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Abstract It is well known that the wintertime time-mean surface wind convergence patterns over the
Kuroshio Extension and Gulf Stream show significant imprints of the underlying oceanic fronts. Previous
studies have suggested that this collocation results from a time-mean response to sea level pressure forcing
from sea surface temperature gradients. However, more recent work has illustrated this phenomenon is
heavily influenced by extratropical cyclones, although exact mechanisms are still debated. The purpose of
this study is to introduce a new framework that explicitly distinguishes between two separate components in
their contribution to the time-mean surface wind convergence, that associated with and without
atmospheric fronts. It is then argued that this distinction can help better explain the mechanisms driving the
Kuroshio Extension and Gulf Stream influence on the atmosphere.

Plain Language Summary This paper presents a new framework for understanding the mean
wintertime atmospheric state over the Kuroshio Extension and Gulf Stream regions, in the context of
advancing our understanding of how these strong ocean currents can impact on the seasonal atmosphere. In
recent years, many studies have attributed the oceanic imprint on the atmosphere in these regions to
mechanisms based upon the time-mean response. However, observational analysis here illustrates that the
regional wintertime atmosphere is, in fact, dominated by continuous extratropical storm systems. It is
suggested this contribution to the mean atmospheric state can be further decomposed into situations when
atmospheric fronts embedded within these storms are and are not present. By studying each of these distinct
atmospheric scenarios, it is then argued that the oceanic imprint on the mean wintertime atmospheric
state should instead be considered as an accumulation of processes driven by mechanisms acting on a
synoptic timescale, not on the timescale of the time-mean. This framework presents a new paradigm for
understanding extratropical frontal-scale air-sea interactions and is expected to have an immediate impact
on atmospheric, oceanic, and climate communities.

1. Introduction

Over the past few decades, there has been a steadily growing body of evidence suggesting that ocean
mesoscale and frontal-scale features in the Kuroshio Extension (KE) and Gulf Stream (GS) regions are forcing
the atmosphere (e.g., Chelton et al.,, 2004; Kuwano-Yoshida & Minobe, 2017; Ma et al., 2016; Piazza et al., 2016;
Seo et al,, 2017; Small et al., 2014; Xie, 2004). In particular, a positive correlation between sea surface tempera-
ture (SST) and near-surface wind speed over western boundary currents (WBCs) suggest an ocean-to-
atmosphere forcing through turbulent heat fluxes (Nonaka & Xie, 2003), whose variability on monthly and
longer timescales is largely driven by internal ocean processes (Bishop et al., 2017). Studies considering the
atmospheric impact of WBCs typically fall into one of two broad categories—the oceanic impact on the mean
state (e.g., Shimada & Minobe, 2011) and on synoptic storms (e.g., Hirata et al., 2015, 2018), with community
efforts still very much ongoing (e.g., Nkwinkwa Njouodo et al.,, 2018; Small et al., 2018). One major outstand-
ing issue, however, is a lack of mechanistic understanding concerning how these two distinct research
avenues coalesce.

A clear example is the pronounced band of near-surface wind convergence (NSWC) in the time-mean, which
is observed to meander along the strong SST gradients of the KE and GS (e.g., Feliks et al., 2004, 2007; Kobashi
et al., 2008; Minobe et al., 2008, 2010; Tokinaga et al., 2009). This meandering also imprints on the time-mean
local precipitation rate, as well as on the tropospheric vertical velocity field. Many potential contributors have
been put forward to explain this time-mean atmospheric response (see Small et al.,, 2008, for a broad
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overview). Perhaps the two mechanisms traditionally discussed the most in the literature are the momentum
mixing anomalies induced down through the boundary layer by differential SST values (Hayes et al., 1989;
Wallace et al., 1989) and the pressure adjustment mechanism (Lindzen & Nigam, 1987; Minobe et al., 2008)
whereby flux-driven spatial pressure gradients drive secondary circulations (Wai & Stage, 1989). Kilpatrick
et al. (2014) and Schneider and Qiu (2015) argue that these mechanisms depend on the background wind
speed, while Liu et al. (2013) suggest that these mechanisms are timescale dependent, with the pressure
adjustment mechanism dominating in time-mean due to synoptic vector wind perturbations averaging out.

However, in wintertime, it is known that a baroclinic waveguide exists in the midlatitudes (Chang et al., 2002;
Wallace et al., 1988), within which a continuous series of low- and high-pressure systems propagate. Recently,
new studies (O’Neill et al., 2017; Parfitt & Czaja, 2016) have emerged suggesting that this band of time-mean
NSWC and associated upward vertical motion is, in fact, a direct accumulation of synoptic vector winds, not
the consequence of cancellation in synoptic vector wind perturbations. O'Neill et al. (2017) note that these
results are difficult to reconcile with the notion that SST anchors NSWC through a local boundary layer adjust-
ment mechanism. Plougonven et al. (2018) argue that while these results do indicate the importance of
synoptic transients, they may nevertheless not completely rule out the existence of a semi-permanent SST
front signal in the NSWC field. Indeed, Vanniére et al. (2017) proposed a cold-path mechanism that illustrates
the influence of the GS SST front on the cold sector of extratropical storms based on a modified version of the
pressure adjustment mechanism from Minobe et al. (2008). O'Neill et al. (2018) conclude that the community
is still searching for a robust diagnostic, uncontaminated by storm-track variability, that demonstrates the
coupled air-sea response in WBCs, or as they earlier describe, “a robust diagnostic that removes storm-track
variability [..] while retaining the comparatively weak SST-induced signal.”

It is the specific aim of this paper to illustrate that the atmospheric fronts embedded within passing synoptic
storms are a suitable candidate for this robust diagnostic over the KE and GS in wintertime. In the context of
the NSWC, this allows one to adopt a framework separating the time-mean NSWC into two fundamental
meteorological constructs related to the waveguide, as introduced in Parfitt and Czaja (2016). The first of
these is potential vorticity-induced isentropic upglide and downglide (see Figure 1 of Hoskins et al., 2003),
which is expected to offer a significant degree of cancellation. The second of these is the diabatic contribu-
tion expected to take place in the small part of the system where condensation is present (Emanuel, 1985),
outside of which the descent is cloud-free and slow, determined by radiative heat loss (Green et al., 1966).
A large portion of this second contribution takes place at the atmospheric front embedded within the extra-
tropical cyclone, essentially suggesting the decomposition of the NSWC field into atmospheric frontal and
non-frontal scenarios. It is noted that this distinction between atmospheric frontal and non-frontal situations
also makes sense in the context of previous observational and modeling studies showing the KE and GS
impact on rainfall (e.g., Hand et al,, 2014; Sasaki et al., 2012), as atmospheric fronts are known to account
for up to 90% of the rainfall variability in these regions (Catto et al.,, 2012).

The data and method used in this study are described in section 2. Reanalysis composites of NSWC in atmo-
spheric frontal and non-frontal situations are shown and discussed in section 3. A summary and discussion of
the implications for SST forcing of the KE and GS on the atmosphere are provided in section 4.

2. Data and Method

The data set used in this study is the National Centers for Environmental Prediction Climate Forecast System
Reanalysis (NCEP-CFSR) product (Saha et al., 2010). NCEP-CFSR has a global atmospheric spectral resolution
T382 (~38 km) and is provided on a 0.5° x 0.5° longitude-latitude grid. NCEP-CFSR is based on a coupled data
assimilation incorporating a global ocean model with the horizontal resolution of 0.25°, extending to 0.5°
toward the poles. The period of analysis considered in this study is December-February (DJF), 1979-2010.
Near-surface wind convergence will be taken at the 900 hPa level.

For the calculation of atmospheric fronts, the F diagnostic, F = %JTV(?’)“, where [V(T})| is the magnitude of the

temperature gradient on pressure level p, {, is the isobaric relative vorticity on that same pressure surface, {,
is the Coriolis parameter at each latitude, and | VT, |is a typical scale for temperature gradient 0.45 K/100 km,
is used (Parfitt, Czaja, & Seo, 2017). For the pressure level considered in this study, 900 hPa, frontal regions are
identified where the variable F exceeds a value of 1. This choice of threshold has been verified in Parfitt, Czaja,
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Figure 1. The time-mean near-surface wind convergence/divergence field for the period December-February 1979-2010
over the Kuroshio Extension and (b) Gulf Stream. The coastline is plotted as a thick black line and the continent masked in
gray. The time-mean sea surface temperature contours for the same period are also plotted as thin black lines from 3

to 24 °C at 3 °C intervals. Instantaneous snapshots of the near-surface wind convergence/divergence field are shown at
(c) 0000 UTC on 24 December 1979 over the Kuroshio Extension and (d) 0000 UTC on 12 February 1980 over the Gulf
Stream. Atmospheric fronts, identified where the variable F exceeds a threshold of 1, are highlighted in magenta.

and Seo (2017) through extensive manual analyses and comparison with the objective metric from
Hewson (1998). The F diagnostic has been recently employed in a wide variety of other studies (e.g.
Messori et al., 2017; Parfitt, Czaja, & Kwon, 2017; Sasaki & Yamada, 2017), and temperature gradient and
relative vorticity variables have also been used for more general frontal activity metrics (Solman & Orlanski,
2010). It is noted that the main conclusions of this study do not change if one employs the diagnostic
from Hewson (1998) instead.

3. Results
3.1. Time-Mean and Snapshot NSWC/NSWD

Figure 1 illustrates the time-mean NSWC/near-surface wind divergence (NSWC/NSWD) fields for the period
DJF 1979-2010 over the (a) KE and (b) GS, with the time-mean SSTs superimposed to illustrate the regions
of strong SST gradients. In all figures in this paper, the convention is adopted that positive (negative) shading
denotes NSWD (NSWCQ). As has been previously observed, patterns of NSWC are located on the warm side of
the strong SST gradients, on the order 2 x 10~® s~". The strongest time-mean NSWC is found in the KE region,
accompanied on the cold side of the SST front by a NSWD of the same magnitude. In the GS region, the time-
mean NSWC is slightly lower, with the corresponding NSWD mostly localized near the region ~50°W, 42°N.
Large time-mean values of both NSWC and NSWD are observed close to land due to the effect of coastlines
on the near-surface wind fields.
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Despite the noticeable imprint of both the KE and the GS SST fronts on the time-mean NSWC, however, as
pointed out in Parfitt and Czaja (2016) and O’Neill et al. (2017), the time-mean atmospheric state in these
regions is heavily skewed toward the contribution from extreme tail end values an order or two of magnitude
larger than observed in the mean; specifically, the contribution from synoptic weather systems.
Consequently, on any individual day, these patterns are rarely recovered. This can be clearly seen in
Figure 1, which also illustrates snapshots of the 900 hPa NSWC/NSWD for (c) 0000 UTC on 24 December
1979 over the KE and (d) 0000UTC on 12 February 1980 over the GS. In each snapshot, the NSWC is noticeably
dominated by features with values on the order of 107> s~ up to maxima of 10~* s, typically concentrated
in thin elongated spatial regions, with widths on the order of 100 km. On each individual figure, atmospheric
fronts are also overlaid in magenta as contours encompassing regions where F > 1. As can be seen, there is a
high degree of correspondence between the areas of strongest NSWC and atmospheric frontal regions.
Outside of these atmospheric fronts, broader areas of NSWD and NSWC are observed with the order of
10> s '—still an order of magnitude higher than observed in the time-mean. To further understand this dis-
tinction, the time-mean of atmospheric frontal and non-frontal situations is considered.

3.2. Time-Mean NSWC/NSWD in Atmospheric Frontal and Non-frontal Situations

Figure 2a illustrates the composite wintertime NSWC/NSWD at each grid point whenever an atmospheric
front is identified in DJF. As one might expect, there is no composite NSWD observed anywhere. The average
value of NSWC is distributed somewhat evenly across each oceanic basin with values ranging from 2 x 107°
to 3 x 107> s~ . However, slightly higher values are observed on the warmer side of the sharp SST fronts,
especially across the GS (see supporting information Figure S1 for regional close-up). Although the influence
of the KE and GS on the North Pacific and North Atlantic storm-tracks is becoming well documented (Joyce
et al., 2009; Nakamura et al., 2012; Taguchi et al., 2009), little has been studied on the impact on atmospheric
fronts. In a study by Parfitt et al. (2016), perturbations to the sharp SST gradient in the GS were found to
invoke a strong response on surface atmospheric frontal development, mediated by the induced change
in cross-frontal surface sensible heat flux. This mechanism, termed “Thermal Damping and Strengthening”
(TDS), depends on the SST gradient and the relative orientation of the atmospheric and oceanic front. As
such, the fact that the GS SST front is sharper (except between 140°E and 150°E where the KE contrast in
atmospheric frontal NSWC is most clear) and more aligned with the land-sea boundary than the KE SST front
may explain why the difference in atmospheric frontal NSWC magnitude between the warm and cold sides of
the GS is more prominent than between the warm and cold sides of the KE. While the average NSWC com-
posite magnitude for atmospheric fronts is a few times smaller than the maximum values observed in
Figures 1c and 1d, this is expected as these maxima are not observed along the whole extent of an atmo-
spheric front. A reference for the fraction of wintertime days (i.e., the atmospheric frontal frequency) to which
this composite reflects can be found in Figure 2a of Parfitt, Czaja, and Seo (2017). Atmospheric frontal fre-
quencies in DJF at 900 hPa generally reach a maximum over the KE and GS of up to ~25%.

Figure 2b illustrates the composite wintertime NSWC/NSWD for atmospheric non-frontal situations (i.e.,
whenever an atmospheric front is not present), plotted on the same color scale as Figure 2a. This non-frontal
composite reflects the average NSWC/NSWD over the KE and GS over ~75% of the time. As can be seen, the
average non-frontal NSWC/NSWD is globally much lower in magnitude than the NSWC/NSWD in frontal situa-
tions, and at this scale, there are no observable structures present. Figure 2c plots the same non-frontal
NSWC/NSWD, except the color scale is reduced by a factor of five. At this scale, it is clear that, except for at
a handful of coastal grid points, on average there is instead NSWD located everywhere. In other words, the
removal of the average atmospheric frontal signal in NSWC leaves a much weaker signal of opposite sign
(in NSWD) in which the meandering imprint of the KE and GS can still be seen.

At this stage, it is insightful to further decompose the atmospheric non-frontal NSWC/NSWD into situations
where we find NSWC and NSWD separately. Figure 3a illustrates the percentage of wintertime days where
non-frontal NSWC is detected at each grid point. Although on average there is NSWD located everywhere
on non-frontal days, across the KE and GS SST fronts NSWC is found on around ~25-30% of these non-
frontal days. Outside of these sharp SST frontal regions this fraction increases to ~40% of the time.
Figure 3b (3¢) illustrates the composite NSWC (NSWD) at each grid point on non-frontal days where there
is NSWC only (NSWD only). It can immediately be seen that while the average NSWC/NSWD across all non-
frontal days is on the order of 107 s, the respective non-frontal NSWC-only and NSWD-only composites
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Figure 2. The time-mean near-surface wind convergence/divergence field over the Kuroshio extension and Gulf Stream for
the period December—February 1979-2010 when (a) atmospheric fronts only are present (atmospheric frontal) and

(b) when atmospheric fronts are absent (atmospheric non-frontal). (c) As in (b) except the color scale is reduced by a factor
of 5. The time-mean sea surface temperature contours for the same period are also plotted as thin black lines from 3 to

24 °C at 3 °C intervals.

are on the order of 107> s~ . In other words, the average non-frontal NSWC/NSWD is the residual of non-
frontal NSWCs and NSWDs an order of magnitude larger, as is found within synoptic storms. It is suggested
here that this decomposition confirms the hypothesis put forward by Parfitt and Czaja (2016) that the
time-mean NSWC/NSWD field is set by the continuous baroclinic waveguide known to exist in these
regions and that the baroclinic waveguide can be decomposed using well-established meteorological

constructs into the following:

1. The contribution from isentropic upglide/downglide within which a large degree of cancellation is
expected (Figures 2¢, 3b, and 3c). This is illustrated schematically in supporting Figure S2a, which shows
the vertical motion associated with isentropic upglide and downglide induced by a sharp positive poten-
tial vorticity anomaly superimposed on a westerly flow (cf. Figure 1; Hoskins et al., 2003). Sharp mid-
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Figure 3. (a) The percentage of atmospheric non-frontal days for the period December-February 1979-2010 where near-
surface wind convergence (as opposed to near-surface wind divergence) is identified at each grid point. (b) The time-mean
near-surface wind convergence/divergence field for those atmospheric non-frontal days where near-surface wind
convergence only is identified. (c) The time-mean near-surface wind convergence/divergence field for those atmospheric
non-frontal days where near-surface wind divergence only is identified.

tropospheric potential vorticity anomalies such as these are observed within synoptic storm systems in
the KE and GS regions—see Figure 3.17 in Parfitt (2014).

2. The diabatic contribution taking place at atmospheric fronts (Emanuel, 1985) which offers much less
cancellation (cf. Figure 1; Green et al,, 1966). This is illustrated schematically in supporting information
Figure S2b. The removal of this atmospheric frontal contribution leaves on average NSWD, which is a view
reminiscent of that put forward in the tropics regarding the impact of convection on large-scale circula-
tions (Emanuel et al.,, 1994; Yanai et al., 1973).

As mentioned previously, atmospheric fronts exist over the KE and GS up to ~25% of the time in wintertime,
meaning that the atmospheric non-frontal regime exists over ~75% of the time. If one defines g, as the atmo-
spheric frontal frequency, c,, as the average atmospheric frontal NSWC/NSWD (Figure 2a), and d,, as the
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Figure 4. (a) The product of the atmospheric frontal frequency (as a fraction of the total period December-February 1979~
2010) and the average near-surface wind convergence/divergence field when atmospheric fronts only are present. (b) The
product of the atmospheric non-frontal frequency (i.e., the fraction of time that atmospheric fronts are not present) and
the average near-surface wind convergence/divergence field when atmospheric fronts are not present. Panels (a) and
(b) represent the weighted contribution of atmospheric frontal and non-frontal scenarios to the total time-mean near-
surface wind convergence/divergence field.

average atmospheric non-frontal NSWC/NSWD (Figure 2c¢) at grid point n, then the mean NSWC/NSWD in
Figures 1a and 1b is by definition calculated at each grid point n as g,¢c, + (1 — g,)d,. In other words,
significant areas of average NSWC generally observed toward the warmer SSTs of the KE and GS in
Figure 1 simply arise because at those points the contribution from g,c, is greater than that from (1 — g,)
d,, meaning that the average atmospheric frontal NSWC/NSWD in Figure 2a is enough to dominate over
the average non-frontal NSWC/NSWD in Figure 2c. This can be clearly seen in Figure 4, which plots (a) gnc,
and (b) (1 — gn)d,. It was noted previously that the difference in atmospheric frontal NSWC magnitude ¢,
between the warm and cold sides of the GS is observed to be more prominent than between the warm
and cold sides of the KE (Figure 2a). However, multiplying by g, as in Figure 4a to obtain the total
weighted atmospheric frontal contribution to the time-mean can be seen to recover the strong maxima in
NSWC toward the warm side of the KE in the time-mean. This is consistent with Parfitt et al. (2016) and
Parfitt, Czaja, and Kwon (2017), who showed in the GS region that one expects a stronger intensification of
atmospheric fronts from a sharp SST gradient to manifest toward the warmer side of the SST front.

4, Discussion

For the past few decades, it has been known that the time-mean NSWC in the KE and GS regions exhibits
a strong imprint of the oceanic fronts. Many potential mechanisms have been put forward to explain this
phenomenon in the time-mean, in particular the pressure adjustment mechanism, whereby the Laplacians
of SST and sea level pressure are shown to meander with the NSWC/NSWD. However, one issue with this
interpretation based on steady Ekman layer dynamics is the presence of a transient baroclinic waveguide
that exists at these latitudes along which a continuous series of synoptic systems propagates. In the last
few years, studies have suggested that the time-mean NSWC/NSWD in the KE and GS regions on the
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order of 107° s™' (cf. Figure 1) are heavily skewed by these synoptic systems which are expected to have
vastly different NSWC/NSWD patterns with values over an order of magnitude larger (O'Neill et al., 2017;
Parfitt & Czaja, 2016). As a result, on a daily timescale it is difficult to understand from where the mean-
dering oceanic imprint on the time-mean NSWC/NSWD pattern originates. This study has introduced a
new framework to resolve this apparent disagreement, by illustrating the usefulness of partitioning the
NSWC/NSWD field specifically into atmospheric frontal and non-frontal components of the baroclinic
waveguide. Removal of atmospheric fronts, for which there is on average only NSWC on the order of
107> s, leaves on average only NSWD on the order of 107 s~". Further decomposition of this average
atmospheric non-frontal NSWD into the contributing NSWC-only and NSWD-only averages illustrates that
this non-frontal NSWD is, in fact, a sum of non-frontal NSWCs and NSWDs an order of magnitude larger,
suggesting this non-frontal motion can be attributed to the isentropic upglide and downglide found
within a baroclinic waveguide.

This new framework prompts interesting new questions regarding the role of SST forcing by the KE and GS on
the time-mean atmospheric state. For example, do the atmospheric frontal and non-frontal averages in
Figures 2a and 2b indicate that any overall SST forcing of the time-mean NSWC/NSWD field is simply a result
of an increase in atmospheric frontal convergence? While the interaction between the KE and GS SST fronts
and atmospheric fronts is little explored, there is an existing theory that attributes an increase in atmospheric
frontal activity across the KE and GS SST fronts to the surface sensible heat flux gradient across the strong SST
gradients (TDS, Parfitt et al.,, 2016). Nevertheless, Figure 3a illustrates that over the KE and GS, atmospheric
non-frontal NSWD occurs more frequently than non-frontal NSWC. In order for cancellation to an order of
magnitude lower in the non-frontal time-mean (Figure 2c), the non-frontal NSWC over the KE and GS must
necessarily be larger. Two mechanisms have already been suggested to explain part of the increase in
non-frontal NSWC related to the KE and GS (cold path: Vanniére et al., 2017, and warm path: Sheldon et al.,
2017). Therefore, while the KE and GS may indeed act to increase non-frontal NSWC, Figure 2c suggests that
their overall effect in non-frontal scenarios may simply be to increase NSWC such that in the time-mean it can-
cels more exactly with non-frontal NSWD, resulting in a weak signal.

Finally, distinct to the atmospheric frontal TDS mechanism above, which relies on sensible heat flux gradients,
the components of the cold-path and warm-path mechanisms applicable to non-frontal situations rely heav-
ily on absolute SST and latent heat flux anomalies. In the past few decades, modeling studies have cham-
pioned the dominance of both sensible (e.g., Hotta & Nakamura, 2011) and latent (e.g., Booth et al,, 2012)
heating on the Northern Hemisphere storm-tracks, although a general consensus is still lacking. Perhaps a
reason for this is that very few modeling studies have discussed sensible and latent heating responses in
the context of atmospheric frontal and non-frontal situations independently, which have been shown here
to imprint distinctively on the atmospheric NSWC/NSWD field. To the authors’ knowledge, there is no study
comparing the relative sensitivity of atmospheric fronts to SST gradient, absolute SST and SST orientation in
one model configuration. Our results suggest a comprehensive study of that nature, which would accurately
test the importance of the cross atmospheric frontal sensible heat flux gradient to atmospheric non-frontal
latent heating, may be the key to quantifying the processes impacting the atmospheric response to the KE
and GS. This work is currently being undertaken by the authors using regional modeling experiments as well
a suite of high-resolution general circulation models.
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Figure S1: The time-mean near-surface wind convergence/divergence field over the (a)
Kuroshio Extension and (b) Gulf Stream when atmospheric fronts only are present. These

are regional maps of the field shown in Figure 2(a), with enhanced scale resolution.
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Figure S2: (a) Schematic illustrating the effect of a positive potential vorticity 0-function
superimposed on a westerly baroclinic flow. The dashed lines represent isentropes with the
vertical dashed arrows illustrating the vertical motion associated with isentropic upglide and
downglide. The horizontal curved arrows depict the horizontal circulation. This type of sharp
potential vorticity anomaly is commonly found in the centre of extra-tropical cyclones, as a
dip in the tropopause brings high stratospheric PV downwards. Figure adapted from Figure
1in Hoskins et al. (2003) and Figure 3.17 in Parfitt (2014). (b) Schematic illustrating deep
tropospheric motion at an atmospheric cold front (cold and warm air in blue and red
respectively), projected on a vertical section. The low pressure centre is denoted by L.
Condensation occurs where there is shading, precipitation P falls from the induced cloud-
system and there is some evaporation E outside of it. Figure adapted from Figure 1 in Green
et al. (1966).



