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Biological, optical, and hydrographical data were collected on the WEC88 cruise along 150° W
and during a 6-day time series station on the equator during February/March 1988. This area
was characterized by a subsurface chlorophyll maximum (SCM), located at 50-70 m depth at the
equator and descending down to 120-125 m at the north and south end of the transect. Highest
primary production rates were near-surface and confined to the equatorial region and stations
between 7° and 11°N. To determine the relationship between solar-stimulated fluorescence
(centered at 683 nmn wavelength) and primary production, a production—fluorescence model based
on phytoplankton physiology and marine optics is described. Results of model calculations predict
that thereis a linear relation between production and fluorescence. A comparison between morning
and midday measurements of the production—fluorescence relation showed that there was some
difference between the two, whereas evening measurements, on the other hand, were distinctly
different from the morning/midday ones. This seems to suggest that diurnal variations contribute
significantly to variability in the quantum yield of photochemical processes. The ratio of the
quantum yield of photosynthesis to the quantum yield of fluorescence ($./®;), the parameter
which will determine how well production can be estimated from optical recordings, ranged
between 0.24 and 0.44 molC Ein—! (an Einstein equals a mole of photons) for all stations. The
highest value for this ratio occurred at the equatorial stations, indicating that interstation (i.e.,
latitudinal) variability could have an effect on the production—fluorescence relation. Measured
(with 14C incubations) and predicted production compared quite well, although high measured
production rates for near-surface samples were underestimated in most cases. Since both
production and fluorescence were nonlinear at high irradiance intensities, we recommend in the
future that a nonlinear component be incorporated into our model to take this effect into account

and thus allow us to refine our estimates of nonlinear data.

1. INTRODUCTION

Understanding the role of the oceans in global biogeo-
chemical cycles is one of the major goals of the Global Ocean
Flux Study [National Academy of Sciences, 1984]. For this
purpose, satellite observations of phytoplankton biomass
and productivity provide the only means to obtain synoptic
information on the time and space scales of interest. Specif-
ically, remote recordings of the optical properties of the
upper ocean allow inferences to be made about the transfor-
mation of important elements, especially carbon, within the
productive layer. The next generation of Earth-observing
platforms will have sensors with the sensitivity and spectral
resolution necessary to make these measurements. The key
to making use of these measurements is to develop and
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validate appropriate models relating the measured optical
properties with phytoplankton biomass and productivity.
A method which shows substantial promise for the re-
mote estimation of phytoplankton biomass and primary
production utilizes the solar—stimulated fluorescence signal
emitted by phytoplankton, which is centered at 683-685 nm
wavelength [Neville and Gower, 1977; Gower and Borstad,
1981, 1990; Kishino et al., 1984a,b; Topliss, 1985; Topliss
and Platt, 1986; Kiefer et al., 1989; Chamberlin et al., 1990;
Stegmann, 1987a,b,c]. This method has several advantages
which make it attractive over other passive methods. First,
fluorescence emission is specific for chlorophyll a and its
derivatives but not for other suspended matter co-occurring
with phytoplankton [Lin et al., 1984]. This is particularly
significant for measurements in estuarine or coastal regions,
where there is usually a high suspended sediment load as
well as yellow substances which can mask the signal in the
other passive methods [Hgjerslev, 1981]. Second, when
measuring changes in ocean color to obtain information
on phytoplankton biomass, high chlorophyll concentrations
reduce the water—leaving radiance to very low levels in the
wavelengths of maximum absorption, making the signal
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difficult to measure from space [Sathyendranath and Morel,
1983]. The opposite is true when recording solar-stimulated
fluorescence; the signal increases with increasing chlorophyll
concentration. And finally, apart from a strong absorption
band at 687 nm [Gower and Borstad, 1990], atmospheric
correction algorithms used to extract the signal from the
background noise when recording from space are less com-
plicated than those required for the ocean color method
[Schanda, 1986).

The major logistical limitation with solar—stimulated flu-
orescence is that water has a very high absorption coeffi-
cient at 683685 nm, and consequently, the waterleaving
radiance is low, particularly in low—chlorophyll waters. Nev-
ertheless, the signal has been measured with an airborne
fluorescence line imager [Gower and Borstad, 1981, 1990],
and future satellite instruments such as MODIS will have
channels for measuring solar-stimulated fluorescence [Esa-
ias, 1986]. Also, the physiological basis of this type of
fluorescence is not yet completely understood [e.g., Kolber
et al., 1990].

Recordings of solar-stimulated fluorescence have primar-
ily been used to estimate phytoplankton biomass in the
upper ocean [e.g., Neville and Gower, 1977]. However,
fluorescence emission is linked to the physiological processes
governing photosynthesis, and several attempts have been
made to estimate the rate of phytoplankton production from
the fluorescence signal [ Topliss and Platt, 1986; Kiefer et al.,
1989; Chamberlin et al., 1990].

Here, we assess the use of the solar-stimulated fluores-
cence technique to predict the rate of phytoplankton pro-
duction in the central tropical Pacific Ocean. The charac-
teristic feature of this area is the large—scale divergence due
to the Coriolis force and to the trade winds to the north and
south, thereby resulting in the large—scale circulation system
and water transport described by Wyrtki [1981]. This
results in equatorial upwelling of nutrient-rich deep water to
the surface layer and elevated concentrations of chlorophyll
[Barber, this issue]. Increased autotrophic standing stock is
evident in ocean color estimates of phytoplankton biomass
(chlorophyll) from Coastal Zone Color Scanner images [G.
Feldman, personal communication, 1990]. Recent approxi-
mations of new production in the equatorial Pacific suggest
that this area contributes between 18% and 56% of global
new production and therefore contributes to the flux of
particulate organic carbon out of the oceans’ euphotic zone
[Chavez and Barber, 1987). However, these estimates are
based on a small data set, constrained by the limited spatial
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coverage of research vessels. Clearly, the equatorial Pacific
is an important region in the global carbon cycle, and the
processes which regulate new production need to be under-
stood. The scale of this vast system, and the limitations of
shipboard sampling, provide a compelling case for remote
prediction of phytoplankton production on synoptic scales.

2. BAsic CONCEPTS OF PRODUCTION-
FLUORESCENCE MODEL

Fluorescence

Consider the emission of fluorescence by phytoplankton
cells in the ocean,

A=700

Fs(2)=B Ds(2, A) - “ac(z, A) - Ea(z, A)dA, (1)

A=400

where the emitted fluorescence F; at depth z (Ein m~

1) is represented by a Gaussian emission line, assumed
to have a half-bandwidth of 25 nm and centered at 683
nm wavelength [Gordon, 1979]. The absorption of down-
welled irradiance (Ez (2, A); moles m~2 s™! ) by phyto-
plankton pigments (B; mgChl m™2 ) is governed by the
specxﬁc absorptlon coefficient for chlorophyll (*ac (2, A);

m? (mgChl)~! ). The efficiency with which fluorescence
is emitted relative to the irradiance absorbed is controlled
by the dimensionless quantum yield of fluorescence, ®;.
All the parameters except B are, in principle, wavelength—
dependent over the visible spectrum, 400-700 nm. We
assume uniform biomass distribution with depth. (Note
that Table 1 is a list of symbols used in the text.)

Recordings of solar-stimulated fluorescence are made by

a radiometer which generally measures upwelled radiance
centered at 683 nm (L.68%; Ein m™2 s™! nm™! sr~?
The measured upwelled radiance at depth [ is related to
the emitted fluorescence, Fy , by

L.683()=C [ Fy .

z=l

K= gy 2)

where contributions from fluorescing cells at depths below
the sensor (i.e., over the distance interval z—I) are attenuated
by an exponential function weighted by the total diffuse

TABLE 1. List of Symbols Used in Text
Symbol Definition
Fy Solar-stimmlated fluorescence, Ein m—3 s—1
B Chlorophyll-a concentration, mg m—3
o, Quantum yield of fluorescence, Ein emitted /Ein absorbed
*ac Specific absorption coefficient for chlorophy]l m? (mgChl)-!
E4 Downwelled irradiance, moles m—2 s
Ly688 Upwelled radiance at 683 nm, Ein m— 2 s~1 nm—1 gr—!
E 6388 Downwelled irradiance at 683 nm, Ein m—2 s‘1 nm—!
Fy Integral fluorescence, Ein m—2 s—1
Fe Instantaneous photosynthetic rate, molC m—3 s—1
i3 Quantum yield of photosynthesis, mol C fixed/Ein absorbed
K; Total diffuse attenuation coefficient at 683 nm, m~!

K Total diffuse attenuation coefficient over PAR, m—1
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attenuation coefficient for fluorescence at 683 nm radiance,
K; (m™!). C is a constant and is equal to the product
of the geometric correction (4 wsr~! ) times the correction
for the fluorescence bandwidth (25 nm~! ) [Gordon, 1979];
its value is 0.0032. We have set the upper limit of
integration to infinity, since solar-stimulated fluorescence
declines with depth and then becomes insignificant. For
radiance measurements made near the seasurface, there is
also a significant contribution by sunlight backscattered
into the field of view of the sensor by seawater itself. In
order to obtain only that part of the radiance signal due to
phytoplankton fluorescence, a correction must be applied to
account for this additional radiance contribution. This was
done by subtracting the correction equation below from the
L, 683(1) signal as follows:

L.683c(l) = L,683(1) — (E683(1 — 0.38)

- 0.00026 - ~Ks 038y (3)
where Eq683(1-0.38) is the downwelled irradiance at 683
nm, measured at the top of the spectroradiometer, and
L4683c is the corrected fluorescence signal. The value
0.00026 is the reflectance value for clear seawater (i.e., water
containing no attenuating dissolved/particulate substances)
at 683 nm [Chamberlin et al., 1990], and 0.38 mis the length
of the spectroradiometer between the F3683 and L6838
sensors. The conversion from the corrected fluorescence
radiance signal to a fluorescence irradiance signal, F; (Ein
m-2s!)is

Fo(1) = L683¢() / C, (4)

where C is the conversion constant described above.

Photosynthesis

The rate of photosynthetic carbon fixation is assumed to
be a function of the absorbed irradiance as in equation (1),
so that

A=700
F(2)=B ®.(z, A) - “ac(z, A) - Ea(z, A)d),

A=400

©)

where all the terms are the same as above, except that
F.(z) is the instantaneous rate of photosynthesis (molC m3
s7! ) and ®, is the quantum yield of photosynthesis (molC
Ein~! ). To compare this with measured fluorescence, a
depth-integrated measure, we also integrate Fe(z) from the
depth of the sensor to infinity, assuming B is constant.

Fluorescence and Photosynthesis

There is a connection between the rate of photosynthesis
and fluorescence, since both depend on the absorption of
incident irradiance by the photochemical apparatus. There
are, however, other processes which are' associated with
light absorption, and these result in the production of heat.
Here we model heat production as a dimensionless quantum
yield. When one transforms the units for fluorescence,
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photosynthesis, and heat production into the same units
as absorbed energy, then conservation of energy requires
that the sum of the quantum yields equals one. With-
out a separate estimate of heat production though, the
problem is underspecified. When determining a functional
relation between photosynthesis and fluorescence, the key
assumption requires that the ratio of the quantum yields of
photosynthesis to fluorescence remains relatively invariant,.
Or alternatively, one can predict the fluctuation of this ratio
as a function of other measurable environmental variables,
e.g., irradiance [Chamberlin et al., 1990].

Let us examine the simplest case to demonstrate this
requirement. We first assume that all parameters except
irradiance are independent of depth. Second, we assume
that all parameters are wavelength-independent and that
the wavelength—dependent irradiance Eq can be replaced
by the irradiance integrated over the spectrum of photo-
synthetic available radiation (PAR; 400-700 nm, Ein m—2
s~! ). The recorded radiance from the fluorescence signal
after integration of equation (2) is then

1

Fr(l) =B. ‘pf <@ - Ed(PAR) . m, (6)

where K; is the total diffuse attenuation coefficient over
the PAR spectrum. Applying these same assumptions to
integral photosynthesis leads to

Fu(z)dz=B - ®. - "a. - E«(PAR) - 71(-1 G

I~

After rearranging equations (6) and (7) and cancelling out
the common terms, prediction of integral photosynthesis
from fluorescence recordings is

o0

Fz)dz= 2. R -

K.+ K;
3; '

K )

z=l

Except for the ratio of the quantum yields, all terms on
the right side are either measured or known & priori. This
is a very simple equation; and although it does ignore all
nonlinearities in both the photosynthesis—irradiance and
fluorescence-irradiance relationships as well as any depth
variation of chlorophyll or wavelength—dependence of any of
the parameters, it is a good place to start, since the model is
easily tested by linear regression of integral photosynthesis
on the terms on the right-hand side of equation (8). The
regression coefficient is equal to the ratio of the quantum
yields, and its variation can then be examined in more
detail.

3. DATA COLLECTION AND ANALYSIS
General

Data were collected at stations located along a transect
from 15°N to 15°S (longitude approximately 150°W) during
a 4-week cruise of the R/V Wecoma in February/March
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1988 that included a 6—day timeseries station at the equator.
The focus of this paper is on stations between 15°N and the
equator and from the equatorial timeseries stations. Vertical
profiles of hydrographical, optical, and biological variables
were made with a modified Bio-Optical Profiling System
(BOPS [Smith et al., 1984]). The physical parameters
measured were temperature, salinity, and depth. The BOPS
was equipped with an MER~-1048 spectroradiometer (Bio-
spherical Instruments) capable of simultaneously measuring
upwelling radiance, upwelling irradiance, and downwelling
irradiance in 6, 8, and 13 channels, respectively. Fur-
thermore, this instrument package provided simultaneous
measurements of PAR, chlorophyll fluorescence (SeaTech
Fluorometer), and beam transmission (SeaTech Transmis-
someter). Water samples were collected with a CTD-rosette
system.

Primary Production Measurements

Water samples were collected from four depths with
hydrocasts, one to three times per day, and taken shortly
before or after the optical casts. The exceptions to this are
the evening casts, where the incubations were done after
sunset. The rate of photosynthesis versus irradiance at
each depth was measured by the addition of *C labelled
samples to 24 vials and then incubating them for 1 hour at
24 different light intensities in modified photosynthetrons
according to the procedure described by Lewis and Smith
[1983]. A temperature-regulated flow—through system was
used to keep the incubation temperature close to the in situ
temperature. Results were described as a P-I curve with
three parameters [Platt et al., 1980] and were corrected for
P,, an intercept, which was treated as a dark bottle, so
that the production curve went through zero (see Cullen et
al. [this issue] for a discussion of this procedure and the
limitations of the P versus I methodology). This resulted
in estimates of the instantaneous rate of photosynthesis
normalized to chlorophyll, which in turn was derived from
acetone extracts [Cullen et al. this issue]. Continuous

vertical profiles of chlorophyll-normalized photosynthesis
as a function of depth were calculated from measured ir-
radiance (PAR) and P-I parameters; values from the four
depths from which the incubation samples had been taken
were linearly interpolated to obtain a continuous profile.
Production as a function of depth (molC m™ s~! ) was
obtaimed by multiplying the chlorophyll-normalized pho-
tosynthesis just described by the calibrated chlorophyll-
fluorescence profiles (see Cullen et al. [this issue] for details
on this procedure). At most stations, the deepest depth
from which water samples were taken for incubations was
60 m. Since solar-stimulated fluorescence could generally
be detected down to 80-100 m, integral photosynthesis was
simply extended down to the depth where fluorescence went
to zero. This extension was made by assuming that the
photosynthetic parameters from the deepest sarmpling depth
remained relatively constant below.

Information pertaining to those sites where both optical
casts and production incubations were available is summa-
rized in Table 2; these are the stations which will be used in
our fluorescence-production model. Figures which contain
mean values (Figures 14 and 9) were obtained by averaging

“all stations over time at the particular latitude.

Determination of Attenuation Coefficients

The total diffuse attenuation coefficient at any wave-
length is considered to be equal to the sum of the com-
ponents in the ocean contributing to attenuation at that
wavelength [Smith and Baker, 1978]. Specifically, these are
the water itself, phytoplankton and associated detritus, and
any other particulate or dissolved substances in suspension.

It is generally accepted that in open ocean waters the
contribution to the total diffuse attenuation coefficient by
all substances other than phytoplankton and the water itself
can be disregarded [e.g., Smith and Baker, 1978; Morel and
Prieur, 1977]. It has become common practice to approxi-
mate the attenuation due to phytoplankton pigments (K. )
and water (Ku ) by the specific absorption coefficient due

TABLE 2. Information on the Optical Cast and Production Stations

Ship Optical Date Position Time (LDT)

Station Cast Optical Incu-

No. No. Cast bation
8 221a Feb. 21 12° 28.90' N, 150° 01.90' W 0830 0800
11 b 12° 28.15' N, 150° 03.53' W 1230 1324
22 223a Feb. 23 9° 59.41' N, 150° 00.08' W 0800 0830
25 b 10° 01.98’ N, 150° 04.08' W 1330 1212
41 226a Feb. 26 4° 59.36’ N, 149° 59.32' W 0800 0700
45 b 4° 59.17' N, 149° 58.43' W 1430 1312
48 c 4° 57.66' N, 149° 59.26' W 1700 1724
64 228b Feb. 28 2° 00.33' N, 150° 05.94' W 1430 1400
66 c 1° 59.27' N, 150° 05.94 W 1700 1912
71 229a Feb. 29 0° 59.97’ N, 150° 00.93’ W 0800 0730
75 b 0° 57.21' N, 150° 05.61' W 1300 1330
77 c 0° 58.96’ N, 150° 01.96' W 1630 1900
87 302a March 2 0° 00.36’ N, 150° 01.62' W 0830 0630
100 303a March 3 0° 00.08’ N, 149° 59.48' W 0900 0600
104 b 0° 00.24’ N, 150° 00.03' W 1300 1200
106 d 0° 00.00’ N, 149° 59.94' W 1600 1800
114 304a March 4 0° 00.43' N, 150° 01.14' W 0800 0630
118 b 0° 00.33' N, 150° 00.42' W 1300 1200
127 305a March 5 0° 00.23' S, 150° 00.58' W 0800 0630
131 b 0° 00.07' S, 149° 59.76' W 1300 1200
150 307a March 7 0° 00.28' N, 150° 01.05' W 0800 0630
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Fig. 1. Temperature {mean; units of °C ) versus depth for stations along the 15°N to 15°S transect.

to chlorophyll (*a.) and water (a. ), respectively. Thus
at the wavelength of fluorescence emission, the absorption
coefficient due to water, a. (683), is large and is equal
to 0.465 m~! [Morel and Prieur, 1977; Smith and Baker,
1981). Kiefer et al. [1989] found that the specific absorption
coefficient for chlorophyll, *a.(683), in the western South
Pacific gyre was about 0.01 m? (mgChl)~! . During our
cruise the chlorophyll concentration never exceeded 0.5 mg
m™ (cf. Figure 2), so that the maximum contribution by
*a. (683) at this concentration would at most only have been
about 1%. We therefore assume that the major attenuating
component at 683 nm is water and that a,, (683) is equal to
Ku (683) which is equal to K; .

As Smith and Baker [1984] have pointed out, recordings
of underwater irradiance are influenced by surface waves

Chlorophyll Concentration (mg m?)
LA I L R R R R R S L |

and ship roll. The total diffuse attenuation coefficient will
consequently also contain these perturbations. To smooth
out these fluctuations, we applied a low-pass filter in our
calculations of the total diffuse attenuation coefficient over
the PAR spectrum (K;). K;was determined [Smith and
Baker, 1984] by calculating an average running K; over 10
depth readings obtained from regressing vertical profiles of
log-transformed PAR values against depth.

4. RESULTS
Vertical Distributions

The temperature profile from 15°N to 15°S clearly shows
the result of equatorial divergence with the doming effect of
cooler water (< 28°C) rising to the surface at the equator

/
R
P

— T
=0.10/

Depth (m)

2000 . 0,1

-15 -10 -5

Latitude (Deg)

Fig. 2. Chlarophyll a concentration (mean; units of mg m—3 ) versus depth for stations along the 15°N to 15°S

transect.
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Fig. 3. Production normalized to chlorophyll a concentration (mean; units of gC gChl—! h=! ) versus depth for

stations 12°N to Equator.

(Figure 1). To the north and south of this region, mean
surface water temperatures were 27° and 29°C, respectively.
A second, although less pronounced, doming feature is seen
at about 8°-12°N.

This transect is characterized by a subsurface chlorophyll
maximum (SCM) which was located between 40 and 80 m
near the equator and extended down to about 120-m depth
near 15°N and 15°S (Figure 2). The lens of highest (mean)

Fr/PAR (

pigment concentration (> 0.25 mg m™3 ) occurred at the
equator and between 8° and 12°S and was confined to the
40-80 m and 70-110 m depth range, respectively. A second,
albeit less pronounced, chlorophyll increase occurred at 6-
10°N at about 70-m depth.

The highest primary production rates (mean values > 4
gC gChl~! h™! ) were measured in the upper 10 m of
the water column and were restricted to stations between

+10e—04)

125

2

0 4

LATITUDE

12
(DEG N)

Fig. 4. Ratio of Fy (fluorescence centered at 683 nm wavelength) to PAR (photosynthetic active radlat.lon) (mean;

dimensionless) versus depth for stations 12°N to Equator.
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3°N and the equator (Figure 3). A second near-surface
production maximum occurred between about 11° and 7°N.

The vertical distribution of the ratio F,./PAR at these
same stations should be related to the chlorophyll concen-
tration [Kiefer et al., 1989]. At stations north of the equator
the maximum ratio occurred between 70 and 80 m depth,
whereas in the equatorial region the maximum was detected
between about 35 and 65 m (Figure 4). A comparison
of Figures 4 and 2 shows relatively good correspondence
between F,/PAR and phytoplankton biomass.

Fluorescence—Production Relation

To differentiate temporal from spatial (i.e., latitudinal)
effects contributing to the variability inherent in our mea-
surements and thus influencing the precision with which
we can estimate photosynthesis from recordings of solar—
stimulated fluorescence, we have separated the results of
our fluorescence—production model calculations into two
different parts. For the first part, we wanted to address
the question, “Is there a marked temporal effect on the
relationship between fluorescence and production?” For this
purpose, the results of the linear regression (equation (8)) of
integral production on the product of the fluorescence times
the ratio of the attenuation coefficients (termed Kratio in
Figures 5-7) for the 6-day timeseries station at the equator
were considered separate from the rest of the transect sta-
tions. These results are shown in Figures 5a and 5b for the
equator morning and midday stations, respectively. The
slope of the regression line included in this figure and all
subsequent ones of this type is equal to the ratio of the
quantum yield of photosynthesis to that of fluorescence,
®./®; (from equation (8); units of molC Ein~! ). Values
for the slope and the other regression results are shown in
Table 3.

The morning stations (Figure 5a) show two distinct sets
of curves. The reason for this separation is due to a
difference in the production rate; the lower set corresponds
to lower rates than the upper set. A comparison between
the morning and midday stations (Figures 52 and 5b) at
the equator indicated that production and fluorescence were
higher at midday than in the morning. The regression
analysis yielded a somewhat higher slope for the morning
(0.44 molC Ein~! ) than for the midday (0.42 molC Ein~! )
stations, but a better correlation coefficient for the midday
than the morning ones. This first attempt then at assessing
the importance of temporal effects (i.e., difference between
morning and midday) on the relation between production
and fluorescence seems to suggest that, at least at the
equator, there is no pronounced difference between these
two time periods. Evening stations, on the other hand, are
very different and show the lowest slopes of all (cf. Table 3).
Although not shown here, this also holds true for the one
equator evening station (cf. Table 2), where the slope was
0.23 molC Ein~1. Taken over a whole day then, diel effects
clearly are important factors that contribute to variations
in the quantum yield.

The second question we wanted to examine with our
model calculations was if spatial (latitudinal) differences
contributed significantly to the variability in the fluores-
cence—production relation. To resolve this query, we looked
at all stations from 12°N to the equator (listed in Table
2), taking care to group them into morning, midday, and
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Fig. 5. Fy. Kratio versus integral ﬁroduction for the equatorial
stations. (a) Morning; y = 0.44, r = 0.929, n = 353, and (5)
midday; y = 0.42, r = 0.943, n = 235. Obtained by solving
equation (8).

evening stations (Figures 6a—6¢c). A first comparison be-
tween these thiee time groups indicated that production
and fluorescence were highest at the midday stations and
lowest at the evening ones. Furthermore, the quantum yield
ratio (= slope) was highest for the morning and lowest for
the evening stations (cf. Table 3). As expected, the varying
conditions at each individual station resulted in a lower cor-
relation coefficient when all stations were combined than if
the equator stations were considered alone. It is interesting
to note that, with one exception, the quantum yield ratio
was generally higher for the equatorial stations than for the
other stations along the transect. Our results thus seem
to suggest that (1) interstation variability does have some
effect on the production—fluorescence relation and (2) the
variation in the quantum yield ratio depended on the time
of day the measurements were made (i.e., morning/midday
or evening).



634

WEC88 MORNING STATIONS.
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Fig. 6. F;. Kratio versus integral production for all WECSS8

stations. (a) Morning; y = 0.44, r = 0.869, n = 695, () midday;
y = 0.38, r = 0.925, n = 680, and (c) evening; y = 0.24, r = 0.606,
n = 270. Obtained by solving equation 8.
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Fig. 7. Fy- Kratio versus integral production for all WECS8

stations; y = 0.39, r = 0.907, n = 1645. Obtained by solving
equation (8).

In order to get at least an approximate idea of the
relation between production and fluorescence for all stations
from 12°N to the equator, irrespective of time of day,
all fluorescence and production data were combined and
regressed against one another; the result is shown in Figure
7 and Table 3. Despite the fact that these stations covered
a large geographical area and the measurements occurred
at different times of day, there was still a relatively good
fit (correlation coefficient of 0.907) and the ratio of the
quantum yields was equal to 0.39 molC Ein~! .

Prediction of Photosynthesis

We now examine in hindcast to what extent our produc-
tion—fluorescence model tracks the real world. In Figure
8 we have plotted the measured production versus the
predicted production (using the the regression equation
obtained in Figure 7) for all stations from 12°N to the
equator (cf. also Table 3). The line in the figure is a perfect
fit and is included only for reference purposes. In general,
there is a relatively good correspondence between measured
and predicted production, albeit with considerable scatter.
For example, at very high rates, production is often un-
derestimated by the model. Clearly, at these near-surface
depths, production cannot be predicted satisfactorily with

TABLE 3. Results of Linear Regression Analysis of Fluorescence—
Production Model (Equation (8))

n Slope r

Equator stations

Morning 353 0.44 0.929

Midday 235 0.42 0.943
All stations

Morning 695 0.44 0.869

Midday 680 0.38 0.925

Evening 270 0.24 0.606
12° N to Equator 1645 0.39 0.907

Here = is number of depth data points used in regression analysis.
Slope has units of molC Ein—1.
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Fig. 8. Measured versus predicted integral production (using re-
sults obtained from solving equation (S%r for all 12°N to Equator
stations. Line represents perfect fit.

our model. Possible explanations for this inconsistency are
discussed below.

5. DISCUSSION

Our original intention was to examine the relationship
between solar-stimulated fluorescence and phytoplankton
production in the central Pacific Ocean from the perspective
of using what hopefully were well-correlated variables to
estimate photosynthesis in this region. To do this effectively,
we examined the variability of the ratio of the quantum
yields over a variety of environmental conditions. After
all, it is the behavior of this ratio which determines the
applicability of remote sensing techniques to estimate pho-
tosynthetic rates in the upper ocean. From the following
discussion it will become clear that more field work is
needed to refine the relationship between fluorescence and
photosynthesis, as this will provide the basis for an algo-
rithm to estimate integral production from Earth—observing
satellites.

As a first attempt to model the relation between in-
tegral production and solar-stimulated fluorescence, we
have used simplified principles of phytoplankton physiology
and marine optics to develop a simple, linear production—
fluorescence model. We have shown that in February /March
1988 there was a clear relation between integral production
and solar-stimulated fluorescence in the tropical Pacific.
Our results suggest that diel fluctuations (i.e., a comparison
between morning/midday with evening measurements) do
effect the production—fluorescence relation. Spatial (i.e.,
latitudinal) differences, which are possibly caused by such
factors as photoadaptation, light and nutrient utilization,
or species specific variations could also affect the quantum
yield ratio. Unfortunately, much of the variation is still
unexplained, and more detailed research is needed to under-
stand and interpret the observed variations. Nonetheless,
it seems plausible that the variations we observed in the
Pacific are strongly influenced by our assuming biomass
is constant with depth and also by the selection of the
reflectance value used for the backscatter correction (cf.
equation (3)).
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With the exception of high production levels, which often
exceeded the estimate, measured and predicted integral
production compared quite well (Figure 8). It seems that
when the highest measured production occurs near—surface,
the linear relationship between production and fluorescence
no longer holds. This can be seen quite clearly when one
looks at plots of production profiles (normalized to biomass)
as a function of PAR profiles (Figure 9a): after an initial
linear increase at low light intensity, photosynthetic rate
attains a maximum value and then begins to leveloff to a
relatively constant production rate with little response to
further increases in irradiance. The initial slopes of the
morning and midday stations are very similar. However, the
morning stations begin to leveloff at a lower production rate
than the midday ones. The evening stations, on the other
hand, have a very different slope as well as lower irradiance
values at which they attain their production maximum. A
plot of fluorescence (normalized to biomass) as a function
of PAR profiles (Figure 9b) also shows the same general
pattern as for the production versus PAR profiles (cf. Figure
9a). There are, however, two clear differences between the
production and the fluorescence plots. First, the initial
slope for all three fluorescence versus PAR curves are almost

12 N — EQUATOR STATIONS

5.0
o
o
o"‘° e °
— o
< 4.0 0° -
>
§
3.0 -
N
=]
| —
2 20 s
<
)
[~}
g 1.0 4 s
a
0.0 T
00 x10° 1.2 x1073 2.5 x1073
PAR [E/m?/5]
1.2 %10~ 12 N — EQUATOR STATIONS
_
N °,°
o
QE o o °
o o
o
S 3°° o
S 8.0 x107 ag 5
2 3
d @
[7) & .
N sl
& oo
PR 4.0 x107/ A
et
g
} 7
[ b
0.0 x10° -} T
0.0 x10° 1.2 x1073 2.5 x1073

PAR [E/m?/s]

Fig. 9. (a) Production normalized to chlorophyll a concentration
(mean; units of gC m—3 h—! (gChl m~3)-1") and (b) Fr nor-
malized to chlorophyll « (mean; units of Ein m—2 s~! (mgChl
m~3)~1 ) versus PAR (mean; units of Ein m~2 s! ) for all
morning 2dashed curve), midday (circles), and evening (solid line)
stations from 12°N to Equator.
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identical. And second, the morning and evening stations
leveloff at about the same production rate and irradiance
intensity. Thus, in the near—surface region, both production
and fluorescence are definitely nonlinear at high irradiance
levels. A significant improvement in our linear production—
fluorescence model would involve expanding our predictive
equation (equation (8)) to account for these nonlinear ef-
fects. For the photosynthesis component of our model,
equation (4) could be substituted by the relation advanced
by Webb et al. [1974]:

Fc(z) :Pm . (]_ — e(“ac'ic'Ed(l)/Pm)),

(9

where P, is the maximum photosynthetic rate. Integral
production [Lewis et al., 1985] would then equal

=~}

[P = gy CROZeo 2ITE

n=1

z=l1

Since the fluorescence-irradiance relationship looks the
same as the production—irradiance relation, a similar equa-
tion could easily be developed for the fluorescence com-
ponent of the model (equation (1)). Incorporation of a
nonlinear component and recognizing that the biomass—
depth profile is not uniform (as was assumed in the present
model) would then hopefully better the precision with which
we can predict near-surface photosynthesis. For purposes of
future remote sensing from satellites and aircraft, the near—
surface zone is the prime determinant for the signal their
optical sensors receive.

An interesting result of our model calculations concerned
the equator stations (where interstation differences are less
evident), where the quantum yield ratio in the morning
and at midday were similar. Since we had no independent
measure of the specific absorption coefficient for chlorophyll,
*a., we could not determine ®, or ®; separately and thus
know if the similarity in the two quantum yield ratios
were due to changes in ®. or ®; or both. Although
the variability has not been sorted out, the ratio of the
quantum yields varied by about a factor 2 over the range
0.24-0.44 molC Ein! (cf. Table 3). This is quite a bit
lower than the value obtained by Chamberlin et al. [1990]
from the western South Pacific gyre but well within the
tenfold variations in the quantum yield of photosynthesis
determined by Tyler [1975], Priscu [1984], and Kishino et
al. [1985)]. In fact, the theoretical maximum quantum yield
of photosynthesis, assumed to equal 0.125 molC Ein~! and
treated as a constant in most studies, can be lowered by as
much as a factor of 3 due to nutrient or other physiological-
based stress [Welschmeyer and Lorenzen, 1981; Cleveland
and Perry, 1987; Peterson et al., 1988]. The range in the
fluorescence quantum yield is still subject to research, but
it is not assumed to be a constant. On this basis then,
our low quantum yield ratio could be explained by light
stress and/or the physiological state of the phytoplankton
population. In fact, it has not been completely resolved why
the equatorial upwelling region of the Pacific at 150°W did
not have a larger phytoplankton biomass in 1988 [Barber,
this issue]. It seems possible that there is a link between
the low phytoplankton biomass and the low quantum yield
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ratio. Further research is clearly needed to resolve these
questions.

How well then does our model compare with other pre-
dictive production models based on recordings of solar—
stimulated fluorescence? Chamberlin et al. [1990] have
proposed an empirical formulation relating primary produc-
tion and solar— stimulated fluorescence. Their equation (16)
states that

&, Kef - Fy(t,z
Fe(t,2) = (qT,)m " Kef + E.,(If’EflR,) t,2))’

(1)

where F, and F} are, respectively, the photosynthetic (molC
m~3 571 ) and fluorescence (Ein m™ s™! ) rates at a given
depth z, (®./®})mas is the maximum value of the quantum
yield ratio; this empirical constant is equal to 2.3 carbon
atoms photon~! . Kcf is another empirical constant and is
equal to the irradiance when (<I>c/<1>f2mw is half its maxi-
murm value; it is equal to 133 4 Einm~=2s~! . For derivations
of these two constants we refer the reader to Chamberlin et
al. [1990]. E,(PAR) is the same as our E4(PAR). In order
therefore to predict production with the Chamberlin et al.
model, we used their empirical constants and introduced
our measured values of E,(PAR) and F; into the above
equation. The result is a comparison between predicted and
measured production (F) as a function of fluorescence (Fy)
and is depicted in Figure 10. Despite the large scatter in the
measured values, predicted production with their equation
(16) very clearly overestimates the actual measured rates of
primary production. The most probable reason for such an
unsatisfactory comparison between predicted (using their
model) and measured production is the use of constant
empirical values. Further studies on the variability of these
factors would be extremely beneficial and might resolve this
inconsistency. Obviously, a single equation with one set
of constants is not adequate as a predictive tool for other
oceanic regions. In fact, there are insufficient data to really
know that the same set of constants can be used over an
annual cycle at the same location. It should, however, also
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Fig. 10. Production (F¢; molC m—3 s~ ) versus fluorescence
volume emission (Fy; Ein m=3 s~1 ) for all 12°N to Equator
stations. Crosses are measured values from this study; circles are
estimated production using Chamberlin et al.’s [1990] equation
(16) for the same fluorescence values. See text for explanation.



STEGMANN ET AL.: SOLAR-STIMULATED FLUORESCENCE ESTIMATES

be mentioned that our method of measuring production by
estimating photosynthesis as a function of irradiance (P-
I) underestimates production determined by in situ bottle
experiments [Cullen et al. this issue].

As noted during this and previous cruises, the tropical
Pacific and, in particular, the equatorial divergence zone is
an area of enhanced phytoplankton production. However,
a consensus on the contribution of new production in this
region to global production is still lacking [e.g., Chavez
and Barber, 1987; Eppley and Peterson, 1979; Eppley and
Renger, this issue]. In fact, we are still trying to understand
why this upwelling region with its high nutrient concentra-
tion does not in fact support a larger autotrophic standing
stock [Barber, this issue; Cullen et al. this issue]. Questions
about grazing or trace metal effects as possible factors
limiting biomass accurnulation are still being researched.
Clearly, field research focussing on these issues is needed.
At the same time, however, it becomes very evident that
the resolution of these questions necessitates production
estimates that are both rapid and synoptic in character.
Our production-fluorescence model introduced here is a
step toward the possibility of remotely estimating integral
primary production optically. However, recordings of solar—
stimulated fluorescence coupled with direct production mea-
surements during different seasons and from diverse areas in
the tropical Pacific are required to validate the model. Such
future conceived field programs would also be required for
validation and interpretation of the signals received from
ocean—observing satellite sensors such as MODIS, which will
record solar-stimulated fluorescence from space.
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