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Water Cycle and Global Change:
how RS data can help ?

Gilles Boulet, CESBIO

Ccnes

Outline

* What do we know about Global Change and
the water cycle ?

* What is the expected impact of Global Change
on the water cycle ?

* What are the existing tools to assess the
components of the water cycle at regional and
global scales ?

* What new Remote Sensing data and products
can offer to understand the water cycle ?




Global Change

Climate Rainfall Land cover

Land cover change:
Forest to crops

Change in rainfall
and temperature

MNeed for food

Increase in
population

Population

(R. Harding)

Atmospheric-Terrestrial Water Balance

TERRESTRIAL
WATER BALANCE

* Terrestrial water balance: 98 _ (P-E)-R_-R

g

(S. Seneviratne)
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Atmospheric-Terrestrial Water Balance

e e
-
PE
* Terrestrial water balance: aa_f = (P-E)--RS—Rg
* Atmospheric water aal;/ = _VH_Q>— (P-E)

balance:

(S. Seneviratne)

coupled biogeochemical cycles

A Visible - Medium Infra Red

Photosynthetically
active radiation

Leaf exchange
processes

AN
N

Thermal Infra Red
Evapotranspiration

- land surface monitoring




coupled biogeochemical cycles
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(Bonan, Science 2008)

Observations: FLUXNET

* Worldwide CO,, water and
energy flux measurements
(integrating several projects
such as AMERIFLUX,
CARBOEUROFPE, ...)

* At present, about 200 tower
sites

* however, still some serious
limitations in temporal availability (in
Europe, most measurements
available after 1995 only)

+ only few sites with soil moisture
measurements
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Rationale

* Mix of in situ obs / RS obs / models

— Insitu obs: point scale mostly, except streamflow =
integrating variable; some are very old

— RS obs: at many scales but indirect estimates,
mostly recent data

— Models: at many scales but uncertain; good
prospective tools

* Beforehand = separate use or forcing; now =
joint use of all obs and models

land surface monitoring

o T e

emissivity )

< directional
“._temperatures .~

microwave

Thermal Infra Red emission model

emission model

i

" soil & leaf |

reflectance
model

{Biomass

=

water & energy

balance model




Observe Globally Upscale for Prediction

Couple Land-Atmosphere on
a Continental Scale
(mesoscale modelling)

» :
Mackenzie GEWEX(\ /-)
Study (MAGS) .

GEWEX Americas_- £ - GEWEY Asian

Prediciion Project (GAPP) Mcr\s([:-g;ﬁgyvmt

To predict we need coupled GCMs/RCMs/LSMs

Land Surface +
Hydrological
Model

Global
Climate

Model =

Ax = 100-200 km Regional

Climate

Model
fx =50 km Regional
Climate
Model
(S. Seneviratne) Ax =15 km
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Atmospheric-Terrestrial Water Balance

TERRESTRIAL
WATER BALANCE

PE

Rs
Basin | Rg
Storage

P: Precipitation
E: Evapotranspiration
Q: Water vapour flux

COMBINED 3
e e WATER BALANCE The water-balance estimates
depend only on observed or
vy T . .
i g g assimilated variables (# P.E)
Water(}) | Q water(W) | @
Rs Main limitation:
Pedl . ) 5
st . valid only for domains > 10°-
PE
il 106 km? (Rasmusson 1968,
Yeh et al. 1998)
Ra: Surface Runoff
Ag: Groundwater Runoff
(after Oki, 1999)

reanalysis
. dat
* Terrestrial water balance: (Z,;?A_m)
» Atmospheric water balance:
e —— e S
+ Combined water balance: . streamflow
(R&*Ry)
Case Study: Mississippi & lllinois
Seneviratne et al. 2004, J. Climate, 17 (11), 2039-2057
lllinois (1987-1996)
50 | 1 L L 1 L
corr=0.8,
1 r2=0,71 B
as > dW
a0 = = - — R
? or 10

Observations
(soil moisture +
Groundwater + snow)

=20 -

Monthly variations [mm/d]
g8

-40 =

T T T T T T
MJSOMJSOMJSOMJSOMJSOMJIJSOM)SOMJSDOMISOMISD

1987 1988 1989 1990 1991 1992 1993 1994 1995 1996
— =90 -runolf =ATCW

A Terrestriol woler sloroge (obs. lllinois)

http://www.iac.ethz.ch/data/water balance/

26/07/2010



Land Data Assimilation System

LandFlux Strawman g

M
N LY

* Option 1: “Poor-Man’s LDAS”

L and Observation N

e

(Semi-Coupled Model) constrained by e \
many observations. (allow T and H to
evolve unconstrained) L 3

Option 2: Uncoupled-coupled
assimilation. Constrain off-line
assimilation with as many

N
nd c-llnmuur@“”""”""’"
observations as possible, and have
coupled model assimilate off-line land

STATES only. %
——
Option 3: Fully-coupled ‘@ “gpucs. @

assmllgtlcn, where all observation T Rp—
constraints are analyzed by the 6 e

system. Still allow T and H to evolve }‘l)n-slmmm
unconstrained to prevent crazy ’ >

gradients. L

. Time ..
.. Space ..

.. Time ...
... Space ...
Paul R Houser, 1 June 2007, Page 34

Drivers of Global Change:

* Increasing population
* Increasing water consumption
* Land cover/use change

* Increasing greenhouse gases
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Projected Impacts of Climate Change
Gleobal temperature change (relative to pre-industrial)

nor -llf" ')Df‘ '.ll!f" AT~ [ ~-Fad
=~ L DT
Food Falling crop vields in many areas, ._
developing regions '
. SE— - .y
Faossibie rising yi Failing yfemsr
some high .'aﬁtud’ developed reg;
Water 3 Sigriificarnil decreases
g{""‘” ol availability in many Sea level rise
e Mediterranean and Si threatens maj
supplies threa
several areas
Ecosystems
Extensive Rising number of species fa
fo Coral Re
Extreme
Weather Rising intensity of storms, forest fires, drough!
Events

Risk of Abrupt and

Major Irreversible

Increasing risk of dangero
abrupt, large-scale shifts in

1900

nanges e
Stern Review (2006)
3000
X
2500 X
X

5 X
P 2000 X =—&— Agriculture
E Forecast —— |ndustry
S 1500 | X
-%_ A Municipal
£ needs
3 =& Reservoir
c 1000 |
8 X Total

500

1920

1940 1960 1980 2000 2020 2040

Water Consumption (Shiklomanov 2000)
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SOIL MOISTURE

4_Anomalles of top 1- m summer son m0|sture
Robock et al. 2005 ‘ ‘

YHK Jan 2010

N
£
0
g
0
1.
B R IRENI METIYAN X VIR
[
00
204 “ 1 ‘“ﬂl t_.ﬂl!%‘ﬂl'llﬂl'fﬂ!!’lllq
0= Valad n '\]ul"“"i‘i ‘l ‘v, ‘
TR |
s
02
c4a . .
40 44— Observations
3 — GFOL (1S92d)
> —— CCCMA (SRES)
f _g] [ cosk (sRes)
+ —— GFDL (SRES)
c —— HADCM3 (SRES) | -
0 : ‘
o

1880 1900 1920 1940 1960 1980

000 2020 2060 2060 2080

ISSI International Team — LDAS

BERN

Imperative for Climate Change Science

Li et al., (2007): Evaluation of IPCC AR4 soil

moisture simulations for the second half of the .

twentieth century,
Journal of Geophysical Research, 112.

uuuuuuu

GIS5-EH

WRI=CGOWZ.A.2

CGOMA.1(T47)

Tempreature Change ("}
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Projections of Summer Soil
Moisture Change ASM:
Disagreements in Sign
Among IPCC AR4 Models
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Multi-Model Consensus of Regions Where Soil

Moisture Impacts Seasonal Precipitation

Impact of soil moisture on precipitation and temperature

(IPCC simulations: ECHAMb, GFDL, HadGEM1;
summers 1970-1989)

Correlation (temperature, evapotranspiration)

(Global Land-Atmosphere Coupling Experiment /
GLACE, 12 global climate models, summer 1994)

Coupling with precipitation
) -

.....

Coupling with temperature

= A
P TR Y

(Seneviratne et al. 2006, Nature)

Strong coupling in
transitional zones between
dry and wet climates

(Koster et al., 2004, Science; Koster et al. 2006, JHM)

(S. Seneviratne)

SUMMER 1993 RAINFALL MINUS SUMMER 1988 RAINFALL

+ relevant for climate variability
and extreme events (droughts,
heatwaves, heavy precipitations
events, floods, ...)

Observations

N}

» relevant for numerical weather = |
Model driven by SSTs

prediction, seasonal forecasting, )
climate change projections ... oo MomdhenySSte -y

* important source of uncertainty | |
for our understanding of the P
climate system due to lack of - . = L
observations and complexity
(feedbacks, heterogeneity)

54 321 01 2 3 4 5 (mmda)

(courtesy S. Seneviratne + Y. Kerr)
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Surface energy balance

Air temperature = Ta

Aerodynamic temperature = T,

Surface temperature = Ts

(Luquet 2002)

Rn(Ts)-G(~Ts)=H(T0)+

Link between the energy and the water balance = surface resistance to evaporation

23

Two-stage transpiration description

evaporation rate

= =

time

t

stress

(see Levine and Salvucci, Water Resour. Res 1999) 2
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Remote Sensing of Surface Moisture

MICROWAVE THERMAL

(10-50 kmn resolution) (60m - 10km resolution)

Canopy temperature

Canopy transpiration

Root-zone moisture

Microwave
emissivity

Surface dielectric Soil temperature

: T
properties Soil evaporation

L
Surface moisture

Surface moisture
Surface layer: ~5cm

Rootzone: ~1-2m

(From Martha Anderson)

MICROWAVE THERMAL

- (10-50 km resolution) — . (60m - 10km resolution)

Volumetic Sod Moishire

From surface to root zone soil moisture:
Efficient but low resolution only

(Margulis 2002)

"

2 4 6 B W 12 14 16 18
Jour

From directional temperature
to root zone soil moisture:
Higher resolution but less efficient

(Martin 2005)

Assimilation of
downscaled soil moisture
data using temperature

Esror on seefuce soil soissere (%) Eeror om seeface soil moisnire (%)

e 0 TP RLE 7 (Merlin 2006)
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& wacmos  \acMOS: Soil Moisture

support to science element

Goal: Produce first global, multi decadal (30+ years), consistent soil
moisture data set from existing datasets

How?

Several passive microwaves sensors
* Sensitivity to soil moisture variations

is optimal on L-band 1 T T ]
. . . fa ~ .
* Soil moisture products are provided vegetation” -~ 5 =
biomass 7 =, .+ surface
based on these sensors 55, L oughness

i
k)

Comparison of TB from SMOS
to ones from other passive
microwaves sensors

* AMSR-E at 6.9 GHz

+ TMI at 10.7 GHz

]
¢ Cloud liquid
i" water

soil moisture

integrated water

Freauency (GHz)

Spatial Acqu. Product

Band Repere Angle resol. time used
SMOS L/1.4 XY multi 43km 6:30 L1C
ISR C/ 6.9 HV 55° 56km 1:30 L3 V06
TMIs X /107 HV 52.8° 50km flex 1B11
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Principle of operations

SMOS FOV; 755 km, 3x6, 33°,
0.875l,

3dB PATTERNS; SN smear=16 km; window=WhiacEOD

® 3 arms / interferometry roof—— B o =
e Each integration time (2.4 s) a full =
scene is acquired (dual or full pol)

* Average resolution is 43 km, with ¢ ™
a global coverage §
e Each point of the surface seen g
with several angles

e Maximum revisit (equator) is 3 P |
days (good for hydrology) I o ol 4 B e

<600 400 200 L) 200 400 500
WE distance km; H=755 km; tilt"=33; L=3 89 m; d=0.875, incl=10.0"

P. Waldteufel, 2003

SMOS soil moisture retrieval

‘ LAI H Land cover H Soil Texture H Temperatures... ‘
lMODIS l ECOCLIMAP lFAO l ECMWF

Surface dielectric Model

atmosphere

Dobson model (pobson
Nominal wet soil

Pure Water .
Saline Water water

Forest
Simple empirical relationship
Frozen soil

Ice

Barren rocks

Urban

snow Low Vegetation

“

26/07/2010
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Sahel L1 (Tb) and L

Ground measurements and soil moisture
products

*» SMOS: L25M
» AMSR-E: NSIDC V06

* Ground station: Niger

* Temporal periode: May - lune

28 nson T vsl

2 (SM) products
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(C. Gruhier 2010)

Evaluation: AACESS experiment in Australia
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Data set merging — current status

* Match the two datasets e.g. with Cumulative Distribution Function
(CDF) matching
— Problems: data gaps and changes in frequency (SSM/1)

1.5 T T J 1.0
- I
e
OB / 0EF 7
£ / 5
o asf ' S oef 1
@ / 3
£ 4 g
g / £ogal 1
3 7 K #
azf 1 s ]
L
L] S 0o A . !
o 30 43 B0 ED 100 o 1w oze 0 40 =0
Zoil Meisture [velx] , 9 . Sail Meisturs [vol%]
0 7. VARG, @ 7
s =Uut s~ Y5,

V vare,)

(WACMOS, VU Amsterdam+TUWien)

Precipitations

Central North Amenca (816 mm)

[ Western North America (606 mim)

W .
WO w10 w0 ® 200

-+ 1 Central Asia (336 mm)
oy

=L %
Mediterranean Basin (559 mm) ° Southern Africa (781 mm) Y
. |

{ %

P

1ol
EMM
4
]
ol

L )

W0 w0 10 w0 w0 w0 0 w0 w0 w0k

Smoothed annual anomalies for precipitation (%) over land from 1900 to 2005; other
regions are dominated by variability (from R. Harding based on IPCC 2007 report).
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FEBRUARY 2009 SAPIANO AND ARKIN 151

TABLE 1. Summary of the high-resolution precipitation products used in this study with input data types and a summary of the com-
hination method. Geo-1R stands for geosynchronous infrared.

Product name Input data Combination method
3B42 ‘Geo-IR, microwave from SSM/I. Merged microwave and microwave-calibrated
TRMM, AMSU, AMSR. and gauges IR calibrated to global gauge network
CMORFH Geo-IR, microwave from SSM/I, PMW rain rates advected and evolved
TRMM, AMSU, and AMSR according to TR imagery
Hydro-Estimator Geo-IR and NWP Brightness temperature in peo-IR,

modulated by cloud evolution, stability,
tatal precipitable water, efc.

NRL blended Geo-IR, microwave from SSM/I, Histogram-matching calibration of
TRMM, AMSU, and AMSR geo-IR to merged microwave: weighted
combination
PERSIANN Geo-IR and TRMM microwave Adaptive neural network calibration of
gea-IR to PMW
F-hourly Daily
250
= = 200
E E 150 -
2 2
. =
=
H Z
\ E ER e
- T T N

ﬂU 500100 150 o0 M0

A i

are 100 1008 o0 aor a0 Lo M0 00K
Reiny Rt

frel NLDAS GaugerRadar (mas)

Baiy Rate fresite]

N

Phin & Thom ploes of the bien (e & purcaminge af the. mean of the
validation data) af the MRFP relative 1o the SGF shes for a)
Cicanber-March snd (5) Apeil- Segesmbar

Surface water

N 215t Century Water Availability (R ch
Precipitation to runoff — Tn?;-.n::u.%“ﬁ.‘..r R g

urbanized area

| S
40 20 a0 & 2 2 & W M 40

(R. Harding) (GRDC group)
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Seasonal flood monitoring in the Mekong Basin

Absole Water level in July 2000

.N:wiuh Water leved in September ZWD

ERS/ENVISAT altimetry + SPOT/VGT imagery

45

45
40
35
30
25
20

Frappart et al., 2006

Dynamic of surface water extent at global scale

1) Global surface water extent from multi-satellite

method

Passive microwave
SSM/I emissivities at
19, 37 GHz, Hand V
polarizations

Active microwave
ERS scatterometer
backscattering
coefficient at 5.25 GHz

Visible and near
infrared

AVHRR NDVI (visible
and near-infrared
reflectances)

Papa et al., 2006, 2007,2008]

Merging of satellite data with different wavelengths (surface classification, NN, vegetation)

Mean fractional surface water extent at annual maximum

inundation at %
annual maximam: | g

poll it b1 i 111 7Y
180 160 <140 120 100 -0 -60 -40 -30 O IO 40 80 B0 100 10 140 160 180
Lengi tude

[Prigent et al, 2001; Prigent et al, 2007

= Data mapped on equal-area grid with
0.25°x0.25° resolution at equator (773 km?)

= Monthly resolution for 1993-2004
and at least extended to 2012 and longer

(Papa 2007)

26/07/2010
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Dynamic of surface water extent at global scale

Global and zonal temporal variations of inundated surfaces extent

30N=-890N

305-30N

2= 905-305

Surfoce water extent (108 km")

- 905-90N

Surfoce woter extent Anomaly (10% km®)

1993 1995 1997 1999 2000 2003 2005 1993 1995 1997 1999 2001 2003 2005

Global results: maximum extent: ~6.7 million km?, strong seasonal cycle and inter-
annual variability

C Need of validation, comparison, evaluation of these results

Surface water storage change: Rio Negro basin case study

200 e ——————-—-y ;
| . Mean seasonal amplitude
150 | of water storage change
I [ 1 250 + .
GRACE
200 4 4

| DEM
100 Alti.
ol |
—— Topographic approach (ACE DEM)

—— Altimetry-based approach Surface water volume change
— WGHM simulation results i 1S ~ 0,
SHAGE ok okt 246fags from multi-sat/alti is ~ 38%
of Grace total storage

(Frappart et al., 2008)

26/07/2010
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Groundwater

Source: IWMI 0

o ) ) 2 )

GRACE Multlsat Inundatlon LSM +SMOS,  \10del + passive
+ radar altimetry SMAP microwave

(SSMI/I, AMSR)

n —— Total temestrial water
} e Sl wiater

—— Groundwater

= = Groundwater trend

JFMAMJJASOND

ﬁﬁﬁé"@‘é’sf{e@ @«é’é’é@

Month

& e % % <o 6 <o & RS L% Figure 3 | Monthly time series of water storage anomalies in northwestern

& 4 £ B # £ F India. Monthly time series of anomalies of GRACE-derived total TWS,
modelled soil -water storage and esti d g d: storage, averaged
:E;:dl;,,,. Le-level esti r,,“:'ﬂ ey Y mﬁﬁ?ﬁ over Rajasthan, Punjab and Haryana, plouod as equivalent heights of water
Dy the Indian Ministry of Water Resources®. The three states studied hereare in centimetres. Also shown is the best-fit linear groundwater trend. Inset,

el mean seasonal cycle of each variable.

(Rodell 2008)
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Snow

* Good signature of CC, esp. in
remote areas where direct
anthropogenic perdutbations
are minimum

* Snowmelt sustains summer

lowflows in many semiarid
mountains

* Snowfall, snowmelt,
sublimation rates will be
modified

1
0.5 —
T R, ate0®
illumination angle
0
T T T T
1
0.5
1 R, at 3o
illumination angle
0

“col de porte”, French Alps, elevation 1300m
(December-April average)

snow depth (cm)

Temperature (°C)

March -IApnl NH snow-covered area

G METEO
FRANCE
Centre d'Etude de la Neige

108 km?

32

T T T T T T T T

1920 1930 1940 1950 1060 1670 1980 1980 2000 2010|
Year
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21 March 2009 7 01 Aprl 2009 03 April 2009 08 April 2009

CNES - SPOT-Image

Sample of the 2008/09 time series of FORMOSAT2 images @ 8 m resolution

Ccnes

Without Sublimation ~ With Sublimation

2003:2004 2003:2004
100
- = o Martinec
= =
= ]
@ @
S : S H Martinec
@ 5 @ Without subl. With sublimation
o : H 7,70 3,93
» 50 100 o 50 100 2003/2004 540 0,68
SCA OBS[%] SCA OBS[%] 12’ = s:so
2004:2005 2004:2005 2004/2005 3
100 - 100 : 7,59 2,64
= = 9,54 743
z = 2005/2006 o o
= ] 4 4
e ] H
S S Kustusto
@ @ Without subl. Avec sublimation
o | :
0 50 100 0 50 100 | 2003/2004 -RMSE(R) | 14,98 G
SCA OBS[%] SCA OBS[%] 13,18 6,32
2005:2006 2005:2006 19,51 11,46
2004/2 )
; 100 H 004/2005 16,43 8,33
= = - 19,50 12,17
= = ; 2005/2006 - 2
= S H 17,61 10,40
= g s0p—oo S (=R
P p io
3] 3] EEH
W 3] H
0 50 100 0 50 100
SCA OBS[%] SCA OBS[%]
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Ansusl Precipisation - Discharge (sem)

B85 8 BEBEBES

EVAPORATION

+ From Roderick &
Farquhas, Iet. J.
Climatology {2004}

« The finer spatial and
temporal detaily of the
trends are still an active
area of research

« After adjusting for bird
guards (N, Nichalls,
porsenal commanication] ,
RF2004 estimate an overall
trend of 3.2 +/- 1.8 mm a®
fex 19752002

i
i
i
i
H

Walter, M. T., D. S. Wilks, J.-Y. Parlange,
and R. L. Schneider. 2004. Increasing
Evapotranspiration from the Conterminous
United States. Journal of Hydrometeorology
5:405-08.

The Class A Pan controversy

What about an increase in groundwater uptake ? (Pan A location ?)

Evaporation from RS data only

(&)

Predicted T, (C)

s 0 5 w0 8 2 2

Measured T, ')

Predicted R | W m™)
EEEEZEEZ

= it

T A_"’!-n"‘g

_5; - .

&

.

? 1 - & Tem

- * haa

o . ,—

-

W e W
Moasured (W m?)

(Y. Ryu AFM 2008)

‘ 400

(a) . a0 |

(Venturini et al. 2008)

H

Frodicted o, (1Pa)

Modeled ET(W/m2)
g

o Tema .
* Aqua 200 [-
N 5 10 18 bl kS 0 .
Moasursd o, (WPa)
150
w“ -
? 50 ) p - //
E w L i 1 L | I L
:? & an ! 150 200 250 a0 350 400
a0
3 e Observed ET(W/m2)
T W .
E - = f
R * ima
200
200 150 MO 380 400 450 500
Measured By (W m?)
. . _— Time Space
MOD3 (Geolocation) Smin 1 Km
MOD#4 (Aerosol) Smin 10 Km
MODS (Total Precipitable Water) 5 min 5 Km
MOD7 (Atmospheric Profiles)  Smin 5 Km
MODIIAL (LST/Emissiiy) 6 min 1 Kim
MOD43B3 (BROF(Albedo) 16 day 1 Km

8 M0 40 4% M0 S8
Moasured 7, (W m)

26/07/2010

24



26/07/2010

e

“GloBakannual means (1993)

4

+ Overall patterns look similar; dry - wet
+ Some large range of values in some areas, in particular tropics

Tahle 1
Classification of some methods 1o assess water stress from TIR data.

With an energy balance model Without energy balance model
Instantaneous retrieval SEBAL, ALARM, SEBS, ete. TVL TVDL, ete.
Time series analysis CWSI, SEBI, WDI, etc. Albedo, T, — T, (T, — TR, etc.
Data assimilation in a state-space model Simple (thermal inertia only, no water balance Assimilation of time to stress in water

involved) or complex (SVAT, water balance involved) balance models (e.g. SVATsimple)

(Boulet 2007)

SURFACE TEMPERATURE EVAPOTRANSFIRATION

]
3 g

ALEX

FORT PECK, MONTANA

GOES (10km)  MODIS (1km) Landsat (~100m)
. TE ) A

ALEX|

(GOES Images)  (GOES S
& TPy
30 Jun 2002

DisALEX!
(MODIS)

18 Aug 2002

DisALEXI
iLands)

2 Sep 2002

DisALEX!
(LIS aircrall)

{hourly) (daily) (monthly)

(z 0] b Uy
fwiggd
BEIE PN

(Anderson 2007)
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EVAPORATIVE STRESS INDEX
AET
ESi=1- GEr

.and 2003 drought in EU

SESI az
N " Impact on NDVI
Ll o T
‘\ﬁ,h}' \_:;.,. g

{Anderson ot o 2007)

Automatic irrigation =
SVAT model + rainfall + meteo + obs NDVI

Zoom over a 5x5 km window

2002 drought in the USA...
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Estimation of large-scale ET

Atmospheric water balance:
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Louie et al. 2002

Conclusion

* |In situ observations show usually the longest
historical records for most water cycle components,
but it is hard to infer continental and global trends,
and some components are poorly observed (e.g.
evaporation)

* RS data have little historical records > pb of
continuity, but they do provide integrated
information at many scales

* RS data at present are mostly used to evaluate and
improve the chain of GCM/RCM/LSM models
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