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Abstract. Blooms of coccolithophores, particularly those of the species Emiliania
huzleyi, cause light in the surface ocean to behave in an unusual fashion, producing
distinctive bright “white waters,” apparent from ships and readily detected by
remote sensing. The brightness is caused by scattering of light from calcium
carbonate platelets (coccoliths). Here we present the results of a modeling study,
giving precise calculations of how the coccolith light scattering changes the behavior
of light in the water. The results from a Monte Carlo optical model are closely
compared to data from the CD60 cruise for a coccolithophore bloom south of
Iceland in 1991 [Holligan et al., 1993], and the model is then used to extrapolate
from the observational data to predict diverse optical properties that were not
measured. Model performance was also tested by comparison of results with
those from other, more established optical models. The model results demonstrate
clearly that coccoliths cause (1) an increase in the emergent flux (the water-leaving
radiance), (2) brighter, more intensely heated water in the top few meters, and
(3) darker, less intensely heated water deeper down. Implications of these effects
for phytoplankton productivity and for climatology are discussed. Coccolith light
scattering is estimated to contribute to global annually averaged planetary albedo
by a maximum of ~0.13%, equivalent to only a small globally averaged radiative

forcing of ~0.22 W m~2.

1. Introduction

Coccolithophores are phytoplankton which synthesize
minute calcium carbonate platelets (coccoliths) around
the surface of their cells. Coccolithophores are wide-
spread in all oceans except the polar ones [Winter et
al., 1994]. However, bloom proportions (> 1000 cells
mL~!) are only attained in a few areas, most notably
the subarctic North Atlantic and adjacent seas [Brown
and Yoder, 1994], and are usually attributable to a sin-
gle species, Emiliania huxleyi. As far as we know, F.
huzleyi is unique among the coccolithophores, in that
coccoliths from the cell surface are shed in large num-
bers into the surrounding water. During blooms of this
species (up to 100,000 km? or more in extent [Brown
and Yoder, 1994]), large numbers of cells (e.g., 10,000
cells mL~! [Holligan et al., 1993]) are usually accom-
panied by much larger numbers of detached coccoliths
(e.g., 300,000 coccoliths mL~! [Hollgan et al., 1993])
suspended in the water. The coccoliths scatter but do
not absorb light, acting somewhat like tiny mirrors dis-
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persed in the water. The resulting “white waters” of
these blooms have frequently been remarked upon by
mariners, and the perturbation of the light coming back
out of the ocean makes these blooms easily detectable
from space.

It is known that the coccoliths cause unusual optical
behavior [Holligan and Balch, 1991], but the exact ef-
fects have not yet been determined. What are the impli-
cations for stratification, productivity, and climatology
of these dense blooms which periodically blanket the
northeast Atlantic? In this paper a sophisticated multi-
spectral, multicomponent Monte Carlo optical model is
used to gain a qualitative and quantitative understand-
ing of the nature and implications of coccolith effects
on surface layer optics.

There are two aspects to a model invest@ation of this
sort. The first step is to build the model in such a way
that all the processes are modeled correctly. That is to
say, the frequency of absorption and scattering events
are both represented accurately, the proportion of scat-
tering events that are at small angles and at large angles
are in accordance with the scattering phase function, in-
teractions at the air-sea interface agree with experiment
and theory, and other processes are properly character-
ized. This first step creates a generic framework allow-
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ing light behavior in almost any type of water to be
simulated. The second step is to obtain measurements,
or to derive estimates, of the specific water conditions
under which the model is to be run. The inherent op-
tical properties (IOPs) of the water must be specified,
and, in addition, the incident radiant flux (the skylight
plus the direct sunlight) must be parameterized. When
the incident radiation and the water body are both ac-
curately represented in the model, the simulation can
then run its course for a particular situation and gen-
erate predictions of resulting irradiances, reflectances,
attenuations, heating rates, photon budgets, etc. In
this paper the construction of the model is described,
followed by the specification of IOPs and incident radi-
ation and finally the model outputs.

This work builds upon previous work on (1) the rela-
tionship between coccolith concentration and the inten-
sity of photon scattering, and (2) the shape of the scat-
tering phase function for coccoliths [Balch et al., 1991,
1996a,b]. These results have allowed estimation of the
effects of coccoliths on the IOPs, which is an essential
precursor to the calculation here of the effects on the
full radiance distribution and derived optical variables.

2. Model Description

A multispectral, multicomponent Monte Carlo model,
henceforth referred to as the Coccolithophore Optics
(COPT) model, was constructed in order to examine
coccolith optical impacts. It is a simulation of the be-
havior of thousands or millions of photons arriving at
the sea surface and subsequently interacting probabilis-
tically with the surface and (for those that are not re-
flected) with the water. By averaging over the large
population of photons, an estimate of the bulk light
field is obtained. This model is based on Kirk’s [1981]
simple multispectral Monte Carlo model but has been
improved in several ways. The equations have been
modified to calculate azimuth as well as zenith angles of
photons in the water (making it three dimensional (3-
D) rather than just two-dimensional (2-D)), and more
components (including coccoliths) have been added to
the factors affecting the absorption coefficient and the
scattering coefficient.

2.1. Direct and Diffuse Incident Irradiance

Incident irradiance has also been changed from Kirk’s
(1981] basic model, from a simple point source repre-
senting the sun to a full representation of the skylight
(diffuse light) in addition to the direct solar beam. This
has been implemented exactly according to the formula
of Harrison and Coombes [1988], which takes account
of sun zenith angle and cloud cover to calculate the full
3-D radiance distribution of the light arriving from the
atmosphere. An example radiance distribution for the
downwelling incident light impinging on the water sur-
face is shown in Figure 1 for a zenith angle of 45° and
25% cloudiness.
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2.2. Air-Sea Interface

Kurk’s [1981] basic model was also extended by the
inclusion of a wind-roughened sea surface, to replace
the original flat sea surface. This was achieved by gen-
erating wave facets with slopes chosen probabilistically
from a distribution dependent on the wind speed, but
not dependent on the wind direction, according to the
formula [Coz and Munk, 1954]

o® =0.003 +0.00512 x U (1)
where ¢ is the standard deviation of the normal dis-
tribution of wave slopes (mean 0.0) and U is the wind
speed (m s!). This formula, together with consider-
ation of the “apparent area” of a facet when looking
along the line of travel of a particular photon (for in-
stance, a facet whose normal is perpendicular to the
incoming photon has no chance of intercepting it), was
used to generate probabilities of photons at different
orientations impinging on wave facets at different ori-
entations. Once a photon was matched to a wave facet
using a random number, Fresnel’s equation was then
applied to calculate the probability of reflection of the
photon from the wave facet.

The resulting reflection probabilities (averaging over
many photons) for photons traveling from air to sea
and from sea to air, for a range of different angles to
the vertical, are shown in Figure 2 for a wind speed of 5
m s1. These graphs and the wind speed dependence of
surface reflection in the COPT model (not shown) are
in reasonable agreement with the expected probabilities
[Kurk, 1994, Figure 2.10; Mobley, 1994, Figures 4.12,
4.15).

One aspect of the original model that was not modi-
fied is the assumption that the IOPs are constant with
depth in the mixed layer. In COPT the mixed layer
is vertically homogeneous, overlying a deeper layer in
which the only attenuation is that due to water. This
is a simplification of the real-life conditions, as shown
for example in Figure 6.

2.3. Comparisons

The adequacy of the COPT model was checked by
comparing different 3-D radiance distributions produced
by the model. For instance, the above-surface incident
downward radiance was compared to the same flux af-
ter transmission down through the sea surface, and the
focusing of the solar beam and the shift toward the ver-
tical (due to refraction) were both observed (Figure 3;
to be compared to Figure 1).

The results of several established optical models (both
Monte Carlo and analytical) have been compared for
some canonical test situations [Mobley et al., 1993]. The
performance of the COPT model was also examined for
the same test situations. To carry out the comparison,
depth profiles of Ey, E,, (upwelling scalar irradiance),
and [, (radiance intensity in the upward vertical direc-
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Figure 1. Downward radiance (sum of direct solar
beam + diffuse skylight) incident on water surface, cal-
culated in the COPT model according to the algorithm
of Harrison and Coombes [1988] for a solar zenith an-
gle of 45° and cloudiness of 25%. The flat visualization
of hemispherical radiance is produced by mapping the
zenith () and azimuthal (¢) angles onto (r,a) using
r = 6/90° and a = ¢, where r and « are distance from
center and azimuth angle in two dimensions.
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Figure 2. COPT model sea surface reflectance (per-
cent) as a function of photon zenith angle (degrees) for
photons traveling downward in the atmosphere toward
the water (solid line) and upward in water toward the
atmosphere (dashed line). Wind speed is 5 m s1.
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tion) were generated for the specified water and solar
conditions and compared to the results described for
the other models. COPT results were only compared
for problems 1, 2a (wop = 0.9), 2b (wp = 0.2), and 5 of
the paper because other tests examined stratified wa-
ter, atmospheric effects, a finite-depth bottom, or Ra-
man scattering, none of which are included in COPT.
For the comparisons that were made, COPT gives Ey,
E,u, and L, results which are close to (nearly all within
5%, maximum difference of 12%) the consensus solu-
tions [Mobley et al., 1993, Table 5]. Finally, the COPT
results and those from the HYDROLIGHT invariant
imbedded model [Mobley, 1995] were compared for sev-
eral water cases (varied amounts of chlorophyll and coc-
coliths), and the solutions agreed to within 6% on each
occasion.

3. Inherent Optical Properties

There are two aspects to specifying the IOPs: First,
the model has to be set up to cause water and vari-
ous particles or substances in the water to absorb and
scatter photons appropriately; second, the concentra-
tions and impacts of the various components have to be
specified for the particular situation being modeled (in
this case, the northeast Atlantic at ~60°N, 20°W, in
June 1991).

3.1. Absorption

The scattering (b) and absorption (a) coefficients in
the model are calculated by summing contributions
from different components. The absorption coefficient
a(\) is calculated as the sum of absorption due to pure
seawater a,(A), due to chlorophyll and other photosyn-
thetic pigments acn(A), due to gilvin a,(A), and due to
detritus aq(A):

a(A) = aw(A) + (chl X acni(X)) + ag(A) +aqg(A) (2)
where chl is the concentration of chlorophyll a.

The spectral variation in absorption by seawater is
taken from Smith and Baker [1981] and that by 1 mg
m~? of chlorophyll a is taken from Morel and Prieur
[1977]. The spectral variation in absorption due to
gilvin (yellow substance) is represented as outlined by
Kaurk [1994, section 3.3], using the equation

(3)

where 0.014 is an empirical constant [Kirk, 1994, p. 63]
and a,(440) is the absorption due to gilvin at 440 nm.
Gilvin concentrations are generally low in open ocean
waters, with typical a,(440) values of between 0.0 and
0.10 [Kirk, 1994, Table 3.2]. Absorption due to gilvin
was not measured during the CD60 cruise and so can-
not be constrained by measurements. Various values of
a,(440) were tried in the COPT model, and the best
fits of model results and data (section 4) were obtained

ag(A) = ay(440) x e 0014 x (A—440)
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Figure 3. Surface-transmitted downward radiance;
that is, the radiance that hits the water surface and
is transmitted (refracted) by it, not reflected back up
by it. The figure portrays this radiance just below the
water surface, for the above-surface downwelling radi-
ance of Figure 1.

with a value of a4(440) = 0.075, which was then used
throughout.

The spectral contribution of particulate detritus (trip-
ton) to absorption was again not measured directly
during CD60 but could be estimated from graphs of
ap(440) and a,(550) versus chl ¢ (W.M. Balch, unpub-
lished data, 1997). At zero and near-zero values of
chlorophyll, the values of particulate absorption ap()
should represent the absorption due to detritus. In this
case this analysis indicates that aq(440) ~ 0.020 and
aq(550) ~ 0.005. It is suggested [Roesler et al., 1989]
that the spectral variation in absorption due to detritus
varies according to an equation of the form

ag(X) = aq(400) x =001 x (A=400) (4)
and this equation was used for aq()) in the model;
‘aq4(400) was given the value of 0.0285 in the model as
a compromise between a curve intersecting aq(440) =
0.020 and a curve intersecting a4(550) = 0.005. Figure
4a shows the contributions of each component to ab-
sorption in the COPT model, when there is 1 mg chl a
m~3 in the water.

3.2. Scattering

3.2.1. Total scattering. The scattering coeffi-
cient at each wavelength (b())) is similarly calculated
as

b(A) = by(A) + (CaCOs X beacos(A) +by(A)  (5)
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where b, () is the small contribution due to pure sea-
water at each wavelength, b,()) is the effect on scatter-
ing of noncalcite particulates (including chlorophyll),
CaCOj; is the concentration of calcite (mg CaCO3-C
m3) in the water, and bcacos()) is the effect on scat-
tering of 1 mg CaCO3-C m™3.

3.2.2. Scattering by pure seawater and partic-
ulates. The spectral variation in scattering by seawa-
ter is taken from Swmith and Baker [1981]. The scatter-
ing due to noncalcite particulates (phytoplankton cells,
detritus, noncalcite mineral particles) is calculated ac-
cording to a formula similar to that suggested by Gor-
don and Morel [1983] but with an initial coefficient of
0.15 instead of 0.30

bp(A) = 0.15 x (chl)® %% x (5%0) (6)

The initial coefficient is halved because b,(A) normally
includes coccolith scattering, but this is calculated sep-
arately here.

3.2.3. Coccolith calcite scattering. Previous
work in the same northeast Atlantic bloom as studied
here [Balch et al., 1996b, Table 1] has deduced calcite-
specific scattering impacts (bcacosz) of 0.009371 m™?
(ng CaCO3-C m3)~! at 436 nm and 0.008413 m~!
(mg CaCO3~-C m3)~! at 546 nm. Comparable Gulf of
Maine boacos calculations [Balch et al., 1991] for these
two wavelengths (calculated assuming 30 coccoliths cov-
ering each cell and 0.25 pg CaCO3-C coccolith™!
[Tyrrell and Taylor, 1996, Table 3]) are 0.009355 m™*
(mg CaCO3-C m™3)~! at 436 nm and 0.005847 m~!
(mg CaCO3-C m3)~! at 546 nm. These data are for
coccoliths of F. huzleyi. The Gulf of Maine work also
estimated bcacos for many other wavelengths in the
400-700 nm region [Balch et al., 1991, Figure 8]. These
pieces of information were combined to produce the
model spectral calcite-specific scattering (bcacos(A))
shown in Figure 5 and Table 1.

During blooms of Emsliania huzleys, many coccoliths
become detached from the cells. The ratio of free coc-
coliths to cells can vary considerably across a bloom and
with bloom age, with typical ratios of 20-200 [Holligan
et al., 1993; Garcia-Soto et al., 1995]. The separate,
suspended coccoliths have been thought in the past to
contribute more strongly to the scattering than the coc-
coliths still attached to cells [Holligan et al., 1983], but
it has recently been calculated that particulate inor-
ganic carbon (PIC), i.e., calcite summed over both at-
tached and detached coccoliths, is a better predictor
of the amount of scattering than is detached coccolith
number [Balch et al., 1996b]. In this study the scatter-
ing is calculated as a function of calcite concentration
rather than of free coccolith number. Figure 4b shows
the contributions of each component to scattering in the
COPT model, for the case of 1.0 mg chl e m™ and 100.0
mg CaCO3-C m™ in the water.

3.2.4. Scattering phase function. The stan-
dard (Petzold) scattering phase function [Mobley, 1994,
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Figure 4. IOPs in the model. (a) Absorption spectra (m™) for separate absorbing components
and for total and (b) scattering spectra (m™) for separate scattering components and for total.
Coefficients are for 1 mg chl ¢ m 3 and 100 mg CaCO3-C m™3.
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Figure 5. Coccolith-specific impact on scattering (per
meter) at different wavelengths. Data are from the Gulf
of Maine [Balch et al., 1991, Figure 8] (calculated as-
suming 30 coccoliths covering each cell and 0.25 pg
CaCO3-C coccolith™! [Tyrrell and Taylor, 1996, Ta-
ble 3]), and the CD60 cruise to the northeast Atlantic
[Balch et al., 1996b, Table 1]. Calcite-specific scattering
in the model is set equal to Gulf of Maine data.

Table 3.10, column 6] was used for all scattering com-
ponents including calcite [Balch et al., 1991], with the
exception of water for which the scattering phase func-
tion was given the form [Mobley, 1994, p. 103]

Bw(8) = 0.06225 x (1.0 + 0.835cos?(6))  (7)

The Petzold scattering phase function has a total scat-
tering to backscattering (b:by) ratio of 50, and this com-
pares fairly well to (best fit slope of b against [CaCO3]
/ best fit slope of b, against [CaCO3]) from CD60 ob-
servations at 436 nm (b:b, = 62) and at 546 nm (b:by =
53) [Balch et al., 1996b, Table 1].

3.2.5. Previous representations of calcite scat-
tering. The representation of coccolith scattering in
the COPT model can be compared to that proposed
by Gordon et al. [1988], which was formulated before
Balch et al’s [1996b] more detailed coccolith scattering
data were available. Gordon et al. proposed that non-
coccolith particulate scattering (b,())) be calculated as
for equation (6) above, but with an initial coeflicient of
0.20 rather than 0.30, and also suggested that coccol-
ith scattering (bcacos(A)) be calculated as a function
of (1/)2%5).

Ackleson et al. [1994] followed a different approach in
constructing the Gulf of Maine (GOM) model. Calcite
scattering was split up into that due to attached coccol-
iths (lumped in with that due to chlarophyll) and that
due to detached coccoliths (treated separately). Scat-
tering due to both components was split up into forward
and backward scattering contributions, to provide coef-
ficients for a two-flow model. Backscattering and for-
ward scattering by detached coccoliths were calculated
using the equations
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Table 1. Scattering Due to Coccoliths at a Concentra-
tion of 100 mg CaCO3-C m™ Versus Wavelength

A, nm bcaco,(A), m™*
410 0.96
430 0.98
450 0.87
470 0.75
490 0.61
510 0.54
530 0.56
550 0.54
570 0.51
590 0.54
610 0.56
630 0.49
650 0.44
670 0.47
690 0.49

bb,cacos(A) = 4.54 x CaCO3p x (A7) (8)

and

bf’CaCO:}()\) = 99.85 x CaCO3,D X ()\_1'45) (9)
where CaCOg3 p is the concentration of carbon in the
form of detached coccoliths, in units of mg CaCO3-C
m™3. The wavelength dependence of detached coccolith
scattering in the GOM model was derived from fitting a
curve to the same data [Balch et al., 1991, Figure 8] as
shown in Figure 5. A total scattering to backscattering
ratio for detached coccoliths was derived for the GOM
model by comparing estimates of total scattering and
backscattering at 660 nm and then using this estimated
ratio (= 23) over the whole spectra. This is in con-

Table 2. CD60 Station Descriptions
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trast to the Petzold ratio of 50 used here (section 3.2.4).
Equation (8) above produces 0.0488 m™! backscattering
at 546 nm with a concentration of 100 mg CaCO3-C
m3, approximately fourfold more than is obtained by
taking the corresponding value from Table 1 and divid-
ing it by 50.

4. Model-Data Comparisons

Sections 2 and 3 have described the representation
and testing of (1) optical processes and (2) IOPs in the
COPT model. The IOPs were set up to be variable
as functions of chlorophyll and calcite. COPT model
predictions were then compared with data from six sta-
tions during the CD60 cruise, those stations where op-
tical casts were carried out at the same time as chloro-
phyll and calcite measurements were made. The com-
parisons involved three steps: (1) The values of chloro-
phyll and calcite in the model were taken from bot-
tle measurements and from calibrated chlorophyll fluo-
rescence measurements and were then checked against
beam transmissometer measurements made at the sta-
tions; (2) appropriate values for relevant meteorolog-
ical parameters were obtained for each station (from
shipboard measurements) and used to parameterize the
model run for that station; and (3) the resulting model
outputs were compared with the in situ measured scalar
irradiances ( Eoq and E,y) and with calculated apparent
optical properties (AOPs) (Koq and R,).

Table 2 shows the parameters used to force the COPT
model runs at each station. Model chlorophyll and cal-
cite concentrations are estimated from data as shown in
Figure 6.

The results obtained are shown in Figure 7, together
with the comparisons with field observations. The
model-data comparisons are evaluated in section 6.1.

Location Date Time  Sun Angle E4(air) Cloud, Wind, Chlq, PIC,
(°N,°W)  in June (local) 0 Clear Sky, Measured, % ms™  mem=3  mgCaCO3-Cm—3
1991 W m™? Wm™?

(58, 20) 18 0816 52°39’ 504 400 70 5 1.0 43

(62, 20) 20 1348 42°38’ 680 670 0 1 1.0 280

(62, 23) 22 0743 57°26’ 410 130 95 6 0.75 240

(60, 21) 26 0747 56°35’ 427 130 100 8 1.2 64

(61, 15) 27 1527 51°48’ 520 200 90 9 2.3 115

(61, 16) 29 1319 40°12 720 500 75 2 1.1 140

PIC, particulate inorganic carbon. Zenith angle is calculated from simple astronomical equations [Kirk, 1994]. Theoret-
ical clear-sky, sea-surface, total downward irradiance values (summed over all wavelengths, not just PAR) are estimated
by multiplying the solar constant by the cosine of the solar zenith angle, and then by removing a proportion to account for
transmission loss through the atmosphere (24% for an overhead Sun, proportionately more for longer pathlengths when
the Sun is lower in the sky) [Kurk, 1994]. Cloud cover is estimated from the difference between the theoretical clear-sky
and the observed above-surface downward irradiances in the columns labeled Egy(air). Actual downward irradiances and
wind velocities are taken from the underway data set in the Biogeochemical Ocean Flux Study (BOFS) CD-ROM. The
estimation of chlorophyll e and calcite concentrations from data is shown in Figure 6.
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Figure 6. Model and data I0P comparisons for the six CD60 stations described in Table 2.
Each row corresponds to a different station, in the same order as in Table 2. Model values (con-
stant through the top 20 m) are shown as dashed lines, data profiles are shown as solid lines,
and single data measurement values are shown as solid circles. (left} Comparison of chlorophyll
concentrations (mg chl a m™3) with the solid line obtained from invivo chlorophyll fluorescence
and the solid circles obtained from chlorophyll fluorescence of extracted pigments. (I;liddle) Com-
parison of coccolith calcite concentrations (mg CaCO3—C m™3). (right) Comparison of cggp values
(m™!) with the solid line obtained from beam transmissometer measurements (no measurements

at second station).
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Figure 7. Model (COPT) and data AOP comparisons for the six CD60 stations described in
Table 2. Each row corresponds to a different station, in the same order as in Table 2. Model
profiles are again shown as dashed lines and measurements are shown as solid diamonds connected
by solid lines. (a) Comparison of K,q values (vertical attenuation coefficients for downwelling
scalar irradiance) (m'l), with data K,q values calculated from adjacent Eoq values and with the
average data K,q in the top 15 m shown as a vertical dotted line. (b) Comparison of in-water
scalar irradiance reflectances (Ro=FEou/FEoa). (¢)-(d) Comparisons of E,q values (downward scalar
irradiances) and E,, values (upward scalar irradiances) (both W m~2). All irradiances (and
therefore derived values) are for summations over 400-700 nm (PAR).
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Figure 7. (continued)

5. Model Estimates of Many Optical
Properties

The model-data comparisons of Figure 7, together
with the model-model comparisons described earlier,
served to validate the COPT Monte Carlo model used
here. With the confidence gained from these validation
steps, COPT was then used to predict many aspects of
the bloom optics that were not measured at the time.

For all of the model results below, the Sun is at 45°
(corresponding to 0930 or 1430 local time on June 15 at
60°N), the wind speed is 5 m 57!, and there is 25% cloud.
Sensitivity analyses (section 6.4) verified that the model
AOPs are not greatly affected by wind speed, by cloud
cover, or by solar zenith angle if § < 60°. Cloud cover
and sun zenith angle obviously have a major impact on
the magnitude of the downward irradiance arriving at
the water surface (Ey(air)), and therefore on the magni-
tude of the in-water irradiances and radiances, but they
do not greatly affect AOPs such as Ky or R. All irradi-
ances and AOPs shown in Figure 7 and elsewhere in the
paper are summed or averaged over all photosyntheti-
cally active radiation (PAR, 400-700nm), rather than
being for specific wavelengths. PAR AOPs or irradi-
ances are calculated in the model by first calculating
the values at representative wavelengths (410, 430, 450,
... 690 nm) and then finally by averaging or summing
the values at each wavelength, with the value at each
wavelength being weighted by the amount of incident
irradiance in that part of the spectrum.

5.1. In the Water

The first set of COPT model outputs (Figure 8) show
total scalar, downward, and upward irradiances, re-
flectances, vertical attenuation rates, and average cos-
ines for four different calcite concentrations (0, 100, 200,
and 300 mg CaCO3-C m™3) at a constant chlorophyll a
concentration of 0.75 mg chl a m™. The second set of
COPT model outputs (Figure 9) show the same optical
variables, this time for a variable chlorophyll a concen-
tration (0.1, 1.0, 2.0, and 3.0 mg chl a m™) at a constant
calcite concentration of 100 mg CaCO3-C m™3. The en-
hancement of near-surface irradiance in the presence of
intense scattering is in accordance with theoretical pre-
dictions [Stavn et al., 1984; Plass et al., 1981] and is
equally apparent in both COPT and HYDROLIGHT
results. Table 3 shows the shading effect of the coccol-
ith scattering on the light availability at 15 m depth,
a depth at which a thermocline phytoplankton popula-
tion (deep chlorophyll maximum) might otherwise start
to form at that time of year.

5.2. Above the Water

Table 4 shows the impact of chlorophyll and calcite
on the emergent flux, where the emergent flux consists
of those photons entering the water which later leave it
again following scattering. Figure 10 also portrays the
directional emergent flux (radiance) in the absence and
presence of coccoliths. Figure 11 shows the change in
the vertical upward water-leaving radiance (the nadir
radiance, Ly-out) as a function of calcite at constant
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Table 3. Scalar Irradiance at 15 m Depth for Vary-
ing Concentrations of Calcite and Chlorophyll (COPT
Model Predictions)

Calcite
Chlorophyll 0.0 1000 200.0 300.0
0.0 158 114 79 57
0.5 129 88 61 43
1.0 107 71 48 34
1.5 88 58 39 27
2.0 74 48 32 22

Values are in units of pEm m~2 s~

chlorophyll and as a function of chlorophyll at constant
calcite. Ly-out is not always a monotonic function of
chlorophyll because chlorophyll both absorbs ahd scat-
ters photouns.

5.3. Photon Budgets

Figure 12 shows the various fates of the photon pop-
ulation under three different calcite concentrations (0,
100, and 300 mg CaCO3-C m™3) at a constant chloro-
phyll a concentration (0.75 mg chl a m™3). These photon
budgets show the proportions of photons (as a percent-
age of the incident flux which hits the top of the water
surface), which end up (1) being absorbed by the water
or (2) by chlorophyll; the proportions being returned to
the atmosphere by (3) surface reflection or (4) internal
scattering; and (5) the proportions penetrating through
to below the mixed layer (to >20 m depth).

6. Discussion
6.1. “Tuning” of the Model

In assessing the fit between model and data, the fol-
lowing points should be borne in mind:

1. The model assumes constant chlorophyll and cal-

cite (as well as other components) in a homogeneous

layer down to 20 m depth, whereas in reality it can

be seen (Figure 6) that there is some vertical vari-

Table 4. Emergent Flux (Percentage of Photons Reemit-
ted Upward Out of the Water) Relative to the Incident
Photon Flux, for Varying Concentrations of Calcite and
Chlorophyll (COPT Model Predictions)

Calcite
Chlorophyll 0.0 100.0 200.0 300.0
0.0 0.17 1.84 3.714 5.52
05 0.37 1.96 3.69 5.38
1.0 0.44 1.94 3.54 5.09
1.5 0.49 1.89 3.40 4.85
2.0 0.54 1.84 3.25 4.62
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ability in these components, even within the top 20
m.

2. The model assumes a constant surface illumi-
nation for each profile when generating estimates
of subsurface irradiances. However, examination of
the minute-by-minute surface radiation data shows
that the intensity of the sunlight varied significantly
during some of the conductivity-temperature-depth
(CTD) optical casts, which took up to 30 min to
perform. Time stamping of individual CTD optical
measurements was not available in the data set but
would have assisted interpretation if present.

3. The optical sensors were calibrated to the same
standard lamp before the CD60 cruise and correctly
zeroed, and so measurements should therefore be
reliable for determination of K,q and R, values.
However, uncertainties in the output of the refer-
ence lamp meant that absolute values of irradiances
may not be reliable (G. Moore, personal communi-
cation, 1997).

4. Several components (e.g., gilvin and detritus)
were assumed not to vary from one station to an-
other, whereas there may have been some variation.

Figures 6 and 7 show that the overall agreement be-
tween model results and observations is reasonable ex-
cept for Eoq and FE,,. For some stations the magni-
tude of the observed in-water scalar irradiances (Eoq(z)
and Eo,(z)) seemed incompatible with observed above-
surface irradiances (both FE,q4(air)(PAR) and Eq4(air)
(total)), perhaps as a result of the incomplete sensor
calibration mentioned above. Hence it was not found
possible to obtain a good fit between data and model
E,q and E,, values, when the model irradiances were
driven by observed above-surface irradiance measure-
ments.

It was also not found to be possible to accurately
fit Koq, Ry, and cgge values simultaneously for all sta-
tions. Optimization was carried out by varying the least
constrained constituents, the noncoccolith particulate
scattering and the absorption due to gilvin (within a
range of likely values), to improve the model-data fit.
Although b,(A) and a4(A) were partially “tuned”, the
same parameterization was used at each of the six sta-
tions. The only aspects of the model IOPs that varied
between stations were the chlorophyll and calcite con-
centrations and these were forced from data.

K,q data and model values agree well. Values of
ceso and R, increase at high coccolith concentrations
in both observations and model results. However, the
R, comparisons (particularly June 20 and 22) sug-
gest that the model overestimates coccolith scattering,
whereas the cggp comparisons suggest, if anything, the
opposite. Because the model-data comparison shows a
reasonable fit and does not give clear evidence of a poor
representation of coccolith scattering, the model coccol-
ith scattering shown in Figure 5 (based on the data of
Balch) is left unchanged.
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Figure 10. Emergent flux, i.e., water-leaving radiance (uEin m~2 s~ sr—1), as calculated by the
COPT model for two calcite concentrations of (a) 0 and (b) 100 mg CaCO3-C m™3, with other
parameters constant at chlorophyll = 0.75 mg chl a m™, § = 45°, E4(air) = 1100 pEin m~2 s~1,
wind speed = 5 m s7! and cloud cover = 25%. Variability is due to Monte Carlo fluctuations.
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6.2. Main Coccolith Perturbations to Optics

From the results shown in section 6.1, the coccolith-
induced changes to light in the ocean can be summa-
rized as follows:

1. The surface water (the top few meters) becomes
brighter.

2. The rate of extinction of light with depth is in-
creased.

3. Deeper water (below the top few meters) becomes
darker.

4. Seen from above, the ocean is brighter (it has a
higher albedo).

6.3. Effects Depend on Chlorophyll as Well as
Calcite

From Figures 8 and 9, it is apparent that the optical
impacts due to coccoliths are not solely dependent on
the number of coccoliths in the water (the concentra-
tion of calcite). Rather, the optical impacts also vary
according to how much chlorophyll is in the water. This
is to be expected, given that Ky is a positive function
of both e and b [Kurk, 1994, p. 160-168] and R is also a
function of (b/a) [Kurk, 1994, Figure 6.16]. In general,
the optical behavior of the ocean is a function of both
e and b. It should be noted that the modeling assumes
that chlorophyll has constant absorbing and scattering
properties. Species-dependent variations in the rela-
tive proportions of different pigments, and therefore in
(b/a), are not considered.

6.4. Other Factors: Sensitivity Analyses

Other factors also influence the light in the ocean,
including the angular and spectral composition (not just
the magnitude) of the incident light that hits the sea
surface. The following sensitivity analyses were carried
out

1. The atmospheric downward irradiance just above
the sea surface Eq(air) was held constant (1100 pEin
m~2 57!}, as was chlorophyll (0.75 mg chl a m™3),
calcite (100 mg CaCO3-C m™), wind speed (5 m
s'1), and cloudiness (25%). At the same time, 6 was
varied between 0° and 80°. It was observed from the
model results that zenith angle does not have a great
effect on the in-water AOPs (not shown), provided
the zenith angle is not greater than about 60° from
the vertical (maximum change to R or Kg = 10%).

2. Conditions were as for (1), except that 6 was

held constant at 45°, while the cloudiness was varied

between 0 and 100%. The model results showed that
the degree of cloudiness (and the change in the ratio
of diffuse to direct sunlight that is brought about)
does not greatly affect the AOPs (maximum change

to Ror Kg = 5%).

3. Conditions were as for (1), except that 8 was

held constant at 45°, while wind speed was var-

ied between 0 and 20 m s'. The degree of wind-
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roughening of the sea surface was shown to be of
relatively minor importance (maximum change to
Ror Kd = 6%)

Other processes also play minor roles in determining
the nature of the underwater light field but have been
ignored here. These include chlorophyll fluorescence,
colored dissolved organic matter (CDOM) fluorescence,
and Raman scattering. Including these processes in a
model run of HYDROLIGHT (given the same meteoro-
logical conditions and in-water I0Ps as COPT) made
negligible differences to the results.

Two other sensitivity analyses examined the effect
on model predictions of assuming constant IOPs with
depth, when the IOPs are in fact variable with depth.
Model calculations of irradiances and AOPs were made
with HYDROLIGHT for the CD60 casts on June 22 and
29 (for which IOPs changed significantly with depth),
using both (1) vertically constant IOPs (as in Table
2) and (2) depth-variable IOPs obtained by interpola-
tion and extrapolation from the point measurements of
chlorophyll and calcite shown in Figure 6. The maxi-
mum differences between (1) and (2) for either station
were Eq(2), 5%; Eu(2), 14%; Ka(z), 5%; R(2), 13%; and
E, (air), 5%.

6.5. Nepheloid Layers

Most of the effects of a coccolith bloom in the surface
mixed layer are also apparent in a subsurface nepheloid
layer, i.e., a distinct layer containing scattering parti-
cles such as coccoliths. Figure 13 shows the HYDRO-
LIGHT model-predicted perturbations to scalar irradi-
ance caused by adding a scattering layer (corresponding
to 500 mg CaCO3-C m™3) between 5 m and 7 m. It can
be seen that the thin scattering layer increases scalar
irradiance within the layer and also above the layer but
shades the water beneath it. It should be noted that,
with respect to the increase in scalar irradiance with
depth at the top of the coccolith layer, scalar photon
flux is not a conservative quantity.

6.6. Impact on Habitability of the Surface
Ocean

Phytoplankton require sunlight in order to photosyn-
thesize. At low light intensities respiration tends to ex-
‘ceed photosynthesis so that survival is not possible. The
minimum light requirement for phytoplankton survival
in the ocean (the “compensation point”) is typically
considered to be about 1% of the surface light intensity,
i.e., of the order of 10 pEin m~2 s~! for a surface light
intensity of 1000 pxEin m~2 s~!. For diatoms the com-
pensation point has been quoted as 1.5-1.7 W m~2 ~
7 uEin m~2 s7! [Mann and Lazier, 1991, p. 86]. In the
model the depth at which scalar light intensity falls to
1% of the surface value decreases from ~52 m in the ab-
sence of coccoliths to ~26 m when they are present at a
concentration of 100 mg CaCO3-C m™3, although these
depths are probably overestimated because there is no
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Figure 13. Effects of a nepheloid layer on E,: HY-
DROLIGHT model simulation of the impact of a dis-
tinct scattering layer of coccoliths, at a concentration
of 500 mg CaCO3-C m™3, between 5 and 7 m depth.
The solid line shows the depth profile of E, when the
subsurface layer of coccoliths is present (no coccoliths
except between 5 and 7 m), in contrast to the dashed
line showing the E, profile when there are no coccol-
iths at all present in the water. Other parameters are
chlorophyll = 0.75 mg chl a m™3, § = 45°, E4(air) =
1300 pEin m~2 57!, wind speed = 5 m s, and cloud
cover = 25%. The IOPs at each depth are identical for
the two model runs, except for b(\) between 5 and 7 m.

attenuation below 20 m in the model except that due
to water. In other words, a strong bloom of Emiliania
huzleyi causes (intense) shading of the water beneath it,
thus raising the “compensation depth.” The 1% isolume
has previously been estimated to change from “>24 m
outside the bloom to as low as 8 m in the most turbid
water” [Holligan et al., 1993] and from “~45 m (dur-
ing nonbloom periods) to 20 m during a bloom” [Balch
et al., 1991], where in both cases the maximum calcite
concentration was greater than the 100 mg CaCQO3-C
m™3 used above.

A strong concentration of coccoliths will cause in-
creased heating of surface waters (above 5 m) and de-
creased heating of deeper waters, thereby increasing the
strength of the stratification and reducing vertical mix-
ing. Coccolith light scattering will thereby inhibit the
upward flow of nutrients due to mixing with deeper wa-
ter. Taken together, these effects are likely to mean that
coccolith-laden water is less favorable for phytoplankton
growth than otherwise, and this may partly explain the
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low levels of chlorophyll often associated with coccolith-
rich waters [e.g., Garcia-Soto et al., 1995; Holligan et
al., 1993].

Coccoliths also increase the near-surface brightness
(Figure 8a), and this can induce photoinhibition. If
it is assumed that photoinhibition becomes important
above ~1000 pEin m~% s7! (see Kirk [1994]; although
see Nanninga and Tyrrell [1996] for possible lack of pho-
toinhibition in E. huzley: ), then in the middle of a par-
tially overcast (25% cloud) day in June at 60°N, the
top 1.9 m of the water will be photoinhibited when coc-
coliths are present at 100 mg CaCO3-C m™3, whereas
only the top 1.2 m will be photoinhibited if they are
absent (Figure 8a). This effect will combine with the
shallowing of the compensation depth to reduce the to-
tal productivity of the system.

6.7. Climatological Impact

Heating rates are proportional to scalar irradiances
(the photon flux, counting photons traveling in all di-
rections equally). As discussed above, high coccolith
concentrations promote stratification. It is likely that
they also cause a reduction in the amount of absorbed
heat that is ultimately retained by the ocean. Heat that
is absorbed near to the surface (these model results,
as well as observations [Ackleson et al., 1988], suggest
that high coccoliths cause warmer surface water) will
be more easily lost back to the atmosphere, especially
at night. In addition, as the photon budgets in Figure
12 show, more photons are returned to the atmosphere
following subsurface scattering, and this also reduces
the overall heating of the water.

What is the effect of coccolith scattering on the
albedo of the entire water body (A = E,(air)/ E¢(air))?
This water body albedo should be distinguished [Mob-
ley, 1994, p. 193-194] from the irradiance reflectance of
the water surface for downward traveling photons ()
and in-water reflectance (R(z) = E,(2)/Ea(2)). A is
made up of both r4 and the photons traveling back up
and out of the water into the atmosphere again (the
emergent flux).

The value of ry is not affected by the interior of the
water body and depends mainly on the angular com-
position of the incident light and the roughness of the
water surface (wind speed). Values of A and especially
R(z) are dependent on water IOPs, both being posi-
tively correlated with (b/a). R(z) has been measured
during several coccolithophore blooms, with maximum
observed values in the top 20 m of 20% for PAR in the
northeast Atlantic (Figure 7), 14% at 554 nm in the
English Channel [Garcia-Soto et al., 1995], 18% at 450
nm (estimated from coastal zone color scanner (CZCS))
off Brittany [ Viollier and Sturm, 1984], 39% at 490 nm,
and 33% at 550 nm in the Gulf of Maine [Balch et al.,
1991]. However, a large proportion (as much as 70 or
80%) of the upwelling photons hitting the underside of
the sea surface are reflected back down again, and so the
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influence of coccolithophore blooms on ocean albedo (on
A) is not as great as on R(z). For the standard condi-
tions (0.75 mg chl a m3, 8 = 45°, 5 m 5! wind speed,
and 25% cloud cover) used here, the COPT model pre-
dicts that increasing the calcite concentration from 0
to 100 to 300 mg CaCO3-C m™ will increase A (W
m~2, PAR) from 6.9% to 8.4% to 11.7%, whereas HY-
DROLIGHT predicts A (W m~2, PAR) increases from
5.0% to 6.5% to 9.9%. Coccolithophore blooms there-
fore cause a maximum of a twofold increase in the ocean
albedo, for the chlorophyll, gilvin, and meteorological
conditions assumed here. Modeling of the wind-blown
water surface is a complex modeling problem [Mobley,
1994, chap. 4] and HYDROLIGHT contains a more
sophisticated representation of the water surface than
does COPT, and so its albedo calculations are therefore
likely to be more accurate. The high-coccolith albedos
cannot be directly compared to observational data, but
measurements of ocean albedo under low-coccolith con-
ditions [Payne, 1972] showed low albedos of 5-7% for
partially overcast skies with 8§ ~ 45° and wind speed ~
5ms?.

The results here can be used to make a rough esti-
mate of the impact of coccolithophore blooms on global
annually averaged albedo. If it is assumed that a typ-
ical coccolithophore bloom (one which can be detected
by satellite) comes from water with 100 mg CaCO3-C
m™3 and 0.75 mg chl e m™3, then the increase in albedo
due to this bloom needs to be multiplied by a global
coverage in order to calculate a global impact. Brown
and Yoder [1994], from analysis of a global data set of
CZCS satellite images over several years, estimate an
annual extent of coccolithophore blooms of ~1.4 x 108
km? worldwide. If each bloom is assumed to persist for
about 1 month, then the summed impact will be equal
to

. . 1
(6.5% — 5.0%) x (1.4 x 10° km? + 5.1 x 10® km?) x (ﬁ)

= 0.0003% (10)

where 5.1 x 10% km? is the surface area of Earth. To
this total should be added a contribution by blooms not
included in the Brown and Yoder total, for instance,
those which are too small in area or too short in du-
ration. Persistent cloud cover in poorly sampled areas
also possibly leads to underestimates of global bloom
area. However, even a doubling of 0.0003% is still a
negligible effect. This effect is small because, accord-
ing to the CZCS analysis [Brown and Yoder, 1994], the
blooms cover only a small fraction of the planet’s area
(0.3%) and that only for 1 month in each year.

A more important effect is likely to be that coming
from subbloom or background concentrations of coccol-
ithophores. Unpublished data from the Atlantic Merid-
ional Transect (AMT) cruises (E. Marafién, personal
communication, 1997) suggests an average calcite con-
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centration in surface waters across the Atlantic olig-
otrophic gyres of ~10 mg CaCO3-C m™, with chloro-
phyll @ concentrations averaging ~0.1 mg chl a m™. To
take the extreme case, it can be assumed that all the
calcite is in the form of coccoliths and that this con-
centration of coccoliths holds for all oceans from 60°S
to 60°N and for all months of the year. Emiliania huz-
leyi is known to be a cosmopolitan species, occurring
in large numbers in all oceans except the polar ones
[Winter et al., 1994]. Estimated flux of calcium car-
bonate from surface waters [Milliman, 1993, Figure 6]
is approximately twofold to fourfold higher in subpo-
lar latitudes than in the subtropical gyres but only falls
to zero in polar waters. The HYDROLIGHT model
predicts ocean albedos of 4.93% for 0 mg CaCQO3-C
m™ and 5.15% for 10 mg CaCO3—C m3, with gilvin
absorption and chlorophyll set to oligotrophic values of
ay(440) = 0.025 and 0.1 mg chl a m™. Consequently
an upper bound on the global albedo impact can be
calculated as

. g 12
(5.15%—4.93%) x (3.1 x 10® km? +5.1 x 10® km?) x (E)
= 0.13% (11)

where 3.1 x 108 km? is an estimate of the area of the
oceans between 60°S and 60°N.

These calculations, albeit uncertain, allow us to es-
timate that the total impact of coccolith light scatter-
ing on making the planet more reflective to sunlight is
to increase the average planetary albedo by not more
than 0.13%. An average of 340 W m~2 of solar ra-
diation arrives at the top of the atmosphere, and of
that approximately half penetratcs to the planet’s sur-
face [Schnerder, 1992]. The value of 0.13% x 170 W
m~2 gives a maximum radiative forcing impact of 0.22
W m~2. By comparison, the anthropogenic input of
extra greenhouse gases into the atmosphere since the
1700s is estimated to have already caused an additional
radiative forcing of ~2.5 W m™* [Shine et al., 1990],
and CO» doubling would change radiative forcing by
~4 W m~2 [Kiehl, 1992].

7. Conclusions

A Monte Carlo model for simulating optics during
coccolithophore blooms has been described. The vali-
dation of the model against other models and against
optical data collected during a coccolithophore bloom
is described. The model has then been used to ana-
lyze the precise effects of high coccolith concentrations
on ocean optics, and these have been shown to include
(1) increased brightness and heating of the water just
beneath the surface, (2) increased albedo of the ocean
due to photons reemerging from the water after having
been scattered by coccoliths, (3) stronger stratification,
(4) net cooling of the water column, and (5) decreased
total water column productivity.
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The albedo impact of coccolithophore blooms is shown
to be unimportant in global climate terms because of
the relatively small area covered. Light scattering due
to subbloom coccolith concentrations has greater poten-
tial to influence global albedo and climate but is still a
small forcing relative to that caused by greenhouse gases
such as CO;. Coccolithophore blooms may have greater
climatic importance in other ways, for instance, through
the effects of coccolith formation on CO; [Holligan and
Robertson, 1996].
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