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AB STRACT

Daya Bay is a shal low, semi-en closed bay in the north ern sec tion of the South China Sea. The pres ent study an a lyzed

vari a tions of wa ter tem per a ture in Daya Bay over the past 21 years (1985 - 2005) us ing Ad vanced Very High Res o lu tion

Ra di om e ter (AVHRR) sat el lite re mote sens ing data and in situ ob ser va tions. Re sults showed that AVHRR read ings of sea

sur face tem per a ture (SST) in creased by 0.07°C y-1. Lin ear re gres sion anal y sis for monthly SST anom a lies (SSTA) showed a

shift from neg a tive to pos i tive from 1995 - 1996, when the Daya Bay nu clear power sta tion com menced op er a tions in 1994.

The slope of lin ear re gres sion anal y sis for SSTA nearly dou bled from 0.05 (1985 - 1993) to 0.09 (1994 - 2005). Monthly

AVHRR im ages showed a ther mal plume from the power sta tion and re vealed the in crease of SST over 21 years. In situ

ob ser va tions in wa ter tem per a ture also showed an in creas ing trend for the same pe riod (1985 - 2005). Vari a tions in wa ter

tem per a ture in Daya Bay were con nected with cli ma tic per tur ba tions and in creas ing hu man ac tiv ity in clud ing ther mal

dis charge from nuclear power stations and the rapid economic development around the bay area.
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1. IN TRO DUC TION

Daya Bay is lo cated in the north ern sec tion of the South

China Sea (SCS; Fig. 1a). It was one of the ma jor aqua -

cultural ar eas in the Guangdong prov ince be cause of its ex -

cel lent wa ter qual ity and rich bi o log i cal re sources (Xu 1989).

Since the late 1980s, eco nomic de vel op ment in in dus try,

aquaculture, and ag ri cul ture in the area has rap idly ex -

panded. For ex am ple, the first large-ca pac ity com mer cial

nu clear power unit in China, the Daya Bay nu clear power

sta tion (DNPS), com menced op er a tion in early 1994. Near

the DNPS, an other nu clear power sta tion, the Lingao nu -

clear power sta tion (LNPS), has also been in op er a tion since

2003 (http://www.cgnpc.com.cn). The two nu clear power

sta tions have been con tin u ously dis charg ing ther mal wa ter to

Daya Bay since their op er a tion (http://www.cgnpc.com.cn).

Other in dus tries such as those on pet ro chem i cals, print ing,

har bors, and tour ism are also pres ent (Fig. 1b). Due to the

ac tiv i ties of these in dus tries, the wa ter qual ity sta tus of

Daya Bay has de te ri o rated (Zhou and Maskaoui 2003), and

the en vi ron men tal con di tion in its wa ters has changed (Yu

et al. 2007b). As a re sult, the oc cur rences of Harm ful Al gal

Bloom (HAB) in the bay area have be come more fre quent

in re cent years. The oc cur rence sea son of HAB has be come 

lon ger, and new warm-wa ter al gal spe cies have caused

HAB in the Daya Bay (Yu et al. 2007a).

With the de vel op ment of space tech nol ogy, more re mote 

sens ing data are cur rently avail able for mon i tor ing and

study ing the ma rine en vi ron ment. Sat el lite re mote sens ing

can com ple ment in situ ob ser va tion for pro vid ing ad di tional

in for ma tion on spa tial and tem po ral vari a tions (Tang et al.

2003; Wynne et al. 2005). Com pared with the high costs of

mon i tor ing us ing tra di tional meth ods, sat el lite re mote sens -
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ing pro vides an eco nom i cal method. Among var i ous sat el lite 

sen sors, the Ad vanced Very High Res o lu tion Ra di om e ter

(AVHRR) onboard the Na tional Oce anic and At mo spheric

Ad min is tra tion (NOAA) po lar or bit ing sat el lites has a long-

 term re cord of Sea Sur face Tem per a ture (SST) for more than 

20 years, and has made in ves ti gat ing the sta tus of the sea sur -

face more con ve nient. Pre vi ous stud ies have ob served the

sea sonal dis tri bu tion of SST in Daya Bay through daily

AVHRR im ages (Tang et al. 2003) and Land sat The matic

Map per (TM) im ages (Chen et al. 2003). How ever, lit tle at -

ten tion has been given on study ing the long-term vari a tions

of wa ter tem per a ture and eco log i cal re sponse in Daya Bay.

Daya Bay has ex pe ri enced long-term de vel op ment that

has pro foundly changed its eco log i cal and eco nomic land -

scapes. As such, it pro vides a unique op por tu nity to study the

re sponse of a par tic u lar ma rine en vi ron ment to nat u ral vari -

ability and anthropologic in flu ence in the bay area. In or der to

ob tain a better un der stand ing of the ma rine en vi ron men tal

changes in Daya Bay, we have at tempted to an a lyze the tem -

poral and spa tial changes in wa ter tem per a ture us ing long-

 term sat el lite re mote sens ing and in situ data. The re sults of this

work will help better eval u ate the re sponse of ma rine en vi ron -

ment to hu man ac tiv i ties and nat u ral changes in the bay area.

2. RE SEARCH AREA AND DATA

2.1 Re search Area

Daya Bay is a shal low semi-en closed bay lo cated at

22°30’ - 22°50’N, 114°30’ - 114°50’E, in the north ern sec -

tion of the South China Sea (SCS; Fig. 1). It cov ers an area

of about 600 km2 with an ir reg u lar coast line and more than

50 is lands in side the bay area. The deep est site is 21 m near

the bay mouth, and the av er age wa ter depth is 11 m. No ma -

jor rivers dis charge into Daya Bay, and wa ter ex change in -

side the bay and the SCS is mainly through the bay mouth

(Xu 1989). Ac cord ing to long-term ob ser va tion and mea -

sure ments, the tidal cur rent in Daya Bay is dom i nated by an

ir reg u lar semi-di ur nal tide (semi-di ur nal tides pre dom i nate

with di ur nal tides oc cur ring dur ing a lu nar month) with an

av er age tidal day of about 24.7 h. The av er age tidal range is

1.01 m, and the max i mum is 2.57 m (Zeng et al. 2002).

2.2 Sat el lite Re mote Sens ing Data

The AVHRR onboard NOAA’s Po lar Or bit ing En vi ron -

men tal Sat el lites (POES) is a broad-band, four- or five-chan -

nel scan ner, sens ing in the vis i ble, near-in fra red, and ther mal 

in fra red por tions of the elec tro mag netic spec trum. (http://

edcsns17.cr.usgs.gov/1KM/avhrr_sen sor.html). It has con -

tin u ously pro vided SST in for ma tion since 1978 and at scale

that had pre vi ously been im pos si ble to achieve through mere 

ship ob ser va tion.

In this study, a to tal of 7614 NOAA-AVHRR SST data

with 4 km spa tial res o lu tion from Jan u ary 1985 to De cem ber 

2005 were ob tained from the NASA Jet Pro pul sion Lab o ra -

tory (JPL) Phys i cal Ocean og ra phy Dis trib uted Ac tive Ar -

chive Cen ter (PO-DAAC) PATH FINDER da ta base (http://

podaac.jpl.nasa.gov/in dex.html). At the same time, ASCII

for mat data were de rived from those AVHRR SST data for

the sam ple area of box a (22.50 - 22.83°N, 114.50 - 114.82°E; 

in di cated by box a in Fig. 1b) through the MATLAB 7.0.1

soft ware pack age. The ob tained ASCII for mat SST data

were then pro cessed to yearly and monthly val ues. Lin ear

regression anal y sis per formed on yearly and monthly SST

showed an in creas ing rate in SST per year and month. In

order to re move the sea son sig nal, monthly SST anom aly

(SSTA) was cal cu lated from monthly SST mi nus monthly

mean SST av er aged for 21 years (1985 - 2005). For a better

un der stand ing of the SST dis tri bu tion, we pro cessed SST

data sets with 1 km spa tial res o lu tion from 1985 - 2005 to

monthly av er age im ages through Grid Anal y sis and Dis play

Sys tem (GRADS). Both 1 and 4 km spa tial res o lu tion SST

data were night prod ucts.

2.3 In Situ Data

The South China Sea In sti tute of Oceanology (SCSIO)

of the Chi nese Acad emy of Sci ences has one Ma rine Bio -

logical Re search Sta tion (MBRS in Fig. 1b) in Dapeng Cove

(DC in Fig. 1b). It has car ried out a se ries of sur veys over 12

sta tions in Daya Bay since 1982 (Black dots in Fig. 1b).

Some en vi ron men tal and bi o log i cal fac tors such as sea wa ter
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Fig. 1. Re search area. (a) Lo ca tion of Daya Bay. (b) Daya Bay map with

depth con tour. Cir cles in di cate the lo ca tion of nu clear power sta tions

(DNPS and LNPS) at the mouth of the Dapeng Cove (DC). Small boxes

with shad ows show Pet ro chem i cals Co. Ltd. in the north west of Daya

Bay and its pol lut ant effluents in the east of the bay. Box a in di cated by

dashed lines shows the sam ple area where AVHRR SST data were de -

rived from.  The twelve sur vey sta tions are rep re sented by black dots.

(a)

(b)



tem per a ture, Chl a, nu tri ents, pH, and bio mass of the biota

have been in ves ti gated sea son ally ev ery year (http://www.

cern.ac.cn:8080/in dex.jsp). We tried to ob tain all the in situ

Wa ter Sur face Tem per a ture (WST) data; the ear li est re cord

of WST in the Daya Bay was in 1970 and there were no data

from 1971 - 1981. In situ WST data were ob tained from a se -

ries of re search cruises in Daya Bay (con ducted by our re -

search group and MBRS), the Chi nese Eco sys tem Re search

Net work (CERN), and the “An nual Re port of Daya Bay En -

vi ron ment Re search.” A to tal of 1845 in situ WST data from

Jan u ary 1970 to No vem ber 2005 were pro cessed to an nual

mean val ues and then an a lyzed in this study.

All in situ WST data con ducted through a se ries of re -

search cruises were mea sured fol low ing stan dard meth ods

(SOC 1991). Based on wa ter depth, wa ter sam ples were col -

lected in the sur face layer at less than 5 m; sur face and bot -

tom layer for 5 - 10 m; and sur face, mid dle, and bot tom layer

for more than 10 m. Sam pling depth and wa ter tem per a ture

were mea sured in situ by a YSI 6600 multi-pa ram e ter wa ter

qual ity mon i tor.

3. RE SULTS

3.1 An nual In crease of SST

An nual mean SST from 1985 - 2005 var ied from 18.35°C

(1988) to 20.87°C (2005; Fig. 2a). Lin ear re gres sion anal y -

sis for SST showed an as cend ing trend with a slope of 0.07

over the past two de cades, in di cat ing that SST in creased by

0.07°C y-1 (Fig. 2a). The to tal num ber of an nual SST data

ranged from 357 to 366, cov er ing each month through out

the year (Fig. 2b).

3.2 Sea sonal Vari a tion in SST

To in ves ti gate the changes in SST in Daya Bay over the

past two de cades, we pro cessed 4 km spa tial res o lu tion SST

data to a time se ries of monthly mean SST from 1985 - 2005

(Fig. 3a). The min i mum SST was 11.5°C (Feb ru ary 1992),

and the max i mum SST was 26.4°C (July 2005). For most

years, there was a sin gle max i mum SST with its value higher 

than 25°C. Lin ear re gres sion anal y sis per formed on monthly 

SST from 1985 - 2005 showed an as cend ing trend at a rate of 

0.007°C m-1 (Fig. 3a).

Ad di tion ally, SSTA was an a lyzed for two pe ri ods: 1985

- 1993 and 1994 - 2005 (Figs. 3b, c). Dur ing the first pe riod

(1985 - 1993), SSTA ranged from -2.92 (Feb ru ary 1992) to

2.55 (May 1985; Fig. 3b); while dur ing the sec ond pe riod

(1994 - 2005), it ex pe ri enced a larger range from -4.48 (July

1999) to 4.44 (No vem ber 2005; Fig. 3c). For the en tire ob -

ser va tion pe riod (1985 - 2005), the trend iden ti fied through

the lin ear re gres sion anal y sis based on SSTA shifted from

neg a tive to pos i tive from 1995 - 1996, when the DNPS com -

menced op er a tion in 1994 (Figs. 3b, c). As can be seen, the

slope of lin ear re gres sion nearly dou bled from 0.05 (1985 -

1993) to 0.09 (1994 - 2005).

3.3 Ther mal Plume Dis tri bu tion

The monthly mean SST in win ter (Jan u ary), spring

(April), sum mer (July), and fall (Oc to ber) in 1985 and 2005

were pro cessed into im ages to show the SST spa tial dis tri bu -

tion (Fig. 4). For a better com par i son of SST in the same

month, the same color bar was used for the same month.

Com pared with SST in 1985, SST in 2005 was higher by

about 5°C in Jan u ary (Fig. 4a), 6°C in April (Fig. 4b), 8°C in

July (Fig. 4c), and 3°C in Oc to ber (Fig. 4d). For a better dis -

play of the ther mal plume dis tri bu tion, color bars with dif -

fer ent scales were used in dif fer ent sea sons. In 2005, a ther -

mal plume that was about 2°C higher than the am bi ent wa -

ters was dis trib uted in the Dapeng Cove (DC in Fig. 4),

where the two nu clear power plants are lo cated. In 1985,

SSTs in the DC were equal to or rel a tively lower than those

in other wa ters in the Daya Bay.

A ther mal plume that was about 1 - 2°C higher than the

ad ja cent wa ters in the bay was ob served in the sat el lite im -

ages in 2005 (Fig. 4). It was lo cated near the out put of the

nu clear power sta tions in Jan u ary (Fig. 4a), spread to the

north east of Daya Bay in April (Fig. 4b), ex tended to the

south east of the bay in July (Fig. 4c), and reached up to the

north west of the bay in Oc to ber (Fig. 4d).

3.4 In Situ Wa ter Tem per a ture Ob ser va tion

In this study, in situ WST for a lon ger pe riod from 1970 - 

2005 was in ves ti gated (no data in 1971 - 1981). An nual

mean WST ranged from 21.6°C (1986) to 26.6°C (1999;
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Fig. 2. (a) Time se ries of an nual mean sea sur face tem per a ture (SST)

de rived from NOAA-AVHRR data from 1985 - 2005. (b) Num ber of

SST data for each year.

(a)

(b)



Fig. 5a). Lin ear re gres sion anal y sis per formed on the an nual

mean WST from 1985 - 2005 showed an in creas ing trend

and its slope was 0.12 (Fig. 5a). The num ber of WST data

for each year is dis played in Fig. 5b. The WSTs in 1989,

1990, and 1995 were ex cluded from the lin ear re gres sion

anal y sis, be cause the WSTs in those years were sam pled in

lim ited months. In 1989, WST was sam pled in sum mer, and

in 1990 and 1995, WST was sam pled in win ter and spring
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Fig. 3. (a) Time se ries of monthly mean SST from 1985 - 2005. Black ar rows in di cate the year when the first nu clear power sta tion (DNPS) com -

menced op er a tion. (b) Monthly SST anom aly (SSTA) from 1985 - 1993. (c) Monthly SSTA from 1994 - 2005.

Fig. 4. Com par i son of sea sonal SST in 1985 and 2005. (a) Jan u ary, (b) April, (c) July, and (d) Oc to ber. The cir cle in di cates the lo ca tion of the nu clear

power sta tions (NPS). DC: Dapeng Cove.

(a)

(b) (c)

(a) (b) (c) (d)



(Fig. 5b). This is one of the rea sons why higher or lower

WST was dis played in those years.

4. DIS CUS SION

An in crease in wa ter tem per a ture in Daya Bay was ob -

served through both sat el lite re mote sens ing and in situ

observations, co in cid ing with the in crease of hu man acti -

vities such as ther mal dis charge from nu clear power sta tions

in the bay area, and global warm ing.

4.1 En vi ron men tal Change

From 1985 - 1993, be fore the NPS op er a tion, SSTA has

al lowed us to in di cate the re sponse of wa ter tem per a ture to

nat u ral vari abil ity (Fig. 3b). The trend of lin ear re gres sion

dur ing this pe riod was neg a tive (Fig. 3b), in di cat ing that

water tem per a ture was rel a tively low and increased slowly,

com pared to the en tire ob ser va tion pe riod (1985 - 2005).

Since the 1980s, weather tem per a ture in the Daya Bay has

been in creas ing and has been higher than the global tem per -

a ture by 0.3 - 0.4°C (Yu et al. 2001). In the past 50 years

(mid-1950s to mid-1990s), the global mean ocean tem per a -

ture has in creased by 0.31°C, due to the com bi na tion of na -

tural vari abil ity and anthropogenic ef fects (Levitus et al.

2000). At the same time, the re spec tive heat con tent lev els of 

the world’s oceans have in creased, and the av er age rate of sea-

 level change ob tained from tide gauges is +1.8 ± 0.3 mm yr-1,

be cause of the in crease of anthropogenic gases in the Earth’s 

at mo sphere (Levitus et al. 2001; Nerem et al. 2006). In

China, sur face wa ter tem per a ture in the Bohai Sea, which is

a shal low semi-en closed sea with out a power plant, in -

creased at a rate of 0.011°C y-1 from 1960 - 1997 (Lin et al.

2001). The pres ent study like wise ob served an in creas ing

trend in SST in Daya Bay from 1985 - 1993, which is a pe -

riod prior to the DNPS op er a tion. This in di cates Daya Bay’s

re sponse to the global warm ing (Fig. 3b).

Apart from the in flu ence of nat u ral vari abil ity, anthro -

pogenic ef fects are also con sid ered im por tant. Daya Bay

has ex pe ri enced re mark able changes over the past two de -

cades, es pe cially af ter 1994. Aquacultural, in dus trial and

ag ri cul tural ac tiv i ties, as well as de vel op ments in tour ism

and the con struc tion of har bors and high ways, have rap idly 

ex panded in the area. Aquaculture in creased dra mat i cally

from 1000 pens in 1988 to 20500 pens in 2004, while per -

manent res i dent pop u la tion around Daya Bay dou bled from

1.2 mil lion in 1979 to 2.4 mil lion in 1997 with ad di tional 1

- 1.2 mil lion non res i dents in the area (http://www.huizhou.

gov.cn/). The rapid ur ban iza tion around Daya Bay has con -

trib uted to the el e va tion of wa ter tem per a ture in this area

(Chen et al. 2006).

4.2 Ther mal Dis charge from Nu clear Power Sta tion
(NPS)

The DNPS and LNPS dis charge ther mal wa ter 8 - 10°C

higher than the ad ja cent wa ters to Daya Bay through one

pipe at a rate of 190 m3 s-1 (Tang et al. 2003; Yu et al. 2007a,

b). This ther mal plume spreads sev eral square ki lo me ters

away from the NPS (Fig. 4). A com par i son of in situ WST

data near the DNPS showed that the WST in creased by

0.77°C from 1993 - 1998 (Peng et al. 2001). The pres ent

study ob served a rapid in crease of SST (0.07°C y-1 from

1985 - 2005) in Daya Bay, higher than that in Bohai Sea

(0.011°C y-1 from 1960 - 1997), which is also a semi-en -

closed bay but with out a power plant (Lin et al. 2001). This

may re veal the in flu ence of ther mal dis charge from the

power sta tions on the ma rine en vi ron ment.

Monthly SST and SSTA from 1985 - 2005 also showed

an in creas ing trend in wa ter tem per a ture in Daya Bay (Fig. 3).

From 1994 - 2005, af ter the NPS op er a tion, SSTA has helped

in di cate the in flu ence of ther mal dis charge from the NPS to

wa ter tem per a ture in Daya Bay (Fig. 3c). The trend of lin ear

regression shifted from neg a tive to pos i tive 1 - 2 years af ter

the DNPS op er a tion, in di cat ing the ex ten sion of ther mal plume 

from the NPS to the en tire bay area. In ad di tion, the slope com -

par i son be tween the two pe ri ods (1985 - 1993 and 1994 - 2005) 

also showed a more rapid in crease of wa ter tem per a ture af ter

the NPS be gan its op er a tion (Figs. 3b, c). A pre vi ous study

has ob served the sea sonal dis tri bu tion of SST through daily

AVHRR sat el lite im ages (Tang et al. 2003), while the pres ent

study com pared the monthly AVHRR im ages in 1985 and 2005 

(Fig. 4). Both stud ies ob served high- tem per a ture wa ter near

the NPS and its ex ten sion in the bay area. For the same month,

SST in 2005 was higher than that in 1985, show ing the in -
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Fig. 5. (a) An nual mean in situ wa ter sur face tem per a ture (WST) from

1970 - 2005. The black line in di cates lin ear re gres sion for yearly mean

WST (no data was ob tained from 1971 - 1981). (b) Num ber of WST

data for each year.

(a)

(b)



crease of wa ter tem per a ture in the en tire bay.

The in crease of in situ WST in Daya Bay from 1970 -

2005 (0.11°C y-1) was higher than that of sat el lite SST

(0.07°C y-1), and its vari a tion had a larger range than that of

sat el lite SST (Figs. 2, 5). One of the pos si ble rea sons was

that the in situ WSTs were ac quired only in the day time

while sat el lite SST was de rived from night time prod ucts. It

was also pos si ble that the sam pling sea son, sta tion, and num -

ber of in situ ob ser va tions were lim ited.

Daya Bay is a semi-en closed bay; wa ter cir cu la tion

with the SCS is slow, with a cur rent ve loc ity lower than

0.5 m s-1 (Xu 1989). A field in ves ti ga tion showed that the

wa ter sur face tem per a ture of the ther mal plume dis charged

from the DNPS de creased slowly at 0.001°C m-1 within a

dis tance of 2000 m from the wastewater out let, and that the

ther mal plume ex tended at least 10 ki lo me ters (Zeng et al.

2002). By com par i son, in the south ern most coast of Tai -

wan, wa ter tem per a ture from the out let of a coastal nu clear

power sta tion de creased quickly at 0.01°C m-1 within a dis -

tance of 500 - 800 m from the out let (Jan et al. 2004). Fur -

ther more, bays, com pared to open wa ters, gen er ally had a

more am pli fied re sponse in SST (Mus tard et al. 1999; Fox

et al. 2000). There fore, the in crease in wa ter tem per a ture in 

the bay area is gen er ally higher than that in coastal wa ters.

Rel e vant stu d ies on wa ter tem per a ture near power plants

also showed warm ing ef fects, es pe cially in the bay area

(Keser et al. 2003; Poornima et al. 2006). The DNPS has been 

dis charg ing warm wa ter to the bay for more than 10 years,

thereby ex ac er bat ing wa ter tem per a ture el e va tion in the

bay area.

4.3 Eco log i cal Re sponse to the In crease in Wa ter
Tem per a ture

In creased wa ter tem per a ture may af fect wa ter qual ity,

aquatic or gan isms and eco sys tem, as well as fur ther im pact

coastal zones and hu man ity in gen eral. In Daya Bay, wa ter

tem per a ture is one of the ma jor fac tors in flu enc ing the lo cal

ecol ogy and en vi ron ment (Wu and Wang 2007). Af ter the

op er a tion of DNPS in 1994, the atomic N : P ra tios in -

creased, while the atomic Si : P ra tios de creased more ra -

pidly, in di cat ing that the nu tri ent struc ture has sub stan tially

changed (Yu et al. 2007a). The phytoplankton com mu nity

in side the bay has also changed. The amount of warm-wa ter

spe cies in creased and net-phytoplankton de creased; Chlo -

ro phyll a con cen tra tion like wise in creased, show ing the trend

of smaller com mu nity (Sun et al. 2006; Wang et al. 2006;

Yu et al. 2007b). Af ter 1994, the fre quency of HAB in Daya

Bay in creased, the HAB-af fected area spread, and the oc cur -

rence sea son be came lon ger (Yu et al. 2007a). Fish er ies re -

sources de clined and the fi sh er ies be came lim ited to a small

com mu nity (Wang et al. 2008). The Daya Bay eco sys tem is

un der go ing a rapid de te ri o ra tion in some as pects, due to the

in crease in wa ter tem per a ture.

5. CON CLU SION

This study in ves ti gated SST changes in a bay area th -

rough sat el lite re mote sens ing and in situ ob ser va tions over a 

long pe riod (21 years). Re sults showed that:

1. Sea sur face tem per a ture in creased by 0.07°C y-1 for the

past 21 years (1985 - 2005). It in creased more rap idly af -

ter 1994, when the first NPS com menced op er a tion, co in -

cid ing with ther mal dis charge from the NPS.

2. Both anthropogenic and cli ma tic per tur ba tions in flu enced 

wa ter tem per a ture in the Daya Bay.

3. The Daya Bay eco sys tem is un der go ing a rapid de te ri o ra -

tion, no ta bly the in creased fre quency and oc cur rence sea -

son of HAB. This is con nected with the in crease in wa ter

tem per a ture in the bay area over the past two de cades.
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