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sea level rise) interventions on estuarine environment is an important issue for estuary and coastal studies. For given simplified
geometry and dynamics, analytical models are capable of rapidly identify the influence of human-induced or natural
interventions on estuarine environment, which are invaluable tools for exploring response of tidal dynamics to external forcing.
In this study, a one-dimensional hydrodynamic analytical model was used to explore the response of tidal dynamics in terms of
different constituents to variation of tidally averaged water depth (mimicking the channel dredging and deposition) in the
Guadiana estuary in Portugal, building on previous studies on nonlinear frictional interaction between different tidal
constituents. The results show that the influence of variable depth on tidal dynamics in the seaward reach (x=0—60 km) is
stronger compared to that in the landward reach (x=60—78 km). In particular, the influence of variable depth on the
predominant semi-diurnal tides (M,, S,, N,) is larger than that on diurnal tides (K;, O;). Analytical results also indicate that the
basic tidal dynamic pattern along the estuary is more or less the same for a less intensive dredging of less than 2 m, while the
pattern may substantially change for an intensive dredging activity. In addition, the channel bed deposition will weaken the
tidal dynamics with a decrease of tidal amplitude, velocity amplitude, tidal wave celerity, and the phase lag between velocity
and the elevation also decreases.
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Fig. 2 Contour plot of velocity number x for main tidal constituents (M,, S,, N,, K|, Oj)under different mean water depth

conditions, with the red line indicating the actual mean depth h=55m
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Tab.1 Change range (units: m) and relative change (units: %) in the main dimensionless parameters due to the depth
variation when compared with the cause of actual mean water depth for different tidal constituents (M,, S,, N,, K;, O¢)

M, N, S, K, 0,
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(€ W3/0o3 7.79/10.53 7.15/9.10 4.99/6.03 0.24/0.27 0.42/0.19
Waloy 12.86/17.39 10.04/12.78 6.51/7.86 0.32/0.35 0.23/0.26
2.5 ) 5
x( 7,
h VA2 ) )
( ) ) ) M,
( Y, ) 7 Guadiana M, S,
6 N, Ky Oy) Pa (x=78km)
y x h
h 6 , , Ta , ,
y ( )X ( (x=78km) Pa
), 1,



_ Guadiana 9

—-=M,— — N,—*—8, K, —— O,
40 3.5§

35

3.0t

3.0

25¢

201

1.5¢

1.04

0.5

6 Guadiana M, S, N, K, O) v (a) % (b) h

Fig. 6 Variations of spatially averaged shape number y (a) and friction number y (b) for the main tidal constituents (M,, S,,
N», Ky, Oy) with the increase of mean water depth

J— _1\/12
LOW
0.8
0.6}

N
04l
0.2}
0 L L L
4 6 8
h/m
7 Guadiana M, S, N, K; Oy LN (x=78km)(a) (b)

Fig. 7 Variations of the reflection coefficient &%/, in the upstream boundary (x=78km) (a) and its spatially averaged value
(b) for the main tidal constituents (M,, S,, N,, K;, O;) with increase of mean water depth

( 3
6) v,
’ v, ( )
, h 10m '
0.1, Guadiana s
(6 ,
, 7b , h , ,
' , 1)
M, , YA (x=0~60km),

(x=60~78km)



10

Vol. 39, No. 1/ Jan., 2020

2m( h=5.5~6.5m)

2m ;
2) , 2m (
Mz S; Ny Ki Oy) )
3) ( ) 4) ( ),
1m( 4 =6.5~10m) ,
# / Y )
A
References
R , , 2016. 31(2): 105-110. ZHENG ZHIHUA, XU BIHUA, 2008.
e [J1. Numerical study of suspended particulate matter impact on
, 46(7): 1-10. DING RUI, CHEN XUEEN, QU sea water quality and marine creatures in process of waterway
NIANDONG, 2016. Three-dimensional high-resolution dredging[J]. Journal of SSSRI, 31(2): 105-110 (in Chinese

numerical study of the tide and circulation in the Pearl River
Estuary and its adjacent waters Part  : estuarine mass
transport and water exchange[J]. Periodical of Ocean
University of China, 46(7): 1-10 (in Chinese with English
abstract).
, , , , 2018.

[J].

, 26(5): 954-964. LI WEI, SU ZHENGHUA, XU
YILANG, et al, 2018. Analytical study of tidal wave
movement based on sediment-induced drag reduction and its
application to the Qiantang estuary[J]. Journal of Basic
Science and Engineering, 26(5): 954-964 (in Chinese with
English abstract).

, 2007.
[J. , 28(2): 15-16, 42. LIU

WEIDONG, ZHANG XINFENG, JIANG XINGKE, 2007.

s s

Analysis of the dredging work influence on the siltation in
Gaolan Area of Zhuhai Harbor[J]. Pearl River, 28(2): 15-16,
42 (in Chinese with English abstract).

s , 2006.

. , 27(4): 11-14. LIU
JUNYONG, XU FENGJUN, 2006. Influence study of
Guangzhou harbor seagoing waterway dredging work on the
hydrodynamic situation and the river stability of the Pearl
River Mouth [J]. Pearl River, 27(4): 11-14 (in Chinese with
English abstract).

) , 2005. [J.

, (2): 8-10. PANG QIXIU, XU JINHUAN, 2005. Influence
of estuarine dredging on environment[J]. China Harbour
Engineering, (2): 8-10 (in Chinese with English abstract).

s , 2008.

[J]. ;

with English abstract).

AMIN M, 1983. On perturbations of harmonic constants in the
Thames Estuary[J].
Astronomical Society, 73(3): 587-603

BONALDO D, BENETAZZO A, BERGAMASCO A, et al, 2014.

Geophysical Journal of the Royal

Sediment transport modifications induced by submerged
artificial reef systems: a case study for the Gulf of Venice[J].
Oceanological and Hydrobiological Studies, 43(1): 7-20.

CAI HUAYANG, 2014. A new analytical framework for tidal
propagation in estuaries[D]. Delft, the Netherlands: Delft
University of Technology.

CAI HUAYANG, TOFFOLON M, SAVENIJE H H G, 2016. An
analytical approach to determining resonance in semi- closed
convergent tidal channels[J]. Coastal Engineering Journal,
58(3): 1650009.

CAI HUAYANG, HUANG JINGZHENG, NIU LIXIA, et al, 2018a.
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.

CAI HUAYANG, MARCO T, SAVENIJE H H G, et al, 2018b.
Frictional tidal
tide-dominated estuaries[J]. Ocean Science, 14(4): 769-782.

CHANT R J, SOMMERFIELD C K, TALKE S A, 2018. Impact of

interactions between constituents  in

channel deepening on tidal and gravitational circulation in a
highly engineered estuarine basin[J]. Estuaries and Coasts,
41(6): 1587-1600.

CHERNETSKY A S, SCHUTTELAARS H M, TALKE S A, 2010.
The effect of tidal asymmetry and temporal settling lag on
sediment trapping in tidal estuaries[J]. Ocean Dynamics, 60(5):
1219-1241.

CODIGA D, 2000. "UTide" unified tidal analysis and prediction

functions[M]. Environmental Decision Making for New



Guadiana 11

Developments: An Alternative Approach.

DE JONGE V N, SCHUTTELAARS H M, VAN BEUSEKOM J E
E, et al, 2014. The influence of channel deepening on
estuarine turbidity levels and dynamics, as exemplified by the
Ems estuary[J]. Estuarine, Coastal and Shelf Science, 139:
46-59.

DOODSON A T, 1924. Perturbations of Harmonic Tidal
Constants[J]. Proceedings of the Royal Society A: Containing
Papers of a Mathematical and Physical Character, 106(739):
513-526.

DRONKERS J J, 1964. Tidal computations in rivers and coastal
waters[M]. Amsterdam: North Holland Publishing Company.

ENSING E, DE SWART H E, SCHUTTELAARS H M, 2015.
Sensitivity of tidal motion in well-mixed estuaries to
cross-sectional shape, deepening, and sea level rise: an
analytical study[J]. Ocean Dynamics, 65(7): 933-950.

FALCAO M, SANTOS M N, DRAGO T, et al, 2009. Effect of
artificial reefs (southern Portugal) on sediment—water
transport of nutrients: importance of the hydrodynamic
regime[J]. Estuarine, Coastal and Shelf Science, 83(4):
451-459.

FAMILKHALILI R, TALKE S A, 2016. The effect of channel
deepening on tides and storm surge: a case study of
Wilmington, NC[J]. Geophysical Research Letters, 43(17):
9138-9147.

FANG GUOHONG, 1987. Nonlinear effects of tidal friction[J].
Acta Oceanological Sinica, 6(S1): 109-126.

GAREL E, PINTO L, SANTOS A, et al, 2009. Tidal and river
discharge forcing upon water and sediment circulation at a
rock-bound estuary (Guadiana estuary, Portugal)[J]. Estuarine,
Coastal and Shelf Science, 84(2): 269-281.

GODIN G, 1991. Compact approximations to the bottom friction
term, for the study of tides propagating in channels[J].
Continental Shelf Research, 11(7): 579-589.

GODIN G, 1999. The propagation of tides up rivers with special
considerations on the upper saint Lawrence River[J].
Estuarine, Coastal and Shelf Science, 48(3): 307-324.

HEAPS N S, 1978. Linearized vertically-integrated equations for
residual  circulation in  coastal seas[J]. Deutsche
Hydrografische Zeitschrift, 31(5): 147-169.

INOUE R, GARRETT C, 2007. Fourier representation of quadratic
friction[J]. Journal of Physical Oceanography, 37(3):
593-610.

JALON-ROJAS I, SCHMID S, SOTTOLICHIO A, et al, 2016.
Tracking the turbidity maximum zone in the Loire Estuary
(France) based on a long-term, high-resolution and
high-frequency monitoring network[J]. Continental Shelf
Research, 117: 1-11.

JAY D A, LEFFLER K, DEGENS S, 2011. Long-term evolution of
Columbia River tides[J]. Journal of Waterway, Port, Coastal,
and Ocean Engineering, 137(4): 182—191.

JEFFREYS H S, 1970. The earth: its origin, history and physical
constitution[M]. 4th ed. London: Cambridge University Press.

PINGREE R D, 1983. Spring tides and quadratic friction[J]. Deep
Sea Research Part A. Oceanographic Research Papers, 30(9):
929-944.

PRANDLE D, 1997. The influence of bed friction and vertical
eddy viscosity on tidal propagation[J]. Continental Shelf
Research, 17(11): 1367-1374.

RALSTON D K, TALKE S, GEYER W R, et al, 2019. Bigger tides,
less flooding: effects of dredging on barotropic dynamics in a
Highly Modified Estuary[J]. Journal of Geophysical Research:
Oceans, 124(1): 196-211.

TALKE S A, DE SWART H E, DE JONGE V N, 2009. An
idealized model and systematic process study of oxygen
depletion in Highly Turbid Estuaries[J]. Estuaries and Coasts,
32(4): 602-620.

TOFFOLON M, SAVENIE H H G, 2011. Revisiting linearized
one-dimensional tidal propagation[J]. Journal of Geophysical
Research: Oceans, 116(C7): C07007.

VELLINGA N E, HOITINK A J F, VAN DER VEGT M, et al,
2014. Human impacts on tides overwhelm the effect of sea
level rise on extreme water levels in the Rhine—Meuse delta[J].
Coastal Engineering, 90: 40-50.

WINTERWERP J C, 2011. Fine sediment transport by tidal
asymmetry in the high-concentrated Ems River: indications
for a regime shift in response to channel deepening[J]. Ocean
Dynamics, 61(2-3): 203-215.

WINTERWERP J C, WANG ZHENGBING, VAN BRAECKEL A,
et al, 2013. Man-induced regime shifts in small estuaries—II:
a comparison of rivers[J]. Ocean Dynamics, 63(11-12):
1293-1306.

ZHU JUN, WEISBERG R H, ZHENG LIANYUAN, et al, 2015.
Influences of channel deepening and widening on the tidal and
Nontidal Circulations of Tampa Bay[J]. Estuarine and Coast,

38(1): 132-150.



