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Atmosphere-Ocean interactions along major SST fronts

pro!les of the transports and its components, plus their standard deviation as a function of latitude (Figure
S6), show that the biggest source of variance is the changes in OHC, while TOA radiation contributes little.
The variance of the Fs and !•FA are similar. However, the changes in OHC and MHT are highly correlated.
Hence, while a strong surface heat "ux out of the northern ocean may deplete OHC over that region, the
decrease in MHT augments OHC changes. Of course a strong surface heat "ux also implies changes in

Figure 3. Northward energy transports: The annual and zonal means of the northward energy transports for 2000–2014
in PW for (left) the total Earth system (black), the atmosphere (red) and the ocean (blue). (right) The ocean component
broken down into the contributions from the Atlantic (violet), Paci!c (red), and Indian (green) Oceans which combine
south of 35°S to give the southern ocean value, as given in the small map below. For dOHC/dt, data only through 2013 are
considered. The error bars are ±1 standard deviation.

Figure 2. Surface heat "ux: The net upward (from ocean to atmosphere) surface heat "ux (Fs) for 2000–2014 in Wm!2.
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with 10-m wind speed w10 5 (u2
10 1 y210)

1/2
as well as air–

sea temperature difference DT 5 SST 2 T2 and specific
humidity Dq5qsatSST 2 q2 difference, where qsatSST is
saturation specific humidity at SST. We separated vari-
ables as f 5 f 1 f*1 f 0, with time mean f , seasonal vari-
ations defined as the 30-day running mean f*, and
submonthly eddies f 0. A quantitative check confirmed that
the cross correlations f*g0 are negligible (one order of
magnitude smaller than the other terms). The cross terms
f*g0 would be larger if we use a 10-day running mean to
define f*, although still negligibly small relative to the
other terms. Thus, our main arguments are qualitatively
not affected by our choice of a 30-day running mean.
There is a large resemblance of SSHF and SLHF

(Fig. 1) by w10DT and w10Dq (Figs. 2a,b), giving cre-
dence to the approximations in Eqs. (1) and (2).
Figures 2a and 2b also show that w10DT and w10Dq ex-
plain more or less 100% of w10DT and w10Dq, re-
spectively, on almost the entire globe. The dominance of
the mean term persists even when considering the var-
iation of the heat transfer coefficients in the bulk for-
mulas (not shown). Hence, the eddy (w0

10DT
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and seasonal (w10* DT*, w10* Dq*) covariances contrib-
ute very little to the approximation of SSHF and

SLHF. The insignificance of w0
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0 can be

explained by considering the fact that jy0
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cancel for alternating southerly and northerly flow
associated with opposing air–sea temperature differ-
ences (not shown).
Thus, the global distribution of SSHF and SLHF is

largely determined by the mean air–sea temperature
difference DT and specific humidity difference Dq
(Figs. 2c,d) as well as the mean wind speed w10 (Fig. 3a).
The large SSHF along the major SST fronts in the
midlatitudes as well as along the sea ice edge (Fig. 1a)
can thus be readily explained by the large DT in these
regions (Fig. 2c) being aligned with significant w10

(Fig. 3a). Similarly, SLHF can be explained by the sat-
uration deficit in the subtropical latitudes as well as
along themidlatitude SST fronts (Fig. 2d) in conjunction
with the mean wind speed in these areas (Fig. 3a). While
the dominance of the mean terms might be surprising at
first, it should be noted that DT and Dq stem from an
asymmetric probability density distribution with a long
one-sided tail that is most likely associated with eddies
(not shown). We do not further address this nonlinear
eddy contribution to themean terms, because it does not
affect our arguments within this study.
While the interpretation ofDT andDq is linear and thus

straightforward, the interpretation of w10 is more in-
volved. In comparing u10 and y10 with w10 (Fig. 3a), it is
evident thatw10 ’ (u2
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in the extratropics.
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where cross terms f 0f* were again negligible (one order
of magnitude smaller than the other terms). With w2

10

being the dominant left-hand-side term (.80% almost

FIG. 1. Mean upward surface (a) sensible and (b) latent heat flux (Wm22; shading) and their standard deviation (Wm22; contours). The
hatched mask indicates where the climatological-mean sea ice concentration exceeds 30%.
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F I G U R E 1 (a) Density of SST fronts (km of line (100 km)!2, blue shading) and of the climatological jet stream (km of jet axis line
(1000 km)!2, light red shading) for the North Atlantic. The Gulf Stream region is marked with a red box. (b) Illustration describing the scalar
product method to derive the relative position between the cyclone and the SST front. (c) Schematic of the cyclone classification based on the
cyclone position relative to the SST front

total column water vapour (TCWV), vertically integrated
water vapour flux (IWVF), wind at 925 hPa, large-scale
and convective precipitation, as well as latent and sensible
surface heat fluxes. Surface heat fluxes and precipitation
are derived from the twice-daily forecasts (initialised at
0000 and 1200 UTC) and are accumulated ±3 hr around
the respective timesteps, following the same procedure as
Ogawa and Spengler (2019) and Weijenborg and Spengler
(2020). Specifically, we use the cumulative values from
the 0000 UTC forecasts between 3 and 9 hr lead time, as
well as between 9 and 15 hr lead time to derive fluxes
and precipitation for the analyses of 0600 and 1200 UTC,
respectively. Analogously, we use the 1200 UTC forecasts
to derive precipitation and fluxes at 1800 and 0000 UTC.

2.2 SST front detection

We identify SST fronts using an objective frontal detec-
tion scheme that is based on the “thermal” method
(Hewson, 1998). This scheme has been applied to detect
atmospheric fronts in several previous studies (Jenkner
et al., 2010; Berry et al., 2011; Schemm et al., 2015). The
method by Hewson (1998) identifies frontal lines in a
two-dimensional thermal field ! using the thermal frontal
parameter (Renard and Clarke, 1965)

TFP = !"!"!! ! "!
!"!! , (1)

where we chose ! to be the SST. The TFP indicates “the
gradient of the magnitude of the gradient of a thermody-
namic scalar quantity, resolved into the direction of the
gradient of that quantity” (Renard and Clarke, 1965). Hew-
son (1998)’s framework is based on identifying the maxima
of TFP, which correspond to the warm side of a frontal
zone. In our study, however, we choose TFP=0 to identify
the centre of the frontal zone (following e.g., Jenkner et al.,

2010), and apply a masking criterion

"!"!! < 0 (2)

to exclude the detection of minima in SST gradients.
We perform the detection using SST data filtered

with a triangular truncation T84 and require a mini-
mum frontal length of 500 km to retain only fronts with a
length-scale comparable to atmospheric fronts. To capture
the most prominent parts of the SST fronts along the Gulf
Stream, we found a temperature gradient threshold !"!! >
2K#100 km to yield the most accurate results. Consistent
with oceanographic studies (e.g., Lee and Cornillon, 1996;
Meinen and Luther, 2016), the SST front climatology for
the North Atlantic basin features the highest frequency of
SST fronts along the Gulf Stream (Figure 1a). To account
for the convergence of the grid towards the poles, we nor-
malise the front line detections to an average line length
per unit area " , with

" = 1
AN

N"
i=1

li . (3)

Here, A is the area covered by a grid cell, N the number
of time steps in the climatology, and li the length of a SST
front line over the respective grid cell during time step i
(zero if no front is detected).

2.3 Jet stream detection

To diagnose the role of upper-level forcing on cyclone
intensification, we employ a jet detection, based on auto-
matically detected jet axes, following the method and cri-
teria of Spensberger et al. (2017). The jet axes are identified
by lines separating the cyclonic from the anticyclonic wind
shear. The climatological position of the North Atlantic jet

Tsopouridis, Spensberger, and Spengler (2020a)
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(a) (b)

F I G U R E 3 (a) Distance (km) between cyclone centres and the SST front relative to the time of maximum intensification. Lines
indicate the 50th percentile and the shading the interquartile range. (b) is as (a), but for the pressure tendency (hPa!hr!1)

(a) (b) (c)

F I G U R E 4 Locations of cyclone maximum intensification (hPa!h!1, yellow-red circles) and cyclone maximum intensity
(hPa! (deg lat)!2, blue triangles) for category (a) C1, (b) C2, and (c) C3

combined thermal gradient across both the SST front and
the coastline. This interpretation is in line with Brayshaw
et al. (2009), who documented increased near-surface
low-level baroclinicity along the United States east coast,
where the cold dry continental air meets the warmer and
moist air over the ocean.

Contrary to C1, the SST decreases with time for C3,
consistent with the propagation towards the cold side of
the SST front (Figures 2d and 5g–i). As for C1 and C2, the
wind speed increases with time for C3 (Figure 5g–i), and
the highest wind speed, exceeding 30 m!s!1, is observed
12 hr after maximum intensification (Figure 5i). The
wind decays 18 hr after the maximum intensification (not
shown).

3.3 Cyclone-relative surface heat flux
composites

For both C1 and C2, the latent heat fluxes are always
upward (Figure 6a–c,d–f) and largest in the southwest-
ern quadrant south of the SST front due to the increase
in surface saturation mixing ratio with increasing SST.

Likewise, sensible heat fluxes are directed towards the
atmosphere in the southwestern quadrant, within the
cyclone’s cold sector (Figure 6a–c,d–f). Both fluxes are
highest south of the SST front due to an increase in SST
(consistent with, e.g., Zolina and Gulev, 2003; Vannière
et al., 2017a). Twelve hours before maximum intensifica-
tion, there are on average significantly lower fluxes for
C1 than for C2. This is most likely associated with the
propagation of the C2 cyclones over higher SSTs than for
C1 (Figure 2b,c). However, for both categories, there is a
marked increase in both latent and sensible heat fluxes in
the southwestern quadrant within 24 hr (Figure 6a–c,d–f)
associated with the proximity of the SST front. Consistent
with Businger et al. (2005) and Rudeva and Gulev (2011),
the maximum sensible and latent heat fluxes are almost
collocated, with a slight northward shift of the sensible
heat fluxes compared to the latent heat fluxes. Similar to
C1, surface heat fluxes increase within the 24 hr period
(Figure 6d–f).

C3 can be considered a combination of C1 and C2,
as cyclones are initially located on the warm side of the
SST front (C2) before crossing to the cold side (C1). At
12 hr before maximum intensification, latent and sensible

Tsopouridis, Spensberger, and Spengler (2020a,b)

Development of different classes along Gulf Stream and Kuroshio
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F I G U R E 1 (a) SST front distributions (blue shading, km of line (100 km)!2) and jet axis distributions (orange shading, km of jet axis
line (1,000 km)!2) for the North Pacific. The Kuroshio region is marked with a red box. (b) Pressure tendency (hPa!hr!1) for the three
categories relative to the time of maximum intensification. Lines indicate the median and the shading the interquartile range. (c) As (b), but
for the SST. (d) Distance (km) between cyclone centres and the SST front relative to the time of maximum intensification

on the cold side of the SST front and vice versa on the warm
side. Further details are described in TSS20. With the posi-
tions of both the SST fronts and the cyclone tracks, we
follow TSS20 and categorize the propagation of cyclones
relative to the SST fronts only within the Kuroshio region
(red rectangle in Figure 1a) into five categories. In cate-
gory C1, cyclones always remain on the cold side of the
SST front, whereas for category C2 cyclones always stay on
the warm side of the SST front. In category C3, cyclones
are crossing the SST front from the warm to the cold side,
contrarily to category C4, in which cyclones cross the SST
front from the cold to the warm side. Finally, cyclones that
belong to category C5 cross the SST front multiple times.

3 RESULTS

3.1 Cyclone occurrence
and intensification

Analogously to TSS20 for the Gulf Stream region, we
restrict our focus to categories C1, C2, and C3 during the

winter season (DJF) over the North Pacific Ocean. Cat-
egory C4 comprises only 28 cyclones that cross the SST
front from the cold to the warm side, making it challeng-
ing to deduce statistically robust results. As cyclones in C5
cross the SST front multiple times, it is impossible to diag-
nose the role of the SST front in the cyclone evolution.
However, 142 cyclones consistently stay on the cold side
(C1, Figure 2a), 97 cyclones stay on the warm side (C2,
Figure 2b), and 188 cyclones cross from the warm to the
cold side (C3, Figure 2c). For these three categories, the
cyclones all propagate from the southwest to the northeast.
Cyclones in C1 and C3 remain closer to the Asian conti-
nent than the ones in C2, which propagate northwards the
least (Figure 2b).

Amongst these three categories, cyclones in C3 deepen
the most from 12 hr prior to maximum intensification
to 6 hr after, undergoing a maximum six-hourly deepen-
ing corresponding to 30 hPa!day!1 (median in Figure 1b).
Cyclones in C2 intensify slightly more slowly compared
with C3, with a maximum deepening rate corresponding
to approximately 26 hPa!day!1. From 12 hr after maximum
intensification onward, however, C2 becomes the category
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associated with the proximity of the SST front. Consistent
with Businger et al. (2005) and Rudeva and Gulev (2011),
the maximum sensible and latent heat fluxes are almost
collocated, with a slight northward shift of the sensible
heat fluxes compared to the latent heat fluxes. Similar to
C1, surface heat fluxes increase within the 24 hr period
(Figure 6d–f).

C3 can be considered a combination of C1 and C2,
as cyclones are initially located on the warm side of the
SST front (C2) before crossing to the cold side (C1). At
12 hr before maximum intensification, latent and sensible
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on the cold side of the SST front and vice versa on the warm
side. Further details are described in TSS20. With the posi-
tions of both the SST fronts and the cyclone tracks, we
follow TSS20 and categorize the propagation of cyclones
relative to the SST fronts only within the Kuroshio region
(red rectangle in Figure 1a) into five categories. In cate-
gory C1, cyclones always remain on the cold side of the
SST front, whereas for category C2 cyclones always stay on
the warm side of the SST front. In category C3, cyclones
are crossing the SST front from the warm to the cold side,
contrarily to category C4, in which cyclones cross the SST
front from the cold to the warm side. Finally, cyclones that
belong to category C5 cross the SST front multiple times.

3 RESULTS

3.1 Cyclone occurrence
and intensification

Analogously to TSS20 for the Gulf Stream region, we
restrict our focus to categories C1, C2, and C3 during the

winter season (DJF) over the North Pacific Ocean. Cat-
egory C4 comprises only 28 cyclones that cross the SST
front from the cold to the warm side, making it challeng-
ing to deduce statistically robust results. As cyclones in C5
cross the SST front multiple times, it is impossible to diag-
nose the role of the SST front in the cyclone evolution.
However, 142 cyclones consistently stay on the cold side
(C1, Figure 2a), 97 cyclones stay on the warm side (C2,
Figure 2b), and 188 cyclones cross from the warm to the
cold side (C3, Figure 2c). For these three categories, the
cyclones all propagate from the southwest to the northeast.
Cyclones in C1 and C3 remain closer to the Asian conti-
nent than the ones in C2, which propagate northwards the
least (Figure 2b).

Amongst these three categories, cyclones in C3 deepen
the most from 12 hr prior to maximum intensification
to 6 hr after, undergoing a maximum six-hourly deepen-
ing corresponding to 30 hPa!day!1 (median in Figure 1b).
Cyclones in C2 intensify slightly more slowly compared
with C3, with a maximum deepening rate corresponding
to approximately 26 hPa!day!1. From 12 hr after maximum
intensification onward, however, C2 becomes the category
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F I G U R E 4 Locations of cyclone maximum intensification (hPa!h!1, yellow-red circles) and cyclone maximum intensity
(hPa! (deg lat)!2, blue triangles) for category (a) C1, (b) C2, and (c) C3

combined thermal gradient across both the SST front and
the coastline. This interpretation is in line with Brayshaw
et al. (2009), who documented increased near-surface
low-level baroclinicity along the United States east coast,
where the cold dry continental air meets the warmer and
moist air over the ocean.

Contrary to C1, the SST decreases with time for C3,
consistent with the propagation towards the cold side of
the SST front (Figures 2d and 5g–i). As for C1 and C2, the
wind speed increases with time for C3 (Figure 5g–i), and
the highest wind speed, exceeding 30 m!s!1, is observed
12 hr after maximum intensification (Figure 5i). The
wind decays 18 hr after the maximum intensification (not
shown).

3.3 Cyclone-relative surface heat flux
composites

For both C1 and C2, the latent heat fluxes are always
upward (Figure 6a–c,d–f) and largest in the southwest-
ern quadrant south of the SST front due to the increase
in surface saturation mixing ratio with increasing SST.

Likewise, sensible heat fluxes are directed towards the
atmosphere in the southwestern quadrant, within the
cyclone’s cold sector (Figure 6a–c,d–f). Both fluxes are
highest south of the SST front due to an increase in SST
(consistent with, e.g., Zolina and Gulev, 2003; Vannière
et al., 2017a). Twelve hours before maximum intensifica-
tion, there are on average significantly lower fluxes for
C1 than for C2. This is most likely associated with the
propagation of the C2 cyclones over higher SSTs than for
C1 (Figure 2b,c). However, for both categories, there is a
marked increase in both latent and sensible heat fluxes in
the southwestern quadrant within 24 hr (Figure 6a–c,d–f)
associated with the proximity of the SST front. Consistent
with Businger et al. (2005) and Rudeva and Gulev (2011),
the maximum sensible and latent heat fluxes are almost
collocated, with a slight northward shift of the sensible
heat fluxes compared to the latent heat fluxes. Similar to
C1, surface heat fluxes increase within the 24 hr period
(Figure 6d–f).

C3 can be considered a combination of C1 and C2,
as cyclones are initially located on the warm side of the
SST front (C2) before crossing to the cold side (C1). At
12 hr before maximum intensification, latent and sensible
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Development of different classes along Gulf Stream and Kuroshio
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on the cold side of the SST front and vice versa on the warm
side. Further details are described in TSS20. With the posi-
tions of both the SST fronts and the cyclone tracks, we
follow TSS20 and categorize the propagation of cyclones
relative to the SST fronts only within the Kuroshio region
(red rectangle in Figure 1a) into five categories. In cate-
gory C1, cyclones always remain on the cold side of the
SST front, whereas for category C2 cyclones always stay on
the warm side of the SST front. In category C3, cyclones
are crossing the SST front from the warm to the cold side,
contrarily to category C4, in which cyclones cross the SST
front from the cold to the warm side. Finally, cyclones that
belong to category C5 cross the SST front multiple times.

3 RESULTS

3.1 Cyclone occurrence
and intensification

Analogously to TSS20 for the Gulf Stream region, we
restrict our focus to categories C1, C2, and C3 during the

winter season (DJF) over the North Pacific Ocean. Cat-
egory C4 comprises only 28 cyclones that cross the SST
front from the cold to the warm side, making it challeng-
ing to deduce statistically robust results. As cyclones in C5
cross the SST front multiple times, it is impossible to diag-
nose the role of the SST front in the cyclone evolution.
However, 142 cyclones consistently stay on the cold side
(C1, Figure 2a), 97 cyclones stay on the warm side (C2,
Figure 2b), and 188 cyclones cross from the warm to the
cold side (C3, Figure 2c). For these three categories, the
cyclones all propagate from the southwest to the northeast.
Cyclones in C1 and C3 remain closer to the Asian conti-
nent than the ones in C2, which propagate northwards the
least (Figure 2b).

Amongst these three categories, cyclones in C3 deepen
the most from 12 hr prior to maximum intensification
to 6 hr after, undergoing a maximum six-hourly deepen-
ing corresponding to 30 hPa!day!1 (median in Figure 1b).
Cyclones in C2 intensify slightly more slowly compared
with C3, with a maximum deepening rate corresponding
to approximately 26 hPa!day!1. From 12 hr after maximum
intensification onward, however, C2 becomes the category
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F I G U R E 4 Locations of cyclone maximum intensification (hPa!h!1, yellow-red circles) and cyclone maximum intensity
(hPa! (deg lat)!2, blue triangles) for category (a) C1, (b) C2, and (c) C3

combined thermal gradient across both the SST front and
the coastline. This interpretation is in line with Brayshaw
et al. (2009), who documented increased near-surface
low-level baroclinicity along the United States east coast,
where the cold dry continental air meets the warmer and
moist air over the ocean.

Contrary to C1, the SST decreases with time for C3,
consistent with the propagation towards the cold side of
the SST front (Figures 2d and 5g–i). As for C1 and C2, the
wind speed increases with time for C3 (Figure 5g–i), and
the highest wind speed, exceeding 30 m!s!1, is observed
12 hr after maximum intensification (Figure 5i). The
wind decays 18 hr after the maximum intensification (not
shown).

3.3 Cyclone-relative surface heat flux
composites

For both C1 and C2, the latent heat fluxes are always
upward (Figure 6a–c,d–f) and largest in the southwest-
ern quadrant south of the SST front due to the increase
in surface saturation mixing ratio with increasing SST.

Likewise, sensible heat fluxes are directed towards the
atmosphere in the southwestern quadrant, within the
cyclone’s cold sector (Figure 6a–c,d–f). Both fluxes are
highest south of the SST front due to an increase in SST
(consistent with, e.g., Zolina and Gulev, 2003; Vannière
et al., 2017a). Twelve hours before maximum intensifica-
tion, there are on average significantly lower fluxes for
C1 than for C2. This is most likely associated with the
propagation of the C2 cyclones over higher SSTs than for
C1 (Figure 2b,c). However, for both categories, there is a
marked increase in both latent and sensible heat fluxes in
the southwestern quadrant within 24 hr (Figure 6a–c,d–f)
associated with the proximity of the SST front. Consistent
with Businger et al. (2005) and Rudeva and Gulev (2011),
the maximum sensible and latent heat fluxes are almost
collocated, with a slight northward shift of the sensible
heat fluxes compared to the latent heat fluxes. Similar to
C1, surface heat fluxes increase within the 24 hr period
(Figure 6d–f).

C3 can be considered a combination of C1 and C2,
as cyclones are initially located on the warm side of the
SST front (C2) before crossing to the cold side (C1). At
12 hr before maximum intensification, latent and sensible
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on the cold side of the SST front and vice versa on the warm
side. Further details are described in TSS20. With the posi-
tions of both the SST fronts and the cyclone tracks, we
follow TSS20 and categorize the propagation of cyclones
relative to the SST fronts only within the Kuroshio region
(red rectangle in Figure 1a) into five categories. In cate-
gory C1, cyclones always remain on the cold side of the
SST front, whereas for category C2 cyclones always stay on
the warm side of the SST front. In category C3, cyclones
are crossing the SST front from the warm to the cold side,
contrarily to category C4, in which cyclones cross the SST
front from the cold to the warm side. Finally, cyclones that
belong to category C5 cross the SST front multiple times.

3 RESULTS

3.1 Cyclone occurrence
and intensification

Analogously to TSS20 for the Gulf Stream region, we
restrict our focus to categories C1, C2, and C3 during the

winter season (DJF) over the North Pacific Ocean. Cat-
egory C4 comprises only 28 cyclones that cross the SST
front from the cold to the warm side, making it challeng-
ing to deduce statistically robust results. As cyclones in C5
cross the SST front multiple times, it is impossible to diag-
nose the role of the SST front in the cyclone evolution.
However, 142 cyclones consistently stay on the cold side
(C1, Figure 2a), 97 cyclones stay on the warm side (C2,
Figure 2b), and 188 cyclones cross from the warm to the
cold side (C3, Figure 2c). For these three categories, the
cyclones all propagate from the southwest to the northeast.
Cyclones in C1 and C3 remain closer to the Asian conti-
nent than the ones in C2, which propagate northwards the
least (Figure 2b).

Amongst these three categories, cyclones in C3 deepen
the most from 12 hr prior to maximum intensification
to 6 hr after, undergoing a maximum six-hourly deepen-
ing corresponding to 30 hPa!day!1 (median in Figure 1b).
Cyclones in C2 intensify slightly more slowly compared
with C3, with a maximum deepening rate corresponding
to approximately 26 hPa!day!1. From 12 hr after maximum
intensification onward, however, C2 becomes the category
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Conclusions
Extratropical cyclones mainly 

influenced indirectly by surface fluxes 
through changes in latent heat release 

associated with SST downstream 

Climatological differences when 
smoothing SST mainly attributable 

to absence of cyclones

Diabatic frontogenesis along 
SST front mainly in absence 

of atmospheric fronts

Atmosphere-Ocean interactions occur on 
sub-weekly timescales, where Cold air 

outbreaks play significant role in sensible 
and latent heat exchange

Influence of SST (front) on storm tracks 
through hydrological cycle (latent heating).


