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Abstract

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 one of them, corresponding to anticyclonic baroclinic wave,
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 the mechanisms governing the seasonal-

mean atmospheric circulation response to KOE SST forcing.
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Introduction

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 scales'. While many studies have probed the mechanisms of WBC ait-
sea interaction and associated regional and downstream impacts, a complete understanding is
lacking due in part to the pronounced nonlinearity 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 anomalies®, studies have shown that the
response may differ substantially from linear theory for a variety of reasons, including nonlinear

8-10 " and model resolution''"'*. One possible source of such

dynamics®”’, background seasonality
lack of consensus on why 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 atmosphere'>'®. While linear theory may explain the direct atmospheric response to
latent heating®, the mechanisms generating a latent heating anomaly, such as convection and moist
processes, are inherently nonlinear!”. 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 system!>!7. While studies have investigated the role of transient storm activity to
understand the seasonal mean climate response to the WBC forcing!®%°, how various types of
synoptic weather patterns in which latent heating occurs would 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 conditions. Diagnosing various synoptic weather patterns prior to

investigating the seasonal mean signal, and identifying a distinct response of each of those synoptic
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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 to model resolution since models with finer horizontal resolution can better
resolve vertical motions induced by the SST forcings, and hence latent heating!!'*!°, For example,
Smirnov et al. (2015)!! compared the atmospheric responses to a KOE SST anomaly between
atmospheric general circulation models (AGCMs) with 1° and 0.25° horizontal resolution and
found that the simulated diabatic heating response is balanced by vertical advection at high-
resolution and by horizontal advection at low-resolution. Wills et al. (2024)'* compared the
atmospheric response to SST anomalies in the Gulf Stream region in models 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 resolved mesoscale oceanic eddies can induce stronger localized convective responses than
those can be found in coarse resolution models!>!32!-22,

Inspired by these findings, we conduct high-resolution model simulations 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-CAMS6). The model uses a spectral
element dynamical core with an unstructured global mesh grid system?. 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 Mediterranean'*?*2’. Here, we expand the application areas of
VR-CAMBG6 by simulating for the first time the North Pacific climate system with enhanced (~1/8°)
resolution (Fig. 1). In contrast with previous high-resolution modeling studies of WBC air-sea

interactions which used low-resolution boundary conditions!'!!*

, we have incorporated higher
resolution (1/12°) oceanic boundary conditions obtained from the GLORYS12 reanalysis®.
Combining high-resolution boundary conditions and a high-resolution atmospheric model enables
us to represent small scale features such as oceanic mesoscale eddies, atmospheric frontal scale

updrafts and convective motions that are important for understanding latent heat release within the
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air-sea coupled system. We first investigate the latent heating structures in a control (climatological
SST) experiment (hereafter, CTRL), and then compare their key characteristics in a perturbation
experiment by adding an SST anomaly pattern in the KOE region (hereafter, WARM; Figure 2).
Both CTRL and WARM ensemble sets have 43 members, with each different member starting
from different 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 experimental

design are given in the Methods.

Results

a. Latent Heating Characteristics and Indices

Our hypothesis is that different types of latent heating structures are associated 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 two different 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 AGCM?
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 term*’ of Table 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 the model 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. The NDJ
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
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extratropical convective heating is 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 tendency due to moist
processes) (not shown). 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 occurring 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 each grid point.
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 its mean and dividing by its standard
deviation; 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). As will be
explained in Results-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. Figs. 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 index when
the normalized amplitude of the heating index > 1.0 and is separated from neighboring events by
at least 5 days. We identified 423 (427) positive heating events for the large-scale condensational
heating index and 248 (285) positive heating events for the convective heating index in CTRL
(WARM) (Table 2). Lead-lag composites of circulation and heating 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
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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.
b. 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 and decay both occur within about one day, 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 standard deviation of the 3 hourly 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.

The positive convective heating event composite (Fig. 4b) demonstrates 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
convective 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 also seen for the convective heating that accompanies large-scale heating events (Fig. 4a).

Both composites suggest a weak one-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
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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 peak within a 3-day time period. Given
that both definitions capture the same dynamical 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).

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., the magnitude 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. S1). Strong amplitudes 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 of warm and moist air
originating from the subtropics (Fig. 5c). As the system propagates eastward, cold and dry
continental air intrudes into the KOE-region, enhancing convective heating anomalies on the

backside of the cyclone at day +1 (Fig. 5d).

During the large-scale heating-only cases, convective heating is muted throughout the duration
of the composite large-scale heating event (red line, Fig. 5e). The circulation pattern during these

cases is also distinct from that of the overlapping cases. While the low-level and upper-level
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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 entire KOE region (Fig. 5g). However, the weak low-level cyclone located over
the western flank of the KOE region dissipates by lag day +1, preventing 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 events when large-scale heating events occur without convective heating
enhancement, which is much larger than the frequency of occurrence of the other two types of
heating events and more than 50% of the total number of events. We infer from this that the
dominant weather 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.

The meteorological 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 and dry air into the KOE

region, enhancing convective heating (Fig. 51).

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 eastern flank or warm sector of low-level cyclones, where
southerly flow and enhanced large-scale condensational heating occurs, tends to evolve and

propagate quickly over the KOE region. For example, during the overlapping cases, the composite
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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. S1). However, as the cyclone matures near the Bering Sea, its propagation 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.
c. Influence of KOE SST anomalies

Given that the two types of latent heating can be induced by different synoptic conditions, we
next examine how warm SST anomalies in the KOE 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 and non-overlapping 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
(from day -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 in WARM
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. S2), but subsequently (after day +1) the cyclonic circulation near the KOE region weakens
relative to CTRL (first column of Fig. S2). Therefore, the composite difference shows an overall
more anticyclonic circulation pattern in WARM (Fig. 6b and third column of Fig. S2). Convective
heating is muted between day -1 and day 0 (Fig. 6a and 6d). The convective heating anomalies are

generally positive over the SST forcing region in WARM, resembling the mesoscale SST structure
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(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. 6¢).

For the large-scale heating-only event composites, the strong anticyclonic circulation above
the KOE region (Fig. 6f and first column of Fig. S3) is substantially enhanced and expanded in
WARM (Fig. S3). The WARM anticyclonic circulation response thus shows a barotropic structure
centered over the North Pacific (Fig. 6f and third column of Fig. S3). 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.
6¢). Interestingly, the time evolution of composite difference shows that the anticyclonic response
intensifies after day +1 (third column of Fig. S3). 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 response’!*, this prolonged circulation may
result from the positive feedback between SST 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 release more latent heat to maintain the anticyclone®*3¢.

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 the North Pacific (shadings and
contours of Fig. 6j). This represents a weakening and narrowing of the cyclonic circulation in the
northeastern part of the KOE region found in CTRL, mainly before the onset of the event (Fig.
S4). 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. S4). Similarly, neither latent heating
index composite difference shows statistically significant enhancement during WARM compared

to CTRL (Figs. 61, k-1).
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It is interesting to note that the composite difference for the large-scale heating-only events
resembles the seasonal mean (NDJ) response pattern (Figs. 7 vs. 6f). The seasonal mean response
in WARM relative to CTRL exhibits a prominent statistically significant barotropic anticyclone
centered over the North Pacific, broadly consistent with the high-resolution response from
Smirnov et al. (2015)!!. Note that the amplitude of the seasonal mean 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 of North America resemble the composite heating event pattern in Fig. 6f. Given
that there are more than 200 large-scale heating-only cases in both CTRL and WARM, 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.

Conclusions and Discussion

Using the VR-CAMG6 with enhanced resolution over the North Pacific, we have 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 flux?’, and convective heating,
which represents parametrized convection and latent heating due to boundary layer mixing. The
former peaks near the extratropical storm track region, while the latter is preferentially linked to
shallow mixing over the KOE oceanic front (and to deep convection over the tropics). 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 the North Pacific rather than converging over the KOE region.
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Second, by adding a warm SST anomaly that represents a northward shift of the Oyashio
Extension front, 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 anticyclone?!¢.
Smirnov et al. (2015)!! highlighted the importance of resolving small-scale vertical motion to
realistically simulate air-sea interactions over the KOE region, but from a seasonal mean 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 processes?, 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 large-
scale only event, the most frequently occurring synoptic system, 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 general®”’. While the selective
intensification of the synoptic anticyclone under warmer SSTs dominates the seasonal mean
response, it remains an open question if such a mechanism would scale linearly with the SST
anomaly amplitude and whether a similar but opposite response would be obtained under a cold
SST anomaly associated with a southward shift of the Oyashio Extension. 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 each weather pattern’s distinctive response could cause the seasonal mean response to be
nonlinear and asymmetric as noted in the aforementioned studies®’. Thus, in order to further study
the mechanisms of the atmospheric response to WBC SST anomalies, it would be necessary to
first identify the different types of major synoptic weather patterns and then study how they react
to SST frontal forcing.
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In our analysis, we found that the baroclinic system with a prominent upper-level
anticyclone but without 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

19,37,38

focused on individual extratropical cyclones and weather fronts , although this idea has been

questioned by arguing that instead of directly influencing storms, SST anomalies indirectly change
the large-scale environment in which storms develop, thereby playing only a minor role***2.
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 regions****.
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 those mechanisms vary in the warm season will help to disentangle the

complicated linkages between ocean and atmosphere over the extratropics.

Methods

a. SST forcing structure

In order to prescribe an SST anomaly forcing that represents a northward shift of a WBC,
we first create an index that captures the latitudinal variability of the SST front along the Oyashio
Extension (OE) in the North Pacific. While the SST front is often detected by finding the leading
mode of the latitudinal variability of the maximum SST gradient position**, the central region
(155°-165°E) of the KOE domain is associated with strong mesoscale eddy activities and a robust
SST gradient can be difficult to detect*. Therefore, we instead use the SST anomaly itself, rather
than the latitudinal variability of its gradient, to define a SST frontal index. This index, referred to

as Oyashio Extension Index (OEI), is the normalized principal component (PC) timeseries of the
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leading mode of the SST variability at temporally fixed mean frontal locations within 155°-165°E

as detailed below.

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 resolution®®. 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 the monthly varying positions of the SST front.
Finally, for 1993-2020, cold season (November to March; NDJFM) climatology of this SST frontal
position is computed**. This temporally fixed mean frontal location is shown in Figure 2 (yellow

curve), indicating 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 and define 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.) A positive (negative) value of this index refers to a northward (southward)
shift of the Oyashio Extension front. The first EOF pattern explains almost 40% of the total
variance and has a large maximum near 164°E suggesting strong eddy activity (Fig. S5). The SST
anomaly regressed onto the normalized PC timeseries therefore represents the SST anomaly
pattern associated with a one standard deviation northward shift of the front. We then multiply this
regression pattern by a factor of 5 to increase the signal-to-noise ratio and consider only those grid
points where the regressions 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.

As shown in previous studies, SST anomalies over the KOE region can be associated not
only with WBC dynamics but also with large-scale modes of variability such as El-Nifio Southern

Oscillation (ENSO), Pacific Decadal Oscillation (PDO*) and North Pacific Gyre Oscillation

(NPGOY). Therefore, prior to performing the EOF analysis mentioned above, we used multiple
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linear regression to remove these modes of variability from the SST data used to compute the OEL.
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 variability®.

b. VR-CAMG6 and experimental design
i. Variable resolution CAM6

As indicated earlier, we use VR-CAMG6 within the Community Earth System Model
(CESM) version 2.3 framework*»*>**, We employ an enhanced horizontal resolution of ~1/8° in
the North Pacific while maintaining 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-CAMS6 uses the Cloud Layers
Unified by Binormals scheme® to parametrize large-scale clouds, shallow convection, and
boundary layer mixing. The deep convection, cloud microphysics, and boundary layer drag are
represented by Zhang and McFarlane scheme®®, MG2 scheme®®, and Belijaars et al. (2004)°!,

respectively.
ii. Initial and boundary conditions

We perform sets of ensemble simulations with each set having 43 members. Each simulation
of the ensemble set is initialized from November 1* 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 climate®. Different initial
conditions for each ensemble member are derived from the ERAS reanalysis’ November 1% data
of 43 different years from 1979 to 202133, We use zonal and meridional wind (U, V), temperature
(T), specific humidity (q), and surface pressure (ps) to create atmospheric initial conditions, using
the ERAS data with 0.25° horizontal resolution and 37 vertical pressure levels. These data are
mapped onto the VR-CAM-grid with its 32 vertical levels using the BETACAST software>*>’ to
obtain an initial condition with a hydrostatic adjustment to the VR-CAM-grid topography. The

prescribed oceanic boundary condition is the monthly climatology of SST and sea-ice
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concentration from the 1/12° GLORYS12 reanalysis®® averaged from 1993 to 2020, which is then
remapped into CESM-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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Variable

Definition / Explanation

Large-scale

condensational heating

RCMTEND_CLUBB*L,/C, + MPDT/C,

Convective heating

(STEND_CLUBB ~ RCMTEND_CLUBB*L,,)/ C, + 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

Table 1: Equations to define the large-scale heating and convective heating, and model variables

used in those equations in VR-CAMBS. L, and C,, stand for the latent heat of vaporization (2.5x10°

J/kg) and the specific heat at constant pressure (1004 J/kg K), respectively.

CTRL 232 large-scale heating-only events
Large-scale heating events | 427 events
132 overlapping events
Convective heating events | 258 events : :
65 convective heating-only events
WARM 219 large-scale heating-only events
Large-scale heating events | 418 events
129 overlapping events
Convective heating events | 271 events

74 convective heating-only events

Table 2: Number of large-scale and convective heating

simulations.

events found in CTRL and WARM
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Figure Captions

Figure 1. The unstructured mesh grid system used for the Variable Resolution CAM6
simulations. The finest grid resolution over the North Pacific region is approximately 1/8°,
tapering to approximately 1/2° in the surrounding transition zone; the remainder of the globe has
a grid resolution of approximately 1°.

Figure 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.

Figure 3. (a)-(b) Vertically averaged large-scale and convective heating climatology,
respectively, of CTRL for November-January (K day™!). Black box represents the KOE region
where the SST anomaly forcing is prescribed in WARM. (c¢) Autocorrelation 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 autocorrelations. (d)
Vertical structure of KOE-area-mean latent heating (K day™') from CTRL and (e) vertical
structure of the latent heating response (WARM minus CTRL) in K day™!. Thick line segments in
(e) represent statistical significance at 5% level.

Figure 4. 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. 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.

Figure 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-1) 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 20m. Yellow boxes indicate the KOE region. Note that panels
(k) and (1) 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.

Figure 6. As in Fig 5, but for the composite difference WARM minus CTRL. Contours are Z850
(interval of 10 m). To reduce noise, composite difference maps were averaged from lag day -1 to
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+1. Dotted thick lines (top row) and dotted grid points (bottom 3 rows) indicate statistical
significance values at 5% level.

Figure 7. The seasonal (NDJ) and ensemble mean response (WARM minus CTRL) pattern of
7300 (m; color shading) and Z850 (contours; interval of 5m; zero-value contour is omitted).
Yellow box indicates the KOE region. Dotted regions indicate statistical significance at 5% level.

Figure S1: Daily evolution, from lag days -3 to +3, of CTRL composite of Z300 (shading) and
7850 (contours; interval of 20m) during three different types of heating events. First column
shows the overlapping case when two types of heating events occur in sequence. The second
column shows the evolution during the large-scale condensational heating-only events. The third
column shows the convective heating-only cases. Yellow boxes indicate the KOE SST forcing
domain. Dots indicate statistical significance at 5% level.

Figure S2. Z300 daily lagged composite, from lag day -3 to +3, during the overlapping cases
from CTRL (first column), WARM (second column), and WARM minus CTRL (third column).
Contours represent 850-hPa geopotential height anomaly with contour interval of 20m. Yellow
boxes indicate the KOE forcing domain. Dots indicate statistical significance at 5% level.

Figure S3: As in Fig. S2 but for the large-scale heating-only cases.
Figure S4: As in Fig. S2 but for convective heating-only cases

Figure S5. (Left) 1% EOF of SST anomalies along the mean Oyashio Extension front position
and (right) its PC timeseries (Oyashio-Extension Index).
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Figure 1. The unstructured mesh grid system used for the Variable Resolution CAM6
simulations. The finest grid resolution over the North Pacific region is approximately 1/8°,
tapering to approximately 1/2° in the surrounding transition zone; the remainder of the globe has
a grid resolution of approximately 1°.
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Figure 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.
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Figure 3. (a)-(b) Vertically averaged large-scale and convective heating climatology, respectively,
of CTRL for November-January (K day™). Black box represents the KOE region where the SST
anomaly forcing is prescribed in WARM. (c) Autocorrelation 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 autocorrelations. (d) Vertical structure of KOE-

area-mean latent heating (K day™!) from CTRL and (e) vertical structure of the latent heating

response (WARM minus CTRL) in K day™!. Thick line segments in (e) represent statistical
significance at 5% level.
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(purple), large-scale heating (blue), and convective heating (red) in Wm™. 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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Figure 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-1) 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 20m. Yellow boxes indicate the KOE region. Note that panels
(k) and (1) 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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Figure 6. As in Fig 5, but for the composite difference WARM minus CTRL. 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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