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Numerical hydrologic modeling

Hydrology modelling — one of most important component in goobal
climate models to appropriatelly represent

— hydrological cycle

— energy fluxes in the Earth's atmosphere and at the surface
Significant room for further impeovements
limited success in the past due to lack of adequate input data

More recent improvements:

— More accurrate and high-resolution data on
* topography, river routing, and soil types
* Precipitation observations/predictions

More recent improvements:
— variety of hydrology modeling approaches:
— simplifiedconceptual
— kinematic methods
— complex dynamic methods



* The most complex models include full
dynamic governing equations
— momentum equations, along with the equation of
mass continuity, are used in their full extent.

— Such approach

* permits representation of hydrology scales ranging
from flash floods to flows of large slow river

watersheds.
e do not need model callibration

e could be unstable for vanishing surface water hight if
not appropriatly numerically treated



Kinematic approximation: the the most used method
in hydrology modelling

— Continuity equation - prognostic
— Momentum equations — diagnostic

* Manning velocities calculates from the balance between the gradient
and the friction slope forces

* Advantage: no numerical instability

* Disadvantage: simplified governing equations
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Full dynamics (FD) vs. kinematics (KN)

* FD model more accurate

* FD: friction slope term requires special treatment
(Froude number <2)

 KN: simplifications avoids problem but simplifies
the equations (Froude number >2)

* Most watershed models adapt KN approach

KN cannot accurately represent large-scale, more
Inert processes

Inertia forces V

Froude number(Fr) = =
Jeh

Kinematic forces




Kinematic flow

Drag force (D)

Inertia force (I)
\< Gradient force (G)

- steep topography

* Gradient force dominant over inertia force (advection)
. 2> Fr<1

* kinematic approximation D ~ (I+G)

* inappropriate for slow flows



Full dynamic flow .
Acceleration (A) Gradient force (G)

Drag force (D)
Inertia force (I)

S L/

—

- weak topography slope

* Inertia force (advection) dominant over gradient force
. 2 Fr>1

* kinematic approximation A~ (I+G)-D

e appropriate for both fast and slow flows



HYPROM () approach

JAIim: to avoid a kinematic or other restrictive
approximation

(dDynamics based on the Saint-Venant equations
. Both momentum and continuity equations are

prognostic

(“INickovic, S., G. Pejanovic, V. Djurdjevic, J. Roskar, and M. Vujadinovic (2010), HYPROM hydrology surface-
runoff prognostic model, Water Resour. Res., 46, W11506, doi:10.1029/2010WR009195



HYPROM - Full dynamic (FD) equation concept

ou

ou

ou

—4u —+Vv—+Hg

ot

ox

oy

ov

dt

ov
0x

ov

dy

—+u —+v—-+g [

oh
0x

TS, —SOx]=O

Friction slope terms

oh

—+5 —Soy]=0 nu i+

dy

oh
+

ot

0x

L

w

('9(}21/1)i (9(}2\/) +[.{=O nzvm

Kinematic approximation

neglects inertia forces !! which
we want to avoid

=0




=0 Kinematic approx

Not appropriate for basins
Acceptable for flesh floods with slow flows

(where friction and gradient
forces are in approx.
balance)

= Full dynamic system

to be used




HYPROM governing equations:
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Novel components in HYPROM = + T n
* NO approximation in the governing eq-g- O O =P, =—0

: : : + TLL/F/TF+ +
* numerically stabile numerics - ot x$ . N
* new numerical technique for + +---:—-E-+i+ +
preventing grid decoupling noise O O - &%-- <O

* suitable for scales ranging from local
(flash floods) to climate (large rivers,
e.g. Danube)

e computationally very efficient T L




Full Dynamics approach requires completely different
numerical approach to resolve the Instability due to
vanishing water heights!

Friction slope n’ \/uz + 1’

Potential source of
model instability when /2 —0

Fiedler and Ramirez (2002) suppress the instability by imposing an
artificial threshold for the minimum water depth h_ =101 m



Friction slope numerics — HYPROM approach

Implicit time scheme applied
Unconditionally stable method

Convergent for At — 0 h—0 u,v—>0

U — gahAt
n+l 0x

1 + BAt

More info in Nickovic et al (2010)



Friction slope numerics in HYPROM

[%] We propose instead an unconditionally stable inte- |\ By golving the equations for level n + 1, we finally get a
rmtion scheme for the friction slope tenns that is physically al sch fthe followi iy
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System (10) can be written in a simpler form as
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River routing
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s —river direction

e River — a water collector
from surrounding points

e Same numerics as for
non-river points

U=0

River path:
A-B-C-D-E-F




A numerical method proposed for the source term: averaging
method which redistributes water mass to neighbouring points
and avoids two-grid interval noise in the E or B horizontal grids

Xy

%+H(§xu+§yv)—% H+H

0

Nickovic et al (2011): Method for efficient prevention of gravity wave decoupling on
rectangular semi-staggered grids”. Journal of Computational Physics, 230(5), 1865-1875



Synthetic experiment with HYPROM

(1pt source forcing)
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HYPROM integrated with the NCEP/NMM
atmospheric model

.............................................................................................................

ATMOSPHERE LAND HYDRO
Global model §
boundary conditions | ! i
4 : : .
Coarse NMM: HYPRO‘M 2D module
lution ~20km : ' (dynamical treatment
reso of surface runoff)

P [ 4

Coarse NMM boundary | River ‘sources’ from
conditions for fine NMM/J ! ; runoffs
: i :
Fine NMM: NOAH-LSM high HYPROM |D module
resolution ~5km resolution ~I1km (1D river model)

" P P

i Surface parameters: h i Runoffs: h : Di

l. accumulated precip. i | I. surface runoff ischarge
2. temperature at LM i | 2. subsurface runoff

3. specific humidity at LM | i | 2.l. interflow (fast

4. wind at LM (u;v) i | response, hours)

5. long-wave incoming 2.2. baseflow (slow

6. short-wave incoming i\ response, days) )

7. surface pressure

. J o

LM - lowest atmospheric model level



discharge (m”3/s)

Moraca river - Sensitivity to soil type

Small catchment case
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Soil type distribution over Montenegro
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FAO soil classification:

01 SAND

02 LOAMY_SAND

03 SANDY_LOAM

04 SILT_LOAM

05 SILT

06 LOAM

07 SANDY_CLAY_LOAM
QR A OAM

09 CLAY_LOAM

10 SANDY_CLAY

11 SILTY_CLAY

12 CLAY

13 ORGANIC_MATERIAL
14 _WATER

15 BEDROCK

B OTHLRuUand—ice)
17 PLAYA
18 LAVA
19 WHITE_SAND

parameter Clay Loam (09) Bedrock (15)
sat. diffusivity 0.113 x 10+ 0.136 x 103
sat. conductivity 2.45 x 106 1.41 x 10+
porosity 0.465 0.20

CH constant 8.17 2.79




HYPROM and climate/seasonal assessments

Buna/Bojana river discharge (m3/s) at Buna Bridge under the
atmospheric conditions of the A1B scenario of IPCC for the
period 2020-2030

Buna Bridge Discharge
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S. Morava River flash flood case Observed Q
23 Jan 2015

disasterous consequences Predicted Q

HYPROM run

R P
Driven by radar precipitation adar

Predicted correctly the max discharge 7
hours in advance




Most recent developments

« HYPROM dynamics has been fully coupled with the NCEP/
NMMB non-hydrostatic atmospheric model

* atwo-way interaction (atmosphere-hydrology feedbacks)
(Vujadinovic-Mandic, 2015; PhD Thesis)

0- 10 cm dubine
10 - 40 cm dubine
40 - 100 cm dubine

100 - 200 cm dubine

Volumetric soil moisture difference
ctrl-feedback exp at 4 model soil levels
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