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Abstract: Sea truth data on the concentration of chlorophyll pigments were
used to determine the empirical relationship between surface chlorophyll a
concentration and parameters derived from a Gaussian curve for a possible
development of a local algorithm of primary production in the western subarctic
North Pacific Ocean. Data were obtained from the line between 39°N, 146°45'E
and 42°50'N, 144°50’E from April 1990 to July 1991. One optical depth (1/k)
can be estimated from the concentration of chlorophyll a (B.) at the surface
depth. Surface B. can be estimated from B.+B, (concentration of pheopig-
ments) in one optical depth. The background concentration of chlorophyll a
(B,), the depth of the subsurface chlorophyll maximum (z,), and the total
biomass above the background (%) which control the Gaussian curve can be
determined from the surface B.. Therefore, once surface B. is obtained, the
vertical profile of B, is determined. However relative variability in the estimated
values from the surface B, can be high when the standing stock of chlorophyll a
is lower than 300 mg Chl. @ m~2. This may suggest that the present model can
be applied only to a relatively productive area. The standing crop of chlorophyll
pigments in one optical depth, which can be estimated from the ocean color
obtained from the satellite, would be useful to determine the standing crop of
chlorophyll pigments in the euphotic layer.

1. Introduction

Oceanographic observation from space has been demonstrated as the most
effective way to study global changes in not only physical oceanography but also
biological oceanography with the Coastal Zone Color Scanner (e.g. PLATT et al.,
1991). Spectral radiance ratio algorithms have been developed to determine
chlorophyll pigments in the ocean (CLARK et al., 1980; GorDON et al., 1983,
1988). The most widely accepted relationship used in satellite chlorophyll pigment
retrieval applications takes the form:

logio[Be+By]=a+b logio[Lu(r1)/Lu(r2)], (1)

where B, and B, indicate concentrations of chlorophyll a and pheopigments,
respectively. Lu(rl) and Lu(r2) represent radiances emitted from the water at
two wavelengths. Depending on what wavelengths are employed, this relationship
differs among ocean regions (MITCHEL, 1992). Information which the satellite can
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provide from the space is not limited to the surface layer but also to some depths
(GorpoN and McCLUNEY, 1975). The depth integrated information obtained from
the satellite is associated with the quantity of particles in water and the extinction
coefficient of water (SmitH, 1981). The left term in eq. (1) can be chosen to be
either surface concentration or concentration at some depth.

When biomass of chlorophyll pigments at either the surface or in one optical
depth is estimated, the vertical distribution of chlorophyll a is required to
determine primary production in a water column. Primary production can be
estimated from phytoplanktdn biomass and optical properties at a given depth. A
linear relationship between primary production and chlorophyll a concentration is
sometimes observed (HAYWARD et al., 1982). Theoretical analyses, however,
suggest that the relationship between primary production and chlorophyll a
concentration should be nonlinear (BANNISTER, 1979; Pratt, 1986). This non-
linearity is presumably due to differences in optical properties of the waterbody,
irradiance, species composition of the phytoplankton, temperature, and nutrient
availability (EppLEY er al., 1985).

The present study aims to determine the spatial and temporal variability in
the standing stock of chlorophyll pigments, to determine the association among
four parameters which control the vertical distribution of chlorophyll pigments,
and to establish an empirical relationship between those in the surface layer (not
necessarily exactly at 0 m) which the satellite can determine from space and
vertical profiles of chlorophyll a in the euphotic layer in the western subarctic
North Pacific Ocean.

2. Materials and Methods

Oceanographic cruises were conducted along a line off east Hokkaido from
April 1990 to July 1991 (Fig. 1). Dates of the eight cruises are given in Table 1.
During each cruise the surface samples were collected with a bucket at all
stations and samples for the vertical profile were taken with 1.7 / Niskin bottles
at eight depths: 10, 20, 30, 50, 75, 100, 150, and 200 m at the selected stations;
usually A2, A7, All, and Al7. Temperature and salinity were determined with
either a Neal Brown Model Mark III CTD or Seabird Model Seacat 19 CTD to
1500 m at all stations. Secchi disc readings were taken at all day stations. The
Secchi disc reading at stations occupied during the night was interpolated by the
eight directional least fitting procedure (GOoLDEN SofFTwARE, 1985). The extinction
coefficient (k in m™') was calculated with the equation developed by PooL and
ATKINSON (1929). Although the vertical profile of chlorophyll pigments is not
uniform in the present study, the mean extinction coefficient below the Secchi
disc reading is assumed to be similar to that above the Secchi disc reading.

Water samples for the analysis of chlorophyll a and pheopigments were
filtered onto a glass fiber filter type GF/F. All filters were stored in a dark
container at —20°C. Concentrations of chlorophyll a and phaeopigments were
determined on a Turner Designs Model 10 fluorometer by the method described
by HorLM-HANSEN et al. (1965).
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Fig. 1. The Akkeshi oceanographic line off east Hokkaido.-
Table I. Summary-of eight cruises conducted along.a line off
the east Hokkaido from April 1990 to July 1991.
Cruise No. Date Research vessel
1 April 16-21, 1990 TANKAI MARU
2 May 7-13, 1990 TANKAI MARU
3 June 4-8, 1990 TANKAI MARU
4 October 19-25, 1990 TANKAI MARU
5 January 19-21, 1991 Hokko Maru
6 April 17-25, 1991 TANKAI MARU
7 May 7-13, 1991 Hokko MARU
8 July 1-6, 1991 TANKAI MARU

19



20 S. TacucHi, H. Kasar and H. Sarro

The vertical profile of chlorophyll a concentration was fitted to the following
equation provided by Lewis et al. (1983):

B,=B (2=2m)” ]

ot exp|—
oV 2 xp[ 20°

The Gaussian curve is determined by four parameters. B, is the background
concentration of chlorophyll a in mg Chl. @ m™3. z, is the depth of subsurface
chlorophyll maximum in meters. Sigma (o) is the standard deviation in meters.
Four sigmas were equal to the thickness of the subsurface chlorophyll a max-
imum at B, concentration. h is the total biomass above the background in mg
m~%. The peak height of the subsurface chlorophyll @ maximum above the
background concentration is & [0V 2z ] . All four parameters derived from the
fitting procedure were calculated at each station. Model II regression analysis
(Laws and ArcHIE, 1981) was used as significant variance in both the dependent

and independent variables was present.

)

3. Results

3.1. Variability in standing crop of phytoplankton and relationship between
surface biomass and standing crop of pigment in a water column
Spring bloom was identified in April and May in both years (Fig. 2).
However, its areal extent showed a significant difference between years. The
maximum concentrations of chlorophyll a in the surface water during the spring
bloom were 10 mg Chl. @ m™> in 1991 and 7.7 mg Chl. @ m™> in 1990,
respectively. Surface B, decreased seaward during the spring bloom. Surface B,
was usually higher than 0.5 mg Chl. a m™> along the coast except in January.
Because phytoplankton tend to be logarithmically distributed in nature
(SmMitH and BAKER, 1982), variability of chlorophyll values was calculated both
from the linear values and the log transformed chlorophyll values (Table 2). The
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Fig. 2. Spatial and temporal distributions of surface chlorophyll a (B.) (mg m~>) from April 1990 to
July 1991.
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Table 2. Variability in chlorophyll a biomass at 0 m, that from
0 m to one optical length (Om-1/k m), to the 1% surface
irradiance depth (Om-1% m), and to the 0.1% irradiance
depth ( Om-0.1% m). SD and CV indicate one standard
deviation and the percent coefficient of variation, respectively.

Linear values Log-transformed values
Depth or Mean SD CV  Mean SD Ccv Number of
range obsevation
Om 1.7 2.5 147 1.1 0.98 92 37
10m 1.9 3.0 160 1.1 1.1 181 37
20m 1.9 2.6 139 1.2 096 161 37
30m 1.7 2.4 137 1.2 0.86 73 37
50m 1.1 1.6 156 075 0.69 93 37
75m 049 1.1 223 032 050 158 37
100 m 0.18 037 208 0.14 023 164 37
150 m 0.066 0.095 .143 0.062 0.085 137 36
200 m 0.050 0.062 123 0.049 0.058 119 36
Om-1/km 7.1 85 120 43 1.4 34 37
Om-1% m 33.6 41.7 124 204 2.7 13 37
Om-1%m 51.5 60.4 117 313 2.6 8.4 37

mean calculated from log-transformed values was about 60 % of that calculated
by linear values at the top three depths. The difference between them decreased
with depth and was almost zero at 200 m depth. Coefficient variations, which
indicate temporal and spatial variability, calculated with the log-transformed
values were smaller than those based on the linear values except at 10 m and 20
m. Biomass of chlorophyll a integrated to the one optical depth, the 1%, and
0.1% surface irradiance layer showed that the variability based on the log-
transformed values was smaller than those based on the linear values. The
variability using the log transformed values in the integrated biomass of chloro-
phyll a decreased with the increase of depth of the water column. This is due to
the addition of low variable values to the total integration, and to increase of the
mean.

Estimated extinction coefficients are shown in Fig. 3A. They decreased
generally seaward except in April. During the spring bloom of phytoplankton the
extinction coefficient was generally higher than 0.2 m~!. Low values were
obtained in October and January. Radiance emitted from the water which the
satellite can detect is thought to be a consequent product of one optical depth
(SmitH and BAKER, 1978). The one optical depth ranged from 3m to 10m (Fig.
3B). It was usually deeper than 7 m in January.

Optical depths for 1% and 0.1% surface light were estimated with the
estimated extinction coefficient at each station. Average 1% and 0.1% optical
depths with one standard deviation were 26+8.8 and 39+13 m, respectively. The
maximum 1% optical depth (46 m) was observed at St. A17 in January and July
1991. The minimum 1% optical depth (11 m) was found at St. A2 in May 1991.

The integrated values of chlorophyll a from 0 m to 1% optical depth ranged
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Fig. 3. Spatial and temporal distributions of extinction coefficient (m™') (A) and one optical depth
(m) (B) from April 1990 to July 1991.
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Fig. 4. Spatial and temporal distributions of standing stock of chlorophyll a in the euphotic layer
determined by the 1% light depth from April 1990 to July 1991.

from 5.5 mg m~2 at St. A17 in October 1990 to 192 mg m~2 at St. A4 in May
1991 (Fig. 4). Low standing stock of chlorophyll a was found in October and.
January. The highest standing stock was observed during the spring bloom in
1991.

The matrix of coefficient of regression among the surface chlorophyll pig-
ments, the standing stock of chlorophyll pigments in one optical depth, 1%, and
0.1% surface irradiance layer are shown in Table 3. When the surface chloro-
phyll pigments were compared with those in three depth ranges, coefficient
values for the one optical depth were highest. The percent contribution of
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Table 3. Matrix of coefficients correlation between chlorophyll
a concentrations at Om, integrated biomass from Om to
one optical depth, from Om to 1% optical depth, and
Jrom Om to 0.1% optical depth. The upper right half of A
shows the relation for chlorophyll a. The lower left
half of A shows the relation for chlorophyll a plus
pheopigments. The first row of B shows the relation for
~the biomass of chlorophyll a plus pheopigments at the
surface and standing stock of chlorophyll a in the
various depth ranges. The second row of B indicates the
relation of chlorophyll a plus pheopigments in' the
optical depths to standing stock of chlorophyll a in the
various depth ranges. All relations are siginificant at
0.001. n = 33.

Om Om-1/km Om-1% 0m-1%
(mg m™3) (mg m?) (mg m? (mg m?)

A

Om 0.968 0.920 0913
Om-1/km  0.953 0.961 0.942
0m-1% 0.885 0.948 0.991
0m-0.1% 0.879 0.925 0.989

B

Om 0.990 0.965 0.898 0.883
Om-1/km  0.931 0.983 0.924 0.895

pheopigments in total chlorophyll a plus pheopigment concentration ranged from
0 to 60% in the one optical depth. The average percent contribution of pheopig-
ments to the total pigments with one standard deviation was 29+18% in the
present study. A more significant relationship was observed for the values of
chlorophyll a plus pheopigments than for chlorophyll a alone. A significant
relationship among the surface values of chlorophyll a plus pheopigments and the
standing stock of chlorophyll a in a water column was obtained between the
value in the one optical depth and the integrated value for the 1% light depth
(Fig. 5).

3.2. Variability in the four parameters derived from a Gaussian curve fitting

The Gaussian curve fitting was successfully performed in 30 profiles out of
37. Significant fit was not found in 7 profiles, which were not included in further
analysis. No significant correlation was observed among four parameters derived
from the Gaussian curve fitting. Although most values of B, ranged between 0.05
and 0, variability of B, was as high as 208% (Table 4). The next most highly
variable parameter was h, of which the variability was 151%. Those high
variabilities were caused by some extraordinary high values observed in May 1991
at St. A2 and A4 for B, and A2, A4, and A7 for h, respectively (Fig. 6A and
B). However, the variabilities of sigma and z,, were 38% and 63%, respectively
(Table 4). Sigma values larger than 35 m were observed in the southern half of
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Fig. 5. Relationship between chlorophyll a plus pheopig-
ment biomass in the Om—-1/k m layer and chlo-
rophyll a integrated for the euphotic layer, which
was determined by the 1% light depth. The
regression fit was significant at 0.001.

Table 4. Mean, one standard deviation, and coefficient of
variation of four parameters determined by the eq.
(2) obtained in the present study. The number of

observation was 30.

h sigma Zp B,
mean 163 32 23 0.048
s.d. 245 14 15 0.10
c.v. (%) 151 45 63 208

the studied area in October, 1990. In January 1991 sigma values were larger than
35m (Fig. 6C). Values of z, larger than 25 m were only observed at stations
south of 40°N in July 1990 while higher values were observed in the southern
half of the studied area from December to July 1991 (Fig. 6D).

Statistical analysis indicated that the variability in the parameters seemed to
be not only independent within the parameters but also was not associated with
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any environmental variables. The present analysis was performed on not only
surface temperature and depth of the surface mixed layer, which can be esti-
mated by satellite (YAN et al., 1991); but also salinity and slope of the thermo-
cline, which cannot be determined by satellite. Those mean values in Table 4
produce the average vertical distribution of chlorophyll a (Fig. 7) with a non-
linear fitting procedure. Surface B, estimated from this procedure was 1.6 mg
Chl. a m™2, which was similar to the mean value of linear surface B, but not to
that of log-transformed values (Table 2). ‘A curve fitted based on the mean four
parameters (Table 4) showed the highest chlorophyll a values at the observed
depths compared to the means based on the linear or:log-transformed values
(Table 2 and Fig. 7).

CHLOROPHYLL a (mg,m-3)

0 015 | 1.5 2 2.5

i i i ]

40

804

(m)

DEPTH

120

160

200

Fig. 7. Average profile of chlorophyll a based on the
mean values of four parameters in Table 4.

3.3. Relationship between the four parameters and the surface concentration of

pigments

Significant relationships were observed between all parameters but sigma and
B. at the surface or in the one optical depth (Table 5). Although a complete
curve can be drawn with four parameters, the surface chlorophyll a value can be
substituted for sigma once the other three parameters, h, z,, and B,, are
estimated at a given station. Differences between the observed B. and values
estimated from the surface value, and values fitted by a Gaussian curve at each
depth, were integrated for a given station by the following equations:
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Table 5. Matrix of correlation coefficients between the four
parameters and chlorophyll a concentration (B,) at O m:
[Bc]o, and in one attenuation length : [Bc ]0 k-
Y intercept and slope of the regression line are
also included. * indicaties significant level higher

than 0.05.
Chlorophyll a h sigma Zn B,
concentration
(B.Jo 09019*  0.0007  -0.4439%  07431*
Y-intercept 11 - 28 -0.0030
Slope 90 - -26 0.030
(B.Jo.in 09132*  0.0167  -0.4361* 0.7081*
Y-intercept -30 - 29 -0013
Slope 28 - -0.79 0.0087
D.= - ( [Bc]est_[Bc]obs )2 (3)
€ .
=1 [Bc]obs v
and
2, ( [Belsir—[Bclobs \2
Df=2([ clfit clo S). (4)
i=1 [Bc]obs ?

where [Bclest, [Bclit» and [Bclons Were chlorophyll a concentrations at the ith
depth estimated from the surface chlorophyll a concentration, determined by the
Gaussian curve fitting, and observed, respectively.

Ratio (R) was used to describe a relative difference:

R=De [Df]‘l' (5)

Ratios (R) were plotted against either the surface concentration (Fig. 8A) or the
integrated standing stock of chlorophyll a (Fig. 8B). The R values at chlorophyll
a concentration lower than 2 mg m~> were highly variable and indicated better fit
by the procedure with surface values than by the Gaussian curve fitting at eight
stations. The R values at chlorophyll a concentration higher than 2 mg m™3
indicated relatively good fit with the Gaussian curve. A similar distribution of the
R values was obtained for the integrated standing stock of chlorophyll a. The
distribution of the R values was skewed toward low standing stock of chlorophyll
a. This may suggest that there is relatively less difference between the two fitting

procedures at higher standing stock of chlorophyll a than 300 mg m™2.

4. Discussion

It is imperative to understand the vertical distribution of chlorophyll a to
estimate primary production in a water column (Kirk, 1983). Vertical profiles of
chlorophyll a often have a subsurface maximum (CuLLEN, 1982) even in the
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Fig. 8. Relation between R values and surface chlorophyll a concentration (A)

and the integrated chlorophyll a value from 0 m to 200 m (B). See the
text for details.

western subarctic Pacific (TaGcucHI et al., 1992). Such vertical profiles of chlo-
rophyll a are well described by a Gaussian curve (PLATT et al., 1988). More than
85% of variability in a vertical distribution of chlorophyll a are successfully
expressed by a Gaussian curve in the present study. However, dependence of the
parameters which control the Gaussian curve on the surface B. has not been
demonstrated.

Once B, at the surface is observed, all parameters except sigma can be
estimated in the western subarctic Pacific as indicated in the present study.
Surface B. with three parameters mentioned above (Table 5) can provide a
vertical distribution of chlorophyll a. Comparison of vertical profiles of chloro-
phyll a based upon B, at the surface depth and three parameters, A, z,,, and B,,
derived from each surface B, indicates a limitation of the present procedure to
an ocean area with higher standing stock of chlorophyll a than 300 mg Chl. a
m~2 (Fig. 8B). The derived profiles are not wholly unrealistic. However, caution
must be used when the standing stock of chlorophyll a is lower than 300 mg Chi.
a m~? since the relative variability between values estimated from fitting a



Vertical Distribution of Chlorophyll 29

Gaussian curve to the observed data and estimated from the surface B, with
derived parameters of h, z, and B, can be 300%.

Satellites can detect pigment concentrations in one optical depth (SmitH and
BAKER, 1978). When k is related to the surface B, the 1/k can be estimated from
the surface B.. A significant relationship has been obtained between them with
the following form:

k=0.0245+0.163 [B.Jom, r=0.69 n=33 (6)

in the present study. The surface B, can be calculated from the satellite signal
when the chlorophyll information obtained by the satellite represents the standing
stock of chlorophyll a plus pheopigments in one optical depth. If the satellite
cannot distinguish chlorophyll a and pheopigments, it is necessary to establish a
relation between B, and B, plus B,. Recent evidence suggests that fluorometric
determined pheopigments might be overestimated at some depth due to the
occurrence of chlorophyll b based on high performance liquid chloromatography
(Gieskes and KRraay, 1986). Both chlorophyll a and pheopigments, however, are
considered in the present study because of the lower effect of chlorophyll b on
fluorometric pheopigment determination in the surface layer in the present study.
Significant relationships are obtained between them at the surface or the one
optical depth (Table 5). Significant relationships are also obtained between the
concentrations of chlorophyll a and pheopigments at the surface or the one
optical depth and the standing crop of chlorophyll a in a water column. Among
those significant relationships, one between concentrations of chlorophyll a plus
pheopigments in the one optical depth ([B. + Bp)y,) and the standing stock of
chlorophyll @ ([Bom-1%) Wwith the following form,

lOg [Bc]Om—1%=O'574+O'986 IOg [Bc+Bp]1/ka (7)

would be most useful to estimate standing crop of chlorophyll a in a water
column from satellite information in the western subarctic Pacific.

5. Conclusions

Vertical distribution of chlorophyll a in the western subarctic Pacific can be
estimated from B, at the surface, which makes it possible to calculate the three
parameters of the Gaussian curve. However, caution must be used when the
standing stock of chlorophyll a is lower than 300 mg Chl. a m~2, in which case
the relative variability in the estimated chlorophyll a profiles can be high. This
may restrict the application of the present model to a relatively productive ocean.
Another model should be developed for ocean areas with low biomass. Surface
B. is accurately estimated from the standing stock of chlorophyll a plus pheopig-
ments in one optical depth. The latter is accurately provided by the satellite. In a
stratified water column, the surface population of phytoplankton adapts to the
light condition while the phytoplankton population in the deep layers adapts to
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the shade condition (FALkowskl and LARocHE, 1991). This kind of situation may
require a spectral model including different parameters of photosynthetic charac-
teristics to estimate the primary production in a water column (SATHYENDRANATH
et al., 1989; MoreL, 1991). Knowledge of vertical distribution of chlorophyll a
makes it possible to incorporate the physiological characteristics of phytoplankton
photosynthesis into the calculation of primary production in a water column.
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