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Abstract

Between June 2015 and June 2017, two pressure-recording inverted echo sounders (PIESs) and five current and
pressure-recording inverted echo sounders (CPIESs) deployed along a section across the Kerama Gap acquired a
dataset of ocean bottom pressure records in which there was significant 21-day variability (Py,,;). The P, ,,,
which was particularly strong from July-December 2016, was coherent with wind stress curl (WSC) on the
continental shelf of the East China Sea (ECS) with a squared coherence of 0.65 for a 3-day time lag. A barotropic
ocean model demonstrated the generation, propagation, and dissipation of P, ,,. The modeled results show that
the P, ,,, driven by coastal ocean WSC in the ECS propagated toward the Ryukyu Island Chain (RIC), while deep
ocean WSC could not induce such variability. On the continental shelf, the P, ,, was generated nearly
synchronously with the WSC from the coastline to the southeast but dissipated within a few days due to the effect
of bottom friction. The detection of P, ,, by the moored array was dependent on the 21-day WSC patterns on the
continental shelf. The P, ,, driven southeast of the Changjiang Estuary by the WSC was detected while the P ,,

generated northeast of the Changjiang Estuary was not.
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1 Introduction

Ocean bottom pressure (Py,), the vertical integral of atmo-
spheric and oceanic mass, is a fundamental quantity in oceano-
graphy. Understanding of P, contributes to determining
changes in ocean circulation, heat content, and sea level rise
(Ponte et al., 2007). However, compared with ocean temperature,
salinity, and currents, knowledge of P, , remains poor due to the
sparseness of observations in time and space.

Since 2002, owing to the Gravity Recovery and Climate Exper-
iment (GRACE) mission, global P, ,, can be observed at monthly

intervals by satellites. However, the captured frequencies of the
signals are restricted by the 60-day Nyquist period resulting from
the coarse temporal resolution (Na et al., 2012; Quinn and Ponte,
2011). Furthermore, the accuracy of the GRACE is limited by
non-negligible aliasing errors (Gille and Hughes, 2001). The
Ocean Model for Circulation and Tides (OMCT) or the Estimat-
ing the Circulation and Climate of the Ocean (ECCO) project
have been applied for de-aliasing of P, records in GRACE;
however, despite this, the aliasing errors of high-frequency (< 60
days) P, remain severely underestimated (Quinn and Ponte,
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2011). In addition, sea surface height changes measured by
TOPEX/Poseidon (T/P) and Jason-1/2/3 includes steric and
mass-loading components; the former is associated with subsur-
face temperature and salinity changes, and dominates low-fre-
quency variabilities; the latter is associated with P, , and is more
important for high-frequency variabilities (Fukumori et al., 1998;
Park et al., 2008, 2012). Sea surface height products from satel-
lites are aliased or distorted at high-frequency bands due to the
coarse temporal resolution (Park et al., 2012). Py, could be meas-
ured by different kinds of marine instruments such as CTD and
glider (Qiu et al., 2019), but most of them only provide discon-
tinuous records, to avoid aliasing errors and improve our under-
standing of high-frequency P, ,, in situ observations are neces-
sary. Accurate and precise sensors are required for deployment
in the ocean, because subtidal dynamic pressure can be less than
8 hPa, while ambient pressures are always more than 10%> hPa
(Watts et al., 2001).

Brown et al. (1975) used measured data to study ocean bot-
tom pressure in 1975, and since then, P, , with different periods
has been observed in many areas. Based on long-term and high-
frequency Py, records measured during the North Pacific Baro-
tropic Electromagnetic and Pressure Experiment (BEMPEX), P, ,
variability at time scales longer than 10 days was found to be
driven by large-scale atmospheric forcing (Luther et al., 1990). In
the Japan/East Sea, P, variability with periods of 2-7 days driv-
en by atmospheric pressure has been observed (Park and Watts,
2005). Park and Watts (2006) indicated that non-isostatic Py,
variability at a near 5-day period is related to global Rossby-
Haurwitz waves, which have been reported by numerical model-
ing studies (Carrére and Lyard, 2003; Mathers and Woodworth,
2004; Ponte, 1997). In the Kuroshio Extension System Study
(KESS), near 13-day P, , variability to the east of Japan was found
to be driven by large-scale wind stress curl (WSC) in the North
Pacific (Na et al,, 2012). In the South China Sea, P, variability
with a period of near 5 days results from the combination of
Rossby-Haurwitz waves and coastal-trapped waves (Zhao et al.,
2017), and a Py, response with a near 7-day period is closely re-
lated to local atmospheric surface pressure (SP) and wind-forced
Ekman pumping/suction (Zhang et al., 2018).

P, variability is directly affected by the change of sea surface
height, which shows significant coherence with wind stress curl
(Fu, 2003; Fu and Davidson, 1995). Na et al. (2016) suggested that
winds become increasingly important in driving P, variability as
the period decreases from 60 to 7 days. According to Luther et al.
(1990) and Na et al. (2012), local WSC can be crucial for variabil-
ity of P, ,, with periods shorter than 10 days. For periods longer
than 10 days, P, variability was observed to be driven by non-
local WSC in the North Pacific. Nevertheless, few studies have re-
ported P, variability with periods longer than 10 days driven by
WSC in shallow marginal seas.

In East Asia, observations of P, have been recorded in the
South China Sea, Japan/East Sea, and North Pacific, but know-
ledge of P, in the East China Sea (ECS) remains limited. The
ECS is characterized by a broad continental shelf and a steep
slope on the shelf edge, and is separated from the North Pacific
by the Ryukyu Island Chain (RIC). The Kuroshio Current lies to
the west of the RIC (Nitani, 1972) and the Ryukyu Current to the
east of the RIC (Zhu et al., 2003; Wang et al., 2019). As a part of
the Joint Kuroshio-Ryukyu Current System Study (JKRYCSS), two
pressure-recording inverted echo sounders (PIESs) and five cur-
rent and pressure-recording inverted echo sounders (CPIESs)
were deployed along a section transecting the Kuroshio and Ry-
ukyu currents near Miyakojima Island, southwest of the Kerama

Gap, the deepest channel connecting the ECS to the North Pa-
cific in the RIC. Pressure sensors on the PIESs/CPIESs provided
2-year in situ P, records, and provide the opportunity to invest-
igate the P, variability. Based on this project, poleward-
propagating near-inertial waves enabled by the western bound-
ary current were observed (Jeon et al., 2019). P, , variability de-
scribes the barotropic information of the western boundary cur-
rent here, it is especially important for the Ryukyu Current, which
is characterized by a strong subsurface velocity core that we have
analyzed in another study (Zhao et al., 2020). In this study, we fo-
cused on the WSC-driven P, variability with a period of 21-day;
such variability cannot be observed by GRACE due to the
monthly sample interval. Variability with such a period is ubi-
quitous in the atmosphere around East Asia. Previous studies
have identified wind-driven rainfall with periods including 21
days around the Changjiang River Basin (Chen et al., 2000; Mao
and Wu, 2006; Yang et al., 2010). However, few studies have con-
centrated on how atmosphere forcing influences the ocean at this
period.

The paper is organized as follows. The data and processing
methods used in the study are described in Section 2. Section 3
describes the P, records from the observations, and a barotrop-
ic model is used to investigate the detailed relationship with WSC
and propagation characteristics. A summary is given in Section 4.

2 Data and methods

2.1 Data

With the aim of clarifying the temporal and spatial evolution
of the Kuroshio and Ryukyu currents and their interactions, the
JKRYCSS mission was carried out from June 2015 to June 2017 by
the Second Institute of Oceanography, Ministry of Natural Re-
sources, China; Kagoshima University, Japan; the Korea Institute
of Ocean Science and Technology; and Inha University, Korea.
Multiple observation methods, including seven PIESs/CPIESs,
were applied along the TOPEX/Poseidon and Jason-1/2/3 satel-
lite altimeter track (Pass 62) to observe the Kuroshio and Ryukyu
currents southwest of the Kerama Gap near Miyakojima Island
(Fig. 1).

As a part of the JKRYCSS, two PIESs and five CPIESs were ar-
rayed in this section for approximately 2 years (Fig. 1 and Table 1).
Three (KES1, KES2, KES3) were on the west side of the RIC (the
Kuroshio Current side, in the ECS), and four (RES1, RES2, RES3,
RES4) were on the east side (the Ryukyu Current side, in the
North Pacific). KES1 and KES3 each comprised a PIES, an echo
sounder that rests on the seafloor and records acoustic round-
trip travel time, bottom pressure, and bottom temperature. Oth-
er sites utilized CPIESs, which are equipped with Aanderaa Dop-
pler Current Sensors positioned about 50 m above the PIES for
near-bottom current measurement. A pressure sensor with a res-
olution of 0.001x10% Pa, absolute accuracy of + 0.01% and full-
scale range of 6 000x10* Pa equipped on each PIES/CPIES
provided high-resolution P, records with a 10-min temporal in-
terval (Inverted Echo Sounder User Manual, http://www.po.gso.
uri.edu/dynamics/IES/index.html). Following the procedures
proposed by Kennelly et al. (2007), time series of P, (Fig. 2a)
were despiked, detided, and dedrifted. The P, records were res-
ampled with a one-hour interval, and the times of records were
converted to Coordinated Universal Time (UTC). Statistically sig-
nificant peaks at a period of 21-day can be seen in the variance-
preserving spectra for the P, records (Fig. 2b). In this study, in
order to focus on the 21-day-period variability, a third-order But-
terworth filter with cut-off periods of 19.5 and 22.5 days was ap-
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Fig. 1. Map of the study region (a) and pressure-recording inverted echo sounder (PIESs; red dots) and current and pressure-
recording inverted echo sounder (CPIESs; red triangles) positions along the Jason-class satellite altimeter track (black dashed line) (b).
Colors and black contours show bathymetry in meters. The path of the Kuroshio Current is indicated by gray line in (a).

Table 1. Position and depth of each PIES/CPIES site

Station PIES/CPIES Northlatitude Eastlongitude Depth/m
KES1 PIES 26°21.42' 124°58.74’ 588
KES2 CPIES 26°09.78' 125°04.86’ 1520
KES3 PIES 25°18.30’ 125°28.74' 1414
RES1 CPIES 24°41.64' 125°45.48’ 720
RES2 CPIES 24°32.88' 125°59.50’ 1191
RES3 CPIES 24°20.82' 125°55.02’ 1979
RES4 CPIES 23°59.88' 126°04.56’ 1677

plied to P, records.

The variance of a signal is equal to the signal power with its
mean subtracted. Statistically significant and dominant period-
icities of P, records were identified by variance-preserving
spectra using the periodogram method. Before computation, the
series were high pass filtered with period of 90 days to focus on
the intraseasonal variability, 5% of the series on each end were
tapered using split cosine bell window. The periodogram was
smoothed over three adjacent frequencies with modified Daniell
window; there were 5.05 degrees of freedom. The variance-pre-
serving spectra were plotted as the power times the frequency
(Thomson and Emery, 2001). Whether the spectral is statistically
significant is based on the spectrum of Markov red noise follow-
ing the method of Gilman et al. (1963). Complex empirical ortho-
gonal function (CEOF) analysis (Barnett, 1984) was used to de-
scribe the spatial pattern and propagation of the 21-day P, vari-
ability.

Six-hourly 10-m wind and SP data from the National Centers
for Environmental Prediction/National Centers for Atmospheric
Research (NCEP/NCAR) reanalysis (https://www.esrl.noaa.gov/psd/

data/gridded/data.ncep.reanalysis.html; Kalnay et al., 1996)
were used to determine the relationship between P, and atmo-
spheric forcing. The spatial resolutions of the wind and SP data
were 1.905° latitude x 1.875° longitude and 2.5° latitude x 2.5°
longitude, respectively. To illustrate that the 21-day signal is not
influenced by small-scale noise in the NCEP/NCAR products,
products from European Center for Medium-range Weather
Forecasts reanalysis (ERA-interim) (https://apps.ecmwf.int/
datasets/) and Japanese 55-year Reanalysis datasets (JRA-55) (ht-
tps://jra.kishou.go.jp/JRA-55) were also used for comparison.
Wind stress was calculated from wind records, as follows:

T = paCDU%m ey

where p, is the density of air, Cp is the drag coefficient, and Uy is
the wind speed at 10 m. The Cp used here was determined by
Trenberth et al. (1990). The WSC was calculated based on wind
stress from the NCEP/NCAR, ERA-interim, and JRA-55 products.

The Ekman pumping/suction velocity (upward positive, Wg),
which is the vertical velocity at the base of the Ekman layer, was
calculated as follows (Talley et al., 2011):

oU; oV ~
8xE + TyE =V- UE = - (wsurface - wh) = WEg, (2)

where the vertical velocity at the surface in steady state
Wsurtace = 0, Ug and Vg are eastward and northward Ekman trans-
port components, respectively. V - U was calculated by taking
the curl of the linear, steady, vertically-integrated, horizontal mo-
mentum equations:
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Fig. 2. Time series of measured ocean bottom pressure (P, ) variability (a), Py, variance-preserving spectra (b) and time series of
band-pass-filtered (19.5-22.5 d) P, ., (c). The 95% confidence level of red noise (the colored dashed lines) and 21-day period (the black

vertical line) are indicated.

V- -Ug=Fk-Vx—, 3)

where k is the vertical unit vector, 7 is the wind stress, p is seawa-
ter density, and f is the Coriolis parameter. The WSC and wg
were also band-pass filtered with a third-order Butterworth filter
with cut-off periods of 19.5 and 22.5 days.

2.2 Barotropic model

To compensate for the spatial distributions of P, records
and to explore possible mechanisms for this, the free-surface, ter-
rain-following, primitive-equation Regional Ocean Modeled Sys-

tem (ROMS; http://www.myroms.org) (http://www.myroms.
org) was used to simulate the variability of P, , in the ECS and
around the moored array (the red box in Fig. 1a). The bottom to-
pography in the model is based on the Earth topography five
minute grid (ETOPOS5; https://www.ngdc.noaa.gov/mgg/global/
etopo5.HTML). The ROMS model covers the region from 100° E
to 70°W and 35°S to 65°N with a spatial resolution of (1/12)°. The
temporal interval of the model output is 1 day. The vertically in-
tegrated momentum equation is solved by the barotropic com-
ponent; variations in density are ignored. The ROMS eastern
boundary at 70° W is closed whereas the southern, northern, and
western boundaries are open based on the Flather boundary
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condition for barotropic normal velocity components (Flather,
1976). Moreover, a free-surface gradient condition is applied to
the surface elevation at the open boundaries by setting them as
the closest interior value.

The ROMS model used only wind stress forcing. Although at-
mospheric forcing includes SP and wind could induce variability
in the ocean, the influence of SP becomes more important than
that of wind only at periods of shorter than approximately three
days (Ponte, 1994). Hirose et al. (2001) found that modeled res-
ults from the barotropic shallow water model are similar when
considering wind forcing alone and when considering both wind
and pressure forcing. In addition, SP did not show significant 21-
day variability (see Section 3.1). Therefore, the wind stress
product from NCEP/NCAR was considered as the only forcing in
the model. The model was run from January 1, 2015 to Decem-
ber 31, 2017, covering the observation period. Additional experi-
ments were run during 2016 with a flat bottom over the ECS at
depths of 50, 100, 300, 500, 700, and 1 000 m. These experiments
helped to distinguish the effect of ocean depth on 21-day P,
variability. Modeled results were also band-pass filtered by the
same Butterworth filter applied to observed records.

3 Results

3.1 Observed 21-day ocean bottom pressure variability

The seven PIESs/CPIESs with high-resolution pressure
sensors arrayed near Miyakojima Island provide 2-year P, re-
cords with a maximum amplitude of approximately 10 hPa (Fig. 2a).
Figure 2b shows that statistically significant P, peaks at period
of 21 days can be found at each site from variance-preserving
spectra. Generally speaking, the P, ,, weakens from west to east,
and 21-day peak at RES4 did not reach the 95% confidence level
of red noise. The P, ,, at RES2-4 was much weaker than that
west of the RIC (KES1-3), while the energy of the P, ,,, at the site
closest to the RIC (RES1) approached the energy at KES2 and

0.8

KES3.

To obtain a more complete understanding of the temporal
variability of the P, ,,, around the mooring sites, band-pass-
filtered P, records from the third-order Butterworth filter with
cut-off periods of 19.5 and 22.5 d are shown in Fig. 2c. The band-
pass-filtered records on the west side of RIC were more energetic
than the east side. All seven sites showed nearly in-phase variab-
ility with high amplitude of approximately 1 hPa from July to
December 2016. However, as expected, the CPIES-measured
near-bottom current velocity, which are more sensitive to local
bottom variabilities as compared with bottom pressure (Niiler et
al., 1993), did not have any statistically significant variability at a
21-day period in either the zonal (z) or meridional (v) compon-
ent.

According to previous studies, atmospheric forcing, includ-
ing SP and wind, can be vital to P, (Luther et al., 1990; Park and
Watts, 2006; Zhang et al., 2018). Multiple and partial coherences
analysis was used to separately identify the contribution of SP
and WSC as well as the mutual coherences between them. For
simplicity, we use 7-site averaged ocean bottom pressure (aveP, )
here. The P, ,, was not coherent with local SP and WSC around
the mooring sites because the coherences were all below the 95%
confidence level (Fig. 3a). Figure 3b shows an obvious peak of
multiple coherence with a 21-day period on the continental shelf
of the ECS, and WSC dominated the Py ,, rather than SP, which
did not reach the 95% confidence level for this period. The SP be-
comes less important and wind-driven variability dominates at
periods longer than approximately 3 days (Ponte, 1994). There-
fore, only the WSC was considered in further analyses.

The 21-day-period variability in SP was not statistically signi-
ficant, both around the moored array (Fig. 4a) and on the contin-
ental shelf of the ECS (Fig. 4b). Obvious 21-day signals were
found in the WSC around the moored array (Fig. 4c) and on the
continental shelf of the ECS (Fig. 4d). The ERA-interim data set
(magenta lines) and JRA-55 data set (cyan lines) also show simil-

a b
—SP —SP
- WSC —— WSC
multiple multiple
0.6 r

Coherence
(=]
~

0.2

Period/d

Period/d

Fig. 3. Multiple (black lines) and partial (blue and red lines) coherences between output (aveP,,,) and two inputs (SP and WSC) for
spatially averaged surface pressure (SP) and wind stress curl (WSC) around the moored array (a) and spatially averaged SP and WSC
on the continental shelf of the East China Sea (ECS) (b). The 95% confidence level (horizontal lines, 0.26 for multiple coherence and
0.21 for partial coherences) and 21-day period (vertical line) are also indicated. “Spatially averaged” means the average of variable in a
given range, which is distinct from “temporally averaged”. The continental shelf of the ECS in this paper indicates the region south of

35.5°N in the ECS with depth less than 200 m.



96 Zheng Hua et al. Acta Oceanol. Sin., 2020, Vol. 39, No. 7, P. 91-106

NCEP/NCAR ~ ——— ERA-interim JRA-55
30 :
a b |
214 |
z i |
R = |
g ~<
~
] S |
3 == = — ~ 3T s \‘\
= = ~qo
5 10 + / ™=
’2 / |

Vi

N

/

L
c

2.0

Power x frequency/10"“N*m®

0.8

0.6

0.4

Squared coherence

0.2

180

90

Phase/(°)
(=]

-90

-180

50 40 30 20 15
Period/d

50 40 30 20 15 10
Period/d

Fig. 4. Mean variance-preserving spectra of surface pressure (SP) (a, b) and wind stress curl (WSC) (c, d) around the moored array
(left) and on the continental shelf of the East China Sea (ECS) (right). Squared coherence (e, f) and phase (g, h) between seven-site
averaged Py, (aveP, ) and spatially averaged WSC around the moored array (left) and on the continental shelf of the ECS (right).
NCEP/NCAR, ERA-interim, and JRA-55 data are shown. SP and WSC are 5-day smoothed. The 95% confidence level (horizontal lines)

and 21-day period (vertical lines) are indicated.

ar signals from SP and wind, which suggests that this is not an ar-
tifact from the NCEP/NCAR products. The Py ,, was signific-
antly coherent with the WSC on continental shelf (with a squared
coherence of 0.65, Fig. 4f) but not with that around the moored
array (Fig. 4e), which indicates that the signal might be from the
northwest. The WSC affects P, through Ekman divergence/con-
vergence; ocean mass convergence (divergence) occurs when the
WSC is negative (positive), which results in increasing (decreas-

ing) P, (Na et al., 2012; Wang et al., 2011). Figure 4h shows that
the mean phase between P, ,, at KES1 and WSC on the contin-
ental shelf was approximately -125°; considering the negative
correlation between Py, and WSC, the 21-day WSC lead P, ,,, at
KESI1 of approximately 55° (~3 days).

3.2 Modeled 21-day ocean bottom pressure variability
Barotropic ROMS model results were used to investigate the
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mechanisms of P, ,,, generation and propagation. Figure 5
shows a comparison of modeled P, records around the moored
array (red box in Fig. 1a) with observed aveP, , records. The nor-
malized raw data from observations and from ROMS show simil-
ar variability (Fig. 5a). The normalized 21-day band-pass-filtered
records are almost in-phase with a coherence of 0.82, especially
at high-amplitude times (Fig. 5b). The modeled P, ,,, showed a
maximum amplitude in September 2016, but almost disap-
peared from October 2015 to March 2016, which is consistent
with the observations.

To investigate propagation among mooring sites, Figs 5¢c and
d show the Hovméller diagrams of the P, ,; during the period
with highest amplitude (9-29 September 2016). The model speed
component along the PIES section from KES1 to RES4 was ap-
proximately 2.0 m/s, which is close to the observed 2.4 m/s. The
observed P, ,, signal became weaker when propagating from the
west of the RIC to the east. However, the observed results show
that the amplitude was lower at RES2 than at other sites and that
the phase was behind the others (Fig. 5¢). This result might be
due to the influence of the RIC. In addition, the wind-only forced
barotropic model matched the observations well, especially dur-
ing the high amplitude period, and is reliable for use in further
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analysis.

Figure 6 shows the variance-preserving spectra of the
modeled P, , and the time series of the modeled P, ,,, around
the array and on the continental shelf. As with the observations,
modeled results show a significant high-amplitude 21-day signal
from July to December 2016 around the moored array (Figs 6a
and b). The modeled P, in the ECS showed a higher-energy 21-
day signal (Fig. 6¢), but high-amplitude could also be found from
January to June 2016 (Fig. 6d) as compared with the records
shown in Fig. 6b. Figures 6a and ¢ show energetic variability with
a period of about 17 days, which corresponds to the 17-day vari-
ability in WSC (Figs 4c and d); however, it was not observed from
the actual data (Fig. 2b). Variability with the same period was
also found in the SP (Figs 4a and b). The mechanism of the 17-
day variability may be too complex to be explained by the wind-
only forced barotropic model.

To investigate the propagation of P, ,,, daily maps of the
highest amplitude period (9-29 September 2016) are shown in
Fig. 7. During 9-29 September 2016, the 21-day signal had a max-
imum amplitude of approximately 3 hPa southeast of the
Changjiang Estuary on the continental shelf, some 300 km from
the mooring sites, with a depth of about 60-80 m. The propaga-
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tion of the signal can be observed clearly from the zero contour
lines plotted in Fig. 7. The 21-day variability appeared in the east
coast of China with a negative amplitude on September 9; then
expanded southeastward perpendicular to the coastline. The
negative signal southeast of the Changjiang Estuary lasted for a
few days (12-18 September 2016) before the next positive signal
arrived. The largest amplitude appeared during 14-16 Septem-
ber. The variability in the coastal area turned positive and expan-
ded southeastward as the negative signal in the ECS became
weaker; then the largest amplitude was found southeast of the
Changjiang Estuary from 24-27 September. In general, the vari-
ability was generated and propagated on continental shelf, but
the energy decreased rapidly as the signal expanded from the
shelf to the North Pacific as shown in the lower panel (red line).
On September 22, the zero contour line was close to KES1, and
on September 24 it had reached RES4, taking less than 2 days to
propagate between the two, which is consistent with the observa-
tions (Fig. 5¢).

Figure 8 shows 21-day WSC daily maps with the highest amp-
litudes for the continental shelf east of the Changjiang Estuary
from 9-29 September 2016; these maps are correlated with the
highest-amplitude P, ,, period, suggesting that the WSC in-
duced the P, ,,. As shown in the upper panel of Fig. 8, signific-
ant negative correlation was found between the 21-day WSC and
the P, .,, on the continental shelf. The largest positive signal of
the 21-day WSC (the blue line) appeared from 14-16 September
and the largest negative signal appeared on September 25, cor-
responding to the largest negative and positive variabilities of the
Py .01 (the black line). The phase between the P, ,, and the 21-
days WSC is ~10° (~0.6 days), which indicates that coastal WSC in
the ECS induced the local P, ,, through the Ekman divergence/
convergence with little time lag. The Ekman divergence/conver-
gence characterized by wg (the orange line) corresponded to the

21-day WSC and Py ,,. The P, ,, is much weaker for the region
around the moored array than on the continental shelf; it corres-
ponds to the negative and positive maxima of 17-19 September
and 27-29 September, respectively (the red line). There is a clear
near-3-day time lag between the P, ,; around the moored array
and both the 21-day WSC and the P, ,, on the continental shelf.
WSC from NCEP/NCAR (the blue line), ERA-interim (the
magenta line), and JRA-55 (the cyan line) show 21-day signals
similar to what was indicated in the lower panel. WSC-driven
Py o2 on the shelf shows a similar spatial pattern as the 21-day
WSC there (Figs 7 and 8). It took around 7 days (16-22 Septem-
ber) for the 21-day WSC to propagate from the coast to the 200-m
isobaths in the ECS, and the same was observed for the 21-day
modeled Py, response. The P, ,, generated from coastline to the
southeast following the propagation of the 21-day WSC, became
weaker due to the decrease of the 21-day WSC (red and blue lines
in the lower panel of Fig. 7).

However, the spatial patterns of the P, ,,, and the 21-day
WSC differed significantly in the North Pacific and around the
moored array. The P, ,, around the mooring array was from the
ECS, but the 21-day WSC there seems to come from the Pacific
Ocean; as such, local 21-day WSC could not drive the P, ,, in this
deep region (lower panel of Fig. 7), and the signal there was from
the ECS. The P, ,, decreased more slowly in deep region com-
pared to on the shelf; the amplitude only decreased from ~0.34 hPa
at 125°E to ~0.24 hPa at 126°E (lower panel of Fig. 7). The signific-
ant Py .,, southeast of the Changjiang Estuary took ~3 days to
propagate to the mooring sites.

To examine why the significant P, ,, in the ECS in early 2016
did not propagate to the RIC, Fig. 9 shows modeled daily maps of
band-pass-filtered (19.5-22.5 d) WSC from 9-29 February 2016.
In contrast to the increase near the coast on September 9, variab-
ility with a negative amplitude appeared in the northern ECS on
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Fig. 7. Daily maps of the modeled 21-day bottom pressure variability (P,,,;) from 9-29 September 2016. The colors show P, ,, and
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are also indicated. Red triangles are PIES/CPIES locations.

February 9 and then expanded southward, with the largest amp-
litude occurring east of the Changjiang Estuary on February 14.
As the negative signal in the ECS weakened, the northern ECS be-
came positive and the largest positive signal occurred east of the
Changjiang Estuary between 24-25 February. However, zero con-
tour lines remained around the mooring sites during this entire
period; this means that the 21-day signal had almost disap-
peared around the mooring sites during February 2016, which is
consistent with the measured records. The 21-day signal gener-
ated by the WSC covered the entire continental shelf in Septem-
ber 2016, but covered only the area north of 27°N on the shelf in
February 2016. The different spatial patterns in these two periods
suggest that P, ,, could have extended farther south to the

mooring sites in September 2016, but that they had dissipated on
the shelf in February 2016 after leaving the large 21-day WSC re-
gion; the amplitude decreased from ~1.72 hPa at 124°E to ~0.22 hPa
at 124.5°E (lower panel of Fig. 9). Although the 21-day WSC in-
creased east of ~124.2°E (the blue line), the P, ,, (the red line)
did not increase owing to the increasing depth.

During early 2016, the amplitude of P, ,,; was high in the
northern ECS. However, as it could not be measured by the
PIESs/CPIESs (Fig. 2c¢), daily maps of 21-day WSC from 9 to 29
February 2016 were picked out in Fig. 10 to identify the reason. In
February 2016, the negative correlation between P, ,, and 21-
day WSC (wk) on the continental shelf remained significant. The
largest positive and negative signals of 21-day WSC occurred dur-
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hand panel.

ing 13-16 and 24-25 February, respectively (blue line in bottom
right panel of Fig. 10), corresponding to the largest negative and
positive signals of P, ,,; (black line). However, the variability
around the mooring sites almost disappeared (~0.1 hPa in model,
red line), which is consistent with the measured records. The pat-
tern of P, is confined around the large 21-day WSC region on
the shelf. It is worth noting that on the continental shelf, the 21-

day WSC propagated southeastwards during both September
2016 (Fig. 8) and February 2016 (Fig. 10), but the largest amp-
litude of the 21-day WSC extended farther south in September
2016 (close to the moored array) than it did in February 2016 (far
from the moored array). It leads to a result that significant Py ,;
around the mooring sites only happened in September.

The CEOF analysis method was used to extract the space
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structure and phase during two periods (January to June 2016
and July to December 2016) based on the modeled P, ,,. Figure 11
shows the amplitude and phase patterns of CEOF results, since
the first mode explained more than 90% of the variability for both
periods (94.6% and 98.0%), only the first mode is shown here. It is
easy to discern that the P, ,,; mainly occurred on the continental
shelf of the ECS and propagated southeastwards. During the peri-
od from January to June 2016, the amplitude was high east of the
Changjiang Estuary and the dissipation was rapid on the south-
ern ECS (Fig. 11a). The 21-day variability was fully dissipated and
the phase was disordered when it extended to the Okinawa
Trough (Figs 11a and b). During July to December 2016, a high-
amplitude signal occurred in more southerly regions and exten-
ded to the moored array (Fig. 11c). According to the distribution
of the phase, especially in Fig. 11d, the propagation velocity was
slower in the shallow region close to coastline but increased on
the continental shelf, corresponding to the velocity of the 21-day
WSC in Fig. 8. The zero line in Fig. 8 moved slowly from 16 to 19
September 2016 and rapidly from 20 to 23 September 2016.
According to Na et al. (2016), the WSC dominates oceanic

barotropic variability for short periods (7-15 days) and its effect
remains important for periods of 15-30 days. Previous observa-
tions have indicated that local WSCs can influence the variability
of P, with short periods (< 7-10 days) in the North Pacific. Non-
local WSCs can be important for periods longer than 10 days
(Luther et al., 1990; Na et al., 2012; Niiler et al., 1993). Our results
show that the P, ,, observed by seven PIESs/CPIESs was associ-
ated with the P, ,, variability on the continental shelf of the ECS
after being driven there by coastal WSCs; in contrast, the strong
21-day WSC around the mooring sites (Fig. 4e) could not induce
such variability. To analyze the reasons for the 21-day WSC be-
ing able to induce such variability only in some areas, the govern-
ing barotropic vorticity equation for intraseasonal variability (Fu,
2003) was used:

0 (2. [*. N _fz T
a*t(vf—glg)'i‘lﬂ(f,ﬁ)*&k‘vx(ﬁ)v “

where H is the depth, g is the gravitational acceleration, J repres-
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Fig. 10. Daily maps of band-pass-filtered (19.5-22.5 days) WSC and same as Fig. 8, but for 9-29 February 2016.

ents the Jacobian operator, and ¢ is the sea level, which shows
the same variability as the bottom pressure does in a one-layer

0 om0 (f

i 79 /5 (e

1 000, indicating that — (f—g) could be neglected. Sub-
ot \gH

sequently, the equation could be simplified as follows:

barotropic model. In the model, was 10-

sorm(el)-Levx (D). ©

As shown in Fig. 12b, R = ‘%‘ (V&) /H] <§, IiJ) ‘ decreased
as the potential vorticity gradient indicated by

\/( B(gich))z + (a(gﬁ,h))z increased. HJ (5, {1) can be neg-

lected at the region with a low potential vorticity gradient. Fur-

2 2
thermore, \/(%/h)) + (%) around the mooring ar-
X y

ray was ~10-1¥ m-2.s-! (Fig. 12a), corresponding to R = 4. There-
fore, Eq. (5) could be simplified as follows:
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0 [z T

Experiments with a flat bottom over the ECS at depths of 50,
100, 300, 500, 700, and 1 000 m were run during 2016 to determ-
ine the effect of depth on P, ,,. For a flat bottom model,
HJ (57 £
~10-"¥ m-L.s- and ~10-19 m-!.s"! at flat bottom depths of 100 and
1 000 m in the ECS, respectively, in both the modeled and wind-
calculated results from 9-29 September 2016. The amplitude of
Py .21 during this period decreased as the depth increased
(Fig. 12c). Thus, the wind-driven P, ,,, was much less significant
in the deep region.

The amplitude from a real-depth model (Fig. 12c) was much

) could be neglected as well. Moreover, ﬁgt (V&) was

lower than that from the fitted line, and a% (V?¢) was therefore

not the only dominant factor in the ECS. The potential vorticity
gradient in the ECS was much higher than that around the moor-

ing array (Fig. 12a). In the ECS, R = 1, which indicated that

Hj (g", f could not be neglected and that the topographic Sver-

drup trgnsport was important. Net “squashing/stretching” of the
water columns occurred below the Ekman layer due to the down-
ward/upward Ekman velocity. The squashing/stretching re-
quired a decrease/increase in potential vorticity, which was char-
acterized by the advection of water columns across potential vor-
ticity contours below the Ekman layer. The vorticity imparted to
the ocean by the atmosphere through Ekman pumping/suction
was compensated for by the advection of water columns across
barotropic vorticity contours below the Ekman layer (Niiler and
Koblinsky, 1985).

However, past wind forcing cannot have an infinite effect on
the ocean. The P, ,, measured by PIESs/CPIESs propagated
from the continental shelf and dissipated within days owing to
the bottom friction. The response P, was related to forcing T
through a simple forcing-response model, and the effect of bot-
tom friction was considered as a damping time scale t (Wearn
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and Baker, 1980):

deut —T_ Pyor

det t

O

In Fourier space, t was calculated as follows (Fu, 2003; Weijer
and Gille, 2005):

tan
t= tang

=2, ®)

where w is angular frequency, and ¢ is the phase between Ppot

and T'. In the ECS, the 21-day WSC series lead Py ,,, series ap-

proximately 10° (£ = 0.6 d) in the model, indicating that the ef-

fect of the past wind forcing was limited to ~0.6 days in the ECS.
Fu (2003) calculated ¢ in another way:

= ©)
where h. is the thickness of the bottom frictional boundary layer,
and H is the ocean depth. For i = 20 m (Armi and D’Asaro,
1980) and H = 86 m (averaged depth on the continental shelf), ¢
was ~0.7 days in the ECS, slightly higher than that from the
simple forcing-response model. P, ,, was significant in the shal-
low ocean under the strong 21-day WSC but dissipated rapidly on
the shelf after leaving the strong 21-day WSC region. The signal
that developed on the northern continental shelf in February did
not reach the moored array because of the dissipation in the
southern ECS (east of ~124°E in the lower panel of Fig. 9). The
damping time scale was much longer in deeper regions accord-

ing to Eq. (9). Thus, the dissipation was much slower there, as
shown in the lower panel of Fig. 7.

4 Summary

We identified a 21-day Py, response to the WSC on the con-
tinental shelf of the ECS based on PIESs/CPIESs measurements.
The 21-day signal showed high amplitudes from July to Decem-
ber 2016 and propagated from KES1 to RES4 at ~2.4 m/s. Accord-
ing to the ROMS results, the spatial pattern of P, ,, on the con-
tinental shelf was consistent with the local 21-day WSC (Fig. 7-
10), suggesting that the coastal WSC in the ECS induced the local
Py o1+ Poow; Was generated from the coastline to the southeast in
the ECS, following the propagation of the 21-day WSC that is per-
pendicular to the coastline. P, ,,, continued to extend southeast-
ward to the RIC with rapid dissipation after leaving the strong 21-
day WSC region on the continental shelf. In contrast, although
the signal measured by the mooring sites showed no coherence
with the local WSC, it showed coherence with the WSC on the
continental shelf; this indicates that P, ,, near the RIC was from
the continental shelf. The strong 21-day WSC spatial pattern on
the continental shelf extended further south in September than it
did in February, which resulted in a southward shift of the high
amplitude P, region. The P, ,,, was limited to the nearby
areas of the 21-day WSC region, and Py ,,, northeast of the
Changjiang Estuary had dissipated on the shelf even before
reaching the mooring sites in early 2016. Overall, the coastal
ocean WSC could induce significant P, ,; on the broad contin-
ental shelf, while the deep ocean WSC could not.

The 21-day variability in the atmosphere is a widely existing
phenomenon around the Yangtze Estuary and even across East
Asia. For example, previous studies identified rainfall with peri-
ods including 21 days driven by wind in this region (e.g., Chen et
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al., 2000; Mao and Wu, 2006; Yang et al., 2010). Our study shows
the relationship between such common phenomena in atmo-
spheric and oceanic variabilities. P, ,, in the ECS was driven by
the coastal WSC through Ekman divergence/convergence; and
then propagated southeastward towards the RIC following the
propagation of 21-day WSC. Such 21-day WSC has occurred
widely in history according to historical wind data, which sug-
gests that the 21-day bottom pressure variability is not occasion-
al but might be a widely existing phenomenon in this region.
However, to date few studies have identified this signal owing to
data sparsity, more observations are needed for further study.
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