belt model. 
The conveyor belt model examines Eulerian 
wind fields on vertically sloping isentropic 
surfaces in a cyclone-relative framework 
(Browning and Harrold,  1970). In regions 
of weak horizontal temperature gradient, 
isentropic surfaces are approximately hori-
zontal and potential temperature increases 
with height. However, in regions with sharp 
horizontal temperature gradients, isentropic 
surfaces slope in the vertical. Therefore, in 
the vicinity of fronts, poleward moving dry 
air parcels will ascend along sloping isen-
tropic surfaces in order to conserve their 
potential temperature. Conversely, equator-
ward moving dry air parcels will descend 
along sloping isentropic surfaces in order to 
conserve their potential temperature. This 
results in 3-dimensional airflows associated 

with fronts (Carlson,  1980). Poleward mov-
ing airflows transport moist air from the 
surface to the upper troposphere result-
ing in cloud and precipitation formation. 
Equatorward moving airflows transport 
dry air from the upper troposphere to the 
lower troposphere, resulting in cloud-free 
regions. However, isentropic flow alone 
does not explain the development of some 
cyclone cloud features which move rear-
wards relative to the motion of the moving 
cyclone. An example is the cloud head that 
emerges from beneath the frontal cloud 
band and wraps cyclonically around the 
cyclone centre as the cyclone develops. In 
order to explain what is seen in the satellite 
imagery, the moving cyclone must be taken 
as the frame of reference. By subtracting 
the cyclone motion vector from the wind 
vectors, the transition to a cyclone-relative 
framework is made and the cyclone-relative 
airflows, called conveyor belts, which form 
the conveyor belt model can be identified.

Figure  1 describes three cyclone-relative 
airflows in relation to the surface fronts, pre-
cipitation and moisture flux features (Dacre 
et al.,  2015). The poleward moving warm 
conveyor belt (red arrow labelled WCB in 
Figure  1) is a moist cyclone-relative airflow 
that ascends from the top of the bound-
ary layer ahead of the cold front along a 
relatively warm isentropic surface, lead-
ing to cloud and precipitation formation 
(Browning, 1971). Typically, during the devel-
oping stages of cyclone evolution, the WCB 
ascends to the upper troposphere where it 
turns anticyclonically to form a cirrus shield. 
During the mature stage of cyclone evolu-
tion, a lower branch of the WCB can turn 
cyclonically to form the upper portion of the 
comma-shaped cloud head. The dry intru-
sion (yellow arrow labelled DI in Figure  1) 
is an equatorward moving cyclone-relative 
airflow that descends behind the cold front 
bringing dry air from the lower stratosphere 
and upper troposphere. It assumes a ham-
mer-head shape behind the cold front as 
it descends and creates a cloud-free band 
between the cloud head and the cold 
frontal cloud band (Young et al.,  1987). 
The feeder air stream (green arrow labelled 
FA in Figure  1) is a moist cyclone airflow 
within the boundary layer of the cyclones 

warm sector, where horizontal temperature 
gradients are weak (Dacre et al., 2019). This 
cyclone airflow transports moist air hori-
zontally towards the cyclone’s cold front 
where moisture flux convergence leads to 
the formation of a filament of high total 
column water vapour (TCWV). Some of this 
moisture is transported towards the centre 
of the cyclone, where it supplies moisture 
to the base of the WCB. The remainder of 
the filament is transported away from the 
cyclone centre as it moves polewards.

Cyclone-relative airflows can also be 
described using Lagrangian trajectories. 
This technique involves following the path 
of parcels of air as they are transported 
in the atmosphere by the 3-dimensional 
wind fields. These trajectories can be clus-
tered into airflows, such as the WCB, based 
on set criteria (Wernli and Davies,  1997; 
Wernli, 1997; Hart et al., 2015). The analysis 
of winds on isentropic surfaces, or isentropic 
flow analysis, is an alternative technique 
analogous to Lagrangian trajectories. Both 
provide an indication of the structure of 
air streams within the cyclone (Browning 
and Roberts,  1994). However, isentropic 
flow analysis yields a snapshot of the field 
in time. Therefore, an estimate of pathways 
that are followed by air parcels for a short 
period of time (in the order of a few hours) 

Figure 1. Cyclone-relative airflows within an 
extratropical cyclone. The warm conveyor 
belt (WCB, red), dry intrusion (DI, yellow) and 
feeder air stream (FA, green) are depicted 
by the coloured arrows. Also shown are the 
surface fronts (black), high integrated vapour 
transport (light blue shading) and the precip-
itation associated with the cyclone (dark blue 
shading) (Dacre et al., 2019). (© American 
Meteorological Society. Used with permission.)

https://orcid.org/0000-0002-3955-5500
https://orcid.org/0000-0003-4328-9126
https://orcid.org/0000-0002-5285-0379
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fwea.4212&domain=pdf&date_stamp=2022-05-30


M
oisture transport in storm

 Bronagh

197

W
eather – June 2022, Vol. 77, No. 6

is provided. To compare results from studies 
that calculate trajectories to those perform-
ing isentropic flow analysis, both must be 
computed in the same frame of reference.

An alternative model for describing 
moisture transport in the extratropics was 
developed in the 1990s and is known as the 
atmospheric river model (Newell et al., 1992). 
Atmospheric rivers are long, narrow and 
transient corridors of strong horizontal water 
vapour transport (Ralph et al.,  2018). They 
are identified by calculating the Eulerian 
vertically integrated moisture flux from the 
surface to the upper troposphere (known as 
vertically integrated vapour transport [IVT]). 
Typically, they are bounded by a fixed mois-
ture flux threshold of 250kgm−1s−1 although 
statistically defined thresholds have also 
been used (Shields et al.,  2018). Since they 
are defined using a vertically integrated 
measure, atmospheric rivers are 2-dimen-
sional features. Atmospheric rivers have 
also been described using Lagrangian tra-
jectories in an Earth-relative framework, for 
example in Pérez-Muñuzuri et al. (2018) and 
Sodemann et al.  (2020).

The ascent necessary to convert water 
vapour within an atmospheric river into 
precipitation is typically invoked via the 
co-location of an atmospheric river with 
orography leading to forced ascent, or via 
co-location with cyclone WCBs leading to the 
moist isentropic ascent described above (as 
shown in the light blue shading in Figure 1). 
However, atmospheric rivers are identified 
in an Earth-relative framework, whereas 
the conveyor belt studies of Browning and 
Harrold  (1970) and others are performed 
relative to moving cyclones. Therefore, it is 
difficult to directly relate atmospheric river 
flows to cyclone-relative WCB air streams 
and thus determine whether the identified 
moisture flux results in transport towards 
or away from the moving WCB at any 
given time. Despite these drawbacks, the 
atmospheric river model has proved to be 
a popular tool for examining the meridional 
transport of moisture from the subtropics 
to the extratropics (Gimeno et al., 2014). The 
diagnostic to identify atmospheric rivers, 
IVT, does not require cyclone tracking and 
is calculated using widely available pressure 
level model output so is simpler to imple-
ment than cyclone-relative isentropic flow.

Significant statistical relationships have 
been found between atmospheric river 
strength and flooding events, which sug-
gests that the atmospheric river model is 
a useful indicator of heavy precipitation. 
Dacre et al. (2019) investigated the relation-
ship between IVT and cyclone precipitation 
in a climatology of 200 strong North Atlantic 
cyclones. They found that the moisture sup-
plied to the base of the warm conveyor 
belt is not transported from where the 
atmospheric river feature met the reservoir 
of moist air in the subtropics (hereafter 

termed non-local moisture), but instead 
was transported from the local environment 
through which the cyclone was travelling. 
Since cyclones typically travel with a veloc-
ity similar to the wind velocity at 700hPa 
(the steering level), they are moving faster 
than the moist boundary layer air through 
which they are travelling. As a result, the 
cold front sweeps up boundary layer mois-
ture and the resulting moisture flux conver-
gence creates a filament of high moisture 
content. The FA (green arrow in Figure  1) 
partitions this filament of moisture into a 
branch that accelerates towards the base of 
the warm conveyor belt and a branch that 
decelerates relative to the cyclone motion, 
and hence is ‘left behind’ by the poleward 
moving cyclone. High IVT is typically identi-
fied in both the accelerating and decelerat-
ing branches of the FA. Thus, moisture at 
the leading edge (within a few 100km) of 
an atmospheric river can provide moisture 
to the warm conveyor belt, but moisture 
along the main body of the atmospheric 
river, which can extend several thousands 
of kilometres, does not. Dacre et al.  (2019) 
conclude that while high IVT is statistically 
related to cyclone precipitation, it is not cor-
rect to infer causation and interpret the cor-
relation as atmospheric rivers transporting 
moisture from the subtropics to the centre 
of a cyclone. This conclusion is further sup-
ported by Papritz et al.  (2021) who per-
formed Lagrangian trajectory analysis in a 
cyclone-relative framework. Consistent with 
the cyclone-relative isentropic flow analy-
sis of Dacre et al.  (2019), they showed that 
moisture uptakes are linked to the cyclone’s 
warm conveyor belt via the FA, a northeast-
erly cyclone-relative flow that arises due 
to the cyclone propagation exceeding the 
advection by the low-level background flow.

The study by Dacre et al.  (2019) is based 
on composites of 200 cyclones. Cyclone 
compositing is a powerful method, which 
emphasises features that are common to 
the cyclones while de-emphasising fea-
tures that are not. However, it is possible 
that the composite fields do not represent 
the airflows in the individual cyclones that 
contribute to the composite. Therefore, the 
aim of this article is to objectively identify 
the FA in a case study of storm Bronagh. To 
do so, we develop an identification diag-
nostic that detects the saddle point1 cre-
ated by the FA and DI using cyclone-relative 
isentropic flow. This analysis is performed 
at each stage in storm Bronagh’s evolution 
to ascertain where moisture is transported 
from at different stages in the storms devel-
opment.

Dataset and cyclone tracking 
algorithm
This study uses the ERA5 atmospheric 
reanalysis dataset (Hersbach et al.,  2020), 
which has a spatial resolution of approxi-
mately 31km. At the surface and on isobaric 
surfaces, the data are interpolated onto a 
longitude–latitude grid with 0.25° resolu-
tion, and on isentropic surfaces, the data 
are interpolated on a grid with 1° spatial 
resolution. This resolution is sufficient given 
that this study is focused on large-scale cir-
culation. Three-hourly temporal resolution 
is used to determine the moisture flux on 
pressure and isentropic surfaces.

Several single-level reanalysis fields are 
also analysed. TCWV (kgm−2) is the total 
amount of water vapour in a column 
extending from the surface of the Earth 
to the top of the atmosphere. The vertical 
integral of eastward and northward water 
vapour fluxes (kgm−1s−1) represents the hori-
zontal rate of flow of water vapour, in the 
eastward/northward direction, per metre 
across the flow, for a column of air extend-
ing from the surface of the Earth to the top 
of the atmosphere. Positive values indicate 
a flux from west to east or south to north, 
respectively. The vertical integral of east-
ward and northward vapour fluxes are the 
vector components of vertically integrated 
moisture flux (IVT), which is used to iden-
tify atmospheric rivers using a threshold of 
250kgm−1s−1 (see e.g. Shields et al., 2018, and 
references therein).

The track position of storm Bronagh in the 
ERA5 dataset is identified using the track-
ing algorithm of Hodges  (1995). The track 
of storm Bronagh is identified using three-
hourly 850hPa-relative vorticity, truncated 
to T42 resolution to emphasise the synoptic 
scales. The 850hPa relative vorticity features 
are filtered to remove stationary or short-
lived features that are not associated with 
extratropical cyclones. The track is used to 
find the minimum pressure at every time-
step by searching for the minimum mean 
sea-level pressure in a 500km radius around 
the relative vorticity maximum. The track 
positions at three-hourly intervals are also 
used to compute the cyclone’s propagation 
velocity using a centred finite difference 
approximation.

Storm Bronagh
Storm Bronagh was an extratropical cyclone 
that originated south of Newfoundland on 
19 September 2018. It tracked eastwards 
across the North Atlantic (red track in 
Figure 2b) deepening from 1008 to 986hPa 
(Figure  2a) as it passed over the UK on 
21 September 2018. During this time, storm 
Bronagh caused localised flooding in parts 
of England and Wales where daily rainfall 
totals exceeding 50mm were recorded in 

1A point at which a function of two variables 
has partial derivatives equal to zero but at 
which the function has neither a maximum nor 
a minimum value (Collins English Dictionary, 
2005).
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upland areas of Wales, the southern Pennines 
and North York Moors (Met Office,  2018). 
The extreme rainfall and winds associated 
with storm Bronagh led to travel disruptions 
throughout the UK. Following this, storm 
Bronagh continued to track northeastwards 
and deepen further. Its minimum mean 
sea-level pressure of 968hPa occurred at 
1800  utc on 22 September 2018 over the 
Norwegian Sea (Figure 2a).

Storm Bronagh occurred during a period of 
intense cyclonic activity in the North Atlantic, 
starting with post-tropical cyclone Helene, 
which passed over the UK on 17 September 
2018 (Gentile et al.,  2021). This was followed 
by storm Ali on 18 September and then storm 
Bronagh on 20/21 September. The decaying 
storm Ali can be seen to the north of storm 
Bronagh in Figure 2(b) with a central pressure 
of 971hPa. A third cyclone in its developing 
stage with a central pressure of 998hPa can 
also be seen in Figure  2(b) in the mid-North 
Atlantic (43°W, 44°N) (hereafter storm C). 
Storm Ali, storm Bronagh and storm C form 
a family of extratropical cyclones with each 
subsequent cyclone forming on the trailing 
cold front of the previous cyclone. Associated 
with storm Ali, storm Bronagh and storm C 
is a filament of IVT exceeding 250kgm−1s−1 
(Figure  2c) and a corresponding filament of 
enhanced TCWV (Figure 2d). Thus, an atmos-
pheric river of several thousands of kilome-
tre length and a few 100km width can be 
identified originating at 30°N and extending 
across the North Atlantic and into northwest 
Europe (ending around 70°N). The moisture 
flux within the atmospheric river is higher 
in the vicinity of storm Ali, storm Bronagh 
and storm C due to the increased horizontal 
pressure gradients and hence increased wind 
speeds associated with each cyclone. Similar 
analysis has been performed at earlier and 
later times and at all stages in storm Bronagh’s 
lifecycle an atmospheric river is identified in 
the vicinity of the storm (not shown).

As described in the introduction, IVT 
alone cannot be used to determine if mois-
ture originating at the start of the atmos-
pheric river is transported into the centre 
of storm Bronagh to produce the heavy 
precipitation associated with the storm. To 
determine where moisture leading to pre-
cipitation is transported from, it is necessary 
to calculate the moisture flux in the frame 
of reference of the moving cyclone. In the 
following section, we calculate the cyclone-
relative flow and moisture flux on the 300K 
isentropic surface.

Cyclone-relative isentropic flow
Figures 3(a–d) show fields in a domain that 
is centred on the position of storm Bronagh 
at 0000 utc on 21 September 2018 (red cross 
in Figure 3a). Figure 3(a) shows pressure on 
the 300K isentropic surface. The 300K isen-
tropic surface slopes in the vertical from 

Figure 2.  (a) Evolution of storm Bronagh’s central mean sea-level pressure (hPa). The vertical line 
corresponds to 0000 utc 21 September 2018. (b) Met Office surface analysis chart at 0000 utc on 
21 September 2018 (© 2018 Crown copyright). The red solid line represents storm Bronagh’s track. 
Red circles show the position of the cyclone’s centre at six-hourly intervals. The blue circle repre-
sents the centre of storm Ali, the red cross represents storm Bronagh’s centre and the blue square 
represents the cyclone centre of storm C at 0000 utc on 21 September 2018. (c) ERA5 IVT (filled con-
tours and vectors) and (d) ERA5 TCWV (filled contours) at 0000 utc on 21 September 2018. Panels 
(c) and (d) are overlaid with ERA5 mean sea-level pressure (grey contours).

Figure 3. Fields on the 300K isentropic surface. (a) Pressure (hPa, dashed contours) and specific humid-
ity (filled contours) overlaid with storm Bronagh’s track (red dashed). The cyclone centre at 0000 utc 
21 September 2018 is marked by a red cross. The centre of the storm at 1200 utc 20 September 2018, 
0900 utc 21 September 2018 and 1500 utc 21 September 2018 (red dots) are shown from left to right, 
respectively. (b) Earth-relative moisture flux (shaded), pressure (hPa, dashed contours) and Earth-
relative horizontal wind (arrows). (c) Cyclone-relative moisture flux (shaded), pressure (hPa, dashed 
contours) and cyclone-relative horizontal wind (black arrows) overlaid with position of cyclone 
airflows (white arrows). (d) det(J) (shaded) and the 5th percentile in cyclone-relative moisture flux 
(dashed line). This panel also includes the minima identified by the watershed algorithm (black dots).
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Box 2.  The detection of saddle points and the FA
To develop an identification algorithm for the presence of saddle points associated to 
a FA at a given time during the evolution of the cyclone, the instantaneous configuration 
of the cyclone-relative low-level moisture flux is relied upon. If present, the FA splits 
into two branches on approach to the system’s cold front (Figure 1). A branch with a 
southerly component will then feed moisture into the system’s WCB. A branch with a 
northerly component will tend to leave the cyclone’s immediate neighbourhood and 
transport moisture rearwards with respect to the cyclone centre. The moisture flux 
vector field near the splitting point will constitute a fixed point, that is, a point for 
which the vector field is zero, and will have a similar configuration to that of a saddle 
point in the phase space of linearised second-order differential systems (e.g. figure 6.4 
in Drazin, 1992). Therefore, the Jacobian determinant of the isentropic moisture flux is 
calculated using the classification of fixed points from non-linear systems theory (see 
e.g. Drazin, 1992). This determinant is given by

det ,J� � � �� �
�

�� �
�

�
�� �
�

�� �
�

qu

x

qv

y

qu

y

qv

x  

where u and v are the eastward and northward components of wind, respectively, x 
and y are the eastward and northward pointing coordinates, respectively, and q is the 
specific humidity, all on an isentropic surface. According to this method, a saddle 
point will be characterised by a negative Jacobian determinant of the linearised 
moisture flux when evaluated at a fixed point. The partial derivatives in the Jacobian 
determinant on the longitude–latitude grid are calculated using a centred difference 
approach such that the determinant is calculated over a grid with 200km grid spacing.

(1)

below 800hPa in the cyclone’s warm sec-
tor to 300hPa in the cold sector. The steep-
est slopes are co-located with the position 
of the cyclone’s cold and warm fronts. 
Figure  3(a) also shows the specific humid-
ity on the 300K surface within the domain. 
As expected, relatively high specific humid-
ity values are found closer to the surface, 
below 700hPa.

Moisture flux (wind vectors multiplied 
by specific humidity) and wind vectors on 
the 300K isentropic surface in an Earth-
relative framework are shown in Figure 3(b). 
Moisture flux on this isentropic surface is 
highest to the south of the cyclone centre 
in a band extending along the cyclone’s 
cold front. This is similar to the IVT shown in 
Figure 2(c). Assuming a stationary cyclone, in 
an Earth-relative framework the flow on the 
300K isentropic surface appears to descend 
behind the surface cold front, cross the cold 
front boundary and then to ascend over the 
surface warm front. However, the storm is 
not stationary but is travelling towards 
the northeast at about 19ms−1. Therefore, the 
cyclone velocity is of a similar magnitude 
and direction to the wind vectors within the 
region of high earth-relative moisture flux.

Moisture flux and wind vectors on the 300K 
isentropic surface in a cyclone-relative frame-
work are shown in Figure  3(c). The cyclone-
relative moisture flux and wind vectors are 
calculated by subtracting the cyclone veloc-
ity from the wind vectors. In the  cyclone- 
relative framework, the flow on the isentropic 
surface looks very different. To  the west of 
the cyclone centre, air descends from 400 
to 700hPa along the sloping isentropic sur-
face. At this point, the airflow splits into 
two branches. One branch turns cyclonically 
towards the cyclone centre at 700hPa. The 
other branch descends further to 800hPa 
and turns anticyclonically away from the 
cyclone centre. This dry cyclone-relative air-
flow is the DI shown in Figure 1. To the east 
of the cyclone centre, air ascends from 800 to 
500hPa where it then turns cyclonically and 
wraps around the cyclone centre. This moist 
cyclone-relative airflow is the WCB shown in 
Figure 1. To the southeast of the cyclone cen-
tre, the cyclone-relative airflow on the 300K 
isentropic surface is confined to the lower 
troposphere, 850–950hPa. This airflow is 
directed towards the cold front where it splits 
into two branches. One branch turns towards 
the cyclone centre and ascends slightly. The 
other branch travels parallel to the surface 
cold front directed away from the cyclone 
centre. This moist low-level airflow is the FA 
shown in Figure 1.

At the interface between the DI and the 
FA, there is a saddle point in the cyclone-
relative flow and therefore, there is a 
region where the flow becomes stationary. 
As a result, the isentropic cyclone-relative 
moisture flux is small in this region. In 
Figure  3(c), cyclone-relative moisture fluxes 

Box 1.  The detection of minima in the moisture flux field
To evaluate the Jacobian determinant of the linearised moisture flux at a fixed point, 
the fixed points must firstly be identified in an objective manner. To do so, an image 
segmentation tool called the watershed algorithm is used. This algorithm treats the 
field of interest like topography such that the minima of interest are depicted as basins. 
To find different basins, the topography is submerged in a lake so that each basin fills 
up with water according to their depth. The location in which the water meets marks 
the edge of each basin. Therefore, the location and area that the minima span is known. 
To define how much the topography is submerged, and therefore, the area that the 
identified minima span, a threshold value is used (Najman and Schmitt, 1994).

smaller than 30gkg−1ms−1 are observed over 
northwest France indicating the position of 
the saddle point. The presence of a saddle 
point within the identified atmospheric river 
(as shown in Figure 2c) shows that only mois-
ture within the portion of the atmospheric 
river downstream of the saddle point (i.e. 
between the saddle point and the cyclone 
centre) can be transported into the centre of 
the cyclone. Moisture within the portion of 
the atmospheric river upstream of the saddle 
point is not travelling as fast as the cyclone 
itself so will get further from the cyclone as 
it travels, effectively being left behind by the 
poleward moving cyclone.

Saddle point identification 
diagnostic
In this section, an algorithm for objec-
tively identifying saddle points in lower-
tropospheric cyclone-relative airflows that 
occur in the warm sector of storm Bronagh 
is described. The algorithm is developed so 
that it can automatically be applied to many 

cyclones in future work. In order to focus 
on lower-tropospheric airflows, the search 
is confined to the portion of the isentropic 
surface that is below 800hPa within 2000km 
of the cyclone centre. Within this part of the 
surface, regions where the cyclone-relative 
moisture flux is small, that is within the low-
est 5% of values are identified using a water-
shed algorithm (Najman and Schmitt, 1994) 
(see Box  1). To differentiate the minima 
found by the watershed algorithm in the 
cyclone-relative moisture flux that are asso-
ciated with low specific humidity from those 
that are associated with saddle points, loca-
tions where the Jacobian determinant of 
the moisture flux field, det J� �, is negative 
(see Box 2) are identified. This latter criterion 
comes from non-linear systems theory for 
the classification of hyperbolic fixed points 
(e.g. figure 6.4 in Drazin, 1992).

The criteria above applied to storm Bronagh 
at 0000 utc on 21 September 2018 are shown 
in Figure 3(d). The contour corresponding to 
the lowest 5% of cyclone-relative moisture 
flux values on the 300K isentropic surface 
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(below 800hPa) is represented by the dashed 
contours. Low cyclone-relative moisture 
flux values are found behind the cold front 
and ahead of the warm front where spe-
cific humidity decreases due to the slop-
ing nature of the isentropic surfaces. Low 
cyclone-relative moisture flux values are also 
found in a small region ahead of the cold 
front. Identified cyclone-relative moisture 
flux minima are shown in black dots. Finally, 
det J� � is calculated and negative values co-
located with the minima are searched for, 
indicating saddle points in the moisture flux 
field. Only the moisture flux minima to the 
south of the cyclone centre satisfy all of the 
criteria so are identified as saddle points. This 
region is indeed co-located with the region 
identified in Figure  3(c) at the interface 
between the FA and the DI.

The feeder air stream in storm 
Bronagh
Figure  4 shows the location of identi-
fied saddle points in the 300K isentropic 
cyclone-relative moisture flux at various 
times in the evolution of storm Bronagh. 
The fields are centred on the cyclone posi-
tions as shown in Figure  3(a). At all stages, 
the regions identified as saddle points are 
located in the cyclone’s warm sector ahead 
of the cold front. In Figure  4(a), the region 

associated with the saddle point is situated 
south of the cyclone centre. However, as 
the storm evolves, the saddle point moves 
eastwards and the cold front becomes 
more meridionally oriented as shown in 
Figures  4(b–d). Furthermore, these saddle 
points are found at the leading edge of the 
filament of high TCWV. The cyclone-relative 
moisture flux in the part of the filament 
upstream of the saddle point is directed 
away from the cyclone centre indicating 
that moisture in this part of the filament is 
travelling slower than the cyclone. Thus, this 
moisture cannot feed into the base of the 
ascending WCB and therefore, will remain 
in the lower atmosphere. Conversely, the 
cyclone-relative moisture flux downstream 
of the identified saddle points is directed 
towards the cyclone centre and will feed 
into the WCB where it will ascend leading 
to the formation of clouds and precipita-
tion. This is supported by the decrease in 
TCWV around the saddle point with time. 
In Figure 4(a), there is greater than 40kgm−2 
within the vicinity of the FA, however by 
Figure 4(d), this has decreased.

Conclusions
In this paper, an algorithm for identifying 
the FA in a case study of storm Bronagh is 
described and the results for the identification 

of the FA throughout the evolution of the 
storm are presented. Storm Bronagh was 
responsible for flooding and strong winds 
in the UK on 20/21 September 2018. Using 
a threshold of vertically integrated moisture 
flux, an atmospheric river associated with 
this storm is identified and the characteristic 
cyclone airflows (DI, WCB and FA) are also 
identified using isentropic cyclone-relative 
flow. In order to ascertain where the mois-
ture responsible for storm Bronagh’s precipi-
tation is transported from, a diagnostic is 
developed to identify the presence of saddle 
points in the cyclone-relative moisture flux 
field. These saddle points occur at the inter-
face of the descending DI behind the cold 
front and the low-level FA ahead of the cold 
front. The presence of a saddle point within 
the identified atmospheric river indicates 
that moisture upstream of the saddle point 
cannot contribute to the moisture ascend-
ing in the WCB. Absence of a saddle point 
within an atmospheric river indicates that 
moisture within the atmospheric river can 
be transported to the base of the WCB and 
thus contributes to large-scale precipitation.

Applying the saddle point diagnostic to 
the evolution of storm Bronagh shows that 
saddle points are identified within the atmos-
pheric river during its passage over the UK 
and northwest Europe. The presence of such 
saddle points indicates that moisture is trans-
ported to the WCB in storm Bronagh from 
in the local environment in which Bronagh 
is developing and not from the start of the 
atmospheric river in the subtropics. Future 
work will include applying this diagnostic to 
a large set of cyclones to construct a clima-
tology of the FA. This large set will include 
cyclones with varying intensity, genesis loca-
tion and cyclone types to determine system-
atically when and where a FA is present.

The diagnostic developed in this paper only 
determines where the moisture contributing 
to large-scale precipitation is transported 
from. It is plausible that forced ascent of moist 
air in the atmospheric river over the hills in 
the UK may also have led to the formation 
of orographically generated precipitation. 
Future work will include simulations of study 
of storm Bronagh using the UK Met Office 
1.5km resolution numerical weather predic-
tion model to determine the relative contri-
butions of large-scale precipitation associated 
with the WCB ascent and locally forced pre-
cipitation associated with orographic ascent.
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Introduction
The Madden–Julian Oscillation (MJO; 
Madden and Julian,  1971) is the leading 

mode of intra-seasonal variability in the 
tropics and is characterised by an area of 
enhanced deep convection, which travels 
eastward across the Maritime Continent 
with a period of 30–60 days. This area of 
enhanced convection is associated with 
divergence in the upper troposphere and 
is followed directly by an area of suppressed 
convection associated with convergence in 
the upper troposphere.

This divergent circulation produced by 
latent heat release in the MJO’s enhanced 
convective phase excites Rossby waves, 
which interact with various extratropical 
weather regimes to create so-called telecon-
nection patterns. Through these telecon-
nections, the weather experienced around 

the globe can be linked back to the weather 
in the tropics.

The North Atlantic Oscillation (NAO; 
Walker and Bliss,  1932) is a key mode of 
winter variability in northern Europe. Thus, 
understanding the behaviour of the NAO 
is key to accurate United Kingdom (UK) 
weather prediction. The NAO is character-
ised by a positive and a negative phase, 
which bring different types of weather to 
the UK. During the winter, the NAO+ is 
associated with warmer, stormier weather, 
while the reverse relationship is observed 
for the NAO−.

Through observational studies, the NAO is 
known to be forced at least in part by the 
MJO (Cassou,  2008; Lin et al.,  2010). In this 
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