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Active fluorescence (F) sensing systems have long been suggested as a means to identify species compo-
sition and determine physiological status of plants. Passive F systems for large-scale remote assessment
of vegetation will undoubtedly rely on solar-induced F (SIF), and this information could potentially be
obtained from the Fraunhofer line depth (FLD) principle. However, understanding the relationships
between the information and knowledge gained from active and passive systems remains to be addressed.
Here we present an approach in which actively induced F spectral data are used to simulate and project
the magnitude of SIF that can be expected from near-ground observations within selected solar Fraun-
hofer line regions. Comparisons among vegetative species and nitrogen (N) supply treatments were made
with three F approaches: the passive FLD principle applied to telluric oxygen �O2� bands from field-
acquired canopy reflectance spectra, simulated SIF from actively induced laboratory emission spectra of
leaves at a series of solar Fraunhofer lines ranging from 422 to 758 nm, and examination of two dual-F
excitation algorithms developed from laboratory data. From these analyses we infer that SIF from
whole-plant canopies can be simulated by use of laboratory data from active systems on individual leaves
and that SIF has application for the large-scale assessment of vegetation. © 2006 Optical Society of
America

OCIS codes: 120.0280, 120.6200, 120.5700, 170.6280.

1. Introduction

A major goal of the U.S. Carbon Cycle Science pro-
gram is to monitor carbon dioxide �CO2� uptake by
vegetation. Biological carbon (C) sequestration is
driven by nitrogen (N) availability, as N is involved in
photochemical processes and is one of the primary
resources that regulate plant growth. Large-scale
monitoring of these processes is currently possible
only with remote-sensing systems that rely heavily
on passive reflectance (R) information. Fluorescence
(F) emitted from chlorophyll (Chl), or ChlF, is directly
related to photochemical reactions and has been ex-

tensively used for the elucidation of the photosyn-
thetic pathways. Recent studies have shown that
ChlF can be extracted from high-resolution reflec-
tance spectra of vegetation1–3; this has been made
possible by advances in passive F instrumentation,
which facilitate remote acquisition of solar-induced
fluorescence (SIF). The goal of this effort is to evalu-
ate the potential of emerging F methodologies for
determining vegetation parameters related to photo-
synthetic function and carbon sequestration dynam-
ics in plants.

Chl is the major plant pigment associated with
harvesting solar energy for conversion to photochem-
ical energy and use in CO2 assimilation for the pro-
duction of sugars and other organic compounds.
Under optimal growth conditions, most light ab-
sorbed by plant Chls and carotenes is utilized in pho-
tosynthesis; less than 3% is dissipated as heat or as F.
The magnitude of F emissions (EMs) varies with ex-
posure of plants to light and other environmental
conditions and is governed by Chl concentration. The
highest F yield occurs when competing photochemi-
cal processes do not drain energy available for pho-
tosynthesis and heat dissipation is low. As certain
nutrients play primary roles in photosynthesis and
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Chl synthesis, their deficiencies can be detected on
the basis of changes in F, especially that of N.4–8

ChlF is manifested as red fluorescence (RF) and
far-red fluorescence (FRF).9 RF has been attributed
primarily to Chls associated with photosystem II,
whereas FRF has been attributed to antenna Chls of
both photosystems II and I.10–12 The RF�FRF ratio
could relate to changes in the distribution of excita-
tion (EX) energy between the two photosystems and
has been extensively studied as an indicator of Chl
content and stress condition in plants.9,13–15 In addi-
tion to ChlF, F from vegetation occurs throughout the
ultraviolet (UV-A) to visible regions, with EM max-
ima occurring in the UV-A, blue (BF), and green
(GF).16,17 Several investigations have demonstrated
relationships to plant health and growth condition for
these F regions and their ratios.5,16,18–22

The remote sensing of F over land has proved chal-
lenging because the relatively weak EMs from vegeta-
tion must be differentiated from the more-intense R
signals. One solution is to utilize the Fraunhofer line
depth (FLD) principle with high spectral resolution R
spectra. The FLD principle uses the dark lines in the
spectrum of light reaching the Earth’s surface reported
by Joseph Fraunhofer in 1817 and subsequently iden-
tified as either solar or telluric (i.e., atmospheric) in
origin. This approach employs the dark regions to po-
tentially differentiate F from the solar irradiance con-
tinuum with sufficient resolution for low-Earth-orbit
observations by interferometer-type passive satellite
systems. This technology has been suggested as a pas-
sive method for detecting vegetation stress from or-
bit.23,24 In particular, the FLD method has been
suggested as a means for extracting ChlF from R spec-
tra in the telluric oxygen �O2� bands centered at 688
and 760 nm. However, only a few instruments capable
of remotely detecting solar-induced ChlF have success-
fully demonstrated variations in the F signal that can
be ascribed to vegetation stress.25–29

The focus of this investigation is on the F signal
from terrestrial vegetation as viewed from near-
ground levels. The current study was designed to (1)
develop generalized three-dimensional EX by an EM
spectral matrix (EEM) for foliage represented by two
herbaceous and three woody plant species from ac-
tively induced F studies; (2) present an approach to
simulating SIF from the EEM and discrete EX spec-
tral data at the foliar level; (3) determine from field
spectra the magnitude of SIF that can be obtained at
ground level from terrestrial vegetation assemblages
within the telluric O2 absorption bands; and (4) com-
pare the relative ability of three F approaches to
discriminate experimental vegetation treatments by
use of the passive FLD applied to the telluric O2
bands, the simulated SIF at solar Fraunhofer lines,
and two active dual-EX algorithms.

2. Materials and Methods

A. Plant Material

Plant material was collected from several field sites
at the U.S. Department of Agriculture’s Beltsville

Agricultural Research Center, Beltsville, Maryland.
Deciduous trees were sampled from a multiyear ex-
periment in which six-year-old saplings of tulip pop-
lar (Liriodendron tulipifera L.), red maple (Acer
rubrum L.), and sweet gum (Liquidambar styraciflua
L.) were planted in the ground in 2001. N was applied
in the form of urea, and concentrations were varied
from 0.004 to 0.001 M to simulate augmented levels
of atmospheric N deposition. Measurements acquired
during September and October 2004 were utilized for
this study, and the data are presented as a composite
of all treatments sampled.

The cornfield site is part of an intensive test site for
a multidisciplinary project entitled Optimizing Pro-
duction Inputs for Economic and Environmental En-
hancement (OPE) to develop new farming strategies
that conserve natural resources while maintaining or
increasing long-term farm profitability. Corn (Zea
mays L.) N-treatment plots large enough to capture
the spatial variability of crop and soil parameters
were established within the OPE field site. The ex-
perimental design was a randomized complete block
with treatment groups of 280, 140, 70, and
0 kg N�ha, which provided a range of plant growth
and condition. The rate of 140 kg N�ha was recom-
mended by the University of Maryland Soil Test Lab-
oratory for optimum corn production on the OPE
sandy loam soil. Measurements were acquired in Au-
gust 2004 at the grain fill (R3) reproductive stage.
Average daily photosynthetically active radiation
and temperature up to this period were 220 W�m2

and 22 °C with 393 mm of total rainfall.
The soybean [Glycine max (L.) Merr.], Illini culti-

var, along with two Chl b deficient isolines (BV4 &
T135) related to the Illini parent were grown in two
forms of growth medium: soil with the agrobacterium
rhizobium and the full compliment of nutrients re-
quired for optimal growth, and a sterile perlite
growth medium in which no rhizobium species were
allowed to infect the roots. Nutrient solutions were
applied weekly to plants in perlite to provide all nu-
trients required for optimal plant growth. The exper-
iment was divided into two planting–measurement
periods, each allowing for 45 days of growth. Average
daily photosynthetically active radiation and temper-
ature for the two planting periods were 181 W�m2

and 20 °C for the first planting period (May–June
2003) and 175 W�m2 and 23 °C for the second period
(July–September 2003).

B. Active Fluorescence Measurements

A spectrofluorometer (Fluorolog-II, Spex Indus-
tries, Edison, New Jersey) was used to collect EEMs
and discrete EX spectra on excised leaf samples
from the plant canopies. This spectrofluorometer
utilizes two 0.22 m double spectrometers with grat-
ings of 1200 grooves�mm. A 450 W xenon lamp was
attached to the EX spectrometer with entrance and
exit slits set to 2 mm, yielding a 3.2 nm bandpass for
EX radiation from 250 to 700 nm. Fluctuations in
lamp intensity were corrected by use of a beam split-
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ter to deliver a portion of the EX radiation to a silicon
photodiode. This response was used to generate
correction factors for equalizing changes in lamp
intensity as a function of wavelength. The EM spec-
trometer was attached to a photon-counting photo-
multiplier tube, which was radiometrically calibrated
to yield linear measures of intensity throughout the
EM wavelength range of 400–800 nm. The entrance
and exit slits for both the EX and EM spectrometers
were set to 2 mm, permitting a 3.2 nm bandpass. The
data acquisition interval was set to 5 nm, and leaf
samples were held in place by a nonfluorescent an-
odized aluminum solid sample holder.

The relative magnitudes and number of EM bands
received from vegetation vary with EX wavelength.
The EX by EM matrix (EEM) is a three-dimensional
F matrix with the horizontal coordinates correspond-
ing to EX and EM wavelengths while the vertical
coordinate corresponds to the EM intensities. Leaf
EMs were determined over the wavelength range of
400–800 nm, and EX characteristics were deter-
mined over the wavelength range of 300–700 nm. In
addition to EEMs, several discrete EX spectra were
collected at 5 nm data acquisition intervals starting
at 300 nm and ending 20 nm short of several select
Fraunhofer features.

C. Simulated Solar-Induced Fluorescence from Actively
Induced Excitation Spectra

Xenon arc lamps are frequently used in laboratory
situations to simulate solar energy in the visible spec-
trum. However, the spectral profile of the arc lamp
does not precisely match the solar spectrum. There-
fore a calibrated spectral radiometer was inserted in
the sample compartment of the Fluorolog II spec-
trofluorometer and the radiometric intensity was
measured as a function of illumination wavelength
[Fig. 1(a)]. These data were then compared with the
solar spectrum of a clear day that yielded a photo-
synthetic photon flux density of 1660 �mol m�2 s�1 or
400 W m�2 nm�1. Correction factors were then devel-
oped and applied such that the postcorrection spec-
tral profile and intensity of the xenon illumination
source closely resembled that of the solar spectrum
[Fig. 1(b)]. Simulated SIF intensities �mW m�2 nm�1�
were then obtained through integration of monochro-
matically acquired EX spectra from 300 nm to the
wavelength that was 20 nm short of the Fraunhofer
line being simulated, to prevent cross contamination
of the EX source and the EM response. We used a
revised edition of Rowland’s table of solar spectrum
wavelengths to select major solar Fraunhofer lines
based on proximity to F features and line strength.30

The projected F intensity in each line was calculated
based on a Fraunhofer equivalent width (a measure
of line strength for a perfectly black line of sharp
edges absorbing the same amount of energy as the
real line). The simulated SIF approach was used to
provide estimates of F intensity per nanometer,
whereas multiplication with line equivalent widths
provided estimates for the final F intensity

�mW m�2 sr�1� expected within selected Fraunhofer
lines at the ground level.

D. Fraunhofer Line Depth Determination of Solar-Induced
Fluorescence in the Atmospheric O2 Bands

The FLD principle was applied to discriminate the
relatively weak in situ vegetation F in-fill of the tel-
luric O2 bands that fall within the ChlF region. The
major telluric O2 features located at 688 and 760 nm
and with a FWHM of 4 and 7 nm, respectively, are
formed from the merging of a series of narrowband
molecular oxygen absorptions by the Earth’s atmo-
sphere. We used the following algebraic expressions
of the FLD principle adapted from Plascyk31 to obtain
canopy R and F from vegetated surfaces:

R � (c � d)�(a � b), (1)

F � d � Rb � (ad � cb)�(a � b), (2)

where a and b represent the reference panel radiance
in and out of each O2 feature and c and d represent
the target radiance of a and b, respectively. F within
a Fraunhofer feature can also be expressed as the
relative stationary yield �f � F�a�, a dimensionless
number representing the degree to which radiance

Fig. 1. Spectral profiles: (a) xenon arc lamp, (b) solar spectrum at
a total irradiance level of 400 W�m2.
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within a relatively dark Fraunhofer line is aug-
mented.

We used a spectroradiometer (ASD-FR FieldSpec
Pro, Analytical Spectral Devices, Inc., Boulder, Colo-
rado) to measure canopy radiance 1 m above plant
canopies with a 22° field of view and a 0° nadir view
zenith angle. A second, cross-calibrated, ASD radi-
ometer was used in a similar viewing geometry over
a Spectralon reference panel (Labsphere, North Sut-
ton, New Hampshire) to track changes in solar irra-
diance simultaneously. The ASD spectroradiometers
use a 512 channel silicon photodiode array overlaid
with an order separation filter to provide 3 nm
FWHM spectral resolution at a 1.4 nm sampling res-
olution, which is sufficient for the quantification of F
and R within the major telluric O2 features (Fig. 2).
Measurements were obtained on a clear day in a 2 h
window near solar noon and yielded an average pho-
tosynthetic photon flux density of 1660 �mol m�2 s�1.

E. Biophysical Measurements

Biophysical analysis of plant canopies occurred in
situ where possible; otherwise the uppermost fully
expanded leaves or third leaf from the terminal were
excised from the plant canopy, immediately placed in
water-filled sample holders, and transported to the
laboratory for further analysis. The leaf-area index
(LAI) of the corn canopy was measured with the LAI
2000 plant canopy analyzer (LI-COR Inc., Lincoln,
Nebraska). Five sets of LAI measurements (a single
one above the canopy and four below the canopy)
were acquired at predetermined sample locations
throughout each treatment plot. Corn grain yields
were based on hand-harvested samples obtained
from five plants per plot at locations where foliar F,
Chl concentrations, and N determinations were
obtained. Grain samples were oven dried at 50 °C
before weighing. Photosynthetic capacity (Amax;
�mol CO2 m�2 s�1) was determined in situ with a LI-
COR 6400 photosynthetic system (LI-COR, Inc.) fit-
ted with a leaf fluorometer chamber. Amax was

determined under controlled conditions of 2000
�mol m�2 s�1 of photosynthetically active radiation,
saturating CO2 concentration (1000 parts in 106), con-
trolled leaf temperature (22 °C), and relative humid-
ity ��35%�. Amax and light-adapted steady-state ChlF
(Fs) were obtained simultaneously in the field before
excision of leaves for laboratory measurements. The
LI-COR 6400 F parameter is detected by a broadband
sensor centered at 700 nm and provides a measure of
total photons fluoresced per second from both ChlF
bands. Leaf Chl a and Chl b and total carotene con-
centrations were determined from freshly cut leaf
disks �2.54 cm2� that were placed in 3.5 ml of di-
methyl sulfoxide and sealed for 36 h at 25 °C. Ab-
sorption spectra were obtained with a dual-beam
spectrophotometer (Lambda 40, Perkin-Elmer, Nor-
walk, Connecticut), and pigment concentrations were
determined by procedures outlined by Wellburn.32

The remainder of each leaf sample was oven dried at
50 °C and ground to pass through a 1 mm mesh. Total
leaf C and N determinations were obtained by the
Dumas combustion method33 by the University of
Delaware Soil Testing Program, Newark, Delaware.

A mixed model analysis of variance (SAS, Inc.,
Cary, North Carolina) was used to assess the sepa-
rability of plant parameters and F features with re-
spect to treatment effects. Least-significant digit
(LSD) mean separations were deemed significant at
p � 0.05.

3. Results

A. Analysis of Plant Growth

For various levels of N fertilization in field corn, leaf
parameters (Amax, Chl, foliar N) and crop parameters
(LAI, grain yield) increased with N level (Table 1).
LAI was similar for the two N fertilization rates
� 140 kg N�ha, whereas significant LAI decreases
were obtained for treatments � 70 kg N�ha, where a
difference of �0.27 LAI was significant by the LSD0.05
means comparison procedure. Both the Chl a:b and
C:N ratios exhibited decreases with increasing N sup-
ply, with minimum significant differences of 0.178
and 1.68 �LSD0.05�, respectively. Overall, the analysis
of corn growth and condition at lower N availability
was consistent with classic symptoms of N deficiency.

The soybean Illini cultivar exhibited significantly
higher Chl content and C:N ratios than the Chl b
isolines (Table 1). As expected, Chl b was suppressed
in the BV4 and T135 isolines; this was expressed in
elevated Chl a:b ratios. Unexpectedly, foliar N levels
were also significantly higher for the Chl b deficient
isolines, along with in vivo UV-A F, indicating poten-
tially higher rubisco (the CO2 fixing enzyme) and
protein content.17 This result was also evidenced by
the higher trend in Amax achieved by the Chl b iso-
lines.

B. Excitation by Emission Matrix

The generalized EEM for vegetation is shown in Fig.
3 as a surface plot depicting the average EM intensity
from foliage represented by two crops (corn and soy-

Fig. 2. Radiance measured in the red through far-red spectral
region. Telluric O2 bands are denoted with dotted lines, and a, b, c,
and d correspond to points in Eqs. (1) and (2) for the FLD deter-
mination of far-red SIF.
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bean) and three deciduous tree species (poplar, gum,
and maple). Through a three-dimensional analysis
(EX by EM by intensity), consistently occurring F
spectral features were noted across species at the
wavelength coordinates reported in Table 2. All mea-
sured species exhibited pronounced BF, GF, RF, and
FRF EM features, with the exception of corn, for
which the GF was minimal. The BF and GF features
exhibit discrete EX maxima that are induced by
UV-B through UV-A radiation. Also, maximized EM
intensities from these two bands can be achieved
from EX radiation at 347 � 25 nm and 410
� 10 nm, respectively. In contrast, the RF and FRF
peaks are induced over a wider range of UV-A
through visible wavelengths, and each exhibits a sim-

ilar series of EX maxima at or near 430, 470, and
665 nm. Although the RF and FRF EMs are emitted
exclusively through Chl a, these EX maxima coincide
with either the absorptive properties of Chl a or the
nonfluorescing secondary photosynthetic antenna
pigments (e.g., Chl b and carotene) that transfer en-
ergy to Chl a. Whereas the existence of the BF, GF,
RF, and FRF peaks is well established, this study
reveals that EX wavelength regions that produce
maximal F intensities are relatively narrow (�10 nm
wide), with the exception of the blue EX region
(25 nm wide). Although the central wavelengths of
EM features are fairly stable ��11 nm�, there were
some variations observed in the peak centers and
peak widths (Table 2) associated with species that
deserve further study.

C. Dual-Wavelength Excitation Ratios

The FRF EX spectra at 740 nm extracted from the
vegetation EEM along with absorption spectra of the
pure plant pigments (Chl a, Chl b, and carotene) are
shown in Fig. 4. An alignment between the ChlF EX
maxima and absorption features of the plant pig-
ments is apparent. Inasmuch as ChlF EX spectra are
affected by the combined absorption of light by plant
pigments, specific F ratios may express the relative
changes in these pigment contents. As evidenced
here, the in vivo Chl a:b ratio showed significant
variation with respect to N supply in the corn and in
the tree species sampled (Table 1). The soybean par-
ent line Illini and the Chl b deficient isolines BV4 and
T135 extended the observed range of Chl a:b ratios
from 3.07 to 4.66. Through spectral sensitivity anal-
yses and correlations with spectroscopically deter-
mined plant pigment concentrations, specific EX by

Table 1. Effects of Treatment on Biophysical Measures of Plant Growth and Condition

Source of Variation Chl a � ba Chl a Chl b Chl a:b C (%) N (%) C:N Amax
b LAI Yieldc

Corn 280d 65.5 ae 45.4 a 20.2 a 2.29 d 47.9 a 3.67 a 13.1 c 39.8 ab 3.14 a 10062 a
140 56.5 b 40.6 b 16.1 b 2.56 c 47.9 a 3.34 b 14.4 c 42.4 a 2.98 a 8010 b
70 50.5 c 37.5 b 13.1 c 2.86 b 47.4 a 2.83 c 16.9 b 38.4 b 2.54 b 6833 b
0 33.7 d 25.4 c 8.4 d 3.08 a 46.2 b 2.08 d 23.4 a 26.9 c 2.27 c 4614 c

LSD0.05 �n � 60�f 5.46 3.64 2.11 0.178 0.68 0.208 1.68 3.02 0.269 1178

Soybean Illini 24.7 a 18.7 a 6.04 a 3.07 a 45.6 ab 2.15 b 25.8 a 21.2 a
T135 14.4 b 11.7 b 2.77 b 4.42 b 46.4 a 3.45 a 15.4 b 26.1 a
BV4 11.9 b 9.7 b 2.18 b 4.65 b 45.0 b 3.65 a 13.4 b 26.4 a

LSD0.05 �n � 66� 5.05 3.98 1.11 0.350 1.14 0.527 4.23 ns

Poplar 42.5 b 31.6 b 11.0 b 2.97 a 49.6 a 1.77 a 28.94 a 24.4 a
Maple 39.2 b 28.8 b 10.5 b 2.78 b 49.9 a 1.81 a 28.72 a 22.1 a
Gum 50.8 a 35.9 a 15.0 a 2.40 c 49.6 a 1.73 a 29.82 a 23.0 a

LSD0.05 �n � 48� 4.66 3.17 1.58 0.164 ns ns ns ns

aChlorophyll (Chl) contents are in micrograms per meter squared.
bPhotosynthetic units (Amax) are in micromoles of CO2 per meter squared per second.
cGain yields are reported in kilograms per hectare.
dNitrogen treatment levels in field corn are expressed in kilograms of nitrogen per hectare.
eWithin a treatment group, isoline, or species columnwise means with the same letter are not separable (ns) by the ANOVALSD0.05

means
comparison procedure.

fGroupwise LSD0.05 values indicate the smallest separable source of variation for each variable.

Fig. 3. Generalized vegetation spectral EEM represented by a
surface plot, based on the responses from mature, summer foliage
for two herbaceous and three woody plant species �n � 20�.
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EM wavelength combinations were found sensitive to
in vivo variation in the Chl a:b ratios. Of these wave-
length combinations, the following two normalized
difference (ND) dual-wavelength EX ratios were
found to have superior performance:

ND RF � (RFEX435 � RFEX475)�(RFEX435 � RFEX475),
(3)

ND FRF � (FRFEX435 � FRFEX475)�(FRFEX435

� FRFEX475). (4)

These dual-EX algorithms normalize the differ-
ences of the RF or the FRF at two distinct monochro-
matic EX wavelengths that are important in Chl
absorption, namely, 435 and 475 nm. Both algo-
rithms were found sensitive to N supply in the field

corn: the ND FRF algorithm provided three levels of
separation, whereas the ND RF algorithm distin-
guished all four N treatment levels (Table 3). Fur-
ther, linear relationships were observed between the
dual-EX algorithms and Chl a:b ratios (r2 � 0.81
� 0.83; Fig. 5). For the corn and soybean crop species
the normalization of these ratios enabled a single
linear fit to be applied across the monocot and dicot
crop species. However, the ND RF and ND FRF al-
gorithms were not so effective in tracking the less
dynamic Chl a:b variations associated with the tree
species.

D. Active Simulated Solar-Induced Fluorescence

The SIF observed in each is induced by wavelengths
in the UV–visible solar spectrum leading to each spe-
cific line. Correction of the distribution of EX energy
from the xenon arc lamp reduced the contribution
from UV stimulated ChlF and accentuated the effect
of ChlF by wavelengths greater than 500 nm. We
generated the level of SIF expected from vegetation
as a function of EM wavelength (Fig. 6) by applying
the SIF approach to EX spectra. The locations of se-
lect solar Fraunhofer features across the SIF EM
spectrum are shown by dashed curves. A summary of
the strongest solar Fraunhofer features surrounding
peak EM areas in the wavelength range from 422.7
to 758.6 nm is given in Table 4. F intensities
�mW m�2 nm�1 sr�1� calculated from the integration
of solar-corrected EX spectra are listed in column 4,
in which rows set in italic type identify the major
Fraunhofer features that fell closest to the actively
induced peak EM areas as identified in Table 2. Sev-
eral major Fraunhofer features were identified in the
blue–green region of the spectrum from 422 to
542 nm and had equivalent widths that ranged from
0.0478 to 0.368 nm. Estimates of the within-line F,
adjusted for linewidth, are given in column 5 of Table
4. The within-line blue–green simulated SIF inten-
sities yielded relatively low signal levels [0.0018 to

Table 2. Mean EX by EM Wavelengths (nm) for EEM Maxima, across Five Plant Species

Fluorescence

Species
Vegetation

AverageAttribute Corn Soybean Poplar Gum Maple

BF EX 352a 346 � 43 341 � 5 353 � 29 342 � 8 347 � 25
EM 443 � 12 460 � 6 453 � 5 446 � 11 443 � 14 450 � 11

GF EX 400 � 8 419a 409 � 9 418a 410 � 10
EM 529 � 7 538 � 5 540 � 11 538a 536 � 8

RF 1 EX 423 � 12 425 � 10 437a 431 � 10 436a 430 � 10
EM 681a 688 � 6 686a 691 � 6 688a 687 � 5

RF 2 EX 482 � 13 473 � 7 471 � 8 467a 467a 472 � 8
EM 681a 694 � 7 690a 698 � 5 693 � 5 691 � 7

FRF 1 EX 424 � 14 424 � 10 437a 432 � 11 437a 430 � 10
EM 734a 740a 740a 740a 740a 739a

FRF 2 EX 479 � 14 471 � 8 471 � 8 467a 467a 470 � 8
EM 735a 740a 740a 740a 743a 740a

FRF 3 EX 663 � 15 662 � 10 669a 669a 668a 665 � 8
EM 736a 740a 740a 740a 740a 739a

aThe standard deviation is less than the data acquisition interval of 5 nm.

Fig. 4. ChlF intensity from intact leaves (solid curve), extracted
from the EEM shown in Fig. 3, varies as a function of EX wave-
length. This EX spectrum originates from the primary plant pig-
ment Chl a (dashed curve) but is also affected by light absorptions
from the secondary pigments Chl b (dashed–dotted) and carotene
(dashed–dotted–dotted).
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0.0157 mW m�2 sr�1] compared with SIF in the ChlF
regions [0.0208 to 0.1397 mW m�2 sr�1] that can po-
tentially be retrieved from 656 to 758 nm. The Fraun-
hofer features that provided the highest signal for the
detection of blue, green, red, and far-red SIF were H�

at 486 nm, Mg at 518 nm, H	 at 656 nm, and FeI at
751 nm, respectively. Note that the wavelengths of
these features do not necessarily coincide with the
wavelengths of the respective EM maxima.

The simulated SIF intensities based on actively
induced foliar F for corn calculated at the RF and
FRF EM maxima varied only slightly with N fertili-
zation level (Table 3). For the 2004 crop, the
280 kg N�ha fertilization rate led to significant in-
creases in photosynthetic pigment content (Table 1)
and ChlF (Table 3) compared with the remaining
treatments. The bulk of the solar-induced RF for corn
was induced by radiation from 400 to 500 nm, with
much lower contributions stimulated from other re-
gions of the spectrum, whereas the far-red SIF has an
added component from EX radiation extending past
650 nm. The UV-induced ChlF accounts for only as
much as 4% of the total simulated solar-induced
ChlF, indicating that commonly employed active sys-
tems that use UV EX sources may not track SIF as
well as systems that use a visible EX source.

Similarly for the soybean isoline experiment, the
Illini cultivar had the highest photosynthetic pigment
content and correspondingly higher simulated SIF in-
tensities (Tables 1 and 3). A significant decrease in
ChlF was noted for EX spectra over the Chl b absorp-
tion region of 450 to 500 nm for the BV4 and T135
isolines compared with the Illini cultivar. This prop-
erty appeared in both ChlF bands but was more pro-

Table 3. Comparison of Steady-State ChlF Techniques for Vegetation Assessment

Source of Variation Fs
b

Dual F EX Ratios Active Simulated SIFa Passive FLD SIFa

NDRF NDFRF RF FRF NDR:FR RF FRF NDR:FR

Corn 280c 524.0 a �0.109 ad �0.201 a 4.56 a 8.15 a �0.293 a 21.7 a 16.9 a 0.125 a
140 522.6 a �0.087 b �0.165 b 3.43 b 6.36 b �0.302 a 25.0 b 15.9 a 0.222 b
70 516.2 a �0.059 c �0.149 b 3.53 b 6.76 ab �0.336 b 25.0 b 9.5 b 0.450 c
0 492.8 b �0.027 d �0.101 c 3.38 b 6.29 b �0.307 ab 36.3 c 7.0 c 0.675 d

LSD0.05 �n � 60�e 11.10 0.021 0.018 0.99 1.43 0.033 2.73 1.44 0.063

Soybean Illini 290.5 a 0.064 a �0.041a 4.65 a 8.80 a �0.318 a
T135 264.4 a 0.324 b 0.153 b 3.54 b 5.21 b �0.217 b
BV4 260.9 a 0.374 b 0.212 b 3.87 ab 5.49 b �0.149 b

LSD0.05 �n � 66� ns 0.063 0.061 0.84 1.03 0.084

Poplar 566.6 a 0.061 a �0.074 a 1.48 a 5.03 a �0.548 a 35.5 a 9.1 a 0.589 a
Maple 592.8 a 0.053 a �0.111 b 1.51 a 5.18 a �0.560 a 34.5 a 9.1 a 0.568 a
Gum 580.2 a 0.082 a �0.079 ab 1.24 a 4.40 a �0.566 a

LSD0.05 �n � 48� ns ns 0.033 ns ns ns ns ns ns

aF intensities are reported in milliwatts per square meter divided by nanometers per steradian.
bFs is expressed as total photons per second from both ChlF peaks �RF � FRF�.
cNitrogen treatment levels on field corn are expressed in kilograms of nitrogen per hectare.
dWithin a treatment group, isoline, or species columnwise means with the same letter are not separable (ns) by the ANOVALSD0.05

means
comparison procedure.

eGroupwise LSD0.05 values indicate the smallest separable source of variation for each variable.

Fig. 5. Selection of discrete wavelengths from EX spectra led to
the development of dual EX ratios for the in vivo determination of
Chl a:b, based on F properties.
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nounced in the FRF band. This observation was
further supported by the slightly higher coefficient of
determination in Fig. 5 �r2 � 0.83� for FRF compared
with RF �r2 � 0.81�. The dual F EX and the simulated
SIF approaches provided comparable results with re-
spect to separating the F spectral response of the soy-
bean isolines from the Illini parent cultivar (Table 3).

E. Fraunhofer Line Depth Determination of
Solar-Induced Fluorescence

The FLD principle was applied to the hyperspectral
R measurements made over the corn and tree can-
opies in two telluric O2 bands that occur in the ChlF
region and are centered at 688 and 760 nm. The
magnitudes of F retrieved from R ranged from 7 to
36 mW m�2 nm�1 sr�1. SIF retrieved for RF was
greater than for FRF, but the two F bands had op-
posing trends with respect to N supply (Table 3). The
FLD technique applied to data acquired in situ pro-
vided superior results with respect to sensitivity to
corn N supply, compared with the simulated SIF ap-
proach in which only the high N treatment group was
reliably separable from other groups with RF. In con-
trast, all four N groups were discriminated for field
corn by use of either the passive solar-induced ND
RF�FRF ratio or the actively induced ND RF ratio.
The two measured tree species had similar values of
SIF, with the 
3 times higher than FRF. The mea-
sured solar-induced ChlF from the tree species
ranged from 21 to 36 mW m�2 nm�1 sr�1 for RF and
from 7 to 17 mW m�2 nm�1 sr�1 for FRF. These val-
ues compare with simulated SIF of 1–5
mW m�2 nm�1 sr�1 for RF and 4–10 mW m�2

nm�1 sr�1 for FRF. These reported F intensities in
the O2 bands are for near-ground observation. Ab-
sorption of ChlF by atmospheric O2 is expected to
have a significant attenuation on the signal by the
time it reaches orbital altitudes.

4. Discussion

Actively induced F ratios have been shown to relate
to the biophysical manifestations of plant stress and,
as shown here, F successfully tracked variations in
plant parameters (Tables 1 and 3).9,13–15 In a previous
study the far-red�green and the red�blue F ratios
(355 nm EX) correlated well with leaf N�C ratios,
indicating an application of F to monitor N utilization
for C sequestration.5 The preferred illumination
source for most active F field applications is laser
light. Although the EEM provides complete spectral
profiles for the evaluation of laser wavelengths, ac-
tive remote F sensing capabilities are still limited by
the availability of rugged solid-state pulsed lasers.
Advances in laser systems have made the use of
multiple–alternating laser excitation sources feasi-
ble.18,21 Further, methods have been presented based
on the F excitation ratio to assess nondestructively
the types of UV-screening compounds that are
present in the leaf epidermis.21,34

In our study the ND RF and the ND FRF used two
visible excitation wavelengths, 435 and 475 nm, re-
spectively, in normalized dual-wavelength EX ratios
for the in vivo determination of Chl a�b content. As
Chl b enhances the efficiency of light capture for pho-
tosynthesis but does not accumulate until sufficient
Chl a is synthesized to satisfy photosystem II core
complexes, changes in the Chl a�b ratio could poten-
tially be used as a tool for remote monitoring of pho-
tosynthetic function.35 Findings such as these

Fig. 6. SIF EM spectrum with dashed lines indicating the posi-
tion of select Fraunhofer features.

Table 4. Simulated SIF in Fraunhofer Solar Lines as Determined from
Leaf EX Spectraa

Sourceb � �nm�b
Equivalent
Width ����b

F (mW m�2

nm�1 sr�1)
Within-Line F
(mW m�2 sr�1)

CaI 422.67 0.1476 0.0191 0.0028
H
 434.05 0.2855 0.0323 0.0092
FeI 438.36 0.1008 0.0353 0.0036
H� 486.13 0.3680 0.0427 0.0157
MgI 517.27 0.1259 0.0479 0.0060
MgI 518.36 0.1584 0.0512 0.0081
FeI 526.96 0.0478 0.0545 0.0026
FeI 532.81 0.0375 0.0574 0.0022
FeI 542.98 0.0285 0.0614 0.0018
H	 656.28 0.4020 0.3476 0.1397
FeI 667.80 0.0122 1.7034 0.0208
NiI 676.78 0.0083 2.5996 0.0216
FeI 685.52 0.0085 4.2257 0.0359
FeI 703.82 0.0076 4.3424 0.0330
CaI 714.82 0.0157 5.0928 0.0800
SiI 728.92 0.0116 6.3022 0.0731
CaI 732.62 0.0136 6.4565 0.0878
FeI 738.94 0.0144 6.3357 0.0912
FeI 744.58 0.0178 5.8811 0.1047
FeI 751.10 0.0221 5.0822 0.1123
FeI 758.60 0.0132 3.3715 0.0445

aNumbers in italic denote closest proximity to actively induced
EM maxima.

bThe solar atmospheric element or ion (I) source along with the
central wavelength location and equivalent width were generated
from the second revision of Rowland’s Table of Solar Spectrum
Wavelengths.30
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indicate that active F field instrumentation based on
multiple laser EX sources may provide superior sen-
sitivity to alterations in plant growth and condition
compared with single EX systems. Although this in-
strumentation is currently applicable at relatively
short distances, the prospects for measuring actively
induced F from orbital platforms is feasible but will
require further technological developments in diode-
pumped solid-state lasers, large-diameter light-
weight mirrors, and high-efficiency spectrometers.36

Passive SIF emissions from vegetation offer a prac-
tical alternative to active space-based F sys-
tems.25,29,37,38 However, for FLD technology to be
implemented for the remote assessment of vegetation
F, reliable data on steady-state SIF intensities along
with results linking SIF to canopy radiation use effi-
ciency are required. Here the complete EEM spectral
acquisition facilitated the extraction or interpolation
of individual EX spectra, or both, so F in-fill of major
Fraunhofer features could be estimated. The Fraun-
hofer features that yielded the highest observable
SIF signal for near-ground observation were H� at
486 nm (BF) and H	 at 656 nm (RF).

Although the solar-induced BF signal for green
vegetation is substantially reduced compared with
the ChlF signal, its inclusion in a sensor system
would greatly enhance the extent to which the system
could monitor the physiological status of vegetation,
as evidenced by a number of studies that cite a blue–
green�ChlF ratio.4–7,16,39,40 Further, the solar-
induced BF signal from dead–dormant and woody
plant materials is roughly two to three times higher
than from green plant materials. This in turn would
provide a solar-induced BF signal from these mate-
rials of �0.1 mW m�2 nm�1 sr�1, which equates to
0.037 mW m�2 sr�1 in the H� Fraunhofer band.
Large-scale remote observation of this signal, if used
in conjunction with R indices such as the cellulose
absorption index41 and the normalized difference veg-
etation index, would enhance regional surveys of car-
bon dynamics, crop residue assessment, and soil
conservation practices.

Solar-induced ChlF intensities retrieved from the
telluric O2 absorption features at 688 and 760 nm
were of the same orders of magnitude as those ob-
tained in a similar fashion by Liu et al.2 The emitted
ChlF increased with Chl content for both EM bands.
However, the RF band is subject to reabsorption by
Chl, which can lead to decreasing intensities as Chl
contents increase. As FRF is outside the absorption
features of Chl, it is not subject to reabsorption, and
its observed magnitude increases predominantly
with Chl content.14 Owing to the greater bandwidth
of the O2 absorption features, the retrieved near-
ground ChlF is several orders of magnitude greater
than F retrieved from solar Fraunhofer features. As a
result, increased emphasis has been placed on the
development of instrumentation explicitly for detect-
ing near-field ChlF in these attenuated regions of the
spectrum.26,29 However, absorption by atmospheric
O2 will increasingly attenuate the F signal relative to

sensor altitude. At orbital observation levels, this
could negate the advantages of broadband O2 fea-
tures and favor the narrowband Fraunhofer line
discriminators. Further studies are need with atmo-
spheric absorption estimates to model signal intensi-
ties at orbital altitudes and identify properly the
advantages and disadvantages of these two passive F
techniques.

The primary difference between simulated SIF
from actively induced data and SIF determined from
passive FLD techniques is that the former is per-
formed on excised plant material in the laboratory
(with a summation of a series of monochromatic low-
intensity excitations), whereas the latter can be per-
formed in situ under polychromatic full Sun. Leaf
temperature and photosynthetic photon flux density
differentially affect the magnitude of RF and FRF
under laboratory-versus-field conditions2,10,15 and are
likely to contribute to the differences in F among the
approaches presented here. Nevertheless, the simu-
lated SIF approach provides an opportunity to ex-
plore the similarities and differences between
actively induced and passive solar-induced vegeta-
tion F and project the range of SIF values that one
can expect from vegetation under various levels of
stress.

5. Conclusions

This research has defined a method for converting
monochromatically induced excitation spectra to sim-
ulate polychromatic solar-induced fluorescence. Inte-
grated values from actively induced leaf level EX
spectra were adjusted, and radiometric estimates
of near-ground SIF from vegetation were reported for
the primary emission bands. The simulated red
SIF intensity at 680 nm ranged from 1 to
5 mW m�2 nm�1 sr�1, whereas the far red at 740 nm
ranged from 4 to 10 mW m�2 nm�1 sr�1. Of the solar
Fraunhofer lines, the H	 line at 656.28 nm and the
FeI line at 751.1 nm provided the highest signals for
near-ground observations of the red fluorescence and
far-red fluorescence features. Simulated SIF for the
blue–green EM bands were substantially lower for
green vegetation but comparable for dead or dormant
plant materials, and the H� line at 486 nm provided
the highest blue–green F signal. The simulated SIF
data shown here suggest that Fraunhofer line prop-
erties have a great effect on the final selection of
suitable lines that needs to be balanced with the
proximity to the fluorescence EM peaks. Also, simu-
lated SIF from excised plant material showed prom-
ise with respect to differentiating plant growth and
condition. Increased spatial coverage and repeat tem-
poral measurements should reinforce relationships
between solar-induced ChlF and canopy photosyn-
thetic light-use efficiency.

Further sensitivity to plant health parameters can
be achieved through active systems and several dis-
crete fluorescence ratios. Maximum EM intensity
from blue fluorescence and green fluorescence bands
can be achieved from EX at 347 � 25 and 410

10 February 2006 � Vol. 45, No. 5 � APPLIED OPTICS 1031



� 10 nm, respectively, whereas the RF and FRF
bands exhibited multiple EX maxima: 430 � 10,
472 � 8, and 665 � 8. These RF and FRF EX maxima
were strongly associated with the blue and red ab-
sorption of Chl a and Chl b pigments, which led to the
development of spectral F excitation ratios for the in
vivo determination of Chl a:b content (Fig. 5). Moni-
toring the variation in these pigment ratios among
species and with stress condition could lead to an
improved remote-sensing interpretation of species
composition and physiological growth condition.

Based on the results from this study, we recom-
mend that specifications for future active F instru-
mentation require multiple excitation bands. Further
studies are needed to establish a compromise be-
tween maximized EM intensity versus sensitivity to
plant stresses in additional species and stress condi-
tions. The differences in plant physiology and F re-
sponse found in corn, soybeans, maple, sweet gum,
and poplar used in this experiment are estimated to
be in the range of what is indicative of other annual
and perennial plant species.
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