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R Data Assimilation

Satellite
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Data assimilation is used operationally in

e W . oceanography and meteorology, but in
——— Jenovl - nydrology it iIs only recently that international
research activities have been
deployed.

(some) Open questions in DA
1. Which is the best DA techniques?

2. How can satellite data be used in a framework for DA
In hydrological models?

3. Which is the proper model configuration?

4. Which is the impact of DA on the hydrologlcal cycle’P
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1. Data Assimilation Technique

Direct insertion (Houser et al. 1998; Walker et al. 2001a)
Statistical correction (Houser et al. 1998)
Successive correction Bergthorsson and Déos (1955)
Analysis correction Lorenc et al. (1991)

Nudging (Stauffer and Seaman 1990)
Optimal interpolation (Lorenc et al. 1991)

Kalman Filters, simple, extended, ensemble (Evensen) SEQUENTIAL
: : FILTERS
Particle filter (kalman, 1960; Evensen 1994, Gordon et al. 1993)
i+ — v i- [ i-
| X" =x"+ Gy -x/')
3D & 4D var -> Var. filter

o , N-1 o . .
J=%(xa—x§]‘r3§ [I'E;,—K§,|'+}é;{_z,r—zk_fﬁj[_zk—zt._]_

Houser, De Lannoy and Walker (2012). Hydrologic Data Assimilation, Approaches to Managing
Disaster - Assessing Hazards, Emergencies and Disaster Impacts,
http://www.intechopen.com/books/approaches-to-managing-disaster-assessing-hazards-
emergencies-and- disaster-impacts/land-surface-data-assimilation




1. Data Assimilation Technique

The assimilation technique is particularly important in some
cases

Samuel, J. et al. 2014 (JoH)
“[...] In the streamflow assimilation, soil moisture states were markedly Distorted [...]"

"General filtering approaches in hydrologic data assimilation, such as the ensemble
Kalman filter (EnKF), are based on the assumption that uncertainty of the current
background prediction can be reduced by correcting errors in the state variables
at the same time step. However, this assumption may not be valid when assimilating
stream discharge into hydrological models to correct soil moisture storage due to the
time lag between the soil moisture and the discharge ...”

Li et al. 2013 (WRR)

The EnKF is designed to update model-forecasted state predictions at the same time
an observation is acquired. No attempt is made to reanalyze previous model
predictions in response to a particular observation. In contrast, the Ensemble Kalman
Smoother (EnKS) can be used to update all model states predictions within a fixed lag
of past time (Dunne and Entekhabi, 2005).
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2. How can sat. data be used in DA?

Satellite data give information of soil moisture for the
first centimetres of the soil. This may not match the
layer depth simulated by the model (different
climatology and considerable bias)

root-zone |

Usually satellite
soll moisture data
CANNOT be
directly used within
hydrological
models

Overland Flow

Subsurface Flow

Percolation

Groundwater Flow Clsservare per prevedene, prevedens per prevenine
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2. How can sat. SM data be used in DA?

A. “Transform” the sat. SSM In the "same” modelled
variable
« - Filtering
B. Adjusting the observation to match the climatology of
the model
« =2 Bias handling
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2. How can sat. SM data be used in a DA?

Filtering: A filtering technique is applied to obtain information of a deeper
soil layer

> SSM exp(_f —f,-) SWI:  Soil Water Index
SWI(f) = | t time |
zexp(_f—fij SSM;;: relative Surface Soil
: I Moisture [0,1]

ti: acquisition time of SSM;

Wagner et al., 1999, Stroud, 1999 AR
T. characteristic time length

Albergel et al., 2008

100 . . i
£ Surface Soil Moisture  §
5 ® SSM
"E +0E
E 205
.Jufll'n_ﬂ'il - Sep 93 I 23 Hnrﬂﬂ Jun 00 = Sep 00 Dae 00
Tiels : : Flllerlng
E - C) r=20 Profile Soil Moisture
Eoo- oo 1=
SWI
E 0
a L
; 0
L4 n_ ETEVETIFE

Jur 99 Sep 99 Dec &9 Mor 00 Jun 00 Sep 00 Dec 00 _




2. How can sat. SM data be used in DA?

Bias Handling: Several potential strategies exist and have been
applied in hydrologic data assimilation

Variance matching (VM) (Brocca et al. 2010, 2012, Matgen et al. 2011, Chen et al. 2011)
Linear regression techniques (LR)

Cumulative distribution function matching (CDF) (Reichle and Koster 2004)
Anomaly based cumulative distribution (aCDF)

Triple collocation analysis-based approach (TcA) (Stoffelen 1998, Yilamz and
Crow 2013)

There many methods their optimality (for real cases) in terms of

error analysis In an assimilation framework has not been yet
analysed




2. How can sat. SM data be used in DA?

ORBA Catchment
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SSM [m>/mA)
Mod Sat Deg [-]
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1. Filtering -> SWI
2. Bias handling

SAZ'(SC]};’; ) XS (SDjpog )+ M SDys)

«_  SAT- min(S4T)
SAT = - <
gmax (S4T)- min(SAT)H

£Max (SD,q) - Min(SD,q)BHMin(SD,)

SAT" =
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2. How can sat. SM data be used in DA?

Advances in Water Resources 52 (2013) 19-33

Contents lists available at SciVerse ScienceDirect

3‘ D E n K F AN ¥ ) Advances in Water Resources

journal homepage: www.elsevier.com/locate/advwatres

y-HX 2

Assimilation and downscaling of satellite observed soil moisture over the Little
River Experimental Watershed in Georgia, USA

Alok Kumar Sahoo®*, Gabriélle ].M. De Lannoy ®, Rolf H. Reichle®, Paul R. Houser®

Sahoo et al., 2013

R G After the assimilation the analysis is
Upscaling (H) of the Downscaling (K) of the . .
o= e b & e e bias-corrected to bring the output to the
N e S TR WA A true climatology

Both the EnKF algorithms produce fine-
scale results that are closer to the in
situ data than either the model open
loop or the satellite observations alone.
The 3-D EnKF slightly outperforms the
1-D EnKF and better preserves realistic
spatial patterns because of the colored
spatial error correlations and the
corresponding impact of multiple coarse

observation grid cells
e

The 1-D EnKF application assimilates a
priori partitioned observations at the fine
scale model grid cells.

The 3-D EnKF algorithm downscales the
coarse observations within the
assimilation scheme and uses multiple
coarse observation grid cells, as shown
in Fig. 2.




3. Proper model configuration

/ Filtering the observation Modifying the mod% ﬁ — S N
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Flores et al. 2012 (WRR)

Csservare per préveders, prevedens per prévenire




e
4. Which is the impact of DA on the hydrological cycle?

Many of the hydrologic DA studies reported in the literature focused on advancing the
theoretical development of DA techniques using synthetic experiments (e.g.,
Andreadis et al., 2007; Kumar et al., 2009; Crow and Ryu, 2009).

« diagnostic and design purposes such as assessing the impact of improper
characterization of model and observation errors (e.g., Crow and Van Loon, 2006;
Reichle et al., 2008

« evaluating the potential benefits of future satellite missions (e.g., Matgen et al.,
2010)

Only a few formulated DA in an operational setting and attempted to evaluate the

performance gain from DA in real cases (e.g., as a result of better characterized initial

conditions) studies (e.g., Seo et al., 2003, 2009; Thirel et al., 2010; Weerts et al., 2010;

DeChant and Moradkhani, 2011, Brocca et al. 2012 )

“There is a strong need to estimate soil moisture content through assimilating
remotely sensed soil moisture into a long-term, physically based distributed
catchment scale hydrologic model. Most of the previous studies that explored
DA for runoff simulation used conceptual rainfall-runoff models (Aubert et al.
2003; Weerts and El Serafy, 2006; Crow and Ryu, 2009; van Delft et al. 2009) or
lumped models (Jacobs et al 2003) or for short-term period with real

measurements (Pauwels et al. 2001)". Han et al. 2012
]
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4. Which is the impact of DA on the hydrological cycle?
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4. Which is the impact of DA on the hydrological cycle?

Journal of Hydrology 416-417 {2012) 98-117

Contents lists available at SciVerse ScienceDirect |-'
Journal of Hydrology I
¥ (a) —— Open loap EnKF Implementation of surface soil moisture data assimilation with watershed
10 i scale distributed hydrological model
g i -‘H ‘ . h-‘ hww‘\‘ Eunjin Han?, Venkatesh Merwade **, Gary C. Heathman® Han et a].., 2012
E u - I - - -
£ L,Lr i lqm” NP o L i Synthetic experiments using SWAT
g oAl T LA T il fik yr.uJ e
= P A u’w " ;.;ﬁﬂfu,d‘if*e.-’-s-_- model Results of assimilation:
- * great |mpact on soil moisture
(b) — Qpen loop EnkF = =
= « small impact on discharge
2 w0 B, e [ . - c c .
N i I A * impact on discharge is a function of soll
= ; N A
2 4 { | J“'JJ t e
= Py 1R, o t
T w ri"'[ = ?‘Lﬁ.j‘ lﬁ: LA ALY b T .
‘ WYY e the capability of the SSM assim. for
]
(@) —ome —we | IMProving streamflow is constrained by
0.84 ;" . . .
i the accuracy of precipitation
€ 06 Il
ﬁ 04! m AN ! \'\f""‘h‘wﬁ“n 1] Model predicted antecedent soil moisture is less than the
P N i 4 } . .
2 ol NN } A PR true soil moisture (fpredicred < Grrue = Opagr) and current pre-
) T ) ~ cipitation is overestimated.
' 2) Model predicted antecedent soil moisture is greater than the
N T Openl EnkF true soil moisture igpn'rll'r'.'r'rl > Qrrye = 'HFnF{'F] and current pre-
~ e " cipitation is overestimated.
T . 3) Model predicted antecedent soil moisture is less than the
g i ;,_ true soil moisture (Bpredicted < Frrue = Opngr) and current pre-
z I cipitation is underestimated.
g 1] B | %f é‘; 5 & 4] Model predicted antecedent soil moisture is greater than the
) e AR ALY B e i true soil moisture (Bpredicred > Brrue = Bengr) and current pre-
153 173 193 213 233 253 273 293 313 333 383 7 27 47 67 87 107 137 147 cipitation is underestimated.

Julian day (from June 1, 2008 to May 31, 2009)
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Assimilation of sat. SM in distributed hydrological model

Continuum model

MAIN CHARACTERISTICS:
* Simple but complete description of Hydrological Cycle

* Schematization of vegetation interception and water table
*  Tank schematization of overland and channel flows

* Mass Balance and Energy Balance completely solved

* Fully Distributed

doi:10.5194/hess-17-39-2013 Earth System
© Author(s) 2013. CC Attribution 3.0 License. Sciences
E0

Hydrol. Earth Syst. Sci., 17,39-62, 2013 e T T ppm———
www.hydrol-earth-syst-sci.net/ 17/39/2013/ (6\5 Hydrology and

Exploiting remote sensing land surface temperature in distributed
hydrological modelling: the example of the Continuum model

F. Silvestro', S. Gabellani', F. Delogu', R. Rudari', and G. Boni'?

'CIMA research foundation, Savona, Italy
2DIBRIS, University of Genova, Genova, Italy

Correspondence to: F. Silvestro (franc i org)

Received: 24 May 2012 — Published in Hydrol. Earth Syst. Sci. Discuss.: 14 June 2012
Revised: 12 December 2012 — Accepted: 20 December 2012 - Published: 11 January 2013

Silvestro et al., 2013

* River network derived from a DEM

* Spatial-temporal evolution of:

The model Fortran code is open and can be requested
to: http://www.cimafoundation.ore/cima-

foundation/continuum/

*  Streamflow

*  Evapotranspiration

*  Vegetation retention

* Land Surface Temperature
*  Soil Moisture

¢ Water table

Hydrol. Earth Syst. Sci. Discuss., 11, 6215-6271, 2014
www hydrol-earth-systsci-discuss net/11/6215/2014
doi:10.5194/hessd-11-6215-2014

® Author(s) 2014. CC Attribution 3.0 License.

This discussion paper is/has been under review for the journal Hydrology and Earth System
Sciences (HESS). Please refer to the corresponding final paper in HESS if available.

Uncertainty reduction and parameters
estimation of a distributed hydrological
model with ground and remote sensing
data

F. Silvestro', S. Gabellani', R. Rudari’, F. Delogu’, P, Laiolo', and G. Boni"?

° It can be calibrated using only satellite data (e.g. surface S ety oS nen S

Received: 14 May 2014 — Accepted: 15 May 2014 — Published: 13 June 2014

temperature Or Soil moisture) . Model Sultable for application in data Correspondence to: F. Silvestro (francesco.silvestro @ cimafoundation.org)

scarce environments

Published by Copernicus Publications on behalf of the European Geosciences Union.

Silvestro et al., 2014
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Continuum
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H-SAF Soil Moisture products

ORBA Catchment

SSM 28/06/2013 h 09 ‘I OO
* SM-OBS-1 (H07)
. . 90
Large-scale surface soil moisture (SSM) [-] :
i
Time frequency: 2 maps per day, 1-2 days revisit time 80
Spatial coverage: Strips of 1000 km swath covering the whole globe
Resolution: 25 km ! n
" " Longitude - T 7" 70
ORBA Catchment
* SM-OBS-2 (HO08)
oy - 60
Small-scale surface soil moisture (SSM) [-] Ry
Time frequency: 2 maps per day, 1-2 days revisit time ™ ™
Spatial coverage: Strips of 1000 km swath crossing the H-SAF area 5
Resolution: 1 km
; ‘ - {40
° SM-DAS-2 (H14) e
e SMI level2  on 26062013 - - 30
Profile Soil Moisture Index (SMI) in the roots region [-]
Time frequency: Daily map (at 00.00) 20
Spatial coverage: Globe 5
Horizontal resolution: 25 km Tl
Vertical resolution: 4 layers (0-7 cm, 7-28 cm, 28-100 cm, 100-289 cm) 10
T 0
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SMOS soil moisture product

® L.evel 2 Soil Moisture

volumetric soil moisture content (SMC) [m?/m?]

Time frequency: 2 maps per day, max 3 days revisit time

Spatial coverage: 600 km swath covering the whole globe
Resolution: 43 km in average, 35 km (centre of field of view)

ORBA Catchment
SMOS SMC on 30/06/2013 h5

02

Latitude

01

0.05

4445 =t R SRR RS T

i i i i i i i i i
0
8.5 8.55 86 8.65 8.7 8.75 8.8 8.85 8.9 [
Longitude
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Data Preparation

* Satellite soil moisture data regridded to Continuum
grid using nearest neighbour method

° Assimilation of the mornig passes only

* Discarded HO7 data with high quality flag

® Discarded SMOS data with DQX>=0.045 and
RF1/200>1

Normalization:
SAT. = SAT — min(LSA 7)
max(SAT)—min(SAT)

Linear Rescaling (H14)

SA 7"’* — MT_—‘H(SIm . O’(S‘Dmod)+ JU(SJDnmd)

o(SAT)

Min Max correction (HO7, HO8 and SMOS)

SAT—min(SAT)
[max($47)—min(S47)]

SAT" = . [max(SDm o )—min(SD,__ )] +min(SD. )

SSM
(HO7 - HO8)

¢

Exp. filter

e

Min Max Cort.

ke
i

Assimilation

SMC
(SMOS)

. 2

Normalization

+

Exp. filter

it

Min Max Cort.

*

SWI

<

Assimilation

=

Csservare [T DYEVEGETE, DIEVEDERE DEr prevenineg

SMI

(H14, mean L1,1.2)

> 2

Normalization

v

Linear Resc.

+

H14*

<

Assimilation
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Assimilation in Continuum model

1.

Assimilation of the four SSM products

Model scale 2 Re-grid of Sat. data at model’s
resolution, filtering and bias handling and
Assimilation

Sat. scale = Re-grid of Model’s state at Sat.
resolution, filtering and bias handling,
Assimilation and then downscaling of
assimilated state to model’s resolution

Model scale = Re-grid of Sat. data at model’s
resolution and Assimilation

—

=

— Nudging

_+ Ensemble




1. Model Scale = Re-grid of Sat. data at model’s
resolution and Assimilation

i B HO7
. Regrid on
DEM grid
(008 pataflag
- . + EXp.
Filter

1 MinMax
7 l correction

ORBA Catchment
ASCAT points 06/10/2012 h 08

s
B, R -

ORBA Catchment
SWiI* 06/10/2012 h 08

Longitude

Example of the scheme

used for the assimilation of o :
HO7 product Assimilation in

hydrological model
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2. Sat. Scale > Re-grid of Model's state at Sat.

resolution, Assim. and then downscaling to model’s

eESSme 0 er FE€SOlution
‘ | W Regrid on
BEM.ard HO7 Regrid
%” [PPSR "(f@@m)ﬂ l Im on reg_ grld
. -

ORBA Catchment Data flag
SSM 06/10/2012 h 08
Filter

ORBA Caiciner]
SWI 06/10/2012 h 08

81 @
Longitude

Example of the scheme

used for the assimilation of T

SWI* 06/10/2012 h 08

HO7 product

MinMax
correction

Assimilation in
hydrological model
at coarse resolution

&, DrEvedere per prevenire
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1. Model Scale - Re-grid of Sat. data at model's

resolution and Assimilation

Nudging
assimilation
X" hoa— New Saturation Degree SCh eme

mod mod mod

X s (1) = X o 1)+ G -1, ()= X, (1)

X" hoa = Background modeled Saturation Degree

SWI* (H07, H08, SMOS) |
SMI* (H14) H No assimilation over “

X, ps= Observed Saturation Degree<

urban areas and rivers

G = Gain - G = RIMSD]NOLI
RMSD . + RMSD,,

mod

RMSD, ;= Root Mean Square Difference of X ;= 0.092

(Estimated from a studv over modeled soil moisture outputs)

/RMSDH14: 022 [

SOURCE: Albergel validation work presented during H-SAF meeting in Budapest 2013

RMSD,_ .= Root Mean Square Difference of X

obs

RMSDyqyy; jysap: 0.12 [-] for HO7 and HO8
(SOURCE: Brocca et al. 2011)

Csservare [T DYEVEGETE, DIEVEDERE DEr prevenineg
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Nudging assimilation scheme
Satellite scale

X+od(t):X od()+SXRXG { —HxX, ()J

m m

X" 0a— New Saturation Degree

X" hoa = Background modeled Saturation Degree

SWI* (H07. HO8. SMOS)

X, b= Observed Saturation Degr€e< SMT* (H14)

RMSD.__, G =03 (H14)

G = Gain value G=
G =0.43 (H07 and HO8
» RMSD,, ., + RMSD,,_ \G = 0.28((SMC;1I51) |

H = Observation operator (allow to obtain the map at 12.5 km resolution from that at 100 m resolution)

R = Regrid operator (allow to obtain the map at 100 m resolution from that at 12.5 km resolution)

S = Spatialization operator (allow to redistribute the correction on the 100 m grid. The correction depends on
the ratio between the value of X', at each 100 m pixel and the mean soil moisture value at the

corresponding 12.5 km pixel)

Lservare per preveders, prevedens per prévenireg



Bayesian assimilation scheme
Model scale

SD,.,(6)=(SD|sD,,.)=(P"-m+ R -SD,,, }-(P" + R™')"

SD_ .= Posterior mean of Saturation Degree

SD,, 4(t) = Modeled Saturation Degree
SWI
SD_,(t) = Observed Saturation Degree 4 SMI (H-14)

R = Variance of SD_. = 0.04 (assumption)

1<
m = Expected value of SD,_ d- mit)= N;SDmod.i(t ) N = 20 parameters sets

N

P = variance of SD_, - p SDmd]— ﬁZ[ nod. ))2]
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Soil moisture basin scale comparison

O r b a Period: July 2012 — June 2013

Rsu,smmn?): 0.82 Rsu,smmm,r: 0.85 RSD,HM(LE‘)= 0.97 Rsu,swﬂmsf 0.84
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Soil moisture basin scale comparison
Ca Se ntl NO Period: July 2012 — June 2013
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Soil moisture basin scale comparison
M d g a Period: July 2012 — June 2013

Rsu,swrma?f 0.66 Rsu,swrmmf 0.45 Rsu,mf 0.68 Rsu,sm;snmar‘ 0.12
1 I T T T T T T T 2T T .
Nod SD R= 0.66
e SWIT Ho?  §
0.5 [ : 4. =
. ’ - ““'"-
] -- K] | -
Julfeg  Augfz  Sepfz Qo2 Nowlz DecHlz Janfs Febf3 Marf13s  apr3s May1s  Junfls
1 I T T T T I T T
R=0.45

e swre e ;N[\MJ\ ;‘\\k_nuJ\j‘ . -
h“"""“*—-—l—-—--—-’\l/\'\\’ | | | | |-M‘f'\'|l | | \V\VL .

o
JulAe  Augfe  Sepfz  QeotMz2 MowMz2 DecHe2 Janfs Febf3 MarfA3  AprA3 Mayl3  Junfl13

0.5

= | ] | |
o
Juli2  Augfe  Sepfz  QcotM2 Now12 DecHe JanM3 FebMM3 Marf3  AprA3 MayM3  Junf13

1 ' ' T T T T | T — T ]
ModsSDD | . AMAR A A K Axw ' —_
Coome o SV SRAOS Aok - N R_ ('012
0.5 o ! T,
.-i:’ll‘r " T
S W R | )

o
Julfz  Augfz Sepfz OctA2 MNov12 DecHz  JanM3 FebfM3  MarA3  Aprf3 MayM3  Jun13 Ereverie




-]
Annual results - Orba
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Annual results - Casentino
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Annual results - Magra
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Seasonal results - Orba
Model Scale - Nudging Sat. Scale - Nudging
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Seasonal results - Casentino

CASENTINO - E Improvements respect OL
Nudging assimilation - Model scale
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Seasonal results - Magra
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Discharge events results - Orba
Nudging — Model scale
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Discharge events results - Orba
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Impact of assimilation on
other state variables

* Water Volume (V)
* Evapotranspiration (Evt)
* Land Surface Temperature (LST)
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Conclusions

* Annual evaluation

— Assimilations of Soil moisture products improved the performances
— “Sat. Scale” is better than “Model Scale” for Magra and Orba

— The Ensemble method is promising on Orba
* Seasonal evaluation
— Summer and Autumn benefit most from assimilation
— “Sat. Scale” is better than “Model Scale” for Magra and Orba

* Events evaluation

— H14 leads to improvement in 90% of cases
— HO7 and HO8 lead improvement in 50% of cases

— SMOS lead improvement in 35% of cases

Clsservare per preveders, Drevedens per prevenire
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