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ABSTRACT:

Biogeochemical processes in plants, such as phdtoesia, evaporation and net primary production,darectly related to foliar
water. Therefore, canopy water content is importantthe understanding of the terrestrial ecosysfenctioning. Spectral
information related to the water absorption feauwae970 nm and 1200 nm offers possibilities faiviteg information on leaf and
canopy water content.

Hyperspectral reflectance data representing a rahganopies were simulated at the leaf level utliegPROSPECT model and at
the canopy level using the combined PROSPECT+SAILHIehoThe simulations were in particular used talgtthe spectral
information related to the water absorption feauatabout 970 nm and 1200 nm. At the leaf levislitfformation was related to
the leaf water content. At the canopy level thi®imation was related to the leaf area index (L& the canopy water content
(CWC). In particular derivative spectra close to ¢habsorption features showed a strong predictiveepdor the leaf and canopy
water content. Ratio indices defining the absorptéatures had a smaller predictive power.

The feasibility of using information from the watgbsorption features in the near-infrared (NIR) sagf the spectrum was tested
by estimating canopy water content for two testssivith different canopy structure. The first sites a homogeneously managed
agricultural field with a grass/clover mixture amdth very little variation within the field, beingart of the Droevendaal
experimental farm at Wageningen, the Netherlants. &ther site was a heterogeneous natural arée fitobdplain Millingerwaard
along the river Waal in the Netherlands. Spectrfdrimation at both test sites was obtained withA&D FieldSpec spectrometer
during the summer of 2004 and 2005, respectively.

Individual spectral bands and traditional vegetatiodices based on red and NIR spectral bands ylelederate estimates for
CWC. Ratio indices describing the absorption featatearly yielded better results. Best results weriobd for the derivative
spectra. Highest correlation with CWC was obtainardilie derivative spectrum at the slopes of tha firater absorption feature.
However, here absorption by atmospheric water viapdao should be taken into account, yielding afqguesmce for the right
shoulder at about 1040 nm.

1. INTRODUCTION 1983). These are shifted somewhat to shorter wagtis in

comparison to the liquid water bands caused by miatehe

The canopy water content, being the difference éetwfresh  canopy. Figure 1 illustrates the position of theuiil water
and dry matter weight, is of interest in many agiions.  absorption features in the near-infrared (NIR) radior some

Biogeochemical processes, such as photosynthesigpgation  spectral measurements on grassland plots.
and net primary production, are directly relatedditar water

and are moreover commonly limited by water strédsus,

canopy water content is important for the undeditam of the ASD Fieldspec Pro
terrestrial ecosystem functioning (Running and Coaighl 07 Sronm 1200mm
1988). 0 | ~
v

Water absorption features for liquid water can beanfl at “'5 \L/\
approximately 970, 1200, 1450 and 1950 nm (Curr@g9)L g os \
The features at 1450 and 1950 nm are most prondunce éoa \
However, at about 1400 and 1900 nm also broad ptisor =

. 02 N\
features occur due to water vapour in the atmosphés a // A
result, hardly any radiation is reaching the Earsurface and, 01 /
thus, the liquid water bands at 1450 and 1950 nmmaiabe /\
used. The features at 970 and 1200 nm are noptbabunced, ‘o o w0 mw  mw  wm  ww  wm oz 2o
but still clearly observable (Danscet al., 1992; Sims and Wavelength (nm)
Gamon, 2003). Therefore, these offer interestingsimdities  Figure 1. Example of two spectral signatures odsgiand
for deriving information on leaf and canopy watentent. plots measured with the ASD FieldSpec Pro. The
However, in these regions also minor absorptiotufea due to position of the water absorption features at 970 nm

atmospheric water vapour occur at 940 and 1140 latval, and 1200 nm are indicated.



At the leaf level use is often made of the leafexatontent in
terms of the so-called equivalent water thickneBWT),
defined as the quantity of water per unit leaf dreg.cm?. At
the canopy level the canopy water content (CWC) can
defined as the quantity of water per unit arearofigd surface
and thus is given in g

CWC = LAl xEWT 1)
Thus far, a limited number of studies have develoggectral
indices using the water absorption bands at 9701209 nm
for estimation of canopy water content. Dangbral. (1992)
showed that the first derivative of the reflectarspectrum
corresponding to the slopes of the absorption feguovides
better correlations with leaf water content thaosth obtained
from the direct correlation with reflectance. Thias confirmed
by Clevers and Kooistra (2006).

in Wageningen, the Netherlands. A total of 20 platsre
defined within a 2.2 ha field. Plots were each 1%ong and 3
m wide and they were harvested using a plot-hagvest July
b30", 2004. Biomass (fresh weight) was determined wihuié-
in weighing unit on the harvester. Samples of thevésted
material were oven dried for 72 hours af@Gand dry matter
weight as well as canopy water content was detenin

The second study site is a very heterogeneousahatga in
the floodplain Millingerwaard along the river Waal the
Netherlands. This is a nature rehabilitation areaaning that
individual floodplains are taken out of agricultupoduction
and are allowed to undergo natural succession.dsgesulted
in a heterogeneous landscape with river dunes almngver, a
large softwood forest in the eastern part alongwheer dike
and in the intermediate area a mosaic pattern fiéreint
succession stages (pioneer, grassland, shrubs).ureNat
management (e.g., grazing) within the floodplairaiing at

Pefiuelast al. (1993) focused on the 950-970 nm region andmprovement of biodiversity. Based on the availal@getation

defined the so-called water band index (WI):

W :h,
R370

)

map of the area, 12 locations with specific vegetastructure
types were selected. For each location a plot af 20 m was
selected with a relatively homogeneous vegetatmrec End
of June 2005 vegetation fresh biomass was samplatiree
subplots per plot measuring 0.5 x 0.5 m. After agyfor 24
hours at 70C, vegetation dry matter weight and canopy water

whereRgg, andRgyo are the spectral reflectances at 900 and 97Qgntent were determined. Subsequently, the avecagepy

nm, respectively.

Gao (1996) defined the normalised difference watwetex
(NDWI) as:

NDWI = (Reso ~ Rizao) ,
(Raso + Rizao)

@)

water content per plot was calculated.

2.2 Field Spectroradiometer M easur ements

July 29" 2004, a field campaign with an ASD FieldSpec Pro
FR spectroradiometer was performed at site 1 (Wagen)).
The spectroradiometer was deployed using a fibéic aable
with a 25° field of view. Measurement height abdtie plot
was about 1 — 1.5 m. As a result, the field of viemthe plot

where Rgso and Rizqo are the spectral reflectances at 860 andeyg| was circular with a radius ranging from 0.22.33 m.

1240 nm, respectively.

Finally, a continuum removal approach can be agpi@ the
two absorption features at about 970 and 1200 rims iE a
way of normalizing the reflectance spectra (Kokahd Clark,
1999). Subsequently, the band depth is calculatedefch
wavelength by calculating one minus the continuemaved
spectra. From this spectral band depth, Curran .ef2801)
defined the maximum band depth, the area undecuhe, and
the maximum band depth normalised to the area
absorption feature. Malenovsky et al. (2006) usee area

About 10 measurements per plot were performed, etdyeeach
measurement represents the average of 50 readitigs same
spot. The sampling interval was 1 nm. Calibratiors wane by
using a Spectralon white reference panel.

June 18, 2005, a field campaign with an ASD FieldSpec Pro
FR spectroradiometer was performed at site 2 (Mjlimvaard).
For every plot 12 measurements were performed diwpto
the VALERI (VAlidation of Land European Remote segsin

ef thInstruments) sampling scheme (Morisedtal., 2006), whereby

each measurement was the average of 15 readirige ame

under the curve normalised by the maximum band fdeptgnqt Measurement height was about 1 m above thetation.

(ANMB) as an alternative index.

The objective of the present study is to comparéergint
vegetation indices based on the water absorptatuifes at 970
and 1200 nm in estimating the canopy water contEinst,
model simulations using the PROSPECT and SAILH ragiat
transfer models were used for studying the relatignbetween
indices and leaf and canopy water content. Subsgigudield
spectro-radiometer measurements obtained from tudy sites
(a cultivated grassland area and a natural are® avealysed.

2. MATERIAL AND METHODS
2.1 Study Sitesand Field Data

The first study site concerns a grassland fieldhwaitmixture of
grass and white clover at the ‘Droevendaal’ experital farm

A Spectralon white reference panel was used fabredion.

After calculating average spectra per plot, theiltesy spectra
were smoothed using a 15 nm wide moving Savitskiafo
filter (applying a second order polynomial fit wiith the
window) to reduce instrument noise.

2.3 Reflectance Models

The PROSPECT model is a radiative transfer model for
individual leaves (Jacquemoud and Baret, 1990)intulates
leaf spectral reflectance and leaf spectral trattande as a
function of leaf chlorophyll content (g, equivalent leaf water
thickness (EWT) and a leaf structure paramet®r The most
recent version of PROSPECT was used including legf dr
matter (G) as a simplification for the leaf biochemistry
(protein, cellulose, lignin).



The one-layer SAILH radiative transfer model (Vexf)al984)

parameters (leaf reflectance and transmittancé,ales index
and leaf inclination angle distribution), soil mftance, ratio
diffuse/direct irradiation and solar/view geomefsplar zenith
angle, zenith view angle and sun-view azimuth gndtewas
modified by taking the hot spot effect into accoyktusk,
1991).

The output of the PROSPECT model can be used dirastly
input into the SAIL model. As a result, these msedean be

were performed at a 5 nm spectral sampling inteiSaice the
absorption features of leaf constituents are impleted in the

continuous functions, simulated spectra have tenheothed for
calculating useful derivatives. Therefore, the dated spectra

filter (applying a second order polynomial fit wiith the
window).

The inputs for the PROSPECT simulations are showTaisle
1 and those for the combined PROSPECT-SAILH simuhati
are shown in Table 2.

PROSPECT parameters Nominal values and range
Equivalent water thickness 0.01 - 0.10 g.cih

(EWT) (step of 0.01)

Dry matter (G,) 0.005/0.010/ 0.015 g.ctn
Structural parameteNj 1.0 — 2.0 (steps of 0.25)
Chlorophyll a+b (G 40 ug.cm?

Table 1. Nominal values and range of parameterd for the
leaf simulations with PROSPECT

SAILH parameters Nominal values and range

Equivalent water thickness 0.01 - 0.10 g.cfh

(EWT) (step of 0.01)

Dry matter (G,) 0.005 g.crif

Structural parameteNj 1.0/1.8/25

Chlorophyll a+b (G,) 40 pg.cm?

Leaf area index 0.5/1.0/15/2/3/4/5|/6

Leaf angle distribution Spherical / Planophile
Erectophile

Hot-spot parameter 0/01

Soil reflectance 0.0/0.1/0.2

Diffuse/direct radiation 0

Solar zenith angle 15° /30 / 45°

Viewing angle -30°/0°/ 3¢

Sun-view azimuth angle 0°

Table 2. Nominal values and range of parameterd o the

the relationship between the spectral reflectancéhé 900 —
simulates canopy reflectance as a function of canopl1300 nm range and the equivalent water thickne¥gT(E Due
to this, individual spectral bands are not wellretated with
EWT. However, when calculating the first derivatispectra
correlations increase significantly. The derivasivat spectral
regions close to the water absorption featuresr@tehd 1200
nm are mainly depending on the EWT and are harfigcted
by the leaf structural parameter and the leaf dayten content.
As an example, Figure 2 shows the relationship éetwthe
derivative at 942.5 nm and EWT. The wavelength ®4%n is
at the left shoulder of the 970 nm absorption feat@Good
used as a combined PROSPECT-SAILH model. Simulationsesults were also obtained using derivatives atigfg shoulder
of this feature and at the left shoulder of the QL2@m

absorption feature. Figure 3 illustrates the retathip between
PROSPECT model by means of look-up tables and not abe water band index (WI) and EWT. Results for thewtre
better than those for the NDWI or for the indicesdd on the
continuum removal method (results not shown). Bestlts
were smoothed using a 15 nm wide moving Savitskigfo were obtained for the first derivative{Bf 0.96 at 942.5 nm).

0.12

°
o
e

o
o
8

. 2
R*=0.9558

Leaf water content (g.cm?)
°
o
4

o
S
8

0

y = -168.84x + 0.0015

-0.0008 -0.0007 -0.0006 -0.0005 -0.0004 -0.0003 -0.0002 -0.0001
Derivative @ 942.5 nm

0

Figure 2. Relationship between first derivative ddaf
reflectance at 942.5 nm and equivalent water
thickness (PROSPECT simulations with varioys C

andN values, cf. Table 1)

o
o
&

y=0.8082x - 0.8033
R®=0.9479

Leaf water content (g.cm™?)
o
=Y
8

o c
S 8
8 2
}\!\‘

1 1.02 1.04 1.06 1.08 11 112 114
R900/R970 ratio

Figure 3. Relationship between the water band indes
equivalent water thickness (PROSPECT simulations

with various G, andN values, cf. Table 1)

canopy simulations with the combined PROSPECT-

SAILH model

3. RESULTSAND DISCUSSION
3.1 Simulations PROSPECT L eaf Reflectance M odel

Clevers and Kooistra (2006) showed before with PRASPE
model simulations that the leaf dry matter contemtd
particularly the leaf structural parameter haveugeheffect on

3.2 Simulations SAILH Canopy Reflectance M odel

At the canopy level Clevers and Kooistra (2006) stalwefore
that individual spectral bands in the 900 — 1300 ramge are
not well correlated with the canopy water conté&@#\C) using
simulations with the combined PROSPECT-SAILH model.
However, the first derivative is much better catetl with
CWC. High correlations are obtained at the shouldérghe
water absorption features. The same regions witgh hi
coefficients of determination can be observed ashatleaf



level. The effect of variables other than the leater content
and the LAl are minimised by using the derivatipedcra. As
an example, Figure 4 shows the relationship betvikerfirst
derivative at 942.5 nm and CWC for varying leaf lang
distribution functions. Again the first derivatighowed better
results than the afore mentioned indices from ditae. The
best one of these again is the WI, which is illstd in Figure
5. The first derivative also yielded stable resttis various
illumination-viewing combinations. As an exampldgdfe 6
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Figure 4. Relationship between first derivative ¢daf
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Figure 7. Relationship between the water band inees
canopy water content (PROSPECT-SAILH
simulations in nadir, hotspot and coldspot, cf. [€ab

2)

shows the relationship between the first derivativ®42.5 nm
and CWC for nadir viewing, viewing into the hotspotda
opposite to this, viewing into the coldspot. Themsa
relationship is obtained as for the varying leafglan
distributions in Figure 4. For comparison the refud the W1 is
illustrated in Figure 7, which again shows moretteciang due

reflectance at 942.5 nm and canopy water contento the varying observation geometry.

(PROSPECT-SAILH simulations with various leaf
angle distributions, cf. Table 2)
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Figure 5. Relationship between the water band indes
canopy water content (PROSPECT-SAILH
simulations with various leaf angle distributions,

Table 2)
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Figure 6. Relationship between first derivative ¢daf

3.3 Test site 1: Wageningen

Using the field spectroradiometer measurementsiradain
2004 at the Wageningen test site, we also foundetéerb
relationship between the first derivative at theudtiers of the
water absorption features and the canopy watereobrthan
between individual spectral bands in the 900 — 113®0region
and the CWC. For consistency, Figure 8 shows théige&hip
between the first derivative at 942.5 nm and CW@&aaigh
some other derivatives near to 942.5 nm gave $figtetter R
values. At 942.5 nm an’Ralue of 0.71 was found, whereas at
950.5 nm we found the maximunt Ralue of 0.80. So, we see
that the B varies strongly with wavelength for this data set.
When Figure 8 is scaled in the same way as Figuweedsee
that the simulated relationship fits very well witfe one given

in Figure 8. The ratio-based water band indicesthedndices
based on the continuum-removal method perform withnae
the first derivative, but better than the indivitlapectral bands.
Figure 9 illustrates the results for the WI, yielgian B value

of 0.26.
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(PROSPECT-SAILH simulations in nadir, hotspot

and coldspot, cf. Table 2)

reflectance at 942.5 nm and canopy water content at
the Wageningen test site
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0.60). This lies at the right shoulder of the 1200 absorption
feature. Due to the heterogeneous nature of thetatgn in the
Millingerwaard, results are worse than for a honmagmis
grassland parcel at the Wageningen site.

4. CONCLUSIONS

Results presented in this paper show that the speterivative
for wavelengths on the slopes of the water absmrpatures
at 970 nm and 1200 nm can be used for estimatingpsa
water content (CWC). Model simulations show a good
relationship between the derivative at 942.5 nm &@WC,
which is not very sensitive for leaf and canopysture. In
addition the influence of sun-viewing geometry ssetm be
minimal. Field spectroscopic measurements on plaotsa
homogeneous grassland parcel confirm these redudis.a
nature area with many different plant species, ltesvere less
good, but still results show the potential of tlegivhtive of the
spectral reflectance at the shoulders of the meetowater
absorption features. The relationship between d#vie and
CWC based on the real spectral measurements obtzirted
field appears to match the simulated relationshipha same
spectral position obtained from a combined PROSRECT
SAILH model. This shows that we may transfer sireda
results to real measurements obtained in the fidvarious
vegetation types. Of course, more research is megjn this
subject. This study clearly indicates that deriwedi provide
better results in estimating canopy water contehant
reflectances or indices as used in literature (Sins Gamon,
2003). Moreover, this paper shows that resultsioéthat the
leaf level can be upscaled to the canopy level qudiald

reflectance at 942.5 nm and canopy water content &pectroradiometers. Next step should be the upsrcadi the

the Millingerwaard test site

y=192.97x - 197.37
R’ =0.3970
15
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Figure 11. Relationship between the water band xinded
canopy water content at the Millingerwaard tes sit

34 Test site2: Millingerwaard

For the Millingerwaard test site in 2005 both field
spectroradiometer measurements and canopy wateenton
were obtained. Direct regressions of CWC on individua
spectral bands obtained from the field spectroradier
yielded poor results. Rvalues for the first derivative spectra
yielded better results, althougt Ralues were not really high
for this heterogeneous vegetation site. FigurellliBtiates the
relationship between the first derivative at 94@n% and CWC,
whereas Figure 11 shows the result for the WI,rabaing the
best water band index. For this data set the fiestvative at
1266.5 nm yielded the highest correlation with CWG @R

regional level using airborne hyperspectral data.

In this paper we used the derivative at 942.5 nmilligstrating

the potential of the derivative in estimating CWC.wdwer, in

this region of the electromagnetic spectrum one hés to take
the influence of the atmosphere into account. Siarit

absorption due to water vapour in the atmosphecarsat 940
nm and 1140 nm (Gao and Goetz, 1990; Igbal, 1988¢se
atmospheric absorption features are at shorter leagths as
compared to the liquid water absorption featureshm plant
material, meaning they are at the left shoulderghef plant
water absorption features. Therefore, the derieadit/the right
shoulders of the absorption features will be moseful for

practical applications because they are not infleen by
atmospheric water vapour. Figure 12 shows resaoltghe R
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Figure 12. Coefficients of determination betweenogy water
content and first derivative of canopy reflectance.
The dotted line provides an example of a canopy
reflectance signature (PROSPECT-SAILH)




values of the derivatives over the 900 — 1300 ngioreand the

Kuusk, A., 1991. The angular-distribution of refeece and

CWC for model simulations with the combined PROSPECT~vegetation indexes in barley and clover canopigamote

SAILH radiative transfer model. Althougtf Ralues are highest
at the left shoulder of the 970 nm absorption fiegtderivatives

at the right shoulder also provide highRlues. Therefore, for
practical applications a derivative at about 1040also seems
to be feasible.
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