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Abstract: The Modaomen Estuary is the main outlet of the Xijiang River, where large-scale human intervention occurred
since the 1980s, including sand excavation in the river network and estuarine regulation project, which inevitably caused the
variation of tidal dynamics in the Modaomen Estuary. In this paper, we investigate the variation of tidal dynamics and its
response to human intervention in recent 50 years by using statistical analysis and harmonic analysis on hydrological data, and
hydrodynamic numerical simulation. The results reveal that the variation of tidal dynamics indicates a natural evolution trend
of a river-dominated estuary, characterized by increase in tidal level and decrease in tidal range prior to the 1980s. However,
after the 1980s sand excavation in the river network induced a decrease in tidal level and increase in tidal dynamics, while

estuarine regulation project resulted in an increase in tidal level and decrease in tidal dynamics. In the inner estuary, tidal
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dynamics was more affected by sand excavation, with decrease in tidal level and increase in tidal dynamics. In the central

estuary, tidal dynamics was affected by both sand excavation and estuarine regulation project, with increase in tidal level and

decrease in tidal dynamics during the regulation project (1983-1993) but increase in tidal dynamics after the regulation project

(1993-2003). In the outer estuary, tidal dynamics was co-affected by global sea-level rise and estuarine regulation project, with

increase in tidal level and decrease in tidal dynamics.

Key words: tidal dynamics; sand excavation; regulation project; Modaomen Estuary

100
1.8 90
26%, (Nichols et al,
1991) )
, 1906—1977
R 10%(Thomas
112°24"112°36' 112°48' 113°  113°12'113°24' 113°36' 113°48' 114°E
T T T T T T T T T
23024’ | T
N i B
W .
2312 |- W 3 :,ﬁ s
nnl "
W o
23° - il
22°48' - = 2
i 1
22°36' | 3
N 'y -
220241
2°12'F 2] e
2°F L3
\\,_!‘ ﬁ_‘p‘
°
21°48' -
o 7E
21°36' |- Eiﬁ &
A K3
| | | | | | 1 1 1
1
Fig. 1 Map of Modaomen Estuary

( , 2002)

et al, 2002; Blott et al, 2006)

(Sherwood et al, 1990)

80

22°24'

22°18'+

22°12'+

22°06'

22°

D,
20 80
: 1983
2); 20 90
20
( , 1982a, 1982b;
113°18' 113°24' 113°30' 113°36'E
; ¥
E3

)

g




68

Vol. 39, No. 6 /Nov., 2020

—r—

/‘*
BEII KB IZ TR
JEE 0T T R kT TRig R

ek ik

MR T
A

il
T e

FIRX

1978—1988%:
1988—19954F
MMM 1995—2003%
: 2003—2005%F

(2005)

Fig. 2 Areas of sand excavation and reclamation in
Modaomen Estuary

, 1983; , 1984; , 1986a, b;
, 1986; , 1989);
( , 1996; ,
2001) ( ,
2004, 2005; , 2006; , 2007;
, 2010; Liu et al, 2019)
1
1.1
9.2x10"m?,

0.86m, 2.04m

, SE ;

1.01~1.32m, 5.15~5.7s

B

2.6mm-a'(Cheng et al, 2016;
, 2008)

, NW—SE
(D ,
( ,
1997)
1.2
1959
1975 « » 20
80
1983
, ( )
( , 1985),
20
80 , 20 80 90
, 2000 1984—
1999 8.7x10%m’,
70~125 ( , 2002),
1986—2003 ,
0.59~1.73m  0.34~4.43m
1.77~6.48m, 1.59~3.12m(Luo et al,
2007), - 1977-1999

2.5m(Liu et al, 2019)

20 60 80
84.7%~86.2%,  1990—1992 , 1993
, 1997 73.8%,
, 1997—2005 78%  (Luo et
al,2007; Liu et al,2019)
1991—1994  ( ) 1994—2000  (
)y o« 24 .4km
24><10'm*  1.92><10'm’,
3.3%10°m’  1.3><10°m’( ,2005)



69

1997
1<10'm°( 2),
13 29 ( , 2005)
1999 ,
(2,
5%<10°m’
1983 ,
9.6km  18.6km, 2.2~2.3km;
24.3km, 500m;
1992
, (2
173km? 37.8km’, 78.6%,
2.7x10%m’ 1.7x10°m’, 37% (
, 2006),
2
2.1
1977 (1 75000) 2003
(1 5000) : 1960—
2003
; 1977—
2003 12
, ;1982 3
, 2003
12
1
2.2
ECOMSED

221 #1AEAEAE A B R 5 ) T

1)

, 2011)

Mann-Kendall

2) Mann-Kendall

(MK )
M-K

(

222 #ARiBFNHHE

, 1993;

, 2008;

Mann-Kendall

, 2007)

95%

, (
, 1994)
(Harari et al, 2003; Horrevoets et al, 2004):
2, 12
+V
W(U):PUD{ +gn}
2 12 (M
W(V)=pVD{ +gn}
> ¥ s
s p , U 7V , D
> > &
, , Ecomsed
1982 3 1 9 —15 9 2003 12
1 10 —15 10 , 28
, , 53km,
42km(  3) ,
500m s
100~200m s
M; S; Ny Kj) Ky O Py Q)



70

Vol. 39, No. 6 /Nov., 2020

4 ( 4, 5%,
113°18' 113°24' 113°30’ 113°36'E 1 ]3.018’ 113|°24' 1 ]3|°30’ 113°36'E
19824 20034
i@i(&lﬂ'f‘ﬂmﬁkﬂﬁﬁ
22°18't A KATHFR S oror
N & JKATERIE 15 22le -
22°12'+
22°12'r
22°06' +
22°06' r
22°+
207
/’f.‘f
20054 L e -
Bocopenssscsnassns peecce®” 21°54' ¢
3  Ecomsed
Fig. 3 Ecomsed model boundary points and verification points
10 1982"‘1‘ s 20034
05l JT5E 1L g a fﬁ 7)\“”“{& 1:0_ N B s p <
£ ot ‘f@\f\ JM% °'Si;ﬂyﬁﬁvwﬁxﬁf%*sﬂ R
= | K —ostd 3 Yy ﬂ% N v
Sy SRR PR
-1.0 -1.5 .
1.0 15
' =4t
05} R 10t W
» 1
E 0 s & f; 0.5F \\\\ :1 \4“ 4\15 a
200 f\/zf%@w@f SRR Y f
10 v 1of ¢ 7 AR AR I f
-15 -1.5
> 5 Vo[ g
0.5 1 koA 1o RN 2 & 2
+t L T4 l«
c 0_#“&\ fﬁ 1" l‘ 2 05F & 2 4. 1&’,"}#‘ f 2
'»&z«/f\ SENEIENI WA Y
= : WEUY e 0.5 f W AT
E iof ¢ & KR —10F L - L
5

-15
0 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360
Al /h

4  Ecomsed

Fig. 4 Tide level verification using Ecomsed model

3

3.1

3.1.1 &, AR E AL
C 9 ,
: 1960—1982

: 1993—2005
( D ,
1960—1982 , 1993—2005

70 24 48 72 96 120144 168192 216 240 264 288 312 336 360

B

(

; 1960—1982

1983—1992

5)

>

Al /h

0.2m,

; 1983

1)

¢ D
(D
, 1993—2003
)



71

> E)

1993—2003 ,
1983 ,
1983—1992 |

1993—2003

, 1980 ,

0.lm  0.3m,

08 Prii KT — RHESE — =4 — — SRR

0.7 F

0.6

Sz /m

05

04F

03

0.20

0.00 +

-0.20 -

G /m

-0.40

-0.60 |

-0.80

1960 1965 1970 1975 1980

A0
5

Fig. 5 Variation of annual mean high water level and low water level

x1 BHHEERRM BTG

Tab.1 Trend of tidal characteristic values at different stages

1985

1990 1995 2000 2005

1960—1982 1983—1992

1993—2003

1960—2003

1975 s 1960—1982



72 Vol. 39, No. 6 /Nov., 2020

3.1.2 #EZA 3.2
) M, S; Ky Oy,
( 6) 5 M2 } I<1 Ol
1983 , 1993 , 12 R
1960—1992 1993—2005
0.66m  0.74m, 0.09m , 3.2.1
, 1993—2003 , My 1977—
; 1993 1993 , 1993 ; Sy K
, 1993 ; 0O, , 1993 )
, 1975—1983 1.03m, 1993—2002 ( 2 ,
1983—1992 1.0m, 1993—2003 R S,
0.93m , , ,
1983—1992 ,
12. — PR — T TRE T - - SEERETIESE
1.1F
10+
ﬁ 09}
= 08 W >
07} _ /7
0.6
0.5 ' ' ' ' ' ' - ' '
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005
F4y
6

Fig. 6 Variation of annual mean tidal range

F2 BIHH D HIRIEE: om)EK

Tab.2 Amplitude variation of tidal components at each station. Units: cm

1977 1983 1987 1993 2002
O, 20.7 22.3 24 17.9 22.4
K, 28.7 29.8 30.4 26.2 28.2
M, 34.2 30.9 30.7 27.8 28.2
S, 11.3 13.3 12.8 8.1 10.5
O, 25.6 25.7 29.1 21.4 26.1
K, 343 34.6 33.8 30.8 31.7
M, 42.3 38.1 38.3 35.1 34.7
S, 14 16.9 13 11.2 12.5
O, 26.1 27.2 28.7 234 27.9
K, 35.1 36.9 37.1 32.4 32.7
M, 43.7 42 41.7 38.7 37.3
S, 17.8 21.3 19.1 14.4 14.9
322 SdAtigiERE T 0.44 0.6h; 1983—1993
- - ) 1987—1993 M, K,
( 3), 0.44 0.75h; 1993—2002 1983
. M, K, : 1993 1987

1977—1983 M, K,



73

x3 TRERE S HEERE (AL h)

Fig.3 Propagation time of tidal constituents in different years. Units: h

1977 1983 1987 1993 2002
0, 1.55 1.19 1.21 1.41 1.21
} K, 1.38 1.09 1.15 1.22 1.22
( ) M, 1.02 0.74 0.93 0.87 0.87
S, 1.08 0.79 0.74 0.77 0.68
0, 1.93 2.24 1.72 1.01 0.85
) K, 1.23 1.83 1.66 0.91 0.95
( ) M, 0.87 1.31 1.15 0.71 0.69
S, 0.57 1.09 0.57 0.56 0.32
33 S (Horrevoets et al, 2004;
) ,2008) Ecomsed (1982
> ) (2003 ) s
, 7
113°18' 113024/ 113°30' 113°36'E 113°18 113°24' 113030/ 113°36'E
T T T T T T
19824F 20034F
22°18' |
N 22°18' 1
N
22°12' 22012'1 1
22°06' 22°06' i
22° 22°

7 ( : =<10%1s7h
Fig. 7 Tidal energy flux distribution before and after regulation project. Units: ><10°J-s™"

57.5%, ;



74 Vol. 39, No. 6 /Nov., 2020

20 80
4 b
> , (Zheng et al, 2014; Yuan
et al, 2015);
( 9, (Cai et al, 2018; , 2019);
, , ( ,2007)
015 SRR — — - MR KT AEF i
£
o
3
BN
ﬁ
=
00— ' : : ' ' ' -
1984 1986 1988 1990 1992 1994 1996 1998 2000 2002
4Efy
8
1984 (2010)

Fig. 8 Variation of annual mean high water level, low water level of Sanzao and annual mean sea level of Dawanshan

1983

>

1983 20 80
—1992

>

20 80
1993

>

, 1993

: (1983—
1993),



75

E) E} E}

(1993—2002), ) )
References
s , 2002. [Cl/ Science, 21(6): 61-65, 73 (in Chinese with English
: abstract).
. , 2005.
R s ,2008. 50 [D]. : . JIA LIANGWEN, 2005. The
[J1. , 30(2): 1-3. CHEN study on the dynamic characteristics and morphological

TEGU, SHI XIAOJUN, YU KEFU, 2008. The impacts of

climate warming on sea-level rise trends at Pearl River

Estuary during 1957-2006[J]. Guangdong Meteorology, 30(2):

1-3 (in Chinese with English abstract).

) ) , o, 1989.

3. , (4): 1-9. CHEN WENBIAO, CHEN
SHANGQUN, GU ZAIREN, et al, 1989. The research for the
improvement of Modaomen outlet of the Pearl River
Estuary[J]. Journal of Sediment Research, (4): 1-9 (in
Chinese with English abstract).

, 1984. ( ) [J]. )
3(1): 51-65. CHENG MINGHAO, 1984. A study of the
Sedimentary Environment in Modaomen Estuary, the main
river-mouth of Xijiang (West River)[J]. Geographical
Research, 3(1): 51-65 (in Chinese with English abstract).

s , 1996.

[3]. , (2): 27-31. DAI LIANGSHENG, HUANG
RONGXIN, 1996. The improvement and development
projects of Modaomen Coastal Area, Pearl River, has a
significant benefit[J]. Pearl River, (2): 27-31 (in Chinese).

, , , 1994, 1.
, 16(4): 1-12.
, , , 2010.
. , 30(4): 582-587. HAN

ZHIYUAN, TIAN XIANGPING, OU SUYING, 2010.
Impacts of large-scale human activities on riverbed
morphology and tidal dynamics at Modaomen Estuary[J].
Scientia Geographica Sinica, 30(4): 582—587 (in Chinese with

English abstract).
, 1993. [M]. : . HUANG
XIQUAN, 1993.
s , 2004. 30
[J1. , 24(4): 394-401. HUANG

ZHENGUO, ZHANG WEIQIANG, 2004. Impacts of artificial
factors on the evolution of geomorphology during recent
thirty years in the Zhujiang Delta[J]. Quaternary Sciences,
24(4): 394401 (in Chinese with English abstract).
, , 2005.

[J1. , 21(6): 61-65, 73. HUANG
ZHENGUO, ZHANG WEIQIANG, 2005. The administration
and geomorphological evolution in Modaomen river mouth

of Zhujiang Estuary[J]. Geography and Geo-Information

changes of Modaomen Estuary under the Action of the
anthropogenic  activities[D]. Guangzhou: Sun Yat-sen
University (in Chinese with English abstract).

, , 2007.

[J1. , 25(4): 46-53. JIA

LIANGWEN, WU CHAOYU, 2007. Hydrodynamic changes
of Modaomen estuary in recent decades and impacts of human
activities on the changes[J]. The Ocean Engineering, 25(4):
46-53 (in Chinese with English abstract).

, 2008.

[D]. : . JIANG CHENJUAN, 2008. The
study on the changes of hydrodynamics of Modaomen Estuary
and nature of the estuary in recent 30 years[D]. Guangzhou:
Sun Yat-sen University (in Chinese with English abstract).

, , 1986a. (¢ L.
, (5): 27-32.
, , 1986b. ( L.
, (6): 22-26.
, 1997. —
. , 52(4): 353-360. LI CHUNCHU, 1997.

On the estuarine system and its automatic adjustment[J]. Acta
Geographica Sinica, 52(4): 353-360 (in Chinese with English
abstract).

, , , , 2002.

[M]. : 1 91-206. LUO XIANLIN,
YANG QINGSHU, JIA LIANGWEN, et al, 2002. River Bed
Evolution in the River Network of the Pearl River Delta[M].
Guangzhou: Sun Yat-sen University Press: 91-206 (in

Chinese).
, 1985. [C)/
. : 1 221-225.
, , , 2006.
1. , 30(11): 58-63. LU HAIBIN, WU

CHAOYU, LIU BIN, 2006. Hydrodynamic numerical
simulation during the rebuilding of Modaomen Estuary of the
Pearl River[J]. Marine Sciences, 30(11): 58—63 (in Chinese
with English abstract).

, , , 1983.
0. , 2(4): 278-288.

, , 2001.

. , (5): 25-29. WANG LIN, CHEN SHANGQUN,

2001. Study on Modaomen outlet improvement and analysis



76

Vol. 39, No. 6 / Nov., 2020

of effects in engineering practice[J]. Pearl River, (5): 25-29
(in Chinese with English abstract).

, 2008. M]. 2
: 10-55. WANG WENSHENG, DING JING JIN
JULIANG, 2008. Stochastic hydrology[M]. 2nd ed. Beijing:
China Water & Power Press: 10-55 (in Chinese).

s , 2010.

[J1. , (5): 17-19. WEI XIAOYU,

LIU XUEFENG, 2010. Tide wvariation in Dawanshan
oceanographic station and correlation between extreme values
and surface wind[J]. Pearl River, (5): 17-19 (in Chinese).

s s

, 1982a.
« M. ,(5): 11-15.
, 1982b.
( . , (6): 11-20.
s s , ,2007. 50
[J]. , 18(2): 230-234.

ZHANG JIANYUN, ZHANG SILONG, WANG JINXING, et
al, 2007. Study on runoff trends of the six larger basins in
China over the past 50 years[J]. Advances in Water Science,
18(2): 230-234 (in Chinese with English abstract).

) ) , , 2019.

[J1. , 50(4): 788-798. ZHANG

XIANYI, HUANG JINGZHENG, YANG HAO, et al, 2019.
The governing mechanism of tidal wave propagation and
threshold effect in the Changjiang River Estuary[J].
Oceanologia et Limnologia Sinica, 50(4): 788-798 (in
Chinese with English abstract).

, 2011. [D]. :

. ZHAO JUNKALI, 2011. Study on the rules of
river-lake water exchange in mid-lower reaches of Yangtze
River[D]. Shanghai: East China Normal University (in
Chinese with English abstract).

) , 2006.
[R].
, 2005.
[R].
, 1986.
[R]. : .
BLOTT S J, PYE K, VAN DER WAL D, et al, 2006. Long-term

morphological change and its causes in the Mersey Estuary,
NW England[J]. Geomorphology, 81(1-2): 185-206.

CAI HUAYANG, HUANG JINGZHENG, NIU LIXIA, et al, 2018.
Decadal variability of tidal dynamics in the Pearl River Delta:
spatial patterns, causes, and implications for estuarine water
management[J]. Hydrological Processes, 32(25): 3805-3819.

CHENG XUHUA, XIE SHANGPING, DU YAN, et al, 2016.
Interannual-to-decadal variability and trends of sea level in
the South China Sea[J]. Climate Dynamics, 46(9-10): 3113—
3126

HARARI J, DE CAMARGO R, 2003. Numerical simulation of the
tidal propagation in the coastal region of Santos (Brazil, 24°S
46°W)[J]. Continental Shelf Research, 23(16): 1597-1613.

HORREVOETS A C, SAVENIJE H H G, SCHUURMAN J N, et al,
2004. The influence of river discharge on tidal damping in
alluvial estuaries[J]. Journal of Hydrology, 294(4): 213-228.

LIU FENG, XIE RONGYAO, LUO XIANGXIN, et al, 2019.
Stepwise adjustment of deltaic channels in response to human
interventions and its hydrological implications for sustainable
water managements in the Pearl River Delta, China[J]. Journal
of Hydrology, 573: 196-204.

LUO XIANLIN, ZENG E Y, J RONGYAO, et al, 2007. Effects of
in-channel sand excavation on the hydrology of the Pearl River
Delta, China[J]. Journal of Hydrology, 343(3—4): 230-239.

NICHOLS M M, HOWARD-STROBEL M M, 1991. Evolution of
an urban estuarine harbor: Norfolk, Virginia[J]. Journal of
Coastal Research, 7(3): 745-757.

SHERWOOD C R, JAY D A, HARVEY R B, et al. 1990. Historical
changes in the Columbia River Estuary[J]. Progress in
Oceanography, 25(1-4): 299-352.

THOMAS C G, SPEARMAN J R, TURNBULL M 1J, 2002.
Historical morphological change in the Mersey Estuary[J].
Continental Shelf Research, 22(11-13): 1775-1794.

YUAN RUI, ZHU JIANRONG, 2015. The effects of dredging on
tidal range and saltwater intrusion in the Pearl River
Estuary[J]. Journal of Coastal Research, 31(6): 1357-1362.

ZHENG JINHAI, ZHANG WEI, ZHANG PENG, et al, 2014.
Understanding  space-time patterns of long-term tidal
fluctuation over the Pearl River Delta, South China[J]. Journal
of Coastal Research, 30(3): 515-527.



