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Process-based Modeling of Erosion and Sediment Transport
in meso-scale Mediterranean Catchments: L m

from the Hillslopes via the River System to Reservoirs -"“gf;,”
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- 2 = | Motivation for coupled runoff-sediment : !ﬁ!
modelling %,

1. Understand, quantify and predict hydrological
fluxes in different geo-ecosystems
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modelling %y, 2

2. Understand, quantify and predict water related
erosion processes
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3. Understand, quantify and predict fluvial

sediment transport and deposition processes




Peculiarities of drylands ... 2 gy

Episodic runoff processes trigger rather sudden
sediment mobilisation and deposition
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Peculiarities of drylands ... 3 g

Soil losses and sediment deposition is the major threat for
sustainable landscape and water resources functions

imentation in the Barasona reservoir, Isdbena/Esera River [Bronstert, 2005]
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5 M i 8
water & sediment events: highly variable in time and space —
Contour interval = 5 mm Walnut Gulch Experimental
Watershed, Tombstone, AZ
August 27, 1982 storm event
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4. Understand, quantify and predict chemical
transport and transformation processes
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Il An integrated hydro-sedimentological
model: WASA-SED G,

WASA-SED:

A meso-scale hydro-sedimentological model:
> spatially distributed,

> process-oriented,

> catena-based,

B Spatial resolution:
hillslope to meso-scale

B Temporal resolution:
hourly or daily time steps

Code in Fortran90, currently ca. 50 sub-routines

Guntner, A., Bronstert, A., 2004, Journal of Hydrology 10
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Structure of spatial modelling units
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Sub-basins




Landscape Units (LU)
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Scheme of the structure TC and SVCs [= !.@;!
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Process Representation ﬁ f
at the Hillslope Scale o

1) Interception model

2) Evapotranspiration model

3) Infiltration model

4) Soil water model

5) Lateral redistribution among spatial units
1 6) Deep groundwater

7) Erosion




1) Interception model W

Simple bucket approach is used in WASA:

P, =min(P,(I.~1 )

[.F — a‘(f |+a'”!r_!31; ,Wlth ,

by = mm(.-’:'f”” 1)
I, = water in interception storage at timestep t (mm)
|. = capacity of canopy interception storage (mm)
P = precipitation (mm)
P, = intercepted precipitation (mm)
E, = evaporation from interception storage (mm)

E, .t = potential evaporation (mm)



2) Evapotranspiration model

N\

S
-

S

a) The classical Penman-Monteith approach (1965):

* is used for evaporation calculation from the
interception storage and from open water bodies

b) The Shuttleworth & Wallace approach (1985)




3) Infiltration model %, k=
Green-AMPT approach in an adaptation of Peschke
(1977,1987) and Schulla (1997)
Rp = P=P+ R pct R gp¢

R; = Infiltration routine (mm At)
P = precipitation (mm At)
P, = intercepted precipitation (mm At)
R, 1c = lateral surface inflow from a TC of a higher

topographic position (mm At)

R, svc = lateral surface inflow from SVCs within
the same TC (mm At)



4) Soil water model %, k=
Soil water balance for each horizon i:
0,, =06, 11Tk -0,

0 = soil moisture of the horizon i at the timestep t (mm)
R; = incoming fluxes into the horizon i (mm)
Qi = outgoing fluxes from the horizon i (mm)
em que: —

9 Q_-' Ql‘_f + Qf. ]
Q,; = percolation from one horizon i next horizon below  (mm)
Q,; = lateral flow leaving the horizon i (mm)
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5) Lateral redistribution among spatial units

» Lateral surface flow

e Lateral subsurface flow



Erosion .z P

MUSLE (Modified Universal Soil Loss Equation):
Y=11.8 (Qq,f Qpeak Ard)®*® ‘Kysie " Cusie " Pusie " LSusie - CFRG

: Y is the gross sediment yield [t]
JiRE Q¢ is the surface runoff volume [mm water/ha]

[E' Qpeax 1S the peak runoff rate [m?/s]

= A;. is the area of the TC [ha]

- Kusie Cusie Pusie LSys e are the USLE-factors

CFRG is coarse fragment factor

+ transport capacity concept

24




River Flow KW

River flow:

Manning's equation " R?.SV?
V =

n

Continuity equation
qout,Z = Cl 'qin,Z + C2 °qm,1 + C3 'QOMI,I

Muskingum Routing (Ut —2KX)
€= 2K(1- X))+ At
_ (4Ar+2KX)
C2K(1-X)+ At
(2K(1-X)- 40
C2K(1-X)+ A

2

3
25



Sediment transport in the river

Suspended sediment:

Transport capacity concept

b
Sed CONC 1ax = AV i
Seddeposition = (Sed—concs,max - Sed—c"onccurrem‘) -V
sed,,.sion = (Sed_conc, .. - Sed_conc,, ...) " V- K-C

Voeak(t): Peak channel velocity (m/s),

V: Volume of water in the reach (m?)

K: channel erodibility factor (cm / (h * Pa))
C: channel cover factor (-)

26
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Bedload:
Formula Range of conditions
1. ."-‘[E_'.‘El-?l‘lu ained Miiller { 1948) for batli wmfoin aded isob-tm o
s r
s = -siL;H'—- P00 sediment, gran sizes ranging from 0.4 to
with: 1= pgd 5 and fopmm = 0047 ([ — plg Dy 20 mum and river slopes of up to 0.02mm ™!
= Schoklitsch (1950} for nop-uniform sediment mixmires with Dyg
iy = 2500512 (g — gopue) Ilil-]l_"l'li'l‘?'—' values larger than 6 mm and rverbed slopes
with: gy = D.Jﬁ[ "—'I_T"l'—' }T 'r—:'ﬂ varying between 0.003 and 0.1 mm™!
3. Smart and Taeggi (1983) for rverbed slopes varying berween
ga= -l.:n,-.'n'] “ |[ = :ﬁl '_I,' { %" - I.]:IIJ-.""'JL,., = 0080 2mm™" and ¥ values
with: +° = f’ﬁiﬁ and 1o = {JJJT;_J":ITD comparable to the ones of
the Meyer-Peter and Miiller equation
4. Bagnold (1956) reshaped by Yaln { 1977), apphcable for sand
s =4 25" 0 [ = mr}“: - I.}l.ri' EIZHJ'!."i.r-. = ) and fine gravel and moderate nverbed slopes
5. Fackenmann (2001) for gravel=bed rvers and rorrents wath bed
[
q“;}.lt-};ﬁ} r"n""t'r'—rl;mf-F;tj{%— ] I{J—!:gﬂ ]' IIII'DJ,;H—IrIr 1.|.|.'lp:1.|:u:1'|.'ﬂ:1:|:|ﬂ'|'.l35 Illud{!':ll:l.ll:l_l' and
6.5
with: Fr= [ﬁ.r} for Dy values comparable 1o the ones
of the Mever-Peter and Miller equanon in
the lower slope mnge with an avernge Ly
of 10 mm m the hagher slope manges
27

Bedload transport formulae in the river module (Mueller et al., 2010)
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Reservoir Module: Conceptual layers

Stage (m)

I Top Layer
/

T
(from cross section 6)

Deposition l

6 7

(to cross section 8)

T Erosion

Deposition  Erosion
345 I Intermediate Layer
Origin_al bed l— Lowest layer
material Compaction
Width
50 100 150 200 250 300 350 (m)
Sediment laden flow Sediment laden flow —— Top Layer

Intermediate

~ Layer
e —— Lowest Layer
Compaston M

Original Bed
Material

8

28



Reservoir Module: 3 ﬁ_g

Spatial representation of the reservoir *

River subreach Reservolr subreach
¢ X S(rf},%e

A4

1 2 3 45 6 7 8 9 10 1112 13 14

Distance (km)
14 13 12 110 9 8 7 6 5 4 3 2 1 0

\\\\\\\\\ P brrccc e becccccccc beccccccce bocccscccc becccccccc becccccccc becccccccc becccccccc bocecccccc beccccccoc bcccccccc bocccccoc b |

29



Sediment transport in the reservoir ~ f

Water discharge in the reservoir’s cross
sections:

Simple mass conservation concept
]
Qj = Qin _(Qin _Qout)' 2 Vi
k=m

Qf: water discharge at the cross-section j;
VKk: fraction of reservoir volume represented by that cross-section

30



Sediment transport in the reservoir ~ f

non-equilibrium sediment transport in the
reservoir’s cross sections:

Approach by Han and He (1990):

( oc.w.Lj
dS aw  _* * * q
— (S -9) S-:S-+(S-_1—S-).e
dx q J J J J
S: sediment concentration;
S* sediment carrying capacity;
Q: discharge per unit width;
: settling velocity;

coefficient of saturation recovery

K

31



Sediment transport in the reservoir .-

< amme
r
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.
Aushors. range of sediments  Transpost fonmula Apralisry equations
F o BT 2.z y ¥ -
Wha et al. (2000) i = Prdy i DRd gy 3 = 00053 - [f";] ol B e L
{00 a1 O rpemy n'= S /20, T p =1y = hadpfy By,
, G -
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4=1
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i J=
=
= - - - qL.0E
; E_;; ok = Prdo iy dpd? m_l_ﬂ.-x-:ﬂ}:ﬁ:-lfﬁ—l}-;—,‘] .
T 1 oo 15,95 [£) = 1.00Agd — 1395 (&
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gx XaE 0080100 meana g | = e~ o= :,
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BAT i e g0 =005 - Agdsg
u
.l 5 o - - [
'Ua ¢ gup=C-V(ePo_g—ph). 2 Py, C=0025 py (LI — Fieg)).
E | . i sed
:‘a E Siegh= ‘.,E,_rr{_“'g"t-:'. Fiegh= v_.;__r;I_ eA=055p) g
¥ o= l:.-.i?-a"'
Uife12
ﬁ TRTCES (1985 g =3 0 = LM For loess sedmsent
] £ = &S50 tor afsg =<0, 1 s
£2 = 300 for dsg >0.1 mm
0000 1 =1 O aza
ﬁ Ackers and White (1973} gt = P Vi, (';".}"“{TEEE - |}|'"" AP = ey { AP 1 < dF < B0z my = 1 —0.56-logi{d™},
000 0= 1O . ‘!_Jqé +1.34 o m 103535286 Jog(d" ) —log 1)
LL
@ Forcr= E,.d_j' 0.1 for o > 60 :m,=0, m,=1.5,
= 32
[i~]
&

Sediment carrying capacity formulae in the reservoir module (Mamede, 2008)



lll. Connectivity: A
control of water and sediment delivery u o

Connectivity: transfer, storage and re-entrainment processes of water
and sediments among different landscape components

A
| o
- i .. -
py B A: Connectivity between
ale BEE hillslopes, valley bottoms
EEE hd and the river
:.l i ..:E -!-\.- !-_" :;.
s Ex Jab
i-h z88 +*
- 5 a - H
HEE = :E B: Transmission losses and ',’
Ear O848 temporary storage in the
v river -
e | »
A >
e
*é 8 C: Retention in and transfer
W through reservoirs

—___

A

.

D: Integrated meso-scale
catchment model

e

33
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IV. Application Examples . g

B Northeast Spain (Catalonia and Aragon): sub-humid
or semi-arid climate

B Northeast Brazil (Ceara): semi-arid climate with a
pronounced seasonality

These research regions include of a set of
individual (but nested) catchments of different
spatial scales

34
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405
1
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X Jaguaribe
Bengue § &
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o and B,
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: Esera (NE Spain, Ebro region) '
\ 5 => Isabena = Villacarli = Ball = exp. badlands %,
'-F, 4005y 1 = 4720000
& %3
g23 18
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\ i? overview of the nested research catchments .. i
b - in Spain (S1 ... $5) and Brazil (B1 ... B6) o
No Name of the Area annual Main Water Main Sediment measurements
' catchment (km? |rainfall (mm) measurements

5 badland ~ 103 ~ 750 Discharge flume Tubiditymeter Isco sampling

52 Ball 10 ~ 750 VWater level sensor Tubiditymeter Isco sampling

53 Villacarli 41 730 \Water level sensor Tubiditymeter Isco sampling
[sdbena (gauge . | _

=4 Capella) 445 1 450-1600 WWater level sensor Tubiditymeter 1sco sampling
Esera (upstream S00-2000in

S0 | Barasonares.). | 1224 | the high Water level sensor Reservoir bathymetry

incl. Isdbena mountains

= experim. hillslope 58 500 long-term sediment
within Bengué ' deposition by C5137
: : : Discharge flume & . .

EZ | Aiuaba micro basin| 17 Ga0 resenoir [evel Individual manual sampling

E3 Bengué 933 560 VWater level sensor Reservolr bathymetry

E4 Varzea do Boi 1,221 ~500 VWater level sensor Reservolr bathymetry
Jaguaribe upstr. 400 in the :

E5 Or6s reservoir 20,700 SW o 800 in Water level sensor Manual sampling

E6 | UpperJaguaribe | 24 600] the NE \WWater level sensor

7
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Uppe Yaguaribe (NE Brazil) : é
= Varzea do Boi = Bengue = Aiuaba =» exp. hillslopes |.%, &=

in
]
A I'I"l"u' W‘I W F?’;’W e 40 '4-I'I‘"I'-'r' rl-'D"':':ﬂl'W Il.'.l'%m\ 40" II‘I'I"'Fr'
e Estnclo ¢ | Bacia do Bengué
do Cearn (Escaln 1073 kny')
4
Eom # :_
i 'Ia_ o
|E ;
g B
= W
p;-; % i (S
1 134 |
HEH ?
s ¥
%ﬁg %EE 41 =J'i'| Hl'?"n'r L1 P"i'i diF ||h'||\ &lF II.-W -I[I'I.n“
H r lﬁ . - q
f W e E :ﬂ i : =
- E 35 " =
EdE 3 .
; e
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i Sl
E .=
% E
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- £ e | E—
o Bacia do h
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- Rede de drenagem ® Sepies de monitommento:
E TEEE Estagio Ecologicn I - Reservatorio Chri 4 = Reservatono Bengue
v " de Ainoba 2 - Secho de contr. do Alto Jagunribe 5 - Reservatdrio Boqueirio 39
% (TBAMA / ITMBio) 3« Reservabtrio Virses do Bod (Bacie Experimental de Aiunba)



Monitoring sections and the hydrologic and sediment
measurements in the Upper Jaguaribe Basin [ % &=

Lﬁ"”i‘
Secao de monitoramento Area  Medicdo de vazio Medicao de sedimento
No. Nome (km?) Tipo  Intervalo  Tipo Intervalo
1 Alto Jaguaribe 24600 a Dia - e
. fs| 2 Segdodecontrole- AJ 20700 b Dia c/d Dia
vy 3 Varzea do Boi 1221 a Dia e Acumulado 47 anos
g2g IEY 4 Bengué 933 a Dia c/e Dia/Acumulado 4 anos

5 Amwaba 12 a/b D/ 15 min. C Dia

' -| a - Balanco hidrico no reservatorio
'ﬂh b - Nivel de agua + curva-chave
5| ¢ - Sedimento em suspenséo - curva-chave de sedimentos
| d - Arraste de leito - ajuste, com dados de campo, da equagio modificada de Meyer-Peter e Miiller
| ¢ - Sedimento em suspensao e arraste de eleito - medida do assoreamento do acude

40
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Sediment budgets at the nested catchments in the

Upper Jaguaribe Basin, Brazil

ey ' gar

80
70
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NE Spain: Assessment of water flows and sediment yields e ﬁ!
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NE-Spain: Estimated Sediment transfer and
deposition in the Isabena, Catchment, :,: ame
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Estimates of sediment transfer and deposition rates in the Isabena
catchment for the period 2007 — 2009 (Lopez-Tarazon et al. (2012)
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RIVER Modelling

Sediment Transport in the River System
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RIVER Modelling K g

Temporary river storage of sediments

Upstream River Stretch o] 30 km Downstream
in the Mountains
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Barasona Reservoir (Spain) (ca. 1340 km?)
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comparison of bathymetric surveys of the Barasona Reservoir, Spain
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V Conclusions and Outlook KW

Specific Conclusions (from the case studies)

Water runoff tends to decrease with area: due to
locally constrained rainfall patterns AND river
transmission losses

sediment transfer from the hillslopes to the drainage
network is the controlling factor of sediment
connectivity at all scales.

Deposition along the topography is responsible for
retaining 50 to 60% of eroded sediment.

At the Aiuaba experimental catchment, there is a
higher percentage (74%) of sediment deposited in the
landscape, probably due to protected natural
vegetation and fractured hydro-geological conditions

54




V Conclusions and Outlook 5, =

Generic Conclusions:
High relevance of “hot-spots” for sediment production

— connectivity between the landscape compartments
plays a very relevant role for the mass transport (both
water and sediment) and for transport times

Varying relevance in different space-time scales !

Integrated hydro-sedimentological modelling is
essential for sustainable land use and reservoir use
management in drylands

percentage of sediment retention in reservoirs is
strongly dependent on the scale, increasing with
Increased area

Stronger sensitivity of the reservoir sedimentation to
land use and water management than to the climatic
scenarios
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V Conclusions and Outlook

Scientific challenges:

Quantification at the large scale

> how to consider connectivity issues
at the relevant scales ?

In-stream retention and transport
Parameterisation of variability of nature
Scenario calculation and prognosis
Management of sedimentation
Integration of hydro-chemical fluxes
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