Enabling Delta Life

L ]

Improving hydrological prediction through data assimilation:
results from the H2020 IMPREX and eWaterCycle Il projects

Albrecht Weerts WAGENINGEN

UNIVERSITY & RESEARCH




Introduction

e Background DA/hydrological forecasting work
Results IMPREX

model

DA lake levels
DA streamflow all Rhine tributaries

* Conclusions

Outlook Ewatercycle Il project

L WAGENINGEN
UNIVERSITY & RESEARCH



Challenges

* What triggered me to have an interest in hydrological data assimilation?

- e @ | Hydrological Model?

R

> Which algorithm?

Which measurements?

> How to define the uncertainties?

" Operational applicability?

_How much improvement spatially
and as function of leadtime?

http://www.robots.ox.ac.uk/~misard/condensation.html
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What is OpenDA?

* OpenDA is an open interface standard for (and free implementation of) a set of tools
to quickly implement data-assimilation and calibration for arbitrary numerical
models. OpenDA wants to stimulate the use of data-assimilation and calibration by
lowering the implementation costs and enhancing the exchange of software among
researchers and end-users.
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MONITORING AIR QUALITY OVER COASTAL WATER SIMULATION NEWS FEED

OPEN SEA...
OPENDA NOW ON GITHUB

On May 18th, we moved the OpenDA
code to github. https://github.com
/OpenDA-Association/OpenDA A very
nice result is that the test-results can
now also be viewed by everyone. We
will further integrate with git and github
over the next months.

New regulations require ships to use WAQUA/TRIWAQ is a software system UPENDA 24

low-sulphur fuel. In order to determine  for the simulation of coastal waters. It On July 20 2018 Version 2.4 of OpenDA
whether ships actually comply with the  is used by the Dutch ministery of public was released. Visit our download page
regulations, a system is... works and transport for ... to see for yourself.

Read more Read more SUMMER SCHUOLZEHB

The 2018 data assimilation & scientific
computing summer school will be held

Integrating models and observations at Shangdong Universty in China from

July 22 to August 4. There will be many
OpenDA is an open interface standard for (and free implementation of) a set of tools to quickly implement data-assimilation and interesting lectures on related topics.

calibration for arbitrary numerical models. OpenDA wants to stimulate the use of data-assimilation and calibration by lowering During the first week there will be a
the implementation costc and enhancine the exchanee of coftware amone recearcher<s and end-i1icers So, Lot SPANELGL  BENLES ol e
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Current=>IMPREX=> and beyond

Flood
Forecasting

Lumped HBV96

-hourly

-height zones linked to station
certain height

-fixed PET profiles

-fixed interception (g/f)

-big calibration effort

(last time 2008)

-many correction factors, WB
fiddling

-closed source

HBV96

-daily

-big calibration effort (completed
2014)

-multiple parameter sets
-lumped P&T generator

Policy

’@imprex_eu

wflow_sbm

-hourly, 6hourly, daily
-distributed P, T, PET
-improve fidelity process
formulations

-LAI, Landuse etc fully
distributed

wflow _hbv

-hourly, 6hourly, daily
-distributed P, T, PET

- PET formulation
harmonized with rest of
RWSOS

-ensemble DA

-open source -PTFs
-ensemble DA
-forecasted P, Eref, T

-open source

wflow_sbm

-daily or subhourly
-landuse scenarios
-multiple parameter sets?

wflow_hbv

-daily or subhourly
-distributed P, T, PET
-multiple parameter sets




Lumped hydrological model HBV-96 & Algorithms & Noise
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Weerts and El Serafy, WRR, 2006

o Can we estimate errors
in precipitation? Yes, but..

o need of Markov property
state x,,; depends only on x;

o EnKF robust for operational
purposes, PF more likely for
academic studies (in hydrology)

o When freezing outflow governed
by groundwaterstore/bucket




OpenDA-WFLOW
OpenDA is an open source

toolbox for data assimilation

OpenDA and parameter calibration in

a generic modeling context. Observations

Drost et al., 2015

Weerts et al., (in prep) ]
https://github.com/openstreams/wflow
BMI=> http://csdms.colorado.edu/wiki/BMI_Description https://wflow.readthedocs.io/en/latest/




distributed models (wflow _hbv)

a) =l
* First effort using distributed model with HBV clone (wflow_hbv) liK /,:g;'_“f\,f;"}
Rakovec et al., HESS, 2012, Rakovec et al.,HESS, 2015 .
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* Kinematic wave routing (state x,,, depends only on x,) => how much informatiop,dees

the discharge have about states upstream??




Distributed models (wflow_hbv) I
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Best results in terms of the RMSE were achieved using all observations,

which includes all six discharge gauges. Given the travel time of the catchment,
an updating frequency of 12 h seems to be the most appropriate.

Most sensitivity in routing stores




Algorithm (Asynchronous EnKF) and backpropogation of information

Asynchronous Ensemble Kalman Filter (Sakov et al., 2010)
updates model at the analysis step using past observations over a
time window:

d] dg d3 d4 Time

AEnKF: l l l >

Updates

The\ Asynchronous EnKF is particularly attractive from a forecasting
perspective as more observations can be used with hardly any
extra additional computational time!

Rakovec et al., HESS, 2015
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Current=>IMPREX=> and beyond

Flood
Forecasting

Policy

Lumped HBV96

-hourly

-height zones linked to station
certain height

-fixed PET profiles

-fixed interception (g/f)

-big calibration effort

(last time 2008)

-many correction factors, WB
fiddling

-closed source

HBV96
-daily
-big calibration effort (completed
2014)

-multiple parameter sets
-lumped P&T generator

wflow_sbm

-hourly, 6hourly, daily
-distributed P, T, PET
-improve fidelity process
formulations

wflow _hbv

-hourly, 6hourly, daily
-distributed P, T, PET

- PET formulation
harmonized with rest of

RWSOS -LAI, Landuse etc fully
-ensemble DA distributed
-open source -PTFs
-ensemble DA
-forecasted P, Eref, T
-open source
wflow hbv wflow _sbm

-daily or subhourly
-distributed P, T, PET
-multiple parameter sets

-daily or subhourly
-landuse scenarios
-multiple parameter sets?




Forcing and other data

Avg. yearly precipitation sum

Avg. daily mean temperature Avg. yearly PET sum

52= 2500
20

[mm] 52- 9
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2000 51- 15 -
1500 50- 10 )
5
1000 49- -
0
48- _
500 7 %
47-
0 10 -
) 1 - 1
6 8 10 '

 Forcing (6 hourly at 1200x1200 m?):

« From hourly P (genRe), T, PET for period 1996-2015 [van Osnabrugge et
al., 2017, 2019]

 Soil data, e.g.:
* |ISRIC global SoilGrids 250 m [Hengl et al., 2017]

@ « ESDAC for Eurasia [ESDAC, 2004; Panagos et al., 2012]
< » Corine for Landuse

51~

700
50- [mm]
49~

48_

47-

Deltares WAGENINGEN

’ UNIVERSITY & RESEARCH
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wflow_sbm (simple bucket model)

Precipitation

Open water
evaporation

Infiltration or
saturation
excess

Kinematic

1

1

|

1

]

1

1

I

]

1

wave for 1
routing :

i

|

1

1

Unsaturated store Open water |
runoff :

1

I

|

1

(Subcell) :
Saturated store Subsurface flow |
[ Smtmatns bt 2ty

Parameters represent environmental
characteristics

Bucket model with kinematic wave surface
and subsurface flow between cells

ET and interception losses (Gash/Rutter)
Percolary rise

Flow routing on PCRaster D8-network
[Karssenberg, et al., 2010]

Use of multiple soil layers
Glaciers

Reduction coefficient for ET,, from the
unsaturated zone [Feddes et al., 1978]

WAGENINGEN Enublinglo)aﬁwl;t(;-es

UNIVERSITY & RESEARCH
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wflow sbm

Kir:/ematic wave routing
Similar to TopKapi, G2G

Unsaturated

" |

Saturated
/ > Saturated

Kinematic subsurface wave routing




Hypothesis and approach taken

* Hypothesis: we can use point scale PTFs from
pedometric community at 250m (based on
sollgrids, Hengl et al. 2017);

e Use upscaling techniques (similar to what Is
used in MPR and others):
* to achieve flux matching

 to obtain consistent seamless parameters across
scales:

« Validate this approach using a high resolution
distributed hydrological model,

WAGENINGEN Enubﬁng?e]mel_ifl;t(;_es
UNIVERSITY & RESEARCH ’ 1 9




' Parameter Pedo-transfer function by  Upsecaling  Additional notes

- operator
U pscal | ng ru IeS c Rawls and Brakensiek log A A upsealed with log A, ¢
(1989) determined from A at model
resolution
Kext Van Dijk and Bruijnzeel A Look-up table from land
(2001) COVET
KsatVer Brakensiek et al. (1984) log A
LAI Myneni et al. (2015) A
M Derived as exponential
decay-function from KsatVer
at 7 depths
N Engman (1986) and A Look-up table from land
Kilgore (1997) COVET
N_River Z. Liu et al. (2005) Derived at model resolution,
depends on Strahler order
RootingDepth Schenk and Jackson A dsy rooting depth
(2002); Fan et al. (2016)
Sl Pitman (1989) and S. Liu A Look-up table from land
(1998) COVET
Slope (Farr et al., 2007) A PCRaster-functionality
(Karssenberg et al., 2010),
based on DEM

SoilThickness Hengl et al. (2017) and A
ESDAC (2004)

Swood Pitman (1989) and S. Liu A Look-up table from land
(1998) COVET

thetaR Téth et al. (2015) A
Téth et al. (2015) A
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Results Imhoff et al., 2019 res

model parameters at different scales
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Imhoff et al., 2019 resubmitted to

wflow sbm (at 1200m)
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Performance Lakes
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KGE at different model resolutions

KGE per resolution based on gauge observations
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Assimilating waterlevels of 8 Swiss lakes

® Why? LakeS matter L u.m(;ontributiun of Swiss lakes to av. monthly discharge at Lobith
— Rheinfelden [ 300
—— Lobith

—_ w
i i 0m
5 050 part E
° 4
(1]
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Assimilating waterlevels of 8 Swiss lakes

« HBV policy model (daily timesteps)
« Synthetic and real world experiments

Precipitation
Yes ""@" No
sm'nd-'fﬂH Rﬂin_ﬁﬂf
I Snow I

Grid-based catchment Actial evapotranspiration |

. A Girid cell:
discretization:

lﬂunwmh (if T = 0°C)

‘ Soll moisture 14 ¥ |- Direct runoff
rise

Seepage § |Capitlary

==
T

e
:::

1 —_—
: Upper #oie I [ Chuick flow : Kinematic wave model
: * Percolation Hﬂs: faw {}‘Famr level,
‘ H . i Surface runoff)
!
‘ " Laower zone r

WAGENINGEN
UNIVERSITY & RESEARCH _ 27
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‘Real world experiment’

EnKF settings:
Ensemble members = 32

» Perfect forcing
Reforecasts for 2003

_ _ Perturbation noise (spatial):
* Direct Insertion of lake op = 0.5%P

levels, o7 = 2°C

Observation noise:
oo =0.1%Q
oy = 0.01lm

VS.

« EnKF on lake level

Updated states:
Lake Level
Water level river
(UpperZone)

‘ ‘ LowerZone

TR = T




Historical
simulation

Osnabrugge et al., 2019, submitted to JH
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Downstream discharge from 7 lakes and Rheinfelden
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2. Bodensee (lower)

observation
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Conclusions historical
simulation

Lake levels contain information about hydrological states upstream

Updating the upper zone leads to overestimated peak flows in dry times...
...assimilating only the lower zone store is more robust

Direct insertion is viable alternative to EnKF
Lake outflow simulation often needs improvement




—— observation
open loop

—— direct insertion

—— EnKF_W+LZ+UZ

—— EnKF_W+LZ

9. Rheinfelden wa

Historical simulation
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Forecasting at Rheinfelden

Relative absolute mean distance to open loop as function of lead time

* DA has longer memory than DI 10  Eekr
—— ENnKF_LZ
— DI
. . 0.9 4
—>updating hydrological states
has potential .
a
E 0.7 1
0.6 1
0.5 4
< 2 4 6 8 10

‘ lead time [day]
_



Conclusions ‘real world
experiment’

Assimilating lake levels is useful but ...

... requires more attention to the lake models ...
.. and...

... more attention to assimilation set up

<

TR = T

4



Basin wide study on DA

« Wflow_hbv model with Rhine clipped into 12 subbasins:

Ahr Main Rhine above Maxau
Erft Mosel Ruhr

Lahn Nahe Sieg

Lippe Neckar Wupper

« Timestep is 1 hour, but with parameters derived from policy model

 Historical simulation with GenRE P (van Osnabrugge et al., 2017, WRR), and T and PET grids (van
Osnabrugge et al., 2019, HESS)

* Forecasts with ECMWF-ENS reforecasts, 10 members
« Period 1998 — 2015 (excl. 1.5 year warm up)

4

U m



Data assimilation

« Main German tributaries:
« Asynchronous EnKF at 6 hour intervals (32 members)
« perturb P and T, and update Q, H, LowerZone and UpperZone
* No finetuning, just the settings of Rakovec et al., 2015

* Rhein above Maxau
 Direct Insertion of lake levels in the 8 largest lakes

* Forecasts depart from mean states, every 3 to 4 days

<

O vmeewsema o [

4



y

Results — historical analysis

Ahr @ Altenahr B sim
* Model performs Erft @ Neubrueck o AERKE
allright, or even Lahn @ Kalkofen
gOOd . Lippe @ Schermbeck

Main @ Raunheim
Main @ Wuerzburg
Moselle @ Cochem

Moselle @ Trier
Nahe @ Dietersheim

...except for Erft basin

e Data assimilation is

L

beneficial...
Neckar @ Plochingen
...particularly when the Neckar @ Rockenau
model skill is low Rhine @ Basel
Rhine @ Maxau
Ruhr @ Hattingen
 All large subbasins Sieg @ Menden
have KGE scores Wupper @ Opladen

well above 0.8
0.2 0.4 0.6 0.8 1

o

Kling-Gupta Efficiency (-)




Forecasting with DA - Rhine above Maxa

MCRPS [m3s-1]

Mean Continuous Ranked Probability Score
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Overview all subbasin

* DA usually outperforms ARMA for longer lead times

MCRP Skill Score ARMA (vs EnKF)
All data >Q75% <Q25%

1.0

ARMA IS BETTER [ARMA IS BErrER] [ARMA IS BETTER

‘-“""-...r
R A
LELELE]

SO~ W . 1 T

MCRPSS ARMA vs EnKF [-]
MCRPSS wflow open loop vs climatology

—0.47 [EnKF IS BElTER] 7 [EnKF IS BElTER]

_0.6 T T T T T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250

leadtime [hours] leadtime [hours] leadtime [hours]

300 350
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Winners at longer lead times

winners at longer high
leadtimes all flows >Q75 <Q25 flows flows
HBV + HBV + HBV + HBV + HBV + HBV
climate HBV ARMA DA |climate HBV ARMA DA |climate HBV ARMA + DA
Ahr 1 1 0.5 0.5 1
Erft 1 1 1 1
Lahn 1 1 1 1
Lippe 1 1 1 1
Main 0.5 0.5 1 1 1
Moselle 0.5 0.5 0.33 0.33 0.33 1 1
Nahe 1 1 1 1
Neckar 1 1 1 1
Rhine @ Maxau 1 0.5 0.5 1 1
Ruhr 1 1 1
i 0.5 0.5 0.5 0.5 1
1 1 1
1 0.5 1 9.5 1 3.33 133 6.33 0 2 25 7.5




Conclusions

* Seamless distributed parameter maps can be obtained for the gridded hydrologic model wflow_sbm with transfer-functions
from literature.

* Application of wflow_sbm with these seamless parameter maps yield simulation results with high KGE and NSE across the Rhine
basin.

* Fluxes matched across model scales for evapotranspiration, but this match less for fluxes affected by (sub)surface flows.

* We developed a distributed hydrological model ready for data assimilation of HSAF or oter project (IMPREX-HSAF testbed)
* There is a negative bias in the precipitation data over the swiss Alps

* DA assimilation of waterlevels of Swiss lakes either with Direct Insertion or EnKF yield considerable better forecasts

* Modelling of lakes may need more attention

« Streamflow data assimilation for most Rhine tributaries beneficial

* Ensemble DA outperformance ARMA error correction for longer leadtimes and vice versa for shorter leadtimes




Work underway in collab with Ewatercycle Il

* Enable joint assimilation of point streamflow and gridded surface soil moisture observation using the distributed hydrological
model wflow_sbm model for the Rhine developed within H2020 IMPREX.

* OpenDA (and wflow) was extended to enable local analysis to make this possible (conducted with Ewatercycle I1)

* This will be tested also as part of the HEPEX-HASF testbed for the Lahn (ongoing)
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Performance as function of ksathorfrac
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