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Abstract

Warm sea surface temperature (SST) anomalies have been observed in the subtropical North Pacific around Hawaii in the

recent decade, appearing from 2013. We examined the formation mechanisms of the warm SST anomalies in terms of relative

contribution of atmospheric surface forcing and oceanic dynamics, using the latest reanalysis products from ECMWF (ERA5 for

atmosphere and ORAS5 for ocean). Results of the mixed layer temperature budget diagnosis in the target area (10-20@N and

180@-160@W) indicates that contributions from anomalous latent heat fluxes to the subtropical SST anomalies are dominant.

Oceanic advective contributions are relatively small, dampen the SST anomalies, and are negatively correlated (r = –0.38)

with the latent heat fluxes. For example, the +1.0K SST increased from 2011 to 2015 results from +1.5K contributions from

sum of surface heat flux and –0.5K from meridional oceanic advection. The anti-correlation between atmospheric forcing and

oceanic meridional advection reflects co-variations of wind-driven latent heat flux and meridional Ekman advection due to the

weakening of the zonal component of the surface winds.
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Key Points:

• Formation mechanism of recent warm SST anomalies in the 2010s around
Hawaii are investigated using the reanalysis products of ERA5 and
ORAS5.

• These recent warm SST anomalies are mainly forced by anomalous down-
ward latent heat flux, while oceanic meridional advection suppressed it.

• Both anomalies of latent heat flux and meridional advection are driven by
the weakening of the zonal component of the surface.

Abstract

Warm sea surface temperature (SST) anomalies have been observed in the sub-
tropical North Pacific around Hawaii in the recent decade, appearing from 2013.
We examined the formation mechanisms of the warm SST anomalies in terms
of relative contribution of atmospheric surface forcing and oceanic dynamics,
using the latest reanalysis products from ECMWF (ERA5 for atmosphere and
ORAS5 for ocean). Results of the mixed layer temperature budget diagnosis in
the target area (10-20˚N and 180˚-160˚W) indicates that contributions from
anomalous latent heat fluxes to the subtropical SST anomalies are dominant.
Oceanic advective contributions are relatively small, dampen the SST anoma-
lies, and are negatively correlated (r = –0.38) with the latent heat fluxes. For
example, the +1.0K SST increased from 2011 to 2015 results from +1.5K contri-
butions from sum of surface heat flux and –0.5K from meridional oceanic advec-
tion. The anti-correlation between atmospheric forcing and oceanic meridional
advection reflects co-variations of wind-driven latent heat flux and meridional
Ekman advection due to the weakening of the zonal component of the surface
winds.

Plain Language Summary

Sea surface temperature (SST) is one of key factors controlling not only local
but also global climate variabilities. SST around Hawaii has been higher than
the usual state since 2013, and once reached 28.5 ˚C in 2015. SST anomaly
also reached twice the standard deviation, indicating that this is a very rare
case. In this study, we performed mixed layer temperature budget diagnos-
tics using observational and reanalysis datasets to clarify which mechanism is
responsible for the formation of the recent SST anomalies. The temperature
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budget diagnostics revealed that the weakening of the latent heat release domi-
nantly contributed to the formation of the warm SST anomalies, while oceanic
horizontal advective process contributed to the damping of the anomalies. It is
also found that the contributions from the two processes compensate each other.
This can be explained by the physical connection between the latent heat release
and meridional Ekman advection driven by trade wind changes.

1 Introduction

Although sea surface temperature (SST) anomalies (SSTAs) in the subtropical
North Pacific have received less attention than the tropical SSTAs, they play
an important role in modulating the climate variabilities around Hawaii (Chu,
1995; Chu & Chen, 2005; Luo et al., 2020; Ropelewski & Halpert, 1987; Taylor,
1984; Zhu & Li, 2017), as well as in the tropics and other remote regions and
phenomena such as the El Niño/Southern Oscillation (ENSO) (M. A. Alexander
et al., 2010; Amaya, 2019; Chang et al., 2007; Stuecker, 2018; Su et al., 2018;
Vimont et al., 2001, 2003). In the 2010s, large positive SSTAs occupied most
parts of the subtropical North Pacific. Figures 1a and 1b show snapshots of
SSTAs during August 2015 and September 2018, respectively, normalized at
each grid point by their standard deviation. In these months, the positive SSTAs
around Hawaii region (green rectangles in Figs. 1a and 1b) reached twice the
standard deviation. The spatial patterns of the anomalies were similar to the
North Pacific Meridional Mode (NPMM; Chiang & Vimont, 2004), the dominant
coupled SST-surface wind mode in the subtropical North Pacific. Figures 1
c and d show time-series of vertical mean temperature (Tm) and anomalies
from its monthly climatology averaged vertically within the mixed layer and
horizontally in the target region shown by the green rectangle in Figures 1 a
and b. Two features of the recent SST and its anomaly around Hawaii stand
out. First, absolute SST became higher than 28.5 ˚C starting in 2015, leading
to a record-breaking hot summer of 2015 in Hawaii (Zhu & Li, 2017). With SST
exceeding the convective threshold (Graham & Barnett, 1987; Johnson & Xie,
2010; Sud et al., 1999; Zhang, 1993), slight changes in SST can alter atmospheric
convection and likely impact the large-scale atmospheric circulation. Second,
the positive SSTAs have been observed continuously since 2013 (Fig. 1d). While
the standard deviation of the SSTAs in the subtropical North Pacific is less than
1 K, much smaller than that in the tropical Pacific, the normalized subtropical
SSTAs reached twice the standard deviation. The abnormally warm SSTAs
have not been recorded before 2010, indicating that this is a rare case.

2



Figure 1. Snapshots of SSTAs divided by the standard deviation at each grid
point in (a) August 2015 and (b) September 2018, obtained from ORAS5. Units
are dimensionless. SSTAs are referenced to the January 1979 through December
2018 monthly climatology. Green rectangles in panels (a) and (b) represent the
target region in the present study defined by 10-20˚N, 180˚-160˚W. (c) Time
series of domain averaged mixed layer temperature (Tm) in the target area,
obtained from ORAS5. Definition of the mixed layer depth is given in section
2.2. Horizontal dotted line in panel (c) shows the 28.5C. (d) Same as (c), but
for their anomalies from monthly climatology. Horizontal dotted and dashed
lines in panel (d) indicate the ± 1 and 2 standard deviation of the anomalies
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of Tm, respectively. Green rectangles in panels (c) and (d) represent the target
period from 2011. Red circles in panel (d) represents the months with positive
temperature anomalies that were larger than the twice the standard deviation.

Formation mechanisms of the subtropical SSTAs have been proposed by several
previous studies (Chang et al., 2007; Chiang & Vimont, 2004; Vimont et al.,
2001, 2003; Vimont & Kossin, 2007), including stochastic forcing by atmospheric
variability, Seasonal Footprinting Mechanisms (e.g. Vimont et al., 2001), and
oceanic dynamics associated with the trade wind changes variance (Alexander
et al., 2006; Larson et al., 2018; Anderson et al., 2013; Anderson & Perez, 2015).
Seasonal Footprinting is a mechanism whereby wintertime atmospheric variabil-
ity in the mid-latitudes provides a ”footprint” of SST to the ocean through
changes in the net surface heat flux, and the SST footprint persists into the
summertime and affects the atmospheric circulation anomalies in the subtropi-
cal regions in the following wintertime. Although the proposed mechanism has a
timescale of seasonal to about one year, the recent warm SSTAs have continued
on inter-annual or decadal timescales (Fig. 1d). Thus, the recent inter-annual
SSTAs could be different from the known mechanism. For decadal SST anoma-
lies associated with the NPMM, previous studies pointed out the key role of
the stochastic forcing of the southern lobe of the North Pacific Oscillation (Di
Lorenzo et al., 2015) or teleconnections influence from Atlantic Multi-decadal
Oscillation to the subtropical high (J.-Y. Yu et al., 2015). As described above,
the controlling factors for the subtropical SSTAs is basically recognized as the
surface heat flux anomalies. However, recent studies have shown the importance
of other processes in controlling the subtropical SSTAs using numerical simu-
lations. For example, Ekman transport by trade wind stress can decreases the
subtropical SST variance (Alexander et al., 2006; Larson et al., 2018). Regard-
ing the influence of NPMM on the ENSO (i.e. impact of extra tropics on the
tropics), the ‘Trade Wind Charging’ of equatorial subsurface heat content by
surface wind stress curl anomalies related with the NPMM are also pointed out
(Anderson et al., 2013; Anderson & Perez, 2015). The role of oceanic dynamics
in the mechanism of the SSTA evolution in the subtropical North Pacific is still
unclear, particulary for the relative importance of the atmospheric and oceanic
processes for the subtropical SSTAs on inter-annual timescales.

One of prominent events which may affect the recent subtropical SSTAs is the
marine heat wave, which brings warm water from the western North Pacific
to the eastern North Pacific and affects the subtropical SSTAs (Amaya et al.,
2020; Bond et al., 2015; Scannell et al., 2020). Several previous studies have
investigated the characteristics of the recent marine heat waves in 2010s in the
northeastern Pacific, called Blob in 2014 (Bond et al., 2015) and Blob 2.0 in
2019 (Amaya et al., 2020), and their impacts on the subsurface temperature
anomalies in the subtropical North Pacific through advective processes. Scan-
nell et al. (2020) investigated differences in stratification between the two events,
suggesting that warm water near-surface anomalies penetrated into the deeper
layer because of the weaker stratification in 2014 compared with that in 2019.
Mixed layer depth plays a key role in modulating the sensitivity of mixed layer
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temperature to the surface heat flux, in addition to the horizontal transport
of water with temperature anomaly. Recent studies revealed that  upper ocean
warming response to future climate change is expected to shoal the mixed layer
(M. A. Alexander et al., 2018; Amaya et al., 2021; Capotondi et al., 2015).
However, the importance of mixed layer depth for inter-annual and decadal
SSTAs is not well understood. Thus, further investigations are needed of the
formation and maintenance of the recent abnormally warm subtropical SSTAs
on longer timescales than the inter-annual. We focused on the recent continu-
ous warm SSTAs around Hawaii, investigated their formation mechanism based
on the mixed layer temperature budget equation, and addressed the following
three questions. (1) What are the relative contributions of the atmospheric and
oceanic processes to the recent positive SSTAs? (2) What physical processes
are responsible for each anomalous contribution? (3) Is there any relationship
between the atmospheric and oceanic processes?

The remainder of this paper is organized as follows. Section 2 introduces the
reanalysis products and the mixed layer temperature budget used to investigate
the mechanism of the inter-annual SST. Section 3 describes characteristics of
recent warm SSTAs in 2010s and related variability of subsurface temperature
in the subtropical North Pacific. Section 4 discusses the formation mechanism
of the recent SSTAs based on mixed layer temperature budget analysis. We
quantified the relative contribution of atmospheric and oceanic processes to
the SSTA formation and examined the relationship between the two processes.
Section 5 summarizes and discusses findings.

2 Datasets and Methods

2.1 Reanalysis products

To obtain monthly-mean states of the atmosphere and ocean in the subtropi-
cal North Pacific, we used the latest reanalysis products provided by European
Centre for Medium-Range Weather Forecasts (ECMWF) from January 1979
to December 2018. The fifth generation atmospheric reanalysis from ECMWF
(ERA5; Hersbach et al., 2020) supplied shortwave radiation (SW), longwave
radiation (LW), sensible heat flux (SH), latent heat flux (LH), surface wind
speed (ws10), specific humidity (q), and sea level pressure (SLP). This dataset
has  a horizontal resolution of 0.25° and 137 vertical levels whose resolution is
finer than that of ERA-Interim. The  Ocean Reanalysis System 5 (ORAS5; Zuo
et al. 2018) reanalysis product is utilized to estimate the oceanic properties.
This dataset has  a horizontal resolution of 1° and 75 vertical levels with a 1
m resolution near the surface, including 24 levels in the upper 100 m. ORAS5
uses three-dimensional variational method with a 5-day assimilation cycle. The
reanalysis assimilates observations of SST and subsurface temperature and salin-
ity profiles. We obtained water temperature (T), zonal velocity (u), meridional
velocity (v), wind stress, and sea surface height from ORAS5 datasets. Finally,
we calculated the mixed layer temperature budget terms shown in next subsec-
tion. The anomalies of each variable are estimated as the difference from the
1979-2018 averaged seasonal cycle.
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To check the accuracy of the products and the dependency of the results on
the products, the domain averaged time-series of surface heat fluxes of ERA5
in the target region are compared with other reanalysis products (ERA-Interim;
Dee et al., 2011, NCEP-CFSRv2; Saha et al., 2014) and observational datasets
(J-OFURO3; Tomita et al., 2019, CERES; Kato et al., 2018, OAFlux; Yu et
al., 2008). Similar comparisons were conducted for oceanic properties in the
mixed layer from ORAS5 with SODA3 (Jackett et al., 2006) and ECCOv4r4
(Fukumori et al., 2019). Results of the comparisons are shown in Figures 2 and
3, and suggest that anomalies of surface heat fluxes, oceanic temperature, and
oceanic currents are consistent across the various datasets. Note that our results
thus are insensitive to the choice of both atmospheric and oceanic datasets.
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Figure 2. Comparison of the time series of do-
main averaged anomalies of surface heat flux
components in the target area (10-20˚N and
180˚-160˚W); (a) shortwave radiation (SW;
W/m2), (b) latent heat flux (LH; W/m2), and (c)
net surface heat flux (NHF; W/m2). Downward
heat fluxes are defined as positive. Colors show
the result obtained from different sources. Re-
analysis products; ERA5, ERA-Interim, NCEP-
CFSRv2. Satellite-based observation; CERES,
OAFlux, J-OFURO3 . MM : multi-product
mean value calculated from the three reanalysis
products from 1982 to 2018.

Figure 3. Same as Fig. 2, but for domain
averaged anomalies of quantities in the mixed
layer; (a) temperature (Tm), (b) zonal veloc-
ity (um; m/s), and (c) meridional velocity (vm;
m/s). Mixed layer depth is defined as the layer
where the potential density increases by 0.064
kg/m3 from that at 5m. Colors show the re-
sult obtained from different reanalysis products;
ORAS5, SODA3, ECCOv4r4. MM : multi-
product mean value calculated from the three
reanalysis products from 1992 to 2016.
2.2 Mixed layer temperature budget equation in flux form

7



To reveal the formation mechanism of the warm SST anomalies from 2013 to the
present, an analysis of the mixed layer temperature budget was conducted. Fol-
lowing Moisan and Niiler (1998), we write the mixed layer temperature budget
equation as

𝜕 {𝑇𝑚}
𝜕𝑡 = { 𝑄

𝜌𝑐𝑝𝐻 }
𝐴

−{ 𝜕
𝜕𝑥 𝑢𝑚(𝑇𝑚−𝑇𝑟)}

𝐵
−{ 𝜕

𝜕𝑦 𝑣𝑚(𝑇𝑚−𝑇𝑟)}
𝐶

−{ (𝑇𝑚−𝑇𝑟)
𝐻 um•�𝐻}

𝐷1
−{ (𝑇𝑚−𝑇−𝐻)

𝐻
𝜕𝐻
𝜕𝑡 + (𝑇𝑟−𝑇−𝐻)

𝐻 (u−H•�𝐻+𝑤−𝐻)+ 1
𝐻 �•(∫0

−𝐻 û𝑇 dz)}
𝐷2

+𝑅, (1)

where 𝑇 is temperature, 𝑄 is net surface heat flux, 𝜌 is the density of the water,
𝑐𝑝 is the specific heat, 𝐻 is mixed layer depth (MLD), u is the horizontal com-
ponent of the velocity vector, and 𝑤 the vertical component. MLD is defined as
the layer whose density increases by 0.064 kg/m3 from that at 5m. The density
increase corresponds to a temperature decrease of 0.2 ˚C with a specific surface
condition; salinity is 35 psu and temperature is 27 ˚C at 5 m. Subscript 𝑚 rep-
resents the vertically averaged variable in the mixed layer; 𝑋𝑚 = 1

𝐻 ∫0
−𝐻 X dz,

and subscript -H represents the values at the bottom of the mixed layer. We
considered temperature anomalies averaged in the large target box from 10-20N
and 180-160W, and calculated volume averaged budget terms over a large hori-
zontal domain, as in {𝑋} = 1

𝑉𝐷
∭𝐷 X dx dy dz, where 𝑉𝐷 is the total volume

of the domain. Advection in the equation is expressed in flux form with the
volume averaged reference temperature (𝑇𝑟), as in 𝑇𝑟 ≡ {𝑇𝑚} (Lee et al., 2004;
Soares et al., 2019) .The flux form removes spatial averaged local avective pro-
cesses that redistribute heat within the domain, therefore, it exactly captures
external heat source and sink that control the spatially averaged temperature.
For calculations of the net surface heat flux (𝑄), we subtract the penetration
of the shortwave radiation across the bottom of the mixed layer from the net
surface heat flux at the sea surface.

Term A on the right-hand side (RHS) represents the surface forcing, terms
B and C represent the oceanic dynamics with lateral advection, respectively.
Terms D represents the vertical advection, subsurface processes (entrainment
and lateral induction), and the divergence of the horizontal heat fluxes (𝑋)
that differ from the vertical mean. We calculated the left-hand side (LHS)
term and five RHS terms from A to D2, and residual (R) is obtained as the
difference between the LHS term and sum of the five terms in the RHS. The
residual includes unresolved process not explicitly shown in Equation 1, such
as diffusive processes, differences in atmospheric forcing (ORAS5 is forced with
ERA-Interim) and possible heat sources from the oceanic assimilation. The
latter is potentially problematic, although in the case considered here it does
not overly compromise our conclusions.

3 Oceanic temperature anomalies in 2010s around Hawaii

To summarize the characteristics of the abnormally warm SSTAs, in 2010s
around Hawaii including subsurface temperature and mixed layer depth, we
plotted the time-depth cross sections of oceanic temperature anomaly and the
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domain averaged MLD obtained from ORAS5 (Figure 4). Consistent with the
appearance of the warm SSTAs (Figure 1), warm water anomalies appeared
within the mixed layer since 2013. Cold water anomalies appear under the
warm surface water anomalies except from 2016 to 2018, indicating that the
temperature variability above and below the mixed layer is not closely linked.
In addition, time-series of the vertical mean temperature in the mixed layer are
almost the same as that of SST (Figure 1). This suggests that SSTAs in the
target region are controlled by surface forcing or ocean dynamics within the
mixed layer, rather than by vertical intrusions from deeper layers. Our investi-
gation based on the mixed layer temperature budget analysis, therefore, is well
suited to identify the relative contribution of atmospheric and oceanic processes
to the recent SSTAs. Warm water anomalies at depth from 2016 to 2018 are
potentially related to the warm water propagation from northeastern Pacific to
around Hawaii.

Figure 4. Time-depth cross section of oceanic temperature anomalies (shade;
Unit is ˚C) in the target region obtained from ORAS5. Black contours represent
isopycnal surface (contour; Unit is kg/m3; counter Interval is 1 kg/m3.) Green
line represents the domain averaged mixed layer depth.

4 Mixed layer temperature budget diagnosis

4.1 Results of mixed layer temperature budget

In this section, we determine the dominant factors in the formation and mainte-
nance of the warm SSTAs around Hawaii from 2011 to 2019 using the mixed layer
temperature budget equation (Eq. 1). Figure 5a and 5b show the time-series
of each term in the budget equation and its anomaly, respectively. Anoma-
lous budget terms are smoothed by a 13-month running average to focus on a
inter-annual variability. The time-series of the heat budget terms show clear
seasonality (Fig. 5a), and seasonal variations of the total tendency of Tm are
mostly explained by the term associated with the surface forcing (term A). The
anomalous budget in the recent decade suggests that warming tendency are
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attributed to the surface forcing from 2011 to 2014 and from 2017 to 2018
(Fig. 5b). To further investigate the accumulation impact of the anomalous
heat budget terms on the recent positive SSTAs, we time integrate the terms
from January 2011 (Fig. 5c). The results indicate that the accumulation of
the anomalous surface forcing (term A) explains the phase of positive SSTAs
in 2010s, but overestimates its magnitude. Anomalous meridional advection
(term C) reduces the SST anomalies such that the increase of SST by 1.0˚C
from 2011 to 2015 is explained by a 1.5˚C increase due to the surface heat flux
and a 0.5˚C decrease by the meridional advection (Fig. 5c). Contributions
from zonal advection (term B) are relatively small compared to terms A and C,
but contribute to the gradual increase of SSTAs from 2011 to 2016 by 0.2˚C.
Vertical processes and residual (terms D and R) are negligible compared to sur-
face forcing and horizontal advection. In the next subsections, we investigate
the details of each term and physical background behind the recent anomalous
budget terms.

Figure 5. Time-series of domain averaged (a) total mixed layer tempera-
ture budget terms (Unit is ˚C/s), (b) anomalous budget terms relative to the
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monthly climatology from 1979 to 2018 and smoothed with a 13-month moving
average (Unit is ˚C/s), and (c) integrated anomalous budget terms from Jan-
uary 2011 (Unit is ˚C). Black, red, blue, orange, green, and grey lines represent
budget term derived from all processes (Total), surface forcing (A), zonal advec-
tion (B), meridional advection (C), vertical oceanic process (D), and unresolved
process or dataset error (R), respectively.

4.2 Atmospheric components

First, we investigated the components of anomalous positive surface heat flux
anomaly from 2011 to 2019. Figure 6a decomposes the anomalous surface heat
flux into its SW, LW, SH, and LH component from 2011, where positive val-
ues correspond to downward heat fluxes. The results show that most of the
anomalous positive net heat surface fluxes were determined by the anomalous
LH except for the period after 2017. During the periods from 2011 to 2014,
SW anomalies were as positive as LH anomalies. However, LW anomalies are
negative during the same, offsetting the SW anomalies. Positive LH anomalies
dominate in early 2010s. A decomposition of the LH anomalies was conducted
to examine the controlling factors, i.e. surface wind speed and humidity, via

LH
′ = 𝜌𝑎𝐿𝐶𝐸 [ws′

10 (𝑞𝑠 − 𝑞𝑎) + ws10 (𝑞′
𝑠 − 𝑞′

𝑎) + ws′
10 (𝑞′

𝑠 − 𝑞′
𝑎)] , (2)

 where 𝜌𝑎 is the atmospheric density, 𝐿 is the latent heat of vaporization, 𝐶𝐸
is the bulk coefficient,  𝑞𝑠 is specific humidity at the sea surface, 𝑞𝑎 is specific
humidity near the sea surface.  The overbar denotes the climatological mean for
each month and prime denotes the anomaly from the mean. Figure 6b shows the
three LH components on the RHS of Equation 2 due to anomalous surface wind
speed (ws10’), difference of saturation humidity at the sea surface and humidity
at a height of 10 m (q’), and non-linear effect (ws10’q’). From late 2011 to
2012, the wind-driven LH anomalies were negative due to the anomalous strong
wind speed while the moisture-driven part was positive due to the negative
SSTAs. However, during 2013 to 2015 both terms reverse signs. Dominant
component for the positive LH anomalies changes during the period. Weak
surface wind speed anomalies are likely to be a key factor to generate the recent
positive SSTAs, particularly from 2013. As seen in Figure 2, the LW and SW
components, as well as the net heat flux, computed from different reanalysis
products are very similar.
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Figure 6. Time-series of domain averaged (a) anomalous surface heat flux com-
ponents, NHF; net heat flux, SW; shortwave radiation, LW; longwave radiation,
SH; sensible heat flux, LH; latent heat flux. (b) Time-series of decomposed
LH anomalies, q�; LH anomalies derived from moisture anomaly, ws10�; LH
anomalies derived from surface wind speed anomaly, ws10�q�; LH anomalies de-
rived from nonlinear effect of moisture and surface wind speed anomalies. All
time-series are averaged by 13-month moving windows.

Figure 7a shows the time series of domain averaged SST and ws10 anomalies.
These time series are negatively correlated (r= –0.48, 99% significance), indicat-
ing the surface wind speed has weakened in the target region when the warm
SSTAs appeared, and consistent with the suppression of the wind-driven LH
release as a dominant factor for the positive SSTAs. To investigate the atmo-
spheric circulation field that modulated the ws10 anomaly in the target region,
we regress SLP and surface winds with the domain averaged ws10 (Fig. 7b). Re-
gression ceofficients show a north-south dipole pattern of SLP anomalies, very
similar to the North Pacific Oscillation (NPO) pattern (e.g. Kutzbach, 1970;
Rogers, 1981),. The southern lobe of SLP regression dipole, located around
30˚N and 180˚, increases the surface wind speed around Hawaii. Note that
the SLP anomalies shown in Figure 7b correspond to a strong surface wind
speed in the target region. Therefore, the continuous negative ws10 anomaly
associated with the low SLP anomalies in the mid-latitude is considered to be
an important factor for the suppression of the LH release in the recent decade.
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Figure 7. (a) Time-series of domain averaged SST (blue) and ws10 (orange)
anomalies in the target region. Thin and thick lines represent original anomalies
and moving averaged anomalies with 13-month windows, respectively. Numbers
at top left corner indicates the correlation coefficient between SST and ws10
anomalies (r) and p-value. (b) Regression coefficients of the moving averaged
anomalies of sea level pressure (SLP; shade; Unit is hPa) and surface horizontal
wind (u10 and v10; Unit is m/s) with domain averaged ws10 from 1979 to 2019.
Black lines indicate the area with the SLP anomalies with 95% significance.

4.3 Oceanic components

4.3.1 Oceanic lateral advection

Next, we investigated the reason why oceanic meridional advection suppresses
and zonal advection amplifies the positive SSTAs from 2013 to the present.
Here we are using the flow field from the ORAS5 reanalysis. As shown in
Figure 3, very similar anomalies, in terms of amplitude and phase, in the mixed-
layer averaged eastward and northward velocity components are found in other
reanalyses.

In Figure 8, horizontal advection anomalies are decomposed into geostrophic,
wind-driven Ekman, and residual components

𝑈 = − 𝑔
𝑓

𝜕ℎ
𝜕𝑦

𝑈𝑔

+ 𝜏𝑦
�fH

𝑈𝑒
+ 𝑈𝑟, (3)

𝑉 =
𝑔
𝑓

𝜕ℎ
𝜕𝑥

𝑉𝑔

− 𝜏𝑥
�fH

𝑉𝑒
+ 𝑉𝑟, (4)
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where 𝑓 is the Coriolis parameter, 𝑔 is the gravitational acceleration, ℎ is sea sur-
face height, and 𝜏 is wind stress. First, second, and third terms on the RHS are
geostrophic (𝑈𝑔, 𝑉𝑔), Ekman (𝑈𝑒, 𝑉𝑒), and residual (𝑈𝑟, 𝑉𝑟) components of each
horizontal velocity (Fig. 8). The residual is negligible. Climatological oceanic
currents in the target region are north-westward (not shown), so that relatively
warm and cold waters are transported from the tropics and eastern North Pa-
cific into the target region. Climatological meridional advection carries warm
waters northward, so that weakened meridional currents or meridional temper-
ature gradients dampen the positive SSTAs. Decomposing the Ekman merid-
ional advection anomalies into current-driven or temperature gradient-driven
components suggests that a weakening of both meridional current and temper-
ature gradients are important in suppressing the recent positive SSTAs (not
shown). Similar analysis were conducted for the geostrophic components of the
anomalous zonal advection, and suggest that a reduction of the zonal current
contributes to the increasing SST, while changes of the temperature gradient
are small (not shown). Since meridional advection contributes a larger share to
recent SSTAs changes than the zonal advection (Fig. 5c), the Ekman meridional
advection process driven by anomalous zonal wind stress is dominant.

Figure 8. Same as Figure 5c, but for decomposed anomalies of (a) zonal
advection and (b) meridional advection derived from geostrophic (Bg and Cg),
Ekman (Be and Ce), and residual components (Br and Cr).

We further investigate the relationship between surface wind speed and the
components of the oceanic advection (i.e. geostrophic, Ekman, and residual
components). Figure 9 shows maps of the regression coefficients of oceanic
horizontal advection (i.e. term B + term C in Equation 1) and of horizontal
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current anomalies onto the domain averaged ws10 anomaly in the target area.
Significant anomalies of warm advection with north-westward currents appear
in the southern part of the target region where the surface wind speed is strong
(Fig. 9a). The result indicates that the regression coefficient of the advection
is dominated by the Ekman component and not the geostrophic and residual
components. It also suggests that the Ekman component of the warm water
advection from the tropics is enhanced by the strengthening of the surface wind,
especially by the zonal component. It consistent with the meridional component
of Ekman advection being enhanced by the zonal wind stress. Thus, the negative
ws10 anomaly, particulary from 2011, is also associated with a weakening of the
meridional Ekman transport of warm water from the tropics, resulting in the
suppression of the positive SSTAs.

Figure 9. Same as Figure 7, but for anomalous heat budget term derived from
oceanic horizontal advection (B+C; Unit is ˚C/s) and oceanic horizontal cur-
rents in the mixed layer(um and vm; Unit is m/s). (a) Total oceanic advection,
(b) Geostrophic component, (c) Ekman component, and (d) residual component.

4.3.2 Mixed layer depth

Our results pointed out that the main reason for the recent positive SSTAs was
anomalous heat budget term related with the surface forcing (Fig. 5c), however,
the term is derived from the anomalies of not only surface heat flux but also
MLD. Therefore, we further investigated the impact of the MLD anomalies on
the recent SSTAs using the equation below.
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, (5)

where  the overbar denotes the climatological monthly mean and prime denotes
the anomaly from the mean. Figure 10a shows time series of domain averaged
MLD anomaly in the target region from 2011. MLD anomalies were positive
in the early 2010s, then negative from 2013 to 2015, and positive again from
2016. Generally, positive MLD anomalies suppress the SST variability; e.g.
climatological heating in summer and cooling winter are suppressed. Figure
10b shows the time-series of the integration of anomalous term A from January
2011, but for decomposed anomalies derived from anomalous surface heat flux
(Q’), anomalous MLD (H’), and combined impact of those anomalies (Q’H’).
The result indicates that positive SSTAs by surface forcing (i.e. term A) can be
explained by surface heat flux anomalies (Fig. 10b). In contrast, contribution
from MLD anomalies worked to suppress the positive SSTAs due to the thick
MLD anomalies from 2011 to 2012. While contribution from MLD anomalies
was not key for the positive SSTAs in 2010s, it significantly contributed to the
dramatically increasing SST by about +1˚C from June to September in 2015
(orange line in Fig. 10b).

Figure 10. (a) Time-series of domain averaged mixed layer depth (MLD)
anomaly in the target region. Thin and thick lines represent original and
13-month moving averaged time-series, respectively. (b) Same as Figure 5c,
but for decomposed anomalies of surface forcing derived from surface heat flux
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anomaly (Q’), MLD anomaly (H’) and combined effect (Q’H’).

4.4 Relationship between atmospheric and oceanic components

In the previous subsections, we found that the suppression of the LH release
and meridional warm water transport from the tropics played a key role in mod-
ulating the recent SSTAs around Hawaii. Finally, we examined the relationship
between anomalous surface forcing and oceanic advection processes. Figure 11
shows the lag correlation coefficients between the domain averaged terms of sur-
face heat flux (A) and the oceanic advections (B/C). The correlation coefficients
at zero lag between terms A and C or the sum of B and C are -0.38 and -0.31, re-
spectively, and are both statistically significant at 95%. Correlation coefficients
between terms A and B at zero lag are insignificant. While the correlation
coefficients at small lag are modest, significant positive correlations appear be-
tween lags of -18 and -10 months in all of advection terms. The negative zero
lag correlations between terms A and C suggest the contributions from surfac-
ing forcing and meridional advection significantly co-vary and compensate for
each other. Additional lag correlation analysis between anomalies of the surface
wind speed and each heat budget terms also shows the significant correlation
coefficients at zero lag; r= -0.72 between ws10 and term A, +0.55 between ws10
and term C (not shown). Therefore, the co-variations of surface forcing and
oceanic meridional advection are driven by the surface winds, particularly for
zonal component.

Figure 11 Lag correlation coefficient between A and sum of B and C (black),
between A and B (blue), and between A and C (orange) derived from unfiltered
anomalies from 1979 to 2019 in the target region. Circles indicate where the
coefficient at a certain lag month exceeds the 95% significance level.

5 Summary and Discussion

This study explores the formation mechanism of the warm SST anomalies
around Hawaii in a recent decade based on mixed layer temperature budget
equation using the latest atmospheric and oceanic reanalysis products (here
we use ERA5 and ORAS5, but show the results are not overly sensitive to the
reanalysis products used). The SST increase from January 2011 to December
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2015 results from anomalous positive wind-driven anomalies of LH flux. The
wind-driven LH releases in the target region were suppressed by a reduction of
the surface wind speed due to the spatial pattern of SLP anomalies associated
with the North Pacific Oscillation. Oceanic meridional advection made a
relatively small, but important, contribution in acting to suppress the warm
SST anomalies. The mechanisms responsible for the anomalous negative
meridional advection were the suppression of the meridional Ekman transport
of warm water from the tropics driven by the anomalous zonal components of
the surface wind speed. Further lag correlation analysis among the heat budget
terms suggests that the contributions of surface heat flux and meridional
advection to the SSTAs are negatively correlated with statistical significance.
In addition, the results implied that the contributions from atmospheric and
oceanic processes to the SSTAs in subtropical North Pacific compensate each
other.

Investigation of the impact of the MLD anomalies on the positive SSTAs from
2013 to the present showed that its contribution is minor (Fig. 10b). However,
the MLD anomalies significantly contributed to the dramatically increasing SST
by about +1˚C within a short term, for example from June to September in
2015. It suggests that MLD anomalies were not a dominant factor in modulat-
ing the SSTAs on inter-annual or decadal timescales, but are dominant on short
timescales, such as the event associated with the rapid increasing SST. Amaya
et al. (2020) investigated the role of MLD anomalies for the abnormally warm
SST anomalies associated with the Blob 2.0 in northeastern Pacific based on
oceanic reanalysis products, suggesting that the anomalous thin MLD is one of
important drivers. This result is consistent with the importance of the anoma-
lous MLD contribution to the rapid increasing SSTAs in the subtropical North
Pacific in the summer of 2015, as we have shown. While our results did not
show a significant contribution of MLD anomalies to the inter-annual SSTAs,
the role of MLD anomalies for SSTAs variability on not only short but also
long timescales is still worth further investigation based on the model outputs
or using long-term observational records that can capture the trends.

Finally, we consider the physical background controlling the surface wind speed
anomalies around Hawaii. We have concluded that SLP anomalies associated
with the NPO pattern play a key role to induce the surface wind speed anomalies
around Hawaii on inter-annual or decadal timescales. On seasonal or shorter
timescales a north–south seesaw pattern of SLP anomalies over the North Pacific
has been identified (Kutzbach, 1970; Linkin & Nigam, 2008; Rogers, 1981).
Similar patterns of SLP anomalies related with the NPO pattern have been
also be found on decadal timescales by several previous studies (Furtado et al.,
2012; Di Lorenzo et al., 2010, 2015), closely linked with the Central Pacific
ENSO (Ashok et al., 2007; Kao & Yu, 2009; Kug et al., 2009; Ren & Jin,
2011) or North Pacific Gyre Oscillation (Di Lorenzo et al., 2008). To further
our understanding of the mechanism of the surface wind speed variabilities in
the subtropical North Pacific on inter-annual or decadal timescales, the linkage
with tropical climate variability on such a longer timescale should be further
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investigated (Amaya, 2019; Furtado et al., 2012; Di Lorenzo et al., 2010, 2015;
Sanchez et al., 2019; Stuecker, 2018), as well as the teleconnection influences
from other ocean basins (Lim et al., 2019; Yu et al., 2015).
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	Figure 2. Comparison of the time series of domain averaged anomalies of surface heat flux components in the target area (10-20˚N and 180˚-160˚W); (a) shortwave radiation (SW; W/m2), (b) latent heat flux (LH; W/m2), and (c) net surface heat flux (NHF; W/m2). Downward heat fluxes are defined as positive. Colors show the result obtained from different sources. Reanalysis products; ERA5, ERA-Interim, NCEP-CFSRv2. Satellite-based observation; CERES, OAFlux, J-OFURO3 . MM : multi-product mean value calculated from the three reanalysis products from 1982 to 2018.
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	Figure 3. Same as Fig. 2, but for domain averaged anomalies of quantities in the mixed layer; (a) temperature (Tm), (b) zonal velocity (um; m/s), and (c) meridional velocity (vm; m/s). Mixed layer depth is defined as the layer where the potential density increases by 0.064 kg/m3 from that at 5m. Colors show the result obtained from different reanalysis products; ORAS5, SODA3, ECCOv4r4. MM : multi-product mean value calculated from the three reanalysis products from 1992 to 2016. 

