Hydro-geodesy

GRACE: Monitoring River Basins In
Africa

Laurent Longuevergne !
Bridget Scanlon 2

Clark Wilson 2

Hua Xie °

ICNRS - Univ. Rennes 1
2Jackson School of Geosciences, Univ. Texas at Austin
3IFPRI, Washington DC
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What is Hydro-geodesy ?

Study of the continental
part of water cycle

Study of the Earth’s
deformations and the

Interpret temporal variations of
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Contributions to gravity field

Static Time-variable

A A
—_ s~/ o~

Ellipsoid

From Diament.



Contributions to gravity field

Static Time-variable
A A
— o~/ o~
Ellipsoid Internal masses
& topography

o)
i

9 1 4

M.S2

From Diament.



Contributions to gravity field
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Contributions to gravity field
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Contributions to gravity field

Static Time-variable
A A
—_ o~/ o~
Ellipsoid Internal masses Tides Mass
& topography redistribution
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0.8142621 m.s?

Mass redistribution: atmosphere 1 hPa ~ 3 nm.s?
water masses l1cm ~4nm.s?
v. deformation 1 mm ~3nm.s? From Diament.



Spraying test

e Spraying test in MOXA observatory (Germany)

e Measurable effect

From Kroner et al., J. Geodyn., 2004
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Outline

Physical processes and spatial scales

GRACE mission, spatial scales, and validation

Interest in hydrological studies

Joint discharge / GRACE calibration of SWAT model



Physical processes

e 1. Newtonian Attraction
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Physical processes

e 1. Newtonian Attraction e 2. Elastic deformation

e Information on water mass ¢ Information on the pressure applied
on the crust (water mass)
(Farrell, RGSP, 1977)
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Physical processes

e 1. Newtonian Attraction e 2. Elastic deformation

e Information on water mass ¢ Information on the pressure applied
on the crust (water mass)
(Farrell, RGSP, 1977)
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Horizontal
Surface
Water
ASS
Phenomenon Eqg. water layer Vertical deformation
Tide (Brittany) 10 m 10 cm (Llubes et al., 2007)
Amazon basin water 0.3m 3 cm (VanDam et al., 2001)




Spatial scales

e Measurement methods

Tilt

Gravity variations variations

Surface

Water
mass

Vertical deformation

e Main spatial scales of sensitivity




Spatial scales

e Measurement methods

Tilt

Gravity variations variations

Surface
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e Main spatial scales of sensitivity Llubes et al., J. geodyn, 2004
Ground _
gravimeter Tiltmeter GPS GRACE satellite
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Spatial scales

e Measurement methods
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Physical processes and spatial scales

GRACE mission, spatial scales, and validation

Interest in hydrological studies

Joint discharge / GRACE calibration of SWAT model



GRACE mission

e A geodetic tool for hydrological studies
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Gravity measurements are provided by 2
chasing satellites (Tom & Jerry)
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They do not carry remote sensing tools, the

measurement system are the satellites by
themselves

& Not a regular remote sensing instrument
Support of GRACE measurements are not grids, even if it can be provided on grids



GRACE mission

e A precise measurement device

When gravity increase on GRACE orbit, the leader satellite speeds
up before the second is catching up

Relative speed variations between the satellite are measured by
better than 0.1 pm.s™?
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Schmidt et al., Surv. In Geophys. 2008



Spatial scales

e Measurement methods

e Associated spatial scales

Altitude: 450 km
Spatial integration ~400 km

Llubes et al.,

2004

Spatial Investigated Error in terms of a
resolution area full water layer

350km 122 500 km? 25 mm

500km 250 000 km? 20 mm

700 km 500 000 km? 15 mm
1000km 1 000 000 km? 10 mm

GRACE satellite
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Spatial scales

« GRACE provide a spatially filtered image of reality

200

180

160

1120

80°E 90°E 100°E

Amplitude of seasonal water storage variations

Modeled by GLDAS-NOAH Same map, considering only
hydro-meteorological model large-scale variations seen
by GRACE

e 2 ways to use GRACE

1. Continent-scale studies, models are filtered as GRACE
2. Basin-scale studies, require compensation from what is not seen by GRACE
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GRACE validation : High Plains Aquifer

« Qverexploited aquifer for agricultural purposes (=450 000 km?)
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High Plains Aquifer

2 GRACE solutions

CSR — UT Austin, monthly data
GRGS - Toulouse, 10-day data

1. Whole basin investigation (450 000 km?)

2. Separation into 2 subbasins

20 000 km?2 - Large NS climatic gradient
m

- Check minimum resolution

200 000 km?



Stored water variations [ mm |

High Plains Aquifer
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Longuevergne et al., 2010



Stored water variations [ mm | Stored water variations [ mm ]

Stored water variations [ mm |
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GRACE vs ground
measurements

Correlation
Amplitude

Correlation
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CSR/ GRGS

0.84/0.77
1.13/1.10

CSR/ GRGS

0.88/0.78
1.12/1.12

Longuevergne et al., 2010



GRACE validation

 Validating GRACE with ground measurements

OK, bhut delicate, there is no other measurement
available as GRACE

soil water probes require calibration
GW is transformed into storage with porosity
large-scale representativity

* Importance of GRACE processing

Concentrate GRACE data on a reduced surface require to inject a-priori
information from mass distribution outside the basin

The quality of GRACE data depends on
1. basin area (>200 000 km?)
2. hydrological conditions outside the basin
3. basin irregularities
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Interest of water storage information

 Mass balance equation

AS  Total water storage variations
P Precipitation
d(AS
(d ) _ P — aET - Q, — Q. aET Actual ET
t Q  Surface runoff

Qswv  Subsurface runoff

At basin scale

surface

Groundwater

T — Qg



Interest of water storage information

 Mass balance equation

I AS  Total water storage variations

eeeeeeeeee
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P Precipitation
ET Actual ET

Surface runoff

d(AS) _

a
" P —akET — Q, — Q.

Qswv  Subsurface runoff

o After temporal integration

Ag(D) < AS = |[(P = Q) dt H [ (aET + Qup) c

Measurable fluxes Fluxes to be modeled

Systematic errors on fluxes are adding up when computing water storage
Water storage information allows constraining the realism of fluxes



Climatic and anthropic pressure

Equilibrium { P—ET-Q=0
dS

P+AP—(ET+AET)—(Q+AQ)—I:E

Under pressure
Pumping : |
Unstationnary conditions : AP, AET, AQ

lols

AP —-AET —-AQ—-I=—
Climate

—
Anthropic




GRACE trends GRACE mission

Trends on mass storage [ mm/year]

B0y
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2001 Il GRACE CSR (monthly)
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GRACE trends GRACE mission

Trends on mass storage [ mm/year]

Ice sheets loosing mass:
Chen et al., 2006
Ramillien et al., 2006
Velicogna and Wahr, 2006



GRACE trends GRACE mission

Trends on mass storage [ mm/year]

Sumatra coseismic signature: De Linage et al., 2007



GRACE trends GRACE mission

Trends on mass storage [ mm/year]

Hydrology: case of India



GRACE trends GRACE mission

Trends on mass storage

Mass decrease

Mass increase




GRACE trends GRACE mission

Trends on mass storage

65 70 75 80 85 90

Mass decrease, groundwater depletion
Rodell et al., 2009, Tiwari et al., 2009

Mass increase, linked to interannual
climatic cycles (rainfall increase)




Total Water Storage GRACE mission

A TWS

A Canopy

+

A Surface water

+
A Soil moisture Unsaturated zone, signficant
~200 mm
+
A Unconfined aquifer Unconfined aquifer, may be significant
+ (specific yield, 101)

A Confined aquifers
(up to deepest)

Confined aquifer, negligible
(storativity, 103)




GRACE mission

Trends on mass storage

65 70 75 80 85 90

|

Mass decrease, groundwater depletion
Rodell et al., 2009, Tiwari et al., 2009

BB GRACE

—— Unsaturated zone
—— GW mass variations
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GRACE trend : ~ 12.5 mm/yr (whole basin)
~ 100 mm/an (highly irrigated area, 150,000 km2)
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GRACE interest

: model validation

e Highlight model error
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Terrestrial water storage variations as

measured by GRACE satellite

Schmidt et al. 2006, GPC



GRACE interest : model validation
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e Highlight model error
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GRACE interest : model validation

e Parametrization and model improvement
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GRACE mission

GRACE data availability and

* Measures total water storage variations for areas > 200 000 km?
* Measurement error ~ 20 mm of a full water layer

* Available since April 2002 and up to ~ 2013

Interest for hydrological studies

* First measurement sensitive to water storage variations at basin scale

* Solve water budget to assess the impacts of climate and water
management policies at basin scale

 Complementary information for model validation calibration

e Great interest for monitoring groundwater mass variations
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GRACE interest : model validation

e Hydrological model calibration

Joint calibration water storage — river discharge (Amazon basin)
Discharge and water storage are complementary (concurent) information
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I + WGHM calibration run
o ©O WGHM standard version
§ ® Selected Pareto-optimum
g 1.0 T r T 1
7 optimal 1- 0.9 0.8 0.7 0.6
fit Simulation performance of significant periods of total storage

<€
Better agreement with GRACE observations Werth et al., 2009



GRACE — discharge joint calibration of SWAT model

Area of interest Available discharge stations

... very few on GRACE time period
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Legend
. GRDC discharge stations
. Reservoirs & lakes

= Rivers

\:] Country boundaries
l:l Subbasin boundaries
Rivers

Subregion

B Voita

- West Africa

[ chad

- Congo

- Zambezi

- East Africa

[ nite

:] Southern Africa
I:] Horn of Africa

|:| Madagascar

Model is filtered at GRACE resolution before comparing to GRACE.
What information may GRACE bring to SWAT model ?



GRACE — discharge joint calibration

Better
description
of water
discharge data

WNSE

<€

Best description of GRACE observations

Southern Arrica
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Water storage anomalies (mmH20)
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SWAT (other in Pareto
front)




GRACE — discharge joint calibration

Best description of GRACE observations

<€ Southern Arrica

Major differences:

Better A : 1. Modeled storage events not
description ° recorded by GRACE
of water y © s forcing data optimal ?
discharge data s 3

2. Lag time in mass changes
Are all processes correctly
‘ ‘ ‘ ‘ described in SWAT ?

175 18.0 185 19.0

Southern Africa

50
|

-50
|

-150
|

T T
Water storage anomalies (mmH20)
|

Aug-02  Apr-02 Dec-03 Dec-04 Dec-05 Dec-06 Dec-07 Dec-08

GRACE GRACE-uncertainty SWAT (other in Pareto
interval front)



GRACE — discharge joint calibration

E SSA country boundaries
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Optimal model NASH
With total water storage variations



GRACE — discharge joint calibration

E SSA country boundaries

B o5 [ Jos-05
B o5-0 [ Jos-08
lo-01 [Tos-07
[o1-02 [ o7-08
[Jo2-03 [ os-09
[ Jos-04 [ -09

Optimal model NASH
With total water storage variations
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Agro-ecological zones



GRACE — discharge joint calibration

Semi- Semi-
Arid arid humid Humid

Tropic-warm [l 0 B Bl
L . . Tropic-cool B ] &=
GRACE has difficulties to monitor Subtropic-warm [ [

-
. . Subtropic-cool ] ] []

hydrological system with reduced

seasonal mass variations

-
[
]

However, even in dry areas, it can

monitor long-term variations related to Agro-ecological zones
water use (groundwater abstractions,

dam building, i.e. water management

policies).



Synthesis GRACE satellites

Take home message on GRACE

* Geodetic instrument sensitive to gravity variations, interpretable
as water storage variations

* Sensitive to large-scale spatial variations (basin > 200 000 km?)

* Available worldwide at 10-day or monthly time scales since April
2002

» Significant information for water budget closure
* Great potential to monitor groundwater resources globally

e Capacity to constrain the realism of water fluxes in hydrological
modeling
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Euphrates-Tigris basin

One of most engineered basin
Artificial reservoirs cover 0.8% of basin (total 790 000 km?)

Actual mass variations in reservoirs
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Same map at GRACE resolution




Euphrates-Tigris basin

One of most engineered basin
Artificial reservoirs cover 0.8% of basin (total 790 000 km?)

Reservoirs induce seasonnal cycle phase shift of
15 days at the scale of the river basin

Non negligible impact
- explain 10% of seasonal variations
- explain 50% of long-term variations
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