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Abstract This study investigated the linkage between winter temperature in the Yellow Sea (YS), China, and atmospheric indices
and established this linkage through statistical models. The water temperature was obtained through hindcast simulation using a
global-regional nested ocean model for the period of 1958-2007. The interannual variations of the simulated temperature were vali-
dated using satellite and in-situ observations. In the YS, the winter sea surface temperature (SST) had obvious interannual variations,
with the maximum SST exceeding 2°C, and a significant shift from the cold to warm phase during 1988—1989. Based on the mecha-
nism study, statistical models for the variations of water temperature in the YS were established using suitable atmospheric indices as
predictors. For the northern YS (NYS) and the coastal region of the southern YS (SYS), statistical models of SST were established
using linear regression based on the December—January—February mean Arctic oscillation index (AOI), representing the dominant
large-scale atmospheric variability in boreal winter. For the YS warm current (YSWC) region, statistical models were established
using both the AOI and the first principal component of the local wind stress curl (PC1-Curl), derived from the empirical orthogonal
functions analysis. The PC1-Curl represents the influence of the local wind stress curl on the west-to-east shifts of the YSWC path-
way. The applications proved that the models presented in this study have the ability to estimate winter temperatures in the Y'S within
the recent years.
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1 Introduction

As the main indicator of climate change, water tem-
perature has profound regional impacts on the marine
ecosystems (Portner et al., 2001; Stenevik and Sundby,
2007; Chassé et al., 2014; Xu et al., 2017). Statistical
models have been widely used to predict water tempera-
ture (Mann et al., 2014; Wagawa et al., 2015), and nu-
merous atmospheric and oceanic indices have been tested
as predictors in these models. Mechanism studies on the
linkage between variations in water temperature and po-
tential predictors of water temperature can provide vital
tools in formulating these statistical models (e.g., Klower
etal., 2014).

The Yellow Sea (YS), located at mid-latitude between
China and the Korean peninsula, is a semi-enclosed mar-
ginal sea of the Northwest Pacific. Historical satellite and
in-situ observations have clearly demonstrated that the
YS’ water temperature in winter has significant interan-
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nual variability (Zhang et al., 2009; Wei et al., 2010, 2013;
Park et al., 2015). Predicting water temperature in winter
together with its interannual anomalies, as proposed in
this study, is of great interest to local fishery and ecosys-
tem management (Lin ef al., 2005; Sun et al., 2014; Wang
etal.,2014; Zhou et al., 2016).

In the coastal and shallow regions of the YS, the inter-
annual variations of water temperature and heat content
during winter are primarily controlled by those of the heat
flux at the sea surface, which can be linked to the varia-
tions of the East Asian winter monsoon (EAWM) and
Arctic oscillation (AO). A positive phase of AO results in
weakened EAWM and less heat loss at the sea surface,
leading to a positive temperature anomaly in this region
(Chen et al., 2003; Wang et al., 2009a, 2009b; Wei et al.,
2013). Currently, the operational forecast model has higher
skill in predicting the AO index (Kang et al., 2014; Stock-
dale et al., 2015). Thus, AO as the dominant large-scale
atmospheric variable is a suitable predictor for the water
temperature in the shallow regions.

In the deep YS trough (YST), the YS warm current
(YSWC), as a northward mean flow, brings warm and
saline water into the interior of the YS during winter
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(Hsueh, 1988; Le and Mao, 1990; Yu et al., 2010; Hu
et al., 2017). Significant interannual variabilities in the
strength and pathway of the YSWC have been revealed
by both in-situ observations and numerical simulations
(Tang et al., 2001; Yu et al., 2010; Lin ef al., 2011). The
local heat budget and zonal difference in water tempera-
ture are highly influenced by the lateral heat transport
induced by the YSWC (Qiao et al., 2011; Yuan, 2011).
However, linkage between the interannual variability of
water temperature and that of the YSWC has not been
fully understood and quantified in this region, providing
incentive for the mechanism study described herein. Al-
though the significance of the YSWC on water tempera-
ture has been confirmed, observing or forecasting high-
resolution YSWC velocity is not easy. To address this
issue, more suitable predictors for the statistical models
have been sought through this mechanism study.

When establishing the statistical model of water tem-
perature, a large number of atmospheric and/or oceanic
indices could be predictors. Thus, in this study, the essen-
tial predictors were selected based on clear cause-and-
effect relationships derived from the physical mecha-
nisms of interannual variations of water temperature in
the different sub-regions of the YS. This paper is organ-
ized as follows. In Section 2, the interannual variations of
simulated water temperature are validated for different
sub-regions of the YS. In Section 3, spatial and temporal
variations of the simulated sea surface temperature (SST)
in winter are investigated; statistical models of winter
temperatures are established for the coastal and shallow
region and the YSWC region, respectively. In Section 4,
the application of the statistical models and the associated
potential usage for prediction are discussed. A summary
of the study’s findings is provided in Section 5.

2 Hydrodynamic Model Validation and
Atmospheric Index Datasets

2.1 Hydrodynamic Model

The general ocean circulation model was based on ver-
sion 2.3 of the Nucleus for European Modelling of the
Ocean (http://www.nemo-ocean.eu/), including an ocean
component and a sea-ice component. The water tempera-
ture was simulated using a two-way nested global-regional
model. The regional model configured for the Northwest
Pacific has a nominal horizontal resolution of 1/4° and a
maximum of 46 levels in the vertical. The model forcing
was adopted from version 2 of the atmospheric forcing
dataset created for the common ocean-ice reference ex-
periment (hereafter called CORE; Large and Yeager, 2004,
2009).

The model was first run for 10 years using the ‘normal
year forcing’ of CORE, representing the climatology of the
reanalysis period. The temperature fields analyzed here
were simulated for the period of 1958-2007 using inter-
annually varying atmospheric forcing, continued from the
end of the spin-up. More details of the setup of this model
and some basic validations were provided by Wei et al.
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(2013).

2.2 Validation of Interannual Variations of
Water Temperature

The interannual variations of water temperature are
validated for the typical sub-regions and stations shown
in Fig.1. The sub-regions of the northern YS (NYS) and
the western coastal region of the southern YS (SYS) are
mainly <50m deep. The thermal conditions in these re-
gions are primarily controlled by the surface heat flux in
winter (Wei et al., 2013). The sub-region of the YSWC
mainly locates in deep YST, where the water tempera-
ture is directly influenced by lateral heat transport (Qiao
et al., 2011). In-situ stations A (35.80°N, 123.60°E) and B
(37.75°N, 123.75°E) are located in the central and north-
ern parts of the YS, respectively. The remote-sensing SST
of the advanced very high-resolution radiometer (AVHRR,
noaasis.noaa.gov/NOAASIS/ml/avhrr.html) and ship-based
observations of the sea surface and bottom temperatures
obtained from archives maintained by the State Oceanic
Administration of China were used to validate the above
mentioned sub-regions and stations.
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Fig.1 Topography of the Yellow Sea (YS). White con-
tours with values marked in boxes denote isobaths of 30,
50 and 70 m. Color shading represents the topography in
meters. The Yellow Sea warm current (YSWC) region
and western coastal region in the southern Yellow Sea
(coastal SYS) are marked by black solid and black
dashed—dotted rectangles, respectively. The sub-region
of the northern Yellow Sea (NYS) is marked by a blue
dashed—dotted rectangle. In-situ stations A and B are
marked by black triangles.

The statistics including correlations and root-mean-
square (RMS) differences between the time series of the
simulated and observed water temperatures in February
were calculated according to the formulas in Taylor (2001)
and are shown in Table 1. As a reference, the standard
deviations of the simulated water temperature were also
calculated. For various sub-regions, high correlations
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were found between the time series of the area-averaged
simulated SST and that of the satellite-observed SST in
winter. The correlations reached almost 0.8 in the sub-
regions of the YSWC and the NYS and even exceeded
0.9 in the coastal region of the SYS. For hydrographic
stations, most correlations exceeded 0.85, except r=0.7 at
the bottom of station B during winter. Note that the time
series of the observed bottom temperature at station B is
not quite continuous owing to missing data values. All
RMS differences between the time series of simulated
and observed SST were less than 0.6°C. Thus, such high
correlations and reasonable RMS differences suggest that
the hindcast simulation is suitable for investigating the
linkage between the interannual variations of winter tem-
perature and those of atmospheric forcing, thereby estab-
lishing the statistical models.

Table 1 Validation of the simulated water temperature in
winter using observations based on statistics including
correlation coefficient, RMS difference, and
standard deviation

Correlation RMS Standard

coefficient difference (‘C) deviation (‘C)
SST-NYS 0.77 0.50 0.62
SST-Coastal SYS 0.90 0.34 0.77
SST-YSWC 0.79 0.40 0.57
SST-A 0.90 0.47 1.80
SST-B 0.85 0.58 1.05
BT-A 0.70 1.30 1.10
BT-B 0.89 0.90 1.50

Notes: Time series of the AVHRR SST and the ship-based water
temperature observations were used for the sub-regions and in-situ
stations, respectively, as shown in Fig.1. All correlations in this
table are significant at 99% confidence level.

2.3 Atmospheric Circulation Index Datasets

The AO and its hemispheric equivalent, the North At-
lantic oscillation (NAO), dominate the climate variability
during winter in the Northern Hemisphere (Hurrell, 1995;
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Thompson and Wallace, 1998, 2000). The Arctic Oscilla-
tion Index (AOI) (available at http://tao.atmos.washington.
edu or www.cpc.ncep.noaa.gov) is characterized by sea
level pressure anomalies of one sign in the Arctic and the
opposite sign centered at 37°—45°E. In this study, the De-
cember—January—February (DJF) mean of the AOI was
used to represent the winter conditions during 1958 —
2007.

The reanalysis fields of the ERA-Interim 10 m wind
speed with a resolution of approximately 25 km (http:/
apps.ecmwf.int/datasets/data/interim-full-daily) were pro-
duced and archived by the European Center for Medium-
Range Weather Forecasts. The ERA-Interim dataset has
been updated in a timely manner and also has better tem-
poral coverage, which is helpful in the validation of sta-
tistical models of water temperature for the most recent
years. The wind stress fields were calculated using piece-
wise functions of wind speed as described by Large and
Pond (1981). Furthermore, leading empirical orthogonal
function (EOF) modes of the winter wind stress curl were
extracted for the periods of 1959-2007 and 1980-2014
while establishing the statistical models in Section 3 and
for model applications in Section 4, respectively.

3 Statistical Model of Water Temperature

3.1 Climatology and Interannual Variations of the
Simulated Temperature

The climatology of SST in February was derived by
averaging the hindcast solution from 1958-2007. Fig.2a
shows the contours of the climatology of SST in February.
The spatial pattern of the contours indicates that a tongue
of relatively warm water intrudes into the central YS
mainly through the YST, which is closely related to the
YSWC. Due to the significant heat loss at the sea surface
and the lack of direct lateral heat input, the sub-regions of
the NYS and the coastal SYS are about 7°C and 6C
cooler than the YSWC region, respectively.
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Fig.2 (a) Distribution of the model-simulated sea surface temperature (SST) in February in the YS. Time series of SST
in February averaged over (b) the NYS and the coastal SYS and (c) the YSWC region. In (b) and (c), numbers in blue
and red denote the winter SST averaged over the cooler and warmer periods of 1958—1988 and 1989-2007, respectively.
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Fig.2b shows the time series of simulated SST in win-
ter for the NYS and the coastal SYS. These two time se-
ries were highly correlated, with »=0.93. For each region,
the 50-year time series can be divided into a cold phase of
1958-1988 and a warm phase of 1989-2007. During the
cold phase, the mean SSTs in the NYS and the coastal
SYS were 2.50°C and 3.37°C, respectively. During the
warm phase, the mean SSTs were 3.16°C and 4.29°C,
respectively. In general, the interannual variations and
warming trends in the simulated SST in these regions
were in agreement with those of the observed SST in the
YS during 19762000, reported by Lin ef al. (2005). The
time series of the simulated winter SST in the YSWC
region was less correlated with those in the NYS and the
coastal SYS, with »=0.68 (Fig.2c). During the cold and
warm phases, the mean SSTs were 9.42°C and 9.94°C,
respectively. From the cold to the warm phase, a shift of
0.52°C was found, which was weaker than those simu-
lated in the shallow and coastal regions.

3.2 Linkage to AOI in the Shallow Regions

Most coastal regions in the YS are less than 50m deep
(Fig.1). In these shallow regions, the thermal conditions
are primarily controlled by the sea surface heat flux and
are impervious to the lateral heat transport of the YSWC
(Wei et al., 2013). Thus, their response to atmospheric
forcing is more significant as compared with that of the
much deeper YST. Aiming to investigate the response of
the local water temperature to large-scale atmospheric
circulation, the correlation coefficients between the in-
terannual variations of SST in February and those of the
DJF-mean of AOI during 1958-2007 were calculated. We
should mention here that the water temperature in Febru-
ary represents the final state of ocean thermal conditions
controlled by sea-surface cooling and reflects the corre-
sponding strength of AO in these shallow regions.

Fig.3 depicts the relatively high correlations between
the SST in February of shallow regions in the YS and the
DJF-mean of the AO index during the period of 1958—
2007. SST in the NYS and western coastal region of the
SYS had positive correlations (#=0.56 and r=0.50) with
AOI. Hereinafter, all correlations were significant at 99%
confidence level. For the eastern coastal region in the SYS,
the temperature anomalies in February also suggested the
highest correlation with AOI (»=0.45) among multiple
climate indices using Korea Oceanographic Data Center
datasets for the period of 1967-2008 (Park ef al., 2011).
During the positive phase of AO, the strength of the
EAWM prevailing over the YS is significantly weakened
due to a weakened East Asia trough (Wang et al., 2009a,
2009b). The weakening of the EAWM leads to less heat
loss at the sea surface and higher water temperatures in
the shallow regions. Thus, based on this physical mecha-
nism, the statistical models can be established for the
shallow regions of the Y'S.

Figs.4a and 4b illustrate the statistical models for win-
ter SST during 1958-2007 in the NYS and the western
region of the SYS, respectively. In these models, the time
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series of SST were reconstructed via linear regression
analysis using AOI (Fig.4c), as shown in Egs. (1) and (2).
The reconstructed and modeled time series of SST during
February were correlated at »=0.61 and »=0.50 in the
NYS and the western region of the SYS, respectively.
The amplitudes of the reconstructed temperature varia-
tions were underestimated due to the unexplained vari-
ance in the least square linear regression. Overall, the
reconstructed time series captured most interannual varia-
tions in SST in the NYS and the western region of the
SYS, except for some periods, such as 1979-1982.

SSTyys =3.6x107' x A0l +3 .4, (1)
SSTgys =3.9x107' x 401 +3.9 . )
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Fig.3 Correlation coefficients between interannual varia-
tions of SST in February and the DJF-mean of the AO
index during 1958-2007. The correlations are signifi-
cant at 0.05 levels except in regions inside the dashed
contours. The sub-regions are the same as Fig.1.
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Fig.4 Time series of the reconstructed SST in (a) the
NYS and (b) the coastal SYS derived from (c) the AO
index and modeled temperature in February during
1958-2007.
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3.3 Linkage to Atmospheric Indices in the
YSWC Region

In the YSWC region (33.75°-36.00°N, 122.50°-125.50°
E), the simulated water temperature in winter exhibited an
insignificant or relatively low correlation with AOI during
1958-2007 (Fig.3). Moreover, EOF analysis of the long-
term Pathfinder SST in winter exhibited an obvious east/
west dipole pattern in this region (Song et al., 2009), in-
stead of a coherent pattern that could be attributed to the
variability of AO. This dipole pattern of water tempera-
ture can be attributed to the east/west-ward shift of the
YSWC pathway, which is induced by the interannual vari-
ability of the local wind stress curl in the central YS (Yuan,
2011). Thus, in addition to surface heat flux, the lateral
heat transport related to the YSWC pathway is also an
important factor contributing to the water temperature in
this region.

To investigate the linkage between water temperature
in this region and atmospheric circulation, EOF analyses
were conducted to extract the principle modes of water
temperature, the meridional velocity of ocean current, and
the wind stress curl averaged over the period of the pre-
vious term of November to March. Typically, northward
YSWC occurs during the term of the previous November
to March in this hindcast simulation spanning the period
of 1958-2007. Hence, this period was chosen to reflect
the influence of the YSWC on the lateral heat transport
and associated water temperature during its existence. To
investigate the overall influence of lateral heat transport,
temperature data was vertically averaged. At each loca-
tion, the mean value was removed from the time series of
the water temperature before performing the EOF analysis.

In the EOF analysis of the water temperature, the first
and second EOF modes account for 59.7% and 28.8% of
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the total variance, respectively. EOF1-T exhibits a uniform
sign, which indicates coherent warming or cooling over the
YSWC region (Fig.5a). The mechanism study suggested
that AO influences water temperature through both surface
heat flux and the lateral heat transport related to the overall
strength of the YSWC (Yuan, 2011; Wei et al., 2013). PC1-
T has a weak but significant correlation (»=0.33) with AOL
The time series of PCI-T and DJF-mean AOI during
1959-2007 showed similar dominant periods of 4-8 years
and 12-20 years, respectively, identified via spectral ana-
lysis. Furthermore, the upward shift in PC1-T (Fig.5¢c)
from the late 1980s corresponds to the AOI phase shift
from negative to positive (Fig.4c). Hence, AOI was chosen
as the predictor for the interannual variability of PC1-T.
EOF2-T presented an east-west dipole structure in the
YSWC region, with the zero contour located at 123.5°—
125.5°E (Fig.5b). The dipole pattern of EOF2-T can be
explained by the east/west-ward shift of the YSWC path-
way, which is represented by the EOF1-V derived from
the EOF analysis on meridional velocity (Fig.6a). The
westward shift of the YSWC leads to more lateral heat
transport and favors an increase in temperature on the
western flank of the YST. The opposite occurs during the
eastward shift of the YSWC. The interannual variations of
the YSWC pathway are controlled by the wind stress curl
through the vorticity balance (e.g., Lu and Stammer,
2004). The EOF1-Curl is the leading mode derived from
the EOF analysis of the wind stress curl and accounts for
77.5% of the total variance (Fig.6b). The PC1-Curl showed
a very high and positive correlation of »=0.91, with PC1-
V associated with the YSWC pathway (Fig.6¢). To evalu-
ate the PC1-Curl as a potential predictor for water tem-
perature, the time series of PC2-T and PC1-Curl are com-
pared in Fig.7. They are highly correlated at »=0.76 dur-
ing 1959-2007. The positive PC1-Curl corresponds to the
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Fig.5 Spatial structures of (a) the first and (b) second EOF modes of the depth-averaged temperature during the winters
(previous November to March) of 1959-2007, with the 50 m isobath represented using black curves. Panel (c) shows the

time series of PC1 and PC2.
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Fig.6 Spatial structures of the first EOF modes of (a) the depth-averaged meridional velocity and (b) the curl of the wind
stress during the winters (previous November to March) of 1959-2007. The 50-m isobath is represented using black

curves. Panel (c) shows the corresponding PC time series.
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Fig.7 Time series of PC2-T and the PC1-Curl derived from the EOF analysis of the winter-mean water temperature and

the wind stress curl during 1959-2007, respectively.

eastward shift of the YSWC pathway, causing an increase
in temperature on the eastern flank, and vice-versa. Thus,
EOF2-T can be further linked to the PC1-Curl, which is
deemed a local atmospheric index in the YSWC region.

In brief, the coherent variations of the depth-averaged
water temperature in the YSWC region are linked to
large-scale atmospheric circulation through AOI, and the
dipole variations of the water temperature are linked to
local atmospheric circulation through the PC1-Curl.

3.4 Statistical Model for the YSWC Region

This investigation of the relationship between water
temperature and atmospheric indices in the YSWC region
suggests that the large-scale AO and the curl of the local
wind stress are responsible for the first two EOF modes
of the water temperature. Based on the statistics and
mechanism analysis, the time series of the water tempera-
ture on the eastern (124.0°—~125.5°E) and western (122.5°—
124.0°E) flanks were reconstructed through multiple re-

@ Springer

gression analysis using AOI and normalized PC1-Curl.
Egs. (3) and (4) show their statistical models. The recon-
structed and model time series of the depth-averaged
temperature during winter were correlated at »=0.56 and
7=0.50 on the eastern and western flanks of the YST,
respectively (Fig.8). Due to the unexplained variance in
the least square linear regression, the amplitudes of the
reconstructed temperature variations on the eastern flank
of the YST were underestimated; i.e., the reconstructed
time series of the temperature captured most of the inter-
annual variations on the eastern and western flanks of the
YST.

Tt =1.6X107' X AOI +2.3x107 x PC1 - Curl +12.0 ,
(3)

Testerm = 2-1x107 X 401 =1.4x107' x PC1 - Curl +13.0.
4)
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Egs. (3) and (4) show that regression coefficients asso-
ciated with AOI were positive on both flanks of the YST,
which indicates that high AOI favors an overall increase
in water temperature in the YSWC region. In Fig.9a, the
coefficients associated with AOI exhibit the same sign on
both flanks. The high AOI, accompanied by a weakened
EAWM and YSWC, induced less heat loss at the sea sur-
face and less heat input from the lateral boundary. The
coefficients tended to be larger on the western flank of the
YST (Fig.9a). Thus, the influence of AO on water tem-
perature is more important on the western flank, where
the water depth is relatively shallower than that on the
eastern flank.

Regression coefficients associated with the PC1-Curl
showed different signs on the eastern and western flanks
of the YST (Fig.9b), suggesting that the wind stress curl
has opposite contributions to water temperatures on these
two flanks. Consistent with the spatial distribution, the
mean coefficients associated with the PC1-Curl have op-
posite signs in Egs. (3) and (4). A positive PC1-Curl cor-
responding to positive anomalies of the local wind stress
curl leads to eastward deviation of the YSWC pathway,
which favors an increase in water temperature on the
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eastern flank with a decrease on the western flank, and
vice-versa. In Fig.9b, the coefficients associated with the
PC1-Curl are close to zero at 124.0°E, indicating that the
role of the wind stress curl can be ignored at the mean
location of the YSWC pathway.
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Fig.8 Time series of the reconstructed and modeled depth-
averaged temperature on the (a) eastern and (b) western
flanks of the YST during the winters of 1959-2007.

Fig.9 Spatial structures of coefficients derived from the multiple regression analysis of winter temperatures during
1959-2007 including (a) alpha associated with AOI and (b) beta associated with the PC1-Curl.

3.5 Relative Contributions of the AO and the Wind
Stress Curl

To quantify the relative contributions of local and re-
mote forcing on water temperature in the YSWC region,
the ratios of the wind stress curl term and the AO term in
Egs. (3) and (4) were calculated for each location at 35°N
on the two flanks of the YST (Fig.10a). On the eastern
flank, the wind stress curl had more significant influence
than that of AO on the interannual variations of the water
temperature, with the averaged ratios being larger than
1.0 over 34 years and even larger than 2.0 over 18 years
(Fig.10b). On the western flank, AO played a more im-
portant role in the interannual variations of temperature,
with the averaged ratios being smaller than 1.0 over 29
years (Fig.10c).

At 35°N, the time series of the winter-mean tempera-
ture within different sub-regions were normalized for the
period of 1959-2007. The winter-mean temperature in
each year was normalized using Eq. (5):

)

where X; is the winter-mean temperature in each year,
Xi is the temporal mean of water temperature during the
period 19592007, n is the total year number, and X, 1S
the corresponding normalized temperature.

The normalized time series exceeding 1.0/—1.0 were
regarded as extreme warm/cold years, respectively. As
shown in Table 2, 90% of the extreme cold years oc-
curred in the western coastal region of the SYS, coincid-
ing with those on the western flank of the YST. Due to
the relative shallow water depth, half of these extreme
cold years corresponded to the low AOI case. The occur-
rences of extreme cold and warm years showed fewer
similarities on the eastern and western flanks of the YST
due to the opposite role of the wind stress curl.
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Fig.10 Ratios of the contributions of the wind stress curl and AO on the winter-mean temperature in the YSWC region (a)
for each location at 35°N and averaged over the (b) eastern and (c) western flanks, separated by 124°E during 1959-2007.

Table 2 Extreme warm- and cold-year classifications based on the winter-mean temperature in the western coastal area of
the SYS and on the eastern and western flanks of the Yellow Sea (YS) trough at 35°N during 1959-2007

Warm years Cold years
Western coastal region of the SYS 1960, 1991, 1995, 1999, 2001, 2002, 2007 izgz’ 1967, 1968, 1970, 1977, 1981, 1982,
1969, 1973, 1979, 1983, 1990, 1991, 1998, 1964, 1965, 1970, 1975, 1977, 1981, 1982,
Eastern flank of the YST 2000 1985, 2001
Western flank of the YST 1991, 1995, 1999, 2002, 2005, 2007 1963, 1967, 1968, 1969, 1970, 1971, 1977,

1982, 1984, 1986

Note: Bold numbers denote warm or cold years showing consistency with the positive or negative AO index.

4 Discussion

(Fig.12). On these two flanks, even higher correlations
with #=0.70 and »=0.60 were found between the time
series of the reconstructed temperature and the AVHRR

4.1 Application of Statistical Model

To evaluate the statistical models, time series of water
temperature were constructed using these models for the
periods of 1960-2014 and 1980-2014 for the coastal and
the YSWC regions, respectively. For the NY'S and the west-
ern region of the SYS, the SST time series were recon-
structed using the DJF-mean of the monthly AOI by fol-
lowing Egs. (1) and (2). For the western and eastern flanks
of the YSWC region, the depth-averaged temperature time
series were reconstructed using the PCI-Curl derived
from the EOF analysis on ERA-Interim data and the DJF-
mean of the monthly AOI according to Egs. (3) and (4).

For the NYS and the coastal SYS regions, statistical
models of winter temperature captured most of the inter-
annual variations of the observed temperature (Fig.11).
During 1960-2001, significant correlations of »=0.53 and
r=0.52 were found between the time series of the recon-
structed SST and the observed SST at two representative
hydrological stations, A and B, respectively. During 1982—
2014, significant correlations with »=0.56 and »=0.50
were also found between the reconstructed SST and the
AVHRR SST averaged over two shallow regions, respec-
tively. In addition, for the YSWC region, the reconstructed
depth-averaged temperatures during 19802014 were cor-
related with the AVHRR SST at »=0.48 and »=0.39 on
the eastern and western flanks of the YST, respectively

@ Springer

SST within the more recent period of 2000-2014.

The applicability of the atmospheric circulation indices
in predicting winter water temperature was confirmed
through the application of these statistical models, al-
though some differences between predicted and observed
temperature time series did exist.

=& Reconstructed

[ (@) NYS - AVHRR

.0 il L i L L 1 1 L L 1 La s
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
Year

Fig.11 Time series of the reconstructed SST, the sub-
domain averaged AVHRR SST, and the SST recorded by
the representative hydrological stations for the sub-re-
gions of (a) the NYS and (b) the coastal SYS for winters
during 1960-2014.
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Fig.12 Time series of the reconstructed depth-averaged
water temperature, sub-domain averaged AVHRR SST,
and the SST recorded by the representative hydrological
stations for the (a) eastern and (b) western flanks of the
YST during the winters of 1980-2014.

4.2 Potential for Prediction Using AOI

For the shallow regions of the Y, statistical models of
the water temperature have been established via linear
regression using the DJF-mean AOI. Scaife et al. (2014)
reported that wintertime AO and NAO can be forecasted
for lead times exceeding two or more months using dy-
namic ensemble prediction systems. Furthermore, water
temperature can be predicted for similar lead times using
the forecasted AOI as the predictor in statistical models
for the shallow regions of the YS. Predicting water tem-
perature in winter can provide basic information for the
management of fishery and marine ecosystems.

For the YSWC region, statistical models for winter
temperature were established using AOI, which repre-
sented large-scale atmospheric circulation, and the
PC1-Curl, which represented local atmospheric circula-
tion. Due to the shallower water depth, AO plays a more
significant role in both the interannual variations of water
temperature and the occurrence of extreme cold years on
the western flank.

5 Summary

Based on the hindcast simulation of the water tem-
perature in the YS using a nested global-regional ocean
model, two key questions were addressed in this research:
1) the linkage between water temperature and atmos-
pheric circulation indices during winter and 2) the valid-
ity of the proposed statistical models for water tempera-
ture using atmospheric indices derived from different
mechanisms for the shallow and the YSWC regions.

Notably, this ocean model has a relatively coarse reso-
lution and does not explicitly include tides. The accuracy
of the estimated interannual variations of water tempera-
ture should be further refined by increasing the resolution
of the ocean model and atmospheric forcing. This method
of establishing a statistical model of interannual varia-
tions in the hydrographic properties based on mechanism

studies can also be applied to other marginal seas.
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