Journal of Sea Research 193 (2023) 102374

Contents lists available at ScienceDirect

Journal of Sea Research

journal homepage: www.elsevier.com/locate/seares

ELSEVIER

Check for

The reliable sampling interval for monitoring interannual variability of the [%&s
Kuroshio transport at 18°N

Jing Huang *", Linlin Zhang »“%", Shanliang Zhu ?, Jie Wu ™, Xiaomei Yan ">, Weiqi Song ¢,
Shuguo Yang®

& School of Mathematics and Physics, Research Institute for Mathematics and Interdisciplinary Sciences, Qingdao University of Science and Technology, Qingdao 266100,
China

b Key Laboratory of Ocean Circulation and Waves, Institute of Oceanology, Chinese Academy of Sciences, Qingdao 266071, China

¢ Lao Shan Laboratory, Qingdao 266237, China

4 University of Chinese Academy of Sciences, Beijing 100049, China

ARTICLE INFO ABSTRACT

Keywords:

Kuroshio

Interannual variability
Sampling interval
Intraseasonal variability

The sampling interval for reliably monitoring interannual variability of the Kuroshio transport was studied using
satellite altimeter data and outputs from HYbrid Coordinate Ocean Model (HYCOM). Interannual variations of
the Kuroshio velocity and transport crossing 18°N were derived with different sampling interval, and their de-
viations from the ‘true’ interannual signals derived from original time series were estimated. The results indicate
that sampling with an interval shorter than 20 days is required to obtain the reliable interannual signals, i.e., the
Root Mean Square of the deviation is <50% of the interannual signal. However, the longer sampling intervals
will lead to serious aliasing and degradation of the true interannual signals, which is mainly attributed to the
energetic intraseasonal oscillations in this region. Power spectrum analysis reveal that there are significant 80-
day intraseasonal variations as well as semiannual fluctuations in the Kuroshio transport at 18°N, which brings
substantial sampling deviations relative to the true interannual variation. An ideal experiment is constructed to
confirm that the reliable sampling interval of around 20 days, which can capture interannual variations and
resolve the intraseasonal oscillation of the Kuroshio reliably at 18°N. This study provides an important reference

for the future monitoring of the interannual variation of the Kuroshio.

1. Introduction

The Kuroshio is an important western boundary current of the sub-
tropical ocean circulation system in the North Pacific. It originates east
of the Philippines and is formed by the northern branch of the North
Equatorial Current (NEC) in the western tropical Pacific Ocean (e.g.,
Nitani, 1972; Qu and Lukas, 2003; Fig. 1a). Kuroshio carries abundant
high temperature and high salinity water northward, playing an
important role in the large-scale ocean circulation and climate vari-
ability (Lukas et al., 1996; Hu et al., 2020).

Many studies have focused on the velocity and transport of Kuroshio
with mooring and hydrographic observations in the Kuroshio origin
area. Based on acoustic Doppler current profiler (ADCP) data at about
18°N, the maximum mean velocity exceeds 1.0 m/s in the upper 100 m
(Lien et al., 2015). For the annual mean transport in the origin area,
various estimates have been made: 15 Sv (1 Sv = 10° mg/s) by Lien et al.

(2014) with ADCP data during June 2012 to June 2013, 14 Sv by Qu
et al. (1998) based on hydrographic (conductivity-temperature-depth,
CTD) measurements from 1986 through 1990, 23.7 Sv by Ichikawa and
Beardsley (1993) using the hydrographic and surface current data dur-
ing 1986-1988, 27.6 Sv from Yaremchuk and Qu (2004) by combining
hydrographic data, satellite altimetry and other data. Because of
different sampling frequency and observation period, the Kuroshio
transport east of the Luzon has significant differences.

Kuroshio is subject to multi-timescale variability, ranging from
intraseasonal to interannual time scales. Based on mooring measure-
ments at 18°N, Hu et al. (2013) and Ma et al. (2022) found that the
Kuroshio and Luzon Undercurrent (LUC) beneath have significant
intraseasonal variability with a period of 70-80 days. On seasonal
timescale, the analysis based on observations and numerical simulations
showed that Kuroshio at 18°N has a stronger (weaker) transport in
spring (fall) (Yaremchuk and Qu, 2004; Qiu and Lukas, 1996; Qu et al.,
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Fig. 1. (a) The bathymetry (colour, unit: m) of the study area. Vectors denote
the mean surface velocity from satellite altimetry. Red line indicates the 18°N
section. (b) The mean meridional velocity (colour, unit: cm/s) with potential
density (contours, units:kg/m>) crossing the 18°N section from HYCOM outputs.
Positive indicates northward velocity. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article).

1998; Wang et al., 2022a, 2022b). Used ADCP data at the Luzon Strait
during June 2012 to June 2013, Lien et al. (2014) suggested that Kur-
oshio across the 18.75°N section has obvious seasonal variation with
positive anomaly (i.e., an enhanced Kuroshio transport) in winter and
spring, and negative in summer and autumn. In general, although most
studies show that the Kuroshio transport increases in spring, some
studies indicate that the Kuroshio transport increases in winter.

With regard to the interannual variability of the Kuroshio, previous
studies suggested that the interannual variability of Kuroshio east of the
Luzon Island is highly correlated with El Nino-Southern Oscillation
(ENSO). During El Nino (La Nina) events, the NEC bifurcation shifts
northward(southward) due to cyclonic/anticyclonic in the gyre, which
leads to the decreased(increased) Kuroshio transport. (e.g., Qiu and
Lukas, 1996; Kim et al., 2004; Zhai and Hu, 2012; Zuo et al., 2012; Chen
etal., 2015; Hu et al., 2020). Nevertheless, several studies suggested that
the interannual variation of Kuroshio does not correspond perfectly with
ENSO. Qiu and Lukas (1996) mentioned that not all the interannual
peaks of the Kuroshio transport correspond to the ENSO events. Based on
satellite altimeter and sea level data of Keelung and Ishigaki from 1980
to 2008, Chang and Oey (2012) pointed out that the Kuroshio transport
off Taiwan northeastern coast is dominated by Philippines-Taiwan
Oscillation (PTO), and ENSO could only explain its partial interannual
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variation.

In general, the above studies indicate that there exists some debate
about the interannual variation of Kuroshio, which may be related to
different locations, time periods, observation tools and sampling inter-
val in the observation. In particular, hydrographic observations with
coarse sampling interval might obtain inconsistent interannual varia-
tions. For example, using 14 times uneven seasonal or annual survey
sampling at 18°N from 1986 to 1990, Qu et al. (1998) indicated that the
minimum transport of Kuroshio occurred during the mature phase of the
1986-1987 El Nino, which is nearly out of phase with Lukas (1988) and
Qiu and Joyce (1992). In addition, Yaremchuk and Qu (2004) proposed
that transport estimates derived from observational evidence east of
Luzon Island were uncertain due to the lack of long-term velocity
measurements. In fact, in addition to different locations, time periods
and observation tools, the coarse sampling interval in the observation
(especially the hydrographic observation) might affect the estimate of
the interannual variation of the Kuroshio. Particularly, there are strong
seasonal, intraseasonal or even higher frequency fluctuations in the
Kuroshio as mentioned above. But the common sampling interval of
hydrographic observation is seasonally or even annually, which signif-
icantly misses those high-frequency signals and leads to mis-
interpretations of the Kuroshio interannual variation.

The purpose of this study is to quantify the aliasing errors or RMSE at
different sampling intervals and find a reasonable or reliable sampling
interval for monitoring the interannual variation of the Kuroshio
transport. Gilson and Roemmich (2002) have suggested that raising the
sampling frequency to monthly or even fortnightly could improve the
observing system for western boundary currents. Theoretically, a higher
sampling frequency of observation would monitor the interannual
variation preferably, while inadequate sampling of oceanic motions,
which commonly occurs for oceanic measurements, could cause peculiar
spectral feature and potentially lead to obvious misinterpretations
(Wang et al., 2022a, 2022b). Although satellite altimetry is character-
ized by its high temporal and spatial resolution, only surface informa-
tion of the Kuroshio could be provided. Previous cruise surveys on the
Kuroshio were usually conducted once a year, and such coarse sampling
might induce significant alias in the estimation of the Kuroshio inter-
annual variations. Exploring a reasonable sampling interval for reliably
monitoring the interannual variation of Kuroshio transport is of signif-
icant importance for both observing and investigating the multi-scale
variation of the Kuroshio. The results of this study provide basis for
understanding the uncertainty in the Kuroshio interannual variability
estimated with sparse observations, and it also provides reference for the
future design of hydrographic observations like CTD or Glider transects.

Here we analyzed the sampling interval required to reliably monitor
the interannual variation in the Kuroshio. The satellite altimetry and
HYCOM outputs as well as the methods were described in section 2. The
original time series of surface velocity and cross-section transport
derived from the data were presented in section 3.1. Section 3.2 mainly
introduced the sampling interval needed to minimize the interannual
deviation between the subsampling time series and the original time
series. An ideal experiment was conducted in section 3.3 to verify the
reliable sampling interval. A summary was given in section 4.

2. Data and method
2.1. Satellite altimetry

Sea surface geostrophic velocities derived from the satellite
altimeter-measured sea surface height was used to obtain the interan-
nual variability of the Kuroshio velocity. The daily surface geostrophic
velocity data at 0.25° x 0.25° resolution during 1998 to 2021 was ob-
tained from Archiving Validation and Interpretation of Satellite Data in
Oceanography (AVISO) from the website at http://www.aviso.ocea
nobs.com/. Technical details on AVISO product data processing can be
found in Rio et al. (2011) and Ducet et al. (2000).


http://www.aviso.oceanobs.com/
http://www.aviso.oceanobs.com/
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2.2. HYCOM outputs

The global ocean circulation model outputs from HYCOM (HYbrid
Coordinate Ocean Model) was also used in this study. The model is
HYCOM GLBv0.08 and uses mixed coordinates (isopycnic coordinates,
ocoordinates, and z coordinates) in the vertical, allowing appropriate
coordinates in different layers of the ocean. HYCOM assimilates hori-
zontal flow field, sea surface and thermohaline information from mul-
tiple observational sources. The horizontal resolution of the model is
0.08° x 0.08°, and there are 36 layers from 5 m to 2000 m in the vertical
direction. The outputs in the upper 800 m within 110°E-130°E, 15°N-
30°N during 1998-2021 were used in the following analysis. Details of
the HYCOM outputs can be found in Chassignet et al. (2007). It is worth
nothing that the main reason for using HYCOM outputs is that it has
three-dimensional current velocities, long-time scale and high resolu-
tion, which enables us to investigate the impact of sampling interval on
the estimation of interannual variability of the Kuroshio. Moreover,
HYCOM outputs have been extensively used in previous studies to
explore the structure and variability of the Kuroshio in this region (e.g.,
Wang et al., 2009; Wu et al., 2020).

2.3. Estimation of reliable sampling interval

The Kuroshio originates from the northern branch of the NEC off the
eastern coast of the Luzon Island, and the 18°N section is often chosen to
investigate the Kuroshio (Fig. 1a). In this study, we focused on this
section to estimate the reliable sampling interval for monitoring the
interannual variability of the current. At 18°N, the Kuroshio spans from
122° to 124°E and extends from the surface down to 800 m, with its
maximum velocity reaching up to 70 cm/s at the depth around 100 m
(Fig. 1b). A similar method has been used in Meredith and Hughes
(2005) to investigate the sampling interval for monitoring interannual
variability of the Antarctic Circumpolar Current transport. The annual
mean time series of the surface meridional velocity crossing the 18°N
section between 122°-124°E was derived with the daily data from sat-
ellite altimetry and HYCOM, respectively, which is regarded as the true
interannual signal of the Kuroshio velocity. Similarly, we estimated the
true interannual signal of the Kuroshio transport by averaging the daily
transport year by year, while the daily transport was calculated with the
integration of all the meridional velocities. The formula for the merid-
ional transport of Kuroshio in the upper 800 m between 122°-124°E is

124°E 0
VT = / / Vdzdx,

122°E 800m

and the formula for the Kuroshio transport within isopycnals between 22
124°N 26.8kg/m®

and 26.8 kg/m® is VT = Vdzdx,

122°N  22kg/m?

Here, Vis the meridional velocity.

In order to obtain the reliable sampling interval for monitoring the
Kuroshio interannual variation, firstly we subsampled the original daily
time series with different intervals ranging from 1 to 180 days. Note that
for each sampling interval, there are different initial days of sampling (e.
g., for the 5-day sampling interval, there are five possible initial days to
generate five different subsampled time series). Then, the Root Mean
Square Error (RMSE) between the interannual signal derived from the
subsampled time series and the true interannual signal was calculated,
representing the deviation of the subsampled time series relative to the
true interannual signal. In practical measurements, the sampling fre-
quency of observations is always finite. The true series could only be
substituted by the most reliable (best) series. RMSE is sensitive to larger
or smaller errors in a group of measurements, which can reflect the
precision of the measurement. The RMSE are primarily controlled by the
following equations:
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2
(xubs.i - xnmdel,i)

RMSE =
n

Here, n is the number of years, and xrepresents the velocity and
transport. For each sampling interval, the corresponding RMSE is the
average of that generated by all possible initial days of sampling. When
the RMSE is <50% of the standard deviation (STD) of the true interan-
nual signal, we suggest that the corresponding subsampling is able to
capture the interannual signal reliably. The STD can be written as

The ratio of RMSE and STD can reveal the magnitude of errors be-
tween the subsampled time series and the true time series.

3. Results
3.1. ‘True’ interannual variation of Kuroshio velocity and transport

Fig. 2a shows the Kuroshio velocity time series of satellite altimetry
and HYCOM outputs at 18°N section during 1998-2021, respectively.
The Kuroshio transport is calculated from HYCOM outputs as the inte-
gration of all the meridional velocities in the upper 800 m and with
within isopycnals between 22 and 26.8 kg/m® between 122°-124°E at
18°N. After averaging per year, the obtained annual time series is shown
in Fig. 2b and d. The mean surface velocity of Kuroshio derived from
satellite altimetry is 37.0 cm/s, and that from HYCOM outputs is 42.5
cm/s. These results are basically consistent with Zuo et al. (2012) who
calculated the annual mean velocity of the Kuroshio at 18°N year by
year during 1993-2008, and the annual mean time series ranges from
33 cm/s to 39 cm/s (see their Fig. 12). As for the Kuroshio transport,
regardless of a systematic difference around 1 Sv, the transports derived
from the two methods exhibit consistent interannual variations (Fig. 2c-
2d), and their correlation reaches 0.92. The mean transport derived in
the upper 800 m is about 24.69 Sv and within isopycnals between 22 and
26.8 kg/m°is 23.54 Sv, very close to the transport of 23.7 Sv by Ichikawa
and Beardsley (1993) using the hydrographic and surface current data
during 1986-1988, 21.4 Sv derived from hydrographic surveys from
September 1987 and April by Toole et al. (1990). The annual mean time
series of velocity in Fig. 2b and transport in 2d by calculating the ve-
locity in the upper 800 m are regarded as the true interannual signals of
Kuroshio.

Significant interannual variations of the Kuroshio could be observed
in the annual mean time series. There is significant decadal variability
accompanied with moderate interannual signals in the annual mean
time series of surface velocity shown in Fig. 2b, while the time series of
Kuroshio transport in Fig. 2d seem to be dominated by interannual
variations. Nevertheless, this study does not intend to distinguish the
interannual and decadal variations strictly in this study, and mainly
focuses on the year-to-year variation of the Kuroshio. The STD of the
annual mean time series of surface velocity from satellite altimetry and
HYCOM are 2.63 cm/s and 3.65 cm/s, respectively. The STD of transport
between 0 and 800 m from HYCOM reaches 4.04 Sv. In addition, it is
worth pointing out that the original daily time series of both velocity and
transport exhibits energetic high-frequency fluctuations, which appears
even stronger compared with the interannual signals (Fig. 2a and c).
Under the coarse sampling, these high frequency fluctuations could
generate significant deviations in the subsampled series and results in
large errors in resolving the interannual variations. Therefore, to obtain
the reliable interannual variations, the sampling interval should be as
short as possible to resolve those high frequency fluctuations.
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Fig. 2. (a) The daily time series of surface meridional

velocity averaged between 122°E and 124°E along

the 18°N section derived from satellite altimetry data

(red) and HYCOM outputs(blue). (b) is the same as

(a), but for the annual mean time series. (c) The daily

time series of meridional transport in the upper 800 m

I (red) and in the isopycnal range of 22-26.8 kg/m°

‘ | | (blue) between 122°-124°E along the 18°N section.

(d) is the same as (c), but for the annual mean time

J series. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web
version of this article).
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3.2. Reliable sampling interval for monitoring interannual variability

To investigate the reliable sampling interval for monitoring the
interannual variability in Kuroshio, the RMSE between the new annual
time series and true interannual series was calculated according to the
method at section 2.3 and plotted as a function of sampling interval
(Fig. 3a, b,3c). Obviously, the larger the sampling interval is, the larger
the RMSE is. According to the criterion of RMSE <50% of the interan-
nual STD, to capture the interannual variations of Kuroshio surface ve-
locity derived from satellite altimetry, the required sampling interval is
~22 days. Under the criterion of RMSE equaling to the interannual STD,
the sampling interval is ~40 days. In the case of HYCOM outputs, the
corresponding reliable sampling interval is ~20 days (RMSE = 0.5 x
STD) and 38 days (RMSE = 1 x STD) in terms of surface velocity and ~
22 days (RMSE = 0.5 x STD), ~48 days (RMSE = 1 x STD) in terms of
transport.

According to Fig. 3, this study derived two functions representing the
relationship between RMSE and sampling interval for surface velocity
and transport using second-order polynomial fitting method, which are
shown as follows:

velocity : Rv(x) = 1.238 + 1.475I + 3.04

transport : Rt(x) = 0.93SI* 4 2.925I 4 1.49

Here, R is the ratio of RMSE and STD and SI is sampling interval.

Nevertheless, the functions are derived from velocity and transport
at 18°N, and its applicability at other latitudes or in other regions still
needs further investigation, because the variation of currents is strongly
region-dependent.

To demonstrate the reliability of the above sampling interval in
capturing the true interannual signals, the newly subsampled time series
for all possible initial days when RMSE = 0.5 x STD (Fig. 4a, c, e) and
RMSE =1 x STD were compared with the true interannual time series
(Fig. 4b, d, f). One can see that both subsampled series with RMSE = 0.5
x STD and that with RMSE = 1 x STD are generally consistent with the
true interannual time series, with the former being closer to the true
series. Another can see that the subsampled series with RMSE = 0.5 x
STD are generally tight with the true series, and that with RMSE = 1 x
STD are scattered with the true interannual time series. This phenom-
enon also indicates the deviation between the subsampled series and the
true series when RMSE = 0.5 x STD is letter than when RMSE = 1 x
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Table 1
The sampling interval for monitoring the interannual variability of the Kuroshio.
Surface V from satellite altimeter Surface V of HYCOM HYCOM transport
RMSE sampling interval (days) RMSE sampling interval (days) RMSE sampling interval (days)
(cm/s) (cm/s) (Sv)
0.5 x STD 1.32 22 1.83 20 1.84 22
1 x STD 2.63 40 3.65 38 3.68 48
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STD. These results indicate that the sampling interval around ~20 days,
with RMSE = 0.5 x STD, is able to capture the interannual variations of
the Kuroshio velocity and transport to a reliable extent.

Table 1 summarized the sampling interval when the corresponding
RMSE is equal to 50% and 100% of the STD of the true interannual signal
derived from satellite altimetry and HYCOM, respectively. The results
for surface velocity and transport from satellite data and HYCOM
generally agree well with each other. All of them indicate that the
required sampling interval is about 20 days and 40 days when the RMSE
is equal to 0.5 x STD and 1 x STD, respectively. Therefore, we suggest
that the reliable sampling interval for monitoring the interannual vari-
ation of Kuroshio velocity and transport is about 20 days even shorter
than 20 days. Nevertheless, it is inescapable that the 20-day repeated
sampling also has deviations in reality, but that deviation is only around
50% of the true interannual signal.

To further verify the reliable sampling interval mentioned above, the
correlation coefficient between the subsampled time series and the true
interannual series was calculated and shown as a function of sampling
interval (Fig. 5). Here, the subsampled time series generated with all the
possible initial days were considered, and Fig. 5 presents the mean
correlation coefficient corresponding to each sampling interval. Obvi-
ously, the correlation decreases significantly with the increase of sam-
pling interval, indicating that the coarser sampling interval induces
larger bias or deviations from the true interannual signal. When the
sampling interval is ~20 days (RMSE = 0.5 x STD), the average cor-
relation coefficient for both velocity and transport is above 0.86, con-
firming that the subsampled time series well captures interannual
variability of the Kuroshio. When the sampling interval is around 40
days, the corresponding correlation coefficient is around 0.7, which is
above the 95% significance level statistically (is around 0.5, shown with
red line in Fig. 5). But the corresponding RMSE or aliasing error of the
subsampled time series is equal to 100% of the STD (Fig. 3). The annual
mean subsampled time series also exhibit large deviations from the‘-
true’interannual signals (Fig. 4b, d and f). Considering both the corre-
lation coefficient and aliasing error, this study suggest that the sampling
interval of 40 days (correlation coefficient of 0.7, RMSE =1 x STD) is not
acceptable. Generally speaking, a sampling interval <20 days is required
in order to monitor the interannual variation of the Kuroshio accurately.
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=
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Fig. 5. The correlation between the annual mean subsampled time series and
the annual man true time series at different sampling intervals. The correlation
is a mean value considering all the possible subsampled time series under
different initial days. %, M and red line denote the correlation coefficient
corresponding to RMSE =0.5 x STD, RMSE =1 x STD and the 95% significance
level, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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3.3. Ideal experiment

Why is the reliable sampling interval around 20 days for monitoring
interannual variability of the Kuroshio at 18°N? We attempt to explore
the physical process behind it. The power spectral density of velocity
from HYCOM indicates energetic fluctuations on intraseasonal (50-100
days), semiannual (~180 days), annual (~360 days), and interannual
(~3 years) time scales (Fig. 6b), while that from satellite altimetry also
exhibits significant peaks on intraseasonal and annual time scales
(Fig. 6a). Moreover, the satellite altimetry results show obvious peaks on
semiannual and interannual time scales, but they are below the 95%
significance level. The possible reason for the insignificance of the
semiannual and interannual signals is as follows: Due to the energetic
multiple-scale processes (particularly intraseasonal oscillations) in the
real ocean and relatively smoother results simulated by numerical
models, satellite altimetry results exhibit relatively higher power spec-
trum density compared with the HYCOM results (Fig. 6a-6b). Statisti-
cally, higher power spectrum density corresponds to higher background
spectrum of red noise or higher significance level, as shown by the sig-
nificance level in Fig. 6a. The semiannual and interannual signals
captured by satellite altimetry seems not strong enough to pass the
significance test. These multi-scale fluctuations as shown by Fig. 6, could
significantly affect the interannual signal of Kuroshio under different
sampling intervals. Particularly, the high frequency fluctuations with
period around 50-100 days is hypothesized as a key factor to determine
the reliable sampling interval of 20 days, because this interval is prob-
ably needed to resolve the intraseasonal fluctuations and reduce the
sampling deviations.

To testify this hypothesis, an ideal daily time series was firstly syn-
thesized by superimposition of three sinusoidal time series with periods
of ~80 days, ~180 days and ~ 360 days, respectively. The formula for
constructing time series can be expressed as

. (2r
TS = msin (? t>

Here, TS represents time series, mrepresents the amplitude, T rep-
resents the period, t represents time.

The amplitude of each sinusoidal sequence was set to be consistent
with that of the corresponding band-pass filtered surface velocity from
satellite altimetry. Then, the original velocity time series from satellite
altimetry after 2-7 years’ band-pass filtering was superimposed onto the
ideal time series, and the obtained one was considered as the ideal
original time series named A (Fig. 7a). Following similar procedures to
that in section 3.2, the RMSE of the subsampled time series from A were
estimated and plotted as a function of sampling interval (Fig. 7c). Ac-
cording to the criterion (RMSE = 0.5 x STD) mentioned in the section
3.2, the reliable sampling interval for obtaining the interannual signal of
time series A is ~28 days, indicating that it requires around 28 days to
resolve the intraseasonal fluctuations and capture the interannual
variability reliably (See Table 2). The higher frequency oscillations with
period shorter than 80 days may need relatively shorter sampling in-
terval (around 20 days) to be resolved. In contrast, the ideal time series
is more regular, and the dominant period of the intraseasonal signal is
around 80 days, which is less contaminated by higher frequency oscil-
lations. Therefore, a relatively longer sampling interval like 28 days can
resolve this signal properly. This result generally agrees with the reliable
sampling interval of ~20 days estimated with the satellite altimetry and
HYCOM outputs in section 3.2.

In addition to the effect of high frequency oscillations, could the
intensity change of interannual signal influence the reliable sampling
interval? To investigate this issue, the amplitude of interannual
component in time series A was doubled and the new series was named B
(Fig. 7b). For time series B, the required sampling interval for reliably
monitoring the interannual variation increases to 42 days. The
remarkable increase of reliable sampling interval or reduction of
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Fig. 6. Power spectral density (blue) of the mean meridional velocity time series between 122°-124°E at 18°N derived from (a) satellite altimetry, (b) HYCOM
outputs. (c) is the same as (a) and (b), but for the meridional transport in the upper 800 m derived from HYCOM outputs. Red dashed curve indicates the 95%
significance level. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

sampling interval can be explained by the fact that the intensification of
interannual signal would weaken the effect of high-frequency fluctua-
tions. Therefore, a relatively coarser sampling interval is able to capture
the reliable interannual signals.

In addition, a prominent feature worth noting is that two peaks of
RMSE appear at sampling interval of ~80 days and ~ 160 days (Fig. 7c
and d). Generally speaking, these two peaks are related to the intra-
seasonal (period: ~80 days) and semiannual (period: ~180 days) signals
contained in the ideal daily time series. As the sampling interval in-
creases, the RMSE or aliasing error of the subsampled time series relative
to the ideal daily time series becomes larger. When the sampling interval
is increased to 60 or 140 days, the coarse sampling is unable to capture
the intraseasonal or semiannual signals, which results in a sharp in-
crease of RMSE. As for the decrease of RMSE between periods of 80-100
days and 160-200 days, we have no clear interpretation at this stage. It
might be due to the fact that the intraseasonal and semiannual signals in
the ideal time series are too regular, which will be investigated in further
studies.

4. Summary and discussion

The interannual variability of Kuroshio is of great importance in
large-scale ocean circulation and climate change and has aroused
extensive research interests. Monitoring interannual variability of Kur-
oshio reliably and reasonably is very important for the Kuroshio studies.
Theoretically, the daily or even hourly sampling could accurately
resolve the Kuroshio interannual variability, but is expensive and
impractical. Therefore, determining a reliable and cost-effective sam-
pling interval is necessary. Focusing on the 18°N section where the
Kuroshio originates, the reliable sampling interval for monitoring the

Kuroshio interannual variability was investigated using satellite altim-
eter data and outputs from HYCOM. Under different sampling intervals,
the deviations between the new subsampled time series of velocity and
transport crossing the 18°N section and the true interannual time series
were estimated. It is suggested that a sampling interval shorter than 20
days can capture the reliable interannual signals, with the Root Mean
Square error of the subsampled time series being <50% of the STD of the
true interannual signal. The reliable sampling interval of ~20 days was
also confirmed by an ideal experiment. It was revealed that the sampling
with an interval of shorter than 20 days can resolve the energetic
intraseasonal fluctuations which significantly affect the interannual
signal under the circumstance of coarse sampling.

In this study, we mainly focused on the 18°N section to explore the
reliable sampling interval for monitoring the Kuroshio interannual
variability. But whether the reliable sampling interval is region-
dependent and the sampling intervals of monitoring different current
variations also interests us. Actually, the reliable sampling interval de-
pends on intense signals in the time series. Preliminary analyses indicate
that the reliable sampling interval for monitoring the Kuroshio inter-
annual variability exhibits salient geographic characteristics. Detailed
physical processes beyond these different sampling intervals still remain
unexplored, which will be addressed in future studies.

This study suggests that the required sampling interval to reliably
monitor the interannual variability of Kuroshio is ~20 days or shorter,
which provides basis for understanding the uncertainty in the Kuroshio
interannual variability estimated with sparse observations, and it also
provides reference for the future design of hydrographic observations
like CTD or Glider transects. Nevertheless, it also indicates that previous
transect observations once or several times a year result in non-
ignorable errors in resolving the interannual variations. Therefore, the
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Sampling interval of time series A and B when RMSE is equal to 0.5 x STD and 1
x STD, respectively.

A B
RMSE Sampling interval RMSE Sampling interval
(cm/s) (days) (cm/s) (days)

0.5 x STD 0.26 28 0.41 42

1 x STD 0.52 56 0.83 68

integrated observations and analysis based are necessary for the reliable
estimation of the interannual variation of the Kuroshio in the future.
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