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WP6 Motivation

* Gravity-based time series of total water storage anomalies are an
integral descriptor of the wetness status of river basins
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WP6 Motivation

* Gravity-based time series of total water storage anomalies are an
integral descriptor of the wetness status of river basins

* Hypothesis: added value for monitoring and forecasting hydrological
extreme events (floods and droughts)
as compared to standard indices based on precipitation or soil
moisture

o aturated soils
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WP6 Objectives

Task 6.1

Validation of new gravity products for historical flood events
(M07-M30)

Task 6.2

Provision of gravity-based indicators for forecasting of
hydrological extreme events with lead times of several months
up to near real time (M01-M36)

Task 6.3

Improved mechanisms for automatic satellite-based flood
services (M07-M36)
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Analysis of the monthly EGSIEM combination product
- drought indicators -

California - 119.5° W/ 39.5° N
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—EGSIEM combined product
—— Seasonal
~=«| inear trend
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» Water storage deficit as the negative residual of
the de-seasonalized GRACE time series
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Drought indicators

Drought events (3 months and longer), 2003-2014
Year of maximum TWS deficit of the EGSIEM combined product (threshold -10 cm)
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Drought indicators

Drought events (3 months and longer), 2003-2014
Year of maximum TWS deficit of the EGSIEM combined product (threshold -10 cm)
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Flood indicators

Wettest month on record, 2003-2014 (threshold > 10 cm)

Year of maximum monthly TWS of the EGSIEM combined product, linear trend and
seasonal cycle removed
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Evaluation of daily EGSIEM gravity products

Floods in the Ganges-Brahmaputra Delta region

g'ne
Rawaplm:\ll&"

s '
o ey

Sargodha  Sulranwal

g oy
Lahore] Amritsar
habad o 3 o Juliun dur.
,»C’udllmau
N P 4
)

all [

W,
pur /
/

~ Dethi, o Moradab, ad ‘,

/ ““Ghazabad  Bareilly" .
Faridabad ® ks,
Bikaner Aligarh
dJ
R %,
alpur o 1
o o' Py Agra Lucknow i £ Gorakhpur ..
Kanpur e 2 gl T
Slodhpur SGwallor ho

Allahmadu
©varanasi

Ahmadabad

Vadodara
° Nar
Ehiavnagar
Surat Fet oy, N. r
1 5 Amravati  © e
dalgaon Akola’
b Aurangabad
Nasik ;
Kalyan
50
Nbai & Thane
Pim, ﬂ%P
= une Warangal
jlrg Fshoiqaur
Hhik wHyderabad K
Kolhapur ‘. >

EéSI E M WP6: Hydrological Service

HORIZON 2020



Daily GRACE gravity solutions track major flood events
in the Ganges-Brahmaputra Delta, example 2007 flood

—— Wetness Index

Combined River Flow in Ganges-Brahamputra
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Gravity-based wetness index

* Based on the daily gravity field solutions (GFZ RBF V211 and TUG ITSG-Grace2016)

* Input: gridded (1x1 degree) total water storage (TWS) anomalies, GIA reduced

* For each grid cell:

o Reduce long-term trend and EGSIEM Wetness Index, 30 May 2010
mean seasonal variations pr—all 7| T BT
o Normalize by standard deviation /

of TWS over entire time period \

* Result: unit-less wetness index
for each grid cell
describing the inter- and intra-annual —1
storage anomaly as a deviation R
from the seasonal cycle

 Combined wetness index as the maximum of GFZ and TUG indices on each day

E@S I E IVI WP6: Hydrological Service

HORIZON 2020



Daily GRACE gravity solutions track major flood events
in the Ganges-Brahmaputra Delta, example 2007 flood
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E@S I E Dally total water storage
in the danube basin from ITSG-Grace2014
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E@S I E Daily total water storage
in the danube basin from ITSG-Grace2014

opean Gravity Service for Improved Emergency Management

Danube flood 2006 65" F—
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Wetness index for early flood warning

Example Danube river basin — 2006 Flood

First Peak of Wetness Index on 14 March 2006

Lead time: 43 days

T
= §

Daily wetness index_ March 19, 2006

Wetness Index (-)

SN
8 e I e :
L,.M,/ N A
| Wetter than normal
1 _'5 s 5 | conditions in March
2 < | before Danube flood in
\‘\\_ S
\:.-", P )
3 2 1 0 1 2 3

wetter than normal

River discharge at Ceatal Izmalil
(outlet of the Danube Basin)

Flood peak on 26 April 2006

| | , 16
2006 | p

h

— ITSG-Grace2016 Wetness Index (-) 14
—— GFZ RBF v211 Wetness Index (-)
~— Combined Wetness Index (-)

River Flow at Ceatal Izmail (103 m® s'1)

M J J

WP6: Hydrological Service

HORIZON 2020

River flow (10° m®s™)



Wetness index for early flood warning

Example Danube river basin — 2010 Flood

Empirical threshold of Wetness Index of 2 River discharge at Ceatal Izmalil

exceeded on 30 June 2010
Lead time: 37 days
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Wetness index for early flood warning

Example Danube river basin (Ceatal Izmail, 807000 km?2) — Annual flood maxima

Single and combined Wetness Indices
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Wetness Index (-) and river flow (2*103 m> 3'1)

Wetness index for early flood warning

Example Danube river basin (Ceatal Izmail, 807000 km?2) — Annual flood maxima

Year Major Peak Flow Flood Warning if Lead Comment
flood at Ceatal Izmal WI>2 time
— Single and combined Wetness Indices event in (days)
the basin Date Qmax | Date Wi
6 (10°
m3/s)
4t i 2002 X 02.09. 17.4 - False negative
2003 X 20.01. 19.5 12.01. 2.0 8 Correct positive
2 2004 29.04. 22.2 - Correct negative
2005 X 02.05. 28.8 - False negative
o 2006 X 26.04. 31.8 | 14.03. 2.4 43 Correct positive
2007 14.12. 17.2 - Correct negative
2l ‘ oy W 2008 28.04. | 20.6 - Correct negative
i ITSG-Grace2OV§|6 i“N‘etnes‘s‘l}jdex;‘ 2009 X 21.04. 22.8 02.03. (09) 42 False negative
4l — SFZREC 211 Wolnpesiindens = 2010 X 06.07. 30.9 | 30.05. 2.3 37 Correct positive
e e Helens 3ex 2011 04.01. | 23.1 | 26.01. | 2.2 12 False positive
iver Flow at Ceatal Izmail
8 SIS S W i P8 2012 03.06. 20.1 - Correct negative
2003 2005 2007 2009 2011 2013 2015 2013 X 18.04. 26.8 | 02.04. (1.2) 16 False negative
2014 X 09.06. 27.0 - False negative
2015 18.03. 21.7 - Correct negative

WP6: Hydrological Service

HORIZON 2020



Pre-event wetness indices — global-scale analysis

North Amarica inset
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Spatial distribution of river basins for global analysis
of large flood events

DATA SOURCES
Basin areas: calculated using the WGHM grid
Gauges: Global Runnoff Database,GRDC 2017
Flood events: Global Active Archive of Large Flood Events, DFO 2017
Wiorld borders: http://thematicmapping.org/downloads/world_borders.php
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Pre-event wetness indices — global-scale analysis

North America inset
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Pre-event wetness indices — global-scale analysis

Basic idea:

Assess the information content of daily gravity data and of wetness indices (classical
indices included) just before the onset of a flood event for explaining flood
characteristics

Flood characteristics:

- Peak discharge
- Flood volume
- Runoff ratio (ratio between total runoff and total precipitation of flood event)

Approach:

- Selection of 2 high flow or flood events per year
- Correlation analysis
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Pre-event wetness indices — global-scale analysis

Example:
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Daily river discharge time series at gauging station Boonville, Missouri River
(basin area 1,296,000 km?)
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Pre-event wetness indices — global-scale analysis

Example:

Daily river discharge time series at gauging station Boonville, Missouri River
(basin area 1,296,000 km?)
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§)4000 - ¢ max ‘ | !
S 2000 ° end | l ‘ ] |
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Pre-event wetness indices — global-scale analysis

Example: Missouri River at gauging station Boonville (basin area 1,296,000 km?)

Water storage anomaly
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Pre-event wetness indices — global-scale analysis

Example: Missouri River at gauging station Boonville (basin area 1,296,000 km?)
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Pre-event wetness indices — global-scale analysis

Correlations between flood peak discharge and gravity-based indicators

Storage anomaly (GFZ) Storage anomaly (TUG) Wetness index (GFZ) Wetness index (TUG)

Basin ID corr + Basin ID corr + Basin ID corr + Basin ID corr +
4213440 0.81 0.08 4213550 0.79 0.08 4214262 0.79 | 0.11 4208450 0.65 | 0.13
6742500a 0.69 0.21 4213440 0.74 0.10 4213440 0.73 | 0.09 4213440 0.62 | 0.16
4214051 0.66 0.27 6742500 0.73 0.17 4208450 0.57 | 0.17 4122600 0.58 | 0.16
6742500 0.66 0.14 6742500a | 0.63 0.18 6742900 0.56 | 0.16 6544100 0.54 | 0.21
4213550 0.64 0.12 4214051 0.55 0.23 4125804 0.54 | 0.15 6742500a | 0.52 | 0.21
4214262 0.62 0.17 6544100 0.54 0.24 6742500 0.54 | 0.25 6742900 0.47 | 0.19
4213573 0.59 0.19 Danube 0.51 0.07 4214051 0.52 | 0.33 4213550 0.46 | 0.16
4207900 0.58 0.19 4213573 0.51 0.20 4213573 0.52 | 0.20 6742500 0.45 | 0.24
4127502 0.55 0.16 4207900 0.49 0.21 4152550 0.51 | 0.13 4214051 0.44 | 0.28
4152550 0.52 0.17 4122600 0.46 0.18 4207900 0.43 | 0.20 4125804 0.42 | 0.17
4123050 0.51 0.19 4127502 0.43 0.17 67425002 | 0.41 | 0.22 6340150 0.41 | 0.17
6742900 0.48 0.18 4122901 0.39 0.20 6342900 0.35 | 0.23 4214262 0.41 | 0.21
Danube 0.47 0.08 4208450 0.35 0.21 4213550 0.35 | 0.17 4208730 0.40 | 0.19
4122901 0.37 0.19 4125804 0.34 0.21 4127502 0.32 | 0.21 4207900 0.39 | 0.20
6342900 0.30 0.24 6742900 0.32 0.22 4208730 0.31 | 0.21 4213573 0.37 | 0.23
Snow 0.30 0.06 4214262 0.31 0.21 6340150 0.29 | 0.20 Danube 0.35 | 0.09
6340150 0.28 0.21 6342900 0.29 0.24 Danube 0.29 | 0.10 4152550 0.34 | 0.21
4122600 0.26 0.23 4152550 0.29 0.20 6242501 0.29 | 0.21 6242501 0.29 | 0.22
4125804 0.25 0.23 Snow 0.28 0.07 4213681 0.26 | 0.32 6142200 0.29 | 0.30
4208730 0.24 0.22 4123050 0.27 0.23 4123050 0.25 | 0.19 6342900 0.26 | 0.24
6142200 0.23 0.28 4208730 0.27 0.21 Snow 0.25 | 0.07 Snow 0.23 | 0.07
4208450 0.22 0.23 | Temperate 0.23 0.06 4122600 0.24 | 0.22 4122901 0.21 | 0.21
6544100 0.20 0.28 6340150 0.21 0.23 6335020 0.19 | 0.22 4127502 0.15 | 0.22
4213681 0.14 0.34 4213681 0.20 0.35 6544100 0.12 | 0.26 4213681 0.13 | 0.39
6242501 0.14 0.23 6242501 0.19 0.26 6142200 0.11 | 0.30 4123050 0.13 | 0.21
Temperate | -0.13 | 0.07 6142200 -0.01 0.37 4122901 0.10 | 0.21 | Temperate | 0.08 | 0.07
6335020 -0.18 | 0.22 6335020 -0.13 0.26 Temperate | 0.09 | 0.06 6335020 0.03 | 0.26

Mean 0.38 0.38 0.37 0.36

Basin in snow-dominated climate

Basin in temperate climate

Basin group



Pre-event wetness indices — global-scale analysis

Correlations between flood peak discharge and gravity-based indicators

Storage anomaly (GFZ) Storage anomaly (TUG) Wetness index (GFZ) Wetness index (TUG)

Basin ID corr + Basin ID corr + Basin ID corr + Basin ID corr +

4213440 0.81 0.08 4213550 0.79 0.08 4214262 0.79 | 0.11 4208450 0.65 | 0.13

6742500a 0.69 0.21 4213440 0.74 0.10 4213440 0.73 | 0.09 4213440 0.62 | 0.16 BaSin in SnOW_dominated Climate
4214051 0.66 0.27 6742500 0.73 0.17 4208450 0.57 | 0.17 4122600 0.58 | 0.16

6742500 0.66 0.14 6742500a 0.63 0.18 6742900 0.56 | 0.16 6544100 0.54 | 0.21

4213550 0.64 0.12 4214051 0.55 0.23 4125804 0.54 | 0.15 6742500a | 0.52 | 0.21 . . .
4214262 0.62 0.17 6544100 0.54 0.24 6742500 0.54 | 0.25 6742900 0.47 | 0.19 BaSIn In temperate Cllmate
4213573 0.59 0.19 Danube 0.51 0.07 4214051 0.52 | 0.33 4213550 0.46 | 0.16

4207900 0.58 0.19 4213573 0.51 0.20 4213573 0.52 | 0.20 6742500 0.45 0.24

4127502 0.55 0.16 4207900 0.49 0.21 4152550 0.51 | 0.13 4214051 0.44 | 0.28 BaSin group

4152550 0.52 0.17 4122600 0.46 0.18 4207900 0.43 | 0.20 4125804 0.42 | 0.17

4123050 0.51 0.19 4127502 0.43 0.17 6742500a 0.41 | 0.22 6340150 0.41 | 0.17

6742900 0.48 0.18 4123

Danube 0.47 0.08 4209 . . . .
ot |03 s | od - Correlations vary markedly among river basins and with
6342900 | 030 | 024 | 6743 respect to the rank order

Snow 0.30 0.06 4214

s0150 | 028 |on| 64 - |n snow-dominated basins, correlations tend to be

4122600 0.26 0.23 4153 . . . .

2125508 | 025 1023 | sn higher (more value of gravity-based pre-event indices)
4208730 0.24 0.22 4123 .

102200 | 023 | 028 | 2208 - Global differences among the products (GFZ vs. TUG,
4208450 | 0.22 | 0.23 | Temp Storage Anomaly vs. Wetness Index) are marginal

6544100 0.20 0.28 634(

4213681 0.14 0.34 4213

6242501 0.14 0.23 6242501 0.19 0.26 6142200 0.11 | 0.30 4123050 0.13 | 0.21
Temperate -0.13 0.07 6142200 -0.01 0.37 4122901 0.10 | 0.21 | Temperate | 0.08 | 0.07

6335020 -0.18 0.22 6335020 -0.13 0.26 Temperate 0.09 | 0.06 6335020 0.03 | 0.26

Mean 0.38 0.38 0.37 0.36



Pre-event wetness indices — global-scale analysis

Average correlations between flood characteristics and pre-event flood indicators

Basins in temperate climate zone

Storage anomaly

GFz
Peak discharge 0.34
Volume 0.16
Runoff coefficient 0.27

Basins in snow-dominated climate zone

TUG

0.33
0.16
0.27

Storage anomaly

GFz
Peak discharge 0.29
Volume 0.29
Runoff coefficient 0.45

TUG

0.29
0.25
0.43

Wetness Index

GFZ

0.32
0.14
0.18

TUG

0.31
0.17
0.27

Wetness Index

GFZ

0.19
0.16
0.45

TUG

0.23
0.17
0.45

Soil moisture  Antecedent Precip Index

k=0.85 k=0.95
0.13 0.11 0.19
0.05 0.08 0.07
0.11 -0.13 -0.07

Soil moisture  Antecedent Precip Index

k=0.85 k=0.95
0.03 0.10 0.05
-0.11 -0.12 -0.16
0.07 0.22 0.18

- Storage anomalies correlate higher than wetness index in snow basins

- Gravity-based indices result in higher correlations than classical indices

WP6: Hydrological Service
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Operational Hydrological Service Implementation

TU Graz Gravity Computation

GRACE Quick-Look Data 2
http://dl.aiub.unibe.ch/data/egsiem/private/ x
=]
wn
()
q
S,
Hydrological Service 0

GFZ Gravity Computation

ftp:/lgfzop.gfz-potsdam.de/

- Wetness Index -
ftp://ftp.gfz-potsdam.de/home/hydro/bingo/share/NRT/

GloFAS Web Mapping Service

http://globalfloods.jrc.ec.europa.eu/

DLR/ZKI Satellite Tasking
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Operational Hydrological Service Implementation

Gravity-based wetness index included in NRT in the

\

GloFAS Forecast Viewer with latency of about 2 days G L@ FAS

METEOROLOGICAL HYDROLOGICAL STATIC EXTERNAL WMS. + add

am

-l
Satellite Gravity-based Wetness Index-NRT
COoO+vHEHBE °
e i -
current. 2017-05-30700:00 000002 ‘
kY
Satellite Gravity-based Wetness Index-NRT - -‘- » [ . 2
| B ' Republdue
| B i S i
A
oo . »
N s - & R " g
X o ; il
) . =
X o . ] /
o ¢ A
N
H:o .
| EB
Mo
/etness Index based on data from the Grawvity Recovery and Climate Expenment
43Ri I L sent). Bl wetter than L]
orm; n af ons The index

eaualsme asonal cycle expressed in
units of standard deviation. The departure is the sum of
annual variation) and the residual (intra-annual variatior

- developed as part of the E"SEII (www egsiem eu) project

artur ecme gravty anomaly rom 1
torm trend (inter

Global Flood Awareness System

Operational for Aprll 1 to June 30, 2017
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Operational Hydrological Service Implementation

Example 05 June 2017

Water storage anomaly Wetness index

GFZ RBF v211, 2017-06-05

~—— - 2
F

GFZ
—
-10 -8 -6 —|4 —|2 (l) 2 4 6 8 10
TWSA (GFZ solution) [cm]
2017-06-05
TUG

T T
-10 -8 6 -4 -2 0 2 4 6 8 10
TWSA (TUG solution) [cm]
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Operational Hydrological Service Implementation

Example 05 June 2008

Water storage anomaly Wetness index

,,,,,t—} - - = QFZ RBF v211, 2008-06-0§
)
1 T T T i_
-10 -8 6 -4 -2 0 2 4 6 8 10
TWSA (GFZ solution) [cm]
2008-06-05
ITSG-Grace201 6, 2008-06-05

I
10 -8 -6 -4 -2

0o 2 4
TWSA (TUG solution) [cm]
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Operational Hydrological Service Implementation

TU Graz Gravity Computation

GRACE Quick-Look Data

http://dl.aiub.unibe.ch/data/egsiem/private/

301AI3S LHN

Hydrological Service

- Wetness Index -
ftp://ftp.gfz-potsdam.de/home/hydro/bingo/share/NRT/

GFZ Gravity Computation

ftp:/lgfzop.gfz-potsdam.de/

GloFAS Web Mapping Service
DLR/ZKI Satellite Tasking

http://globalfloods.jrc.ec.europa.eu/

Operational for April 1 to June 30, 2017
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Seasonal streamflow forecast

How much water will be
available in summer How much snow is stored in

(vegetation period)? the mountains during winter?

Streamflow forecast

Management / allocation of water resources

=> irrigation and hydropower generation

WP6: Hydrological Service
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Seasonal streamflow forecast

58 59 60 61

62 63 64

65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80

49 [

~>-

5. Ala-Archa [__] 10. Naryn

A meteo gauge

Tashkeg/' -
“ ‘, PEy;

[ o R 1 e I ey T T e T
. S S Astana \ 7 3 ‘\\
51§58 ] 1. Uba [Je6.chu 11. Upper Naryn - = = e Nt 51
g ili >
) [J 2. ulba . 7. Chilik [ 12. Amudarya
08— [ 3. Chirchik [] 8. Charyn  [J 13. Murgap e nI raI‘AS’I' a. r I V e F b @ W
[ 4. Talas [ 9. Karadarya @ river gauge o
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Seasonal streamflow forecast

GRACE time series in Central Asia

23 Forecast: April 1st
— 20 - ¥
E_ 15 | Forecast (water use) period:
> & A & | April-Sept. i
(4] 'y | /
10 / N
: \
c 1R\ \ B /
& ° [ 1 | | |
(o) | N I | b ‘ /
g O | YIAWW\AN / \ ‘A X
2 5 4 ; ~ A \
4 - N \ / \
210 - . n{ \ u J
g accumulation ' \
-15 - period S
‘20 I I I I I I I I I I I

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
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Seasonal streamflow forecast

Predictors SC Fractional snow cover
TWS GRACE-based water storage (TUG dalily)
P Precipitation

Linear forecast model (3 predictors) (2003-2015)
for summer streamflow in the Amudarya basin

Forecast models

3000 3500 4000

2500

RN I R I L R N U LY

seasonal mean G [M3/2]

2000

1500

—_—————
Observations

2004 2006 2008 2010 2012 2014

Best forecast model

TWS (March) 0.63
SC (Jan) 0.30
P (Dec) 0.04

Predictor (Month)

Importance (partial R?
explained by the
predictor)

E % E M Apel et al. (2018): EGU abstract.
Manuscript in prepration.
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Summary

* Daily gravity field products can monitor the dynamics of
large flood events

 Wetness index derived from daily gravity data shows early
flood warning capacity for selected basins and flood types

e Seasonal streamflow forecasting benefits from gravity data
in snow-dominated areas (example Central Asia)

e Operational Hydrological Service implemented globally, with
near-real time delivery of gravity-based wetness indices
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