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Abstract

Coral reefs are among the most important and critical ecosystems in the world; they are
also susceptible to the threats of global climate change. The purpose of this project is to
establish the indicators and mechanism of coral reef warning system for the conservation of
coral reefs. Four parts have been accomplished in this final report.  Firstly, the scheme and
operation of NOAA’s coral reefs early warning system (CREWS) were reviewed as the
reference of constructing coral reef warning system in Taiwan. CREWS is an integrated
system including real-time data collecting and transferring systems, a long-term database, and
an expert system. This system has been applied to the monitoring of Atlantic and Pacific
coral reefs and its scheme and operation provides us a good reference for establishing the
coral reef warning system in Taiwan. Second, by reviewing the published articles, we found
the threshold of coral bleaching temperature has a good regressive relationship with latitude.
We used this relation to calculate the thresholds of bleaching temperature around Taiwan:
northern Taiwan is 29.2 °C ~ Penhu Island is 29.3 "C -~ southern Taiwan is 29.5 °‘C. Third, we
analyzed the weekly variations of sea surface temperature (SST) from 1990 to 2006 at five
stations around Taiwan. The results showed that the SSTs in this period were close to the
threshold of coral bleaching. If extraordinary climatic events occurred, such as the strong El
Nifio in 1997-98, would induce mass bleaching of coral reefs. Coral bleaching occurred in
southern Taiwan when the DHWs (degree heating weeks) was lower than the threshold set by
the CREWS. This suggests that additional environmental factors such as anthropogenic
threats and pollution would further enhance the temperature effects. Finally, the simulated
SSTs from CGCM2 SRES A2 and B2 scenarios were used to evaluate the risk of coral
bleaching from 2001 to 2100 based on the CREWS’ criterion, i.e., DHW > 8. The results
showed that coral reefs in Taiwan would face severe threats of bleaching after 2050 under the
SRES A2 scenario; however, under the SRES B2 scenario, coral bleaching would be
occasional events even after 2070. The results suggest that lowering the greenhouse gas
emission will reduce the threats of global warming on coral reefs and provide longer time for
preventing coral reefs from degradation. The adaptive strategy for early warning is to
control or reduce human impacts to coral reefs. For long-term conservation of coral reefs,
the recommended strategies include establishment of marine protected areas, pollution control,

management of marine activities, and the promotion of coral reef research.

Key words: coral reefs, coral reefs warning system, coral bleaching, climate change.
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B DHWsHciE » 355 AR P 58 22001 # 3]2100#F BF ¥ 5 @ §enw i B8 o A fs o AN
W%&%%F?ﬁaﬁﬁ%ﬂﬁﬁﬁgﬁ ik g ERBOPET Ao aFN
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ATLANTIC OCEAN PACIFIC OCEAN INDIAN OCEAN
Peak Season (M) Jul-Sep, Peak Season (N) Jul-Sep, Peak Season (N) Jul-Sep,
(9) Jan-Mar (9) Jan-Mar (9} Jan-Mar
BERMUDA MIDWAY ATOLL,US GUAM OMAN-MUSCAT
320N,645W 2B5 N, 775W 13.0N,1445E 240 MN,58.0E
12WK ACCUM TODAY 0.0 T2WK ACCUM TODAY 0.0 12WK ACCUM TODAY 0.0 12WEK ACCUM TODAY 0.0
MAX 12 WK* 7.5(1958) MAX 12 WK* 4.6(1987) MAX 12 WK* 5.1(1935) MAX 12 WK 14.7(1996)
CURRENT S5T (C) 19.7 CURRENT 55T (C} 20.0 CURRENT S5T (C) 283 CURRENT S5T{C} 26.6
CLIMATOLOGY** 272 CLIMATOLOGY** 269 CLIMATOLOGY** 295 CLIMATOLOGY** 303
SOMBRERO REEF, FL OAHU-MAUI, HI ENEWETOK MALDIVES-MALE
250N,81.4W 21.0N,1580W 11.5N.162.0E 40N, 730E
12WK ACCUM TODAY 0.0 12WK ACCUM TODAY 0.0 12WK ACCUM TODAY 0.0 12WK ACCUM TODAY 0.0
MAX 12 WK* 6.0(19458) MAX 12 WK* 7.6(1996) MAX 12 WK* 2.5(2001) MAX 12 WK 10.5(1998)
CURRENT 55T (C) 239 CURREMNT S5T (C} 250 CURRENT S5T (C) 279 CURREMNT S5T (C} 30.2
CLIMATOLOGY** 293 CLIMATOLOGY** 27.0 CLIMATOLOGY** 29.1 CLIMATOLOGY** 29.9
BAHAMAS, LEE STOCKING IS PALMYRA, ISL PALAU SEYCHELLES-MAHE
235N, 76.5W 6.0N,162.0W 7.5N,134.0E 5.05,56.0E
12WK ACCUM TODAY 0.0 12WEK ACCUM TODAY 0.0 12WK ACCUM TODAY 0.0 12WK ACCUM TODAY 0.0
MAK 12 WK 7.8(1958) MAX 12 WE* 6.0{1994) MAK 12 WK 10.4{1558) MAX 12 WK 4.5(1998)
CURRENT 55T (C) 255 CURRENT SST (C) 280 CURRENT 55T (C) 288 CURRENT SST{C) 29.5
CLIMATOLOGY** 293 CLIMATOLOGY** 287 CLIMATOLOGY** 295 CLIMATOLOGY** 29.5
PUERTO RICO GALAPAGOS DAVIES REEF COBOURG PARK
180N,67.5W 1.05,90.0W 19.05,147.5E 10.55,132.5E
12WK ACCLUM TODAY 0.0 12WK ACCUM TODAY 0.0 12WK ACCUM TODAY 20 12WK ACCUM TODAY 00
MAKX 12 WK* 6.8(1998) MAX 12 WK* 34.4(1998) MAKX 12 WK* 4.8(1987) MAX 12 WK* 4.8(1987)
CURRENT 55T (C) 271 CURRENT 55T (C} 267 CURRENT 55T (C) 268 CURRENT 55T {C} 29.6
CLIMATOLOGY** 285 CLIMATOLOGY** 26,5 CLIMATOLOGY** 285 CLIMATOLOGY** 29.9
VIRGIN ISLANDS, US AMERICAN 5AMOA-OFU HERON ISLAND SCOTT REEF
18,0 N,65.0W 14.05,170.0W 2355,152.0E 14.05,122.0E
12WK ACCUM TODAY 0.0 T2WE ACCUM TODAY 0.0 12WK ACCUM TODAY 35 12WE ACCUM TODAY 0.0
MAX 12 WEK* 7.5(1968) MIAX 12 WK* 7.4(1991) MAX 12 WEK* 6.0(1987) MAX 12 WK* 13.3(1998)
CURRENT 55T (C) 26.8 CURRENT S5T (C) 298 CURRENT 55T (C) ezl CURRENT S5T {C) 29.4
CLIMATOLOGY** 285 CLIMATOLOGY** 293 CLIMATOLOGY** 273 CLIMATOLOGY** 301
GLOVERS, BELIZE TAHITI-MOOREA FUI-BEQA NINGALOO, AU
16.5 N,88.0W 17.55,150.5 W 1855,1785E 21.55,114.0
12WK ACCUM TODAY 0.0 12WK ACCUM TODAY 0.0 12WK ACCUM TODAY 4.2 12WK ACCUM TODAY .0
MAX 12 WK* 9.7(1958) MAX 12 WK* 7.3(1991) MAX 12 WK* 6.9(2000) MAX 12 WK* 11.3(1999)
CURRENT 55T (C) 282 CURRENT 55T (C} 289 CURRENT 55T (C) 87 CURRENT 55T {C} 283
CLIMATOLOGY** 289 CLIMATOLOGY** 288 CLIMATOLOGY** 28.1 CLIMATOLOGY** 28.2

* DERIVED BASED ON DHWs FROM 1985 ~ 2001
** ALSO KNOWN AS THE MAXIMUM MONTLY MEAN SST
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1. #3

1998 & 6 * » 2 ®v ¥ o 7 i F 13089 i i iFacé £ 0 "Coral Reef
Protection” » & iz dgpt — & 4 == 7 F WP PRI TR 7] 2 (U.S. Coral Reef Task
me PP AZEIRRAPMPPRET L -AEFTEAMET - FRR RS ETE
< F BEFNOCAA)E iz B/ cha R 2 - » PR HIFE L ANRG| BRI ka
d NOAA i 39 38 % jp|:+ % (Coral Reef Watch, CRW)? $ 7o BEAR G Ak LA A
EREP BB B E 4o 33 e 8% AR R H W 3 pl4e* F 7 Myrmidon
Reef (Hendee etal. 1999) cCRW 3* % ehi & P R A F ¥ H Na k25 B R E ¥ 2 F4pF
Bpme it 7= b (o o R SIS TR I&a;%?ﬂjﬁl’f’ﬁiﬁlﬁi‘ g
FATH A HPEY O BRNEREEL o ZTRELTE O FT 5 NOAA
E BIMME T H P AjREE L 2y 752 3 (Office of Oceanic and Atmospheric
Research, OAR) 2 & eh ~ & ¥ % & & § % 7 %% % (Atlantic Oceanographic and
Meteorological Laboratory, AOML) » § # 34 73 3 i & & & B3+ % (Coral Health and
Monitoring Program, CHAMP) » & 3 33 7 % #p 3f & & i(Coral Reef Early Warning System,
CREWS)srz 5 if £ T ieB s -
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BRI ETRABRE A FER G o FERE R S FRS DR
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FE R gAY k3B s A g (HotSpot » 53:11) 4 AR AR BRI G R
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= 33 PREGER(C)X T8 FIP > 1IDHW =33 ®mo R Ea08 & 1C X
13 &B3WME2CX #5053 - NOAA ZRiES hte Bl b U7 7 8155 » B
o i enf Bk & 29.3°C (NASA, 2004) » ¥ » & DHWs>1 & > 5 ] ‘4‘:@;;@( o ik
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Data Collection System
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CREWS Station Automated Cel T

Download
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Data Collection
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Integrated Monitoring EXPERT
Network Application SYSTEM
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—

é - .I Long Term I, ¥ L)
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i Public Database Domain Experts:
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cientis Marine Biolagy,
— - __—— Oceanography,
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Sther Applications | Remote Sensing, eto
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Manager

I CREWS Data Flow

Bl= > ow 5 B IE & G suie IR W - (B p : http://www.coral.noaa.gov/crw/process.shtml)
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Bz -~ CREWS ip|zk o (B~ p : Hendee et al. 2006)



NOAA/NESDIS 50 KM SST - MAXIMUM MONTHLY CLIMATOLOGY (C), 9/2/2002
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B I ~NOAA # &2 23k HotSpot ¥ 3t - ] % 2002 £ 9 # 2 p e3f-3) o (B~ p @ Skirving et
al. 2006)

Degree Heating Weeks for Last 90 Days - 9/7/2002

Atoll, US

-~ Maui, Hawaii
>

Enewetok
Palau yyﬁhristmas'lsl.’
P 2

é : Galapagos
Cobou

Scott Reef p Ralne Islahd _. Fagatele Bay, AS
- Tahiti-Moorea

Nigaloo
g Heron Isl a‘ﬁd

Bl ~ NOAA # 2 >7k DHWs #ici® - Bl % 2002 & 9 7 7 p a5 o (B~ p - Skirving et
al. 2006)
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4. G 1L AREOH
I R e f P TRER R TRE 0 S FE TR BE D] NOAA AT ik
FAEEAGLY <o Rl TR S G RE R FTRES 5 F - 36 B~ CREWS
i FE R AP P Epwma é’f‘lﬂ: 12t - CREWS tid 3085 4 s g d 3 § 11
FIE AR STEZ A LRGBS h et kA o E AR DR Fo ¢ R E A
iL% "‘ﬁ"‘i/}%géﬁ%?* d P RS R RO AARBT YL
BFS 2 HU pMBER ' T R R ,g;giﬂ,g,\ BB s g B
%ﬂ#; g s J%ﬁwf@&»mmmﬁ TE4 50 e BAcE L B RS E MR
WG g f g TEGIE L RSET TN %f;‘#ﬂf‘&é&zﬁ'ﬁf 2
FEFhG Y o b Y & NOAA st b 205 o

S oBARTWY VERAREA T

1. = /I?e W BE

i fﬁ#}%@}gk\?ﬁ;ﬁ P R RERF AR VR R R E 9% 7 (Colesetal. 1976 ;
Glynn and D’Croz 1990; Cohen et al. 1997 ; Wellington et al. 2001 ; Brown et al. 1996 ; Brown
1997 ; Edwards et al. 2001 ; Bruno et al. 2001 ; Cook et al. 1990 ; Hoegh-Guldberg and Smith
1989 ; Jokiel and Coles 1990 ; Celliers and Schleyer 2002 ; Aronson et al. 2002 ; Davies et al.
1997 ; Winter etal. 1998) > & 15 B Bho BB L b Beng R B P o VW F R Edcdk - o

2. wiE AT SR

flr@pwiFstipmy CERREEFRET DM R(R- ) 557 F- Ak
2 0y=-0085x+31317- H P sy RAP WO CEAME X A LR o 2w F A2
%88 % (r° = 0.51, p<0.005) -

- DHWsHcia @ m®mo it s % o

Stress Level Definition
No Stress DHWs =0
Bleaching Watch O<DHWs<1
Bleaching Warning 1<DHWs<4
Bleaching Alert Level 1 4<DHWs<8
Bleaching Alert Level 2 8<DHWs

11



22 CR%MEFRrme CRREREBSHEpHREZ TR o

Location Threshold(°C) Latitude
Easter Island 27 27.01
Sodwana Bay 28.2 34.05
Hawaii 29.5 21.38
Panama 30 8.97
Bermuda 30 32.32
Tahiti 29.5 17.68
Johnston Atoll 30 21.3
Puerto Rico 30 18.18
Enewetak 31.5 10.08
Lizard Island 30 14.67
Papua, New Guinea 30.3 6.37
Phuket 30.1 7.97
Belize 30.3 17
Palau 31 6.5
Maldives 31.4 3.2
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The Changes of SST & DHWs in Northern Taiwan (2001-2100)
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The Changes of SST & DHWSs in Peng-hu (2001-2100)
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The Changes of SST & DHWSs in Southern Taiwan (2001-2100)
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The Changes of SST & DHWSs in Northern Taiwan (2001-2100)
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The Changes of SST & DHWSs in Peng-hu (2001-2100)
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SRES A2 Penghu Island
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SRES A2 Southern Taiwan
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Northern Taiwan(A2) Penghu Island(A2) Southern Taiwan(A2)
B DHWSs B DHWSs v DHWSs
2001 0 0 2001 0 0 2001 0 0
2002 0 0 2002 0 0 2002 0 0
2003 0 0 2003 0 0 2003 0 0
2004 0 0 2004 0 0 2004 0 0
2005 0 0 2005 0 0 2005 0 0
2006 0 0 2006 0 0 2006 0 0
2007 0 0 2007 0 0 2007 0 0
2008 0 0 2008 0 0 2008 1 0
2009 0 0 2009 0 0 2009 0 0
2010 0 0 2010 0 0 2010 0 0
2011 0 0 2011 0 0 2011 1 0
2012 0 0 2012 0 0 2012 1 0
2013 0 0 2013 0 0 2013 0 0
2014 0 0 2014 0 0 2014 0 0
2015 0 0 2015 0 0 2015 0 0
2016 0 0 2016 0 0 2016 0 0
2017 1 0 2017 0 0 2017 0 0
2018 0 0 2018 0 0 2018 0 0
2019 0 0 2019 0 0 2019 0 0
2020 0 0 2020 0 0 2020 0 0
2021 0 0 2021 0 0 2021 0 0
2022 0 0 2022 0 0 2022 0 0
2023 0 0 2023 0 0 2023 3 0
2024 0 0 2024 0 0 2024 3 0
2025 0 0 2025 0 0 2025 0 0
2026 0 0 2026 0 0 2026 0 0
2027 0 0 2027 0 0 2027 0 0
2028 0 0 2028 0 0 2028 0 0
2029 0 0 2029 0 0 2029 0 0
2030 1 0 2030 2 0 2030 4 0
2031 3 0 2031 0 0 2031 0 0
2032 0 0 2032 0 0 2032 0 0
2033 0 0 2033 0 0 2033 0 0
2034 0 0 2034 8 0 2034 5 0
2035 5 0 2035 1 0 2035 4 0
2036 0 0 2036 4 0 2036 5 0
2037 0 0 2037 0 0 2037 0 0
2038 0 0 2038 0 0 2038 0 0
2039 0 0 2039 0 0 2039 2 0
2040 0 0 2040 0 0 2040 0 0
2041 0 0 2041 10 0 2041 13 0
2042 0 0 2042 0 0 2042 2 0
2043 0 0 2043 1 0 2043 8 0
2044 3 0 2044 3 0 2044 4 0
2045 6 0 2045 7 0 2045 8 0
2046 0 0 2046 0 0 2046 0 0
2047 0 0 2047 0 0 2047 3 0
2048 0 0 2048 0 0 2048 3 0
2049 12 0 2049 9 0 2049 13 0
2050 0 0 2050 0 0 2050 2 0
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Northern Taiwan(B2) Penghu Island(B2) Southern Taiwan(B2)
g DHWS g DHWS g DHWS
2001 0 0 2001 0 0 2001 1 0
2002 0 0 2002 0 0 2002 0 0
2003 0 0 2003 0 0 2003 0 0
2004 0 0 2004 0 0 2004 0 0
2005 0 0 2005 0 0 2005 0 0
2006 0 0 2006 0 0 2006 1 0
2007 0 0 2007 0 0 2007 0 0
2008 0 0 2008 0 0 2008 0 0
2009 4 0 2009 1 0 2009 6 0
2010 0 0 2010 0 0 2010 0 0
2011 0 0 2011 0 0 2011 0 0
2012 0 0 2012 0 0 2012 0 0
2013 0 0 2013 0 0 2013 0 0
2014 5 0 2014 0 0 2014 1 0
2015 2 0 2015 0 0 2015 3 0
2016 0 0 2016 0 0 2016 2 0
2017 5 0 2017 10 0 2017 8 0
2018 0 0 2018 0 0 2018 3 0
2019 0 0 2019 0 0 2019 0 0
2020 0 0 2020 0 0 2020 0 0
2021 0 0 2021 0 0 2021 0 0
2022 0 0 2022 3 0 2022 6 0
2023 0 0 2023 2 0 2023 0 0
2024 0 0 2024 0 0 2024 0 0
2025 0 0 2025 0 0 2025 0 0
2026 0 0 2026 3 0 2026 0 0
2027 0 0 2027 0 0 2027 2 0
2028 0 0 2028 0 0 2028 0 0
2029 0 0 2029 0 0 2029 0 0
2030 0 0 2030 6 0 2030 6 0
2031 2 0 2031 0 0 2031 7 0
2032 0 0 2032 2 0 2032 0 0
2033 0 0 2033 1 0 2033 4 0
2034 0 0 2034 3 0 2034 5 0
2035 0 0 2035 0 0 2035 0 0
2036 0 0 2036 0 0 2036 0 0
2037 0 0 2037 0 0 2037 1 0
2038 0 0 2038 0 0 2038 1 0
2039 0 0 2039 1 0 2039 2 0
2040 0 0 2040 0 0 2040 0 0
2041 0 0 2041 0 0 2041 0 0
2042 0 0 2042 0 0 2042 0 0
2043 9 0 2043 1 0 2043 15 0
2044 4 0 2044 1 0 2044 6 0
2045 0 0 2045 2 0 2045 4 0
2046 2 0 2046 6 0 2046 9 0
2047 1 0 2047 0 0 2047 6 0
2048 0 0 2048 0 0 2048 0 0
2049 0 0 2049 0 0 2049 2 0
2050 0 0 2050 8 0 2050 0 0

40



i -
2051
2052
2053
2054
2055
2056
2057
2058
2059
2060
2061
2062
2063
2064
2065
2066
2067
2068
2069
2070
2071
2072
2073
2074
2075
2076
2077
2078
2079
2080
2081
2082
2083
2084
2085
2086
2087
2088
2089
2090
2091
2092
2093
2094
2095
2096
2097
2098
2099
2100

= =
OO0 OO PR~RODOODOODOOOOOOOU

=
=~

w
w

[N
=
0

9.4

[FR N -NeNoNoNoNecNoNeNo el lcNo oo o N No Nl oo R NoReNoNe Nollc No e No e No e Nollc No N o NoNoNe oo e ol ol =

2051
2052
2053
2054
2055
2056
2057
2058
2059
2060
2061
2062
2063
2064
2065
2066
2067
2068
2069
2070
2071
2072
2073
2074
2075
2076
2077
2078
2079
2080
2081
2082
2083
2084
2085
2086
2087
2088
2089
2090
20901
2092
2093
2094
2095
2096
2097
2098
2099
2100

= =
co~N~NN

e
N

=
W Owowr Oo o

B s e e e = el = e Nl e e e
NN OO PRDOORETIDROERONWODONTR,W®WNR,OOOOW

o
[N

g
)

w
~
00000 P00 o0Po P P00 O0DO0O0DO0OO0OO0OO0OO0OO0OOO0OO0OO0OO OO O

o
w1

5.61
2.03

3.29

2051
2052
2053
2054
2055
2056
2057
2058
2059
2060
2061
2062
2063
2064
2065
2066
2067
2068
2069
2070
2071
2072
2073
2074
2075
2076
2077
2078
2079
2080
2081
2082
2083
2084
2085
2086
2087
2088
2089
2090
2091
2092
2093
2094
2095
2096
2097
2098
2099
2100

OO OO OO OO0 O0OO0ODOO0OO0OO0OOoOOo

w
Y
w

OO O OO OO oo

41



& = [IPCC % = = H3F4 ¢ > 1985 & ] 2100 # » SRESA2 ¥2 B2 A= § i gk

rehz R oo

Equivalent CO, Concentration (ppmv).

Year
1850
1860
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
2010
2020
2025
2030
2040
2050
2060
2070
2080
2090
2100

A2
330
343
345
347
349
351
357
363
370
376
382
388
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437
476
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540
585
612
642
707
779
860
950
1050
1180
1320

B2
330
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345
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781
823
867
915
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