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University of California Center for Hydrologic Modeling

( UCCHM ) 

 Mission: provide state-of-the-art integrated water cycle modeling 
tools to support research, explore environmental solutions, and to 
provide highly reliable information to decision makers

 We address pressing issues including how water availability will 
change in response to climate change and a diminishing snowpack; 
how resources will vary in response to climate oscillations; and how 
the frequency of hydrologic extremes such as flooding and drought 
will affect resources.

 A key component of  the Center’s research uses data from NASA’s 
GRACE (Gravity Recovery and Climate Experiment) mission to 
track changes in freshwater availability in large aquifers and river 
basins.
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Presentation Overview

1. The Gravity Recovery and Climate Experiment (GRACE) Satellite Mission

2. GRACE for:

1. Observations of Regional Water Storage Change

2. Groundwater Estimates

3. Characterizing Hydrological Extremes

3. Use of GRACE data in land surface models

4. Future?

1. GRACE contributions for monitoring terrestrial water cycle, climatic extremes, 

and water/disaster management
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NASA Gravity Recovery and Climate Experiment (GRACE)

• Launched in 2002

• GRACE maps the Earth's gravity fields by making 

accurate measurements of  the distance between the two 

satellites, using GPS and a microwave ranging system.
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The two GRACE satellites 

themselves act in unison as the 

primary instrument.

Changes in the distance between 

the twin satellites are used to make 

gravitational field measurements.

220 kilometers (137 miles) apart
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Sacramento – San Joaquin River Basins

• The difference between two GRACE global gravity fields yields a time-variable component.

• The main contributors to time variations in the gravity field are changes in water storage in the ocean, the 

atmosphere and on land.

• Why? Because water is REALLY HEAVY!

• Consequently, the GRACE time-variable signal on land is dominated by changes in terrestrial water storage, 

i.e. GRACE monitors changes in all of the water stored on land, the change in total water storage 

(all of the snow, surface waters, soil moisture and groundwater), at monthly and longer timescales

• Given the extremely high precision of GRACE, the resulting errors are ~1.5 cm for monthly storage 

anomalies at the 150,000 km2 scale (~2.25 km3 )

Estimating water storage changes with GRACE

2010 (January-February-March average) to mid 2011 (March-April-May average)

from Boening et al., 2012
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GRACE is like a giant scale in the 

sky that tells you how much weight 

you’ve gained or lost each month

Mean gravity field + monthly maps of the time-

variable gravity field useful tools for scientists as 

they study the Earth’s changing climate:

•The mean gravity field helps scientists better understand 

the structure of the solid Earth and learn about ocean 

circulation.

•Scientists use time-variable gravity to study ground 

water fluctuations, sea ice, sea level rise, deep ocean 

currents, ocean bottom pressure, and ocean heat flux.
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Estimating water storage changes with GRACE cont.

www.ucchm.org

GRACE is unique in its ability to detect variations in all 

components of water storage, no matter the depth
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Annual Amplitude (mm) Trend (mm/yr.)

• First global look at magnitude of water storage variations

• Reveal important information on storage that is typically not captured by models: glacial melt, reservoir release, 

groundwater mining, etc.

• Amplitude is a measure of water cycle strength and variability

• Important trends emerging

• Data are ripe for understanding hydro-climatological variations, for understanding human impacts,  for 

data assimilation, for pointing to model enhancements, and for informing sustainable water management

Inter-annual variations and emerging trends from GRACE, 2003-2012

www.ucchm.org

Estimating water storage changes with GRACE cont.

Famiglietti et al., 2013
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Inter-annual variations and emerging trends in large river basins 2003-2011

Famiglietti et al., 2012, in preparation

Estimating water storage changes with GRACE cont.
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SLAND  SSNOW + SSW + SSM + SGW

SGW SLAND - SSNOW - SSW - SSM

Remove this

(SSNOW + SSW + SSM) 

from 

SLAND…

To isolate this (SGW )

SLAND

Estimating groundwater storage changes with GRACE
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Trend map courtesy of  Felix Landerer, JPL

Using GRACE and other sensors to detect groundwater storage changes (2003-2013)

Antarctic ice sheet melting

Patagonia glaciers melting

Argentina drought
Guaranii aquifer depletion 

Alaska glaciers melting

Greenland ice sheet melting

Southeastern U.S. drought

NW Australia groundwater depletion

Orinoco floods

Indian groundwater depletion

Indian monsoon

California groundwater depletion Tibetan Plateau snow increase

Middle Eastern groundwater depletion

China groundwater depletion

High Plains groundwater depletion

Upper Midwestern U.S. flooding

North African groundwater depletion

High latitude precipitation increase

Aral Sea shrinking

Southern Africa groundwater depletion

Mekong drought

Amazon drought

Peruvian glaciers melting
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Famiglietti et al., 2011

~30 km3/yr.

(Oct ‘03-Mar ‘10)

Voss et al., 2013

~93 km3/yr.

(Jan ’03-Dec ’09)

Rodell et al., 2009

~18 km3/yr.

(Aug ‘02-Oct ‘08)

Bourzac, 2013; after Rodell et al., 2009; 

Famiglietti et al. 2011; Voss et al., 2013
over the Indian states of  Rajasthan, Punjab and 

Haryana (including Delhi)
CANEUS SSTDM 2014



GRACE: Potential for flood prediction

Reager and Famiglietti, 2009 

GRACE-based

Flood Index Maxima

May, 2007

Recorded floods, 

Dartmouth Flood 

Observatory, 

May, 2007

Quantity of  incoming water that cannot enter storage for the current month based on the 

regionally observed storage anomaly maxima 

SDEF = SMAX – S(t-1)

F(t) = PMON(t) – SDEF
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Thomas et al., 2014

An example of water cycle change from GRACE
Increasing Extremes in California

Monthly changes in total 

water storage

Average changes in total 

water storage

Negative deviations 

from average water 

storage conditons

Deficit = TWSA – monthly climatology (TWSA)
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Thomas et al., 2013

GRACE: Potential for drought monitoring
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 The severity metric ( S ) is most associated with reports of  

widespread, catastrophic meteorological drought. 

Implications for Water Resources

A. B. C. D. E. F. G. H.

No. of  

events

Peak Magnitude     

(P)

Duration 

(D)

Average water 

storage deficit

Total Severity    

(S)

≥ 3 months km
3

(months) km
3

(km
3 
months)

Jan-03 to 

Jun-03
 -407 (Mar-03) 6 -277 -1662 N

Nov-03 to 

Jul-04
 -442 (Apr-04) 9 -283 -2547 Y

Dec-04 to 

Dec-05
 -512 (Jul-05) 13 -279 -3627 Y

Feb-07 to 

Oct-07
 -235 Apr-07) 9 -129 -1161 N

Area:
Feb-10 to 

Feb-11
 -370 (May-10) 13 -253 -3289 Y

6,140,600  km
2 Aug-11 to 

Oct-11
 -23 (Oct-11) 3 -19 -57 N

Aug-12 to 

Jan-13
 -175 Nov-12) 6 -109 -654 N

Zambezi

1,340,600 km
2

Southern    

Great Plains

Nov-05 to 

Aug-06
 -28 (Jan-06) 10 -17 -170 Y

Area:
Nov-08 to 

Apr-09
 -25 (Feb-09) 6 -15 -90 N

778,770 km
2 Jun-09 to 

Sep-09
 -21 (Aug-09) 4 -11 -44 N

Oct-10 to Jul-

13
 -68 (Jan-13) 34 -43 -1462 Y

Southeastern 

United States

Dec-05 to 

Mar-09
 -66 (Nov-07) 14 -42 -588 Y

Area:

Oct-10 to 

Mar-11
 -21 (Jan-11) 3 -24 -72 N

733,760 km
2 Jun-11 to 

Mar-13
 -60 (Jun-12) 6 -15 -90 N

Region

1

7

Amazon

 -222 (Apr-05)

4

3

Time span 

of each 

event

Jan-03 to 

Dec-07

Coincides with a 

meteorological 

drought?

60 -88 -5280 Y
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Groundwater use in the Colorado

River Basin during drought

(2005-2013)

Castle et al. 2014, in review

Total Water

Accessible Water

Groundwater (blue)

Surface water (red)
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Using GRACE for Calibration, Validation, Model Diagnostics and 

Improvement

Zaitchik et al. (2007)

Simulated groundwater, soil 

moisture, and snow water 

equivalent for the 

Mississippi river basin for 

(A) open loop 

(B) GRACE assimilation. 

Daily observed groundwater 

and monthly GRACE-

derived TWS anomalies. 

GRACE and modeled TWS 

are adjusted to a common 

mean, as are observed and 

modeled groundwater.
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March 24, 2014

The rootzone is defined as the top 1 meter of soil

Projection of this document is Lambert Azimuthal Equal Area

http://drought.unl.edu/MonitoringTools/NASAGRACEDataAssimilation.aspx

Cell Resolution 0.25 degrees

GRACE-Based Root Zone Soil  Moisture Drought Indicator

Wetness percentiles are relative to the period 1948-2009

March 24, 2014

Wetness percentiles are relative to the period 1948-2009

Projection of this document is Lambert Azimuthal Equal Area

http://drought.unl.edu/MonitoringTools/NASAGRACEDataAssimilation.aspx

Cell Resolution 0.25 degrees

GRACE-Based Shallow Groundwater Drought Indicator

Houborg et al 2012
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From ‘Water in the Balance,’

Famiglietti and Rodell, 2013

Trends in Freshwater 

Storage from GRACE, 

2003-2012
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A short list of how GRACE can help with water and water 

management issues in climate models

• Amplitude: Variability, extremes, changing storage

• Trend: climate change, human water management

• Calibration: residence times, baseflow

• Understanding and parameterization of  process: persistence of  

anomalies, changes in active layer thickness, effective storage

• Water balance closure: independent estimates of  river discharge, 

evapotranspiration, and groundwater storage

• Data assimilation: large-scale constraints, model-based downscaling

• Predictive capability: significant memory in certain regions, perhaps 

due to more slowly changing groundwater storage

• Feedbacks: e.g. to water management practices like irrigation
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• Tremendous information content in the GRACE data for improving climate and 

hydrologic prediction

• Contributions to improved understanding of how terrestrial water storage responds 

to climate change and variability

• Capturing amplitude is important for predicting extremes and inter-annual variability

• Reproducing trends is important to capturing climate change and human signal of 

water management

• Lots and lots of work to be done on climate models in terms of datasets of unknown 

properties, key natural and human water cycle components not yet parameterized, 

multi-sensor assimilation, etc.

• ‘Doing hydrology backwards’ – in a good way -- thanks to availability of GRACE

• Exposing the importance of groundwater, both natural and managed

Summary
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GRACE Animation
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http://www.csr.utexas.edu/grace/asdp.html
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Lo et al, 2010

Using GRACE for Calibrating LSM Groundwater Depth

Rb = 0 (total water storage calibration alone)

Rb = 1 (base flow calibration alone)
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