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Abstract

In this study, we explored the impacts of midlatitude western
North Pacific (WNP) sea surface temperature (SST) on tropical
cyclone (TC) activity at intraseasonal to seasonal time scales
during the 2018 boreal summer. During this period, a positive SST
anomaly occurred in the midlatitude WNP and subtropical central
Pacific; TC activity was abnormally high under the influence of
the strong Asian summer monsoon. We performed sensitivity
experiments using a global cloud system-resolving model for
global SST (control, CTL) and SST that were regionally restored
according to midlatitude WNP climatology (MWNPCLM). TC
track density in the eastern WNP was higher in CTL than in
MWNPCLM, in association with large-scale atmospheric respons-
es; enhanced monsoon westerlies in the subtropical WNP, moist
rising (dry subsiding) tendencies, and reduced (enhanced) vertical
wind shear in the eastern (western) WNP. Enhanced TC activity
in the eastern WNP was more distinct for intense TCs and during
the active phase of intraseasonal oscillation (ISO). These results
suggest that the impacts of midlatitude SST anomalies can reach
lower latitudes to affect TC activity via large-scale atmospheric re-
sponses and ISO, which are usually overwhelmed by the impacts
of SST anomalies in the tropics and subtropics.

(Citation: Nasuno, T., M. Nakano, H. Murakami, K. Kikuchi,
and Y. Yamada, 2022: Impacts of midlatitude western North Pacif-
ic sea surface temperature anomaly on the subseasonal to seasonal
tropical cyclone activity: Case study of the 2018 boreal summer.
SOLA, 18, 8895, doi:10.2151/s01a.2022-015.)

1. Introduction

Sea surface temperature anomalies (SSTAs) have major effects
on the control of tropical cyclone (TC) activity. Over the western
North Pacific (WNP), the primary impacts of the El Nifio South-
ern Oscillation on the distribution and frequency of TCs and Asian
summer monsoon have been extensively studied (Chan 1985;
Wang and Chan 2002; Camargo and Sobel 2005; Yamada et al.
2019; Song et al. 2020; Takaya et al. 2021). For example, Asian
summer monsoon and TC activity were successfully predicted for
a period of > 1 year by simulating El Nifio Southern Oscillation
evolution and subsequent atmosphere—ocean variation (Takaya
et al. 2021). Several recent studies have examined the prominent
impacts of subtropical Pacific SSTA on TC activity (Zhang et al.
2016; Murakami et al. 2017; Qian et al. 2019; Takaya et al. 2019).
High TC activity in 2018 was primarily related to high SSTA in
the subtropical central Pacific, according to the results of sensi-
tivity experiments using general circulation models (Qian et al.
2019). An unusually active summer monsoon in 2018 was mainly
attributable to SSTA in the WNP, where midlatitude SSTA also
play a role (Tseng et al. 2020). The impacts of midlatitude SSTA
on TC activity have also been investigated by case studies of
individual TCs that migrated into the midlatitudes (Kanada et al.
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2017; Fujiwara and Kawamura 2021; Wada 2021). For example,
warm SSTA over the Kuroshio current remotely affected the
development of TC Chaba in 2010 through enhanced moisture
transport and latent heat flux, as determined in short-term (5 days)
experiments using a regional atmospheric model (Fujiwara and
Kawamura 2021); general insights require further case studies
because of variation among individual TCs at short time scales.

At subseasonal to seasonal time scales, WNP TC activity is
highly modulated by intraseasonal oscillation (ISO) and variabil-
ity in Asian summer monsoon (Yoshida et al. 2014; Nakano et al.
2015, 2021; Camargo et al. 2009; Fowler and Pritchard 2020;
Qian et al. 2020; Kikuchi 2021; Lee et al. 2013; Nasuno et al.
2016). These studies have indicated enhanced TC activity during
the active ISO period through modifications of large-scale dynam-
ical and thermodynamical fields. However, the extent to which
SSTAs in the tropics, subtropics, and midlatitudes affect WNP TC
activity at subseasonal time scales (and associated seasonal time
scales) remains unclear. Therefore, the objective of this study was
to fill the knowledge gap that exists between basin-scale interan-
nual TC activity studies and individual midlatitude TC case stud-
ies. In particular, there is a need to determine whether and to what
extent recent significant SSTAs in the midlatitudes (e.g., Hayashi
et al. 2021) significantly impact WNP TC activity. We conducted
a suite of sensitivity experiments using a global cloud-system re-
solving model to explore the seasonal TC activity and large-scale
atmospheric responses to midlatitude WNP SSTA, as well as their
association with ISO during the 2018 boreal summer.

2. Boreal summer in 2018

During the boreal summer (July—September) of 2018, a posi-
tive SSTA occurred over the midlatitude WNP, subtropical central
Pacific (partly caused by the Pacific Meridional Mode; Chiang and
Vimont 2004), and topical central to eastern Pacific. In contrast,
SSTA was neutral or weakly negative over the South China Sea
and Philippine Sea (Fig. 1a). Accordingly, the upward Walker
circulation branch shifted eastward compared with the climatol-
ogy (Fig. S1), consistent with the eastward extension of lower
tropospheric westerly anomalies (i.e., monsoon trough) and with
the presence of anomalous convective activity over the tropical
Pacific (Fig. 1c), indicating strong Asian summer monsoon. Under
these conditions, TCs tended to develop in the eastern WNP and
central Pacific (Fig. 1¢). Robust ISO signals occurred repeatedly
in summer, and TC genesis occurred selectively during their active
periods (Fig. S2).

3. Method and data

3.1 Design of sensitivity experiments

We used Nonhydrostatic Icosahedral Atmospheric Model
(NICAM; Satoh et al. 2014) in sensitivity experiments to investi-
gate the impacts of the midlatitude WNP SSTA on TC activity. We
used a horizontal mesh size of 14 km globally, which marginally
represents TC structure (Yamada et al. 2017), and 38 vertical levels
with a top height of 40 km. Moist convection was explicitly rep-
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Fig. 1. (a) National Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation Sea Surface Temperature (OISST), (c) Anomalous NOAA
Outgoing Longwave Radiation (OLR) data with 850-hPa wind vectors in the Japanese 55-year Reanalysis product (JRA-55), and (e) Anomalous tropical
cyclone (TC) track density for the Joint Typhoon Warning Center best track during July—September 2018. Anomalies are defined as deviations from clima-
tology (averaged for 1982-2012, 19792010, and 1980—2018 for the NOAA OISST/JRA-55, NOAA OLR, and best track products, respectively). (b, d, f)
As in (a, c, e), but for an ensemble mean of CTL simulations [deviations from SSTs restored to climatology (CLM)]. Box in (b) indicates the midlatitude
WNP domain, in which SSTA values were replaced with zero in MWNPCLM simulations.

resented using a cloud microphysics scheme (Tomita 2008; Roh
and Satoh 2014) without a cumulus parameterization scheme. At
the bottom boundary, SST was predicted using a slab ocean model
with a 15-m mixed layer depth, and the predicted SST was nudged
to the prescribed time-series SST at a relaxation time of 7 days.
The sensitivity experiments were demgned in accordance with
the method used by Qian et al. (2019)', which examined SSTA
impacts on TCs by restoring the Pacific regional SSTs to the
climatology using the Geophysical Fluid Dynamics Laboratory
Forecast-oriented Low Ocean Resolution (FLOR) global coupled
model (Vecchi et al. 2014). In the first set of experiments, global
SSTs in 2018 were used as nudging data (CTL; Fig. 1b), whereas
in the second set, we used SSTs that had been restored to the
climatology (1982—2012) over the midlatitude WNP (MWNPCLM;
Fig. 1b). As a reference, we also conducted experiments in which
SSTs were restored to the climatology. We nudged the simulated
SSTs to the Qian et al. (2019) SST time series, which consists
of 12-member ensembles for each setting, rather than observed
SSTs, to confirm the robustness of the results with slight changes
in the SSTA distributions. The simulation target period was July—
September 2018, and the initial atmospheric data were interpo-

' Our simulation dataset includes 12-member NICAM simulation data from
Qian et al. (2019).

lated from the Japanese 55-year Reanalysis product (JRA-55;
Kobayashi et al. 2015). For each SST setting, 36-member ensem-
ble experiments were conducted (Supplement 3); thus, we mainly
present the 36-member period-mean results in this study.

For real-world comparison, we used the JRA-55, National
Oceanic and Atmospheric Administration (NOAA) Interpolated
Outgoing Longwave Radiation (OLR) (Liebmann and Smith
1996), NOAA Optimum Interpolation Sea Surface Temperature
(OISST) (Huang et al. 2021), and International Best Track Archive
for Climate Stewardship (IBTrACS; Knapp et al. 2010) datasets.

3.2 Analysis method
a. TC tracking

We applied TC tracking methods described in previous studies
(Nakano et al. 2015; Yamada et al. 2017) to 6-hourly simulation
outputs. TC candidates were detected and traced for a minimum
pressure. TCs were extracted in accordance w1th the following
criteria: maximum 10-m wind speed (> 17.5 m s"), 850-hPa vor-
ticity, warm core structure, and duration (> 36-h). TC genesis and
track density were counted on a 1° x 1° grid.

b. ISO composite
In this study, we defined the ISO according to band-pass-
filtered convective anomalies averaged at 115°E—160°E that per-
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F1g 2 Horizontal distribution of 3-month accumulated (a) TC genesis, (b) TC track density, and (c) TC track density at maximum 10-m wind speed > 45
"in CTL (left panels), MWNPCLM (center panels), and their difference (CTL-MWNPCLM) (right panels). Numbers in the upper-left corner of each

panel are sums over the plot area. Horizontal smoothing was performed for (a).

sisted for longer than 10 days and continuously propagated north-
ward (Supplement 2). This simple method extracts the ISO signals
in the observed OLR (Fig. S2); it is sufficient for the purposes of
this study. The ISO events with a minimum OLR anomaly of 1.1
standard deviations were used for composite analysis (64 events
per simulation case), where the base point was defined as the date
of the minimum OLR anomaly in each event.

4. Results

The period-mean fields of CTL (Figs. 1b and 1d) reproduced
enhanced convective activity in the broad domain over the tropical
and subtropical western to central Pacific, which was associated
with lower tropospheric westerly anomalies intruding into the cen-
tral Pacific. These anomalies represent the active Asian summer
monsoon, although some biases were detected near the Philippine
Sea and in higher-latitude wind anomalies. This enhanced con-
vection in the central Pacific closely corresponded with the warm
SSTA in that region. The anomalous positive (negative) TC track
density in the eastern (western) WNP reproduced the observed
characteristics (Figs. le and 1f).

4.1 Period-mean TC responses in the WNP
The horizontal distribution of accumulated TC genesis and
track density in CTL and MWNPCLM in the WNP domain are

shown in Fig. 2. The accumulated track density over the plot area
was 103.7 days for CTL, which was similar to the accumulated
track density for the observed data (105.5 days), with a bias of
fewer generated TCs (12) than in the observed data (19).

Next, we focused on SSTA impacts by evaluating differences
between CTL and MWNPCLM. Both TC genesis and track density
were greater in CTL than in MWNPCLM, by 10% and 8.2%,
respectively (Figs. 2a and 2b). We detected distinct differences in
track density in the eastern WNP, particularly to the south of the
SSTA modification (25°N—35°N, 130°E—165°E) (Fig. 2b). The
regional difference in track density was more evident for intense
TCs (with maximum wind speed > 45 m s™') (Fig. 2c, Table 1)
with peak TC density near 140°E (120°E) in CTL (MWNPCLM).
These domains of the substantial changes in track density did not
exactly coincide with the domain of the SSTA change, suggesting
a substantial remote effect of the SSTA on large-scale circulation.
Difference in TC genesis distributions was unclear (Fig. 2a),
implying that TC path and development changes were the major
cause of differences in TC track density.

To understand how the midlatitude WNP SSTA caused these
TC activity changes, we examined the atmospheric responses
(CTL-MWNPCLM) relevant to the TC genesis environment
(Fig. 3). All of these responses exhibited more (less) favorable
conditions for TC activity in the subtropical eastern (western)
WNP (15°N-25°N, 140°E—170°E) [(15°N—25°N, 115°E—130°E)]
in CTL than in MWNPCLM. As a response to the warm SSTA
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Table 1. Impacts of midlatitude western North Pacific (WNP) sea sur-
face temperature anomalies (SSTA) and intraseasonal oscillation (ISO)
on tropical cyclone (TC) track density (%) for the western (5°N—45°N,
110°E—135°E), eastern (5°N—45°N, 135°E—160°E), and total (0°N—49°N,
100°E—180°E) WNP. Bold numbers indicate > 90% significance levels.
Impacts were assessed by (CTL — MWNPCLM)/CTL [(ISO active — period-
mean)/period-mean] for midlatitude WNP SSTA (ISO).

TC all TC (Ve >45ms )
west east all west east all
MWNP SSTA impact
mean 1.82 15.77 819 —37.62 3442 1634
ISO active -7.67 23.82 7.73 -31.34 70.93 32.96
ISO impact
CTL 53.15 13.2  14.07 12097 6532 64.64
MWNPCLM 67.95 238 14.64 110.89 -26.71 31.94

in the midaltitude WNP, positive temperature (negative pressure)
anomaly was formed in the lower troposphere (Figs. S4d, S4f,
and S4h), and anomalous cyclonic circulation appeared through
geostrophic balance (Fig. S4g). The wind anomaly extended to
the south of the SSTA region, with enhanced lower tropospheric
convergence and westerly anomalies toward the central Pacific
anomalous convective region (Figs. 1d and 3a). Enhanced west-
erlies (easterlies) in the lower (upper) troposphere (Figs. S4a and
S4c) resulted in decreased (increased) vertical shear in the sub-
tropical (tropical) WNP (Fig. 3b). Ascending southerly (descending
northerly) anomalies in the eastern (western) WNP advected moist
(dry) air from lower-latitude (higher-latitude) areas (Figs. 3c and
3d), consistent with the enhanced (suppressed) convection (Fig.
3a) and TC density (Figs. 2b and 2c) in these regions. The steering
wind (mass-weighted vertical average of horizontal wind) was
also altered accordingly, explaining the more northerly trend of
the TC path in the eastern WNP in CTL than in MWNPCLM (Figs.
2b, 2c¢ and 3d).
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4.2 Modulation of TC responses by ISO

The composite TC track density during the active phase (peak
10 days) of the ISO (converted to 3-month accumulations) is
shown in Fig. 4. Both CTL and MWNPCLM showed a > 10%
increase in accumulated track density in the WNP, with greater
concentration toward the south (< 25°N; Figs. 4a and 4b); these
findings were consistent with observed impacts of ISO phase
on TC track density (Nakano et al. 2021; Hirata and Kawamura
2014). In MWNPCLM, zonal contrast in the period-mean dis-
tribution (Fig. 2b) was exaggerated during the active ISO phase
(Fig. 4b). Track density sums for the subdomains of the WNP
during the active phase of the ISO and during July—September are
shown in Fig. 5a. The increase in track density during the active
ISO phase was more pronounced in the western WNP than in the
eastern WNP (Fig. 5a).

For intense TCs, the impact of the ISO phase on TC activity
was greater (Figs. 4c, 4d, 5b, and Table 1). The increases in TC
track density during the active ISO phase for CTL and MWNPCLM
were 65% and 32% of the period-mean values, respectively (Table
1). In CTL, the increase caused by the ISO broadly appeared in
the subtropical WNP, over both the western and eastern subdo-
mains (Fig. 4d). In contrast, the increase caused by the ISO (over
the period-mean value) was greater in MWNPCLM than in CTL
in the western subdomain of the WNP, whereas a deficit was
detected in the eastern subdomain (Fig. 5b). Thus, the impacts of
the ISO phase on TC track density showed distinct regional differ-
ences among intense TCs in MWNPCLM.

To determine the causes of these TC activity responses to
the ISO with and without the SSTA in the midlatitude WNP, we
examined the anomalous TC genesis environment (ISO active
phase—period-mean values) for both cases (Fig. 6). The peak
of anomalous convective activity was located near 5°N—15°N,
120°E—150°E, which was consistent with the definition of the ISO
adopted in this study (Fig. 6a). A large-scale cyclonic circulation
formed to the northwest of the convective peak (10°N—25°N,
105°E—135°E), as typically observed in the active period of the
boreal summer ISO (Guo et al. 2021; Kikuchi 2021; Lee et al.
2013). To the north (20°N—-35°N, 130°E—155°E), anticyclonic
circulation appeared with suppressed convection as a remote
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Fig. 3. Period-mean (July—September 2018) responses (CTL-MWNPCLM) of (a) OLR and 850-hPa wind vectors, (b) vertical shear of zonal wind (differ-
ence between 200 and 850 hPa) and shear vector, (c) 700-hPa relative humidity and vertically integrated moisture flux, and (d) 500-hPa vertical velocity
and mass-weighted 300—1,000-hPa integral of zonal wind vectors. Purple contour lines in (d) indicate an 850-hPa geopotential height of 1,520 gpm in CTL
(solid line) and MWNPCLM (dashed line). Magenta (gray) contour lines indicate the 90% significance level for shading (vectors).
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Fig. 4. Horizontal distribution of composite (a) TC track density in the active intraseasonal oscillation (ISO) phase. (b) As in (a), but for deviations from
the period-mean in CTL (left panels) and MWNPCLM (right panels). (c, d) As in (a, b), but for TCs with maximum 10-m wind speed > 45 m s~'. Numbers
in the upper-left corner of each panel are summed over the plot area. TC track density values for the active ISO phase (peak 10 days) were converted to a
3-month accumulated value.
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Fig. 5 Box plot of (a) TC track density in the (left) western (5°N—45°N, 110°E—135°E), (center) eastern (5°N—45°N, 135°E—160°E), and (right) total
(0°N—49°N, 100°E—180°E) WNP for the ISO active phase (black box) and period-mean (blue box) in CTL (left columns) and MWNPCLM (right col-
umns). TC track density values for the ISO active phase (peak 10 days) were converted to a 3-month accumulated value.
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Fig. 6 Composite of the ISO active phase (deviations from period-mean values) (a) OLR and 850-hPa horizontal wind vectors, (b) 700-hPa relative humid-
ity and vertically integrated moisture flux, and (c) 500-hPa vertical velocity and mass-weighted 300—1,000-hPa integral of zonal wind vectors in CTL (left
panels) and MWNPCLM (center panels). The difference (CTL-MWNPCLM) during the ISO active phase is also plotted (right panels). Gray contour lines
indicate a 90% significance level.

response to tropical convective activity. Both positive and neg- motion (Fig. 6¢); these changes created favorable conditions for
ative anomalies were more pronounced in MWNPCLM than in TC genesis and development, thus explaining the simulated en-
CTL (Fig. 6a). Consistent with the enhanced convective activity, hancement of TC activity in both cases in the southwestern WNP.
anomalous moistening formed in the middle troposphere, along These findings are consistent with previous conclusions based on

with northwestward moisture flux (Fig. 6b) and enhanced upward long-term ISO analyses (Moon et al. 2018; Fowler and Pritchard
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2020). In addition, vertical wind shear becomes unfavorable
for TC activity and development because of enhanced easterly
shear associated with the ISO. We interpret the greater increase
in upward motion in the western subdomain of the WNP in
MWNPCLM than in CTL as a major cause of the marked increase
in strong TCs in this region (Fig. 6, right panels), whereas TC
track density increased even in the eastern WNP in CTL. Both of
these factors may be associated with the period-mean state differ-
ence detected in this study.

5. Conclusions

In this study, sensitivity experiments conducted using a global
cloud-system resolving model demonstrated that the midlatitude
WNP SSTA observed during the 2018 boreal summer system-
atically affected TC activity and particularly distribution within
the WNP via large-scale atmospheric response and modulation
associated with the ISO (Table 1). Under the 2018 summer condi-
tions with strong Asian summer monsoon, the midlatitude WNP
SSTA contributed to increased TC track density in the eastern
WNP, by 16% for July—September and 24% for the active ISO
phase, through the enhancement of cyclonic circulation in the
WNP, an associated moist upward tendency, and reduced vertical
wind shear. During the active ISO phase, TC track density was
commonly increased in the western WNP, while increased TC
track density occurred in the eastern WNP (by 65%) only under
the positive midlatitude WNP SSTA. This contrast between
the western and eastern subdomains of the WNP was more
pronounced for intense TCs, suggesting high sensitivity of TC
intensification to the environment.

The impacts of the midlatitude SSTA on WNP TC track den-
sity were regarded as secondary to subtropical or tropical SSTA
impacts (Qian et al. 2019, Supporting Text S3, Fig. S8; Tseng
et al. 2020). Our results suggest that the midlatitude SSTA affected
the lower latitudes in some cases: in summer 2018, over a humid
subtropical central Pacific, meridional and zonal contrasts in
climatological convection and circulation were relaxed; this may
have enhanced the atmospheric response to the midlatitude SSTA,
thereby reaching the lower latitudes. Future studies should investi-
gate the impacts of midlatitude SSTAs under various background
conditions.

In this study, we represented air—sea interactions in a simple
manner. Using an atmospheric general circulation model, Ohba
and Ueda (2006) obtained cyclonic circulation responses to a
positive SSTA over the WNP in June through local convective
instability and sea level pressure deficit, consistent with the
atmospheric response to the midlatitude WNP SSTA in this study,
as well as Tseng et al.’s (2020) results. The role of air—sea interac-
tions is another topic that requires further investigation.
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Supplement 1 shows the anomalous Walker circulation in 2018.

Supplement 2 describes the definition of the ISO in this study.

Supplement 3 describes the details of the ensemble simulations.
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