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In situ determination of the quantum yield of phytoplankton chlorophyll a fluorescence:
A simple algorithm, observations, and a model
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Abstract

Vertical profiles of the in situ quantum yield of fluorescence of chlorophyll a, ¢;, were derived with an algorithm
from spectral underwater radiometer measurements. Select inherent optical properties were obtained from an initial
radiance reflectance inversion that was optimized by comparing retrieved estimates of phytoplankton absorption
with independent measurements. The comparison of chlorophyll concentrations produced by the algorithm to mea-
sured values allowed validation of the inversion. Fluorescence quantum yield values were calculated from the
retrieved phytoplankton absorption and the upwelling radiance corrected for elastic and inelastic scattering. Raman
scattered light was found to be a significant component of the upwelling light field at wavelengths of Chl a
fluorescence. Values of ¢, determined using the algorithm, and therefore derived solely from the radiometer mea-
surements, were not significantly different from those estimated using independent measurements of absorption by
phytoplankton (r2 = 0.86). The profiles of ¢, were characterized by an initial increase with depth to a subsurface
maximum followed by a subsequent decrease. The irradiances of the subsurface maxima and ¢, at high irradiances
appeared to be well conserved. An irradiance-based model including photochemical and nonphotochemical quench-

ing was developed to explain variations in the quantum yield.

Variations in phytoplankton biomass have been studied
using sun stimulated fluorescence, often termed natural or
passive fluorescence, which can be detected as red peaks in
both in-water (Gordon 1979; Kishino et al. 1984; Topliss
1985; Kiefer et al. 1989; Fischer and Kronfeld 1990; Steg-
mann et al. 1992; Roesler and Perry 1995; Babin et a. 1996;
Culver and Perry 1997; Hu and Voss 1998; Maritorena et
a. 2000) and water-leaving radiance spectra (Neville and
Gower 1977; Gower 1980; Doerffer 1981). Global scale
measurements are possible using satellite sensors capable of
resolving these fluorescence peaks (e.g., Esaias et al. 1998;
Gower et al. 1999) and may be of particular advantage in
case || waters, where suspended particulate matter and col-
ored dissolved organic matter (CDOM) can interfere with
chlorophyll algorithms based on blue-green ratios (Gower et
al. 1999). The derivation of primary production from sun-
stimulated fluorescence has also been proposed (e.g., Topliss
and Platt 1986; Kiefer et a. 1989; Chamberlin et al. 1990;
Chamberlin and Marra 1992; Kiefer and Reynolds 1992;
Stegmann et al. 1992) and will be incorporated into satellite
sensor mission data products (Esaias et al. 1998).

Scattering of light, both elastic and inelastic, isresponsible
for redirecting incident photons into the upwelling light
stream (Mobley 1994). Elastic scattering reflects ambient so-
lar radiation, whereas inelastic scattering involves a shift in
wavelength and includes chlorophyll fluorescence. At envi-
ronmental temperatures, the majority of chlorophyll a fluo-
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rescence comes from photosystem Il (PSI1), the contribution
from photosystem | being negligible (Falkowski and Kiefer
1985; Kiefer and Reynolds 1992). Both in situ and cultured
fluorescence emissions have been characterized using a
Gaussian peak centered around 683 nm with a 10.6-nm stan-
dard deviation (Gordon 1979; Prézelin and Ley 1980; Kish-
ino et al. 1984; Collins et a. 1985), and the emission appears
to be spectrally independent of the excitation wavelength
(Myers and Graham 1963). Raman scattering by water, with
excitation wavelengths around 555 nm, is another potential
inelastic source (Berwald et al. 1998; Maritorena et al.
2000). The high absorption of water at red wavelengths com-
pared with those in the blue and green regions of the spec-
trum leads to increasing dominance of inelastically scattered
light at chlorophyll fluorescence wavelengths with increas-
ing depth (Kishino et al. 1984; Kiefer et al. 1989). This also
means that >90% of the upwelled red quanta originate from
within 5 m below, even in the clearest oceans (Topliss 1985),
which limits the resolution of satellite-based measurements
to a thin layer at the top of the water column (Babin et al.
1996).

Instruments to measure the upwelling light field and re-
solve the chlorophyll fluorescence signal have varied from
single-waveband radiance sensors targeting the emission
peak (Kiefer et a. 1989; Chamberlin et al. 1990) to spec-
trally resolved irradiance meters (Kishino et al. 1984; Roes-
ler and Perry 1995; Culver and Perry 1997; Maritorena et
a. 2000). A variety of techniques have been used to partition
the upwelling light into fluoresced and nonfluoresced con-
tributions. Spectral measurements allowed linear interpola-
tion between upwelling radiation at two wavelengths on ei-
ther side of the fluorescence peak to define background and
fluorescence signals (Gordon 1979; Kishino et al. 1984;
Doerffer 1993; Culver and Perry 1997; Maritorena et al.
2000). It has commonly been assumed that only chlorophy!ll
fluorescence and elastically scattered light are important
sources of upwelled red light (Chamberlin et a. 1990; Roes-
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ler and Perry 1995). The presence of the background, or
baseline, signa at depths where elastically scattered light
should have been negligible (Culver and Perry 1997) has
been attributed to Raman scattering and can constitute 20%
of the upwelled light (Maritorena et al. 2000). Not account-
ing for Raman scattering in partitioning will lead to an over-
estimation of the fluorescence signal.

Incident irradiance, phytoplankton absorption, and the
quantum yield of fluorescence (¢) are the primary factors
controlling fluorescence output (Falkowski and Kiefer 1985;
Kiefer et al. 1989). Sources of variability in the absorption
spectrum include both phylogenetic and physiological—in-
ter- and intra-species differences in pigment composition,
cellular organization, and the package effect (Morel and Bri-
caud 1981; Bidigare et al. 1987; Sosik et al. 1989; Falkowski
and Laroche 1991; Babin et al. 1993). The quantum vyield
of fluorescence is simply the ratio of the photons emitted to
those absorbed. Its regulation, or quenching, can be divided
into two distinct regimes. (1) photochemical quenching,
where there is a direct trade-off with the quantum yield of
photosynthesis and thus a theoretical basis for the prediction
of primary production from fluorescence, and (2) nonpho-
tochemical quenching related to various stresses, where the
relationship between the fluorescence and photosynthetic
quantum yields is uncertain (Kiefer and Reynolds 1992).

Photochemical quenching, g., may be considered in terms
of the state of the PSII reaction centers. A reaction center
may be considered open, or unexcited, when available to do
photochemical work and closed, or excited, when in the pro-
cess of doing work. The number of open and closed reaction
centers changes rapidly, on a timescale of microseconds,
with changes in the intensity of the exciting radiation. As
the proportion of open reaction centers increases, the quan-
tum efficiency of fluorescence decreases and the quantum
efficiency of photochemistry increases in a complimentary
linear fashion. Kiefer and Reynolds (1992) modeled ¢, on
the basis of the single step probabilities of state transitions
within the reaction center. This can be simplified to describe
photochemical quenching of fluorescence in terms of the
maximum and minimum quantum yields, ¢; _and ¢, and
the fraction of open PSII reaction centers, A.

b = ¢)fmmA + d)fmax(l - A) (1)

Using target theory, A was expressed in terms of the ir-
radiance, E,, and the irradiance where photosynthesis is no-
ticeably saturated from the instantaneous photosynthesis ir-
radiance curve, E, (Falkowski and Kiefer 1985).

A = e EoE ©

Kiefer and Reynolds set the values of ¢; and ¢;  to
0.02 and 0.05, respectively, and adjusted the single step
probabilities to match.

Nonphotochemical quenching, q,, that not related to pho-
tochemistry, involves processes that dissipate excess irradi-
ance as a mechanism to prevent photo-oxidative damage
(Krause and Weis 1991; Demmig-Adams and Adams 1992;
Horton et al. 1996). Nonphotochemical quenching appears
to operate over longer timescales than photochemical
guenching and involves a number of processes with varying
induction and relaxation times. Energy-dependent quench-

ing, ge, describes thermal dissipation of excitation energy in
the pigment antenna associated with the cycling of xantho-
phyll pigments (Demmig-Adams 1990) and regulation of a
chlorophyll-binding protein with rapid induction and relax-
ation kinetics (Li et a. 2000). g is brought on by the light-
driven pH gradient across the thylakoid membrane. Quench-
ing associated with state transitions, q,, is normally small
(Krause and Weis 1991) but may account for up to 20% of
the changes in the absorption of PSII in aquatic environ-
ments (Falkowski and Raven 1997). Increased light stress
leads to quenching associated with the photoinhibition of
photosynthesis, q,, with relaxation occurring on much longer
timescales, and may be associated with protective energy
dissipation and/or PSII reaction center damage (Horton et al.
1996). Nonphotochemical quenching is evident as a diel pe-
riodicity of in vivo fluorescence near the surface, with gy
decreasing the fluorescence in the middle of the day (Kiefer
1973; Falkowski and Kolber 1995; Dandonneau and Neveux
1997; Marra 1997; Kinkade et a. 1999). Kiefer and Reyn-
olds (1992) noted that nonphotochemica quenching began
near values of irradiance for the onset of saturation of pho-
tosynthesis. Babin et al. (1996) expanded the Kiefer and
Reynolds model to include nonphotochemical quenching.
The use of sun-stimulated fluorescence to predict phyto-
plankton biomass and primary production has been based on
two conflicting paradigms. To use it as a measure of biomass
the quantum yield of fluorescence should remain constant,
whereas, for determining the photosynthetic rate, the quan-
tum yield of fluorescence should not only vary but vary in
a deterministic manner with the photochemical yield. To un-
derstand the applicability of fluorescence measurements,
sources of variability of the fluorescence quantum yield must
be understood. The present article presents vertical profiles
of ¢; derived from a simple algorithm that accounts for Ra-
man and elastic scattering. This approach is used to study
the quenching of chlorophyll fluorescence in natural sys-
tems, and an irradiance-based fluorescence quenching model
is presented. The algorithm also has the potential to be di-
rectly applied to data collected by satellite-based sensors.

Theoretical background

Fluorescence of Chl a—The light reemitted as fluores-
cence from phytoplankton in a unit volume of water or fluo-
rescence output, F,, is determined by the absorbed flux and
the quantum yield of fluorescence, ¢,. Excitation energy for
phytoplankton occurs over a distinct spectral range, ~400—
700 nm, often termed the photosynthetically available radi-
ation (PAR). The absorbed flux at a given depth, z, can be
calculated using the spectrally weighted phytoplankton ab-
sorption coefficient, a,,, and the integral of the scalar irra-
diance over this spectral region, E (PAR).

F(2 = ¢(Da(E(PAR, 2) (©)

The spectrally weighted phytoplankton absorption coeffi-
cient is calculated using Eq. 4.
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Reabsoprtion of fluoresced light within the cells means
that the quantum yield of fluorescence described in Eq. 3
and hereafter is arealized or measured yield and differs from
the true physiological yield (Maritorena et a. 2000).

The spectral nature of the fluorescence emission can be
approximated by a Gaussian emission function with a peak
a A, and standard deviation o (Mobley 1994).

F(A) 1 (A —A)?
— exp N o7
F 2V 27oy 20%

Given )\, and o, it is therefore possible to calculate the
ratio of the fluorescence emission at a single wavelength to
the total emission, F; (A, Ay, 0y), and to estimate the total
fluoresced flux from a fluorescence emission determined at
one wavelength. The measurement of F,(\) at two wave-
lengths, A, and A,, alows the estimation of the standard de-
viation of the emission function if A, is known.

o, = (/\2 _ /\o)2 _ (/\1 _ )\0)2 (6)

F (A
2 In( f( 1))
F(A2)
The upwelling nadir radiance from fluorescence, L, at a
sensor may be expressed in terms of the fluorescence emis-
sion per unit volume under the assumption of an isotropic

fluorescence emission and a homogeneous water column be-
low the sensor (Kiefer et al. 1989).

1 F: (A, 2 @
47 [K,(PAR, 2 + a(A, 2)]

The decrease in both the excitation energy and the fluo-
rescence emission reaching the sensor are accounted for us-
ing the attenuation coefficient of the scalar PAR irradiance,
K, (PAR), and the total absorption coefficient, a(A), respec-
tively.

Combining Egs. 3, 5, and 7, it is possible to derive an
expression for ¢;.

LA, DF; (A, Ag, 07)[K,(PAR, 2) + a(A, 2)]
8n(JEL(PAR, 2)

= F;()\, )\01 Uf) (5)

Luf(/\! Z) =

¢(2) = 4w )

Raman scattering of light by water—A model of Raman
scattering was developed on the basis of the relationships of
Walrafen (1967, 1969) as detailed in Mobley (1994) and
errata (Mobley, pers. comm.). Excitation wavelengths of im-
portance to scattering to the range of Chl a fluorescence
output range from 510 to 600 nm. The total upwelling light
due to Raman scattering, L x(A), can be approximated using
similar arguments to those used for fluorescence by Chl a.

fj EO()\exa Z)bR()\@( - )\em) dA
1 Jae=i
Lir(Aem, 2 = a7 [Ky (A 2) + a(Agy, 2)]

9

The % accounts for the contribution of total Raman scat-
tering to upwelling radiance with an assumed isotropic emis-
sion resulting from diffuse excitation (Marshall and Smith
1990). br(Ae — Aem), the Raman scattering coefficient from
the excitation to the emission wavelength, is the product of
ag(A), the Raman absorption coefficient, and fR(A,, - Agy)s
the Raman wavelength distribution function.

Methods

Cruises and measurements—The Malin Shelf Break off
the North Eastern Coast of the United Kingdom was visited
during two cruises timed to coincide with the spring phy-
toplankton increase during 1995 (CD93) and 1996 (CH126)
as part of the Land Ocean Interaction Study (LOIS) Shelf
Edge Study. Optical casts, which consisted of paired spec-
troradiometer and conductivity-temperature-depth (CTD)
profiles, were performed at a variety of locations between
56.2 and 57.0°N and 8.5 and 10.0°W during these cruises,
with water depths from 200 to 2000 m. A PRR-600 under-
water radiometer (Biospherical Instruments) with wave-
lengths designed to match those of the SeaWiFS sensor
(downwelling irradiance, E, [412, 443, 490, 510, 555, and
665 nm and PAR], upwelling radiance, L, [412, 443, 490,
510, 555, 665, and 683 nm] and 10 nm half-maximum band-
width) was used to determine the distribution of the under-
water light field. Processing of radiometer casts was per-
formed using methods similar to those described in Siegel
et al. (1995), and the data were averaged to 1-m bins. Dis-
crete water samples, taken during the CTD cast, were ana-
lyzed for optically important constituents. The Chl a con-
centration was measured using a Turner Designs Model 10
fluorometer previously calibrated using a Chl a pigment
standard (Sigma Chemical Co.) (Tett 1987). Shimadzu UV-
1201 and UV-1601 spectrophotometers were used during
CD93 and CH126, respectively, to determine particul ate ab-
sorption, a,(A), and absorption by CDOM, acpoy(A), between
350 and 750 nm. The a,(A) measurements were made using
the quantitative filter technique (QFT) (Yentsch 1962; Mitch-
ell 1990) with samples filtered on Whatman GF/F filters; a
wetted filter was used as a blank, and optical densities were
corrected using the path-length amplification correction of
Cleveland and Weidemann (1993). The absorption by acpom
was determined using water filtered through a 0.2-pum Nu-
cleopore filter and analyzed in a 10-cm quartz cuvette with
a pure water standard in a matched reference cuvette.

Particulate absorption spectra were decomposed into ab-
sorption due to phytoplankton, a,,(A) and nonalgal particu-
late matter, ay(A), using an iterative fitting method similar to
that described in Hoepffner and Sathyendranath (1993). This
was based on the assumptions that phytoplankton absorption
could be modeled by the product of the chlorophyll concen-
tration, C, and the chlorophyll-specific phytoplankton ab-
sorption coefficient, a4, and that nonalgal absorption de-
creased exponentially with increasing wavelength with
slope S

a,(1) = Cag()) + ay(d,)e (10)

The spectral chlorophyll-specific phytoplankton absorp-
tion coefficient used for the decomposition was derived from
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Fig. 1. The Chl a—specific phytoplankton absorption coefficient
spectra, a},(A), used in the study. The Irish Sea spectrum was used
in the initial mathematical a, decomposition. The mean &y, was
calculated for both cruises, CH126 and CD93, and these were used
in the reflectance inversion.

measurements made in the Irish Sea, where a, did not covary
with a,, (Fig. 1). Under these conditions, linear regression
of the a,(A) against the chlorophyll concentrations yields
a%(A) and the mean a,(A). The modeled particulate absorp-
tion spectra were fitted to observed spectra by iteratively
adjusting C, a4(A,), and S to minimize the sum of square
deviations between the spectra. Phytoplankton absorption
spectra were calculated from the difference between a,(A)
and a4(A), which allowed the spectral shape of a,, to vary
from the initial a%. This can be seen in the mean a}(})
calculated for each cruise (Fig. 1).

Algorithm development—The algorithm to calculate ¢,
consists of three main steps: (1) inversion of the measured
radiance reflectance, L /E,, using the five wavel engths bel ow
600 nm to obtain inherent optical properties (I0Ps); (2) de-
composition of the upwelling radiance at 665 and 683 nm
into that from fluorescence, backscattered light, and Raman
scattering; and (3) calculation of ¢, from a combination of
measured and retrieved parameters.

Inversion of the radiance reflectance—The Garver and
Siegel (1997) method for inverting the remote sensing re-
flectance of water, measured at discrete wavelengths unaf-
fected by inelastic scattering processes, was used to give the
inherent optical properties, phytoplankton absorption, a,,
absorption by nonalgal matter including CDOM and nonal-
gal particles, a,,, and particulate backscatter, b,,. The radi-
ance reflectance is used in the present study, because it is
analogous to the remote sensing reflectance, R.. The method
is based on three main assumptions, that (1) there is a re-
lationship between the remote sensing reflectance and the

total absorption and backscattering coefficients, (2) the in-
herent optical properties of pure water are well known, and
(3) the spectral shapes of the specific absorption coefficients,
ay, and aj,, and the specific particulate backscattering co-
efficient, b},, are well characterized. The semianalytical re-
lationship for the remote sensing reflectance, R, of Gordon
et al. (1988) is used in the inversion

L[ bW
RM=gn =2 "o + a

where |, = 0.0949 and I, = 0.0794.

In the present study, the total absorption coefficient was
calculated as the sum of the constituent coefficients: the ab-
sorptions by water, a,(A), phytoplankton, a,,(A), and nonal-
ga matter, a,(A). The absorption coefficients of pure water
were taken from Pope and Fry (1997). Absorption by non-
algal matter was represented by an exponential function with
slope S and reference wavelength (A, = 440 nm) (Bricaud
et al. 1981). The absorption due to phytoplankton was cal-
culated from the product of the Chl a concentration, C, and
the chlorophyll-specific phytoplankton absorption coeffi-
cient. Total absorption was then calculated using Eq. 12.

a(A) = a,(A) + am(Ao)e 29 + Cag(A)  (12)

Similarly, the total backscattering coefficient was calcu-
lated from the sum of the constituent coefficients. The scat-
tering coefficient for seawater, b,, was modeled with a value
at a reference wavelength and a A~+%? spectral dependence
(Morel 1974; Haltrin and Kattawar 1991). Backscattering by
water was assumed to be half the total scattering. Particul ate
backscattering was modeled using an inverse power function
of the wavelength as in Garver and Siegel (1997). The total
backscattering was then calculated using Eq. 13.

(11)

b,(A) = %7.55 X 103<T> 4 bbp()\o)<%)n (13)

Thus, in calculating a modeled L, /E, spectra (using Egs.
11-13), there are six unknowns: three tuning parameters, S,
n, and aj,(1); and three retrieved parameters, C, a,,(A,), and
by(Ao). Profiles of the retrieved parameters were obtained by
iteratively varying C, a,,(A,), and b,,(A,) to minimize the
sum of sgquared deviations between modeled and observed
L. /E4 spectra below 600 nm. At these wavelengths, the ef-
fects of inelastic sources on the upwelling radiance were
minimal compared with those at wavelengths >600 nm.

The tuning parameters were adjusted for each cruise to
maximize the fit of the retrieved parameters to observed val-
ues. Three criteria were used to locally tune the inversion
model: (1) the root mean square (RMS) error between ob-
served and predicted reflectances at 5 m for each profile, (2)
the relationship of the observed (using QFT decomposition)
and predicted a,,, and (3) the number of retrieved a,,(A) <O
(retrieved values were not limited in range). For this, the
values 0.010, 0.015, and 0.020 nm~* were used for S and
0, 1, and 2 were used for n. The mean a}, spectra for each
cruise and that from the Irish Sea described previously was
used (Fig. 1). Only those measured reflectance spectrawhere
the coefficient of variation of the surface irradiance was
<5%, the tilt and roll were <10°, and the solar zenith angle
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Fig. 2. Predicted and observed phytoplankton absorption for
CH126. There was a significant relationship between observed and
predicted values at all wavelengths, and all except 555 nm had a
slope not significantly different from one (overall r2 = 0.90).

was <65° were considered. The spectral shapes and the con-
stituent concentrations from the reflectance inversion were
then used to predict the IOPs and radiance reflectances at
wavelengths other than those used for the inversion.

Decomposition of the upwelling radiance above 600 nm—
There are three major sources for upwelling radiance at
wavelengths where Chl a fluorescence is important, elastic
scattering of ambient solar radiation of the same wavelength,
and the inelastic inputs of Raman scattering and Chl a fluo-
rescence. To obtain the upwelling radiance from fluores-
cence, it is therefore necessary to quantify the radiance from
elastic and Raman scattering so that these can be subtracted
from the total upwelling radiance.

Elastic scattered upwelling radiance at 665 nm was cal-
culated using the modeled reflectance and the measured
downwelling irradiance (Eg. 11). At 683 nm this was more
complicated, because there was no E,(683) sensor. Instead,
E,(683) was modeled. For a homogeneous ocean in the ab-
sence of inelastic scattering, the downwelling irradiance at
one wavelength may be approximated from another using
the differences in the attenuation and an exponential de-
crease with depth.

E.(A, 2 = y(Ag, A, 0N)E4(Ay, 2)eKdrd KDz (14)

The use of Eq. 14 allows for a more robust estimation of
E4(A, 2 compared with simply extrapolating a surface mea-
surement to depth.

Not considering Frauhnhofer lines, y(A,, A, 0), the ratio
of surface irradiances was approximated using A,/A at wave-
lengths >500 nm (Bird 1984). To predict the irradiance at
depth, the difference in the attenuation coefficients K (1) and
K4(A,), unaffected by inelastic scattering, was required. The

coefficients were calculated with the empirical relationship
of Kirk (1991) using the extrapolated 10Ps from the reflec-
tance inversion and total scattering estimated using a back-
scattering ratio of 0.019. The cosine of the refracted solar
zenith angle, u,,, and the mean cosine of scattering, g, were
used in this relationship. The values of the backscattering
ratio and the mean cosine of scattering, 0.924, were from
the volume scattering function of (Petzold 1972).

b 0.5
1+ G(jtan: @ %

Ky = 2N

SwW

G(ug, Q) = MM(%% - 2.447) - (%'49 - o.739> (16)

The modeled downwelling irradiance at 683 nm was then
used to estimate the upwelling radiance using the measured
E,(665), the predicted radiance reflectance and attenuation
coefficients. This method was also used to assess the con-
tribution of inelastic sources to the downwelling irradiance
at 665 nm using the measured E,(555).

The proportion of the upwelling radiance due to Raman
scattering was calculated for both 665 and 683 nm (Eq. 9).
The integral was calculated using measured E (A) data in-
terpolated at 1 nm resolution. The observed K (555, z) was
used to give the attenuation of the exciting radiation because
this was at the center of the excitation range and a(A,, 2)
from the modeled absorption.

15

Fluorescence output and quantum yield—The fluores-
cence output was calculated at each depth for all profiles
using Eq. 7 at both 665 and 683 nm using the observed
K,(PAR, 2) as an approximation for K (PAR, 2) and the ex-
trapolated a(), z) value from the reflectance inversion. Equa-
tion 6 was used to obtain o, and the mean value for each
cruise was used to estimate F; (683, 683, o). This, combined
with the F(683, 2), gave the total fluorescence emission per
unit volume for each depth (Eq. 5).

The spectrally weighted absorption was calculated using
the measured E4(), 2) interpolated from 400 to 700 nm and
the a,,(A, 2) from both the QFT measurements and the re-
flectance inversion (Eq. 4). Finaly, ¢;(2) was calculated us-
ing the scalar PAR irradiance, estimated from
E4(PAR, 2)/u,,, as described above (Eg. 3).

Results

Inversion of the radiance reflectance—There were signif-
icant linear relationships between the observed a,, and those
predicted by reflectance inversion for all values of the tuning
parameters. The particulate backscattering exponent, n, and
the spectral shape of the specific phytoplankton absorption,
aj,(A), were found to give the greatest variability in the in-
version. For data from the 1996 cruise, the inversion per-
formed best with the cruise mean a,, an n of 2, and S of
0.010 nm~*. With these values the RMS error was minimal,
observed and predicted phytoplankton absorptions were
closest to a1:1 relationship (overall r2 = 0.90), and no a,
values were <0 (Fig. 2). The parameterization of the tuning
factors for 1995 data set was not as simple. All values of n



Quantum yield of Chl a fluorescence

0.2

0.18

0.16

0.14

0.121

0.1}

0.08

. -1
Predicted a dm(400) (m )

0.06

0.04

0.02 : : -
0.05 0.1 0.15 02

~1
Observed a dm(400) (m )

623
7
6.
f 5t
g
g
—4
=
<
33
Q
2
& 27
Lr 5
@ o CD93
O 1 1 n
0 2 4 6

Observed [Chl] (mg m™)

Fig. 3. Retrieval of nontuning parameters. (A) Nonalga absorption, a,,. Observations of non-
algal absorption that had associated optical measurements were limited to 8. These were close to a
1:1 relationship (age = 0.60a%s + 0.05, r2 = 0.88). (B) Chlorophyll concentration (Chl). Com-
parison of the observed and predicted chlorophyll concentrations from both CH126 and CD93
showed that there was a significant relationship between the two that was not significantly different
from 1:1 (Cred = 1.02Cs + 0.15, r2 = 0.84). For both panels, the dashed line is 1:1 and the

solid line represents the best fit to the data.

led to an overestimation of a,,. The three optical casts with
the maximum phytoplankton absorption (6, 8, and 10) &f-
fected the results strongly and were all located at the same
station. Comparison between the chlorophyll concentrations
determined fluorometrically from extracts of the QFT ab-
sorption filter and the 250-ml samples for cast 8 suggested
that phytoplankton absorption may have been underestimat-
ed by a factor of 1.7. This was potentially due to errors in
filtering and/or patchiness in the phytoplankton distribution.
Adjusting for this error, the values for n of 1 and S of 0.010
nm~* and the cruise mean a3,(\) were used, because these
represented a compromise of the optimal values of the three
tuning criteria. For both cruises, there was no discernable
trend in the RMS error of the reflectance inversion with
depth.

The performance of the reflectance inversion was assessed
using observations that were not used to tune the model,
nonalgal absorption, and chlorophyll concentration. Nonal-
ga absorption was composed of that from both particulate
organic matter and CDOM. Particulate nonalgal absorption
estimates from the a, decomposition method were combined
with direct measurements of the acyo, t0 give a,,. Only
eight direct measurements of a.,, were concurrent with
quality checked in-water optical measurements, and were all
from CH126. There was a significant relationship between
the predicted and the observed a,,(400) values that was
close to a 1:1 relationship (r? = 0.88, Fig. 3A). During
CH126 and CD93, respectively, 246 and 51 in-water optical
measurements that passed quality criteria had associated
fluorometrically determined chlorophyll concentrations.
There was a significant relationship between the observed
and predicted chlorophyll values that was not significantly
different from a 1:1 relationship (r2 = 0.84, Fig. 3B). There
was nho discernable trend in the RMS error of the chlorophyll

relationship with depth. Reflectance inversion is generaly
used in surface waters where the quasi single scattering ap-
proximation may be assumed to hold. The lack of discern-
able trends in the RM S error of the reflectance inversion and
the chlorophyll relationship suggests that the inversion is
valid for the profiles used in the present study.

Effects of inelastic sources at 665 and 683 nm—There
was a significant relationship between the K (443) calculated
using the retrieved |OPs and those observed with the PRR-
600 (r2 = 0.74, Fig. 4). Thiswas closeto a1:1 relationship.
In contrast, the observed values of K (665) differed signifi-
cantly from the modeled values and showed a marked de-
crease with depth unlike those at other wavelengths (Fig.
5A). The most probable reason for this was the contribution
of inelastically scattered light. To determine this, the E,(555)
was used to predict E4(665) in the absence of inelastic scatter
(Eg. 14). The difference between the calculated and ob-
served E (665) profiles allowed the calculation of the effect
of inelastic sources (Fig. 5B). The contribution of inelastic
processes was also determined from the predicted and ob-
served attenuation coefficients (using the ratio of the differ-
ence between observed K, at 555 and 665 nm and the dif-
ference between the observed K, [555] and predicted
K, [665]).

The composition of the upwelling radiance at 665 nm
showed a characteristic distribution: the backscattered light,
L,(665), decreased exponentially with depth as E (665) was
rapidly absorbed; the influence of the Raman scattered light,
L x(665), increased with depth as light redistributed from
other wavelengths became more important; and the contri-
bution from upwelled fluorescence, L (665), also increased
with depth (Fig. 6A, Table 2). The distribution for the con-
tribution of the components of total upwelled radiance at 683
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Fig. 4. Predicted and observed attenuation coefficients at 443
nm. The predicted K ,(443) were calculated using |OPs retrieved
from the reflectance inversion and the relationship of Kirk (1991,
Egs. 15 and 16). There was a significant relationship between the
two that was close to 1:1 (Kged[443] = 1.25K3s[443] — 0.03, r2 =
0.80). The dashed lineis 1:1, and the solid line represents the best
fit to the data.

nm was similar to that for 665 nm (Fig. 6B, Table 2). Com-
parison of compositions at the two wavelengths showed the
lesser magnitude of the influences of both back and Raman
scattered light at 683 nm because of the increased amount
of inelastic scattering from fluorescence.

Fluorescence output and quantum yield—Below 5 m, the
fluorescence outputs at 665 and 683 nm were significantly
related for both cruises (r>>0.99). The mean standard de-
viations of the Gaussian emission function for each cruise,
calculated from the ratio of the fluorescence outputs, were
close to the 10.6 nm historically reported (Gordon 1979;
Kishino et a. 1984). The o; were 11.58 (+0.60) and 10.53
(£0.45) nm for CH126 and CD93, respectively. Above 5 m,
nonfluorescence components dominated L (665), and their
overestimation caused the fluorescence signal to be unde-
tected or underestimated in some cases. At 683 nm the in-
creased fluorescence signal, compared with the nonfluores-
cent sources of a similar magnitude at 665 nm, meant that
similar potential errors were greatly reduced.

Spectrally weighted absorption was calculated using val-
ues of phytoplankton absorption obtained from both the re-
flectance inversion and QFT (Eq. 4). There was a strong
agreement between the two values (r2 = 0.83, Fig. 7A). The
quantum vyield of fluorescence calculated from both esti-
mates of a,, again showed a significant relationship for both
cruises that was not significantly different froma 1:1 rela
tionship (r2 = 0.86, Fig. 7B). All of the estimates of ¢, from
just the radiometric measurements were within =40% of
those obtained by incorporating QFT measurements, which
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Fig. 5. The effect of inelastic scattering on E,(665). (A) The
observed K,(665) showed a marked decrease with depth unlike val-
ues predicted from retrieved 10Ps and the Kirk (1991) algorithm
and K4(555). Thiswas due to the increasing contribution of inelastic
scattering sources. (B) The contribution of inelastic scattering to
E,(665) was calculated in two ways. First, using Eq. 14 and the
observed E(555) and, second, from the mean predicted and ob-
served attenuation coefficients using (K$s[555] — Kg=[665])/
(Kg>[555] — Kre[665]). Both estimates clearly show an increase in
the inelastic contribution with depth to 25 m when virtualy all
E,(665) is from inelastic sources. For both panels the 95% confi-
dence intervals are represented by the horizontal bars. Where no
bars are apparent, the interval was smaller than the size of the mark-
er, except the K, estimate of the inelastic contribution, for which no
confidence interval was calculated.

indicates that ¢, can be reasonably estimated from radio-
metric measurements alone.

Sources of variability in the fluorescence signal—The
fluorescence output is determined by the incident irradiance,
the phytoplankton absorption, and the quantum yield of fluo-
rescence (Eq. 3). Of interest is partitioning the variability of
the fluorescence output among these three factors, because
this determines what can be implied from changes in mea-
sured phytoplankton fluorescence. After logarithmic trans-
formation, the fluorescence and exciting irradiance were sig-
nificantly related with 86% of the variance in the
fluorescence output being explained by the irradiance. The
slope of the regression, which corresponds to an exponent
of the irradiance without the logarithmic transformation, was
not significantly different from 1 (P = 0.14, n = 1001),
which could allow F; to be estimated from a simple ratio of
E,(PAR). The relationship was F, = 8.77 X 10 E,(PAR).
Historically, the variability associated with the irradiance has
been removed by normalizing the fluorescence output by the
exciting irradiance. Linear regression showed that 56% of
the variability of this irradiance normalized fluorescence, of-
ten termed the fluorescent coefficient, was explained by
spectrally weighted absorption coefficient. This is the rela-
tionship that has been used to predict biomass from solar-
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Fig. 6. The mean composition of upwelling radiance for (A)
665 and (B) 683 nm during CH126. The vertical bars indicate the
95% confidence interval. The effect of Raman scattering, L (A),
varied least with a steady increase with depth at both wavelengths.
The contribution of backscattered light, L (), decreased rapidly
with depth at both wavelengths, and fluoresced light, L, (1), comes
to dominate with depth. The upwelled radiance over the fluores-
cence band was never fully composed of that from fluorescence at
any depth due to Raman scattered light, which always formed a
significant proportion.

stimulated fluorescence. A simple model for ¢, is an expo-
nential decrease with increasing irradiance similar to the
nonphotochemical quenching model of Neale and Richerson
(1987) and explained 29% of the variability of ¢,, such that
¢ = 0.032 exp(1.32 X 103E[PAR]). The exponent was
similar to that of 1.22 X 10-2 reported by Neale and Rich-
erson. Incorporating this model with the F/E,(PAR) mea-
surements alowed prediction of a,, and 70% of the vari-
ability in the predicted a,, was explained by the observed
values using linear regression, but the relationship was sig-
nificantly different from 1:1 (aj = 0.57a%s + 0.14).

Variability of the quantum yield of fluorescence—One
concern with the method for calculating ¢; is the effect of a
nonhomogeneous water column below the detector. Hetero-
geneity of the water column will have a differential effect

Table 1. Notation

Notation
Total absorption coefficient and those for

a(A), axn(A), a,(A),

a4(A), agn(A), phytoplankton, particulate, non-algal par-

Acpom(A), @A) ticulate, total non-algal, CDOM, and wa-
ter (m=Y)

as (A) Chl a—specific phytoplankton absorption co-

efficient (m? mg Chl-%)
Raman absorption and scattering coeffi-
cients (m~* and m~* nm-%)

aR(/\)i bR(Aex - /\em)

RAec = Agm) Raman wavelength redistribution function
(nm=%)
b(A), b,(A), b,(A), Total scattering coefficient and those for to-
Byp(A) tal backscatter, particulate scattering and
particulate backscatter (m-1)
C Chlorophyll concentration (mg m~3)

E V), E4(A) Downwelling and scalar irradiances (W m—2
or umol quanta m-2 s%)

Saturation irradiances for photosynthesis
and energy dependant nonphotochemical
quenching (uwmol quanta m-2 s-1)

Downwelling and scalar diffuse attenuation
coefficients (m=1)

Ek1 ET

Kd()‘) ’ Ko()\)

F. F(A) Fluorescence emission per unit volume or
fluorescence output (umol quanta m—3
s

Fi(A ) Fluorescence emission ratio

o, Quantum yield of fluorescence

0, Moy Cosines of mean of scattering and refracted

solar zenith angle

L,(A), Lu(A), Ly(A), Upwelling radiance and that from elastic

Lx(A) scattering, fluorescence, and Raman scat-

tering (W m=2 sr=t or umol quanta m-2
srtsh)

R. Remote sensing reflectance coefficient (sr—1)

Ar Fraction of open and viable PSII reaction
centers

n Exponent of spectral particulate backscatter-
ing coefficient

S Exponent coefficient of spectral CDOM or
non-algal absorption coefficient (hm-1)

Aot Aem Excitation and emission wavelengths (nm)

o Standard deviation of Gaussian fluorescence
emission function (nm)

bY Ratio of surface irradiances

Table 2. The mean percentage composition (standard deviation) of the total upwelling radiance at 665 and 683 nm for cruise CH126,

represented graphicaly in Fig. 5.

Depth 665 nm 683 nm Number of

(m) Ly, Lr Ly Ly Lok Ly observations
1 76.3 (18.7) 28 (1.2 20.8 (19.2) 33.6 (12.8) 1.3 (0.6) 65.1 (13.2) 17
5 27.5 (10.4) 4.1 (1.49) 68.4 (11.4) 7.7 (3.6) 1.4 (0.6) 90.9 (4.2) 47

10 4.8 (1.3) 45 (1.4) 90.7 (2.5) 0.9 (0.3 1.3 (0.5) 97.8 (0.7) 40

15 1.2 (0.2) 49 (1.1 939 (1.2) 0.2 (0.0) 1.4 (0.3) 98.4 (0.4) 26

20 0.6 (0.2) 6.7 (1.9) 92.7 (1.8) 0.1 (0.0 2.2 (0.6) 97.7 (0.6) 11

25 0.5 (0.0 8.2 (0.0) 91.3 (0.0) 0.1 (0.0 2.5 (0.0) 97.4 (0.0) 1

35 0.6 (0.1) 8.4 (3.8) 91.1 (3.9) 0.0 (0.0) 35(1.0) 96.5 (1.0) 2
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Fig. 7. (A) Spectrally weighted absorption, a,,, from direct QFT
measurements and those from the reflectance inversion from both
cruises. There was good agreement between the two (aiy =
1.21a§ + 0.00, r2 = 0.83). (B) The quantum yield of fluorescence,
¢,, calculated using absorptions from QFT measurements and those
derived from the reflectance inversion for both cruises. There was
a significant relationship between the two that was not significantly
different from 1:1 (¢™ = 1.064LT + 0.00, r2 = 0.86). For both
panels, the dashed lineis 1:1 and the solid line represents the best
fit to the data.

with wavelength, leading to inaccuracies in the retrieved in-
herent optical properties. For example, with a high-chloro-
phyll surface layer above lower chlorophyll waters, the
change in the spectral quality of the upwelling light as the
interface is approached may lead to an underestimation of
a,, immediately above the boundary of the two waters. This
would tend to raise the quantum yield of fluorescence. For
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Fig. 8. Variation in the quantum yield of fluorescence with
depth and surface irradiance. Two distinct regions were apparent in
the variation of ¢, with depth: an increase from alow surface value
to a subsurface maximum followed by an decrease with depth. Both
regions were only present in casts before 1000 h local time (open
symbols), which generally had low surface irradiance. Casts after
1000 h had depressed ¢, values compared with those earlier in the
day, independent of surface irradiance conditions. The increase in
¢, to the subsurface maximum was indicative of decreased nonpho-
tochemical quenching, whereas the decrease below the subsurface
maximum indicated increasing photochemical quenching.

the discussion of the variability of ¢, below, the affect of
this potential error was minimized by limiting the data to
areas absent of sharp changes in biomass.

Two distinct regimes were observed in the variation of ¢
with depth and, hence, irradiance. An initial increase in the
quantum yield with depth to a subsurface maximum was
followed by a decrease with depth (Fig. 8, Table 3). The
depth of the subsurface maximum was not constant and
ranged from a minimum of 6 m during the first profile of
cast 7 from CD93 to 18 m during the second profile of the
same cast. After 1000 h local time, only the increase in ¢
with depth was observed. For the casts shown in Fig. 8, near-
surface values of ¢, varied from 0.4% from midday, high-
irradiance conditions of cast 19 of CH126 to 2.7% during
the early morning, low light conditions of the cast 5 of
CD93. The magnitude of ¢; at the subsurface maxima, where
clearly discernable, ranged from 4.0% (profile 1 of cast 17
of CD93) to 6.3% (profile 1 of cast 7 from the same cruise).
There is some evidence that ¢, from cast 13, profile 1, of
CH126 reached a maximum at ~19 m of only 1.9%.

The two regimes of quantum yield of fluorescence were
also discernable in the distribution with irradiance (Fig. 9,
Table 3). Increasing irradiance initially led to an increase in
the quantum yield of fluorescence to a maximum value be-
tween E (PAR) values of 94 and 164 umol quanta m=2 s,
Further increasing irradiance decreased the quantum yield of
fluorescence to ~0.5% at irradiances around 2,000 wmol
quanta m=2 s~*. The inflection irradiance and the quantum
yield at maximal irradiances appeared to be well conserved.
Casts with large changes in the surface irradiance between



Chl a
(mg m3)

min(¢,)

Depth

(m)

m-2s71)

E.[max(¢b)]
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(m™)

K4(PAR)

E(PAR)
(pmol
quanta

m-2s71)

Date

Time

(h)

Profile

Cast

Table 3. Summary of observations for those casts in Figs. 8 and 9. The initial part of the legend indicates the cruise (either C126 or CD93), followed by the cast number

and profile number, 1 or 2 indicating either a downcast or upcast, respectively. The surface irradiances, E,, and the attenuation coefficients, K,, are the mean for the profile.

Legend

The depth and scalar irradiance, E,, are those for the maximum quantum yield of fluorescence, max(¢), for each profile. The chlorophyll concentrations are the mean from

fluorometric measurements for the top 30 m (standard deviation).
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Fig. 9. Variation in the quantum yield of fluorescence with ir-
radiance. The two regimes of variation in ¢, observed in Fig. 8
were apparent. Decreased photochemical quenching, from the clos-
ing of reaction centers, initialy increased ¢, up to a maximum be-
tween 94 and 164 umol quanta m-2 st Further increasing irradi-
ance brought on nonphotochemical quenching and decreased ¢;. At
high irradiances after 1000 h (closed symbols), the quantum effi-
ciency at any given irradiance was suppressed compared to that
before 1000 h. Short-term variations, <15 min, in irradiance did
not greatly change the relationship of ¢, with irradiance, which
indicates that physiological processes operating on two different
timescales affected the fluorescence quantum efficiency. Short-term
processes, <15 min, alowed ¢, to vary for a given photoadaptive
state—that is, along the line for any given profile. Long-term pro-
cesses changed the photoadaptive state, depressing the ¢ irradiance
relationship. The numbers to the left and the lines below indicate
the gl state and the model output described by Eqg. 18.

successive profiles (cast 7 from CD93, where surface irra-
diance increased from 437 to 1,304 umol quanta m=2 s2,
and cast 8, where surface irradiance decreased from 1,592
to 556 umol quanta m~2 s') demonstrated that, although
there may have been marked changes in the distribution of
¢, with depth for asingle cast (Fig. 8), there was less marked
change in the relationship with irradiance (Fig. 9).

Discussion

Reflectance inversion—This work has shown that, similar
to previous work (e.g., Roedler and Perry 1995; Garver and
Siegel 1997; O'Reilly et al. 1998), it is possible to use sem-
ianalytical methods to invert remote sensing reflectances to
give 10Ps. The close agreement between a,,(A) values re-
trieved from the inversion and those from QFT measure-
ments on discrete water samples (r2 = 0.90; Fig. 2) was
expected, because this was one of the main factors used in
tuning the inversion and was similar that reported by Roesler
and Perry (1995). The close correspondence between re-
trieved and measured parameters not used in tuning, nonal-
ga absorption, and the Chl a concentration (Fig. 3) con-
firmed the functionality of the inversion algorithm. The
degree of variahility explained by the linear regression of
the chlorophyll values (r2 = 0.81) was similar to that re-
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ported by Garver and Siegel (1997) and between high-per-
formance liquid chromatography and fluorometric determi-
nations of chlorophyll (author’'s unpubl. data). The
functionality of the inversion was also confirmed by the
close relationship between the observed attenuation coeffi-
cients and those modeled using the IOPs from the inver-
sion—for example, the close relationship for modeled and
observed K,(443) (Fig. 4) and the close agreement at the
surface for K (665) (Fig. 5A).

Composition of light at 665 and 683 nm—Inelastic sourc-
es of light have been shown to be a significant part of both
downwelling and upwelling light fields. This was evident in
the downwelling irradiance as a decrease in K,(665) with
depth due to the rapid remova with depth of red light in-
cident at the surface (Fig. 5A). Eventually, inelastic scatter-
ing dominated the light field and attenuation values reflected
those at the excitation wavelengths. Light from inelastic
sources formed a significant part of E,(665) even at shallow
depths and by 10 m dominated the downwelling light field
(Fig. 5B). This is in keeping with previous modeled (Mar-
shall and Smith 1990; Berwald et al. 1998) and observed
results (Maritorena et al. 2000). The dominance of inelastic
sources with depth was also observed in the upwelling ra-
diance (Fig. 6, Table 2). The contribution of Raman scattered
light was significant and of a similar magnitude to previous
studies (Haltrin and Kattawar 1991; Maritorena et al. 2000).
Previous work has shown that chlorophyll fluorescence may
only contribute on the order of 80% of the upwelling light
field in the absence of elastically scattered light (Culver and
Perry 1997). Because the maximal excitation wavelengths
for the Raman scattering and Chl a fluorescence differ, it
might be expected that the relative importance of these in-
elastic sources might vary. In locations where the optical
properties allow maximal transmission of green light (around
the 555 nm excitation peak of Raman scattering to 683 nm)
and those with low phytoplankton biomass, Raman scattered
light may come to dominate the light field at wavelengths
of Chl a fluorescence. This raises the possibility of errorsin
previous measurements of natural fluorescence in which the
only correction of the upwelling radiance was for backscat-
tered light (Kiefer et al. 1989; Chamberlin et al. 1990;
Chamberlin and Marra 1992; Kiefer and Reynolds 1992;
Stegmann et al. 1992).

Although approximation allowed calculation of E (683)
from E,(665), including the effects of inelastic sources, it
should be noted that the magnitude of the inelastic processes
was for 665 nm. This potentially led to errors in both cal-
culated E,(683) and L ,(683). These errors would have been
maximal where the effect of the inelastic sources was great-
est—that is, with depth. Here the contribution of elastically
scattered light would have been minimal, so the error in
determining the fluorescence signal would have been minor.
The use of an instrument with an E,(683) sensor would re-
move this potential source of error.

The fluorescence signal—The reflectance inversion algo-
rithm was validated by direct comparison of retrieved pa-
rameters with independent measurements, but there were no
independent measurements with which to validate the de-

composition agorithm for the upwelling radiance. Assess-
ment of the decomposition was possible, however, by com-
paring the fluorescence output from the two channels, 665
and 683 nm. The strong linear agreement between the fluo-
rescence output calculated from both channels (r2 > 0.98),
even at higher values associated with shallow depths and
increased elastically scattered light, validated the decompo-
sition algorithm. This was further confirmed by the close
agreement between the calculated standard deviation of the
Gaussian emission function and those previously reported
(Gordon 1979; Kishino et al. 1984). The difference in the
shapes of the fluorescence emission calculated for the two
cruises may have been due to differences in instrument re-
sponse and phytoplankton physiology. Spectral observations
have shown the spectral shape of Chl a fluorescence varies
under both natural and laboratory conditions (Prézelin and
Ley 1980; Ahn et al. 1992; Roesler and Perry 1995) and
models have suggested that changes in absorption efficiency
of phytoplankton may alter the fluorescence output by means
of internal reabsorption (Collins et al. 1985).

Values of ¢, calculated using the reflectance inversion and
radiance decomposition algorithm and, hence, derived solely
from in-water radiometer measurements, were not signifi-
cantly different from values of ¢, calculated using QFT mea-
surements of phytoplankton absorption (r2 = 0.86, Fig. 7B).
The reflectance inversion technique was limited to a single
spectral shape for phytoplankton absorption for an individual
tuning, in this case each cruise, and temporal and spatial
variations in this shape may have explained the differences
between the estimates of ¢, Errors associated with QFT
measurements of absorption, including sample preparation
and assumptions inherent in the technique, specifically those
associated with pathlength amplification factors, may have
also contributed to the variance unexplained (Tassan and
Ferrari 1995; Roesler 1998; Lohrenz 2000; Tassan et al.
2000).

The quantum yield of fluorescence—The ¢, depth profiles
(Fig. 8) show many similarities to, but have shallower sub-
surface maxima than, those reported by Maritorena et al.
(2000). Their depth profiles were from clear oligotrophic wa-
ters of the Pacific with lower K,(PAR), 0.035-0.055 m1,
allowing light to penetrate to greater depths. Simple calcu-
lations using reported surface irradiance levels, 1,600—2,000
pmol quanta m—2 s-¢, indicated that the ¢, maxima occurred
at irradiances of similar magnitudes to those reported herein.
The near-surface values of ¢, reported herein are al'so quan-
titatively similar to the 0.84% reported for the high irradi-
ance conditions studied by Maritorena et a. (2000).

Three regions of control of the fluorescence yield of phy-
toplankton are observed in Fig. 9. First, at irradiances below
that of inflection, increasing irradiance increases the fluores-
cence yield. Decreasing photochemical quenching, g,, would
explain this with increasing irradiance closing more reaction
centers (Kiefer and Reynolds 1992). Second, above the in-
flection irradiance, further increasing irradiance decreases
the fluorescence yield. Increasing nonphotochemical quench-
ing would explain this, most likely the rapid energy-depen-
dent quenching, ., because it appears to be rapidly variable.
Last, after 1000 h, there is the general decrease in the mag-
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nitude of the fluorescence yield at al irradiances, most prob-
ably explained by the long-timescale light-stress nonphoto-
chemical quenching, q, (Krause and Weis 1991;
Demmig-Adams and Adams 1992; Horton et al. 1996).

A simple irradiance-based model that includes g, g, and
g, was developed to explain the observed fluorescence yields
(Fig. 9). Photochemical quenching was described using the
Kiefer and Reynolds (1992) model (Egs. 1 and 2). Nonpho-
tochemical quenching was modeled as an effective decrease
in the probability of a photon reaching a reaction center ca-
pable of fluorescence, potentially achieved either through
thermal dissipation of absorbed energy or photodamage of
the reaction center. The decrease in ¢; with increasing irra-
diance was modeled using target theory, similar to that used
for the number of open reaction centers, such that increasing
irradiance decreased the number of available reaction cen-
ters. The complex dynamics of the slower part of nonpho-
tochemical quenching, g,, meant that no functional relation-
ship with its controlling parameters was possible. For the
discussion herein, g, was varied systematically from 1 to O
representing minimal and maximal quenching, respectively.
To account for the apparently constant value of ¢; at high
irradiances, it was assumed that there was a constant fraction
of reaction centers, r, that were unaffected by nonphoto-
chemical quenching. Nonphotochemical quenching was
modeled using

Ou=r+@—-nrgqge=r + 1 —-r)ge=% (17)

where E; is the irradiance above which g. approaches its
maximum. Including this with the photochemical quenching
model gave Eqg. 18.

¢ =( +[1-rlge==)(¢, A+ ¢ [1—A) (18)

The model may not describe the behavior of ¢, at irradi-
ances below the inflection irradiance for profiles with high
degrees of q, because of the lack of ¢, measurementsin this
region. In the case that ¢ is less affected by nonphoto-
chemical quenching than ¢; (Havaux et a. 1991), it may
be appropriate to apply the g, only to ¢, . A family of
curves with varying levels of g, was generated with the pa-
rameters selected to fit the observed data (r = 0.04, E, =
55 wmol quanta m—2 s7%, E; = 350 umol quanta m—2 s72,
¢, = 0.030, and ¢, = 0.090) and is shown in Fig. 9.

Inherent in this model is the assumption that the timescale
of mixing for the surface mixed layer is less than that for
relaxation of q,, which results in a uniform distribution of g,
with depth for any given cast. The model also ascribes the
quenching with increased irradiance described by target the-
ory solely to ge. Inredlity, g, may vary with depth depending
on the interaction of the mixing timescales and the onset and
relaxation kinetics of q,, and gz alone may be insufficient to
allow maximum quenching associated with high irradiances
that may also include contributions from ¢, (Horton et al.
1996). Interpretation of the observations and results of the
model is complicated by the uncertainty associated with par-
titioning of g, and the mechanisms associated with g, ther-
mal energy dissipation, and/or PSII reaction center damage
(Krause and Weis 1991; Horton et al. 1996). The effects of
nutrient limitation are beyond the scope of the present work
but could be hypothesized to affect q,.

Despite the limitations of the model, some interesting con-
clusions about the photophysiology of phytoplankton can be
made. The convergence of ¢, at irradiances of 2,000 wmol
quanta m=2 s—* may be of evolutional significance, because
this corresponds to full sunlight, when photoprotection
would be expected to be maximal. In the context of the
model, the fraction of viable reaction centers that fluoresce
at these irradiance, r, was 4%, which may reflect either the
recovery rate of damaged reaction centers—for example, by
replacement of damaged D1 proteins (Han et al. 2000; Zhang
et al. 2000)—or the fraction of reaction centers that are not
bypassed by thermal dissipation of the excitation energy. It
should be noted that the interpretations of the model are
limited by the assumptions made in its formulation and that
there are other possible explanations for the asymptotic re-
lationship of ¢; with irradiance.

Implications for interpretation of fluorescence-based mea-
surements—Knowledge of the variation in ¢ is essential for
the interpretation of fluorescence-based measurements. The
large range in ¢; observed herein and in previous work re-
futes the paradigm of a constant ¢, necessary for accurate
assessment of phytoplankton biomass using sun-stimulated
fluorescence measurements. With greater ranges in biomass,
the apparent error associated with variations in ¢, would be
reduced. As such, sun-stimulated fluorescence is generaly
only a gross indicator of biomass (Roesler and Perry 1995).
The dominance of nonphotochemical quenching in surface
waters and the uncertainties in the relationship between the
quantum yields of fluorescence and photochemistry with g,
suggest that sun-stimulated fluorescence may be a poor in-
dicator of primary production. A greater understanding of
the effect of nonphotochemical quenching on the quantum
yields of fluorescence and photochemistry may improve this.
It should be noted that the fluorescence output and primary
production would be expected to covary, given that one of
the major sources of variation in both is the absorbed exci-
tation energy.

One interesting case is that of satellite-derived measure-
ments of ocean color and the fluorescence signal. As noted
by Maritorena et al. (2000), the near-noon equator-crossing
time of polar orbiting satellites and the shallow depth of the
signal results in measurements of sun-stimulated fluores-
cence only at high irradiances. Initial results presented here
suggest that the range of ¢, under these conditions is small,
which could result in improved estimation of biomass con-
centrations. Concurrent ¢, estimates could provide interest-
ing information into the physiological state of the phyto-
plankton in this very shallow layer of the oceans. Further
work is needed to investigate the temporal and spatial dis-
tribution of ¢, and its consistency at high irradiances. The
methods presented herein provide the basis for achieving this
not only from in-water but also from above-water measure-
ments.
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