
1. Introduction
There is increasing evidence that the atmosphere responds to midlatitude sea-surface temperature (SST) variabil-
ity in the vicinity of strong oceanic currents, such as the Kuroshio-Oyashio Extension (KOE) region of the North 
Pacific (e.g., Frankignoul et al., 2011; Kwon et al., 2010; O’Reilly & Czaja, 2015; Révelard et al., 2016; Smirnov 
et al., 2015; Wills & Thompson, 2018; Yook et al., 2022). However, it remains unclear whether the atmospheric 
response arises from SST variability driven by oceanic or atmospheric dynamical processes. The distinction is 
important for at least two reasons: (a) SST anomalies driven by atmospheric and oceanic processes generally 
have different timescales and spatial-scales (e.g., Bishop et al., 2017; Small, Bryan, Bishop, Larson, et al., 2019; 
Zhang, 2017), and (b) the surface heat fluxes associated with atmospheric and oceanic-driven SST anomalies 
likewise have different timescales, spatial-scales, and amplitudes (e.g., Bishop et al., 2017; O’Reilly et al., 2016; 
Small, Bryan, Bishop, & Tomas,  2019). The distinct characteristics of atmospheric and oceanic-forced SST 
anomalies may thus lead to distinct atmospheric responses. In this study, we use a novel method to investigate 
the relative roles of oceanic and atmospheric-forced SST anomalies in the atmospheric response to KOE SST 
anomalies.

The atmospheric response to midlatitude SST anomalies is both complex and subtle in theory, which makes its 
detection challenging in practice. Linear quasigeostrophic theory predicts that the surface heat flux anomalies 
associated with midlatitude SST anomalies are balanced by horizontal temperature advection by the lower-trop-
ospheric flow (Hoskins & Karoly, 1981). For example, the heat fluxes associated with warm SST anomalies are 
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balanced by cold advection from a low-level cyclonic anomaly east of the SST anomalies. However, the predicted 
circulation anomalies are weak and hence can be easily obscured by the strong internal variability of the extrat-
ropical atmosphere. The response is further complicated by nonlinear feedbacks between the atmospheric mean 
flow and transient eddies (e.g., Kushnir et al., 2002; Peng & Whitaker, 1999; Peng et al., 1997). In fact, the 
response often resembles the pattern of atmospheric variability that forces the SST anomalies in the first place 
(e.g., Peng & Robinson, 2001). For example, the nonlinear response to warm midlatitude SST anomalies is typi-
cally associated with warm advection from a low-level anticyclonic anomaly downstream of the SST anomalies 
(e.g., Deser et al., 2004, 2007; Ferreira & Frankignoul, 2005; Liu & Wu, 2004).

Nonetheless, with advances in observations and modeling systems over the last few decades, there is now consid-
erable evidence that the atmospheric circulation responds to midlatitude SST anomalies, particularly in the vicin-
ity of western boundary currents such as the KOE region (e.g., Frankignoul et al., 2011; Kwon & Deser, 2007; 
Kwon et al., 2010, 2011; O’Reilly & Czaja, 2015; Révelard et al., 2016, 2018; Smirnov et al., 2015; Taguchi 
et  al.,  2012; Wills & Thompson, 2018; Xu et  al.,  2011; Yook et  al.,  2022). For example, Wills and Thomp-
son (2018) showed that observed SST anomalies in the KOE region are followed by an atmospheric pattern that 
broadly resembles the linear response to midlatitude SST anomalies described by Hoskins and Karoly (1981). A 
companion study to this paper (Yook et al., 2022) indicates that a similar atmospheric pattern emerges in atmos-
pheric general circulation model experiments forced by SST anomalies in the KOE region. Various atmospheric 
responses have also been linked to other metrics of Kuroshio current variability (e.g., Frankignoul et al., 2011; 
O’Reilly & Czaja, 2015; Révelard et al., 2016; Smirnov et al., 2015), such as its meridional displacements (e.g., 
Frankignoul et al., 2011; Nakamura et al., 2012; Smirnov et al., 2015).

Here we are interested in understanding the relative importance of oceanic and atmospheric-driven SST anoma-
lies in the inferred atmospheric response to KOE SST variability. To do so, we exploit a simple stochastic climate 
model that isolates the oceanic and atmospheric components of the observed SST variability. The key result is 
that a large-scale atmospheric circulation response to SST variability in the KOE region resembling that found in 
some previous studies (Frankignoul et al., 2011; Kwon et al., 2011; Wills & Thompson, 2018; Yook et al., 2022) 
arises from the oceanic-forced component of the SST variability, but not the atmospheric-forced component. The 
findings provide novel evidence of the importance of midlatitude ocean dynamical processes for extratropical 
climate variability.

2. Data and Methods
2.1. Observationally-Based Data Sources

The main data sources are objectively-analyzed surface turbulent heat fluxes and SSTs from OAFlux (Yu 
et al., 2008), and surface radiative heat fluxes, and sea-level pressure (SLP) from the ERA5 reanalysis (Hersbach 
et al., 2020). In all cases, monthly-mean data is used at 1° resolution over the 1980–2017 period. Monthly anoma-
lies are computed by removing the linear trend and seasonal cycle from the fields. To minimize the remote effects 
of ENSO on the midlatitude variability, we remove the components of the fields that are linearly related to ENSO 
variability as estimated from the Niño 3.4 index. We do not lag the Niño 3.4 index relative to the data since the 
lag has no bearing on our conclusions (not shown).

Monthly anomalies in the ocean mixed-layer heat flux convergence, 𝐴𝐴 𝐴𝐴′

𝑜𝑜 , are calculated as a residual in the mixed-
layer energy budget as follows:

𝑄𝑄′

𝑜𝑜 = 𝐶𝐶𝑜𝑜

𝜕𝜕𝜕𝜕 ′

𝜕𝜕𝜕𝜕
−𝑄𝑄′

𝑠𝑠 (1)

Here, T′ is the monthly SST anomaly, 𝐴𝐴 𝐴𝐴′

𝑠𝑠 is the monthly surface heat flux anomaly, and Co is the mixed-layer heat 
capacity (𝐴𝐴 𝐴𝐴𝑜𝑜 = 𝜌𝜌𝜌𝜌𝑝𝑝ℎ , where 𝐴𝐴 ℎ is a monthly-mean mixed-layer depth). Monthly-mean mixed-layer depths are used 
from the ocean state estimate, ECCO (Forget et al., 2015; Fukumori et al., 2017), which provides output from an 
ocean GCM (MITgcm) that has been constrained by ocean observations between 1992 and 2015. The pattern and 
magnitude of the mean mixed-layer depths from ECCO agrees reasonably well with other ocean reanalyzes and 
observational estimates (e.g., Carton & Giese, 2008; de Boyer Montégut et al., 2004; Forget et al., 2015; Holte 
et al., 2017).
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2.2. The Simple Stochastic Climate Model

We use a simple stochastic climate model (Frankignoul & Hasselmann, 1977; Hasselmann, 1976) to isolate the 
oceanic and atmospheric-forced components of the observed SST variability. The model is described in detail in 
Patrizio and Thompson (2022), and only the most salient aspects are highlighted here.

In one of the simplest formulations of the stochastic climate model (e.g., Frankignoul & Hasselmann, 1977), SST 
anomalies (T′) are forced by stochastic atmospheric variability via the surface heat fluxes (Fa) and damped via 
the surface heat flux feedback (−λsT′). That is:

𝐶𝐶𝑜𝑜

𝜕𝜕𝜕𝜕 ′

𝜕𝜕𝜕𝜕
= 𝐹𝐹𝑎𝑎 − 𝜆𝜆𝑠𝑠𝜕𝜕

′ (2)

In the model used here, forcing and damping by ocean processes are included. The explicit representation of ocean 
processes in the model is motivated by widespread evidence that ocean dynamical processes play an important 
role in midlatitude SST variability, for example, in western boundary current regions (e.g., Bishop et al., 2017; 
Patrizio & Thompson, 2021, 2022; Roberts et al., 2017; Small, Bryan, Bishop, Larson, et al., 2019). In this case:

𝐶𝐶𝑜𝑜

𝜕𝜕𝜕𝜕 ′

𝜕𝜕𝜕𝜕
= 𝐹𝐹𝑎𝑎 + 𝐹𝐹𝑜𝑜 − 𝜆𝜆𝜕𝜕 ′ (3)

where

𝜆𝜆 = 𝜆𝜆𝑠𝑠 + 𝜆𝜆𝑜𝑜 (4)

Here, Fo and −λoT′ are the oceanic forcing and damping terms, respectively, and λT′ is the total damping by both 
the surface heat fluxes and ocean processes.

The ocean forcing term Fo accounts for ocean processes that force SST variability in the mixed layer, such as ocean 
eddy heat transport. Such an ocean forcing term has been included in simple models of midlatitude SST variabil-
ity as a representation of “ocean weather” (e.g., Bishop et al., 2017; Cane et al., 2017; Smirnov et al., 2014; R. 
Wu et al., 2006) and advection by the wind-driven gyres (e.g., Czaja & Marshall, 2000; Marshall et al., 2001; Qiu 
et al., 2007). Ocean processes that act to damp temperature anomalies, such as vertical mixing, have also been 
discussed in studies that have used simple stochastic climate models to understand midlatitude climate variability 
(e.g., Alexander & Penland, 1996; Frankignoul, 1985; Frankignoul & Reynolds, 1983; Frankignoul et al., 1998; 
Hall & Manabe, 1997; Patrizio & Thompson, 2022). However, to our knowledge, such a model has not been used 
to understand the observed relationships between midlatitude oceanic-forced SSTs and atmospheric circulation 
anomalies.

In order to estimate the forcing and damping terms from observations, we follow the methods of Frankignoul and 
Kestenare (2002). In particular, the surface heat flux anomalies and ocean heat flux convergence anomalies (𝐴𝐴 𝐴𝐴′

𝑠𝑠 
and 𝐴𝐴 𝐴𝐴′

𝑜𝑜 ) are linearly decomposed into a forcing term (𝐴𝐴 𝐴𝐴∗

𝑠𝑠 and 𝐴𝐴 𝐴𝐴∗

𝑜𝑜 ), and a feedback term (λsT′ and λoT′) as follows:

𝑄𝑄′

𝑠𝑠 = 𝑄𝑄∗

𝑠𝑠 − 𝜆𝜆𝑠𝑠𝑇𝑇
′ (5)

𝑄𝑄′

𝑜𝑜 = 𝑄𝑄∗

𝑜𝑜 − 𝜆𝜆𝑜𝑜𝑇𝑇
′ (6)

The damping coefficients (λs and λo) are estimated using the following expressions:

𝜆𝜆𝑠𝑠 = −

𝑄𝑄′

𝑠𝑠𝑇𝑇
′

−1

𝑇𝑇 ′𝑇𝑇 ′

−1

 (7)

𝜆𝜆𝑜𝑜 = −

𝑄𝑄′

𝑜𝑜𝑇𝑇
′

−1

𝑇𝑇 ′𝑇𝑇 ′

−1

 (8)

where 𝐴𝐴 𝐴𝐴 ′

−1
 denotes the SST anomalies leading the surface heat fluxes or ocean heat convergence anomalies by 

1 month. Thus the damping coefficient is defined as the component of the surface heat flux anomalies or ocean 
heat flux convergence anomalies that is linearly related to T′ at a lag of 1 month (i.e., 𝐴𝐴 𝐴𝐴′

𝑠𝑠 or 𝐴𝐴 𝐴𝐴′

𝑜𝑜 lags T′), and the 
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forcing term is defined as the residual. In the formulation of the simple model (Equation 3), we set 𝐴𝐴 𝐴𝐴𝑎𝑎 = 𝑄𝑄∗

𝑠𝑠 and 
𝐴𝐴 𝐴𝐴𝑜𝑜 = 𝑄𝑄∗

𝑜𝑜 . Details of the analysis, including justification for the similar treatment of the surface heat flux and ocean 
heat flux convergence anomalies are provided in Patrizio and Thompson (2022).

2.3. Oceanic and Atmospheric-Forced SST Indices

To estimate the oceanic-forced component of the observed SST anomalies, the simple model outlined in the 
previous section is evaluated with the observed estimate of oceanic forcing 𝐴𝐴 (𝐹𝐹𝑜𝑜 = 𝑄𝑄∗

𝑜𝑜) , but without the observed 
estimate of the atmospheric forcing (Fa = 0). In particular, we define Tocn as the oceanic-forced component of the 
SST anomalies, which is computed as follows:

𝐶𝐶𝑜𝑜

𝜕𝜕𝜕𝜕𝑜𝑜𝑜𝑜𝑜𝑜

𝜕𝜕𝜕𝜕
= 𝐹𝐹𝑜𝑜 − 𝜆𝜆𝜕𝜕𝑜𝑜𝑜𝑜𝑜𝑜 (9)

Likewise, we define Tatm as the atmospheric-forced component of the SST anomalies, which is computed as:

𝐶𝐶𝑜𝑜

𝜕𝜕𝜕𝜕𝑎𝑎𝑎𝑎𝑎𝑎

𝜕𝜕𝑎𝑎
= 𝐹𝐹𝑎𝑎 − 𝜆𝜆𝜕𝜕𝑎𝑎𝑎𝑎𝑎𝑎 (10)

Equations  9 and  10 are then discretized at monthly resolution and integrated using a 1st order Runge-Kutta 
method (i.e., forward-difference) to obtain the time evolution of Tocn and Tatm. Initial conditions are provided by 
the observed SSTs at the beginning of the observed record.

Figure 1a shows the log-ratio of the resulting variances in Tocn to Tatm evaluated at each point in the North Pacific. 
Note that Tocn and Tatm are evaluated using all months of the year, but Figure 1a highlights variances for the 
winter months (DJF). Results are similar for other seasons. The variance of Tocn exceeds the variance of Tatm in 
the KOE current region and its associated extension, but the opposite is generally true in the eastern basin where 
atmospheric forcing of SSTs is large (e.g., Smirnov et al., 2014). Since some previous studies have interpreted 
Ekman transport as an atmospheric forcing, we also tested how the ratio of oceanic to atmospheric forced SST 
variances changes when the horizontal Ekman transport—as computed from surface wind-stresses from ERA5—
is excluded from the calculation of Tocn and included in Tatm. When using these modified definitions of the SST 
indices, the ratio of variances in Tocn to Tatm are reduced, especially in the eastern part of the basin (see Figure 
S1a in Supporting Information S1). However the variances of Tocn still generally exceeds those of Tatm along the 
Kuroshio current region.

Throughout the rest of the study, we focus on SSTs averaged over the KOE region (37–44°N, 140–171°E) indi-
cated by the black box in Figure 1a. This region has been the focus of many previous studies because it is a 
region with marked ocean dynamical activity, as supported by Figure 1a. The observed SSTs (T) and the compo-
nents linked to oceanic and atmospheric processes (Tocn and Tatm) are averaged over the KOE region to provide 
area-averaged indices of the oceanic- and atmospheric-forced SST anomalies in the KOE region. Monthly SLP 
anomalies are then linearly regressed onto the area-averaged SST indices to understand the relationships between 
the atmospheric circulation and the different components of the observed SST variability in the KOE region. We 
focus primarily on winter months (DJF) when air-sea interactions are generally the most intense, and thus when 
oceanic variability may have the strongest impact on the atmosphere.

3. Results
Figures 1b–1d show the KOE-averaged observed SST anomalies (T; gray) superposed on the associated esti-
mates of oceanic-forced SST anomalies (Tocn; purple in Figure 1b) and atmospheric-forced SST anomalies (Tatm; 
orange in Figure 1c). The sum of the atmospheric and oceanic components (black in Figure 1d) agrees well with 
observed SST index (gray), which is expected since the ocean heat flux convergence anomalies have been esti-
mated indirectly as a residual in the mixed-layer energy budget.

The observational uncertainty in the SST indices is small, as quantified by observational uncertainty in the 
SSTs and air-sea heat fluxes provided by the OAFlux product. The mean-squared observational uncertainty is 
±0.002 K 2 for the T index, ±0.02 K 2 for the Tocn index, and ±0.006 K 2 for the Tatm index. Other sources of 
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Figure 1. (a) Log-ratios of the wintertime (DJF) variances of ocean-forced sea-surface temperature (SSTs; Tocn) to 
atmospheric-forced SSTs (Tatm) in the North Pacific basin. (b–d) The time evolution of atmospheric-forced (purple in 
b), atmospheric-forced (orange in c), and atmospheric plus oceanic forced (black in d) SST anomalies averaged over the 
Kuroshio-Oyashio Extension region, as in indicated by the black box in (a). Gray lines in (b–d) show the raw SST time series. 
Teal stripes indicate the winter (DJF) season.
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observational uncertainty related to, for example, the monthly mean mixed-layer depths, are not accounted for 
here and could also contribute to uncertainty in our estimates of Tatm and Tocn.

Figures 1b–1d indicate that both Tocn and Tatm contribute to variability in the observed SSTs averaged over the 
KOE region. In contrast to the grid point results shown in Figure 1a, a large fraction of the variance of the SSTs 
averaged over the entire KOE region are due to atmospheric processes: that is, the variance of the Tatm index 
exceeds that of the Tocn index, such that ∼40% of the KOE-averaged SST variance during winter is forced by the 
ocean. The distinctions between the variances of grid point and spatially-averaged SSTs suggests that a substan-
tial fraction of oceanic-forced SST variance in the KOE region as shown in Figure 1a derives from small-scale 
eddy-driven heat transport which effectively cancels out when averaged over KOE region. It is also important to 
note that the Tocn and Tatm indices are both strongly correlated with the full SST index (r ∼ 0.6 and r ∼ 0.7 during 
winter, respectively), but are not significantly correlated with each other.

The near-zero correlation between Tocn and Tatm indicates that ocean and atmospheric-forced SST variability in 
the KOE region are not linearly related at zero lag. Previous studies have argued that a component of interannual 
to decadal SST variability in the KOE region reflects a lagged response of the ocean circulation to remote wind-
stress forcing in the central and eastern North Pacific basin (e.g., Kwon & Deser, 2007; Kwon et al., 2010; Qiu 
et al., 2007; Wills et al., 2019). However, we find no statistically significant correlation between the SLP field in 
the North Pacific and the Tocn index for lag times of up to 5 years (not shown). Thus the Tocn index is not clearly 
linked to large-scale wind forcing at any lag. We defer a more comprehensive diagnosis of the processes that drive 
Tocn to future work.

Figure 2 shows the SLP and SST anomalies regressed onto all three KOE SST indices (T, Tocn and Tatm) as a func-
tion of lag. Note that the indices are standardized before performing the linear regression. Results at negative lags 
indicate the SLP and SST fields lead the KOE indices, and positive lags indicate vice versa. Figure 3 shows the 
associated significance of the SLP anomalies, as measured by a two-tailed test of Student's t-statistic.

The SLP and SST regression patterns associated with the full KOE SST index (Figures 2a–2c) generally support 
previous findings. By construction, the SST anomalies are dominated by warm SST anomalies that peak in the 
western North Pacific at lag 0. The SLP pattern that leads the SST index (Figure 2a) is dominated by high-pres-
sure anomalies in the North Pacific. The anomalies are associated with warm advection over the KOE region and 
hence forcing of SST anomalies there (e.g., Deser & Timlin, 1997; Kushnir et al., 2002). They may be viewed as 
the “atmospheric forcing” of the SST field (e.g., Wills & Thompson, 2018).

The SLP pattern that lags the full KOE index SST index by 1 month is dominated by low-pressure anomalies in 
the North Pacific (Figure 2c). In this case, the SLP anomalies are consistent with the linear atmospheric response 
to midlatitude SST anomalies, in which heating due to the SST anomaly is balanced by cold advection by the 
atmospheric flow (Hoskins & Karoly,  1981). As the atmospheric circulation anomalies are distinct from the 
“atmospheric forcing” pattern, they may be viewed as the “atmospheric response” to the SST anomalies at lag 0 
(e.g., Wills & Thompson, 2018). Note that, in this study, we focus on the atmospheric circulation anomalies at a 
lag of 1 month because we do not find any distinct circulation anomalies at later times (see Figure S2 in Support-
ing Information  S1). The North Pacific SLP anomalies found at positive lag are broadly consistent with the 
atmospheric response to KOE SST anomalies inferred in several previous studies (e.g., Frankignoul et al., 2011; 
Kwon et al., 2011; Wills & Thompson, 2018; Yook et al., 2022). However, the literature is not conclusive on the 
atmospheric response to KOE SST variability, and the results shown here also contradict the sign of the response 
inferred in several other studies (e.g., Révelard et al., 2016; Taguchi et al., 2012). The reasons for the discrepan-
cies in the inferred atmospheric response between previous studies is unclear.

The SLP regression maps at both positive and negative lags are also marked by anomalies outside the North 
Pacific sector. It is likely that the remote anomalies at negative lags arise from teleconnectivity inherent in the 
SLP field associated with the atmospheric forcing anomalies. For example, the annular mode is weakly apparent 
in Figure 2a. On the other hand, the cause of the remote SLP anomalies at positive lags is not clear. Such anom-
alies could arise in the absence of ocean forcing due to the persistence of the atmospheric forcing anomalies, 
but could also reflect a remote response to heating anomalies in the North Pacific sector. The remote circulation 
anomalies are not recovered in the simulated response to KOE SST anomalies found in the companion paper 
(Yook et al., 2022), and are thus less robust than the SLP anomalies centered over the North Pacific.
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The results shown in the middle and bottom rows of Figure 2 show analogous results, but for regressions based 
on the oceanic (Tocn) and atmospheric (Tatm) components of the KOE SST index. To first order, the SST patterns 
associated with the T, Tocn and Tatm indices bear strong resemblance to each other. However, there are some 
differences. Notably, the SST pattern associated with Tocn (Figures 2d–2f) generally has largest amplitudes in a 
narrow region in the vicinity of the KOE region, consistent with local oceanic forcing, whereas the SST pattern 
associated with Tatm (Figures 2g–2i) has largest amplitudes over a much broader region, consistent with relatively 
large-scale atmospheric forcing.

In contrast, the SLP patterns associated with Tocn and Tatm exhibit very different structures from each other. 
Comparing the top and middle rows in Figure 2, it is clear that the high-pressure anomalies that lead the SST vari-
ability in the regressions based on the full SST index (T) are only apparent in regressions based on the component 
of the SSTs forced by atmospheric processes (Tatm). The results thus support the interpretation that the pattern 
of high-pressure anomalies at negative lag reflects the forcing of the SST field by atmospheric processes. Since 
Tocn is not associated with a distinct pattern of atmospheric circulation anomalies at negative lag, the results 
also support the interpretation that pattern of SST anomalies associated with Tocn is driven by ocean dynamical 
processes.

Figure 2. (Top row) Wintertime sea level pressure (SLP) (contours) and sea-surface temperature (SST) (shading) anomalies 
regressed onto standardized values of the Kuroshio-Oyashio Extension SST index at lags ranging from −1 month to 
+1 month. Negative lag denotes the SLP and SST fields leading the SST index by 1 month, and positive lag indicates vice 
versa. (Middle and bottom rows) As in the top row, except for regressions based on standardized values of the oceanic-forced 
SST index (middle row) and atmospheric-forced SST index (bottom row). The contour interval is 0.4 hPa; dashed lines denote 
negative values.
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Importantly, the low-pressure anomalies in the North Pacific that lag the observed SST index by 1  month 
(Figure 2c) are only apparent in regressions based on the component of the SSTs forced by ocean processes. In 
fact, the SLP anomalies that lag Tocn are even more pronounced than those that lag the full SST index (compare 
Figures 2c and 2f). Hence, only oceanic-forced SST variability in the KOE region is linked to the basin-wide 
low-pressure anomalies at a lag of 1 month. The regressions based on the Tocn index also account for the vast 
majority of the SLP anomalies that extend beyond the North Pacific sector. We also note that the atmospheric 
circulation anomalies lagging Tocn are very similar when the horizontal Ekman transport is included in our calcu-
lation of Tatm rather than Tocn, which suggests that the apparent atmospheric response derives from non-Ekman 
heat transport (see Figure S1c in Supporting Information S1).

4. Interpretation
The results in Figure 2 reveal that (a) the pattern of high-pressure anomalies that precedes KOE SST variability 
by 1 month derives from the component of the KOE SST variability linked to atmospheric processes whereas 
(b) the pattern of low-pressure anomalies that lags KOE SST variability by 1 month derives from the component 
linked to oceanic processes. This key result is highly significant. It is significant at the 95% confidence level 
based on the t-statistic (Figure 3) and is reproducible in analyses repeated for the first and second halves of the 
data record (not shown).

Figure 3. As in Figure 2, except for the correlation between sea level pressure anomalies and the full (top), oceanic-forced 
(middle), and atmospheric-forced (bottom) Kuroshio-Oyashio Extension sea-surface temperature indices. Stippling indicates 
grid points that are statistically significant at the 95% level as measured by a two-tailed test of Student's t-statistic.
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In principle, the atmosphere does not care whether the underlying SST anomalies are driven by atmospheric or 
oceanic processes. So at first glance it is unclear why the inferred atmospheric response at a lag of 1 month is only 
apparent in association with the ocean-forced component of the SST field. The result is particularly intriguing 
because the variance of the Tatm index exceeds the variance of the Tocn index and both indices are associated with 
similar SST patterns.

Insight into this apparent paradox can be gained from maps formed by regressing the surface heat flux anomalies 
onto the three KOE SST indices. As evidenced in Figure 4, the Tocn index is associated with large heat losses by 
the ocean at all lags, whereas the Tatm index is associated with heat gains prior to the peak of the SST anomaly, 
and weak heat losses during and after the peak of the SST anomaly. When averaged over the KOE region and all 
lags, the surface heat flux anomaly associated with variability in Tocn is −12.1 W/m 2 (heat lost by the ocean and 
gained by the atmosphere), whereas the surface heat flux anomaly associated with variability in Tatm is 1.4 W/m 2 
(heat gained by the ocean and lost by the atmosphere).

The results shown in Figure 4 thus suggest that the oceanic-forced component of the KOE SST variability is 
marked by more persistent heat loss to the atmosphere than the atmospheric-forced component of the KOE 
SST variability. Indeed, the lag-autocorrelation of the Tocn index exceeds that of the Tatm index: the 1-month 
lag-autocorrelation is ∼0.40 for Tocn and ∼0.26 for Tatm. This is consistent with results from Patrizio and Thomp-
son  (2022), who showed that the power spectra of the observed estimate of the oceanic forcing is generally 
redder than that of the atmospheric forcing throughout the midlatitude oceans. It also supports existing evidence 
that ocean dynamical processes are generally redder than their atmospheric counterparts (e.g., Bjerknes, 1964; 
Gulev et al., 2013). The results shown in Figure 4 are also consistent with previous studies that have shown that 
atmospheric-driven SST variability is generally associated with opposite signed surface heat flux anomalies at 
positive and negative lag, whereas oceanic-driven SST variability is generally associated with heat loss to the 
atmosphere at both positive and negative lag (e.g., Bishop et al., 2017; O’Reilly et al., 2016). Here, our results 
suggest that the persistence—and thus low-frequency magnitude— of the surface heat flux anomalies associated 
with ocean-forced SST anomalies explains why they have a very different signature in the atmospheric circulation 
than atmospheric-forced SST anomalies.

Figure 4. As in Figure 2, except for surface heat flux anomalies (W/m 2) regressed onto the full (top), oceanic-forced (middle), and atmospheric-forced (bottom) 
Kuroshio-Oyashio Extension sea-surface temperature indices. Cool colors indicate heat loss from the surface to the atmosphere and warm colors indicate heat gain by 
the surface.
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5. Concluding Remarks
The key finding in this study is that the pattern of atmospheric circulation anomalies that lags SST anomalies in 
the KOE region by about 1 month arises only from the component of the SST variability that is driven by ocean 
dynamical processes. In the case of positive SST anomalies, the results suggest that the atmospheric response 
includes significant low-level cyclonic anomalies that span the North Pacific when the SST anomalies are driven 
by ocean dynamics. The cyclonic anomalies are broadly consistent with the theoretical linear response to thermal 
forcing (Hoskins & Karoly, 1981), as well as the simulated response to KOE anomalies found in the companion 
paper (Yook et al., 2022).

We have speculated that the differences in the atmospheric responses to ocean-forced and atmospheric-forced 
KOE SST anomalies arise from the timescales of the attendant surface heat fluxes. In the case of warm SST 
anomalies, the atmospheric-forced component is associated with heat fluxes out of the ocean at positive lag but 
into the ocean at negative lag. In contrast, the ocean-forced component is associated with fluxes out of the ocean 
at all lags. Thus the heat fluxes out of the ocean associated with ocean-forced SST anomalies are more persis-
tent—and thus have larger amplitude averaged over all lags—than those associated with atmospheric-forced SST 
anomalies. This result is particularly intriguing because our decomposition methodology also suggests that the 
atmospheric-forced SST anomalies are larger than oceanic-forced SST anomalies when averaged over the KOE 
region. The results therefore emphasize the importance of considering surface heat flux anomalies rather than 
SST anomalies when exploring the atmospheric response to variations in the midlatitude SST field, as has been 
argued by several previous studies (e.g., O’Reilly et al., 2016; Sutton & Mathieu, 2002; P. Wu & Rodwell, 2003; 
Yulaeva et al., 2001).

Together, the results shown here contribute to a growing body of evidence that indicates ocean dynamical 
processes in the western North Pacific play an important role in extratropical climate variability. The physical 
consistency of results based on our decomposition methodology suggest that the methodology could be readily 
extended to explore the role of ocean dynamics in driving climate variability over other ocean basins.

Data Availability Statement
The observational and reanalysis data used in this study are available at the following links as netCDF files. 
Sea-surface temperatures, latent heat fluxes and sensible heat fluxes from OAFlux can be downloaded from the 
Research Data Archive (RDA) at the following link (select the data files with prefixes “ts”, “lh”, and “sh”, respec-
tively): https://rda.ucar.edu/datasets/ds260.1/index.html#sfol-wl-/data/ds260.1?g=2. To access the OAFlux data, 
a UCAR RDA account must first be created here: https://rda.ucar.edu/index.html?hash=data_user&action=reg-
ister. Mixed-layer depths from ECCO can be downloaded at the following link: https://ecco.jpl.nasa.gov/drive/
files/Version4/Release3/interp_monthly/MXLDEPTH. To access the ECCO data, a NASA EarthData account 
must first be created here: https://urs.earthdata.nasa.gov/home. Net surface radiation and sea level pressure from 
ERA5 reanalysis can be downloaded from the Climate Data Store at the following link (select “surface net 
solar radiation”, “surface net thermal radiation”, and “mean SLP”): https://cds.climate.copernicus.eu/cdsapp#!/
dataset/reanalysis-era5-single-levels-monthly-means?tab=form.
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