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@ Gravity research, how one thing led Ll
to another UNIVERSITAT IV
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mewsE  GRACE w.rt other water cycle <
satellite sensors UNIVERSITAT LT

Total Water Storage (GRACE/-FO)
— Coarse spatial (300 km) and temporal (monthly) resolution

— Soil moisture + root zone moisture + groundwater table
change, plus ,other” mass changes (e.g. Earthquakes, GIA)

into liquid water, or turning into vapor.

ADVECTION
Winds move clouds through

the atmosphere. e

CONDENSATION, CLOUDS, FOG
Water vapor rises and
condenses as clouds.

SURFACE RUNOFF, CHANNEL RUNOFF,
RESERVOIRS

Water flows above ground as
runoff, forming streams, rivers,
swamps, ponds, and lakes.

\

EVAPORATION
Heat from the sun causes &z:\ W PLANT UPTAKE, INTERCEPTION,

il \A@ii sl {.‘v}' ST a5 o LRG?]S;:QEZNup water from the
1 C . 3 % / ground, and later transpire it
* Precipitation back into the air.

— High spatiotemporal coverage

— Biases

— Often combined with gauge data

« Soil Moisture

— Medium spatial (20-40 km)
resolution

— Active/passive pwave sees only
few cm

INFILTRATION, PERCOLATION, SUBSURFACE
FLOW, AQUIFER, WATER TABLE, SEEPAGE,
SPRING, WELL

Water is soaked into the ground,
flows below it, and seeps back out
enriched in minerals.

VOLCANIC STEAM, GEYSERS, SUBDUCTION
Water penetrates the earth’s crust, and
comes bhack out as geysers or volcanic steam
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GRACE/-FO and watercycle

(11 Tube

NASA - Groundwater Depletion in India Revealed by GRACE

SpaceLibrary € Abonnicren I Videos ~

Rodell et al

14. Groundwater depletion
2:Ice:shostloss 15. Groundwater depletion and drought
16. Groundwater depletion and drou
/—0 17. Decline of the Aral Sea
wciers retreating / 18. Decline of the Caspian Sea
| 6. Precipitation increase

11. Glacier melt, surface-water
diversion and irrigated agriculture
_@ 10. Precipitation increase
12. Groundwater
depletion
9. Three Gorges and
other reservoirs
filling
13. Water depletion
and precipitation
decrease

4. Glacier and ice-cap loss

recipitation increase

21. Grounawater
depletion and
drought

22. Drought
8. Precipitation

25. Recovery from efSsss - - 3 b
early-period i bt = / : increase and
drought ’ 2 1 > 4 % groundwater

s § y 9 - policy change

Cetf 7. Groundwater

depletion

-® 33. Progression

from dry to wet
period

23. Patagonian 3 g . 2 G 1A "\ 34. Return to normal
ice-field melt . 5 after wet period

32. Groundwater
depletion

®28. Increasing lake levels

@ Probable climate change impact \ \ NS and groundwater

@ Possible climate change impact & \ ——® 31. Precipitation decrease

@ Probable direct human impact

(© Possible or partial direct human impact

@ Probable natural variability

26.Recent @
drought
24. Progression
from wet to
dry period

1. lce-sheet loss

———a 27. Progression from dry
to wet period

@ 30. Precipitation decrease

® 29, Precipitation increase
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GRACE/-FO have demonstrated problems with hydrological and land

surface models at longer timescales (Scanlon et al., 2018)

Suspected reasons are forcing data biases, limitations in representing anthropogenic

OBSERVED

MODELLED
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processes, limitations in representing soil processes, ...
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How can GRACE/-FO improve modelling?

Schumacher et al 2018: Parameters in WaterGAP model most sensitive
towards calibration with TWSA
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PN B /-FO data have been used to evaluate fluxes in atmosphere W

models UNIVERSITAT LI

Column-integrated

Local atmospheric Horizontal moisture
moisture change flux divergence

oW
rra = P+/V Q do

S
ot

- R
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(Springer et al., 2017) Evaluation of the water cycle in COSMO- '

20° 30 40°

04 0.6 0.8 1.0
Correlation

04 0.6 0.8
Correlation

Correlation P-E

REAG6 using GRACE (+ GRDC discharge)
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0 10
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(c) Bias ERA-Interim
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Globedrought project (https://grow- e
globedrought.net/, funded by BMBF) ,

Objectives - develop a web-based integrated drought
Information system:

« past droughts and drought risks on global scale

« detailed analysis for selected regions

« (composite) drought indicators

« impact on food trade flow

« WGHM + Crop model + GRACE + ...

Turkish Nat. Geodesy Commission 2021 9



Example (Meza et al., 2019)
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Cropping area (Mha)
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. 100 GRAC
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@ High rainfed and high irrigated risk

@ Low rainfed and low irrigated risk

High irrigated and low rainfed risk
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Conceptual drought risk framework (based on IPCC 2014, Birkmann et '
al 2013): Risk = Hazard x Exposure x Vulnerability

CLIMATE SIGNAL

HAZARD VULNERABILITY

UNIVERSITAT LIV

Climate signal
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x
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Mitigation

Risk reduction | risk management | risk transfer | adaptation

Meza et al., 2019
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B =en EVhat is required for a more widespread use of space '
UNIVERSITAT ERINIYIR

gravimetry?

Drought conditions depend on many
factors at small (few km) scale

« rainfall, soil, vegetation, agriculture,
irrigation, ...

What is needed from data product | -
« Higher resolution! | "
« Operational coverage, no gaps

« TWSA maps partitioned in groundwater,
surface water etc.

* Long time series and capture of long-term
changes of mean conditions

« Data must be usable in addition, and not

N4

instead, of established data (e.g.
precipitation, streamflow)

Current GRACE/-FO ,footprint”
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Data Assimilation
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ulti-data full state DA in coupled modelling

— Realtime (,analysis®) requires very low latency, data must fit operational DA

systems (not likely unless NGGM community proves value for NWP)
Models resolve diurnal cycle (15min timesteps)

Use of space gravimetry in ,climate monitoring“ and reanalyses?

 Reanalysis of single (TWSA) or multi-sensor data (soil

m

oisture, snow, ...) in offline modelling
So far with offline hydrological/LSMs

Spectacular improvements have been documented: Zaitchik et al 2008, Li et
al (2012), Houborg et al. (2012), Eicker et al., 2014, Girotto et al. 2016, 2017,
2019, 2021, Schumacher et al., 2016, 2018

Most based on Ensemble Kalman filters
Models typically at daily timestep

Can also be viewed as physically consistent downscaling of TWSA
Downscaled/disaggregating TWSA data set to confront climate modelling

Caveat: DA always needs uncertainty assessment!
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GlobalCDA project (http://globalcda.de/)

Improved quantitative understanding of the freshwater system by integrating
GRACE/-FO and remote sensing with conceptual hydrological modelling
(WaterGAP)

Model TWSA in 2003-01 Model & Observation TWSA in 2003-01 Observation TWSA in 2003-01
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lobal o) =15 al water storage from modlel .(Ief.t), GRACE (right) and model- '
‘ GRACE assimilation (center) N a: 51\ BONN |

DA provides a physically consistent downscaling of GRACE to model resolution (here 50 km)
Gerdener et al., in prep.

WGHM DSI 01/2003 WGHM & GRACE DSI 01/2003 GRACE DSI 01/2003
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Vertical disaggregation:

WGHM SurfaceWaters 01/2003 WGHM & GRACE SurfaceWaters 01/2003

Adding GRACE has

little impact on surface
water but...

WGHM GW 01/2003 WGHM & GRACE GW 01/2003

25 30 3 3 3 25 30"

...large impact on
groundwater

NaN _ | mm
L aaaee—

-100 -80 -60 40 -20 0 20 40 60 80 100
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Country-averaging. Here: groundwater storage drought indicator
(DSI6 = DSI 6-months averaged, Gerdener et al., 2020)

Adding GRACE improves the sensitivity

DSIA6 in South Africa

O Abnormal

= WGHM DSIA6 O Moderate
= WGHM & GRACE DSIA6 E Severe
W Extreme
£ r B Exceptional
W

2006 2008 2010 2012
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REAG forcing UNIVERSITAT ERITTM

A

GRACE

TerrSysMP
ICON-LEM Configuration File
> Coupling Frequency

> Two way data exchange
I > Data Transformation
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15/04/2006

Danube flood 2006 as seen
by GRACE (left), CLM
(center), assimilation (right)

30/04/2006

100 120 140

Springer (2019), Springer et (mm]
al. (2019)
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T — Preliminary work with offline CLM 12km and WRF/COSMO- "
REAG forcing UNIVERSITAT LI

(a) RMSD OL (b) Changes in RMSD: OL vs DA

[mm/month]

Evaporation

Top left — CLM open-loop vs. MPI Jena ML-based
fluxnet product

=
—
o
=
s
=
=

Top right — OL vs DA

Bottom: diurnal cycle Iberian peninsula, August 2005

hour

Springer (2019)
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Soil water estimates as landslide predictors (Felsberg et al.,
2021)

Landslide predictors typically based on rainfall only

« Joint assimilation of GRACE and satellite soil moisture (SMAP, SMOS) into
CLSM land surface model improves soil moisture profiles

« Inform physically based landslide models (36km/9km)

SAmeEe AN a 4+ landslide
' gl R e e likelihood

Freetown 2017 (Photo M Stedman, CC BY 2.0)
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Soil water estimates as
landslide predictors (Felsberg
et al., 2021)

DA_SMOS-GRACE fal 5t
. SMOS-GRACE study period}, ;
at 36-km grid resolution . -

. _'\;'.... .
N

T

& -"'- 15!
e

Neither GRACE nor SMAP or
SMOS alone would be of use due to
coverage and resolution.

Adding GRACE, SMOS, SMAP can
improve the ability of CLSM to
distinguish ,stable slope” and ——
Jandslide® condition in terms of soil BTN
Water at 9-km grid resolution . -

DA net impact per grid box
no change neutral positive
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GRACE has revolutionized water cycle research

Limitations that prevent further use are related to spatial resolution
Data assimilation could be the way out

Geodesists are often afraid of combining their precious data with
,models”

There is no reason for this.
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