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Theoretical analysis of the in situ fluorescence of chlorophyll «

on the underwater spectral irradiance*
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Abstract: A radiative transfer equation, including the effect of chlorophyll @ fluorescence,
is derived from a single fluorescence model combined with a two-flow model. The equation
is used for investigating the effect of fluorescence upon the upward irradiance in the vicinity
of 685 nm where the irradiance peak has been frequently observed. The computational results
reveal that the peaks develop at 685nm and 710nm at low and high chlorophyll concen-
trations, respectively. The peak at about 685nm is due to the fluorescence of phytoplankton,
while the peak at about 710nm is due to spectral properties of absorption and scattering of
phytoplankton. Further, the fluorescence peak height in relation to chlorophyll concentration
and the effects of both detritus and dissolved organic matter on fluorescence peak height are
discussed on the basis of the computational results.

1. Introduction

A strong peak at about 685 nm in the upward
irradiance or radiance spectrum in natural waters
was observed by NEVILLE and GOWER (1977),
GOWER (1980), GOWER and BORSTAD (1981)
and KISHINO et al. (1984a). They observed a
good correlation between the peak height and
the chlorophyll @ concentration in each area.
This suggests that the chlorophyll fluorescence
is responsible for the peak at 685 nm in the up-
ward spectrum. In addition to these experi-
mental results, GORDON (1979) and KATTAWAR
and VASTANO (1982) explored this strong peak
theoretically and concluded that the peak was
attributed to fluorescence of chlorophyll a excited
by incident light. However, in sifu fluorescence
is influenced by not only chlorophyll concentration
but also by the spectral distribution of the in-
cident light, the turbidity of sea water, the
phytoplankton species and the physiological state
of phytoplankton (STRICKLA WL, 1968; KIEFER,
1973a, 1973b; PREZELIN and LEY, 1980; KISHINO
et al., 1984b). As a result, the effect of fluo-
rescence on the upward spectral irradiance is
rather complicated in the vicinity of 685nm and
the relationship between the peak height and
chlorophyll concentration seems to vary with the
season and geographical location.
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In order to explore the effect of fluorescence
on spectral behavior of irradiance, a single fluo-
rescence model is combined with a two-flow
optical model in the present study. DBy using
the developed equation, the variation in down-
ward and upward spectral irradiance in the
vicinity of 685nm are calculated for various
concentrations of chlorophyll a, detritus and

dissolved organic matter.

2. Radiative transfer equation including the
effect of the chlorophyll a fluorescence
According to KISHINO et al. (1984a), down-

ward irradiance Eq(z, 2) and upward irradiance

Eu(z, A) can be written in the form of a sum of

elastic scattering and fluorescence contributions

as follows:

Eolz, )=Eq0, De *P*+Ealz, 4), (1)

Eyz, A)
=FE4(0, De XD Roo( )+ Ejulz, ), (2)

where Ejq and Ej, are downward and upward
fluorescence, respectively, given by:
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where K is the attenuation coefficient for irradi-
ance, expressed by PREISENDORFER (1961) as

K(2)=Dafa(Q)[alA)+2b:(HT}",  (7)

and Ro is the irradiance reflectance at the in-
finite depth, given by MOREL and PRIEUR
(1977) as

by(4)
a(d)’

The parameters Dq, @, b5 and « are the distri-
bution function, the absorption coefficient, the
backscattering coefficient, and the beam attenu-
ation coefficient, respectively, apr is the absorp-
tion coefficient of phytoplankton per unit chloro-
phyll @ concentration, C is the chlorophyll a
concentration and § is the volume fluorescence
function. If a Gaussian distribution is assumed
for the emission peak of chlorophyll at 685nm,
B can be defined by

Blas) = p(685) exp[—%<ﬂ ﬂ

g
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where ¢ is the quantum yield of fluorescence,
o? is the variance of Gaussian distribution and
Z is 685nm. It should be noted that the
definition of the volume fluorescence function
differs from GORDON’s model (1979), fg, as
follows:

(8)

Balls)= 212 sy annlt)fd), (10D

where B¢ is dependent on 4, and apa(4e), while

B in the present study is independent of 2. and

apn(Ae). The theoretical calculations can be
simplified by the assumption that 8 is independent
of A.

OKAMI et al. (1982a, 1982b) express by(2) and
a(A) as the sum of the coefficients for each of
the components, respectively. In the present
study, it is assumed that the ratio of back-
scattering in the total scattering coefficient for
phytoplankton and detritus is 0.02 (MOREL and
PRIEUR, 1977). Denoting the absorption and
scattering coefficients for detritus as aq and ba,
respectively, and the scattering coefficient for
phytoplankton as &p», we have following re-
lations:

650

a() = aw(A)+apm(HC+0.2bg
T+ A, exp [—0.0167 (X—SSO)] , aD

by(A)= %bw(i) +0.02[6pnC+ba], (A2

where an and b, are the absorption and the
scattering coefficients for optically pure water,
respectively, and A, is the absorption coefficient
of dissolved organic matter at 380nm. From
(11) and (12), a(A) is expressed as

all)= dw(l) + bzu(;t) + Cph<)~>c

[O 2—6%(1 +1. O:lbd

+ Ay exp[—0.0167 (A—380)], (13
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Fig. 1. Optical properties of Chaetoceros socialis.



132

where ¢y is the attenuation coefficient of phyto-
plankton per unit chlorophyll @ concentration.

In the calculation, values of apn bprn and cpm
of Chaetoceros socialis given in Fig. 1 are used.
The values of ay and b, are taken from SMITH
and BAKER (1981), and D; and ¢ are assumed
to be 1.2 and 10.6 nm, respectively, (KISHINO
et al., 1984a). Downward irradiance at the sur-
face E40, 2) is assumed to be 100 pWecm™?+nm™!
for the entire spectral range.

3. Results and discussion

3.1. Chlorophyll a concentration and fluo-

rescence intensity

In order to investigate the variation in up-
ward spectral irradiance, C is changed on the
assumption of bg=A,=0 in (11), (12) and (13).

The calculated upward spectral irradiance at
depth Om is shown in Fig. 2 at various concen-
trations of C. In this calculation, the value of
B(685) is assumed to be 0.0001 nm~testr™. This
value is equal to 0.024 of quantum yield of fluo-
rescence, which corresponds to the mean value
in the surface layer in coastal areas (KISHINO
et al., 1984b). In the figure, dashed line cor-
responds to the upward irradiance in the absence

La mer 24,

1986

T ! T

Upward irradiance E; ( ween St )

|
650

Wavelength

I !
500 700 740

(nm>)

Fig. 2. Spectral distribution of upward irradiance
at depth of Om as a function of chlorophyll a
concentration for 8=0.0001 nm™'*str~*. Dashed

line shows Eu in the absence of fluorescence
(3=0.0nm™t-strt).
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Fig. 3. Spectral distribution of upward irradiance at depth of Om as a function of volume fluo-
rescence function for C=1.0pg-1" in the left-hand panel and 50.0 pg+17" in the right-

hand panel.
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Fig. 4. Correlation between chlorophyll @ concentration and upward fluorescence
intensity Eju at depth of O0m for 8=0.0001 nm~!-str™t.

of fluorescence (8=0.0 nm™!estr™?).

A clear peak near 685 nm is recognized in the
upward irradiance for C below the 20 pg-l7'.
With the increase of C, however, the peak be-
comes unclear because of the effect of the strong
absorption around 680 nm by phytoplankton itself.
This results in a shift of the wavelength of
maximum irradiance from 685 nm to about 710
In addition to the absorption effect, the
peak around 710nm is enhanced by the effect
of the spectral properties of the scattering co-
efficient of phytoplankton, which has a maxi-
mum at 710 nm as shown in Fig. 1. If fluo-
rescence by phytoplankton is absent, the peak
would appear at lower chlorophyll concentrations,
as shown in Fig. 2. Thus, the fluorescence
gives an inhibitory effect on the peak around
710 nm.

The fluorescence intensity is proportional not
only to C but also to 8 as is clear from Eqn.
(5) and (6). The variation of upward irradiance
near 685nm with various 8 at Om depth is
shown in Fig. 3. When C is 50 pg-l7! the
maximum in upward irradiance at 685nm is
recognized only for S8 larger than 0.0002 nm™!
str™!. On the other hand, when Cis 1.0 gg-17!,
the peak at 685nm is recognized in all cases
except 8 smaller than 0.00001 nm~testr=!. As

nm.

estr

is evident from Figs. 2 and 3, the peak at about
685 nm is due to fluorescence of chlorophyll a
and the peak at about 710nm is due to spectral
properties of absorption and scattering of phyto-
plankton.

The relationship between Ej, (0,685) and C at
O m depth for 8=0.0001 nm~!estr~! is shown in
Fig. 4. Below 1 pg:1"' of C, the fluorescence
intensity increases linearly with the increase in
C as is seen in the inset. However, in the
ranges from 1 to 20 pg+l™! of C, the relation-
ship between them is not linear but the logarithm
of C is proportional to the Ez. Above 20 ug-
17* of C, the increasing rate in Ep decreases
gradually with increasing C and the Ey, tends
to approach to the constant value of about 1.2.
This pattern of dependence of Epn on C agrees
well with observational results of PLATT and
HERMAN (1983) and KISHINO et al. (1984b).
The saturation in Ej, for very high concen-
tration suggests that the remote sensing of C
from the fluorescence peak height is rather
difficult for very high C.

The vertical distributions of fluorescence inten-
sity of Ejq(z, 685) and Egy (2, 685) for §=0.0001
nm~!estr™! and C=1.0 pg-17!, which are assumed
constant with depth, are shown in Fig. 5. The
intensity of upward fluorescence decreases ex-
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Fig. 5. Vertical distribution of downward and

upward fluorescence intensity, Erqs and Eru,
respectively, for §=0.0001 nm™'+str™ and C=
1.0 pg-17%

ponentially with depth. On the other hand, the
intensity of downward fluorescence increases
rapidly with increasing depth and attains a
maximum at the depth of 5m. Below 5m, it
decreases exponentially with depth. The Egq
(z, 685) below depth of 4 m becomes larger than
Eyf, (2,685). It is interesting to note that the
vertical distribution of the fluorescence is analo-
gous to that of radiance generated by elastic
scattering (SUGIHARA, 1977). The attenuance
of Erq in deeper layer and Ey, is nearly equal
to that of downward irradiance at the wave-
length of maximum transmittance.

The computed spectra Eq (2, ) and E, (g, 1),
for the case of §=0.0001 nm~t+str™! and C=1.0
pg-17t, are shown in Fig. 6; the irradiance
reflectance, defined by Rg (2, )=FEy (2, )/Eq (2,
A), is shown in Fig. 7, for the same 8 and C
assumptions. Because of the strong absorption
of pure water at wavelength greater than 685
nm, E; decreases rapidly with increasing depth.
At small depths, the rapid decrease in E4 around
685 nm results in a gradual increase in fluores-
cence intensity relative to Eg and the shoulder
appears near 685 nm. It gradually develops with
increasing depth and the peak appears below
15 m. ;

On the other hand, the sharp peak in upward
irradiance is recognized at every depth although
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Fig. 6. Spectral distribution of Eg (solid line)
and Ey (dashed line) at various depths for
5=0.0001 nm~t+str™! and C=1.0 pg-17%,

the peak becomes sharper at the larger depths.
As shown in Fig. 7, the peak in Rq (2, A) appears
at all depths and Ry (=, A) above 650 nm increases
rapidly with increasing depth. Further, with
increasing depth, the peak wavelength shifts
from 685 nm at Om and 2m toward the longer
wavelength. At 20m, the value of Rs above
670 nm exceeds 80 %;. Since the absorption of
pure water itself is very strong and . elastic
scattering is negligible at wavelength longer than
650 nm, only fluorescent light is prevailing. This
results in the large Rg in this spectral region
under the assumption of isotropic fluorescence
emission.

3.2. The influence of detritus and dissolved
organic matter on the fluorescence appearing
around 685 nm in upward irradiance

The upward irradiance at the surface was

calculated as a function of b when C is 1.0 and
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—— e 50.0 pg+17! in order to investigate the influence
Lenth ///:20m / of b; on the spectral fluorescent light around
/ /” s 685nm. The result is shown in Fig. 8. In
/ this calculation, Ay is assumed to be zero. For
/ /‘J / C=1.0 pg-17! E; increases almost linearly with
/ //\J _ bs. The fluorescence spectrum, however, be-
I /s comes smaller and broader with increasing bgq.
| / / In the case of C=50.0 p#g+17!, on the other hand,
/ the variation of E, with b4 is rather small; the
fluorescence effect is manifested in the upward
irradiance as a peak around 700 nm for all values
of bs. It is interesting to note that E, in-
creases and decreases with increasing b4 above
\‘\ and below 615 nm.
The variation of the fluorescence intensity as
a function of bg and C is shown in Table 1.

7"*{‘\\‘\ ) The influence of &g is very strong for low
\ chlorophyll concentration, while it is weak for

% «Fig. 7. Irradiance reflectance Rq at various depths
| ; . | for 5=0.0001nm‘-str’! and C=1.0pg 1%
7i1 Dashed line shows Ey in the absence of fluo-

rescence (8=0.0 nm ™ t-str™).
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Fig. 8. Spectral distribution of upward irradiance at depth of Om as a function of &g for

£=0.0001 nm~*+str* and C=1.0gg-1"* in the left-hand panel and 50.0 #g-17* in the right-
hand panel. Dashed line shows Ey in the absence of flucrescence (8=0.0 nm™'-str™).
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Table 1. The fluorescence intensity, Ery (0,685)
(twecm™2+nm™) as a function of C and bg for
B=0.0001 nm~testr

c ~ by (m™)
(ug17) 0.0 1.0 3.0 10.0
1 0.179  0.0529  0.0219  0.0072
10 0.752  0.376 0.188 0. 0682
20 0.915  0.568 0 323 0.129
50 1.053  0.822 0.571 0.277

Table 2. The fluorescence intensity, Ery (0,865)
(tweem™2enm™) as a function C and Ay for
$8=0.0001 nm~testr™,

c Ay (m™)
(pg-17Y) 0.0 0.1 0.5 1.0
1 0.179  0.170 0.146 0.127
10 0.752  0.735 0.681 0.631
20 0.915  0.902 0.856 0.815
50 1.053  1.046 1.015 0.993
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Fig. 9. Spectral distribution of upward irradiance
at depth of Om as a function of Ay for 8=
0.0001 nm™testr™* and C=1.0 p#g-17".

high chlorophyll concentration. This is due to
the fact that the contribution of &4 to total ab-
sorption coefficient is large at low chlorophyll
concentrations and is small at high chlorophyll
concentrations.

Since the spectral absorption coefficient of
dissolved organic matter, a,, decreases exponen-
tially with wavelength, the influence of a, on
fluorescence intensity is very small. The vari-
ation of E, with A, in the longer wavelength
region is computed when C is 1.0 pg-17! and is
dipicted in Fig. 9. The variation of the fluo-
rescence intensity as a function of Ay and C is
shown in Table 2. As shown in Fig. 9 and
Table 2, when C is 1.0 pg-17%, the fluorescence
peak in the case of Ay,=1.0m™' decreases down
to 30% of that in the case of A;=0.0m™!. As
C increases, the influence of ay decreases more.
For example, when C is 50 pg-l~!, the fluo-
rescence intensity in the case of Ay=1.0m™!
decreases down to only 10% of that in the case
of Ay=0.0m™*.

4. Summary

1. The peak at about 685nm in the upward
irradiance is due to the fluorescence of phyto-
plankton, whereas the peak at about 710 nm is
due to spectral properties of absorption and
scattering of phytoplankton.

2. A peak appears at about 685 nm when the
chlorophyll @ concentration, C, is lower than
20 pg+17' at the volume fluorescence function,
B, of 0.000l nm™!, and when f§ is larger than
0.0002 nm~!estr* at the C of 50.0 pg-1-1.

3. The fluorescence intensity is directly pro-
portional to C at low concentrations and is pro-
portional to log (C) at middle concentrations. It
approaches a constant value at high concen-
trations.

4. The intensity of upward fluorescence de-
creases exponentially with depth. However, the
intensity of downward fluorescence increases
rapidly with depth to a maximum value at a
depth of 5m and then decreases exponentially
with depth.

5. Below depth of 20 m, the value of irradiance
reflectance above 670 nm exceeds 80 9%.

6. The fluorescence intensity decreases with
increasing detritus.

7. The influence of dissolved organic matter on
the fluorescence intensity is weak.
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