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Sensitivity and Correlation Analysis of
PROSPECT-D and ABM-B Leaf Models

Reisha D. Peters

Abstract—Two leaf optical property models, PROSPECT-D
and ABM-B, were compared to determine their respective para-
meter sensitivities and to correlate their parameters. ABM-B was
used to generate 150 leaf spectra with various input parameters,
and the inversion of PROSPECT-D was used to estimate leaf
parameters from these spectra. Wavelength-specific sensitivities
were described, and correlations were developed between the
leaf pigments and structure parameters of the two models.
Of particular importance was the correlation of PROSPECT-
D’s structure parameter (N) which is a generalized parame-
ter integrating several leaf-level and cell-level characteristics.
At the leaf-level, N showed correlations with the leaf thick-
ness and the mesophyll percentage, and at the cell-level, N
was affected by the cell cap aspect ratios defined in ABM-
B. The estimated value of N also varied substantially with
changes in the angle of incidence specified in ABM-B. All of
these correlations were nonlinear, and it is unclear how these
parameters are combined to affect the final value for N. The
correlations developed in this article indicate that additional
structural parameters (possibly separated into leaf-level and cell-
level) should be considered in future model development that aims
to maintain inversion potential while providing more information
about the leaf.

Index Terms— ABM, leaf pigment absorption, mathematical
leaf modeling, PROSPECT, reflectance, sensitivity, spectroscopy,
transmittance.

I. INTRODUCTION

HE reflectance (R) and transmittance (T) spectra of plant

leaves are affected by many factors related to the plant
species, the environment, and the biochemical and biophysical
attributes of the plant. Surface characteristics, water concen-
tration, leaf thickness, pigment concentration, and disease can
all affect the way a plant leaf interacts with light. Light
reflectance and transmittance spectra at the surface of plant
leaves can be indicative of the biochemical attributes of plants
and can be exploited as a nondestructive method for their
estimation. Currently, there are leaf models that can estimate
some of these biochemical and biophysical attributes through
model inversion, but they have limitations. Hemispherical
reflectance and transmittance measurements are often used in
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leaf modeling, but away from a laboratory setting, collecting
these measurements is not always practical. Leaf data sets that
are widely used in model calibration, such as LOPEX and
ANGERS [1], [2], are biased toward healthy, green tree leaves.
This can result in good modeling results for similar plants,
but may not extend to varieties or traits not represented in the
calibration data. Models also tend to group highly correlated
parameters, such as chlorophyll a and b, or use generalized
structural features. This does not present an issue for species
which follow a standard correlation trend, but for atypical
leaves some information may be missed. Although these lim-
itations exist, leaf models are routinely used in field settings.
To increase the amount of data that can be collected from plant
spectral measurements an expanded model is necessary. This
model should maintain invertibility while accounting for addi-
tional leaf features (including leaf angle as in PROCOSINE
[3] and surface features) and additional (or more narrowly
specified) pigments. Differentiating between C3 and C4 plants
may also be required [4], [5]. A first step to this end is to
examine current leaf models and perform and sensitivity and
correlation analysis between them to determine their respective
capabilities. The work presented in this article investigates and
compares PROSPECT-D [6] and ABM-B [7].

Modeling biochemical properties of leaves from reflectance
and transmittance measurements at the leaf surface has been a
developing field in the remote sensing community for nearly
50 years with some of the earliest work relating leaf structure
and reflectance [8]. Major advancements in this field have seen
the development of several models that can generate leaf spec-
tra based on measured biochemical and biophysical properties
of leaves [7], [9], [10]. Perhaps, the most well-known and
widely used model is PROSPECT, originally developed by
Jacquemoud and Baret [10] and further expanded by many
other researchers [6], [10]. PROSPECT has not only been used
for modeling spectra but can also be inverted to estimate leaf
biochemical and biophysical properties given the reflectance
and transmittance spectra of a leaf [6], [11].

The original PROSPECT model used equivalent water thick-
ness, chlorophyll concentration, and a leaf structure parameter
to model leaf reflectance and transmittance [10]. Advance-
ments to the model have seen the addition of dry matter,
carotenoids, and brown pigments [2], and most recently the
anthocyanins [6]. With the addition of each pigment, spe-
cific absorption coefficients (SACs) were recalibrated and the
refractive index characterization was enhanced. PROSPECT-D
uses a generalized plate model approach [12]. A variation of
the Beer-Lambert Law with specific absorption coefficients
and area-based concentrations is used to approximate the
absorption of a single layer of leaf material. Refraction is
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simulated at the bounds of each leaf layer as well as at the
upper and lower surfaces of the leaf.

The algorithmic bidirectional scattering distribution function
model for bifacial plant leaves (ABM-B) works from a first
principles approach and requires more input variables to
generate the reflectance and transmittance spectra of leaves.
This model simulates leaf-light interaction using an algorith-
mic Monte Carlo method [7]. ABM-B aims to recreate the
interactions between an individual ray and the leaf tissue
and combines the results from a user-specified number of
iterations. Biophysical properties such as leaf structure and
cellular roughness are described by thickness and cell cap
aspect ratios, respectively. ABM-B also includes a sieve effect
parameter which considers the possibility of light traveling
through the medium without encountering an absorbing com-
ponent [13]. This model relies on stochastic methods of
spectra generation and requires more input parameters mak-
ing inversion time consuming and computationally expensive.
However, the increased number of biophysical parameters has
the potential to provide more information about the effects
of specific physical characteristics. Unlike the PROSPECT-D
model, many input parameters of ABM-B are specified in
volume-based concentrations. Therefore, a combination of
parameters such as thickness (#) and mesophyll percentage
(m) in ABM-B will be required to compare pigment quantities.
ABM-B also has a constant volumetric concentration for water
and the water path length is adjusted with the leaf thickness.

One key difference between ABM-B and PROSPECT-D
is in the underlying specific absorption coefficients used in
the models. PROSPECT-D uses separate SACs for chloro-
phyll, carotenoids, and anthocyanins. However, ABM-B
uses the chlorophyll SAC based on an earlier version of
PROSPECT [14] that effectively treated all pigments as
chlorophyll [2] and would have included some carotenoid
and anthocyanin absorption when calibrating the “chlorophyll”
SAC.

A direct comparison between ABM-B and PROSPECT-D
has not been published previously, but there is substantial work
done on comparisons between other leaf models at both the
canopy and leaf levels [15], [16].

The PROSPECT model allows for inversion (obtaining leaf
parameters from input spectra) but some of the parameters
represent a series of integrated leaf parameters and are difficult
to link to measurable attributes. The ABM-B model has a
larger number of user inputs, but is difficult to invert. The
PROSPECT model has also been validated through testing
from multiple researchers [2], [3], [6], [11], whereas ABM
has been less prominent in the remote sensing community,
possibly due to the lack of a current invertible version.

The objective of comparing these models is to interrogate
the generalized parameters of PROSPECT-D using the more
specific parameters of ABM-B. By better understanding these
relationships, candidate modifications to how PROSPECT
handles structure may become evident. Additionally, the most
significant parameters may be targeted for measurements and
inclusion in expanded training data sets. For this purpose, only
simulated spectra were used; no observations from real leaf
specimens were used. This allows for input parameters that
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TABLE I
MAXIMUM AND MINIMUM VALUES FOR PARAMETERS USED TO
GENERATE SPECTRA WITH THE ABM-B AND PROSPECT-D
LEAF MODELS

Parameters (units)

ABM-B Parameters

Number of Samples 100000

Wavelength Range (nm) 400-2500

Surface of incidence Adaxial
Name Minimum  Maximum
t Leaf thickness (mm) 0.070 0.300
m Mesophyll percentage (%) 2.68 93.16
Cehla Chlorophyll A concentration (g/cm®)  0.00020 0.00627
Cento Chlorophyll B concentration (g/cm®)  0.00011 0.00233
Cear Carotenoid concentration (g/cm?) 0.00010 0.00229
Coro Protein concentration (g/cm?) 0.01442 0.18000
Ceel Cellulose concentration (g/cm?) 0.00202 0.21013
Ciig Lignin concentration (g/cm?®) 0.00081 0.11296
dc Cuticle undulations aspect ratio 1 25
de Epidermis cell caps aspect ratio 1 25
Op Palisade cell caps aspect ratio 1 25
s Spongy cell caps aspect ratio 1 25
sieve  Simulate sieve effects No Yes
0 Angle of incidence (degrees) 0 45

PROSPECT-D Parameters
N N 1 3
Cab Chlorophyll A+B (ug/cm?) 0.7 100
Cxe Carotenoids (pg/cm?) 0.05 30
Cantn  Anthocyanins (ug/cm?) 0 3
Cor Brown Pigments (arbitrary units) 0 1
Cw Water (cm) 0.00057 0.06000
Cn Dry Matter (g/cm?) 0.00024 0.03000

are fully specified as opposed to underlying biophysical char-
acteristics are difficult to know with certainty. By extension,
comparisons of the models’ absolute accuracy in reconstruct-
ing spectra are not explored.

II. METHODS

One hundred and fifty sets of leaf parameters were used
to generate leaf spectra using ABM-B. The inverse mode
of PROSPECT-D was then used to estimate the set of
PROSPECT-D input parameters that would best match the
spectra generated using ABM-B. Table I lists the full set
of input parameters for each model, their units, the symbols
used in the text to refer to them, and the bounds placed on
them. These minimum and maximum values were determined
based on the values collected in the LOPEX database [1].
For PROSPECT-D, these values could be directly interpreted
from the data set, but for ABM-B, some parameter maxima
and minima had to be calculated. In ABM-B, pigment concen-
trations are specified on a per-volume basis. To approximate
maximal and minimal values for these parameters, the per-area
based concentrations from LOPEX were divided by the leaf
thickness. The maximum values for the cell cap aspect ratio
parameters were set to 25 which is half of the allowable
value in the online ABM-B model. The 150 sets of parame-
ters included both specifically chosen values and randomly
generated combinations of values within the bounds specified
in Table I. Within these parameter sets, 79 used standard values
for the epidermis cell cap aspect ratio (J. = 5), palisade cell
cap aspect ratio (d, = 1), spongy cell cap aspect ratio (s = 5),
cuticle undulation aspect ratio (J. = 1), and angle of incidence
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(@ = 0), and included sieve effects according to the default
values in ABM-B (as estimated for a soybean leaf). These
parameter sets will be referred to as cell cap ratio constant
(CCRonstant)- The other 71 sets included changes to all or some
of these parameters in addition to others and will be referred
to as CCRyarying. The use of the standard values in a portion
of the parameter sets allowed for separate evaluation of the
effects of the structural parameters in the ABM-B model.

In its current online form [17], ABM-B generates spectra
that have 5-nm wavelength intervals. Linear interpolation was
used to adjust these spectra to the 1-nm intervals used in
PROSPECT-D. The total reflectance (specular plus diffuse)
and the transmittance from ABM-B were used as the inputs
for the PROSPECT-D inversion. PROSPECT-D was used to
estimate leaf parameters using the inversion method outlined
in the PROSPECT-4 and 5 article [2]. This method uses a
numerical inversion and a constrained Powell’s search method.
Three initial starting points were used for the search to
investigate the equifinality associated with the model and two
additional inversions were performed to exclude the brown
pigments (Cy) and both anthocyanins (Cyyy) and brown
pigments as these pigments are not explicitly included in the
ABM-B model.

In addition to spectra generated by ABM-B, a set of spectra
was generated by using PROSPECT-D in the forward direction
to investigate the sensitivity of PROSPECT-D to its input
parameters. The parameters for these spectra were chosen
within the bounds described in Table I.

The spectra generated by ABM-B and PROSPECT-D and
the parameters of each model were examined in three stages.
First, the wavelength-specific sensitivities of each model to
their respective parameters were calculated. Second, the output
spectra from ABM-B and inverted spectra from PROSPECT-D
were compared (for selected sets of parameters). Finally, cor-
relations were shown for each parameter in the PROSPECT-D
model in relation to the ABM-B parameters.

Wavelength-specific spectral sensitivities were calculated
using a simple linear regression between each parameter
and the reflectance (or transmittance) for every wavelength
individually. The slope of the linear regression (%R or %T per
parameter unit value) was used to approximate the effect of
the parameter on the absorptance [18]. This method provides a
quick qualitative comparison of the effects of each parameter
but can be affected by parameter saturation effects. To assess
these possible saturation effects, coefficients of determination
were also calculated for the regression lines. These results are
summarized in Section III.

The spectra generated by ABM-B were compared to those
fit in the PROSPECT-D inversion for four individual parameter
sets. This comparison was used to hypothesize how the effects
of specific structural parameters affect PROSPECT-D’s ability
to model the spectra. All inversions were used in these
examples, and the results are summarized in Section IV.

Although many input parameters (e.g., pigment concentra-
tions) have similar meanings in ABM-B and PROSPECT-D,
few are reported with the same units. To allow for a direct
comparison of the pigments, water content, and dry mat-
ter, parameters used in the ABM-B model were combined
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resulting in compatible units between the models. The
per-volume pigment and dry matter concentrations from
ABM-B were multiplied by the thickness, mesophyll per-
centage, and a necessary unit conversion for each sample to
obtain per-area concentration values. The water content in
ABM-B was determined by multiplying the leaf thickness with
the percentage of leaf thickness occupied by the mesophyll
tissue (mesophyll percentage). This was directly compared
to the water content in PROSPECT-D which is described as
an equivalent water thickness (Cy) with units of centimeters.
The correlations between the seven parameters described in
PROSPECT-D and those specified in ABM-B are summarized
in Section V.

III. WAVELENGTH-SPECIFIC SENSITIVITIES

The sensitivities for each parameter in ABM-B are shown
in Fig. 1 with a 20-nm wide moving average applied to reduce
the noise associated with the stochastic nature of the model.
The coefficients of determination that were calculated for each
regression line were above 0.6 for all wavelengths shown
in Fig. 1 except for parameters which had very little effect
on the reflectance spectra such as protein (Cpy), cellulose
and lignin (Ceetiig), dc, and Js. Although the coefficients of
determination are high, these results are dependent on the
limited data set used in this analysis and cannot be considered
as absolute for all data sets. Fig. 1(a)—(d) shows the effect that
each parameter has on reflectance and Fig. 1(e)—(h) shows
the effect on transmittance. The sensitivities of chlorophyll
a and b (Cchpatb) and carotenoids (Ce,) approach O above
800 nm as they do not affect the NIR portion of the spectra
so only the 400-800 nm range is shown for these pigments.
The shape of these two sensitivity spectra follows a similar
shape to the absorption spectra of these two pigments. This
is expected as the reflectance is affected by how much light
the leaf absorbs and should show an inverted version of the
pigment absorption spectra. Increasing Cehlatb, Cears £, 7, Cpro,
and Ccelq1ig cause a decrease in the estimated reflectance and
transmittance of a leaf. #, shown in Fig. 1(b) and (f), causes an
increase in reflectance and decrease in transmittance. The sieve
parameter will also cause an increase in reflectance due to the
reduced probability of light absorption [19]. The dp, e, and J
cause decreases in reflectance, but also induce an increase in
transmittance that is similar in magnitude to the reflectance
decrease.

The sensitivity spectra for the PROSPECT-D parameters are
shown in Fig. 2. Cup, Cxcs Canths Cw, Cn, and Cp; cause a
decrease in reflectance and transmittance when their values
are raised. The N parameter causes an increase in reflectance,
but decrease in transmittance as its value increases. The
N parameter accounts for multiple leaf features, but if it
is considered to capture the leaf thickness as part of its
function then this result is expected. The sensitivity spectra
for PROSPECT-D chlorophyll (Cq,), carotenoids (Cx.), and
Cann are similar in shape to the absorption spectra for these
pigments and are shown in the 400—800 nm range to highlight
their region of influence. These pigments have a similar
effect on reflectance and transmittance as they increase the
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(f) Transmittance sensitivity to N.

light that is absorbed by the leaf. As expected, a correlation
between the spectral shapes of the C,, sensitivity and the
Cehiatb sensitivity, as well as the C.,, and Cy. sensitivities
can be seen. Although these two models use different specific
absorption coefficients, the general shape of these coefficients
is very similar. The dry matter (Cy,) sensitivity spectrum

presents some similarities to the Cpo and Ceelyiig sensitivity
spectra from the ABM-B model. It is not immediately clear
which parameters from ABM-B correlate best with the N and
Cy, parameters in PROSPECT-D and there are likely some
combinations of ABM parameters that best describe these
PROSPECT-D parameters. The Cp; sensitivity spectrum is
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Fig. 3. Four sets of spectra modeled by ABM-B and PROSPECT-D using the parameters as listed in Table II. Reflectance and 1—Transmittance are shown.
Plots (a)—(c) use the same cellular aspect ratios. Plot (b) displays changes in pigment values and leaf-level structure parameters and (c) uses the same
parameters as (a) but does not include ABM-B’s sieve effects. Plot (d) has a completely different set of parameters from (a) and does not account for sieve
effects. Plot (d) represents a spectrum that should be difficult to invert in PROSPECT-D due in part to the nonnadir illumination.

unlike any of the spectra seen in the ABM-B sensitivities.
This pigment is not well defined in any of the PROSPECT
models, but appears to be similar to some “decay pigments”
and may be useful for monitoring aging leaves [20]. In pre-
vious models, the brown pigments have been described as
polyphenols that appear during the drying process [21], [22]
or more specifically tannins for which there were no current
methods for determining concentration [10]. Recent work
has studied the effects of including and excluding brown
pigments in multiple inversions of the PROSPECT model.
One study found that the pigment estimations for chlorophyll
and carotenoids were improved when brown pigments were
included in the model [11]. Due to the unclear nature of these
brown pigments in the model, results with and without their
inclusion will be presented.

IV. COMPARISON OF ABM-B SPECTRA AND
PROSPECT-D SPECTRA FIT IN INVERSION

A direct comparison of spectra generated by ABM-B and
those fit through the inversion of PROSPECT-D highlights the
differences and similarities between the models and identifies
where model advancements may be possible. Fig. 3 shows four
sets of transmittance and reflectance spectra that were gener-
ated by ABM-B as well as the spectra from PROSPECT-D
that were fit during inversion. In these examples, a single
set of ABM-B spectra (reflectance and transmittance) is
shown for each sample and three PROSPECT-D inversion
spectra sets are shown. These three PROSPECT-D spectra

represent the cases with all pigments included, without Cy,
and without Cp; or C,. In addition to these cases, two
alternate initial conditions with all pigments included were
investigated in the inversion, but there was no statistically
significant difference in the spectral or parameter estimation
results (ANOVA returned a p-value of 0.99). Although this
does not negate the potential for equifinality in the inversion,
it provides evidence that the initial condition does not strongly
affect the inversion in the data presented in this work. Input
parameters to ABM-B and resulting PROSPECT-D parameters
(including C,p, and Cy,) estimated based on the ABM-B
spectra are summarized in Table II. Fig. 3(a) shows the
ABM-B spectra generated with parameter values typical for
an average leaf (as determined in the LOPEX database) and
the corresponding spectra fit through PROSPECT-D inversion.
The reflectance and transmittance spectra fit by PROSPECT-D
are very similar to the ABM-B spectra in this example.
In the case of anthocyanin being excluded from PROSPECT-
D, there is a more pronounced peak near 550 nm (this
reflectance increase near 550 nm is visible in all four samples
shown in this figure). This highlights the differences between
the SACs used in each model as discussed in Section I
where the chlorophyll SAC in ABM-B is incorporating the
carotenoid and anthocyanin SACs. The PROSPECT-D chloro-
phyll SAC is consequently lower than the ABM-B SAC in the
550-nm region. The average root mean square error (RMSE)
values for these spectra are 0.0143 for R and 0.0164 for 7.
Fig. 3(b) represents another set of parameters that has different
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TABLE II

TABLE OF VALUES FOR FI1G. 3 PARAMETERS FOR
FOUR OF THE 150 CASES ARE SHOWN

Parameters Sample 1 Sample 41  Sample 113 Sample 122

(A) B) © ()
ABM-B — Input Parameters

t (mm) 0.112 0.215 0.112 0.241

m (%) 50.00 17.78 50.00 68.42

Cenia (g/cm’) 0.002956 0.005296 0.002956 0.000236

Can (g/cm’) 0.001032 0.000321 0.001032 0.000794

Cear (g/cm’) 0.000566 0.000515 0.000566 0.002106

Cpro (g/cm®) 0.08132 0.095302 0.08132 0.14106

Ceal (g/em’) 0.03597 0.069517 0.03597 0.07415

Ciig (g/em’) 0.00671 0.015427 0.00671 0.10322

e 1 1 1 11

Je 5 5 5 19

Sp 1 1 1 4

& 5 5 5 11

sieve yes yes no no

0 (degrees) 0 0 0 27

PROSPECT-D Parameters from inversion of spectra generated by ABM-B

N 1.63989 1.60354 1.48975 1.00000
Ca (ng/cm?) 21.1646 32.6391 18.2597 8.50119
Cye (ng/cm?) 5.69637 7.80605 2.66794 11.4925
Cann (ng/cm?)  1.17304 0.96987 1.39678 0.00014
Cir (a.1) 0.00007 0.05658 0.28508 0.55809
Cy (cm) 0.00643 0.01184 0.00714 0.01137
Cn (g/cm?) 0.00259 0.00577 0.00716 0.01660

values for the leaf biochemistry, thickness, and mesophyll but
the same cellular aspect ratio values and illumination angle.
Again, PROSPECT-D is able to match the spectra effectively.
The overall fit between these spectra is high with average
RMSE values of 0.0115 for R and 0.0137 for T.

In both Fig. 3(a) and (b), PROSPECT-D estimates a
slightly lower reflectance in portions of the NIR and a higher
reflectance in portions of the visible. The opposite is true for
transmittance; PROSPECT-D estimates lower transmittance in
the visible region and higher in portions of the NIR. The
combination of reflectance and transmittance deviations may
indicate the estimated value of N is a compromise. Other
differences between the two models that may be contributing
to the inability to achieve a good match in the full spectra
are the shapes of the SACs, as discussed previously, and the
refractive indices. For refractive index, PROSPECT-D uses a
single spectrum for the whole leaf, but ABM-B uses different
spectra for the epicuticular wax and the mesophyll cell walls.
These refractive index spectra are also different in shape.
The spectrum from PROSPECT-D [6] has a more pronounced
decrease in refractive index with increasing wavelength com-
pared to any of the ABM-B refractive index spectra [7].

Fig. 3(c) uses the same parameters as (a) but does not
account for sieve effects. A major difference between these
two spectra is the increase in the amount of transmittance
and the decrease in reflectance across the whole wavelength
range. The spectra estimated by PROSPECT-D are not as
similar to the generated spectra and have an RMSE value
of 0.0247 for R and 0.0327 for T in this sample. Differences
are observed in the 400—-800 nm range where the reflectance is
much higher in the PROSPECT-D spectra than ABM-B. Addi-
tionally, the reflectance between 800 and 1000 nm is lower in
the spectra estimated by PROSPECT-D. A shape contrast is
also present in this region at the red edge; ABM-B has a sharp
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decrease in reflectance and transmittance, whereas the decrease
is more gradual in the PROSPECT-D model. In the inversion
case where brown pigments are included, the rounded red-edge
is more prominent. It should be noted that neither model
is portraying an accurate spectral feature for leaves at the
red-edge and a typical leaf spectrum would lie somewhere
between these two extremes [1], [2]. The PROSPECT-D
transmittance is lower in the 400-800 nm range and higher
between 1500 and 2000 nm compared to the ABM-B spectra.
Comparing Fig. 3(a) to 3(c), there is less reflectance in (c) and
a wider gap in the NIR plateau between reflectance and trans-
mittance. The decrease in reflectance is a result of increased
absorption in the absence of sieve effects. The parameter
estimations from PROSPECT-D as summarized in Table II
indicate how PROSPECT-D is accounting for this suppression
of sieve effects. The N parameter is decreased to account for
the lower reflectance in Fig. 3(c). In the PROSPECT-D model,
N represents the number of homogeneous layers separated by
air spaces within the leaf [10]. As N decreases, the number of
interfaces for potential reflectance also decreases resulting in
less reflectance and more transmittance through the leaf. Cy,
is increased from (a) to (c). This increase in brown pigment
is common to all spectra generated without the use of sieve
effects.

Fig. 3(d) uses different biochemical, leaf thickness, and
mesophyll values than (a) as well as different cellular aspect
ratios, and angle of incidence. This sample also does not
account for sieve effects in the ABM-B model. These spectra
have RMSE values of 0.0282 for R and 0.0233 for T.
PROSPECT-D estimates higher reflectance and lower transmit-
tance for most wavelengths in these spectra. This is a result
of the N parameter reaching the bounded lower limit of 1
in the inversion; the reflectance cannot be further reduced in
PROSPECT-D by altering N. The PROSPECT-D reflectance
also has more subtle water absorption bands near 900 and
1200 nm. The rounded red-edge due to brown pigment
inclusion is visible in these spectra as well, and although
their exclusion improves the shape match between ABM-B
and PROSPECT-D spectra, the offset between the spectra is
increased. These results are not surprising as PROSPECT-D
assumes a hemispherical (or equivalent) measurement and a
set angle of illumination and does not directly account surface
changes in cell cap aspect ratios. This inversion example also
has a high estimation for Cy, (Table II).

The only parameter in PROSPECT-D that can account for
all of the changes in the cellular aspect ratios is the N
parameter. However, N is also affected by the mesophyll
characteristics and thickness of the leaf among other physical
parameters. Inverting spectra that are generated with large
incident angles (to the normal) are out of the scope of
the design of PROSPECT-D. However, their inclusion in
future invertible models will improve parameter estimation and
model robustness.

V. CORRELATION BETWEEN PROSPECT-D AND
ABM-B PARAMETERS

PROSPECT-D has seven parameters that are used to
model leaf reflectance and transmittance spectra. In the
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Fig. 4. Correlation of parameters in PROSPECT-D and ABM-B (listed).
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inverse direction, the model takes leaf spectra and esti-
mates these seven parameters. The parameters chosen for the
ABM-B model and the parameter estimations from a single
PROSPECT-D inversion (including all pigments) were corre-
lated for all 150 spectra as shown in Fig. 4 for Cap, Cxc, Canth,
Cy, and Cy,. These data were subdivided into two categories:
the CCRconstant set that used default values for Je, dp, s, Jc,
and 0 (5, 1, 5, 1, 0) and included sieve effects (filled circles
in figures), and the CCRyuying set that varied all or some of
these parameters (unfilled circles in figures). The majority of
outliers in the correlations were associated with the CCRyarying
parameter sets. PROSPECT-D parameter estimates from a
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single initial condition where all pigments were included are
shown. Although spectral differences were noted in Fig. 3,
there was no statistically significant difference in pigment
estimates between inversions including those that excluded Cy;
or Cyny for the results shown in Fig. 4. An exception to this
is the anthocyanin concentration; the distribution of the Cpyym
estimates is altered when brown pigments are excluded.

Fig. 4(a) shows the correlations between Ca, and Cepjatp X
t x m. This correlation graph indicates that the chlorophyll
in the two models has good agreement and similar values
would model similar looking leaf spectra. The same is not
true for Cx. in Fig. 4(b). Although there is some correlation
between Cyx. and Cqy X t X m, the expected linear trend
between the two models is not as pronounced as with Cyp,. This
may be due in part to the specific absorption coefficients used
for chlorophyll and carotenoids. PROSPECT-D uses separate
empirically calibrated spectra for chlorophylls and carotenoids.
A comparison of chlorophyll spectra used in modeling is
presented in [2] and [6]. ABM-B uses the chlorophyll SAC that
would have included some carotenoid absorption as discussed
in Section I. The SAC for the carotenoids is taken from an
alternate source [23]. Fig. 4(b) indicates that PROSPECT-D
is estimating a higher level of carotenoids than was spec-
ified for ABM-B in most samples. It is hypothesized that
PROSPECT-D registers a combination of explicitly specified
and implicitly included carotenoids in ABM-B. An increase in
pigment concentration of the same magnitude would be less
prominent (would generate a smaller percentage offset) in the
Cap graph than the Cx. graph as Cy, has a higher concentration
in the majority of samples. By combining the chlorophyll and
carotenoid content in both models, a stronger correlation was
found between these pigments than for the carotenoid case
alone [Fig. 4(c)]. This figure shows the (Cepatp + Cear) X t X
m combination from ABM-B as correlated with the Cy,, +
Cx. combination from PROSPECT-D. The average RMSE
value (in pg/cm?) is 7.45, 5.96, and 11.62 for chlorophyll,
carotenoids, and their combination, respectively. These RMSE
values are higher than the averages found in Féret et al.
as compared to actual leaf data (4.23 and 3.39 for chloro-
phyll and carotenoids, respectively) [6]. For these subfigures,
the ABM-B model inputs are always at a slightly lower value
that those estimated by PROSPECT-D. Fig. 4(e) and (f) shows
correlations found between Cangy and (Cehpatb + Cear) X t X
m with and without brown pigments, respectively. At low
concentrations of chlorophyll and carotenoids, anthocyanin
estimates increase with increasing Ceppatb + Ceor- However,
as the concentration of Cecparp + Cear €xceeds 20 ,ug/cmz,
the anthocyanin estimate reaches a peak and then declines.
The decreased correlation at higher concentrations arises from
saturation effects in the reflectance and transmittance. As the
pigment concentrations increase, the reflectance and transmit-
tance will reach a minimum value. At this point, additional
anthocyanin would not increase the absorption further. The
correlated increase and decrease of anthocyanin with Cepjatb +
C.yr 1s more pronounced in the absence of brown pigments
[as shown in (f)] as the absorbing range of these pigments
overlaps with the absorbing range of the anthocyanins. In the
absence of Cy, the anthocaynin pigments are the primary
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absorbing component near 550 nm. These results agree with
the assessment that the ABM-B chlorophyll SAC includes
some anthocyanin absorption.

Correlations for Cp, were investigated, but no direct rela-
tionship was found. The only correlation found between Ci,
and a ABM-B parameter was linked to the sieve effect. When
the sieve effect was not simulated, PROSPECT-D estimated a
much higher Cy; concentration. This may be partially due to
the overall decrease in reflectance for ABM-B spectra. In these
cases, the PROSPECT-D inversion estimates an increased Cp,
concentration, decreasing the reflectance near 800 nm as seen
in Fig. 3(c) and (d).

Fig. 4(d) shows the correlation between C, from
PROSPECT-D and ¢t x m from ABM-B. Cy, is described as
the equivalent water thickness in the PROSPECT-D model
and its correlation with + x m shows very good agreement.
Therefore, the water component in ABM-B is directly related
to these leaf structure parameters. Reproducing the spectrum
of a desiccated leaf is then out of the scope of the design
of ABM-B as these structure parameters are also closely tied
to the pigment concentrations. The water absorption spectra
used in ABM-B [24], [25] and PROSPECT-D [26]-[28] are
also from different sources, but both models use measured
as opposed to modeled spectra for this parameter. The water
absorption spectra used in the two models have a normalized
RMSE of 0.024 between them.

Fig. 4(g) and (h) correlates Cy, With (Cpro+ Ceeliig) X t X 111,
This correlation was split between two subfigures (separated
based on CCRconstant and CCRyarying) as the CCRygrying Subset
contained much higher estimates for Cy, than the CCR onstant
subset. This correlation shows some agreement, but the non-
linearity and deviation from the 1:1 line may indicate a more
complex correlation between these similar model parameters.
The specific absorption coefficients for ABM-B’s Cp, and
Cceltiig Were taken from the original PROSPECT model [14].

Finally, the estimates of the structure parameter, N, were
analyzed. Using the CCRgopsiant parameter sets, Fig. 5(a)
shows a nonlinear and inverse relationship between N and
t x m. This relationship is well described by logarithmic curve
resulting in an R? value of 0.94. A nonlinear relationship is
expected when considering the nature of light absorbance.
In PROSPECT-D, the N parameter is used in calculating
the absorbance of a single layer of leaf material. It is then
used when determining the transmittance and reflectance of
each layer in the leaf. In ABM-B, increasing the thickness
of the leaf results in increased absorbance and decreased
transmittance and reflectance. This does not align directly
with the effects of the N parameter as an increase in N
results in increased reflectance but decreased transmittance.
This may relate to the logarithmic relationship between these
parameters as their effects are partially in opposition. Because
the parameter concentrations in ABM-B are volume-based
and the concentration in PROSPECT-D are area-based, their
relationships to these structure parameters differ. Increasing
the thickness parameter in ABM-B effectively increases the
corresponding area-based concentration.

When the CCRonstant and CCRyqpying sets are both consid-
ered, it is clear that the CCRyupying parameters also affect N
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Fig. 5. Changes induced in the N parameter by (a) t x m (using CCRconstant),
(b) ¢ x m (using CCReonstant and CCRyarying), (€) de, Jp, and ds, and (d) 6.

as shown in Fig. 5(b). In this figure, constant ¢ x m values
result in significantly different estimates for N in CCRyupying
and the trend seen in (a) is no longer obvious. Fig. 5(c)
shows the individual effects of J, Jp, and J;. Lower values
for these cell-cap ratio parameters correspond to cell caps
that are more optically rough and cause more diffusion of
the light [7]. Lower values result in a higher estimation for N
as the reflectance is increased and transmittance is decreased.
The effect of d; is much less pronounced than the other two
aspect ratios likely due to its situation deeper in the leaf tissue.
Similar to the r x m comparison, the relationship between N
and these three parameters is not linear, but is well described
by a logarithmic curve with R? values of 0.99, 0.98, and
0.96 for ds, dp, and J., respectively.

The final parameter that has a substantial effect on the N
parameter is the angle of incidence (8) as shown in Fig. 5(d).
Increasing the angle of incidence causes N to increase nonlin-
early. When 6 increases, the reflectance of the leaf increases
and the transmittance decreases. At angles close to normal, N
is estimated to be smaller as more light is transmitted through
the leaf and less is reflected. The increase in reflectance
due to the angle of incidence is related to the specular
component of reflectance that is produced at large angles to
the normal. PROSPECT-D does not have a function to account
for variations in angle of incidence or specular reflection so
the structure parameter is the only option to account for the
changes induced by this ABM-B parameter. The structure
parameter in PROSPECT-D is accounting for many parameters
in ABM-B and it is very difficult to determine how all of
these parameters are combined in the final estimation of N.
This parameter in particular has the potential to be expanded
to better describe the structure of a leaf in future invertible
models. Accounting for angle of incidence separately is one
such expansion that has been explored [3], but separating
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large-scale and small-scale structure changes and including
surface properties as a separate feature may improve the output
of an inverted model further.

VI. CONCLUSION

By comparing the effects of altering each input parameter
individually, a wavelength-specific sensitivity was described
for selected parameters in both models. A second comparison
used spectra generated by ABM-B to estimate parameters
through the inversion of PROSPECT-D. Correlations between
the input parameters from ABM-B and the estimated parame-
ters from PROSPECT-D were then observed. The chlorophyll
and carotenoid estimations from the two models appear to
agree in trend, but the PROSPECT-D model tends to estimate
these pigments at a higher concentration than is specified in
ABM-B in the CCRopstant parameter sets. The dry matter para-
meter in PROSPECT-D appears to correlate with the protein,
cellulose, and lignin in the ABM-B model but the relationship
is not 1:1. The water thickness in PROSPECT-D correlates
with the thickness of the leaf and mesophyll percentage in
ABM-B. The most complicated correlation drawn between
the two models was the relationship between PROSPECT-D’s
structure parameter (V) and the illumination angle and cellular
aspect ratios in ABM-B. N summarizes several leaf structure
effects described in ABM-B. A nonlinear correlation can be
found when only ¢, m, and concentration-based parameters are
modified, but other structure parameters such as cell cap aspect
ratios make the mapping of these relationships more complex.
Increasing the cell aspect ratios of the epidermis, palisade,
and spongy mesophyll cells decreases the estimation for N as
higher values for these parameters result in less diffusion of
light. The angle of incidence also has a substantial effect on
N and increasing the angle in ABM-B results in an increased
estimation of N in PROSPECT-D.

By developing correlations between the parameters in these
two models and understanding the effects of individual para-
meters, informed decisions can be made regarding feature
inclusion in a future model. Expanding the parameter list
in PROSPECT-D while maintaining efficient invertibility will
allow for more information to be estimated nondestructively.
Of particular interest in the findings here is the N parameter is
combining a number of parameters from the ABM-B model.
This allows for fewer parameters in the inversion but may
be reducing PROSPECT-D’s ability to model leaf thickness
and geometry as well as cellular roughness. By separating
this structure parameter into two parameters (cell-level and
leaf-level), the applications may be expanded. In ABM-B,
the cellular aspect ratios have a large effect on the leaf
reflectance and transmittance and should be included to some
degree in future modeling.
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