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PURPOSE OF THE STSM/

Analyzing and forecasting the temporal and spatial vanability of snow is important for hydrological

purposes as well as for weather prediction and climatic models especially in mountainous regions. Snow
nhcarvatione are nereceary for mimmino bvdrolooiceal and meteoralooical modals for calibration validation




OVERVIEW
- FOCUs: “-“'

The use of data assimilation in the context of hydrological operational forecasting
systems

« OBJECTIVE:

How to assimilate data (snow) in applications using conceptual hydrological modelling
(HBV)

 SPECIFIC:

- Implementation of the Ensemble Kalman Filter, as it is perhaps the most widely used
sequential data assimilation method

- Implementation of the variational data assimilation approach
- Get exposed to forecasting systems and produce forecasts based on assimilated s/
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- bl INTRODUCTION

-HOW TO PRODUCE A FORECAST? |
@ Observations

Meteorologic
al Inputs

Initial
conditions
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w4 e INTRODUCTION

INDICATE THE SOURCES OF UNCERTAINTY! |
v Observations
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pal INTRODUCTION

~

9 " DATA ASSIMILATION

“Procedures that aim to produce physically consistent representations

or estimates of the dynamical behavior of a system by merging the

Information present in imperfect models and uncertain data in an

optimal way to achieve uncertainty quantification and reduction.”

(Definition by Liu Y. and Gupta H., 2007, underlined is added)
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hydrological model

Forcing (model inputs):
* Precipitation

e Temperature

e Evapotranspiration

State variables:
e Snow water equivalent

(snow pack + water content in snow)

* Interception storage
 Soil moisture

e Upper zone storage
e Lower zone storage

JMETﬁODOLOGY—l (HYDROLOGICAL MODEL)

. HBV model is selected as the conceptual
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JVIE‘IﬁODOLOGY—l(HYDROLOGICAL MODEL)

 The model structure Precipitation
allows extensive |
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J “METHODOLOGY-2 (KALMAN FILTER)

~S
-’

Ensemble Kalman
Filter is the most
commonly applied
DA in hydrological
sciences (Liu et al.
2012). It estimates
the model (co)-
variances by
perturbing model
forcings and
sampling the model
states.

(True-Obsf  (True- Model) Objective

Ve T function!
O-(fbs O-Model .
dJ__ ,_(True-0Obs) (True- Model)
de Ue 05[33 O-Model

o’ ol TTUE— ObS)+ o, (True— Model)= 0

True(aMode,+ Uobs) Obs oMode,+ Model. O-obs

True= 05 Tuosat MOl 0 | \10tey . (Obs— Model)
(O-Mode/ + O-obs)
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K = © Mol Improved
(O-Model + O-obs) estimate!

Measurement |
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Prediction (estimate)
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— METHODOLOGY-3 (MHE v

“he implementation of the HBV model follows: N’
Disturbance/forcing vector
at R _ k- 1
states > X" |=|f(x [178 .
noise vectors
output — ——{ K= | g(x*, d* [v'}} '
variable ‘ =5
— Linear and non-linear functions of HBV
model
The moving horizon estimation (MHE) for a forecast k=0 over an assimilation period k=[-n+1,0]
Is defined as:
Observations

\ 4 \ 4

min Z[ b x (H)"—l—w'" ]—.}f;"(u,v)||+w”||zﬁH+w1_||vk||:| ¢===m= (Qbjective
T k=N function

q - I's
subject to u; <u” <uy,

. === Hard constraints </
Vv, v <y,

o/

~ 3o
E 05 t COST ACTION Es%géglgg]vsLYds a better harmonization of snow obserﬁtionw{eling and data assimilation in Europe, 30-31 Oct 20?
EUROPEAN COOPERATION \ "
\

IN sCIENCE AND TECHNoLoGY. Budapest-HUNGARY

. Adjoint models are required for the optimization to run more



~_  METHODOLOGY-3 (MHE)

- Variables and objective function terms in the MHE et
Variable Objective Function Term
Precipitation (P) W, (AP)?
Model Inputs
Temperature (T) W (AT )?
Snow Water Equivalent A
(SWE=SP+ V?/C) Wane (Ssue — Sane)’
- - 2 2 2
o Soil Moisture (SV1) Wy, (85, — Sk, ) + W,q, (AS,)
Upper Zone Storage (U2) W, , (AS,)?
L ower Zone Storage (L2) W, ,(AS',)?
Snow Covered Area (SCA) | W, (AL, — AL,)? C)
Model Outputs =
Discharge (Q) W, (Q - Q“)? /
N
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~_  METHODOLOGY-3 (MHE)

Variational data assimilation by moving horizon estimation (MHE): "’
* Model simulation over an finite-time assimilation period,

Cost function with penalty on deviations between observed and simulated guantities

and the update of model inputs and states,

Minimize the cost function by an optimization algorithm,

Apply the assimilated states as initial condition of a forecast and

Repeat the procedure at every forecast time
t=0 =0

Assimilation period foregast

MHE
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»# 4DVar:

+ simultaneous technigue over several time steps

A
[

+ suitable for reanalysis

- requires first-order sensitivities, I.e. adjoint code, and
preferably a smooth model

e - deterministic approach

Ensemble KF:

+ applicable on black-box models, simple to implement

=

o
e - sequential technique, has issues W|th time lags
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TUf)Y AREA 1 (KARASU BASIN - TURKEY)
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\/STUWA 2 (CANALES BASIN - SPAIN)
- Alpine basin ~—r

JHeadwaters of the-Genil River (Northern flank of the Sierra Nevada Mountain,
Southern Spain)

- Surface area = around 176 Km?

- Mean elevation of 2050 m.a.s.l. (ranging from 850 and 3443 m.a.s.l)

A1 ‘élt/ =
A r -

.....

3 P 2
) ) U
v g4 772

' :‘,. 2h .,,.,.‘I’.’ { By - : f-g ol |
; g A i )~ 'r:b“,/ :
7 B ot @ ] (A !
; ‘l;'"?';: ] "‘i'!:" MTALMER[A 37
774 40 e
— Genil River \\

[0 Canales Reservoir | ./
[ Canales Basin




-
-~ MODEL SETUP FOR KARASU BASIN:
« 10 elevation zones and 1 land use type ot
e Cal period 01/10/2001 to 30/09/2008 (NSE of 0.84)
 Val period 01/10/2008 to 30/09/2012 (NSE of 0.74)

0ct-2000
ct-2001 1 &
2002
0ct-2003
0ct-2004
20051 %
0ct-2006
0ct-2007

Daily Observed and simulated discharge with the HBV model for the calibration perio
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MODEL SETUP FOR CANALES

5 elevation zones and 1 land use type ol
. Cal period 01/10/2000 to 30/09/2010 (NSE of 0.69)
e Val period 01/10/2010 to 30/09/2014 (NSE of 0.58)
. 10 | C
Z " ‘. v LI ‘ . .‘.,,yf ‘ | J‘ v L LF P ‘ ' vl \/

Dailv Observed and simulated discharae with the HBModeIWthe calibfét.ion Derioél
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Sequential experiments

MODEL SETUP MATRIX FOR DA APPLICATION

Uncertainty Observations

Uncertainty Perturbation

Limits of Tails

Members Test casg Local folder - NolD
Q SCA P T P T
100 0.1% 0.05% 1lmm 0.25°C 1000mm{| 0.5°C | Karasu [40_Karasu_Seq_100_0.1_0.05_1mm_0.25°C_1000mm_0.5
100 1% 5% 1mm 0.25°C 1000mm| 0.5°C | Karasu |41 Karasu_Seq_100_1 5 1mm_0.25°C_1000mm_0.5°C
100 1% 5% 3mm 0.25°C 1000mm| 0.5°C | Karasu [42_Karasu_Seq_100_1 5 3mm_0.25°C_1000mm_0.5°C
100 1% 5% 1mm 0.5°C 1000mm| 1.0°C | Karasu |43 Karasu Seq 100 1 5 1mm_0.5°C_1000mm_1.0°C
100 1% 5% 1lmm 0.25°C 100mm | 0.5°C | Karasu |44_Karasu_Seq_100_1_5 1mm_0.25°C_100mm_0.5°C
100 2% 5% 1mm 0.25°C 1000mm| 0.5°C | Karasu |45 Karasu Seq 100 2 5 1mm_0.25°C _1000mm_0.5°C
100 1% 1% Imm 0.25°C 1000mm| 0.5°C | Karasu |46 _Karasu Seq 100 1 1 Imm_0.25°C_1000mm_0.5°C
100 1% 15% 1lmm 0.25°C 1000mm{| 0.5°C | Karasu [47_Karasu_Seq_100_1_15 1mm_0.25°C_1000mm_0.5°C
100 0.1% 5% 1mm 0.25°C 1000mm| 0.5°C | Karasu |48 Karasu_Seq 100 0.1 5 Imm_0.25°C_1000mm_0.5°C
Variational experiments
Neight of Observation Range of Noise Terms (weight at 1.0)
Q SCA P T SM Uz LZ [Test cassg Local folder
10 0 1.3,0.7 2.0,-2.0 1.0,-1.0 1.0,-1.01.0, -1.0 Karasu |01_Karasu_Var_10_ 0 302 1 1 1
10 1 1.3,0.7 2.0, -2.0 1.0,-1.0 1.0,-1.01.0,-1.0 Karasu |02_Karasu_Var_10_1 302 1 1 1
10 0 1.3,0.7 2.0, -2.0 5.0,-5.0 5.0,-5.05.0,-5.0 Karasu |03 _Karasu_Var 10 0 30 2 55 5
10 1 1.3,0.7 2.0, -2.0 5.0,-5.0 5.0,-5.05.0,-5.0 Karasu |04 _Karasu Var 10 1 30 2 55 5
100 1 1.3,0.7 2.0, -2.0 5.0,-5.0 5.0,-5.05.0, -5.0 Karasu [05_Karasu_Var_100_1 30 2 5 5 5
50 1 1.3,0.7 2.0, -2.0 5.0,-5.0 5.0,-5.05.0,-5.0 Karasu |06_Karasu Var 50 1 30 2 55 5
1 1 1.3,0.7 2.0, -2.0 5.0,-5.0 5.0,-5.05.0,-5.0 Karasu |07 _Karasu Var 1 1 30 2 555
200 1 1.3,0.7 2.0, -2.0 5.0,-5.0 5.0,-5.05.0, -5.0 Karasu |08 Karasu_Var 200 1 30 2 55 5




PERFORMANCE MEASURE

« THE CONTINUOUS RANKED PROBABILITY SCORE (CRPS)
GENERALIZES THE MAE TO THE CASE OF PROBABILISTIC
FORECASTS. THE CPRS IS ONE OF THE MOST WIDELY USED

ACCURACY METRICS WHERE PROBABILISTIC FORECASTS ARE
INVOLVED.

1 inf . 5
CPRSL:_Z f F, Yoo =1 Y 2 Y dy

N —inf
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SUMMARY

+ Data assimilation increases the streamflow forecast accuracy in both ~
-~ methods.

* Including satellite snow products increases the forecast accuracy of
streamflow together with SCA forecasts.

 Significant improvement is seen in the variational method by assimilating
snow. It produces estimates that improves discharge and snow forecast.

e Sequential method produces relatively poor performance of forecasted snow
by assimilating either Q only or Q and SCA.

« Strong tradeoff between improvement of forecasted Q and reduction of SCA
forecast skill in sequential assimilation

=

e Other performance indicators capturing additional properties of the ensemble =
(e.G. Brier score, ROC curves) could contribUte ‘te-the effects produced by /



s ° FUTURE WORKS

««Other satellite products could also be applied for DA, for instance
~ snow water equivalent, soil moisture.
* In-situ observations of snow (e.g. depth, swe, etc.) could also be
used in DA
« Enhancement in real-time runoff forecast can improve the reseroir
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Advances in Water Resources
Volume 110, December 2017, Pages 1582-192

e Multi-parametric variational assin "'

Multi-parametric variational data assimilation for
hydrological forecasting

R. Alvarado-Montero A2 & D. Schwanenberg "& P Krahe “& P. Helmke *&, B. Klein *&

Show more

https://doi.org/10.1016/j. advwatres.2017.09.026 Get rights and content
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THANK YOU!
In Preparation:
Sequential and variational assimilation of discharge and snow data using
=

hydrological lumped models in mountainous catchments
Rodolfo Alvarado Montero, Gokcen Uysal, Antonio Collados, David Pulido Velazquez, Aynur Sensoy /
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