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Abstract

The Gulf Stream (GS) ocean front exhibits intense ocean—atmosphere interaction in winter, which has a significant impact on
the genesis and development of extratropical cyclones in the North Atlantic. The atmospheric rivers (ARs), closely related
with the cyclones, transport substantial moisture from the North Atlantic towards the Western European coast. While the
influence of the GS front on extratropical cyclones has been extensively studied, its effect on ARs remains unclear. In this
study, two sets of ensemble experiments are conducted using a high-resolution global Community Atmosphere Model forced
with or without the GS sea surface temperature front. Our findings reveal that the inclusion of the GS front leads to approxi-
mately 25% enhancement of water vapor transport and precipitation associated with ARs in the GS region, attributed to
changes in both AR frequency and intensity. Furthermore, this leads to a more pronounced downstream response in Western
Europe, characterized by up to 60% (40%) precipitation increases (reductions) around Spain (Norway) for the most extreme
events (exceeding 90 mm/day). The influence of the GS front on ARs is mediated by both thermodynamic and dynamic
factors. The thermodynamic aspect involves an overall increase of water vapor in both the GS region and Western Europe,
promoting AR genesis. The dynamic aspect encompasses changes in storm tracks and Rossby wave train, contributing to
downstream AR shift. Importantly, we find the co-occurrence of ARs and the GS front is crucial for inducing deep ascending
motion and heating above the GS front, which perturbs the deep troposphere and triggers upper-level Rossby wave response.
These findings provide a further understanding of the complex interaction between the oceanic front in the western boundary
current regions and extratropical weather systems and the associated dynamics behind them.
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1 Introduction regions including the GS, Kuroshio extension, and Agulhas

current regions have been extensively examined (see Small

The Gulf Stream (GS) and its extension transport large
amounts of heat and moisture into the extra-tropics, par-
ticularly during the winter season, resulting in intense
ocean—atmosphere interactions in the North Atlantic. The
coupling between the oceanic front and mesoscale eddies
with the atmosphere as well as their impact on the extra-
tropical weather systems in the western boundary current
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et al. 2008; Czaja et al. 2019; Seo et al. 2023 for reviews).
Previous studies have revealed the influence of the GS front
on extratropical storms through its modification of sea sur-
face temperature (SST) gradients, moist and diabatic heating
processes (Kuwano-Yoshida and Minobe 2017; Small et al.
2018; Bui and Spengler 2021; Tsopouridis et al. 2021). The
presence of the GS front has been found to affect the low-
level baroclinicity, modifying the storm track and shifting
it poleward or equatorward in the North Atlantic (Graff and
LaCasce 2012; Piazza et al. 2016; Lee et al. 2018; Czaja
et al. 2019; Foussard et al. 2019). Moreover, the warm sec-
tor of the GS front supports intensified ascending motion
within the warm conveyor belt of extratropical cyclones,
facilitating the growth of cyclones (Sheldon et al. 2017).
Recently, Parfitt et al. (2016) proposed the “thermal damping
and strengthening” (TDS) theory to explain the interaction
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between the atmospheric front and the underlying oceanic
front. All these studies underline the critical role of frontal
and mesoscale SST forcing associated with the GS front in
affecting synoptic-scale atmospheric weather systems in the
mid-latitude.

The airflow within the warm sector of an extratropical
cyclone can transport moisture into the cyclone and form a
high moisture flux convergence band known as atmospheric
rivers (ARs) (Dacre et al. 2015). ARs can induce extreme
rain and flooding events when they make landfall in coastal
regions like the west coast of North America in the North
Pacific and Western Europe in the North Atlantic (Lavers
and Villarini 2013; Guan and Waliser 2015). Despite exten-
sive discussions on the interaction between mesoscale SSTs
and extratropical cyclones, studies exploring the potential
impacts of frontal and mesoscale SSTs on ARs are only
beginning to emerge. A recent work by Liu et al. (2021)
revealed the remote forcing effect of the Kuroshio front and
eddies on ARs and heavy precipitation along the west coast
of North America. They demonstrated that the presence of
ocean front and eddies can enhance AR and AR-induced
precipitation by up to 30%. The asymmetric atmospheric
responses to warm and cold eddies result in net moisture
transport above the planetary boundary layer (PBL) and the
moisture entering above the PBL interacts with upper level
higher momentum within the extratropical cyclones, favora-
ble for AR genesis and subsequent downstream water vapor
transport. Other studies have also shown that the GS front
can increase moisture availability and affect the frequency
and intensity of landfalling ARs over Western Europe (Wu
et al. 2020; Zavadoff and Kirtman 2020; McClenny et al.
2020). These studies highlight the importance of oceanic
front and eddies in modifying the moisture supply in ARs,
primarily through potential thermodynamic responses to
mesoscale SSTs. Given that the formation of ARs involves
the transport of high water vapor, which is influenced by
both moisture and wind fields, it is crucial to explore poten-
tial dynamic modifications of mesoscale SSTs on ARs.

As ARs exhibit a close relationship with extratropical
storms (Zhang et al. 2019a), it is plausible that changes in
storm tracks induced by mesoscale SSTs have a dynamic
impact on ARs. Existing studies suggest that the presence
of oceanic fronts and eddies in the western boundary cur-
rent regions tends to enhance storm intensity and modify its
downstream development (Ma et al. 2017; Kuwano-Yoshida
and Minobe 2017; Foussard et al. 2019; Zhang et al. 2019b).
These changes in the storm track, in turn, may potentially
influence ARs through alterations in the wind field. How-
ever, it is important to note that although ARs and storm
responses may be highly related, they are not necessarily
synonymous, as only 40% of extratropical storms are associ-
ated with ARs (Zhang et al. 2019a). Thus, a comprehensive
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understanding of the dynamical AR response related to
storm tracks requires further investigation.

An additional possible dynamic process that connects
mesoscale SSTs and ARs is Rossby wave propagation.
Recent studies have revealed that intense diabatic heating
associated with ARs can perturb the upper-level atmosphere,
leading to Rossby wave breaking events and wavelike pat-
tern responses (Piazza et al. 2016; Zavadoff and Kirtman
2020; Hsu and Chen 2020; de Vries 2021). The propagation
of Rossby wave will further regulate the paths of ARs and
extratropical storms. Although it has been shown that the
presence of oceanic front and eddies will modify the dia-
batic heating release (Ma et al. 2017; Foussard et al. 2019),
the direct linkage between mesoscale oceanic processes and
Rossby wave response, as well as the implications of these
wave changes on ARs, remain unresolved.

In this paper, we aim to study the impact of the GS front
on ARs in the North Atlantic, utilizing a high resolution
global model—the 5th version of Community Atmosphere
Model (CAMS). A common approach employed in studying
the influence of oceanic fronts is to compare atmospheric
simulations forced with original and smoothed SST (Piazza
et al. 2016; O’Reilly et al. 2017; Tsopouridis et al. 2021).
Following previous studies, two sets of parallel experiments
forced with and without the GS front are conducted. The
structure of the paper is organized as follows. In Sect. 2, the
experiment design, data and methods are introduced. Sec-
tion 3 presents the main results, including model validations,
the effects of the GS front on ARs and Rossby wave trains,
and the thermodynamic and dynamic processes involved.
Section 4 gives the conclusions and discussions.

2 Experiments and methods
2.1 High resolution global model experiments

The global climate model utilized in this study is CAMS5
with a spectral element dynamic core, conducted at a hori-
zontal resolution of approximately 0.25°. According to pre-
vious studies (Willison et al. 2013; Ma et al. 2015, 2017),
the 0.25° resolution is sufficient to resolve the mesoscale
SSTs and atmosphere coupling. The model uses prescribed
SST and sea ice derived from daily 0.25° NOAA Optimum
Interpolation SST and ICE (OISST). The simulations con-
tain 13 boreal winter (DJF) twin experiments from 2000 to
2013, referred to as control (CTRL) and filtered (FLTR).
Each twin simulation consists of 5 ensemble members, ini-
tialized on December 1 with slightly perturbed initial states,
and integrated for a period of 3 months. The initial 15-day
period of each run was discarded to eliminate the spin-up
of the model.
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In CTRL, the high-resolution satellite SST was applied
and the sharp SST front in the GS region was retained. In
FILT, a 4° x 4° boxcar low-pass filter was applied to SST
field in the GS region (81.25° W-20° W, 25° N-57° N,
outlined by the grey box in Fig. 1). The width of the filter
window was chosen based on the typical length scale of
mesoscale SSTs in the region. To ensure a smooth transi-
tion between the filtered region and its surroundings, an
11-grid smoothing was applied along the boundary of the
filtered zones. Figure 1 illustrates the winter season mean
SST difference between the CTRL and FLTR. A dipole
pattern of SST anomalies aligning with the GS front is
removed in FLTR (Fig. 1a), leading to a reduction in SST
gradient along the GS. The largest SST signal removed
corresponds to the area of intense ocean-atmospheric
coupling, as demonstrated by previous studies (e.g., the
strong wind convergence and precipitation above the GS
front as reported in Kwon et al. 2010; Minobe et al. 2008,
2010). Furthermore, the application of SST smoothing
results in a 30-50% decrease in the SST standard devia-
tion along the GS path (Fig. 1b—d), corresponding to the
weakening of the GS variability, which largely reflects
the reduced mesoscale oceanic eddy activities in FLTR
(Fig. 1b—d).
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Fig.1 SST forcing in CTRL and FLTR simulations. a The winter
season mean SST (°C, from 0 to 30 °C with interval 2 °C) in CTRL
(contours) and the difference between CTRL and FLTR (shaded).
Standard deviation of SST forcing in CTRL (b) and FLTR (d). The

2.2 AR detection

ARs are identified by searching for long narrow integrated
water vapor transport (IVT) anomalies (subtracted by the cli-
matological winter season mean) that exceed 250 kg m~! 5!
(Zhu and Newell 1998; Gimeno et al. 2014) based on daily
IVT data. The outer edge of an AR is defined by a closed
IVT contour of 250 kg m~' s~!. For an event to be classi-
fied as an AR, it must have a length greater than 2000 km
and a width narrower than 1000 km. The center of an AR
is determined as the geometric center of the IVT contour.
The AR-related precipitation is defined as the precipitation
that falls within the closed IVT contour of an AR (Guan
and Waliser 2015). In total, 3555 (3494) ARs are detected
in the 65 ensemble winters in CTRL (FLTR), corresponding
to approximately 55 ARs per winter. To assess the model's
performance, ERAS reanalysis data covering the same time
period (2000-2013) are analyzed. 674 ARs are identified
in the North Atlantic region during the selected period in
ERAS, corresponding to an average of 52 ARs per winter,
which is comparable with the model results.

To explore the atmospheric responses associated with
individual ARs, composite analyses of ARs’ structure are
conducted from a Lagrangian perspective (Fig. 6). Spe-
cifically, all ARs are aligned at the same location by fix-
ing their AR centers. Variables within a specified radius
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60°N

36°N

10°W

60°W 35°W
difference of standard deviation between CTRL and FILT (c). Black
contours in (a, b) represent winter mean SST in CTRL and those in
(c, d) are for FLTR. The SST smoothing is applied in the grey box
([81.25° W-20° W, 25° N-57° N])
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around the AR center, referred to as one AR radius (1R),
are selected and normalized by the AR radius. Subse-
quently, an AR composite is constructed by averaging all
the normalized variables together. This composite analy-
sis presents the detailed atmospheric structure associated
with ARs.

To investigate the atmospheric responses to the GS
front in the presence and absence of ARs, separate com-
posite analyses for AR days and non-AR days are per-
formed from an Euler perspective (Figs. 8,9, 11). The AR
days are defined as those when ARs pass the GS region
(30° N—47.5° N, 80° W—45° W) and over 50% of the AR
grids lie within the chosen region while the remaining
days are classified as non-AR days.

2.3 Apparent heat source and wave activity flux

We did not enable the direct output of diabatic heating
in our CAM model. To estimate diabatic heating in this
study, we calculated the apparent heat source according
to the following equation (Yanai et al. 1973):

R/C,
Ql = <B> (a_e +v.ve+m@> (1)
Po ot dp

In Eq. (1), O is the potential temperature, v = (u, V) is
the horizontal wind velocity, o is the vertical p-velocity,
and p is the pressure. R and C; are, the gas constant and
the specific heat at constant pressure of dry air, respec-
tively. po is 1000 hPa, V is the isobaric gradient operator.

The wave activity flux is a useful diagnostic tool for
studying the propagating of stationary wave packet and
is calculated using the following equation according to
Takaya and Nakamura (2001):

(w2 =Wl ) + V) — ') i

1 =(5 e — vy’ =2 — gy’ -

W= i u(wxluy v wxy> + V(W = wyy) i
2 = — B

o (v = v ) + 3w - v, ) )

)

where y is the stream function, f the Coriolis parameter, R
the gas constant, v = (u, v) the horizontal wind velocity,

o= g—Tp> - df/dp, with temperature T and the specific
P

heat at constant pressure C,,. Overbars represent the temporal
average (winter season mean) and the primes are the anoma-
lies from the time mean. The divergence of wave activity
flux indicates the “wave source” region where waves get the
available potential energy from the mean flow (Takaya and
Nakamura 2001).
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3 Results
3.1 Model validations

The model’s capability in reproducing AR, IVT and pre-
cipitation is first evaluated by comparing simulated fields
with ERAS reanalysis (Fig. 2). In ERAS, the winter season
mean [VT show an IVT maxima along the southern flank
of the GS front and a northeastward extension, collocating
with the warm GS front (Fig. 2a). The high precipitation
is also confined along the southern edge of the GS front,
but with narrower spread compared with IVT (Fig. 2b).
Heavy precipitation is observed further downstream along
the coasts of Western Europe, probably due to the topog-
raphy lifting (Fig. 2b; Lavers and Villarini 2013; Guan
and Waliser 2015). The pronounced IVT above the warm
oceanic front corresponds to a high occurrence frequency
of ARs south of the GS front (Fig. 2c), reaching a maxi-
mum frequency of ~12% throughout the winter season.
The spatial distribution of AR-related precipitation closely
follows that of AR occurrence frequency and its contri-
bution to the total precipitation is approximately 20% in
the GS region (Fig. 2d), consistent with previous findings
(Guan and Waliser 2015; Arabzadeh et al. 2020).

In comparison, CAM CTRL simulations reproduce
the spatial distribution and strength of total IVT and pre-
cipitation, ARs and AR-related precipitation reasonably
well (Fig. 2e—h). Particularly, the model successfully
captures the topography-induced precipitation along the
western European coasts, affirming the model’s capabil-
ity to simulate both the background and AR-related IVT
and precipitation. However, it is worthwhile to point out
that the occurrence frequency of ARs and the amplitude
of AR-related precipitation simulated in CAM are slightly
overestimated (Fig. 2g, h). However, this model-induced
overestimation is consistent in both CTRL and FLTR
simulations, thereby limiting its impact on the subsequent
analyses that focus on the differences between CTRL and
FLTR.

3.2 Impacts of the GS front on ARs

The AR and AR-related precipitation responses to the
smoothing of the GS front are shown in Fig. 3. The pres-
ence of the GS front in CTRL results in ~20% strengthen-
ing of AR occurrence and ~ 15% increase in AR mean IVT
intensity localized along the GS front (Fig. 3a, b), collocat-
ing with the largest mesoscale SST signal removed. Cor-
respondingly, the accumulated AR IVT and precipitation
in CTRL are enhanced by approximately 25% along the
southern flank of the GS front (Fig. 3c, d). Note that the
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Fig.2 Winter season mean IVT (shading, kg m™' s7') (a), total
precipitation (shading, mm day™") (b), AR occurrence frequency
(shading, %) (c) and AR related accumulated precipitation (shading,

accumulated AR IVT increase here represents a combined
impact of changes in both AR frequency and intensity.
The enhanced AR activity in the GS region is consistent
with previous studies on the atmospheric response to mes-
oscale SSTs, which have reported increased water vapor,
precipitation, and intensified storm growth in response to
oceanic fronts and eddies within western boundary current
regions (Liu et al. 2021; Sheldon et al. 2017; Sugimoto
et al. 2017). In this study, similar water vapor increase
and cyclone intensification associated with the warm GS
front that contributed to the enhanced AR are observed
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mm day™") (d) in ERAS5. (e-h) same as (a—d), but for CAM CTRL
simulations. The grey contours in (a—d) are winter season mean SST
in ERAS while those in (e-h) are SST for CTRL

and verified in the following analyses (Figs. 6, 7). We also
noted a significant increase of AR-related precipitation
north of the GS front near Gulf of St Lawrence, probably
related with ARs making landfall on the northeastern coast
of North America, as revealed in previous studies (Hsu
and Chen 2020).

In addition to the local AR response within the GS
region, a pronounced downstream response with a distinct
southward shift of ARs along the coast of Western Europe
is observed (Fig. 3a—d). In CTRL, the presence of the GS
front leads to a reduction (enhancement) in AR occurrence
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Fig.3 The difference of AR occurrence frequency (shading, %) (a),
AR mean IVT (shading, kg m~! 57! (b), AR accumulated precipi-
tation (shading, mm day’l) (c), and AR accumulated IVT (shading,
kg m~! s7!) (d) between CTRL and FLTR. Grey contours are the
corresponding values in CTRL. At each grid, the AR mean IVT is
computed as the sum of AR IVT divided by the total number of ARs,
while the AR accumulated IVT is computed as the sum of AR IVT

north (south) of 50° N in Western Europe (Fig. 3a). This
shift pattern is further reflected in the AR-IVT and AR-
related precipitation, with amplified precipitation response
observed in the high topographical areas along the coast
of Western Europe (Fig. 3c). Although the occurrence of
ARs only accounts for approximately 10% of the total winter
season days, the contribution of AR-related precipitation to
total precipitation can reach as high as 80% when daily pre-
cipitation exceeds 80 mm/day (Fig. 4a, b, d, e). Furthermore,
the remote response to ARs is even stronger than the local
response. The reduction in AR-related precipitation near
Norway varies from 10 to 40%, with the reduction peak-
ing at 40% for the most extreme events (>90 mm/day). In
contrast, precipitation increase around Spain ranges from
20 to 60%, with the highest increase reaching up to 60% for
extreme events (Fig. 4c, f). These results indicate the signifi-
cant contribution of ARs to extreme precipitation, with the
AR-related extreme precipitation being predominantly influ-
enced by the GS front and further intensified by topographic
lifting. Our examination of the background IVT difference
between CTRL and FLTR indicates that the influence of
the GS front on background IVT (with a 2% increase in the
local GS region and a 10% increase downstream in West-
ern Europe) is markedly less pronounced than its impact
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on ARs. Consequently, the contribution of background IVT
change to AR response, both locally and remotely, is limited.

It has been noted that the downstream response of ARs
is even stronger than the upstream response, despite being
away from the GS SST forcing area. To trace the origin
of downstream AR response, a lag composite analysis of
landfalling ARs along the coast of Western Europe was
performed. Here, landfalling ARs are defined as instances
where the outmost contour of an AR insect with the coast-
line of Western Europe. Figure 5 illustrates the evolution
of AR occurrence frequency from genesis in the GS region
(lag — 3) to landfall in Western Europe (day 0) in CTRL and
the corresponding differences between CTRL and FLTR.
Originating in the GS region, ARs pick up moisture from
the warm GS front and gradually intensify (Fig. 5a—c). The
subsequent evolution of ARs involves a continuous water
replenishment and depletion. Upon landfall, heavy precipi-
tation forms and a large amount of water vapor is released,
leading to the gradual decay of ARs (Fig. 5d). On average,
it takes approximately 4 days for ARs to propagate from the
GS region to Western Europe, corresponding to a propaga-
tion speed of approximately 20 m/s, which aligns with the
typical travel speed of extratropical storms. The inclusion of
the GS front supports higher AR genesis in the GS region
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Fig.4 a PDF of total precipitation (histogram) and AR related pre-
cipitation (blue line) in the northern box region. b PDF of fractional
contribution (%) of AR related precipitation to total precipitation
in CTRL (histogram) and in FLTR (blue line) in the northern box

(Fig. Se, f), consistent with the local intensification of AR
activity shown in above Fig. 3. The downstream propagation
of ARs is further influenced by storm tracks and large-scale
atmospheric circulations, as discussed in the subsequent sec-
tion, displaying a shift pattern upon landfall (Fig. 5g, h).
The lag composite analysis suggests that, although there
are significant differences between the local and remote AR
responses, the changes observed downstream can be traced
back to the GS region, which is induced by the smoothing
of SST applied in this region.

The detailed structural changes of ARs between CTRL
and FLTR are examined by conducting the compos-
ite analysis of individual ARs following the evolution of
ARs (see Sect. 2.2 for details). The composites of ARs in
CTRL (Fig. 6) show that an AR is typically accompanied
by a dipole of sea level pressure (SLP) anomalies, with a
low-pressure cyclone system located northwest of the AR
and a high-pressure anticyclone to the southeast (Fig. 6¢),
consistent with previous studies (Zhang et al. 2019a). High
winds form ahead of the cyclone where the pressure gradient
is strongest, transporting water vapor into the narrow front
of the cyclone known as the warm conveyer belt (Fig. 6a).
Recent research by Dacre et al. (2019) revealed that one
branch of the water vapor enters the cyclone center and
ascends, leading to the release of extensive diabatic heating

Rain (mm/day)

Rain (mm/day)

region. ¢ PDF of fractional difference of AR related precipitation
(CTRL-FLTR) in reference to FLTR in the northern box region. (d—f)
same as (a—c), but for rain PDFs in the southern box region

that supports cyclone growth. The other branch exports
moisture from the cyclone, resulting in a filament of high
moisture content and the formation of ARs. As can be seen,
the maximum IVT and water vapor locate southeast of the
cyclone center and align in a southwest-northeast direction
(Fig. 6a, b). Correspondingly, intensive upward motion (W)
and diabatic heating (apparent heat source, Q1) develop
within the cyclone and are particularly strong along the
warm conveyor belt (Fig. 6d, e).

The presence of the GS front not only modifies the occur-
rence frequency of ARs but also strengthens their intensity.
When the GS front is included in the CTRL simulations,
stronger ARs characterized by higher water vapor and IVT
are observed compared to FLTR (Fig. 6f, g). The most sig-
nificant increases in water vapor and IVT occur around the
center and along the southern flank of the AR. The ampli-
tude of water vapor and IVT change is approximately 5%,
which is relatively low compared to the AR-IVT change
shown in Fig. 3. This is because the AR-IVT composite
here mainly represents the intensity change of ARs, while
the AR-IVT change in Fig. 3 is accumulated that consid-
ers both AR intensity and frequency changes. Neverthe-
less, the composite analysis indicates a significant overall
enhancement of AR intensity in CTRL. The enhanced ARs
are accompanied by intensified cyclones with deeper SLP
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Fig.5 Composites of AR occurrence frequency (%) by tracing back
the development of ARs making landfall along the coast of West-
ern Europe from day — 3 (3 days previous to landfalling) to day O

anomalies (Fig. 6h), consistent with previous studies that
have reported increased storm intensity in the presence of
oceanic fronts and mesoscale eddies in the Kuroshio region
(Ma et al. 2017; Kuwano-Yoshida and Minobe 2017). The
stronger cyclone intensity, along with the enhanced water
vapor increase, favors more intense AR genesis. A notable
difference between CTRL and FLTR ARs is the substan-
tially stronger upward motion (W) and diabatic heating (Q1)
observed in CTRL ARs. The 700 hPa Q1 associated with
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(landfalling day) in CTRL (a-d), and the corresponding differences
between CTRL and FLTR (e-h)

CTRL ARs is approximately 50% greater than that in FLTR
(Fig. 6j). It should be noted that, in addition to the modifica-
tion of water vapor transport by the GS front, which alters
AR occurrence frequency and intensity, another important
change induced by the GS front is the release of diabatic
heating. It is evident that more diabatic heating associated
with ARs is released into the atmosphere in the presence of
the GS front. This additional diabatic heating may play a sig-
nificant role in generating upper troposphere and large-scale
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Fig.6 Composites of IVT
(shading, kg m~'s7) (a), spe-
cific humidity at 850 hPa (shad-
ing, g kg™!) (b), SLP anomaly
(shading, hPa) (c); vertical
velocity anomaly at 700 hPa
(shading, — 102 Pas™") (d) and
Q1 anomaly at 700 hPa (shad-
ing, K day™") (e) associated
with ARs in CTRL. (f-j) same
as (a—e), but for the correspond-
ing differences between CTRL
and FLTR. The black contours
in (a—j) outline the position of
ARs which is represented by the
composite of AR IVT. Differ-
ences significant above the 95%
confidence level are shaded by
grey dots based on a two-tailed
Student’s test
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Fig.7 The winter season mean storm track (V'V’, shading, m? s_2)
and zonal wind (U, black contours, m s~!) at 300 hPa in CTRL (a)
and the difference between CTRL and FLTR (c). V' is derived as
5-12-day Lanczos band-pass filtered meridional wind. The winter
season mean column-integrated water vapor (TMQ, shading, kg/m?)

Rossby wave responses in the North Atlantic, which will be
discussed in detail in Sect. 3.5.

3.3 Impacts of the GS front on moisture and storm
tracks

As discussed above, the genesis of ARs is closely linked
to water vapor supply and extratropical storm activi-
ties. The influence of the GS front on column-integrated
water vapor (TMQ) and 300 hPa storm track (V'V', V'is
5-12 day bandpass filtered data following Orlanski 2008)
is further investigated and shown in Fig. 7. The GS front
region is where the ocean provides intense water vapor
into the atmosphere and is also the entrance of extratropi-
cal storm systems (Fig. 7a, b), creating preferential condi-
tions for AR formation. The inclusion of the GS front in
CTRL results in a significant TMQ increase along the GS
front (Fig. 7d), supporting the higher AR occurrence and
AR-IVT shown in Fig. 3. The net water vapor increase
agrees with previous studies and is related to the non-
linear water vapor response between warm and cold SST
anomalies due to Clausius—Clapeyron relationship. The
increased water vapor in the GS region then interacts with
storms passing by. At the genesis stage of ARs, excessive
water vapor is transported into the warm conveyor belt of
extratropical storms. As storms travel, high water vapor
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in CTRL (b) and the difference between CTRL and FLTR (d). The
grey contours in a—d are winter mean SST in CTRL. Differences sig-
nificant above the 95% confidence level are shaded by grey dots based
on a two-tailed Student’s test

filaments are left behind and AR forms (Fig. 6; Dacre et al.
2019; Liu et al. 2021). After genesis, water vapor is trans-
ported further downstream following the propagation of
ARs. When ARs reach Western Europe and make land-
fall, water vapor is deposited around Iberian Peninsula,
contributing to the intensification of TMQ downstream in
CTRL (Fig. 7d).

The propagation of ARs is highly constrained by the
storm trajectory. In response to the stronger GS front,
there is a southward shift of upper-level storm track down-
stream in Western Europe (Fig. 7¢), aligning closely with
the downstream shift of ARs. The impact of mesoscale
oceanic eddies and fronts on storm track response has
been extensively discussed in previous studies (Ma et al.
2017; Foussard et al. 2019; Small et al. 2018). It has been
argued that mesoscale SSTs primarily affect storm growth
by modifying the moist diabatic processes and further
changing the large-scale circulation through eddy-mean
flow interaction. As discussed in the later section, we will
show that the downstream shift of both ARs and storm
tracks can be related to the modulation of Rossby wave
train by the GS front.
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3.4 Impacts of the GS front on vertical motion
and heating

The AR composite analysis has provided insights into
the significant enhancement of upward motion and dia-
batic heating associated with ARs when the GS front is
included in CTRL from a Lagrangian perspective, indi-
cating a potentially stronger heating effect exerted by
frontal and mesoscale SST anomalies associated with the
GS front. To investigate whether there is a fixed heating
source associated with the GS front that could drive the
stationary atmospheric Rossby wave response, the upward
motion (W) and diabatic heating (Q1) response in CTRL
and FLTR simulations are further compared from an Euler
perspective.

Figure 8a, b, e, f below show the spatial distribution of
upward motion and diabatic heating when ARs pass the GS
region (referred to as AR days, comprising approximately
40% of the total winter season days) in CTRL, along with
the corresponding differences between CTRL and FLTR.
Two distinct regions of ascending motion are observed in
the North Atlantic (Fig. 8a). One region is localized above
the southern flank of the GS front, attributed to the underly-
ing warm SST, while the other is situated along the coast
of Western Europe, associated with topography lifting.
The ascending motion transports moisture upward, result-
ing in precipitation and condensational heating within the
atmospheric column. The corresponding heavy precipitation
and strong diabatic heating in these regions are verified in
Figs. 2h and 8b.

In comparison to FLTR, the presence of the GS front in
CTRL induces an anomalous vertical circulation above the
GS front, characterized by stronger ascending motion above
the warm front and descending motion over the northern and
southern flanks (Fig. 8e). The fractional change in vertical
motion is approximately 20%. A similar anomalous circula-
tion response to SST anomalies associated with the Kuroshio
front was also reported by Xu et al. (2019). Additionally, the
GS front tends to intensify the uplifting along the coast of
western Europe (Fig. 8e), probably due to the strengthening
of ARs in CTRL. In general, the heating response in the GS
and the downstream coastal regions are consistent with the
vertical motion response except that the factional change of
QI between CTRL and FLTR is higher, reaching ~30-50%
(Fig. 8f). We also note a broad region of enhanced heat-
ing north of 50° N in CTRL. This heating exhibits a larger
spatial scale than the heating in the GS region and becomes
even stronger during non-AR days (Fig. 8d, h), implying
coherent responses throughout the winter season. We specu-
late that the broad heating north of 50° N might be related to
large-scale background circulation changes between CTRL
and FLTR, rather than being related to ARs.

Figure 8c, d, g, h illustrate the upward motion and dia-
batic heating in CTRL and FLTR during non-AR days in
the GS region. Compared to the results during AR days,
the ascending motion above the GS front is almost absent
(Fig. 8c). Correspondingly, the heating in the GS region is
substantially reduced (Fig. 8d). These results exclude the
impact of ARs and primarily reflect the influence of oce-
anic front forcing on the atmospheric mean state alone. It
is evident that the significant ascending motion and heat-
ing observed above the GS front primarily occur during
AR days, while the non-AR days component has limited
contribution. This is consistent with previous studies that
have emphasized the dominant role of atmospheric fronts
in determining the time-mean air—sea coupling in western
boundary current regions (Parfitt and Seo 2018; Sheldon
et al. 2017). Although the smoothing of the GS front dur-
ing non-AR days still induces changes in vertical motion
(Fig. 8g), the heating change in the GS region weakens,
and the downstream heating in the high topography area
is attenuated compared to situations when ARs are present
(Fig. 8h). A notable heating difference that appears during
non-AR days is the existence of a large-scale heating pattern
north of the GS forcing region, potentially associated with
background circulation changes, as discussed earlier.

The contrasting atmospheric responses in the GS region
with and without ARs are further illustrated by the vertical
profiles of W and Q1 along 60° W (Fig. 9). With the occur-
rence of ARs, the ascending motion and heating above the
GS front (around 40° N) extend up to 300 hPa (contours in
Fig. 9a, c). In contrast, when ARs are absent, the ascend-
ing motion and heating are significantly weaker and largely
confined below 600 hPa (contours in Fig. 9b, d). The average
Q1 (700 hPa) without ARs is approximately 1/3 of the value
with ARs, while w (700 hPa) without ARs is only 1/8 of that
with ARs. Below PBL, the inclusion of the GS front induces
a comparable enhancement of W in both cases (shading in
Fig. 9a, b). However, the W response to the GS front during
AR days extends much deeper than during non-AR days,
leading to enhanced ascending motion above the PBL (shad-
ing in Fig. 9a). Correspondingly, the co-occurrence of the
GS front and ARs also generates deeper and stronger heating
compared to non-AR days (shading in Fig. 9c, d), with ARs
amplifying the heating effect. The deep ascending motion
above the PBL is crucial for precipitation formation and the
release of heat at upper levels, facilitating the growth of ARs
and cyclones (Ma et al. 2017; Foussard et al. 2019; Zhang
et al. 2019a) and potentially influencing the atmospheric
wave response.

Collectively, the comparison between AR days and non-
AR days components demonstrates that the ascending and
heating induced by the combined effect of AR and ocean
front are notably deeper and stronger than those induced
by the GS front only. The occurrence of ARs amplifies the
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Fig.8 Composites of vertical velocity (W, shading, — 10 Pas™") (a)
and apparent heating (Q1, shading, K day™") (b) at 700 hPa during
AR days in CTRL and the corresponding differences between CTRL
and FLTR (e, f). (c, d) are the same as (a, b), but for non-AR days
composites. (g, h) are the same as (e, f), but for differences between
CTRL and FLTR composited on non-AR days. Differences significant

ocean—atmosphere interaction in the GS front region and is
essential for the upward momentum and heat transfer asso-
ciated with the underlying oceanic front, leading to a pro-
found atmospheric response throughout the troposphere.
The results confirm the amplification of synoptic weather
systems in defining extratropical ocean—atmosphere
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interaction in oceanic frontal regions, consistent with pre-
vious studies (Parfit and Seo 2018; Sheldon et al. 2017).

3.5 Impacts of the GS front on Rossby wave train

The above analyses have confirmed the existence of a fixed
and intense heating source above the GS front, with up to a
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50% increase in heat in this region when the GS front is pre-
sent. In accordance with the Rossby wave theory (Held et al.
2002; Wills et al. 2019), the strengthened diabatic heating
in the atmospheric column may drive Rossby wave response
and thereby influence the propagation of ARs in the North
Atlantic. Figure 10 shows the 300 hPa geopotential height
anomalies and wave activity flux (WAF) associated with AR
days in CTRL, FLTR, and the corresponding differences
between CTRL and FLTR. A distinct wave pattern emerges
in the North Atlantic, characterized by high pressure anoma-
lies above the GS front and northern Europe, and low pres-
sure anomalies near the eastern US and Iceland (shading in
Fig. 10a). Similar patterns with a weaker amplitude and a
noticeable phase shift are observed in geopotential height
anomalies at 850 hPa (red contours in Fig. 10a), suggesting
the baroclinic nature of the wave. The high-pressure anoma-
lies coincide with the most intense heating in the GS region
(Fig. 8b). In fact, the heating above the GS front can reach
values as high as 5 K/day, or even higher during AR days,
which has been reported to be sufficient for triggering wave
trains in the troposphere (An et al. 2022; Luo et al. 2022).
The WAF exhibits a wave propagation from the GS region to
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the Eurasian continent, with gradually decaying amplitude
(vectors in Fig. 10a), and the propagation path generally
follows the jet stream (green contours in Fig. 10a). A sig-
nificant divergence of WAF is observed in the GS region,
confirming the sourcing of the Rossby wave in the GS region
(Takaya and Nakamura 2001).

A similar upstream Rossby wave structure is found in
FLTR when the GS front is weakened, but the downstream
Rossby wave is diminished (Fig. 10b). Moreover, the Rossby
wave in FLTR tends to propagate over a shorter distance
compared to CTRL, with distinct patterns confined to the
Atlantic Ocean (Fig. 10b). The reduced downstream wave
activity aligns with the decreased heating in the uplifting
region when ARs make landfall in Western Europe (Fig. 8f).
A closer examination of the geopotential height anomaly
difference between CTRL and FLTR reveals south-north
dipoles near the west of Europe and the Eurasian continent,
characterized by strong high-pressure anomalies over the
Eurasian continent. This indicates a shift in the south-north
direction of the entire wave train according to geostrophy,
consistent with the downstream response of ARs and storm
tracks depicted in Figs. 3 and 7.
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only. Black contours (the interval is 10 m, zero line did not shown)
overlaid in ¢ indicate the composite of geopotential height anomalies
at 300 hPa in CTRL

The vertical propagation of the wave activity is further
investigated. Figure 11 displays a cross-section plot of the
vertical component of WAF in the GS region with and with-
out ARs. During AR days, a robust upward propagation of
WAF characterized by dual maxima near the surface and
at the upper atmosphere is observed (Fig. 11a, b), confirm-
ing the characteristic structure of Rossby waves (Charney
and Drazin 1961; Takaya and Nakamura 2001). A strik-
ing contrast is noted between AR and non-AR days, with
non-AR days showing considerably weaker upward WAF
(Fig. 11d, e). This once again highlights the crucial role of
ARs in driving the deep ascending motion (heating) and the
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upward propagation of WAF, which triggers upper tropo-
sphere Rossby wave response that further modulates the
propagation of storms and ARs. Regarding the influence
of GS front, the inclusion of the GS front in CTRL results
in a slight intensification of upward WAF below 700 hPa,
concentrated around the GS front (Fig. 11c). Meanwhile, a
reduction of upward WAF is observed north of the front, in
agreement with the ascending motion and heating observed
above the GS front and descending motion to its north in
Fig. 9. Moreover, the reduction in WAF north of the GS
front also appears during non-AR days and is more pro-
nounced, implying its potential linkage to atmospheric mean
state (Fig. 11f). The results indicate that while the presence
of GS front exerts a discernible effect on vertical WAF, its
overall influence remains relatively modest.

4 Conclusions and discussions

In this study, we investigated the influence of SST anomalies
associated with the GS front on ARs in the North Atlantic by
comparing two sets of multi-ensemble global CAM simula-
tions with (CTRL) and without (FLTR) the GS front in the
boreal winter season (DJF). Our findings indicate that the
inclusion of the GS front in CTRL results in approximately
25% enhancement of AR-IVT and AR-induced precipitation
in the GS region. Moreover, this inclusion leads to a more
notable response of ARs downstream in Western Europe,
with up to 60% precipitation increases observed around
Spain and precipitation reductions of up to 40% around Nor-
way for the most extreme events (exceeding 90 mm/day).
The AR composite analysis suggests an overall intensifica-
tion of ARs with the presence of the GS front. Compared
to FLTR, ARs in CTRL are associated with deeper SLP
anomalies, enhanced water vapor transport, stronger upward
motion and diabatic heating.

The thermodynamic and dynamic factors through
which the GS front may exert influence on ARs are fur-
ther explored. Thermodynamically, the inclusion of the GS
front brings increased water vapor in both the GS region
and Western Europe, creating favorable conditions for AR
genesis. Dynamically, the presence of the GS front in CTRL
corresponds to a shift of storm track and modulation of the
Rossby wave train, contributing to the southward shift of
downstream ARs in Western Europe. Furthermore, the
dynamic process is closely linked to the thermodynamic
process. Particularly, when ARs pass by the GS region,
deep ascending and heating develop above the GS front,
which is crucial for perturbing the deep troposphere and
triggering upper level Rossby wave response. The amplified
ocean—atmosphere interaction by the synoptic ARs is the
key driving the aforementioned deep troposphere response.
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The impacts of frontal and mesoscale SST forcing on
storm tracks and precipitation in the Kuroshio and GS
regions have been investigated by many previous studies
(see Czaja et al. 2019; Seo et al. 2023 for reviews). In
our study, we specifically focused on the influence of the
GS front on ARs, which play a crucial role in produc-
ing extreme precipitation. The enhanced ARs in the GS
region and the shift of the downstream ARs at the pres-
ence of the GS front agree with previous studies investi-
gating storm tracks and atmospheric circulation responses
in both the Kuroshio and the GS region (Ma et al. 2015,
2017; Kuwano-Yoshida and Minobe 2017; Sheldon et al.
2017; Small et al. 2018), confirming the robustness of the
frontal and mesoscale SSTs in affecting the extratropical
weather systems. Nevertheless, discrepancies exist in the
reported shifting of ARs and storm tracks in response to
the GS front, which may be attributed to different model
resolutions and the background atmospheric circulation
state as suggested by previous research (Peng et al. 1997,
Czaja et al. 2019). Another notable difference is that

35°N  40°N 45°N  50°N  35°N
latitude

900
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latitude

FLTR (c). (d—f) are the same as (a—c), but for non-AR days compos-
ites. Note that the wave activity flux is calculated where the zonal
velocity in the mean state is larger than 5 m s~

our findings revealed that the inclusion of the GS front
brings significant and even stronger AR and precipitation
responses in remote areas than that in the GS region, while
previous studies have suggested ambiguous or generally
weaker atmospheric responses remotely. The results seem
to suggest that ARs are more responsive to oceanic front
and eddy forcing than storm tracks, implying that when
incorporating the influence of frontal and mesoscale oce-
anic processes in numerical simulations, ARs may offer
improved sub-seasonal to seasonal prediction skills com-
pared to extratropical storms and in-depth study associated
with this problem is planned in the future.
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