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A synoptic view of the atmospheric
circulation response to SST anomalies in
the Kuroshio-Oyashio Extension Region:
the importance of latent heating structure
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The complex nature of extratropical air-sea coupling has hampered a detailed physical understanding
of how the atmosphere responds to sea surface temperature (SST) anomalies over the Kuroshio-
Oyashio Extension (KOE) region. Departing from the conventional approach of examining the
seasonal-mean response, this study focuses on how atmospheric latent heating structures in early
winter are modulated by synoptic weather patterns, and how those weather patterns selectively
respond to KOE SST anomalies. The results are based on high-resolution atmospheric model
experiments (1/8 degree over the North Pacific, tapering to 1 degree over the rest of the globe). While
three dominant synoptic weather patterns that enhance latent heating over the KOE region are
identified, only oneof them, corresponding to anticyclonic baroclinicwave, systematically responds to
the imposed SST anomalies. Warm SST anomalies induce stronger updrafts, which enhance
atmospheric latent heating and ultimately strengthen and anchor the anomalous anticyclone over the
North Pacific. Because this anticyclonic baroclinic system occurs more frequently than other types of
weather patterns and has the greatest sensitivity to KOE SST anomalies, it dominates the seasonal-
mean atmospheric response. The results demonstrate that a synoptic view is needed for an improved
understanding of themechanisms governing the seasonal-mean atmospheric circulation response to
KOE SST forcing.

Western boundary current (WBC) regions such as the Kuroshio-Oyashio
Extension (KOE) and Gulf Stream are characterized by strong variability in
both the ocean and atmosphere from synoptic to climate time scales1–3.
While there is an empirical evidence that the atmosphere significantly
responds to the KOE variability in the cold season as many studies have
probed themechanisms ofWBC air-sea interaction and associated regional
anddownstream impacts4–8, a complete understanding is lacking due in part
to the pronouncednonlinearity of the seasonal-mean atmospheric response
to WBC sea surface temperature (SST) anomalies. Although linear theory
predicts a baroclinic downstream low-level cyclonic response to positive
SST anomalies4, studies have shown that the response may differ sub-
stantially from linear theory for a variety of reasons, including nonlinear
dynamics5,9,10, background seasonality11–13, and model resolution14–17. One
possible source of such lack of consensus onwhy the response often deviates

from linear theory could be associated with the representation of latent
heating within a synoptic system – a conduit for SST anomalies to impact
the atmosphere18,19.While linear theorymay explain the direct atmospheric
response to latent heating4, the mechanisms generating a latent heating
anomaly, such as convection and moist processes, are inherently
nonlinear20. Therefore, understanding the characteristics of latent heating
structures over WBC regions and how their variability is impacted by
underlying SST anomalies associated with oceanic frontal variability may
help disentangle the complexity of air-sea coupling mechanisms over the
WBC regions and provide a necessary step toward closing the gap between
the aforementioned different perspectives.

One important characteristic of latent heating in the extratropics is that
it is often associated with a synoptic system18,20. While studies have inves-
tigated the role of transient storm activity to understand the seasonal mean
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climate response to the WBC forcing21–23, how various types of synoptic
weatherpatterns inwhich latent heating occurswould selectively respond to
oceanic frontal variability is not well understood. Therefore, it motivates us
to, first, explore how latent heating anomalies are governed by synoptic
circulation patterns in the WBC region and, second, how those synoptic
systems respond to a warm SST anomaly. We hypothesize that different
meteorological conditions can lead to a strong enhancement of selective
latent heating structures, and that the interactions between SST and latent
heating anomalies may also depend on the surrounding synoptic condi-
tions. Diagnosing various synoptic weather patterns prior to investigating
the seasonalmean signal, and identifying a distinct response of each of those
synoptic systems to the SST forcing, may help better categorize dynamically
relevant information and prevent canceling out of meaningful signals by
considering their time-mean effect.

Recent studies have reported that the simulated atmospheric response
to extratropical SST anomalies is sensitive tomodel resolution sincemodels
with finer horizontal resolution can better resolve vertical motions induced
by the SST forcings, and hence latent heating14,17,18. For example, Smirnov et
al.14 compared the atmospheric responses to a KOE SST anomaly between
atmospheric general circulation models (AGCMs) with 1° and 0.25° hor-
izontal resolution and found that the simulated diabatic heating response is
balanced by vertical advection at high resolution and by horizontal advec-
tion at low resolution. Wills et al.17 compared the atmospheric response to
SST anomalies in theGulf Stream region inmodels with 1°, 0.25° and 0.125°
resolution and found that the finer the resolution, the more robust and
realistic the atmospheric response is. In addition to atmospheric resolution,
improving the resolution of prescribed oceanic boundary conditions may
also strongly impact the atmospheric response since the resolvedmesoscale
oceanic eddies can induce stronger localized convective responses than
those can be found in coarse resolution models15,16,24,25.

Inspired by these findings, we conduct high-resolution model simu-
lations to examine how KOE frontal variability in early winter (Nov-Jan)
influences different types of latent heating associated with various synoptic
weather systems, employing the state-of-the-art Variable Resolution
Community Atmosphere Model version 6 (VR-CAM6). The model uses a
spectral element dynamical core with an unstructured global mesh grid
system26. Such a configuration allows us to simulate a target region at high
resolution (~1/8°) while maintaining rest of the globe at low-resolution
(~1°), thereby keeping the computational costs relatively affordable. This
grid system has successfully simulated climate over various regions,
including Asia, North America, Arctic, the North Atlantic, and the
Mediterranean17,27–30. Although Wills et al. showed an improved North
Atlantic atmospheric response to the Gulf Stream forcing under enhanced
variable resolution grid (~1/8°)17, such a high-resolution air-sea interaction
simulation has not been performed over the North Pacific. Therefore, we
expand the application areas of VR-CAM6 by simulating for the first time

the North Pacific climate system with enhanced (~1/8°) resolution (Fig. 1).
Furthermore, in contrast with previous high-resolutionmodeling studies of
WBC air-sea interactions which used low-resolution boundary
conditions14,17, we have incorporated higher resolution (1/12°) oceanic
boundary conditions obtained from the GLORYS12 reanalysis31. Combin-
inghigh-resolutionboundary conditions andahigh-resolutionatmospheric
model enables us to represent small-scale features such as oceanicmesoscale
eddies, atmospheric frontal-scale updrafts and convective motions that are
important for understanding latent heat release within the air-sea coupled
system. We first investigate the latent heating structures in a control (cli-
matological SST) experiment (hereafter, CTRL), and thencompare their key
characteristics in a perturbation experiment by adding an SST anomaly
pattern in the KOE region (hereafter, WARM; Fig. 2). Both CTRL and
WARM ensemble sets have 43 members, with each different member
starting fromdifferent initial conditions. Each simulation is integrated from
November to January (NDJ). Thus, the analysis is based on 43 early winters
when the SST front is neutral (CTRL) and another 43 seasons with the
northward shift of the SST front (WARM). Further details of the experi-
mental design are given in the “Methods”.

Results
Latent heating characteristics and indices
Our hypothesis is that different types of latent heating structures are asso-
ciated with various types of weather patterns and that each of them behaves
differently in response to the SST anomaly forcing. To test this idea, we first
define twodifferent latent heating structures: (1) Large-scale condensational
heating, which represents latent heating due to cloud macrophysics and
microphysics and is closely associated with processes that are explicitly
resolved in the AGCM32 such as moisture convergence by the large-scale
circulation; and (2) Convective heating, which represents latent heating
associated with shallow and deep convection and boundary layer mixing,
which are parametrized in the AGCM. Although convective heating is
closely linked to deep convection over the tropics (ZMDT term33 ofTable 1),
over the mid-latitudes shallow convection and mixing account for most of
the convective heating (not shown). Such a differentiation is analogous to
decomposing precipitation into large-scale precipitation and convective
precipitation. Note that this categorization is somewhat dependent on what
are the resolved and parametrized processes in themodel of choice. Specific
variables and equations that define two heating terms are shown in Table 1.

Figure 3 shows the overall characteristics of the two types of latent
heating in themodel. TheNDJ climatology of vertically averaged large-scale
condensational heating shows enhanced heating over the mid-latitude
storm track regions (Fig. 3a), while convective heating peaks over the
intertropical convergence zone and also displays local maxima over the
KOE region (Fig. 3b). Pronounced large-scale heating is located throughout
the North Pacific basin, but strong extratropical convective heating is

Fig. 1 | The unstructured mesh grid system is used
for the Variable Resolution CAM6 simulations.
The finest grid resolution over the North Pacific
region is ~1/8°, tapering to ~1/2° in the surrounding
transition zone; the remainder of the globe has a grid
resolution of ~1°.
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localized over the KOE region with a structure that resembles the WBC
ocean fronts (Fig. 3a, b). The sum of these two heating terms matches very
well with the conventional latent heating output from CAM (DTCOND;
temperature tendencydue tomoist processes) (not shown). TwoKOElatent
heating components have synoptic temporal variability (Fig. 3c) which will
be elaborated on below. The vertical structure of KOE-region-averaged
heating climatology shows that convective heating is most pronounced
within the atmospheric boundary layer (approximately below 800-hPa)
while large-scale heating peaks around 700–800 hPa (Fig. 3d).

We next explore the characteristics of each latent heating type occur-
ring over the KOE region and create an index that identifies days with
heating amplitudes that are above normal. First, the KOE-mean latent
heating is vertically averaged (weighted by pressure) and its mean seasonal
cycle, which is defined as the 3-hourly climatology from CTRL, is removed
at eachgrid point. Since the anomaly is deviation from the climatologyof the
given time of the day, there is no effect of the diurnal cycle. Then, the
3-hourly timeseries of the spatial mean of the latent heating anomalies
within the KOE domain (black box in Fig. 3) is standardized by subtracting
itsmean anddividing by its standarddeviation; this standardized index shall
be referred to as the “heating index”. The autocorrelations of the two (large-
scale condensational and convective) heating indices are shown in Fig. 3c.
While both heating indices exhibit synoptic timescales, the large-scale

heating index has a shorter e-folding timescale than the convective heating
index (1 day vs. 2 days; Fig. 3c). Aswill be explained inResults-b section, this
difference in e-folding timescales originates from the two heatings’ different
enhancement mechanisms and the geographical location of extratropical
cyclones in which the heating takes place relative to the KOE region.
Figure 3a-c therefore show that the two types of heating have different
climatological spatial patterns and timescales, supporting our hypothesis
that they are associated with different types of weather systems. Thus, their
response to SST forcing may also be distinct from each other.

We define discrete positive heating events as the local maxima of the
heating indexwhen the normalized amplitude of the heating index>1 and is
separated from neighboring events by at least 5 days. Figure S1 shows an
example heating timeseries from one of the ensemble members (1993
November 1st as the initial condition). In this ensemblemember, there are 9
(7) large-scale condensational (convective) heating events as noted by star
marks. Based on this procedure, we identified 427 (418) positive heating
events for the large-scale condensational heating index and 258 (271)
positive heating events for the convective heating index in CTRL (WARM)
(Table 2). Lead-lag composites of circulation andheating anomalies for each
set of positive heating events are computed using the time of peak amplitude
within each event as the reference time. The significance level of the
composites was tested by Monte Carlo resampling, randomly
selecting the same number of random composite samples from the
entire heating index time series and repeating this procedure 1000
times. This procedure was applied to large-scale condensational
heating and convective heating separately. The first and the last
5 days of the November–January experiment period are not taken
into account as 5-day lagged composites will be considered.

Three different types of synoptic weather systems
We first attempt to understand the characteristics of the positive heating
events by analyzing the composites from CTRL. Figure 4 shows lagged
composites of the large-scale heating and convective heating indices during
their respective positive events. When large-scale condensational heating is
enhanced over the KOE region, the large-scale heating index peaks at day 0
(by construction) and its growth anddecaybothoccurwithin about oneday,
similar to the e-folding timescale of the autocorrelation function (blue line in
Fig. 4a). During these events, convective heating (red line in Fig. 4a) peaks
about 1 day after the peak of the large-scale heating. The large-scale heating
amplitude at day 0 is about 1.7 K/day, which corresponds to about 2.5
normalized amplitude (i.e., the standarddeviation of the 3hourly large-scale
heating time series), but the peak amplitude of the associated convective
heating at day +1 is only 0.1 K/day, corresponding to a normalized
amplitude of 0.4.

Fig. 2 | SST anomaly forcing structure (color
shading; °C), time mean SST frontal location
(yellow line), and the SST NDJFM climatology
(black contours with contour interval of 3 °C). SST
anomaly pattern is obtained by regressing the SST
onto the Oyashio Extension Index that represents a
northward shift of the SST front, and multiplied by
5. SST anomalies and frontal locations are obtained
as described in the “Methods”. The dashed lines
indicate the domain over which the SST anomaly
was applied.

Table 1 | Equations to define the large-scale heating and
convective heating, and model variables used in those
equations, in VR-CAM6. Lv and Cp stand for the latent heat of
vaporization (2.5 × 106J/kg) and the specific heat at constant
pressure (1004 J/kg K), respectively

Variable Definition / Explanation

Large-scale
condensational heating

RCMTEND_CLUBB*Lv/Cp +MPDT/Cp

Convective heating (STEND_CLUBB – RCMTEND_CLUBB*Lv )/
Cp + ZMDT+DPDLFT+ EVAPTZM

RCMTEND_CLUBB Cloud Liquid Water Tendency

MPDT Morrison microphysics heating tendency

STEND_CLUBB Static energy tendency

ZMDT Temperature tendency - Zhang-McFarlane moist
convection

DPDLFT Temperature tendency due to deep convective
detrainment

EVAPTZM Temperature tendency - Evaporation/snow
production from Zhang convection
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The positive convective heating event composite (Fig. 4b) demon-
strates somewhat different characteristics, and its amplitude is generally
much smaller than that based on the large-scale heating composite (about
0.5 K/day or close to 2.0 after normalization). While the peak of the con-
vective heating also occurs on day 0 (by construction), the associated large-
scale heating index peaks near day−1 with an amplitude that is slightly
stronger than 0.5 K/day or about 0.8 normalized amplitude (Fig. 4b). The

difference between the two composites indicates that the two types of
heating may not necessarily be always enhanced within the same
weather system. If they were, then their normalized amplitudes
would be similar between the two composites. The corresponding
composites of surface latent and sensible heat fluxes (green and
purple lines in Fig. 4) indicate that convective heating events (Fig. 4b)
are associated with strong upward surface turbulent heat fluxes, as

Fig. 3 | Characteristics of two latent heating components. a, b Vertically averaged
large-scale and convective heating climatology, respectively, of CTRL for
November-January (K day−1). Black box represents the KOE region where the SST
anomaly forcing is prescribed inWARM. cAutocorrelation of large-scale (blue) and
convective (red) heatings of CTRL. Thin lines represent the autocorrelation for each

ensemble member and the thick line shows the mean of each ensemble’s auto-
correlations. d Vertical structure of KOE-area-mean latent heating (K day−1) from
CTRL and (e) vertical structure of the latent heating response (WARM minus
CTRL) in K day-1. Thick line segments in (e) represent statistical significance at
5% level.

Table 2 | Number of large-scale and convective heating events found in CTRL and WARM simulations

CTRL Large-scale heating events 427 events 232 large-scale heating-only events

132 overlapping eventsConvective heating events 258 events

65 convective heating-only events

WARM Large-scale heating events 418 events 219 large-scale heating-only events

129 overlapping eventsConvective heating events 271 events

74 convective heating-only events
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also seen for the convective heating that accompanies large-scale
heating events (Fig. 4a).

Both composites suggest aweak 1-day-lagged relationship between the
peaks in large-scale and convective heating. Therefore, we further categorize
the selected heating events into overlapping and non-overlapping cases.
Here, overlapping cases are defined as those convective heating events
occurring within a 3-day time period after the occurrence of a large-scale
heating event. One such case would reflect the passage of an extratropical
cyclone, in which the large-scale heating in the warm sector is followed by
shallow convective heating in the cold sector. We find 132 events of this
kind. The same 132 cases can also be identified based on selecting the
convective heating peak preceded by large-scale heating peakwithin a 3-day
timeperiod.Given that bothdefinitions capture the samedynamical system,
we present the large-scale heating peak-centered composites only. In
addition to the overlapping cases, we also select large-scale heating-only
cases (there are 232 events) for which the large-scale heating peak occurs in
the absence of a convective heating peak over a centered 6-day period (e.g.,
lag −3 to +3 days). Similarly, we also select convective heating-only cases
(there are 65) for which the convective heating peak occurs in the absence of
a large-scale heating peak over a centered 6-day period. The results remain
qualitatively unchanged if we use a centered 4-day period instead of a 6-day
period (not shown). Note that there are remaining 62 and 69 events from
CTRL and WARM that correspond to cases when large-scale heating fol-
lows the convective heating.As these events are not dynamically relevant for
the KOE air-sea interaction, we do not consider them in this study.

Figure 5 shows the composite structures associated with these three
different categories of cases in CTRL. During the overlapping cases, both
large-scale and convective heating anomalies exhibits stronger amplitudes,
e.g., themagnitude of the convective heating peak at day+1 (red line in Fig.
5a; ~0.3 K/day) is stronger than the composite amplitude of all combined
cases (red line in Fig. 4a; ~0.1 K/day). These overlapping cases are associated
with a baroclinic wave structure located over the KOE region (Fig. 5b). The
composite map of 850 hPa (contours) and 300 hPa (shading) geopotential
height anomalies shows that a low-level cyclonic (anticyclonic) circulation
develops over the western (eastern) side of the KOE-box region (Fig. 5b).
This low-level circulation is in quadrature with the upper-level wave
structure which originates upstream over Eurasia (Fig. S3). Strong ampli-
tudes of large-scale condensational heating during these events are likely to
be associated with enhanced moisture advection as anomalous southerly
winds on the lee side of the low-level cyclonic circulation would induce an
intrusion ofwarmandmoist air originating from the subtropics (Fig. 5c). As
the system propagates eastward, cold and dry continental air intrudes into
theKOE-region, enhancing convectiveheating anomalies on thebacksideof
the cyclone at day +1 (Fig. 5d).

During the large-scale heating-only cases, convective heating is muted
throughout the durationof the composite large-scale heating event (red line,
Fig. 5e). The circulation pattern during these cases is also distinct from that
of theoverlappingcases.While the low-level andupper-level circulations are
still in near-quadrature to form a baroclinic structure, the amplitude of the
anticyclonic structure over the central North Pacific is much stronger than
that of the overlapping cases, and the weaker cyclonic structure is shifted
westward (Fig. 5f). Therefore, following the dipole structure of cyclone and
anticyclone, southerly warm moist flow enhances large-scale heating over
the entireKOEregion (Fig. 5g).However, theweak low-level cyclone located
over the western flank of the KOE region dissipates by lag day +1, pre-
venting this system from bringing cold and dry northerly flow that would
enhance convective heating (Fig. 5h). It is interesting to note that we found
232 eventswhen large-scale heating events occurwithout convective heating
enhancement, which ismuch larger than the frequency of occurrence of the
other two types of heating events andmore than 50%of the total number of
events.We infer from this that thedominantweather pattern responsible for
latent heating enhancement over the KOE region may not necessarily
involve strong low-level cyclones and associated air-sea interaction, in
contrast to what has been commonly assumed in previous studies.

Themeteorological pattern during the convective heating-only events,
which is the rarest among the three categories of events, differs from that of
large-scale heating events in that there is a prominent barotropic cyclonic
circulation centered over the North Pacific (Fig. 5j). This strong barotropic
low pressure system is formed as a cyclonic circulation over the North
Pacific and another migratory cyclonic circulation from Siberia merge
together over the KOE-region (third column of Fig. S1). The location and
the broad extent of this cyclone result in southerly moist flow spread out at
day−1 into the central and eastern North Pacific region (Fig. 5k), while the
northerly flow induced by the low-level cyclone then causes an intrusion of
cold anddry air into theKOEregion, enhancing convective heating (Fig. 5l).

These findings indicate that large-scale heating-only and convective
heating-only events are associated with distinct meteorological conditions:
the former is characterized by an intrusion of southerly warm moist flow
within a transient baroclinic system,while the latter is linked to a barotropic
cyclonic circulation that advects cold and dry northerly air over the KOE
region. These distinctive weather patterns help to explain the different
e-folding timescales of the two heating indices (Fig. 3c and Fig. 4). The
easternflank orwarm sector of low-level cyclones, where southerlyflowand
enhanced large-scale condensational heating occurs, tends to evolve and
propagate quickly over the KOE region. For example, during the over-
lapping cases, the composite cyclone takes only about one day to propagate
across KOE region such that the southerly flow is located over the central
Pacific rather than the KOE region by day+1 (contours in first column of

Fig. 4 | Composites of heating indices. Composites during positive (a) large-scale
and (b) convective events from CTRL for KOE-area averaged anomalies of surface
latent heat flux (green), surface sensible heat flux (purple), large-scale heating (blue),

and convective heating (red) in Wm-2. Latent and sensible heat flux indices are
divided by 60 to have similar amplitudes to those of large-scale and convective
heating indices. Dotted thick lines indicate statistically significant values at 5% level.
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Fig. S1). However, as the cyclone matures near the Bering Sea, its propa-
gation speed is reduced, thereby allowing persistent northerly flow to KOE
region to provide more favorable conditions for convective heating
enhancement (day +1 to +3; first and third column of Fig. S1). Thus, the
different circulation structures and their geographical locations relative to
the KOE region explain the different timescales of the two latent heating
indices.

Ourfindings on the three distinctive synoptic patterns in themodel can
be validated by repeating the same procedure but with the JRA55
reanalysis34. We chose the JRA55 reanalysis since it provides large-scale
condensational heating and convective heating as separate variables. After
applying the method described above to 43 NDJ seasons (from Nov 1979/
Jan 1980 to Nov 2021/Jan 2022), we have also identified three synoptic
weather patterns. Figure S3 shows the composites of the heating indices,
circulation, and two heating components during three different synoptic
events based on JRA55 reanalysis, which can be directly compared to Fig. 5
based on our model results. The circulation structures of the three synoptic

systems are consistent with those identified from the CTRL simula-
tion. As in our model simulation, the baroclinic anticyclonic circu-
lation (second column) is the dominant weather pattern with the
most frequent occurrence, although the barotropic cyclonic system
(third column) occurs more frequently than baroclinic extratropical
cyclone system (first column) in JRA55. The JRA55 reanalysis thus
supports that the three synoptic systems and their frequency of
occurrence in VR-CAM6 are realistic.

Influence of KOE SST anomalies
Given that the two types of latent heating can be induced by different
synoptic conditions, we next examine howwarmSST anomalies in theKOE
region, indicative of a northward shift of the SST front along the Oyashio
Extension, influence the circulation and latent heating structures. Figure 3e
shows that the climatology of both heating profiles are enhanced in the
WARM simulation.We then repeat our procedures for identifying positive
heating events and subdividing them into overlapping andnon-overlapping

Fig. 5 | Composites for three different types of weather systems based on three
different types of heating events from CTRL.Different heating indices (first row),
Z300 and Z850 anomaly (shadings and contours of second row, respectively), large-
scale heating (third row) and convective heating (fourth row). Three types of events
represent (a–d) overlapping cases when large-scale and convective heating occur
together, (e–h) large-scale heating-only events occurring without convective heating
events, and (i–l) convective heating events-only occurring without large-scale

heating events. Numbers in parentheses of the titles of (a), (e), and (i) denote number
of events for the corresponding composites. Contours in all the maps show Z850
anomaly composite with contour interval of 20 m. Yellow boxes indicate the KOE
region. Note that (k) and (l) show one lag day earlier than other panels. Dotted thick
lines (top row) and dotted grid points (bottom three rows) indicate statistically
significant values at 5% level.
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cases to create composites based on WARM. We define anomalies in
WARM as deviations from the 3-hourly climatology of CTRL.

Figure 6 shows the responses to the KOE SST anomalies, i.e., the
WARM composites for the overlapping and non-overlapping cases minus
the corresponding CTRL composites. For the overlapping composite (e.g.,
when large-scale and convective heating may occur together within a
synoptic system), large-scale heating is enhanced by about 10% during the
peak of the event (fromday−1 to+1; blue line in Fig. 6a) in response to the
warmer KOE SST. Prior to the development of the baroclinic system, the
convective heating anomaly is about 0.05 K/day, indicating that under the
direct influence of the SST anomaly forcing convective heating inWARM is
enhanced compared to CTRL (which shows near-zero convective heating
anomaly; Fig. 5a vs. 6a). As the system develops from day−1 to day 0, the
anticyclonic circulation strengthens slightly (Fig. S4), but subsequently
(after day+1) the cyclonic circulation near theKOE regionweakens relative
toCTRL (first columnof Fig. S4). Therefore, the composite difference shows
an overall more anticyclonic circulation pattern in WARM (Fig. 6b and
third column of Fig. S4). Convective heating is muted between day−1 and
day 0 (Fig. 6a and d). The convective heating anomalies are generally

positive over the SST forcing region in WARM, resembling the mesoscale
SST structure (cf. Fig. 6d and Fig. 2). The large-scale heating is, however,
enhanced during this time due to weakened northwesterly flow associated
with the anticyclonic response (Fig. 6c).

For the large-scale heating-only event composites, the strong antic-
yclonic circulation above theKOEregion (Fig. 6f andfirst columnof Fig. S5)
is substantially enhanced and expanded in WARM (Fig. S5). The WARM
anticyclonic circulation response thus shows a barotropic structure centered
over the North Pacific (Fig. 6f and third column of Fig. S5). Since the North
Pacific anticyclone would bring warm moist air over the KOE region and
enhance large-scale condensational heating, the latter is also enhanced by
~10% in WARM (blue line in Fig. 6e, also Fig. 6g). The convective heating
also shows an enhancement after about lag day 0 (red line in Fig. 6e).
Interestingly, the time evolution of composite difference shows that the
anticyclonic response intensifies after day+1 (third columnof Fig. S5). This
is because in CTRL, the anticyclone starts to dissipate after day +1, but in
WARM, it persists until day +3. Given that latent heating plays an
important role in inducing a blocking anticyclonic response35–37, this pro-
longed circulation may result from the positive feedback between SST

Fig. 6 | As in Fig. 5, but for the composite difference WARM minus CTRL.
Different heating indices (first row), Z300 and Z850 anomaly (shadings and con-
tours of second row, respectively), large-scale heating (third row) and convective
heating (fourth row). Three types of events represent (a−d) overlapping cases when
large-scale and convective heating occur together, (e−h) large-scale heating-only

events occurring without convective heating events, and (i−l) convective heating
events-only occurring without large-scale heating events. Contours are Z850
(interval of 10 m). To reduce noise, composite difference maps were averaged from
lag day -1 to+1. Dotted thick lines (top row) and dotted grid points (bottom 3 rows)
indicate statistical significance values at 5% level.
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anomaly and the anticyclone. In addition to the direct influence of SST on
convective heating enhancement after about lag day 0, the anticyclone
advects southerly moist air to the KOE-region and together with the SST
anomaly-induced updraft, the moist air releases more latent heat to main-
tain the anticyclone38–40.

Lastly, for the convective heating-only event composites, the response
shows a zonally elongated anticyclonic structure extending from Eurasia to
the west coast of North America at upper levels, while the low-level signal is
more concentrated over theNorthPacific (shadings and contours of Fig. 6j).
This represents aweakening andnarrowingof the cyclonic circulation in the
northeastern part of the KOE region found in CTRL, mainly before the
onset of the event (Fig. S6). However, since the composite difference does
not resemble the existing wave pattern and the shapes of the upper and
lower circulation anomalies do not align with each other as for the large-
scale heating-only events, especially after lag day 0, even though they both
underwent anticyclonic change, it is difficult to conclude that there is any
systematic weakening or strengthening of the original cyclonic circulation
pattern (third column of Fig. S6). Similarly, neither latent heating index
composite difference shows statistically significant enhancement during
WARM compared to CTRL (Fig. 6i, k-l).

It is interesting to note that the composite difference for the large-scale
heating-only events resembles the seasonal mean (NDJ) response pattern
(Fig. 6f vs. 7). The seasonal mean response in WARM relative to CTRL
exhibits a prominent statistically significant barotropic anticyclone centered
over theNorth Pacific, broadly consistentwith the high-resolution response
fromSmirnov et al.14.Note that the amplitudeof the seasonalmean response
is about half of the standard deviation of the CTRL ensemble distribution
(not shown). Both the anticyclonic response over the North Pacific and the
weak cyclonic responses over the subtropical central North Pacific and
eastern half ofNorthAmerica resemble the composite heating event pattern
in Fig. 6f. Although the seasonalmean pattern also resembles the convective
heating only case (Fig. 6j), given that there are more than 200 large-scale
heating-only cases in both CTRL andWARM, which is larger than the sum
of the occurrence of the other two cases, the anticyclonic enhancement
within this dominant weather pattern may be the primary driver of the
mean circulation response to the SST forcing.

Discussion
Using theVR-CAM6at enhanced resolutionover theNorthPacific,wehave
examined the synoptic conditions linked to different types of latent heating
over the Kuroshio-Oyashio Extension (KOE) region and the influence of
positive SST anomalies on the associated weather systems. First, latent
heating was decomposed into two parts: large-scale condensational heating,
which is closely associated with resolved processes and moisture flux32, and
convective heating, which represents parametrized convection and latent
heating due to boundary layer mixing. The former peaks near the extra-
tropical storm track region,while the latter is preferentially linked to shallow

mixing over the KOE oceanic front (and to deep convection over the tro-
pics). Over the KOE region, strong amplitudes of large-scale heating are
associated with a baroclinic wave structure and associated southerly warm
and moist air intrusions. Depending on the orientation and strength of the
low-level anticyclone/cyclone pair, the large-scale condensational heating
can be followed by an enhancement of convective heating. On the other
hand, strong convective heating without preceding large-scale heating over
KOE is linked to a barotropic cyclonic circulation centered over the North
Pacific that induces cold and dry continental air intrusions into the KOE
region. Because the cyclone extends into the Gulf of Alaska, the large-scale
heating spreads into theNorth Pacific rather than converging over the KOE
region. Qualitatively similar synoptic heating systems are identified in the
JRA55 reanalysis.

Second, by adding a warm SST anomaly that represents the dominant
SST variability over the KOE region, we have shown that these different
meteorological patterns respond differently to the imposed SST forcing.
While the cyclone-centric baroclinic system did not change appreciably, the
anticyclonic baroclinic system is enhanced, likely due to the strengthened
updraft and moisture supply from the SST forcing which are important for
the maintenance of the anticyclone35–40. Smirnov et al.14 highlighted the
importance of resolving small-scale vertical motion to realistically simulate
air-sea interactions over the KOE region, but from a seasonalmean point of
view. Our analysis further indicates that, in addition to the contribution
from parameterized convective heating, large-scale condensational heating
within a synoptic weather system, which is closely linked to resolved
processes32, ultimately impacts the seasonal mean circulation response
pattern. This study, therefore, shows that quantifying detailed latent heating
structures is crucial for a comprehensive understanding of the air-sea
coupling mechanism.

Another important conclusion of this study is that the selective
enhancement of the most frequently occurring synoptic system, the bar-
oclinic anticyclone, strongly contributes to the seasonal mean response to
the SST forcing. Other less frequent types of weather patterns did not
respond strongly to the imposed SST anomaly and/or did not occur often
enough to influence the seasonal mean response. This finding may help to
explain the nonlinear and asymmetric characteristics of the atmospheric
response to WBC forcing in general5,9,10. While the selective intensification
of the synoptic anticyclone under warmer SSTs dominates the seasonal
mean response, it remains an open question whether a similar but opposite
response would be obtained under a cold SST anomaly associated with a
southward shift of the Oyashio Extension and if such a mechanism would
scale linearly with the SST anomaly amplitude. It is indeed plausible that
other weather patterns, for instance a baroclinic extratropical cyclone or a
barotropic Rossby wave-like system, may respond differently to a negative
SST anomaly forcing. The combination of eachweather pattern’s distinctive
response could cause the seasonal mean response to be nonlinear and
asymmetric as noted in the aforementioned studies5,9,10. Furthermore, the
characteristics of dominant synoptic patterns may differ in other ocean
basins, likely due to relative alignment of the atmospheric jet and theWBC,
and different dynamics of the regional intrinsic modes of variability. For
example, it would be interesting to explore how various synoptic systems
interact with Gulf Stream SST anomalies to impact the North Atlantic and
downstream European weather and climate. Thus, in order to advance the
understanding of the WBC air-sea interaction mechanism, it would be of
much interest to identify the different types of major synoptic weather
patterns occurring over that region and study how they react to SST frontal
forcing.

In our analysis, we found that the baroclinic system with a prominent
upper-level anticyclonebutwithout a strong low-level cyclonic circulation is
the dominant weather pattern that strongly enhances latent heating and
influences the seasonal mean response to the SST forcing. Conventionally,
the influence of SST anomalies on synoptic weather patterns has generally
focused on individual extratropical cyclones and weather fronts22,41,42,
although this idea has been questioned by arguing that instead of directly
influencing storms, SST anomalies indirectly change the large-scale

Fig. 7 | The seasonal (NDJ) and ensemble mean response (WARMminus CTRL)
pattern of Z300 (m; color shading) and Z850 (contours; interval of 5 m; zero-
value contour is omitted). Yellow box indicates the KOE region. Dotted regions
indicate statistical significance at 5% level.
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environment in which storms develop, thereby playing only a minor
role43–46. Unlike previous studies that focus on extratropical cyclones, we
found that anticyclonic baroclinic systems without an accompanying low-
level cyclone contribute most to the seasonal mean circulation response.
Our study thus provides a new perspective that the other type of synoptic
patterns besides the classical extratropical cyclone structure also induce
strong latent heat release over the WBC region, and that their distinctive
sensitivities to SST forcing need to be considered to fully understand how
oceanic fronts influence climate variability. Our work contributes to recent
efforts aimed at distinguishing the role of various synoptic weather patterns
over WBC regions46,47. In future studies, investigating the factors that
determine the dynamical characteristics of various synoptic systems, the
degree to which they scale linearly with the SST anomaly amplitude and
polarity, as well as how thosemechanisms vary in thewarm seasonwill help
todisentangle the complicated linkages betweenoceanandatmosphere over
the extratropics.

Methods
SST forcing structure
In order to prescribe an SST anomaly that is dominant in the KOE region,
we first create an index that captures the latitudinal variability of the SST
front along theOyashio Extension (OE) in theNorth Pacific.While the SST
front is often detected by finding the leading mode of the latitudinal
variability of themaximumSST gradient position6, the central region (155°-
165°E) of the KOE domain is associated with strong mesoscale eddy
activities and a robust SST pattern associated with SST gradient anomalies
can be difficult to be detected7. Therefore, we instead use the SST variability
itself along the mean position of the front, rather than the latitudinal
variability of its gradient, to define the SST forcing structure. This index,
referred to as Oyashio Extension Index (OEI), is the normalized principal
component (PC) timeseries of the leading mode of the SST variability at
temporally fixed mean frontal locations within 155°-165°E as detailed
below. They correspond to the largest latitudinal shifts of the OE front,
which were shown to occur between 153° and 165°E6,48.

First, to identify the mean oceanic frontal locations, the value of the
meridional SST gradient (dSST=dy) for each month is computed using the
monthly mean SST from the GLORYS12 reanalysis with 1/12° horizontal
resolution31. Then, within the region bounded by 35°-47°N and 155°-165°E,
the latitudes with the strongest (e.g., most negative) dSST=dy at each
longitude are identified.These values indicate themonthly varyingpositions
of the SST front. Finally, for 1993–2020, cold season (November to March;
NDJFM) climatology of this SST frontal position is computed6. This tem-
porally fixed mean frontal location is shown in Fig. 2 (yellow curve), indi-
cating that the climatological SST frontal position is located at around
40°-42°N.

We then characterize the SST variability along this mean frontal
position by performing an empirical orthogonal function (EOF) analysis on
the monthly SST anomalies in NDJFM located at the climatological frontal
position in the 155°-165°E longitudinal band anddefine the timeseries of the
normalized first PC as the OEI. (Note that individual monthly anomaly
values for November-March, thus 5 data points, for each year are used as
opposed to the 5-month mean for the EOF calculation) The first EOF
pattern explains almost 40% of the total variance and has a large maximum
near 164°E, suggesting strong eddy activity (Fig. S7). The SST anomaly
regressed onto the normalized PC timeseries represents the dominant SST
anomaly variability over the KOE region, and it resembles the SST pattern
associated with the northward shift of theOE front (Frankignoul et al. 2011;
see their Fig. 5a)6. The yearly mean timeseries of this SST-based EOF is
correlated with the latitude based EOF PC timeseries with an amplitude of
0.42 (not shown), indicating that the identified pattern is associatedwith the
interannual-to-decadal fluctuation of the SST frontal shift.

We multiply this regression pattern by a factor of 5 to increase the
signal-to-noise ratio and consider only those grid points where the regres-
sions are statistically significant at the 10% level according to Student’s t test.

The SST forcing domain (also referred to as the KOE domain) is 35°-
47°N,140°-180°E, excluding small regions that are not part of the North
Pacific (140°-142°E and 43°-47°N; Fig. 2). The edges of this domain were
smoothed by applying a cosine tapering in both latitudinal and longitudinal
directions.Note that the SSTamplitude in Fig. 2 is comparable to themarine
heat wave events occurred in the KOE region between May and October
2025 when the SST anomalies ranging from about 2–5 °C were observed.
Therefore, the forcing magnitude is not unrealistic and may be helpful to
diagnose possible circulation response to an unusual extreme event. The
anticyclonic mean response to the same SST anomaly structure, but with
weaker amplitude corresponding to the 2-standard deviation of the OE
index, is broadly similar to Fig. 7, but with substantially weaker magnitude
(not shown). Therefore, the response to the varyingmagnitude of the warm
SST anomaly is approximately linear.

As shown in previous studies, SST anomalies over the KOE region can
be associated not only withWBC dynamics but also with large-scale modes
of variability such as El-Niño SouthernOscillation (ENSO), Pacific Decadal
Oscillation (PDO49) and North Pacific Gyre Oscillation (NPGO50). There-
fore, prior to performing the EOF analysis mentioned above, we used
multiple linear regression to remove thesemodes of variability from the SST
data used to compute the OEI and define a SST anomaly that is repre-
sentative of WBC variability. Specifically, the predictors for the multiple
regressions are the first three EOFs of SST anomalies in the tropical Pacific
(20°S-20°N, 20°E-70°W) to represent ENSO and the first two EOFs of SST
anomalies in the North Pacific (20°-70°N, 120°E-120°W) to represent the
PDO and NPGO, respectively. We excluded the KOE region (30°-45°N,
130°-180°E) when computing the North Pacific SST EOFs for PDO and
NPGO to prevent any contamination by WBC variability11.

VR-CAM6 and experimental design
As indicatedearlier,weuseVR-CAM6within theCommunityEarthSystem
Model (CESM) version 2.3 framework26,28,51. We employ an enhanced
horizontal resolutionof~1/8° in theNorthPacificwhilemaintaining the rest
of the globe in a relatively coarse resolution (~1°) with a narrow transition
(~1/4° to ~1/2°) zone between the two resolutions. This mesh grid structure
has 261,794 grid points in the horizontal (Fig. 1). VR-CAM6uses the Cloud
Layers Unified by Binormals scheme52 to parametrize large-scale clouds,
shallowconvection, andboundary layermixing. Thedeep convection, cloud
microphysics, and boundary layer drag are represented by Zhang and
McFarlane scheme33, MG2 scheme53, and Belijaars et al.54, respectively.

We perform sets of ensemble simulations with each set having 43
members. Each simulation of the ensemble set is initialized fromNovember
1st and integrated for 3 months, thereby focusing on the early winter
(November to January; NDJ) when the atmosphere enters the cold season
while the ocean temperature remains relatively warm. It is also the season in
which the net surface heat flux over the KOE-region is an effective predictor
of North Pacific climate55. Different initial conditions for each ensemble
member are derived from the ERA5 reanalysis’ November 1st data of 43
different years from 1979 to 202156. We use zonal and meridional wind (U,
V), temperature (T), specific humidity (q), and surface pressure (ps) to
create atmospheric initial conditions, using the ERA5 data with 0.25° hor-
izontal resolution and 37 vertical pressure levels. These data are mapped
onto the VR-CAM-grid with its 32 vertical levels using the BETACAST
software57,58 to obtain an initial condition with a hydrostatic adjustment to
theVR-CAM-grid topography. The prescribed oceanic boundary condition
is themonthly climatology of SST and sea-ice concentration from the 1/12°
GLORYS12 reanalysis31 averaged from 1993 to 2020, which is then
remapped intoCESM-readable 1/10° Parallel Ocean Program (POP)model
grid system. In the control (CTRL) simulation, the monthly climatology of
SST and sea ice is prescribed. In the perturbation (WARM) experiment, we
add a temporally constant SST anomaly forcing pattern described in
“Method-A” (Fig. 2). The output data are saved at 3-hourly instantaneous
time steps. These outputs are first saved on the VR grid and then remapped
onto a nominal 1° grid and 37 pressure levels for the analysis.
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Data availability
The ERA5 reanalysis can be accessed in the following webpage: https://cds.
climate.copernicus.eu/datasets/reanalysis-era5-single-levels?tab=
download, and the GLORYS12 reanalysis data can be accessed in the fol-
lowing webpage: https://data.marine.copernicus.eu/product/GLOBAL_
MULTIYEAR_PHY_001_030/description.

Code availability
The CESM2 code is available at https://github.com/ESCOMP/CESM.
The BETACAST code to generate initial condition files in variable
resolution grid is available at https://github.com/zarzycki/betacast.
The analysis code can be requested to the corresponding author with
a reasonable request.
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