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principles, scales and applications
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1. Principles in continuous world

d Continuity and homogeneity in hydrodynamics
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1. Principles in discontinuous world

 Peso-continuity and homogeneity in eco-dynamics
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1. Principles in discontinuous world

 Facts of aquatic eco-dynamics: discontinuity & heterogeneity

“‘:?78

Discrete state: presence/absence

Chlorephyll_a Consentration
Aug 8 2000 04:51 GMT

Spatial heterogeneity Discontinuous reproduction Discontinuous predation



1. Principles in discontinuous world

 Challenges in linking fluid dynamics & eco-dynamics

<> Discrete state ATl l,} L T
< Individual difference

<> Local interactions

4 Innovative solution to eco-hydraulics modelling

Cellular automata. discrete in time and space, reproduce
complex spatial-temporal dynamic patterns by some
simple local interaction rules between cells.

t+1 t t t t t t t t t
a'i,j - f(a'i—l,j—l’a'i—l,j’a'i—l,j+1’a'i,j—1’a'i,j’a'i,j+l’a'i+1,j—1’a‘i+1,j’a'i+1,j+1)

ot KeaYen)

Individual based: describe individual properties & HE
behaviours, interactions between individuals, individual yT_'—; ) W

& environments.




1. Principles in discontinuous world

4 Cellular Automata
(O A mathematical system, discrete in space and time
(2 Consist of a regular lattice of cells (automaton)
(3 Each cell has finite possible states
(@) Cell state updates according to local interactions

(® Global complex patterns emerge through evolutions

- f(ait—l’ait’ait+l)

t+1
i

a

t+1 t t t !
a; = f(ai—l,j—liai—l,j’ai—l,J'+1’a

t t t t t
i j d; j.a ai+1,j—1’a a )

=1 2, g T L i+1,j i+, ja1

<> Local behaviours < Spatially explicit <> Patchy phenomena



1. Principles in discontinuous world

Ul Cellular Automata: neighbor scheme
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1. Principles in discontinuous world

1 Cellular Automata: initial condition

< In close automata, initial condition is not sensitive due to memoryless

< In open automata, external governing factor are incorporated, initial
condition must be correctly set

O Cellular Automata: boundary conditions

< In modelling practice, CA must be finite and have boundaries

b a b a 0 a b O

Period boundary Fixed boundary

iaa bb§ c | aj|c dbd
i ! !

Adiabatic boundary Reflection boundary



1. Principles in discontinuous world

U Cellular Automata: evolution rules

t+1 t t t At t t
Q= f(ai—l,j—l’ai—l,j’ai—l,j+1’ai,j—1’ai,j’ai,j+1'ai+1,j—1’ai+1,j’ai+1,j+1)

@ f. evolution rules define cell updating

Stochastic Deterministic Hybrid

@ Usually totalistic or outer totalistic rule are used

C=Y f(nk"

é — Z f [a, n]kkn+a

(Von Neumann, 1949)



2. Scales In eco-hydraulic model

1 Scales in hydrodynamic model
< Direct numerical simulation (DNS): Bx = /2, @ Kolmogorov length scale
< Large eddy simulation (LES): Bx > &/2

< Reynolds averaged N-S simulation (RANS): engineering scale C, =—-

B0 =

E0 =

80 =
90 =

100 =

S -

1 1 1 1 1 1 1 1 1
10 20 30 40 50 E0 70 a0 a0

(from Firmijn Zijl, 2002, TUD)
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2. Scales In eco-hydraulic model

 Scales in lattice gas model

K N K A

(two particles) (three particles)

n.(x+Ac,t+7) =n. (X, t) + A, [n(x,t)]

¢ =(coszi/3,sinai/3) u=Ac/r pXD-LNXD

Zni(x+lci,t+r) :Zni(x,t)

Zuini(x+/1ci t+7) = un(x,t)
1 11

_ 1 2 = =
4 (u) +(UV)u _—mvm W2 v g(p)(Zp(l—’g)3 >

<> unit Bt, unit BIx, Boolean state, high gradient

Wolfram, 1984, Nature, 311: 419-424: Wolf-Gladrow, 2000, LNM



2. Scales In eco-hydraulic model

] Scales in two species dynamic model

ﬂf‘l prey-predator population dynamics
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2. Scales In eco-hydraulic model

] Scales in two species dynamic model

5 200 - predator population dynamics scenario 1
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< CAreveals the embedded structure stability

< Improper spatial scale (Bx) creates artefact patterns

Chen and Mynett., 2003,SIMPRA, 11: 609-625



2. Scales In eco-hydraulic model

1 Hierarchic scales in aquatic ecosystem

10
Megaform processes
plate tectonics
10° climate change

eustatic change Top Down
Macroform processes Level +1
103 floodplain change

channel evolution

Mesoform processes
10" shear stress
sediment deposition
channel processes
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10 annual flow fluctuations Level 0
annual scour and deposition
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P.S. Giller, et al., 1994, Aquatic ecology J. Wu & David J.L., Eco Mod, 153: 7-26



2. Scales In eco-hydraulic model

1 Scales identification and coupling

@ Spatial scale analysis (Gussian field)
=p, tA=p)

Px xax. COrrelation between two spatial cells

2
a—(ax/L)

yo,

X, X+AX

L: characteristic scale of studied system level

@ Spatial scale analysis (Wavelet analysis)

(1, X) = lrw f (x)g(x—é)dx w(n) = Jj: @’ (17, x)dx
a’— n
n . scale factor;

& the point around which the Wavelet is centred.

< Cell size Ax < L/2, At is determined according to Ax.



2. Scales In eco-hydraulic model

1 Scales identification and coupling

@ High frequency components: Upscaling

Simple averaging: 0 :iZN:A

N =
Weighted averaging: AY) :LA(E')p(t, E')dE'
Power averaging: A = [iiAp];

N <

@ Low frequency components: Downscaling
Use up level components as constraint to the dynamics of the studied level

a*' = f (Neb, For|B)

1, ] —

Chen et al., 2006, JHI,8(3): 297-316; Chen et al., 2006, Eco Mod, 199(1): 73-82



3. Applications in ecohydraulics

O Riparian vegetation dynamics
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3. Applications in ecohydraulics

Q Riparian vegetation dynamics: flow %% plant dynamics

@ Germination?
N
Y
Flo
mod
Water level

W
ule
velocity
Stress [

Normal growth Stress?

response ROUghneSS

Weak

competitor? :
P Biomass —

Mortality Updating
vegetation




3. Applications in ecohydraulics

 Riparian vegetation dynamics — flow stress

lag -bY (t)[1-Y (t) / K|At+Y (t)

Growth rate is < current growth rate

Y({t+At)=9 (1-loss)-Y(t)

Biomass loss

(1-10s5) Y (1)- abs[sign(Ar2)]+sign(Ar)

Biomass loss & certain mortality

Ye F, et al., 2010, Eco. Info., 5: 108-114
Liu R., et al., 2014,Scientific Report, 4: 5507



3. Applications in ecohydraulics

1 Riparian vegetation dynamics — species competition
.Cstrong
strong C

AB, ..~ biomass change of weak competing species

AB ... =—AB

weak
weak

Cweak = source consumption rate of weak species

AB, = biomass change of weak competing species
strong

C____=source consumption rate of strong species
strong

U Riparian vegetation dynamics — species colonization

Each species has a
maximum colonization
extend, depending on
species physiology and
filed survey results




3. Applications in ecohydraulics

d Flow = Vegetation interaction ‘HJ/\
@ To each CA cell, define...
L =i(ai +hx+cy) k Ax.y)
"

1
f/jﬁ

Lm:i(am+bmx+cmy) _
2A @ To each CA cell, the hydro-environ effect

— f(cell) = f(x,y) = f)LG)+ f (LG )+ f (K)L(K)

Global Change _ _
~ where f. hydro-environment factor, and assuming

homogenous in the cell

G

Hydrodynamic module

ST OIS
R Y TAYaY e o

SR

UCA vegetation module

) - e
CEAAANTH!



3. Applications in ecohydraulics

d Vegetation = Flow interaction

@ Method 1

g(n + Ir]plant) y)

d — 1/3
R

@ Method 2

F, =%Cé/lpU2

@ Method 3

1.,
Fo ZECdPUZ

ﬁ(k)

kl)zl

=3

- Az(k)

JFK Best Student Paper,
IAHR 2009 Vancouver

Founded 1435

1st Prize Student Paper Competition, Oral

Fen Ye

paper of Ripar
3t the JOOUN WAHR Bieanial Congress, Vancouver, Canada.




3. Applications in ecohydraulics

d Vegetation = Flow interaction

el
2 .
/ A
4 hl
,
\, (3

2
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.
[y o
. s
.
ok e B
s .
.

Rough,.,.(P) = 3 rough,,, (i) =2rea®) :

= Z area(i)




3. Applications in ecohydraulics

Flow edge

- = == Tientsin polygon
® Flow node

e Plant node

Ye F, et al., 2013, Ecohydrology, 6(4): 567-585

Flow—Plant

fplant (1) = 1:plant (Xc’ yc) —
1:hydro (I)L| + f (J)LJ + f (k) Lk

hydro hydro

(Xij _Xkyj)+(yj = Y )X+ (X, _Xj)y
20

(XY = %Y )+ (Y, = V)X + (% =X )Y
20

(Xiyj _iji)+(yi _yj)x+(xj =X)y
20,

8
1:hydro (I) — Z 1:plant (n)W(n)
n=2

w(n) =A, /Ay,

L(x,y)=

-

Lj (X, y) =

L (X, y) =




3. Applications in ecohydraulics

 Riparian vegetation dynamics — study area

.......
-~

Flow direction

Plant sampling transects

R

Channel .shelf

and bars

Location
Middle reach of Lijiang River: 25° 06'N, 110° 25'E

Flow condition

2009.01~2010.12 : 20~3720m3

Vegetation survey

Several transects were surveyed, each transect have

5 squares in S shape:

AR

Rumex Maritimus;:
Near water, averagely
3/m2, relatively tall.

Leonurus Heterophyllus:
near the bank, away from
the water. averagely 1/m?

Polygonum Hydropiper:
In between, averagely
32/m2~35/m?



3. Applications in ecohydraulics

 Riparian vegetation dynamics — modeled species

R. Maritimus P. Hydropiper L. Heterophyllus

Polygonum
hydropiper

Rumex maritimus Leonurus heterophyllus



3. Applications in ecohydraulics

 Riparian vegetation dynamics — flow stress

2

P. hydropiper 2 2r ‘
P. Hydropiper R. Maritimus

ol |
b=0.12 | | A I ‘I ]

=
(a1
T

Biomass (g)

a=824 '

Biomass (g)
U=
Biomass (g)

e
&

K=1.65

suitable drought suitable drought

o

0 30 60 90 120 150
Time (d)

Transform to discrete form: Y (t+At) =bY (t)[1-Y (t)/ K]At+Y (t)

@ 100 » 100
© " L .
= R. Maritimus s P. Hydropiper
s 75 — 75
= >
S sof 2 50
(7)) >

25 @ 25

= 0 1

0 20 40 60 0 20 40 60
Inundation days Inundation days



3. Applications in ecohydraulics

 Riparian vegetation dynamics —the scales
@ Ripley L function

N n n d
£h K() K (r) = = I (dis)
(7 J/ L(r) = —r =
T n- 4 “ W; j
1=1 j=1
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8 Long-distance 8 Long-distance 8 Long-distance
S 4 4 4
3
s j € 0 0 0
© island #1 200 m d 4 *
® -8 -8 -8
Island 0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Channel Middle-distance Middle-distance Middle-distance
YY) 8 8 8
- shelf =
island #2 s 4 4 4
i
T -~ Short-dis. §0 0 0 1= -
e fr-meeee- Middle-dis 14 -4 4
! .
:,",- ------ Long-dis. -8 N -8 — -8 — e
1
,",'.' 0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
1
.‘ \ Short-distance Short-distance Short-distance
island #3 8 8 8
C
5§ 4 4 4 [\,\\
N € 0 e 0 0 :
' . L4 4 -4
=P Flow direction \ 8 I 8 I 8 B
r (cm) r(cm) r(cm)

BX =r/2, Bt = 9 hours



3. Applications in ecohydraulics

A P. hydropiper dynamics in 2010 — model validation
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3. Applications in ecohydraulics

A P. hydropiper transect in 2010 — model validation

0.4r 0.3r
@) . @)
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3. Applications in ecohydraulics

d R. maritimus dynamics in 2010 — model validation
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3. Applications in ecohydraulics

J R. maritimus transect in 2010 — model validation

0.6 .1

@) @) )~
0041 o R
0.5" !
0.2r S g
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3. Applications in ecohydraulics

 Riparian vegetation dynamics — model comparison

log(Y ) = —49.3294 + 62.4774-i — 43.9644 i
+74.3-aw—58.623- aw’

+11.3704 - mw—23.2815- mw*
+7.6828-ad

Y: coverage of vegetation (P. hydropiper ) by the end of growth period,;
I ratio of inundation time;

mw: maximum inundation time;

aw: averaged inundation depth;

ad: ground water depth.

C. Camporeale & Ridolfi L., WRR, 42: 10415



3. Applications in ecohydraulics

CA model Statistic model
,,,,,,, & J
.”’:
s
-
\ 50 m ' 50 m
' Le— L
,\ | .’ |
&F-m -‘ 4
-~ [ i ) I '
i 1 1 | !
~ 1 1 I 1
1 1 I 1
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AN i L 4 Fat 1
.
%
Legend: T channelshelfand bars ——> Flow direction

*Sampled transects Sl Location and length of plant belt ® Quadrats with <5% cover
Simulated percentcover: 0% [HE Tl 100%



3. Applications in ecohydraulics

CA model Statistic model
——— “. — £
.‘.“.v. s - :
‘ <
.:'\ 7 -:";f
° ):‘ 50 m / 50 m
; | S |  —
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B
4
i I I 1
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-
-
Legend: 1 Channelshelfand bars ——> Flow direction

*Sampled transects Sl Location and length of plant belt ® Quadrats with <5% cover
-Simulated percentcover: 0% [ Tl 100%



3. Applications in ecohydraulics

] Riparian vegetation dynamics — vegetation succession

5
1980 1999

w s U
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5 5
2009 2010
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o
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3. Applications in ecohydraulics

] Riparian vegetation dynamics — vegetation succession

biomass/(%) Legend:
1 1979 .
~— M. Maritimus
0.7
= === P. Hydropiper
0.4
0.1 ‘ | | L. Heterophyllus
102 103 104 105 106 107
elevation/(m)
1 1999 1 2009
0.7 0.7
0.4 0.4
0.1 0.1 4
102 103 104 105 106 107 102 103 104 105 106 107

Ye F., et al., 2010, Eco Inf, 5: 108-114; Liu R., et al., 2014,Scientific Report, 4: 5507



3. Applications in ecohydraulics

L River macroinvertebrates inhabitant: flow = local movement

20 38 7.0
6.0

16
' | 36 L 5.0

l 34
08 3.0
( 2 2.0
04 \
\ 1.0
Velocity 0.0 Temperature \’ 30 Depth 0.0
Flow Suitability &
model Interactions

a |
G A TRy é,,’
I 4

12

Flow direction

Plant sampling transects

SR p—

CA habitat Species presence .,

Chen et al., 2011, Eco. Info, 6: 407-413



3. Applications in ecohydraulics

1 Macrophytes succession: vertical mixing = local competition

& e = N, . !
“ o . R \ "33
"" epdeyzand 4 LEINN . J/
= 1 o ’, % \:
p ; " AN ARL £ g
- La R "TALETE D e AL ) /\ W
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l" r ¢ 0 T
£ s +
g dr v P | N ]

Chara asnera

z 400 r Growth pattern
. . =
Before 1968, various species :
= 200
Eutrophication £
@ 100 —— Charophyte
1970~1989, algae and Potamogeton pectinatus 0 s o Pectinaus |
100 140 180 220 260
. Time (days)
Restoration
Chen and Mynett., 2003, Eco Mod,

1990~, Chara aspera back and dominant 147: 253-262 (Citations: 53)




3. Applications in ecohydraulics

 Lake algae bloom: flow + wind drifting = algae patchiness

N
Lake Taih )
ake Taihu oé\@e\ A
%/-.Zhih e \5\\5 Legend Legend
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3. Applications in ecohydraulics

 Coastal algal bloom: current = algae patchiness

Chlorophyll-a concentration (mg/m3)
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3. Applications in ecohydraulics

d Spatially-explicit evaluation of CA model
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Final remarks

(1) Through hierarchical scale coupling, the fluid dynamics

(2)

(3)

IS linked to aquatic eco-dynamics

The adoption of cellular automata offers a novel approach
to describe aquatic eco-dynamics featured by spatial

heterogeneity, local interactions and discrete processes

The developed ecohydraulic models provide a broad

range of applications with promising potential.
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