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ABSTRACT

Daya Bay is a shallow, semi-enclosed bay in the northern section of the South China Sea. The present study analyzed
variations of water temperature in Daya Bay over the past 21 years (1985 - 2005) using Advanced Very High Resolution
Radiometer (AVHRR) satellite remote sensing data and in situ observations. Results showed that AVHRR readings of sea
surface temperature (SST) increased by 0.07°C y™'. Linear regression analysis for monthly SST anomalies (SSTA) showed a
shift from negative to positive from 1995 - 1996, when the Daya Bay nuclear power station commenced operations in 1994.
The slope of linear regression analysis for SSTA nearly doubled from 0.05 (1985 - 1993) to 0.09 (1994 - 2005). Monthly
AVHRR images showed a thermal plume from the power station and revealed the increase of SST over 21 years. In situ
observations in water temperature also showed an increasing trend for the same period (1985 - 2005). Variations in water
temperature in Daya Bay were connected with climatic perturbations and increasing human activity including thermal

discharge from nuclear power stations and the rapid economic development around the bay area.
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1. INTRODUCTION

Daya Bay is located in the northern section of the South
China Sea (SCS; Fig. 1a). It was one of the major aqua-
cultural areas in the Guangdong province because of its ex-
cellent water quality and rich biological resources (Xu 1989).
Since the late 1980s, economic development in industry,
aquaculture, and agriculture in the area has rapidly ex-
panded. For example, the first large-capacity commercial
nuclear power unit in China, the Daya Bay nuclear power
station (DNPS), commenced operation in early 1994. Near
the DNPS, another nuclear power station, the Lingao nu-
clear power station (LNPS), has also been in operation since
2003 (http://www.cgnpc.com.cn). The two nuclear power
stations have been continuously discharging thermal water to
Daya Bay since their operation (http://www.cgnpc.com.cn).
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Other industries such as those on petrochemicals, printing,
harbors, and tourism are also present (Fig. 1b). Due to the
activities of these industries, the water quality status of
Daya Bay has deteriorated (Zhou and Maskaoui 2003), and
the environmental condition in its waters has changed (Yu
etal. 2007b). As a result, the occurrences of Harmful Algal
Bloom (HAB) in the bay area have become more frequent
inrecent years. The occurrence season of HAB has become
longer, and new warm-water algal species have caused
HAB in the Daya Bay (Yu et al. 2007a).

With the development of space technology, more remote
sensing data are currently available for monitoring and
studying the marine environment. Satellite remote sensing
can complement in situ observation for providing additional
information on spatial and temporal variations (Tang et al.
2003; Wynne et al. 2005). Compared with the high costs of
monitoring using traditional methods, satellite remote sens-
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Fig. 1. Research area. (a) Location of Daya Bay. (b) Daya Bay map with
depth contour. Circles indicate the location of nuclear power stations
(DNPS and LNPS) at the mouth of the Dapeng Cove (DC). Small boxes
with shadows show Petrochemicals Co. Ltd. in the northwest of Daya
Bay and its pollutant effluents in the east of the bay. Box a indicated by
dashed lines shows the sample area where AVHRR SST data were de-
rived from. The twelve survey stations are represented by black dots.

ing provides an economical method. Among various satellite
sensors, the Advanced Very High Resolution Radiometer
(AVHRR) onboard the National Oceanic and Atmospheric
Administration (NOAA) polar orbiting satellites has a long-
term record of Sea Surface Temperature (SST) for more than
20 years, and has made investigating the status of the sea sur-
face more convenient. Previous studies have observed the
seasonal distribution of SST in Daya Bay through daily
AVHRR images (Tang et al. 2003) and Landsat Thematic
Mapper (TM) images (Chen et al. 2003). However, little at-
tention has been given on studying the long-term variations
of water temperature and ecological response in Daya Bay.
Daya Bay has experienced long-term development that
has profoundly changed its ecological and economic land-
scapes. As such, it provides a unique opportunity to study the
response of a particular marine environment to natural vari-
ability and anthropologic influence in the bay area. In order to
obtain a better understanding of the marine environmental
changes in Daya Bay, we have attempted to analyze the tem-
poral and spatial changes in water temperature using long-
term satellite remote sensing and in sifu data. The results of this
work will help better evaluate the response of marine environ-
ment to human activities and natural changes in the bay area.

2. RESEARCH AREA AND DATA
2.1 Research Area

Daya Bay is a shallow semi-enclosed bay located at

22°30” - 22°50°N, 114°30° - 114°50’E, in the northern sec-
tion of the South China Sea (SCS; Fig. 1). It covers an area
of about 600 km” with an irregular coastline and more than
50 islands inside the bay area. The deepest site is 21 m near
the bay mouth, and the average water depth is 11 m. No ma-
jor rivers discharge into Daya Bay, and water exchange in-
side the bay and the SCS is mainly through the bay mouth
(Xu 1989). According to long-term observation and mea-
surements, the tidal current in Daya Bay is dominated by an
irregular semi-diurnal tide (semi-diurnal tides predominate
with diurnal tides occurring during a lunar month) with an
average tidal day of about 24.7 h. The average tidal range is
1.01 m, and the maximum is 2.57 m (Zeng et al. 2002).

2.2 Satellite Remote Sensing Data

The AVHRR onboard NOAA’s Polar Orbiting Environ-
mental Satellites (POES) is a broad-band, four- or five-chan-
nel scanner, sensing in the visible, near-infrared, and thermal
infrared portions of the electromagnetic spectrum. (http://
edcsns17.cr.usgs.gov/1KM/avhrr sensor.html). It has con-
tinuously provided SST information since 1978 and at scale
that had previously been impossible to achieve through mere
ship observation.

In this study, a total of 7614 NOAA-AVHRR SST data
with 4 km spatial resolution from January 1985 to December
2005 were obtained from the NASA Jet Propulsion Labora-
tory (JPL) Physical Oceanography Distributed Active Ar-
chive Center (PO-DAAC) PATHFINDER database (http://
podaac.jpl.nasa.gov/index.html). At the same time, ASCII
format data were derived from those AVHRR SST data for
the sample area of box a (22.50 - 22.83°N, 114.50 - 114.82°E;
indicated by box a in Fig. 1b) through the MATLAB 7.0.1
software package. The obtained ASCII format SST data
were then processed to yearly and monthly values. Linear
regression analysis performed on yearly and monthly SST
showed an increasing rate in SST per year and month. In
order to remove the season signal, monthly SST anomaly
(SSTA) was calculated from monthly SST minus monthly
mean SST averaged for 21 years (1985 - 2005). For a better
understanding of the SST distribution, we processed SST
data sets with 1 km spatial resolution from 1985 - 2005 to
monthly average images through Grid Analysis and Display
System (GRADS). Both 1 and 4 km spatial resolution SST
data were night products.

2.3 In Situ Data

The South China Sea Institute of Oceanology (SCSIO)
of the Chinese Academy of Sciences has one Marine Bio-
logical Research Station (MBRS in Fig. 1b) in Dapeng Cove
(DC in Fig. 1b). It has carried out a series of surveys over 12
stations in Daya Bay since 1982 (Black dots in Fig. 1b).
Some environmental and biological factors such as seawater
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temperature, Chl a, nutrients, pH, and biomass of the biota
have been investigated seasonally every year (http:/www.
cern.ac.cn:8080/index.jsp). We tried to obtain all the in situ
Water Surface Temperature (WST) data; the earliest record
of WST in the Daya Bay was in 1970 and there were no data
from 1971 - 1981. In situ WST data were obtained from a se-
ries of research cruises in Daya Bay (conducted by our re-
search group and MBRS), the Chinese Ecosystem Research
Network (CERN), and the “Annual Report of Daya Bay En-
vironment Research.” A total of 1845 in situ WST data from
January 1970 to November 2005 were processed to annual
mean values and then analyzed in this study.

All in situ WST data conducted through a series of re-
search cruises were measured following standard methods
(SOC 1991). Based on water depth, water samples were col-
lected in the surface layer at less than 5 m; surface and bot-
tom layer for 5 - 10 m; and surface, middle, and bottom layer
for more than 10 m. Sampling depth and water temperature
were measured in situ by a YSI 6600 multi-parameter water
quality monitor.

3. RESULTS
3.1 Annual Increase of SST

Annual mean SST from 1985 - 2005 varied from 18.35°C
(1988) to 20.87°C (2005; Fig. 2a). Linear regression analy-
sis for SST showed an ascending trend with a slope of 0.07
over the past two decades, indicating that SST increased by
0.07°C y' (Fig. 2a). The total number of annual SST data
ranged from 357 to 366, covering each month throughout
the year (Fig. 2b).

3.2 Seasonal Variation in SST

To investigate the changes in SST in Daya Bay over the
past two decades, we processed 4 km spatial resolution SST
data to a time series of monthly mean SST from 1985 - 2005
(Fig. 3a). The minimum SST was 11.5°C (February 1992),
and the maximum SST was 26.4°C (July 2005). For most
years, there was a single maximum SST with its value higher
than 25°C. Linear regression analysis performed on monthly
SST from 1985 - 2005 showed an ascending trend at a rate of
0.007°C m™" (Fig. 3a).

Additionally, SSTA was analyzed for two periods: 1985
- 1993 and 1994 - 2005 (Figs. 3b, ¢). During the first period
(1985 - 1993), SSTA ranged from -2.92 (February 1992) to
2.55 (May 1985; Fig. 3b); while during the second period
(1994 - 2005), it experienced a larger range from -4.48 (July
1999) to 4.44 (November 2005; Fig. 3c). For the entire ob-
servation period (1985 - 2005), the trend identified through
the linear regression analysis based on SSTA shifted from
negative to positive from 1995 - 1996, when the DNPS com-
menced operation in 1994 (Figs. 3b, c). As can be seen, the
slope of linear regression nearly doubled from 0.05 (1985 -

1993) to 0.09 (1994 - 2005).

3.3 Thermal Plume Distribution

The monthly mean SST in winter (January), spring
(April), summer (July), and fall (October) in 1985 and 2005
were processed into images to show the SST spatial distribu-
tion (Fig. 4). For a better comparison of SST in the same
month, the same color bar was used for the same month.
Compared with SST in 1985, SST in 2005 was higher by
about 5°C in January (Fig. 4a), 6°C in April (Fig. 4b), 8°C in
July (Fig. 4¢), and 3°C in October (Fig. 4d). For a better dis-
play of the thermal plume distribution, color bars with dif-
ferent scales were used in different seasons. In 2005, a ther-
mal plume that was about 2°C higher than the ambient wa-
ters was distributed in the Dapeng Cove (DC in Fig. 4),
where the two nuclear power plants are located. In 1985,
SSTs in the DC were equal to or relatively lower than those
in other waters in the Daya Bay.

A thermal plume that was about 1 - 2°C higher than the
adjacent waters in the bay was observed in the satellite im-
ages in 2005 (Fig. 4). It was located near the output of the
nuclear power stations in January (Fig. 4a), spread to the
northeast of Daya Bay in April (Fig. 4b), extended to the
southeast of the bay in July (Fig. 4c), and reached up to the
northwest of the bay in October (Fig. 4d).

3.4 In Situ Water Temperature Observation

In this study, in sitzu WST for a longer period from 1970 -
2005 was investigated (no data in 1971 - 1981). Annual
mean WST ranged from 21.6°C (1986) to 26.6°C (1999;
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Fig. 2. (a) Time series of annual mean sea surface temperature (SST)
derived from NOAA-AVHRR data from 1985 - 2005. (b) Number of
SST data for each year.
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Fig. 3. (a) Time series of monthly mean SST from 1985 - 2005. Black arrows indicate the year when the first nuclear power station (DNPS) com-
menced operation. (b) Monthly SST anomaly (SSTA) from 1985 - 1993. (¢c) Monthly SSTA from 1994 - 2005.
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Fig. 4. Comparison of seasonal SST in 1985 and 2005. (a) January, (b) April, (c) July, and (d) October. The circle indicates the location of the nuclear
power stations (NPS). DC: Dapeng Cove.

Fig. 5a). Linear regression analysis performed on the annual 1990, and 1995 were excluded from the linear regression
mean WST from 1985 - 2005 showed an increasing trend analysis, because the WSTs in those years were sampled in
and its slope was 0.12 (Fig. 5a). The number of WST data limited months. In 1989, WST was sampled in summer, and
for each year is displayed in Fig. 5b. The WSTs in 1989, in 1990 and 1995, WST was sampled in winter and spring
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Fig. 5. (a) Annual mean in situ water surface temperature (WST) from
1970 - 2005. The black line indicates linear regression for yearly mean
WST (no data was obtained from 1971 - 1981). (b) Number of WST
data for each year.

(Fig. 5b). This is one of the reasons why higher or lower
WST was displayed in those years.

4. DISCUSSION

An increase in water temperature in Daya Bay was ob-
served through both satellite remote sensing and in situ
observations, coinciding with the increase of human acti-
vities such as thermal discharge from nuclear power stations
in the bay area, and global warming.

4.1 Environmental Change

From 1985 - 1993, before the NPS operation, SSTA has
allowed us to indicate the response of water temperature to
natural variability (Fig. 3b). The trend of linear regression
during this period was negative (Fig. 3b), indicating that
water temperature was relatively low and increased slowly,
compared to the entire observation period (1985 - 2005).
Since the 1980s, weather temperature in the Daya Bay has
been increasing and has been higher than the global temper-
ature by 0.3 - 0.4°C (Yu et al. 2001). In the past 50 years
(mid-1950s to mid-1990s), the global mean ocean tempera-
ture has increased by 0.31°C, due to the combination of na-
tural variability and anthropogenic effects (Levitus et al.
2000). At the same time, the respective heat content levels of
the world’s oceans have increased, and the average rate of sea-
level change obtained from tide gauges is +1.8 £ 0.3 mm yr™,
because of the increase of anthropogenic gases in the Earth’s
atmosphere (Levitus et al. 2001; Nerem et al. 2006). In
China, surface water temperature in the Bohai Sea, which is

a shallow semi-enclosed sea without a power plant, in-
creased at a rate of 0.011°C y™' from 1960 - 1997 (Lin et al.
2001). The present study likewise observed an increasing
trend in SST in Daya Bay from 1985 - 1993, which is a pe-
riod prior to the DNPS operation. This indicates Daya Bay’s
response to the global warming (Fig. 3b).

Apart from the influence of natural variability, anthro-
pogenic effects are also considered important. Daya Bay
has experienced remarkable changes over the past two de-
cades, especially after 1994. Aquacultural, industrial and
agricultural activities, as well as developments in tourism
and the construction of harbors and highways, have rapidly
expanded in the area. Aquaculture increased dramatically
from 1000 pens in 1988 to 20500 pens in 2004, while per-
manent resident population around Daya Bay doubled from
1.2 million in 1979 to 2.4 million in 1997 with additional 1
- 1.2 million nonresidents in the area (http://www.huizhou.
gov.cn/). The rapid urbanization around Daya Bay has con-
tributed to the elevation of water temperature in this area
(Chen et al. 2006).

4.2 Thermal Discharge from Nuclear Power Station
(NPS)

The DNPS and LNPS discharge thermal water 8 - 10°C
higher than the adjacent waters to Daya Bay through one
pipe at a rate of 190 m’ s (Tang et al. 2003; Yu et al. 2007a,
b). This thermal plume spreads several square kilometers
away from the NPS (Fig. 4). A comparison of in situ WST
data near the DNPS showed that the WST increased by
0.77°C from 1993 - 1998 (Peng et al. 2001). The present
study observed a rapid increase of SST (0.07°C y™' from
1985 - 2005) in Daya Bay, higher than that in Bohai Sea
(0.011°C y™ from 1960 - 1997), which is also a semi-en-
closed bay but without a power plant (Lin et al. 2001). This
may reveal the influence of thermal discharge from the
power stations on the marine environment.

Monthly SST and SSTA from 1985 - 2005 also showed
an increasing trend in water temperature in Daya Bay (Fig. 3).
From 1994 - 2005, after the NPS operation, SSTA has helped
indicate the influence of thermal discharge from the NPS to
water temperature in Daya Bay (Fig. 3c). The trend of linear
regression shifted from negative to positive 1 - 2 years after
the DNPS operation, indicating the extension of thermal plume
from the NPS to the entire bay area. In addition, the slope com-
parison between the two periods (1985 - 1993 and 1994 - 2005)
also showed a more rapid increase of water temperature after
the NPS began its operation (Figs. 3b, ¢). A previous study
has observed the seasonal distribution of SST through daily
AVHRR satellite images (Tang et al. 2003), while the present
study compared the monthly AVHRR images in 1985 and 2005
(Fig. 4). Both studies observed high-temperature water near
the NPS and its extension in the bay area. For the same month,
SST in 2005 was higher than that in 1985, showing the in-
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crease of water temperature in the entire bay.

The increase of in situ WST in Daya Bay from 1970 -
2005 (0.11°C y™") was higher than that of satellite SST
(0.07°C y'™"), and its variation had a larger range than that of
satellite SST (Figs. 2, 5). One of the possible reasons was
that the in situ WSTs were acquired only in the daytime
while satellite SST was derived from nighttime products. It
was also possible that the sampling season, station, and num-
ber of in situ observations were limited.

Daya Bay is a semi-enclosed bay; water circulation
with the SCS is slow, with a current velocity lower than
0.5m s (Xu 1989). A field investigation showed that the
water surface temperature of the thermal plume discharged
from the DNPS decreased slowly at 0.001°C m™ within a
distance of 2000 m from the wastewater outlet, and that the
thermal plume extended at least 10 kilometers (Zeng et al.
2002). By comparison, in the southernmost coast of Tai-
wan, water temperature from the outlet of a coastal nuclear
power station decreased quickly at 0.01°C m™ within a dis-
tance of 500 - 800 m from the outlet (Jan et al. 2004). Fur-
thermore, bays, compared to open waters, generally had a
more amplified response in SST (Mustard et al. 1999; Fox
etal. 2000). Therefore, the increase in water temperature in
the bay area is generally higher than that in coastal waters.
Relevant studies on water temperature near power plants
also showed warming effects, especially in the bay area
(Keser et al. 2003; Poornima et al. 2006). The DNPS has been
discharging warm water to the bay for more than 10 years,
thereby exacerbating water temperature elevation in the
bay area.

4.3 Ecological Response to the Increase in Water
Temperature

Increased water temperature may affect water quality,
aquatic organisms and ecosystem, as well as further impact
coastal zones and humanity in general. In Daya Bay, water
temperature is one of the major factors influencing the local
ecology and environment (Wu and Wang 2007). After the
operation of DNPS in 1994, the atomic N : P ratios in-
creased, while the atomic Si : P ratios decreased more ra-
pidly, indicating that the nutrient structure has substantially
changed (Yu et al. 2007a). The phytoplankton community
inside the bay has also changed. The amount of warm-water
species increased and net-phytoplankton decreased; Chlo-
rophyll a concentration likewise increased, showing the trend
of smaller community (Sun et al. 2006; Wang et al. 2006;
Yu et al. 2007b). After 1994, the frequency of HAB in Daya
Bay increased, the HAB-affected area spread, and the occur-
rence season became longer (Yu et al. 2007a). Fisheries re-
sources declined and the fisheries became limited to a small
community (Wang et al. 2008). The Daya Bay ecosystem is
undergoing a rapid deterioration in some aspects, due to the
increase in water temperature.

5. CONCLUSION

This study investigated SST changes in a bay area th-
rough satellite remote sensing and in situ observations over a
long period (21 years). Results showed that:

1. Sea surface temperature increased by 0.07°C y™' for the
past 21 years (1985 - 2005). It increased more rapidly af-
ter 1994, when the first NPS commenced operation, coin-
ciding with thermal discharge from the NPS.

2. Both anthropogenic and climatic perturbations influenced
water temperature in the Daya Bay.

3. The Daya Bay ecosystem is undergoing a rapid deteriora-
tion, notably the increased frequency and occurrence sea-
son of HAB. This is connected with the increase in water
temperature in the bay area over the past two decades.
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