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Abstract

In this study, the sectional characteristics of temperature, salinity and density off the central Zhejiang coast were
analyzed using three sections of observational data in the spring of 2016. The results are as follows: (1) a cold
water patch was observed in the middle layer of sections from 10 to 25 m, and a weak upwelling was observed at
the upper layer near the central Zhejiang coast; (2) several thermoclines, inverted thermoclines, and haloclines
were observed in the survey area; (3) the Taiwan Warm Current Water (TWCW) climbing from the slope towards
the survey area affected the thermocline, making it thinner and intensified; however, the TWCW was not strong

enough to break through the thermocline to reach the sea surface.
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1 Introduction

The Zhejiang coast is located on the continental shelf of the
East China Sea. It is affected by the northeasterly monsoon in
winter and southeasterly monsoon in summer. The coast is also
affected by the terrain, the Changjiang Diluted Water, the Zhe-
Min Coastal Water, and the Taiwan Warm Current Water (TW-
CW). The Zhe-Min Coastal Water flows southwestward in winter.
However, Qiao (2012) reported that the direction of the Zhe-Min
Coastal Water has a larger change in May than in winter, i.e., it
still flows southwestward as a coastal current in the sea area
north of 28°N, whereas it turns northeastward in the sea area
south of 28°N. The TWCW with a high temperature and high sa-
linity is located outside the Zhe-Min Coastal Water and flows
northeastward all year round. In the sea area south of 29°N and
west of 123°E, it flows along 50 m and 100 m isobaths. These lead
to diverse hydrological characteristics in this area.

The Zhejiang coast is also an area of typical upwelling (Hu
and Wang, 2016). Upwelling has a key influence on the nutrient
transport and ecological environment of the Zhejiang fishery,
making this area more complex (Tang et al., 2006; Yang et al.,
2013; Wang et al., 2014; Wu et al., 2015; Song et al., 2017). For
decades, many researchers have studied the hydrological charac-
teristics of the sea area by analyzing the temperature, salinity and
density distributions and discussed the variability and mechan-
isms of upwelling (Mao et al., 1963; Hu et al., 1980; Pu, 1983; Pan
et al., 1985; Beardsley et al., 1985; Xu, 1986). In recent years,
many satellite, shipboard, and moored observations have been
carried out to further analyze these problems (Zhou et al., 2009;
Louetal., 2011; Zeng et al., 2012; Shi et al., 2013; Li et al., 2014;
Zhang et al., 2014; Xu et al., 2015). Numerical models have also

been established to elucidate the mechanisms of these phenom-
ena (Liu and Su, 1991; Luo et al., 1998; Huang et al., 1996; Pan
and Sha, 2004; Qiao et al., 2006; Lii et al., 2006, 2007; Bai et al.,
2009). However, there are still large differences among these ob-
servational and numerical results.

Hu et al. (1980) and Huang (1996) believed that the interac-
tion between topography and the TWCW is the primary cause of
the upwelling off the Zhejiang coast. Some researchers assumed
that the wind force and topography both contribute to the up-
welling in Zhejiang coastal waters (Pan et al., 1985; Luo et al.,
1998). Zhu (2003) studied the upwelling by a numerical model
and proposed that mainly the barotropic effect accounts for up-
welling. Qiao et al. (2006) and Lii et al. (2006) proposed the com-
bination of topography and strong tidal mixing to elucidate the
mechanism of upwelling. However, most studies in this area fo-
cused on summertime, because the distributions of physical
parameters can be easily identified, such as the sea surface tem-
perature. Studies of spring cases are relatively rare (Ni et al.,
2014).

2 Data

To study the characteristics of temperature, salinity and dens-
ity off the central Zhejiang coast in spring, a survey was carried
out from April 30, 2016 to May 14, 2016. The surveyed sea area
and stations off the central Zhejiang coast are shown in Fig. 1.
There are mainly three sections with 25 stations. Section A is loc-
ated near Ningbo City. Section B is located near Xiangshan
County, and Section C is located near Taizhou City. During the
survey, an SBE 917 instrument from the Sea Bird Company was
used to acquire the data profiles of temperature and salinity. The
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Fig. 1. Observation stations during the survey in the spring of
2016. The dashed contour lines show the depth with a contour
interval of 10 m. The solid and dashed arrows show the Zhe-Min
Coastal Water and the inshore branch of TWCW, respectively (re-
drawn from Qiao (2012)).

precision of temperature was 0.001°C, and the precision of con-
ductivity was 0.000 3 S/m. Several observations along the same
section were carried out during this survey; they can be used to
analyze the variational characteristics of temperature and salin-
ity over a short period.

We also used the daily wind field data from satellite remote
sensing. The data were obtained from ASCAT (Advanced Scat-
terometer; ftp.ifremer.fr/ifremer/cersat/products/gridded/). The
resolution of this product was (1/4)°x(1/4)° (http://apdrc.soest.
hawaii.edu/doc/ascat_doc.pdf).
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3 Results

Figure 2 shows the distributions of temperature, salinity and
density along Section A on May 8, 2016. The temperature first de-
creases and then increases from the surface to the bottom in Sec-
tion A, and a cold water patch exists in the middle layer located
from 10 to 25 m. Such a “middle layer cold water” was also ob-
served by Xu et al. (2000). The salinity in Section A increases with
depth. The high temperature (>17°C), low salinity (<31) and low
density (<21 kg/m3) water in the upper layer is regarded as the
Zhe-Min Coastal Water. The high temperature (>17°C), high sa-
linity (>33), and high density (>24 kg/m3) water in the lower lay-
er is the inshore branch of TWCW. Figure 2 also shows the TW-
CW climbing between Stas A3 and A5. In addition, thermoclines
are present between two water masses. For example, at Sta. A4, a
thermocline with an intensity of 0.51°C/m appears from 7 to 10 m
(Fig. 3a); a weak inverted thermocline with an intensity of
0.29°C/m appears from 17 to 19 m; a halocline with an intensity
of 0.64 m~! appears from 13 to 20 m in Section A.

Figure 4 shows the distributions of temperature, salinity and
density on May 4, 6, 9, and 12 in Section B. The stratification of
temperature or salinity in Section B is very clear. A cold water
patch was also observed in the middle layer from 10 to 25 m in
Section B. The Zhe-Min Coastal Water in the upper layer and the
TWCW in the lower layer are also distributed in Section B. On
May 4, a thermohaline appeared from 5 to 8 m at Sta. B9. The
18°C isotherm and 29 isohaline were upwards, as were the 17°C
isotherm and 34 isohaline in the lower layer. These indicate an
upwelling formation in the upper layer and the TWCW climbing
in the lower layer. On May 6, the upwelling in the upper layer
outcropped to the sea surface and the climbing of TWCW was
stronger than before. On May 9, the upwelling in the upper layer
of Section B disappeared. The climbing of TWCW in the lower
layer of Section B was still very clear. However, the strength of
climbing seemed to be weaker than that on May 6. On May 12,
the mixing layer thickened, and the climbing of TWCW was not
clear. Regarding the density distribution in Section B, the 20 iso-
pycnal was convex and outcropped to the sea surface on May 4
and 6. On May 6 and 9, the climbing high density water was evid-
ent. On May 12, the climbing phenomenon disappeared in the
lower layer.

Table 1 shows the variations in the depth and intensity of
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Fig. 2. Distributions of temperature (a), salinity (b), and density (c) along Section A on May 8, 2016.
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Fig. 3. Vertical distributions of temperature, salinity and density at Sta. A4 on May 8 (a) and at Sta. B9 on May 4, 2016 (b).

thermocline and inverted thermocline at Sta. B9. The inverted
thermocline in Table 1 is shown as a negative value. As a whole,
the intensity, thickness, and depth of thermocline and inverted
thermocline were different at each measurement. They can be
roughly divided into upper thermocline, middle thermocline,
and lower inverted thermocline. A weak upper thermocline ap-
peared between 2 and 7 m at Sta. B9, and the intensity was
0.27°C/m on May 4 (Fig. 3b). This can be attributed to the effect
of upwelling (Fig. 4). On May 6, this thermocline disappeared.
This is because the thermocline was broken by upwelling out-
cropped to the sea surface (Fig. 4). From May 4 to May 6 and then
to May 9, the middle thermocline thickness increased from 2 to 5 m
and then decreased to 2 m. The intensity of thermocline was
between 0.38-0.40°C/m. On May 12, the thickness was still 2 m;
however, the intensity decreased to 0.30°C/m. In the inverted
thermocline, from May 4 to May 6, the depth increased and the
thickness remained unchanged, and the intensity ranged from
-0.43 to -0.57°C/m. On May 9, the intensity decreased to
-0.37°C/m. Finally, on May 12, the inverted thermocline disap-
peared. From May 4 to May 6, the climbing of the TWCW in-
creased as the intensity of inverted thermocline increased. On
May 9, the climbing of TWCW decreased; therefore, the intensity
of inverted thermocline decreased. On May 12, the phenomenon
of TWCW climbing disappeared, and the inverted thermocline
also disappeared. It can be concluded that the intensity of inver-
ted thermocline had a good correspondence with the climbing of
TWCW.

Table 2 shows variations in the depth and intensity of halo-
cline at Sta. B9. As shown in Table 2, a weak halocline appeared
between 3 to 7 m, and the intensity of halocline was 0.15 m-! on
May 4 (Fig. 4b). On May 6, the upper halocline disappeared ow-
ing to the effect of upwelling. As shown in Table 2, the middle
layer (15-19 m) showed two haloclines on May 4. Then, the two
haloclines merged into one large halocline on May 6, because of
the climbing of TWCW. On May 9, the big halocline divided into

two small haloclines again, but the depth of haloclines slightly in-
creased. On May 12, the depth of halocline clearly increased. The
thickness increased, but the intensity decreased.

Based on the analysis shown in Tables 1 and 2, it can be con-
cluded that both the strength of upwelling and intensity of TW-
CW climbing affect the depth, thickness, and intensity of thermo-
cline or halocline layer. When the upwelling and climbing are
strengthened, the depth of thermocline or halocline layer de-
creases, the thickness decreases, and the intensity increases; oth-
erwise, the reverse occurs. However, notably the effect is not ab-
solute. Upwelling is only one of the factors affecting the thermo-
cline or halocline layer. For example, from May 6 to May 9, the
intensity of TWCW climbing slightly weakened, whereas the
thickness of inverted thermocline slightly decreased despite the
decrease in intensity.

Figure 5 shows the distributions of temperature, salinity, and
density in Section C. Distributions in Section C are similar to
those in Sections A and B, but there are some differences among
them. Based on the temperature distribution in Section C on May
3, in the upper layer, the 18°C and 19°C isotherms between Stas
C16 and C18 were upward and convex. The 29 and 30 isohalines
were clearly lifted. The cold water below 17°C in the middle layer
was distributed between 8 and 40 m to the west of Sta. C17. On
May 3, several thermoclines, inverted thermoclines, and halo-
clines appeared at Section C. Taking Sta. C15 as an example,
three thermoclines existed from 4 to 6 m, from 9 to 15 m, and
from 20 to 22 m. The intensities of these thermoclines were 0.22,
0.28 and 0.58°C/m, respectively. Two inverted thermoclines exis-
ted from 16 to 18 m and from 26 to 30 m; the intensities of these
inverted thermoclines were -0.30 and -0.51°C/m, respectively.
On May 3, two haloclines existed from 4 to 19 m and from 22 to
30 m; the intensities of these haloclines were 0.15 and 0.31 m-},
respectively. Compared with the observations on May 3, a high-
temperature water tongue appeared to the east of Sta. C18a from
20 to 50 m on May 11. This first decreased the temperature from
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Fig. 4. Distributions of temperature (left), salinity (middle), and density (right) on May 4, May 6, May 9, and May 12 in Section B.
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Table 1. Variations in depth and intensity of thermocline at Sta. B9

May 4 May 6 May 9 May 12
Depth/m Intensity/°C-m! Depth/m Intensity/°C-m-! Depth/m Intensity/°C-m! Depth/m Intensity/°C-m-!
2-7 0.27
13-15 0.40 12-17 0.38 10-12 0.39 10-12 0.30
22-26 -0.43 18-22 -0.57 19-21 -0.37

Note: The intensity with a negative value indicates inverted thermocline.

Table 2. Variations in depth and intensity of halocline at Sta. B9

May 4 May 6 May 9 May 12
Depth/m Intensity/m™! Depthm Intensity/m! Depth/m Intensity/m! Depth/m Intensity/m!
3-7 0.15
13-15 0.19 11-23 0.38 10-14 0.20 18-34 0.27
19-27 0.48 16-25 0.39
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Fig. 5. Distributions of temperature (upper), salinity (middle), and density (lower) in Section C. On the left is the observation on May
3, and on the right is the observation on May 11.

the top to the bottom, then increased, and then decreased again.  decreased much more. The 29 isohaline disappeared on May 11,
To the west of Sta. C17, the area of cold water in the middle layer  and the 33 isohaline of the lower layer was upward. However, the
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34 isohaline did not show a similar feature. The intensity of high-
density water climbing in the lower layer was very strong. On
May 11, the number of thermocline or halocline clearly de-
creased. A thermocline formed from 18 to 21 m with an intensity
0f 0.46°C/m and a strong halocline formed from 18 to 25 m with
an intensity of 0.44 m-1.

4 Discussion

This study found cold water patches in the middle layer dis-
tributed from 10 to 25 m through temperature distributions in the
three sections. This is an important marine phenomenon along
the central Zhejiang coast in spring. Cold water patches appear
where the isopycnals are dense (or at the thermocline). Owing to
the buoyancy effect, the cold water is above the high-density wa-
ter. In spring, both the surface heat content and bottom temper-
ature of TWCW increase. This is an important factor to keep the
cold water patch in the middle layer. There are two possible
sources of cold water: (1) The local winter surface water (mixed
water from the southern Yellow Sea surface water and East China
Sea surface water) extends downward as the water is cooled. (2)
The Zhe-Min Coastal Water sinks and expands eastward in
winter (Wang et al., 2002).

The thermohaline characteristics of the three sections
showed upwelling and TWCW climbing. Upwelling is induced by
wind, tide, topography, and background flow (Hu and Wang,
2016). Ni et al. (2014) also showed that wind, TWCW, and tide are
important factors affecting the upwelling of Zhejiang coastal sea
in spring.

To establish the relationship between upwelling and wind,
variation in daily wind speed, wind direction, thermohaline of 3 m
layer (significantly affected by upwelling), and thermohaline of
22 m layer (significantly affected by the climbing of TWCW) at
Sta. B9 were investigated. From May 1 to May 6, a southerly wind
was dominant, as shown in Fig. 6a (also see Figs 7a and b). After
May 6, a northerly wind was dominant and strongest on May 7
(also see Figs 7c and d). Figure 6b shows that the 3 m layer has
the characteristics of low temperature and high salinity in the
early period (from May 4 to May 6) and high temperature and
low salinity in the late period (from May 9 to May 12). On May 6,
the 3 m layer had a minimum temperature and maximum salin-
ity. At the time of observation, the upwelling was the strongest
(Fig. 4). From May 6 to May 9, the temperature increased rapidly,
and the salinity decreased rapidly in the 3 m layer. After May 9,
the temperature and salinity in the 3 m layer changed only
slightly. Analysis of Fig. 6a shows a continuous southerly wind
before May 6, resulting in the strongest upwelling on May 6. After
May 6, the southerly wind quickly turned into a strong northerly
wind, causing the upwelling disappear.

Figure 6c shows that the temperature and salinity of the 22 m
layer first increased and then decreased. This reflects the
strength of TWCW, and this first increases and then decreases.
The temperature and salinity of the 22 m layer slightly decreased
on May 9 (Fig. 6¢); however, the climbing was still quite remark-
able (Figs 4e and f). After May 9, the temperature and salinity of
the 22 m layer significantly decreased (Fig. 6¢). Combining Figs 6a
and c, it was found that the southerly wind between May 4 and
May 6 was accompanied by an enhanced TWCW climbing. The
climbing was still quite remarkable on May 9, even though the
southerly wind had turned into a strong northerly wind on May 7
and later. Notably, still a significant phenomenon of climbing
was observed in Section A on May 8, even though the strong
northerly wind still existed the day before. Some previous studies
also showed that the TWCW climbing is inconsistent with the
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wind. For example, Pan et al. (1985) analyzed the observational
data of State Oceanic Administration along 29°N in June 1977
and June 1978 and noted that the TWCW still climbed despite the
disadvantageous condition of east-northeasterly wind. The ana-
lysis of other data of winter 1982 showed that even though the
northeasterly wind prevailed, the bottom area still had a climb-
ing shoreward component of flow.

5 Conclusions

The observational data of three sections off the central Zheji-
ang coast in the spring of 2016 were analyzed; and some good
results of temperature, salinity and density in the survey area
were obtained, providing a further understanding of the hydro-
graphy off the central Zhejiang coast in spring.

The distributions of thermohaline in the three sections show
that the high temperature and low salinity water (i.e., the Zhe-
Min Coastal Water) is distributed in the upper layer of the sec-
tions, and the high temperature and high salinity water (i.e., the
inshore branch of TWCW) is distributed in the lower layer. Cold
water patches were observed in the middle layer of sections dis-
tributed from 10 to 25 m, where isopycnals are dense (or halo-
cline).

Upwelling was found at the upper part of Sta. B9. However,
the strength was weak, and the duration was short. The TWCW
climbing was found in all the three sections, but in a short period
of time, the intensity of climbing changed and even disappeared.

Variations in the intensities of upwelling and TWCW climb-
ing affect the formation, depth, thickness, strength, and disap-
pearance of thermocline or halocline layer. When the upwelling
outcrops to the surface layer, the thermocline or halocline layer
disappears. When the TWCW climbing is strengthened, the depth
of thermocline or halocline layer decreases, the thickness de-
creases, and the intensity increases; otherwise, the reverse oc-
curs. The intensity of TWCW climbing in spring was still relat-
ively weak and not strong enough to outcrop the thermocline or
halocline barrier layer to reach the sea surface.
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Fig. 7. Distribution of daily wind vector data from ASCAT. a. May 2, b. May 5, c. May 7, and d. May 10.

Combined with the wind field data obtained from ASCAT, we
found that the intensity of upwelling corresponds well with the
variation in wind. Upwelling is induced by southerly winds and
strengthened if the southerly wind is continuous. When the wind
turns into a northerly wind, the upwelling becomes weak and
even disappears. However, the intensity of TWCW climbing is in-
consistent with the wind variation.
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