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ABSTRACT:

Hyperspectral remote sensing has demonstrated poéattial for accurate retrieval of canopy watentent (CWC). This CWC is
defined by the product of the leaf equivalent watéckness (EWT) and the leaf area index (LAl).this paper the spectral
information provided by the canopy water absorptieature at 970 nm for estimating and predicting CW&3 studied using a
modelling approach and in situ spectroradiomete@asurements. The relationship of the first deneatit the right slope of the 970
nm water absorption feature with CWC was investigatitd the PROSAIL radiative transfer model at a 1 sampling interval and
tested for field spectroradiometer measuremen@imdd at an extensively grazed fen meadow asitest s

PROSAIL simulations (using coupled SAIL/PROSPECT-5 atgdshowed a linear relationship between the diesivative over the
1015 — 1050 nm spectral interval and CW@ £R0.97), which was not sensitive for leaf and ganstructure, soil brightness and
illumination and observation geometry. For 40 phitshe fen meadow ASD FieldSpec spectral measumsmyielded an Rof 0.68
for the derivative over the 1015 — 1050 nm intenwth CWC. This relationship appeared to match timeutated relationship
obtained from the PROSAIL model. It showed that aray transfer simulated results to real measuren@taned in the field,
thus giving them a physical basis and more gerapalicability. Consistency of the results confirmém: potential of using
simulation results for calibrating the relationsbigtween this first derivative and CWC.

Another advantage of using the derivative at tigatrslope of the 970 nm absorption feature is igtadce from the atmospheric
water vapour absorption feature at 940 nm. If camenot correct well for the effects of atmospheratev vapour, the derivative at
the right slope is preferred over the one at theslepe.

1. INTRODUCTION 970 nm_ 1200 nm

—CWC=04
Biogeochemical processes, such as photosynthesigpmtion ---CWC=08
and net primary production, are directly relateddiar water —CWC=16

(Running and Gower, 1991; Running and Nemani, 1984ys,
canopy water content is an important variable fapping and
monitoring the condition of the terrestrial ecosyst

Reflectance

In this paper, we focus on retrieving canopy watertent from

optical remote sensing data, in particular hyperspk data. '

Remote sensing techniques provide an integratedisiyer the /\ Q
spatial resolution element of the detector. As sulte the 0.0 ‘ ‘ ‘ w ‘ ‘ ‘ T
canopy water content, being the amount of water ot 400 800 1200 1600 2000 2400
ground area, is a variable of interest. Howeveryddiative Wavelength (nm)

transfer (RT) models often the amount of water pat leaf Figure 1. Example of three canopy spectral sigeatuas

area, the so-called equivalent water thickness (EWsTused simulated with PROSAIL for different CWC values
(Hunt Jr. and Rock, 1989; Jacquemoud and Baret, 1830) (in kg.m?), showing the position of the 970 nm and
multiplying the EWT with the leaf area per unit gmal area 1200 nm absorption features.

(called the leaf area index, LAI) we get the canopgter
content (CWC in kg.r):

Figure 1 shows an example of RT simulation resulsing

CWC = LAl xEWT (1) PROSAIL, see section 2.1) for a vegetation spectnitimthree

different CWC values. No simulation results are shdamthe

Another way of calculating CWC is by taking the diffiece  major atmospheric water absorption features ardl4@D nm
between fresh weight (FW in kgZnand dry weight (DW in and 1900 nm, because these absorptions are suchatity
kg.m?): any solar radiation reaches the Earth’s surfacethase
wavelengths. As a result, these are not used inteegensing of

CWC = FwW -DW (2) land surfaces. Figure 1 shows that CWC in partichks an

effect in the near-infrared (NIR) and the shortwafeared
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(SWIR) part of the spectrum. Figure 1 also shows tveter
absorption features at approximately 970 nm and 20 that
are caused by the absorption by O—H bonds in ligaidopy
water (Curran, 1989).
absorption features in the NIR are feasible with itfeeasing
availability of hyperspectral images (Schaepmaal.e2009).

Danson et al. (1992) showed that the first deneatf the
reflectance spectrum corresponding to the slopesthef
absorption features provides better correlatiorth Va@af water
content than those obtained from the direct caticalawith
reflectance.
correlations between the first derivative at tte $iope of both
absorption features and CWC for a grassland sitdenUK.

at the field and airborne level. These studies subwhat
spectral derivatives at the slopes of the 970 nch(tma lesser
extent) 1200 nm absorption feature have good pateas
predictors of CWC.

Recently, Clevers et al. (2010) showed that the flestvative
of the reflectance spectrum at wavelengths corredipg to the
left slope of the minor water absorption band a@ &mm was
highly correlated with CWC. PROSAIL model simulations
showed that it was insensitive to differences af Bnd canopy
structure, soil background and illumination and evlbation
geometry. However, these wavelengths are locateseclo a
water vapour absorption band at about 940 nm (@ddGoetz,
1990). In order to avoid interference with absamptiby
atmospheric water vapour, the potential of estingatCWC
using the first derivative at the right slope o t870 nm
absorption feature is studied in this paper foataset acquired
in 2008. Results are compared with PROSAIL simulation
using a new version of the PROSPECT model (Feret.et a
2008).

2. MATERIAL AND METHODS

2.1 PROSAIL Radiative Transfer M odel

constant value for ¢ was used according to the findings of
Jung et al. (2009) for a floodplain meadow. At tia@opy level,
the actual observation and solar angles of the rerpatal

Accurate measurements at theseeasurements (section 2.3) were used. Also spesuil

brightness values were obtained from the actuabmxgnts.
The other inputs for the PROSAIL simulations weregiag
according to the values given in Table 1.

Since the absorption features of
implemented in the PROSAIL model by means of look-up

leaf constituear®

tables and not as continuous functions, simulapegttsa have

Rollin and Milton (1998) found moderateto be smoothed for calculating derivatives. The usated

spectra were smoothed using an 8 nm wide movingtsksv
Golay filter applying a fourth-degree polynomial iithin the
Clevers et al. (2008) applied derivatives in a pnglary study  window according to the results of Le Maire et(aD04).

Table 1. Nominal values and range of parametesd o the
canopy simulations with the PROSAIL model.

PROSAIL parameters

Nominal values and range

Equivalent water thickness|
(EWT)
Leaf dry matter ()
Leaf structure parametexl)
Chlorophyll concentration
(Can)
Leaf area index
Leaf angle distribution

Hot-spot parameter
Soil reflectance
Diffuse/direct radiation
Solar zenith angle
View zenith angle

Sun-view azimuth angle

0.01-0.10 g.cih (step of
0.01)
0.002 g.cnf’
1.0/1.8/25
40 pg.cni

0.5/1.0/15/2/3/4/5(6
Spherical / Planophile /
Erectophile
0.0/0.1
Actual values
0
35°
OO
OO

TSource: (Jung et al., 2009)

2.2 Study Site

PROSAIL is a combination of the PROSPECT leaf RT modekpe study site is an extensively grazed fen meadcting as a
(Jacquemoud and Baret, 1990) and the SAIL canopy BJem pyffer zone around a protected bog ecosystem, ddciat the
Achterhoek area in the Netherlands and forming part
Europe’s Natura-2000 ecological network. Ground pamg

. _ took place from June"®- 11", 2008. 40 Plots of 3 by 3 m were
content (G, equivalent leaf water thickness (EWT), leaf randomly distributed over the site. In three cosnefreach plot
subplots of 0.5 x 0.5 m were harvested by cuttihgalaove-
ground vegetation. Vegetation fresh weight for gveubplot
was determined after harvesting. After drying fdr l2ours at

(Verhoef, 1984), which has been used extensivedy twe past
few years for a variety of applications (Jacquemaidal.,
2009). At the leaf level, PROSAIL is using leaf ataphyll

structure parameteNj and leaf dry matter (§} as inputs. At
the canopy level, input parameters are LAI, ledliimation
angle distribution, soil brightness, ratio diffusieéct
irradiation, solar zenith angle, view zenith anglel sun-view
azimuth angle. It also includes a parameter desgithe hot-
spot effect (Kuusk, 1991). In a previous study,used an older
version of PROSPECT (version 3) simulating leaf mflace
and transmittance at a 5 nm spectral sampling viaker

70°C, vegetation dry weight and CWC were determined.

Subsequently, the average CWC per plot was calculated

2.3 Field Spectroradiometry

Recently, version 5 of PROSPECT has been releaseghe study site was measured with an ASD FieldSpecAR

performing simulations at a 1 nm spectral sampilirigrval and
using updated values for the specific absorptiogffaients of
leaf constituents (Feret et al., 2008).

(calculated from LAl and EWT), the effects of thaimleaf and
plant inputs on this relationship were studieg, €uld be kept
constant since it does not exhibit any effect bey800 nm.
Since the specific absorption coefficient for drattar is quite
low and constant below 1300 nm (Fourty et al., 39936
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spectroradiometer

on June®™9and 16, 2008. Nadir

measurements were performed between 11h and 1&htioe,
resulting in a solar zenith angle varying betwe@f &nd 40°.
All subplots of all 40 plots were measured befaaevbsting the
To study the relationship between derivatives and GCW pijomass. Measurement height above the plot wastah&um
and the instrument field of view was 25°. As a lgsi the plot
level a circular area of about 0.3% mas measured and each
measurement represents the average of 50 readinigs same
spot. The sampling interval was 1 nm. Calibratiors @ane by
using a Spectralon white reference panel.
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After calculating average spectra per plot, thelltesy spectra
were smoothed using a 15 nm wide moving Savitskiago
filter (applying a second order polynomial fit wiith the
window) to reduce instrument noise.

3. RESULTSAND DISCUSSION
3.1 PROSAIL Simulations

The simulation results obtained with the improveRGSAIL
model (using PROSPECT-5) using a 1 nm spectral sagpli
interval showed that for many spectral positiongonel 900 nm
the relationship between the first derivative and ©Wé
statistically significant at p < 0.001. In addititmthe left slope
of the 970 nm water absorption feature, also @hatiips at the
right slope of this feature and at the left slop¢he 1200 nm
feature are highly significant (Figure 2). In tipaper, focus is
on the right slope of the 970 nm absorption featberause
there no influence of absorption by atmosphericewaapour is
expected. Figure 2 shows that the reflectanceisitright slope
is increasing gradually and that the coefficientlefermination
(R?) for the relationship between the first derivatofeadjacent
wavelengths and CWC is rather constant. Thereforemag
calculate the first derivative over a wider intdyvaaking the
choice of wavelengths for derivative calculatiossleritical and
making the derivative calculation more robust. Expental
results later in this paper suggest that an intdreaveen 1015

and 1050 nm is a good choice. Figure 3 provides the

relationship between the first derivative over {85 — 1050
nm interval and CWC for variations in model inputgraeters
as given in Table 1. There is an offset for thedinregression
line because soil reflectance was not constant theespectral
interval. Field measurements at the test site gikla reflectance
of 0.39 at 1015 nm and a reflectance of 0.40 at0106.
Largest scatter around the linear regression liistble in
Figure 3 is caused by the variation in leaf indiora angle
distribution. In the next section it will be testedhether this
simulated relationship matches the one found wiffeemental
data.

3.2 Achterhoek Study Site

For the Achterhoek site in total 40 plots were mddFigure 4
shows the Rvalues for the relationship between spectral
derivatives and CWC. The?Ror the 1015 — 1050 nm interval
again is constant for this test site. It is lowsart the best value
at the left slope, but the observed-Rlues above 0.65 are
statistically significant at p < 0.001. Thé Bt the right slope
over the 1015 — 1050 nm interval is 0.68 (Figure e
predictive power of the first derivative as index &stimating
CWC was assessed by estimating the root mean squareo
prediction (RMSEP) using the leave-one-out crosigtatibn
approach. The calculated RMSEP is 0.21 Kg(aws relative to
an average CWC of 0.53 kgn The relationship is in
agreement with the one found for the simulated deten
PROSAIL in Figure 3, which are plotted at the baokmd of
the Achterhoek results in Figure 5.

The agreement between the experimental data and RRGS
good when using reflectance derivatives over th£51:0 1050
nm interval. Therefore, the relationship betweest filerivative
and CWC was trained with PROSAIL and then this retestiip
was applied on the experimental
relationship is given in Figure 3. When applyingisth
relationship to the experimental data of thehterhoek site,
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Figure 2. Coefficients of determination between CW@ first
derivative of canopy reflectance as simulated by
PROSAIL. The dotted line provides an example of a
simulated canopy reflectance signature.
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Figure 3. Relationship between first derivative ainapy
reflectance over the interval 1015 — 1050 nm and
CWC (PROSAIL simulations with varying input
parameters according to Table 1).
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Figure 4. Coefficients of determination between CW@ first
derivative of canopy reflectance as measured with
the ASD FieldSpec at the Achterhoek site in 2008.
The dotted line provides an example of a measured
canopy reflectance signature.

Figure 6 illustrates the comparison of the estichat@ues with

data. The caliratethose obtained from the ASD FieldSpec measuremditts.

RMSEP derived from this Figure 6 is 0.25 kg.rThis value is

about equal to the RMSEP value of 0.21 k§obtained for the
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experimental data themselves using the leave-oherethod
(Figure 5). Figure 6 shows that we get a slightres#&mation of
CWC in this way.

N
)

N
o
.

L
(4]
|
.

g
[=}
.

y =13.119x - 0.415
R?=0.68

Canopy water content (kg.m™)
o
3

o
o
»

0.00 0.05 0.10 0.15

Derivative 1015-1050 nm

0.20

Figure 5. Relationship between first derivative ainapy

thus giving them a physical
applicability.

Both simulated spectra and experimental FieldSpesctsp
showed that the right slope of the 970 nm absanpiéature is
linear (constant) in the range from about 1015 mrtaabout
1050 nm. Due to this broad interval, the first dative over
this 1015 — 1050 nm interval can be measured mooerately
than the derivative at a certain spectral positjon narrow
interval). As a result, this derivative also is moobust and less
susceptible to noise. Smoothing the spectral measents did
not give better results than non-smoothed measuntsme
Smoothing was necessary when using narrow inte(Giés/ers
et al., 2008).

The PROSAIL simulations performed in this study dot n
include an atmospheric model. When using remotesisgn
observations from an airborne or spaceborne ptatfane
should also consider the water vapour absorption they
atmosphere. This occurs, for instance, at 940 ndnld40 nm

reflectance over the interval 1015 — 1050 nm andGao and Goetz, 1990; Igbal, 1983), thus beingteshifto
CWC at the Achterhoek site in 2008. At the shorter wavelengths as compared to the correspgrdinid
background the simulated relationship of Figure 3 i water absorption features. This means that thesteffe water

shown.
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vapour absorptions in the atmosphere occurs dethglopes of
the water absorption features used for estimatingCC®b, if
one cannot correct well for the effects of atmosighwater
vapour, it is recommended to use the first deneate.g., in the
1015 — 1050 nm interval.

Future work will continue focusing on higher spattr
resolution instruments, in particular in the watdysorption
regions at 970 and 1200 nm. Instruments with aifsigntly
higher spectral resolution would be able to assegmrately
water molecules in atmosphere and vegetation, alpweorrect
estimations for both atmospheric water vapour &nad water
in vegetation.
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Figure 6. Comparison between CWC measurements frddch fie
samples and CWC estimations using PROSAIL

simulations of the relationship between CWC and
the spectral derivative over the 1015 — 1050 nm

interval.

4. CONCLUSIONS

Results presented
derivatives for wavelengths on the right slope loé twater
absorption feature at 970 nm can be used for estigiaanopy

water content (CWC). PROSAIL model simulations were

in this paper show that the sgpectr

Network (HYPER-I-NET).
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