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GLOBAL HYDROLOGICAL CYCLE 
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Surface and Ground Waters



Observations from space for the study of 

the continental water cycle (stock 

variations):

-Space gravimetry mission GRACE (2002- )

-Space Radar Altimetry missions

(Topex/Poseidon, Jason-1, ERS/ENVISAT)

- visible and radar imagery





Global Soil Moisture Data  Bank

Distribution of Soil Moisture Stations
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Example: April 2003 - Water and Snow Stock - WGHM Model
(Water global assessment and prognosis Global Hydrological Model; Doll et al.,2003)



Modeling of the

continental water cycle

Climate Evolution

Water Ressources





GRACE Mission : 
Precise mesurements of Earth gravity variations

spatio-temporal Mass Variations

(Temporal resolution=1month

Geographical resolution = 300 km)



Gravity field

(permanent component)



Gravity field

(permanent component)



Gravity field

(permanent component)



Gravity field

(permanent component)



« Static » Contribution

99% of the mesured 

field

density contrasts in the 

solid Earth… 

temporal Variations

• PGR, redistributions of 

superficial fluide masses:

atmosphere, oceans, eaux 

continental waters, polar ice 

caps
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surface waters

Ground waters

Snow cover



Maps of geoid anomaly for each surface reservoir

Inversion of the monthly geoids
(Generalized least-squares inversion)

Atmosphere Oceans Soil water Snow cover

Water mass anomalies for each reservoir

Predictive filtering of the spherical coefficients
+ compensation (elastic Earth’s response to surface loads)

A priori uncertainties of

models and GRACE obs.

STEP 1

STEP 2



The solution is computed by solving the linear equation:

   )()()()( 010 tAtAACCCACtt kobs
T

kMDkkk  

- : solution vector formed by the list of all spherical

harmonic coefficients to be solved

)(tk

- : vector formed with GRACE-derived geoid

coefficients

obs

- : vector formed by the list of all spherical

harmonic coefficients of the ‘first guess’

)(0 tk

- : matrix composed of 4 diagonal blocks for

separating the 4 reservoirs contributions

A

- : covariance matrices of the ‘a priori’ GRACE 

errors and a priori model uncertainties

MD CandC

- : covariance matrix which describes the

statistical properties of the water mass

variations in the ‘k-th’ reservoir

kC



Total Land Waters- Convergence



GRACE Solution 
(sum of snow+ground waters+

aquifers+surface waters)

Hydrological model

(WGHM)

example : April 2003



Difference between the GRACE solution and the hydrologcal model



Differences between the observed GRACE geoid 

and the reconstructed geoid from inversion results 
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Snow : GRACE - Model difference 



April 2002

April 2003

April 2004

Results from GRACE mission 



Other Applications

Sea Level

Geodesy



Mean Sea Level from Tide Gauges Observations

Average sea level rise : 1.9 +/- 0.3 mm/an



Variations du niveau de la mer 

depuis 1000 ans
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Spacebourne 

Radar Altimetry

Topex/Poseidon (1992- ) Jason-1 (2001- )



Radar Altimetry 

Measurement 

Principle 
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Erreur sur l’orbite

Erreur  sur l’instrument
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Sea Level Rise

between 1993 and 2004 : 3. +/- 0.4 mm/yr   

Topex/Poseidon

Jason-1





Sea Level Rise

- 1950-2000 : 1.9 +/- 0.3 mm/yr (tide gauges)

- 1993-2004 : 3. +/- 0.4 mm/yr (radar altimetry)

Acceleration?



Causes des variations 

du niveau de la mer

(échelle de temps 1-100 ans):

• Variations de température et de salinité de   

l’eau de mer :   

Expansion thermique

• Echanges de masse d’eau entre les 

océans et les différents réservoirs 

continentaux, les glaciers  et les calottes 

polaires



Levitus et al., 2005

Expansion thermique de l’océan mondial

Contribution thermique

à la hausse du niveau de la mer:

0.4 +/- 0.04  mm/an



Willis et al., 2004

Residual (1.4 mm/yr) 

Sea level observations

(3 mm/an)

Thermal Expansion

(1.6 mm/an)

SEA LEVEL RISE (1993-2003)



Observations 

de Topex/Poseidon

Variabilité régionale 

des vitesses

de 

variation

du niveau de la mer

1993-2003

Expansion 

thermique



♦ Thermal expansion explains only 25% of the 

sea level rise during the last 50 years (0.4 out of 

1.8 mm/yr) 

♦ For the period 1993-2004, thermal expansion 

explains 60% of observed sea level rise (1.6  out 

of 3 mm/yr)

♦ But for both periods , the difference 

‘observation minus thermal expansion’ is 1.4 

mm/yr (+/- 0.3 mm/yr)       

---> significative contribution of continental

water and ice



♦ Meltdown of mountain glaciers and polar ice 

cap

♦ Transfer of water from continental reservoirs 

to the ocean



1928

2000

A glacier in Alaska



Calottes polaires



Contribution des glaciers, calottes polaires 

à la hausse du niveau de la mer 

au cours des années 1990

(Sources :IPCC, 2005)

Mountain GLACIERS : 0.4 mm/yr

POLAR ICE CAPS :  

Groenland : 0.1-0.2 mm/yr 

Antarctique  ouest : 0.1-0.2 mm/yr 

Total glaces polaires = 0.2-0.4 mm/yr

~0.7 mm/an dû à la fonte des glaces



Can the contribution of 

continental waters 

explain the missing part ?



Eaux de surface et eaux des sols



Contribution des eaux continentales 

au niveau de la mer

Expansion 

thermique

Ngo-Duc et al., 2005



Modification du cycle hydrologique par les activités humaines

Construction de barrages et de réservoirs•

Utilisation de l• ’eau des fleuves pour l’irrigation

Pompage des eaux souterraines, déforestation,   •

urbanisation

Contribution

au niveau de la mer

entre 0 et - 1 mm/an

ruissellement

ruissellement



ELEVATION DU NIVEAU  DE LA MER

AU 21ème SIECLE : PREDICTIONS DE l ’IPCC



Elévation du niveau de la mer en 2100

0 30 cm           60 cm



Other Applications

Sea Level

Geodesy



Oscillations du centre de masse de la Terre



Il y a 18 000 ans…..

Aujourd’hui

Variation séculaire de l’aplatissement de la Terre



Variations séculaire, interannuelles et saisonnières
de l’aplatissement terrestre

observées par les satellites ‘Laser’



Station de Harvest (Californie)

GPS

Mouvements verticaux de la croûte terrestre



Variations de la rotation terrestre





Eaux de surface





Topex/Jason (red) et ERS/Envisat (black)

Amazon Bassin 

• in situ hydrographic stations 



http://www.legos.obs-mip/soa/hydrologie/hydroweb

http://earth.esa.int/riverandlake



Victoria

Victoria

TurKana

Lac Victoria

Lac Turkana



(Asie centrale)



Lac Nicaragua



Lac Argentino



Le Gange



Le Nil



Fleuve Yangze



Fleuve Indus
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Manacapuru


Jatuarana

Obidos
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A B

C

Débit (m3/s)

Courbe de calibration

débit observé en fonction 

du niveau d’eau mesuré 

par le satellite Topex/Poseidon

Débit déduit des observations spatiales



GLOBAL RUNOFF DATA CENTER





Nombre de bassins fluviaux internationaux

71

53

38

39

60

Europe

Asie

Amérique du Sud

Amérique du Nord et

Amérique centrale

Afrique



Augmentation observée du débit des rivières arctiques (1940-2000)

Peterson et al., 2002



Le problème 

des mesures in situ

Zone inondée en Amazonie

Delta du fleuve Lena (Sibérie)



Extension of flood zones during the seasonal 
hydrological cycle in the Amazon bassin



Bassin de 

l’Orénoque



Zones inondées

(Bassin du Mekong )



Couverture du satellite altimétrique ENVISAT

Bassin du MEKONG





Perspectives
- Improve GRACE  resolution résults

- Use GRACE for the study of  Antarctica and 

Greenland masse balance

- Assimilate GRACE data in global hydrological 

models

- A space mission dedicated to the study of 

surface waters based on new technology 

(imaging interférometric altimeter  

->  h, dh/dt, dh/dx) : 

mission proposed in 2005 to ESA & NASA



“WaTER” Space Mission



• Conventional altimetry measures a single range 

and assumes the return is from the nadir point

• For swath coverage, additional information about 

the incidence angle is required to geolocate

• Interferometry is basically triangulation

• Baseline B forms base (mechanically stable)

• One side, the range, is determined by the 

system timing accuracy

The difference between two sides (• Dr) is 

obtained from the phase difference (F) 

between the two radar channels.

F = 2pDr/l = 2pB sin Q/l

h = H - r cos Q

Mission WATER




