Acta Oceanol. Sin., 2019, Vol. 38, No. 11, P. 31-39
https://doi.org/10.1007/s13131-019-1496-1
http://www.hyxb.org.cn

E-mail: hyxbe@263.net

Sea surface temperature data from coastal observation stations:
quality control and semidiurnal characteristics
Hua Yang!, Qingqing Gaol’ 2*, Huifeng Ji!, Peidong He!, Tianmao Zhu!

1 Nantong Marine Environmental Monitoring Center Station, State Oceanic Administration, Nantong 226002, China

2 State Key Laboratory of Satellite Ocean Environment Dynamics, Second Institute of Oceanography, Ministry of

Natural Resources, Hangzhou 310012, China

Received 7 August 2018; accepted 29 October 2018

© Chinese Society for Oceanography and Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

Sea surface temperature (SST) data obtained from coastal stations in Jiangsu, China during 2010-2014 are quality
controlled before analysis of their characteristic semidiurnal and seasonal cycles, including the correlation with
the variation of the tide. Quality control of data includes the validation of extreme values and checking of hourly
values based on temporally adjacent data points, with 0.15°C/h considered a suitable threshold for detecting
abnormal values. The diurnal variation amplitude of the SST data is greater in spring and summer than in autumn
and winter. The diurnal variation of SST has bimodal structure on most days, i.e., SST has a significant
semidiurnal cycle. Moreover, the semidiurnal cycle of SST is negatively correlated with the tidal data from March
to August, but positively correlated with the tidal data from October to January. Little correlation is detected in the
remaining months because of the weak coastal-offshore SST gradients. The quality control and understanding of
coastal SST data are particularly relevant with regard to the validation of indirect measurements such as satellite-

derived data.
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1 Introduction

As one of the most important components of Earth’s climate,
the oceans are not only a regulator of the environment, but also
an indicator of global climate change. Sea surface temperature
(SST) is an important fundamental physical property of the
ocean, and its variation has an important role in both oceano-
graphy and climate research (Schluessel et al., 1990; Donlon et
al., 2002; Mochizuki and Kida, 2006; Kawai and Wada, 2007; Liu
etal., 2013). Anomalies of SST have been found to have import-
ant influence on, for example, the El Nifio-Southern Oscillation,
tropical cyclones, and the East Asian Monsoon (Cai and Whetton,
2001; Kent and Kaplan, 2006; He et al., 2007; Wu et al., 2010; Qiu
etal., 2016).

One method of observing SST is in situ measurements, in-
cluding the direct measurement with thermometers. While the
direct measurement of water temperature is economical and can
provide results used widely in observational investigations,
sensors must be calibrated at regular intervals to avoid produ-
cing errors resulting from sensor drift. Temperature-salinity
probe can be used for long-term fixed observations as they gener-
ally have sensitive yet stable operation. Another method of ob-
serving SST is the indirect measurement via the retrieval of satel-
lite remote sensing data, which enables real-time and continu-
ous observations of large sea areas, but with a precision limited
by the nature of the inversion model, atmospheric conditions, as
well as other oceanographic parameters (Mao et al., 2003).

Generally, SST data measured at nearshore coastal stations

have the characteristics of being long term and continuous, and
play an important role in the study of SST changes in the coastal
environment. Moreover, such field observations can be used for
the validation of both satellite-derived data and numerical mod-
el results. As the data from coastal observational stations can be
easily affected by factors such as the environment and the preci-
sion of instrumentation, data should be reviewed and quality
controlled prior to use in analysis. For example, research into the
quality control of SST data has yielded some useful results (Mc-
Clain et al., 1985; Emery et al., 2001; O’Carroll et al., 2008; Dash et
al., 2010). In addition, NOAA has developed an online iQuam sys-
tem (Xu and Ignatov, 2014) which can perform near real time
quality control of in situ SST measurements and it has been ap-
plied in many recent studies (Koner et al., 2016; Zhang et al.,
2016; Liao et al., 2017).

Quality control has direct impact on the usability of data, with
extreme value and consistency checks widely used for observa-
tional data (Meek and Hatfield, 1994; Feng et al., 2004; Tu et al.,
2013), which are usually based on statistical methods. However,
there is no unified standard of quality control or specific opera-
tional methodology for particular types of observational data.
Therefore, as the investigation of quality-control techniques is
still a worthwhile undertaking, in this study, we discuss the qual-
ity control of SST data using observational data of coastal sta-
tions in Jiangsu (China) and analyze the characteristics of SST
variation over different timescales.
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2 Data description

2.1 Data collection and management

Observational data were collected from observational sta-
tions of the Ministry of Natural Resources of China. Considering
the continuity and integrity of these data, datasets from the four
stations shown in Fig. 1 were selected for this study. Table 1
presents the names and locations of these four stations, with the
temporal range of the SST and tidal datasets shown in Table 2.

2.2 Validity check

The validity check of this study focused on data from the
Yangkou Station, with the datasets from the Lvsi, Zhugensha and
Huoxingsha Stations used to aid the analysis. The maximum
number of hourly data from Yangkou Station from 2010 to 2014
was 43 824 (i.e., the number of hours during this period). In fact,
the datasets actually comprised 43 042 measurements, i.e., 782
observations (1.8% of the total) were missing. Some reasons for
the missing data include power failure and the exposure of the
temperature probe to air (Table 3). The amount of missing data
per year is shown in Table 4.

3 Quality control
3.1 Inter-comparison of four stations
Figure 2 illustrates the seasonal cycle of the multi-year mean

sea surface temperature of four stations, illustrating a consistent
behavior, with significant seasonal variations. Comparison of the

Table 2. Specifications of hourly SST and tidal datasets
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Fig. 1. Position of observation stations.

Table 1. The offshore distance of observation stations

Station Offshore distance/km
Yangkou 11.0
Lvsi 4.2
Zhugensha 42.0
Huoxingsha 17.7

four stations through scatter plots of the normalized SST values
in Fig. 3 shows values of Pearson’s correlation coefficient r > 0.95,
suggesting a high correlation for each station.

Dataset Year Manufacturer Instrument type Precision Resolution Depth/m
SST  2010-2014 National Ocean Technology Center Temperature-salinity probe/YZY4-3 +0.2°C 0.05°C 0.3
Tide 2010-2014 HYDROWISE Tidal sensor/SCA11-3A +1cm 0.1cm —
Table 3. Causes of missing SST data
Months with missing data Cause

Jul,, Aug., Sep. 2010; Jan. 2011
Apr. 2011; May 2012
Aug. 2011

Oct. 2011; Jun., Jul,, Oct., Nov. 2013; Jun., Jul., Aug., Sep., Oct. 2014

Jan., Mar., Apr. 2012
Jun. 2012
Apr. 2013

temperature-salinity probe fault
power failure
temperature-salinity probe fault
temperature-salinity probe exposed to air
temperature-salinity probe fault
instrument calibration
transmission failure

Table 4. Amount of missing SST data

Year Time/h Ratio/%
2010 65 0.74
2011 20 0.23
2012 102 1.16
2013 19 0.22
2014 576 6.58
Total 782 1.78

3.2 Extreme value analysis

The extreme values and ranges of measurements, which have
their own physical characteristics, were analyzed based on the
guidelines of Ding et al. (2011). From 2010 to 2014, the maximum
SST recorded at Yangkou was 31.8°C, which was observed at
20:00 Chinese Standard Time (CST) on August 9, 2013, with a
minimum SST of 1.4°C observed at 05:00 and 06:00 CST on Janu-

— Yangkou — Lvsi — Huoxingsha — Zhugensha

SST/°C

1 2 3 4 5 6 7 8 9 10 11 12
Month

Fig. 2. Time series of monthly mean SST for the years 2010-2014
for the four stations: Yangkou, Lvsi, Huoxingsha, and Zhugensha.

ary 18, 2011. It is worth noting that this minimum SST is the low-
est value observed during the measurement history.
To verify whether the SST extreme values of Yangkou are
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Fig. 3. Scatter plots of normalized SST from the four stations. Also indicated are the lines of best fit, the value of r, and the root-mean-

square error (RMSE).

within the allowable range, we consider the SST data acquired
during the same period of at the adjacent Lvsi Station. The ex-
treme SST values of both stations, shown in Table 5, exhibit simil-
ar behavior. The extreme air temperature values give a maxim-
um at Yangkou of 38.1°C (August 2013), with a minimum of
-5.2°C (January 2010), and the next lowest temperature of -4.2°C
(January 2011). The extreme values of SST are consistent with hy-

Table 5. The annual SST (°C) extremes of the Yangkou and Lvsi
Stations

SST max SST min
Year Yangkou Lvsi Yangkou Lvsi
2010 30.6 31.6 1.9 1.9
2011 29.4 30.5 1.4 1.4
2012 30.4 30.8 2.5 3.2
2013 31.8 32.4 2.8 2.7
2014 29.6 29.8 4.1 3.5

drological and meteorological trends, leading us to conclude that
the maximum and minimum values of Yangkou are not outliers.

Our analysis confirms that the SST data of Yangkou are in the
expected range of values. While the long-term time series of the
representative regional characteristics do not illustrate any ab-
normal values, a more accurate quality control analyzes SST data
on a smaller time scale.

3.3 Detection of outliers

The quality of data from coastal stations is liable to be influ-
enced by the type and location of the instrumentation, as well as
the prevailing hydro-meteorological conditions. Moreover, early
SST data were observed subjectively at a specific time, so the
quality may also have been reduced by subjective factors. Al-
though the preliminary screening of the data was performed by
checking the extreme values, as described in Sections 3.1 and 3.2,
a method for verification of temporal consistency is presented
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here for further quality control of SST data.

For hourly observed data, two adjacent values must have
some degree of continuity, so outliers can be determined initially
using a time-continuity check (Tu et al., 2013). The time-continu-
ity check can be calculated following Eq. (1):

V- (i + W) /2|

AT (6—1) /2

(O]

where V, is the value to be judged at time ¢,, and V, and V; are
the observed values at times ¢, and #,, respectively. Here, if AT is
greater than a certain critical value, V, is suspected to be an ab-
normal value.

The hourly SST data from Yangkou Station indicate an hourly
variation of SST of between -1°C and 1°C. Because the precision
of SST data is 0.1°C, AT was tested for critical values of 0.1, 0.15
and 0.2°C/h, with histograms of the value of Delta T according to
Eq. (1) shown in Fig. 4. Combined with the variation of SST and
previous experience with the instrumentation, we find a value of
AT =0.15°C/h produce the most reasonable number of suspec-
ted outliers. In this way, it is possible to detect abnormal values
for continuous processes, while also retaining the characteristics
of the variation of SST. For example, the results from the Yangkou
Station on January 12 and August 4, 2012 are shown in Fig. 5,
where the examination of the temporal continuity indicates AT =
0.15°C/h as the optimal value for detecting outliers.

The changes in SST data after quality control are compared
with those without quality control in Fig. 6, with quality-con-
trolled results retaining the monthly and inter-annual variations
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of SST, while abnormally high values and low values are detec-
ted. The difference in monthly mean SST before and after quality
control is -0.1°C to 0.3°C. The maximum value is approximately
0-0.6°C higher than that without quality control, with the minim-
um value approximately 0-0.5°C lower. The annual and seasonal
mean SST values change little after quality control, with the dif-
ference only 0.1°C.

4 Multi-scale variation characteristics analysis

According to the hydrological climate (Chen et al., 1992; Guo
et al., 2005), winter extends from January to March, spring is from
April to June, summer covers from July to September, and au-
tumn extends from October to December. The seasonal mean
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Fig. 4. Histograms of percentage of outliers for different critical
values of Delta T for hourly SST at Yangkou Station.
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Fig. 5. The quality-controlled results of SST on January 12, 2012 (a) and August 4, 2012 (b).
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values of SST of the four stations are given in Table 6, showing a
consistent seasonal variation. The temperature differences of the
transition periods from winter to spring and from summer to au-
tumn are large, giving a temperature change of about 13°C, while
those from spring to summer and from autumn to winter are
smaller, with the seasonal change of about 9°C. The seasonal
variation of SST is controlled by solar radiation, and is less af-
fected by anthropogenic activities.

Hourly averaged values of SST from the Yangkou Station are
shown in Fig. 7. The highest value occurs from 13:00-15:00 CST
in autumn and winter, but from 18:00-20:00 CST in spring and
summer. The specific heat of the sea is larger than that of the air
and therefore the highest daily value of SST usually lags behind
the maximum daily air temperature. Moreover, the highest val-
ues are found later in the day in spring and summer than in au-
tumn and winter. The characteristic cycles of hourly SST data in
spring and summer are delayed compared with stations in the
northern area of the Yellow Sea (Peng et al., 2014); however, they
are similar in autumn and winter.

Table 6. The seasonal mean SST (°C)

35

The diurnal range of SST, presented in 0.5°C intervals in Table 7,
shows ranges greater than 2°C mostly occur from March to Au-
gust. In most months, the highest frequency of diurnal range is
0.5-1.0°C, followed by 1.0-1.5°C. The diurnal range of SST is
greater in spring and summer than in autumn and winter, with
the maximum range reaching 3.6°C, but only 2.4°C in autumn
and winter. The diurnal range of SST is affected by many external
factors which have a greater effect than the SST itself.

The diurnal cycle of SST at the Yangkou Station display a
bimodal structure on most days, which we analyzed with consid-
eration of the variation with the tidal data (Fig. 8), as the semidi-
urnal cycle of SST is strongly influenced by the tide, which also
has an obvious semidiurnal cycle.

The semidiurnal cycle of SST is formed because of the exist-
ence of the horizontal gradient of water temperature, coupled
with the periodic movement of the tidal current. The semidiurn-
al variation of SST correlates well with the tide level on most
days, with the positive and negative phases appearing alternately.
The alternation of flood and ebb tides is responsible for the semi-
diurnal cycle of coastal SST. From late February to August, the
nearshore SST is higher than the offshore SST. Therefore, the re-
lationship between them is out of phase, implying that rising and

Station Sprin, Summer Autumn Winter . . . X .
prng falling tides correspond to the reduction and increase in SST, re-
Yangkou 17.5 26.7 14.6 5.4 X .
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Fig. 7. Hourly averaged SST (°C) for each month of the year.
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Table 7. Distribution (%) of the range of SST in 0.5°C intervals

Yang Hua et al. Acta Oceanol. Sin., 2019, Vol. 38, No. 11, P. 31-39

[0,0.5) [0.5,1.0) [1.0,1.5) [1.5,2.0) [2.0,2.5) [2.5,3.0) [3.0,3.5) [3.5,4.0)
Jan. 22.58% 49.46% 19.35% 8.60% - - - -
Feb. 35.29% 43.53% 18.82% 2.35% - - - -
Mar. 12.22% 42.22% 24.44% 12.22% 6.67% 1.11% 1.11% -
Apr. 1.14% 21.59% 30.68% 30.68% 7.95% 5.68% 2.27% -
May 6.45% 13.98% 27.96% 24.73% 13.98% 7.53% - 5.38%
Jun. 3.33% 28.89% 34.44% 26.67% 6.67% - - -
Jul. 2.33% 5.81% 30.23% 32.56% 15.12% 10.47% 2.33% 1.16%
Aug. 13.58% 46.91% 24.69% 11.11% 2.47% 1.23% - -
Sep. 18.60% 60.47% 18.60% 2.33% - - - -
Oct. 11.11% 65.43% 23.46% - - - - -
Nov. 4.44% 33.33% 40.00% 15.56% 6.67% - - -
Dec. 1.09% 21.74% 43.48% 28.26% 5.43% - - -

Note: “~” means the calculation result is 0 in the interval.

the increase and decrease in SST, respectively. The transitional
period from the positive phase to the negative phase occurs in
February, whereas the transitional period from the negative
phase to positive phase occurs in September, as indicated by the
lack of correlation between the SST and tide during these months.
The cause of the phase changes in February and September is the
small coastal-offshore SST gradients in these months, which
weakens the semidiurnal variation of SST. In contrast, the semi-
diurnal cycle of SST resulting from the tidal motion is significant
in other months with larger coastal-offshore SST gradients.

To further investigate the semidiurnal period of SST and its
relationship with tidal changes, empirical mode decomposition
(EMD) analysis (Huang et al., 1998) was conducted on the SST
data, whereby nonstationary data are decomposed into intrinsic
mode functions (IMFs) and a residue based on trends and fluctu-
ations at different scales. Since the EMD algorithm was estab-
lished, it has received wide attention with applications in many
fields (Wan et al., 2005; Liu et al., 2008; Wang et al., 2016; Pan et
al., 2018).

The average hourly SST at the Yangkou Station was decom-
posed using the EMD method into nine modes (eight IMFs and
one trend) (Fig. 9). Table 8 shows the averaged period of the first
four IMF components, with the averaged period of the IMF2 and
IMF3 components significant at 12 h and 24 h, respectively,
where 12 h is close to the period of the tide in the Jiangsu sea
area. The monthly variance contribution of the first four IMF
components characterizes their impact on the overall SST signal,
with the correlation between each IMF component and the SST
shown in Table 9. The contribution of IMF2 to the variation of
SST is the largest in each month, indicating this component con-
tains most of the information of SST. The correlation coefficients
of the IMF2 and IMF3 components with the SST signal are signi-
ficant at the 95% and 90% significance levels, respectively, imply-
ing the IMF2 component has a higher similarity with the SST
series, which indicates that there is a significant semidiurnal
periodic variation of coastal SST.

5 Summary and discussion

The SST data of long-term time series observed by coastal sta-
tions are valuable for investigation of changes in the marine en-
vironment, which means the quality control of such data is im-
portant. This study examined observational datasets collected
from coastal observational stations of Jiangsu (China), with par-
ticular consideration of the quality control of SST observed at the
Yangkou Station, and it investigated the semidiurnal variation of

SST. The results show that SST extremes are consistent with the
actual changes expected of the marine environment, with the
minimum SST value increasing year by year since 2011. We re-
commend that the quality control of SST data be mainly focused
on a continuity check based on relatively short time scales, such
as the semidiurnal variation, where abnormal values are detec-
ted in our data when the critical value of 0.15°C/h is exceeded,
which is considered a reasonable value for SST data. As the di-
urnal variation of coastal SST is affected by many factors, the
range can be relatively large, with the variation at Yangkou reach-
ing to 3.6°C in spring and summer, and 2.4°C in autumn and
winter.

The diurnal variation of SST has the bimodal structure on
most days, although this structure exhibits obvious seasonal vari-
ation. The semidiurnal variation of SST correlates well with the
tide level, with the positive and negative phases appearing altern-
ately, largely attributable to a commensurate variation of heat ex-
change with the coastal water; however, the exact mechanism is
complex. The alternation of flood and ebb tides is responsible for
the bimodal structure of coastal SST. Therefore, further study of
the physical processes is needed to understand the semidiurnal
change of the SST, with special attention of this tidal phenomen-
on using a greater range of SST data in coastal waters to help val-
idate datasets of larger spatial resolution, such as from remote
sensing observations.

This study enable the further understanding of the quality
and characteristics of SST data observed by coastal observing sta-
tions, indicating the necessity for appropriate quality control of
SST data, including with regard to the analysis of specific fea-
tures prior to the use of such data for the validation of other data-
sets. However, our study could be considered somewhat rudi-
mentary given the complicated coastal dynamic environment of
the study area. Detailed examination of the mechanisms of SST
semidiurnal variation may highlight several topics worthy of fur-
ther study in the future. For example, we note that some rivers
flow into the Jiangsu shoal area, although the discharge is not
large (Zhang, 2014). Both Kako et al. (2016) and Park et al. (2011)
have discussed the effects of Changjiang River discharge on SST
in the East China Sea on a seasonal timescale using a global
ocean general circulation model. In a following study, we intend
to use runoff data to study the multiscale temporal characterist-
ics of the effects of runoff on SST. Furthermore, during this study,
we have paid attention to the effect of wind on the semidiurnal
variability of SST. Other studies have found that the diurnal
warming of SST can be significant in many cases (Kawai and
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Fig. 8. Correlation between semidiurnal cycles of SST and tidal height on the first day of each month in 2010.
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Empirical mode decomposition
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Fig. 9. Results of the EMD analysis, showing the original averaged hourly SST at the Yangkou Station and its first eight IMF

components. The residual is shown in the lowest panel.

Table 8. The period (h) of the first four IMF components of the SST at the Yangkou Station

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
IMF1 12 11.789 12 3.103 12 6.154 4.088 3.979 3.478 4.326 13.846 12
IMF2 12 12.218 12 12 12 12 12 12 12 12 12 12
IMF3 24 24 24 24 24 24 24 24 24 24 24 24
IMF4 43.765 84 24 72 74.4 65.455 24 46.5 42.353 33.818 45 57.231

Table 9. The variance contribution of the first four IMF components and correlation coefficient between the IMF components and

the original SST signal

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

IMF1 Variance ontribution/% 11.84 0.73 19.20 4.13 28.62 4.26 6.27 6.32 4.20 2.19 10.25 12.11
Correlation coefficient 0.207 0.081 0.112  0.051 0.112 0.036 0.062 0.126 0.037 0.025 0.022 0.038

IMF2  Variance ontribution/% 27.19 3.95 40.18 3594 5294 36.69 25.02 17.63 24.54 2451 7147 3491
Correlation coefficient 0.297 0.150 0.135 0.145 0.110 0.122 0.109 0.241 0.115 0.119 0.120 0.086

IMF3  Variance ontribution/% 5.11 1.72 2394 19.13 16.77 1586 13.66 15.18 31.45 7.85 16.08 7.35
Correlation coefficient 0.146 0.142 0.104 0.110 0.072 0.125 0.062 0.223 0.107 0.038 0.015 0.068

IMF4  Variance ontribution/% 1.64 1.09 11.38 2.86 1.67 2.79 6.12 8.26 14.57 1.75 2.21 5.60
Correlation coefficient 0.039 0.072 0.019 0.058 0.026 0.007 0.068 0.048 0.018 0.025 0.007 0.123

Kawamura, 2002; Stuart-Menteth et al., 2003; Pimentel et al.,
2008; Filipiak et al., 2012; Lin et al., 2014) . In addition, Tanahashi
et al. (2003) verified that diurnal warming of SST occurs under
conditions of high insolation and weak wind speeds. We suspect
the influence of wind on the amplitude of diurnal variation of SST
is greater than that on the cycle of SST variability. Therefore, the
influence of wind, solar radiation, and other factors on the amp-
litude of the diurnal variation of SST is worthy of study.

References

Cai W, Whetton P H. 2001. Modes of SST variability and the fluctu-
ation of global mean temperature. Climate Dynamics, 17(11):
889-901, doi: 10.1007/s003820100152

Chen Shangji, He Weihuan, Yao Shiyu, et al. 1992. The hydro-climat-
ic seasons division of Chinese offshore marine. Haiyang Xue-
bao (in Chinese), 14(6): 1-11

Dash P, Ignatov A, Kihai Y, et al. 2010. The SST quality monitor
(SQUAM). Journal of Atmospheric and Oceanic Technology,
27(11): 1899-1917, doi: 10.1175/2010JTECHO756.1

Ding Yuguo, Li Jiayun, Jiang Zhihong, et al. 2011. Advances in ex-
tremes statistics and their application to climate change study.

Advances in Climate Change Research (in Chinese), 7(4):
248-252

Donlon CJ, Minnett P J, Gentemann C, et al. 2002. Toward improved
validation of satellite sea surface skin temperature measure-
ments for climate research. Journal of Climate, 15(4): 353-369,
doi: 10.1175/1520-0442(2002)015<0353:TTV0OSS>2.0.CO;2

Emery W J, Baldwin D J, Schliissel P, et al. 2001. Accuracy of in situ
sea surface temperatures used to calibrate infrared satellite
measurements. Journal of Geophysical Research, 106(C2):
2387-2405, doi: 10.1029/2000JC000246

Feng Song, Hu Qi, Qian Weihong. 2004. Quality control of daily met-
eorological data in China, 1951-2000: a new dataset. Interna-
tional Journal of Climatology, 24(7): 853-870, doi: 10.1002/
joc.1047

Filipiak M J, Merchant C J, Kettle H, et al. 2012. An empirical model
for the statistics of sea surface diurnal warming. Ocean Science,
8(2): 197-209, doi: 10.5194/0s-8-197-2012

Guo Weiqi, Sha Wei, Shen Hongmei, et al. 2005. Characteristics and
trend of SST variation in the coastal region of the East China
Sea. Haiyang Xuebao (in Chinese), 27(5): 1-8

He Jinhai, Yu Jingjing, Shen Xinyong. 2007. Impacts of SST and SST
anomalies on low-frequency oscillation in the tropical atmo-


http://dx.doi.org/10.1007/s003820100152
http://dx.doi.org/10.1175/2010JTECHO756.1
http://dx.doi.org/10.1175/1520-0442(2002)015%3C0353:TIVOSS%3E2.0.CO;2
http://dx.doi.org/10.1029/2000JC000246
http://dx.doi.org/10.1002/joc.1047
http://dx.doi.org/10.1002/joc.1047
http://dx.doi.org/10.5194/os-8-197-2012
http://dx.doi.org/10.1007/s003820100152
http://dx.doi.org/10.1175/2010JTECHO756.1
http://dx.doi.org/10.1175/1520-0442(2002)015%3C0353:TIVOSS%3E2.0.CO;2
http://dx.doi.org/10.1029/2000JC000246
http://dx.doi.org/10.1002/joc.1047
http://dx.doi.org/10.1002/joc.1047
http://dx.doi.org/10.5194/os-8-197-2012
http://dx.doi.org/10.1007/s003820100152
http://dx.doi.org/10.1175/2010JTECHO756.1
http://dx.doi.org/10.1175/1520-0442(2002)015%3C0353:TIVOSS%3E2.0.CO;2
http://dx.doi.org/10.1029/2000JC000246
http://dx.doi.org/10.1002/joc.1047
http://dx.doi.org/10.1002/joc.1047
http://dx.doi.org/10.5194/os-8-197-2012
http://dx.doi.org/10.1007/s003820100152
http://dx.doi.org/10.1175/2010JTECHO756.1
http://dx.doi.org/10.1175/1520-0442(2002)015%3C0353:TIVOSS%3E2.0.CO;2
http://dx.doi.org/10.1029/2000JC000246
http://dx.doi.org/10.1002/joc.1047
http://dx.doi.org/10.1002/joc.1047
http://dx.doi.org/10.5194/os-8-197-2012

Yang Hua et al. Acta Oceanol. Sin., 2019, Vol. 38, No. 11, P. 31-39 39

sphere. Advances in Atmospheric Sciences, 24(3): 377-382, doi:
10.1007/s00376-007-0377-2

Huang N E, Shen Zheng, Long S R, et al. 1998. The empirical mode
decomposition and the Hilbert spectrum for non-linear and
non-stationary time series analysis. Proceedings of the Royal
Society of London. Series A: Mathematical, Physical and Engin-
eering Sciences, 454(1971): 903-995, doi: 10.1098/rspa.
1998.0193

Kako S, Nakagawa T, Takayama K, et al. 2016. Impact of Changjiang
River discharge on sea surface temperature in the East China
Sea. Journal of Physical Oceanography, 46(6): 1735-1750, doi:
10.1175/JPO-D-15-0167.1

Kawai Y, Kawamura H. 2002. Evaluation of the diurnal warming of
sea surface temperature using satellite-derived marine meteor-
ological data. Journal of Oceanography, 58(6): 805-814, doi:
10.1023/A:1022867028876

Kawai Y, Wada A. 2007. Diurnal sea surface temperature variation
and its impact on the atmosphere and ocean: A review. Journal
of Oceanography, 63(5): 721-744, doi: 10.1007/s10872-007-
0063-0

Kent E C, Kaplan A. 2006. Toward estimating climatic trends in SST.
Part III: Systematic biases. Journal of Atmospheric and Oceanic
Technology, 23(3): 487-500, doi: 10.1175/JTECH1845.1

Koner P K, Harris A, Maturi E. 2016. Hybrid cloud and error masking
to improve the quality of deterministic satellite sea surface tem-
perature retrieval and data coverage. Remote Sensing of Envir-
onment, 174: 266-278, doi: 10.1016/j.rse.2015.12.015

Liao Zhihong, Dong Qing, Xue Cunjun, et al. 2017. Reconstruction of
daily sea surface temperature based on radial basis function
networks. Remote Sensing, 9(12): 1204

Lin Rui, Zhang Caiyun, Li Yan. 2014. Satellite observation of the tem-
poral and spatial variation of sea surface diurnal warming in
the South China Sea. Journal of Tropical Oceanography (in
Chinese), 33(2): 17-27

Liu Lihong, Zheng Zuguang, Ju Jianhua. 2008. Vacillations of the time
series of annual temperature and precipitation in China based
on EMD method. Plateau Meteorology (in Chinese), 27(5):
1060-1065

Liu Shan, Wang Hua, Jiang Hua, et al. 2013. Variation of sea surface
temperature and its influence factors in the North Pacific. Haiy-
ang Xuebao (in Chinese), 35(1): 63-75

Mao Zhihua, Zhu Qiankun, Pan Delu. 2003. A temperature error con-
trol technology for an operational satellite application system.
Haiyang Xuebao (in Chinese), 25(5): 49-57

McClain E P, Pichel W G, Walton C C. 1985. Comparative perform-
ance of AVHRR-based multichannel sea surface temperatures.
Journal of Geophysical Research, 90(C6): 11587-11601, doi:
10.1029/JC090iC06p11587

Meek D W, Hatfield J L. 1994. Data quality checking for single station
meteorological databases. Agricultural and Forest Meteorology,
69(1-2): 85-109, doi: 10.1016/0168-1923(94)90083-3

Mochizuki T, Kida K. 2006. Seasonality of decadal sea surface tem-
perature anomalies in the northwestern Pacific. Journal of Cli-
mate, 19(12): 2953-2968, doi: 10.1175/JCLI3807.1

O’Carroll A G, Eyre ] R, Saunders R W. 2008. Three-way error analysis
between AATSR, AMSR-E, and in situ sea surface temperature
observations. Journal of Atmospheric and Oceanic Technology,

25(7):1197-1207, doi: 10.1175/2007JTECHO542.1

Pan Haidong, Guo Zheng, Wang Yingying, et al. 2018. Application of
the EMD method to river tides. Journal of Atmospheric &
Oceanic Technology, 35(4): 809-819

Park T, Chan J ], Jungclaus J H, et al. 2011. Effects of the Changjiang
river discharge on sea surface warming in the Yellow and East
China Seas in summer. Continental Shelf Research, 31(1):
15-22, doi: 10.1016/j.csr.2010.10.012

Peng Jie, Ling Tiejun, Wang Bin. 2014. Simulation of diurnal vari-
ation of sea surface temperature in China offshore area using
an ocean mixed layer turbulent energy forecast model. Marine
Forecasts (in Chinese), 31(3): 1-9

Pimentel S, Haines K, Nichols N K. 2008. Modeling the diurnal vari-
ability of sea surface temperatures. Journal of Geophysical Re-
search: Oceans, 113(C11): C11004, doi: 10.1029/2007JC004607

Qiu Fuwen, Pan Aijun, Zhang Shanwu, et al. 2016. Sea surface tem-
perature anomalies in the South China Sea during mature
phase of ENSO. Chinese Journal of Oceanology and Limnology,
34(3): 577-584, doi: 10.1007/s00343-016-4290-3

Schluessel P, Emery W J, Grassl H, et al. 1990. On the bulk-skin tem-
perature difference and its impact on satellite remote sensing of
sea surface temperature. Journal of Geophysical Research:
Oceans, 95(C8): 13341-13356, doi: 10.1029/JC095iC08p13341

Stuart-Menteth A C, Robinson I S, Challenor P G. 2003. A global study
of diurnal warming using satellite-derived sea surface temper-
ature. Journal of Geophysical Research: Oceans, 108(C5): 3155,
doi: 10.1029/2002JC001534

Tanahashi S, Kawamura H, Takahashi T, et al. 2003. Diurnal vari-
ations of sea surface temperature over the wide-ranging ocean
using VISSR on board GMS. Journal of Geophysical Research:
Oceans, 108(C7): 3216, doi: 10.1029/2002JC001313

Tu Qianguang, Pan Delu, Hao Zengzhou, et al. 2013. Quality control
of satellite-retrieved sea surface temperature. In: Proceedings
of the SPIE 8871, Satellite Data Compression, Communications,
and Processing IX, 88710Q. San Diego, California, United
States: SPIE

Wan Shiquan, Feng Guolin, Zhou Guohua, et al. 2005. Extracting use-
ful information from the observations for the prediction based
on EMD method. Acta Meteorologica Sinica (in Chinese), 63(4):
516-525

Wang Tao, Liu Tiegen, Liu Kun, et al. 2016. An EMD-based filtering
algorithm for the fiber-optic SPR sensor. IEEE Photonics Journ-
al, 8(3): 1-8

Wu Disheng, Zhang Juan, Liu Zenghong, et al. 2010. Subsurface
ocean temperature of the western equatorial Pacific warm pool
and the tropical cyclone. Journal of Tropical Meteorology (in
Chinese), 26(2): 242-249

Xu Feng, Ignatov A. 2014. In situ SST quality monitor (iQuam). Journ-
al of Atmospheric and Oceanic Technology, 31(1): 164-180, doi:
10.1175/JTECH-D-13-00121.1

Zhang Haifeng, Beggs H, Wang Xiaohua, et al. 2016. Seasonal pat-
terns of SST diurnal variation over the Tropical Warm Pool re-
gion. Journal of Geophysical Research, 121(11): 8077-8094

Zhang Zhixin. 2014. Observation and analysis of coastal current and
its adjacent current system in China offshore waters (in
Chinese) [dissertation]. Qingdao: Ocean University of China


http://dx.doi.org/10.1007/s00376-007-0377-2
http://dx.doi.org/10.1098/rspa.1998.0193
http://dx.doi.org/10.1098/rspa.1998.0193
http://dx.doi.org/10.1175/JPO-D-15-0167.1
http://dx.doi.org/10.1023/A:1022867028876
http://dx.doi.org/10.1007/s10872-007-0063-0
http://dx.doi.org/10.1007/s10872-007-0063-0
http://dx.doi.org/10.1175/JTECH1845.1
http://dx.doi.org/10.1016/j.rse.2015.12.015
http://dx.doi.org/10.1029/JC090iC06p11587
http://dx.doi.org/10.1016/0168-1923(94)90083-3
http://dx.doi.org/10.1175/JCLI3807.1
http://dx.doi.org/10.1175/2007JTECHO542.1
http://dx.doi.org/10.1016/j.csr.2010.10.012
http://dx.doi.org/10.1029/2007JC004607
http://dx.doi.org/10.1007/s00343-016-4290-3
http://dx.doi.org/10.1029/JC095iC08p13341
http://dx.doi.org/10.1029/2002JC001534
http://dx.doi.org/10.1029/2002JC001313
http://dx.doi.org/10.1175/JTECH-D-13-00121.1
http://dx.doi.org/10.1007/s00376-007-0377-2
http://dx.doi.org/10.1098/rspa.1998.0193
http://dx.doi.org/10.1098/rspa.1998.0193
http://dx.doi.org/10.1175/JPO-D-15-0167.1
http://dx.doi.org/10.1023/A:1022867028876
http://dx.doi.org/10.1007/s10872-007-0063-0
http://dx.doi.org/10.1007/s10872-007-0063-0
http://dx.doi.org/10.1175/JTECH1845.1
http://dx.doi.org/10.1016/j.rse.2015.12.015
http://dx.doi.org/10.1029/JC090iC06p11587
http://dx.doi.org/10.1016/0168-1923(94)90083-3
http://dx.doi.org/10.1175/JCLI3807.1
http://dx.doi.org/10.1007/s00376-007-0377-2
http://dx.doi.org/10.1098/rspa.1998.0193
http://dx.doi.org/10.1098/rspa.1998.0193
http://dx.doi.org/10.1175/JPO-D-15-0167.1
http://dx.doi.org/10.1023/A:1022867028876
http://dx.doi.org/10.1007/s10872-007-0063-0
http://dx.doi.org/10.1007/s10872-007-0063-0
http://dx.doi.org/10.1175/JTECH1845.1
http://dx.doi.org/10.1016/j.rse.2015.12.015
http://dx.doi.org/10.1029/JC090iC06p11587
http://dx.doi.org/10.1016/0168-1923(94)90083-3
http://dx.doi.org/10.1175/JCLI3807.1
http://dx.doi.org/10.1175/2007JTECHO542.1
http://dx.doi.org/10.1016/j.csr.2010.10.012
http://dx.doi.org/10.1029/2007JC004607
http://dx.doi.org/10.1007/s00343-016-4290-3
http://dx.doi.org/10.1029/JC095iC08p13341
http://dx.doi.org/10.1029/2002JC001534
http://dx.doi.org/10.1029/2002JC001313
http://dx.doi.org/10.1175/JTECH-D-13-00121.1
http://dx.doi.org/10.1175/2007JTECHO542.1
http://dx.doi.org/10.1016/j.csr.2010.10.012
http://dx.doi.org/10.1029/2007JC004607
http://dx.doi.org/10.1007/s00343-016-4290-3
http://dx.doi.org/10.1029/JC095iC08p13341
http://dx.doi.org/10.1029/2002JC001534
http://dx.doi.org/10.1029/2002JC001313
http://dx.doi.org/10.1175/JTECH-D-13-00121.1
http://dx.doi.org/10.1007/s00376-007-0377-2
http://dx.doi.org/10.1098/rspa.1998.0193
http://dx.doi.org/10.1098/rspa.1998.0193
http://dx.doi.org/10.1175/JPO-D-15-0167.1
http://dx.doi.org/10.1023/A:1022867028876
http://dx.doi.org/10.1007/s10872-007-0063-0
http://dx.doi.org/10.1007/s10872-007-0063-0
http://dx.doi.org/10.1175/JTECH1845.1
http://dx.doi.org/10.1016/j.rse.2015.12.015
http://dx.doi.org/10.1029/JC090iC06p11587
http://dx.doi.org/10.1016/0168-1923(94)90083-3
http://dx.doi.org/10.1175/JCLI3807.1
http://dx.doi.org/10.1175/2007JTECHO542.1
http://dx.doi.org/10.1016/j.csr.2010.10.012
http://dx.doi.org/10.1029/2007JC004607
http://dx.doi.org/10.1007/s00343-016-4290-3
http://dx.doi.org/10.1029/JC095iC08p13341
http://dx.doi.org/10.1029/2002JC001534
http://dx.doi.org/10.1029/2002JC001313
http://dx.doi.org/10.1175/JTECH-D-13-00121.1
http://dx.doi.org/10.1007/s00376-007-0377-2
http://dx.doi.org/10.1098/rspa.1998.0193
http://dx.doi.org/10.1098/rspa.1998.0193
http://dx.doi.org/10.1175/JPO-D-15-0167.1
http://dx.doi.org/10.1023/A:1022867028876
http://dx.doi.org/10.1007/s10872-007-0063-0
http://dx.doi.org/10.1007/s10872-007-0063-0
http://dx.doi.org/10.1175/JTECH1845.1
http://dx.doi.org/10.1016/j.rse.2015.12.015
http://dx.doi.org/10.1029/JC090iC06p11587
http://dx.doi.org/10.1016/0168-1923(94)90083-3
http://dx.doi.org/10.1175/JCLI3807.1
http://dx.doi.org/10.1007/s00376-007-0377-2
http://dx.doi.org/10.1098/rspa.1998.0193
http://dx.doi.org/10.1098/rspa.1998.0193
http://dx.doi.org/10.1175/JPO-D-15-0167.1
http://dx.doi.org/10.1023/A:1022867028876
http://dx.doi.org/10.1007/s10872-007-0063-0
http://dx.doi.org/10.1007/s10872-007-0063-0
http://dx.doi.org/10.1175/JTECH1845.1
http://dx.doi.org/10.1016/j.rse.2015.12.015
http://dx.doi.org/10.1029/JC090iC06p11587
http://dx.doi.org/10.1016/0168-1923(94)90083-3
http://dx.doi.org/10.1175/JCLI3807.1
http://dx.doi.org/10.1175/2007JTECHO542.1
http://dx.doi.org/10.1016/j.csr.2010.10.012
http://dx.doi.org/10.1029/2007JC004607
http://dx.doi.org/10.1007/s00343-016-4290-3
http://dx.doi.org/10.1029/JC095iC08p13341
http://dx.doi.org/10.1029/2002JC001534
http://dx.doi.org/10.1029/2002JC001313
http://dx.doi.org/10.1175/JTECH-D-13-00121.1
http://dx.doi.org/10.1175/2007JTECHO542.1
http://dx.doi.org/10.1016/j.csr.2010.10.012
http://dx.doi.org/10.1029/2007JC004607
http://dx.doi.org/10.1007/s00343-016-4290-3
http://dx.doi.org/10.1029/JC095iC08p13341
http://dx.doi.org/10.1029/2002JC001534
http://dx.doi.org/10.1029/2002JC001313
http://dx.doi.org/10.1175/JTECH-D-13-00121.1

