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Abstract

The impact of bio-optical heating on the properties of the upper Labrador Sea water was investigated by considering

changes in light attenuation in water associated with the seasonal change of chlorophyll distribution. The time- and depth-

dependent attenuation coefficients were obtained from remotely sensed SeaWiFS ocean-colour data. Sea-surface

temperature (SST) and mixed-layer depth (MLD) were computed from a three-dimensional ocean circulation model. The

model was integrated from 1999 to 2003 with 6-hourly atmospheric forcing. The changes in SST and MLD attributable to

bio-optical heating were determined by comparing the model results using the observed attenuation coefficients

(chlorophyll) to those using a weak and constant attenuation (clear water). The model results show that bio-optical heating

is controlled mainly by chlorophyll concentration and MLD. The increase in SST is around 1 1C in most parts of the

Labrador Sea and the shelves, and up to 2.7 1C in areas of shallow MLD and high chlorophyll concentrations (the Grand

Banks and Northeastern Newfoundland Shelf). The increase is much higher than that found in previous studies, which was

typically a fraction of a degree. Bio-optical heating also can enhance the stratification of the upper ocean and reduce the

MLD by 20–50%.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Mixed-layer models seek to find the depth and
temperature of the mixed layer through assessing
the balance between the opposing tendencies of the
ocean to stratify under surface heating and freshen-
e front matter r 2007 Elsevier Ltd. All rights reserved
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ing and to mix under the influence of wind. Thus, all
such models require a description of the solar
heating of the ocean. The solar energy reaching the
surface of the ocean may be divided into two
components: called non-penetrating and penetrat-
ing. The former accounts for the infrared radiation,
which is attenuated so strongly by water that it
penetrates less than a few centimetres. The latter
accounts for the visible radiation, to which the
ocean is not spectrally neutral, and which penetrates
.
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to a greater or lesser extent depending on the
materials present in the ocean, either in solution or
in suspension. The penetration is parameterised
by the vertical attenuation coefficient K, with
dimensions [L�1] or, strictly, K(l), where l is the
wavelength, and is calculated using a bio-optical
model (Sathyendranath and Platt, 1988, 1997,
1998).

For the non-penetrating component of solar
radiation, attenuation is taken as infinite; this
component is attenuated at the surface. For the
penetrating component, K has been specified in
different ways. For example, McCreary and Kundu
(1989) took K to be infinite. Niiler and Kraus (1977)
considered K to be finite but globally constant.
Paulson and Simpson (1977) assigned a K value
according to the Jerlov system of optical water types
(Jerlov, 1976). Denman (1973) achieved good
agreement between model and observations for
Station P in the Pacific Ocean only if he tuned K.

Tuning raises the question of potential causes of
the change of K in the ocean. In the open ocean, the
principal factor controlling K is the local phyto-
plankton biomass: its effect on K arises from the cell
pigments, usually indexed as the chlorophyll con-
centration. The dynamic range of chlorophyll
concentration in the ocean is four orders of
magnitude, such that there is considerable scope
for variation of K with season and location. This is
the explanation for the experience of Denman
(1973), whose work was conducted in the spring,
when chlorophyll concentrations are at the highest
for the year. Given the potential for variation in K

with chlorophyll concentration, one might expect
that mixed-layer models would be more likely to
succeed if K were prescribed as a function of local
chlorophyll concentration. Two broad options exist
to accomplish this.

The first option is to couple the physical model to
an ecosystem model that would update the chlor-
ophyll concentration with the same integration time
step as the physical model. An early example is
Simonot et al. (1988), wherein the chlorophyll
concentration was updated in the ecological model,
but K was not calculated from chlorophyll. This
model might be described as partially coupled.
Perhaps the first fully coupled models were those of
Platt et al. (1994a) and Sathyendranath and Platt
(1994), where a simple ecological model simulated
the seasonal change in chlorophyll concentration,
which was then used to derive the time variation in
K for application in the mixed-layer model.
The second option is to use remotely sensed
images of ocean colour, which provide surface
chlorophyll concentration on synoptic scales. These
data can be assimilated into mixed-layer models,
and their effects on the model results, e.g., sea-
surface temperature (SST) and mixed-layer depth
(MLD), can be examined by comparing the effect of
a bio-optical K (hereinafter referred to as Kvar) with
that of a constant K for clear water (hereinafter
referred to as Kconst). This effect on the model
predictions may be considerable as has been
demonstrated for the Arabian Sea (Sathyendranath
et al., 1991). They show that the maximum
biologically induced heating warmed the surface
water by 4 1C from August to September 1979. This
approach was followed in a variety of studies using
three-dimensional (3-D) ocean models. For exam-
ple, Nakamoto et al. (2000) showed the SST
increased by up to 0.6 1C and the MLD decreased
by 20m. Shell et al. (2003) discussed the atmo-
spheric implication of the biological heating and
concluded that the SST increased 0.3 1C globally
and might reach 1 1C locally. Similarly, Manizza
et al. (2005) concluded that the presence of
phytoplankton warmed SST by 0.1–1.5 1C in spring
and summer at mid and high-latitudes using a
global model. In most models, a constant K was
used in the mixed layer. In the Labrador Sea, the
attenuation scale derived from remotely sensed data
for the Labrador Sea water is of the order 1/K
�5–10m, which is smaller than a typical MLD of
�20m in summer. In assessing the impact of bio-
optical heating, one should therefore consider the
variation of K within the mixed layer itself.

There have been many studies of the bio-optical
contribution to upper dynamics in equatorial
waters, but few in other regions, especially in high-
latitude waters. The Labrador Sea is a region with
strong seasonal dynamics and important spatial
gradients in the phytoplankton. Moreover, there is
significant interannual variability between years in
the ecological dynamics.

Here, we apply the second option (assimilation of
ocean-colour data) to an existing circulation model
of the Labrador Sea (Yao et al., 2000). To examine
the impact of Kvar on the upper ocean, we compare
the results from the model employing: (a) Kvar from
Sathyendranath and Platt’s (1988) spectral bio-
optical model and ocean-colour data; and (b) Kconst

used in most contemporary ocean circulation
models. Chlorophyll is not a variable of the model.
Its impact on the ocean properties is studied
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Fig. 1. Map showing the model domain (heavy line) and

topography. The solid circles are the sites in the Labrador Sea

and the Grand Banks used in Figs. 6–10.

Y. Wu et al. / Deep-Sea Research II 54 (2007) 2630–26422632
through K in the temperature equation. The focus of
the paper is the mixed-layer temperature (or SST)
and MLD. Observations and modeling studies show
that SST and MLD are controlled not only by solar
radiation but also by surface heat fluxes, wind
mixing and stability of the water column. In regions
of strong currents, horizontal advection is also
important. To isolate the effects of light attenuation
in our model experiments, we use the same surface
heat fluxes, wind stress and initial temperature-
salinity fields, but different K.

2. Model and data description

2.1. Ocean model

The numerical model used for this study is similar
to the model described by Yao et al. (2000), which is
based on the Princeton Ocean Model (POM;
Blumberg and Mellor, 1987) coupled to a sea-ice
model. The main difference between the Yao et al.
(2000) model and the present model is the incor-
poration of the generalised vertical coordinate
system (Ezer and Mellor, 2004). The new coordinate
system is necessary because the minimum MLD in
the study area is less than 20m and the attenuation
scale of the penetrating solar radiation is �10m.
The upper ocean could not be resolved adequately if
the conventional sigma coordinate system (vertical
level intervals are fixed percentages of the water
depth) were used. The generalised vertical coordi-
nate system permits a z-level representation every-
where in the model domain independent of the
water depth. The coordinate system used in our
model has 30 vertical levels consisting of 10 constant
z-levels (2m) and 20 sigma levels.

The model domain is from Davis Strait to the
Gulf Stream and from the Canadian east coast to
401W with a horizontal resolution of approximately
20 km� 20 km (Fig. 1). The open boundary condi-
tions were prescribed according to Yao et al. (2000).
Model initialisation and spin up followed the
procedures in that paper.

2.2. Ocean data, atmospheric forcing and heat fluxes

3-D ocean temperature and salinity data are
required for model initialisation and SST assimila-
tion. Available global-scale datasets may not be
suitable for the present study because the data
resolution is not compatible with the model resolu-
tion. In this study, the monthly temperature and
salinity climatologies obtained from an objective
analysis of the hydrographic data archived at
Bedford Institute of Oceanography were used (Tang
and Wang, 1996).

Six-hourly meteorological data including air
temperature, specific humidity, precipitation, cloud
fraction and 10m wind from NCEP/NCAR Reana-
lysis-2 (Kalnay et al., 1996) were used to compute
the atmospheric forcing. The calculations of the
total downward irradiance at the surface, QSOL(0),
latent heat (QLAT), sensible heat (QSEN) and long
wave radiation (QLW) follow the methods in Yao
et al. (2000). The sign convention is positive for
upward fluxes (solar radiation is always negative).

2.3. Optical models

In general, two types of optical models are
commonly used in ocean circulation models. The
first is the well-known Jerlov’s ‘‘water types’’ model
due to its simplicity and computational efficiency
(Jerlov, 1976; Paulson and Simpson, 1977). Six
water types are defined according to their optical
properties and two constant attenuation coefficients
assigned to each water type. The other is bio-optical
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models in which the attenuation coefficient is
calculated from observed chlorophyll concentration
(e.g., Sathyendranath and Platt, 1988; Morel, 1988;
Platt et al., 1994b).

2.3.1. Water type model

In the Paulson and Simpson (1977) model, the
downward irradiance is formulated with two
extinction depths l1 and l2 (l15l2) corresponding
to the Jerlov water type classification. Its general
form is given as:

QSOLðzÞ ¼ QSOLð0Þ½Rez=l1 þ ð1� RÞez=l2 �. (1)

The first term on the right describes the rapid
attenuation of the red spectral component within
the top centimetres; the second term describes the
much weaker attenuation of blue-green spectral
components, and hence this component penetrates
much deeper. z is the vertical coordinate (positive
upward). The empirical constant, R, is the fraction
of the total surface radiation that does not penetrate
the surface. Let Qpen and Qnpen represent, respec-
tively, the penetrating and non-penetrating compo-
nents of the solar radiation. The relation between
QSOL, Qpen and Qnpen is approximately:

QSOLðzÞ ¼ QnpenðzÞ þQpenðzÞ

¼ Qnpenð0Þe
z=l1 þQpenð0Þe

z=l2 ,

Qnpenð0Þ ¼ RQSOLð0Þ,

Qpenð0Þ ¼ ð1� RÞQSOLð0Þ. ð2Þ

The quantity Qpen(z) heats the water column and
is the source term for the temperature equation:
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where KH is the vertical eddy diffusivity, FT

represents horizontal diffusion, cp is the heat
capacity, r0 is the seawater density and A is the
ice concentration, which varies from 0 (no ice) to 1
(complete ice cover). For A ¼ 1, no penetrating
solar radiation can reach the water surface.

Since Qnpen is absorbed within the top centimetres
of the water column, it can be treated as a boundary
condition for temperature:
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¼
1
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ðQnpenð0Þ þQLW

þQLAT þQSEN þQCORRÞ, ð4Þ
where QCORR is a flux correction term to restore
SST to climatology. The detail of this term will
be given in Section 2.4. This boundary condition
applies to the ice-free part of the ocean only. For the
ice-covered water, ice thermodynamics is considered
and the heat flux between the ocean and sea-ice is
computed using the ice-ocean coupling scheme of
Mellor and Kantha (1989).
2.3.2. Bio-optical model and ocean-colour data

In the bio-optical model, a time- and space-
dependent K(z) is used. The second term of Eq. (1)
is replaced by QSOL(0)(1�R)ezK(z). To determine
K(z), the average light attenuation coefficient from
the surface to depth z, we used a regionally adapted
version of the bio-optical model of Sathyendranath
and Platt (1988). In this model, the wavelength-
resolved attenuation coefficient for downwelling
irradiance is expressed as a function of the total
absorption coefficient (sum of absorptions by pure
water, phytoplankton and yellow substances), the
back-scattering coefficient (sum of back-scattering
by pure water and particulate material), and the
mean cosine for downwelling irradiance computed
using an atmospheric light transmission model
(Bird, 1984). The phytoplankton absorption was
parameterised as a function of chlorophyll concen-
tration using the two-population absorption model
of Sathyendranath et al. (2001). The model was
tuned to the Northwest Atlantic, by fitting it to
pigment and absorption data from the region, for all
wavelengths from 400 to 700 nm at 5-nm intervals.
The absorption by pure water is modelled using
values from Pope and Fry (1997). Back scattering
and absorption by yellow substances are modelled
as in Sathyendranath et al. (2001). Once the spectral
light available at the sea surface is computed for a
given location and time using an atmospheric light
transmission model (Bird, 1984) modified for cloud
effects (Platt et al., 1990), the spectral light available
at depth z can be estimated using the Sathyendra-
nath and Platt (1988) model, modified as described
above. The light over the visible domain
(400–700 nm) at the surface, Qpen(0), and that at z,
Qpen(z), are then estimated by integrating the
spectral irradiance over all wavelengths. The
attenuation coefficient K(z) for the penetrating
component of the solar flux is then estimated as:

KðzÞ ¼
1

z
ln

QpenðzÞ

Qpenð0Þ

 !
. (5)



ARTICLE IN PRESS
Y. Wu et al. / Deep-Sea Research II 54 (2007) 2630–26422634
Look-up tables of K were generated using light
conditions for latitude 451N, local noon and an
arbitrary cloud cover of 50%, and for a range of
discrete biomass values and depths. The model was
implemented using chlorophyll-a computed using
SeaWiFS data for the period from September 1997
to December 2001, processed into bi-weekly
averages (1st–15th, 16th-month end) at each model
grid node using the SeaDAS OC4v4 software
package. The chlorophyll concentration derived
from satellite data was assumed to be distributed
uniformly within the layer from 0 to z. For each bi-
weekly period and for each model grid point, values
for K(z) were obtained from the look up table by
linear interpolation.

The chlorophyll concentrations used in the model
simulations are 5-year averages of the bi-weekly
data. The averaging is necessary to ensure that there
is no data gap in the model domain. Fig. 2 shows
the mean chlorophyll concentration from March to
Fig. 2. Five-year averages of bi-weekly surface chlorophyll concentrati

averages for each month are shown.
October. The salient feature is the increase in
phytoplankton biomass during the spring bloom.
Generally, this phenomenon progresses northward
as the season advances, but note that off West
Greenland the bloom develops early.

Fig. 3 shows the profiles of K(z), I(z) ¼ Qpen(z)/
Qpen(0) and qI/qz for different chlorophyll concen-
trations and Water Type I. Temperature change
attributable to biology is controlled by qQpen/qz

according to Eq. (3). The right panel of Fig. 3 shows
that the presence of chlorophyll increases the
absorption of solar radiation in the top 5m
significantly.

2.4. Numerical experiments

The model was integrated from January 1, 1999
to December 31, 2003 (the period covered by
biological data) with 6-hourly forcing. In multi-year
model simulations, it is well known that applying
on in mgm�3 from March to October. Only the second bi-weekly
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heat fluxes calculated from observed or climatolo-
gical SST may lead to SST drift and other problems
(Barnier, 1998; Rochford et al., 2001). To minimise
the SST drift in our simulations, we follow the
data assimilation method of Barnier (1998). The
net surface heat flux, QNET, is written as the sum
of the computed flux, QSUR, and a correction term,
QCORR:

QNET ¼ QSUR þQCORR, (6)

QSUR ¼ QSOLð0Þ þQLW þQLAT þQSEN, (7)

QCORR ¼
@QSUR

@T

� �
TClim

S

ðTClim
S � TSÞ, (8)

where TClim
S is the climatological SST and TS is the

model SST. The quantities QLW, QLAT, QSEN are
functions of TClim

S and the 6-hourly atmospheric
parameters. The correction term (8) can help to
minimise the deviation of the model mean SST from
TClim

S . Salinity is treated in a similar way as
temperature.

We integrated the model for 5 years (1999–2003)
with the flux correction term and Kvar(z) to obtain
the daily mean heat and water fluxes. The impact of
bio-optical heating on the upper-ocean layer is
examined from the results of two numerical experi-
ments using these fluxes: one with a variable Kvar(z)
and the other with a constant Kconst for Water
Type I, i.e., l2 ¼ 23m. The same fraction of the
penetrating irradiance, 1�R ¼ 0.42, was specified in
the two experiments. It is important to note that, to
isolate the effect of light attenuation, the model
must be forced by the same surface fluxes but
different attenuation coefficients (Martin, 1985).
The SST assimilation by the flux-correction method
as outlined above was applied to the Kvar experi-
ment only. As a result, the model SST from this
experiment is close but not equal to the climatolo-
gical SST. In the Kconst experiment, the heat and
fresh-water fluxes were prescribed (taken from the
Kvar experiment) and hence the model SST was not
constrained by climatology. If flux corrections were
also applied to the Kconst experiment, the heat and
water fluxes in the two experiments would be
different. Alternatively, we could apply flux correc-
tions to the Kconst experiment and use the same
fluxes for the Kvar experiment. The model results
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were averaged over the five years to represent the 5-
year mean, which are shown in the following
section.

In this study, we are not concerned with the
dynamics of sea ice, and sea ice was not simulated in
the model experiments. Climatological sea-ice data
(ice concentration and thickness) provided by
Canadian Ice Service were used in the model. The
role of sea ice is to insulate the ocean from
the atmosphere, and exchange heat and water with
the underlying water through ice melt and growth.
The inclusion of sea ice in the model reduced the
ocean heat loss and kept the SST at the freezing
point in the ice-covered part of the ocean.

3. Model results

3.1. Sea-surface temperature

The effect of bio-optical heating can be quantified
by defining an SST difference, DSST, which is the
SST from the Kvar experiment minus SST from the
Kconst experiment. Fig. 4 shows SST for March,
May, July and September from the Kvar experiment.
Large seasonal variations can be seen in the
Labrador and Newfoundland shelves, the Grand
Banks and the central Labrador Sea. The main SST
Fig. 4. Model SST (upper row) and MLD (lower row) for March, May,

and spring off the Labrador coast is indicated in white. The scale is lin
features are the warm water of the Gulf Stream in
the south, cold water along West Greenland and the
Labrador coast, and intrusion of the relatively
warm North Atlantic Water into the central
Labrador Sea in summer.

The seasonal variation of MLD (see Section 3.3
for a discussion of the definition of MLD) has a
very large range, 10–1000m (Fig. 4). In winter and
early spring, intense winds and surface cooling
creates mixed layers thicker than 200m in the open
Labrador Sea except in ice-covered areas. The
deepest mixed layer (41000m) appears in northern
Labrador Sea just outside of the ice zone. Over the
shallow (�70m) Grand Banks, the water is mixed
from top to bottom. Rapid shallowing of the mixed
layer starts in early May reaching a minimum in
July when the MLD is less than 20m in the entire
area.

Fig. 5 displays the monthly values of DSST,
which are negligible in winter and largest from July
to September. Starting from early June, the area of
enhanced surface warming spreads from the Grand
Banks to the Labrador Shelf and then expands to
the central and northern parts of the Labrador Sea.
The large annual variation of DSST appears to be
related to both the chlorophyll concentration and
MLD. A comparison of Figs. 2 and 5 reveals that
July and September from the Kvar experiment. Ice cover in winter

ear for SST and logarithmic for MLD.
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Fig. 5. Monthly model DSST from the Kvar and Kconst experiments. Ice cover in winter and spring off the Labrador coast is indicated in

white. Some of the anomalies are negative. This counterintuitive result is a consequence of the non-spectral nature of the attenuation

coefficient under the Jerlov water types, as mentioned in the caption of Fig. 3.
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the areas of high chlorophyll concentration do not
always have large DSST, for example the northern
Labrador Sea in April and May. The MLD in
northern Labrador Sea at this time is greater
than 60m. At this depth, Qpen does not depend
strongly on chlorophyll concentration or water
type (see the middle panel of Fig. 3). Since DSST
increases with the net solar flux in the mixed layer,
Qpen(0)�Qpen(�h) (h is the MLD), the small
difference in Qpen at the base of the mixed-layer
between Kvar and Kconst results in a small DSST. On
the other hand, the areas of low concentration of
chlorophyll can have large DSST, e.g., the Grand
Banks and Northeastern Newfoundland Shelf from
June to August and the open Labrador Sea in
August. During these periods, the MLD at the
Grand Banks/Northeastern Newfoundland Shelf
and the mid-Labrador Sea are about 10 and 25m,
respectively. At these depths, Qpen(�h) between Kvar

and Kconst are significantly different even for low
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chlorophyll concentrations. The large differences in
K lead to large DSST. Further discussion on the
relationship between solar heating and MLD will be
given in Section 4.

The SST difference increases progressively from
June, reaches a peak in August, and then decreases
in autumn. The mean DSST is of the order 1.5–2 1C
in summer. The regions of large DSST include the
central Labrador Sea and the Grand Banks where
the maximum DSSTs are 1.8 and 2.7 1C, respectively
(Fig. 6). Water Type I represents ‘‘clear water’’, and
the SST difference between Kvar and Water Type I is
0
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Fig. 6. Comparison of SST from the Kvar and Kconst experiments at m

Fig. 7. DT in the depth–time plane for mid-Labrador Sea (upper pane
usually defined as the net effect of phytoplankton
on SST (Nakamoto et al., 2000; Shell et al., 2003;
Manizza et al., 2005).

3.2. Vertical temperature variation

To study the effect of bio-optical heating below
the surface, it is helpful to examine DT (temperature
from Kvar minus temperature from Kconst) in the
time-depth plane (Fig. 7). Warming in the upper
water column and cooling in the lower water
column are observed at both locations. The upper
J S O N D

(month)

A

id-Labrador Sea and the Grand Banks (see Fig. 1 for locations).

l) and the Grand Banks (lower panel) (see Fig. 1 for locations).
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layer is warmed by the absorption of sunlight by
phytoplankton pigments, whereas the lower-layer
temperature decreases due to the reduction of solar
radiation (see the right panel of Fig. 3). On the
Grand Banks, the maximum temperature increase
and decrease are around 2.7 and 1.2 1C, respectively.
The depth and annual variation of the warming and
cooling features in mid-Labrador Sea are similar to
those on the Grand Banks, but the magnitudes of
the temperature differences are smaller. The warm-
ing in the upper layer can change the stratification
and reduce vertical mixing, which lead to a
shallower mixed layer. This effect is examined in
the following sub-section.

3.3. Mixed-layer depth

In the 3-D model used this study, ocean variables
are computed at every grid point. Unlike the bulk
mixed-layer models (Denman, 1973; Niiler and
Kraus, 1977), the MLD is not a variable of the
model and no assumption about the temperature
and salinity distribution within the mixed layer is
made. Here, the MLD is defined as the depth at
which the density increase from the surface value,
Dr, reaches 0.1 kgm�3. Fig. 8 shows contours of Dr
at mid-Labrador Sea and the Grand Banks. In
summer and fall, the closeness of the contour lines
z
 (

m
)

0
.0

5

0.
1

0
.2

0
.1

5 Labrador Sea

Kvar

−100

−80

−60

−40

−20

0

z
 (

m
)

0.
05

0
.1

0
.1

5

0.
2

A J J A O

Time (month)

Grand Banks

Kvar

−50

−40

−30

−20

−10

M S

Fig. 8. Density difference from the surface values from the Kvar (left pa

and the Grand Banks. The contour interval is 0.05 kgm�3 (see Fig. 1 f
suggests that MLD is not sensitive to the value of
Dr. From April to October, a sharp decrease
in MLD occurs in April and May (Fig. 9). The
mixed layer remains shallow through summer until
September. Both at the Grand Banks and mid-
Labrador Sea, the MLDs from Kvar are in general
smaller than the MLDs from Kconst. During the
summer period at mid-Labrador Sea, the average
difference in MLD is about 10m, i.e., the MLD
from Kvar is �20–50% smaller than that from
Kconst. For the Grand Banks, the corresponding
figures are 5m and 25–40%.

4. Discussion

The Kvar from Sathyendranath and Platt (1988,
1997, 1998) model gives an extinction depth of a few
tens of meters (Fig. 3). Close to 90% of the
penetrative irradiance is absorbed within the top
20m. The small extinction depth suggests that
model prediction could be sensitive to model
resolution.

To examine the model sensitivity to vertical
resolution, we modified the coordinate system of
the model from a vertical resolution of 2–10m in the
upper water column and repeated the numerical
experiments. The results show that in mid-Labrador
Sea, DSST from the 10m experiment is smaller than
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that from the 2m experiment by about 0.43 1C in
summer, which is about 32% of the DSST from the
10m experiment. These results indicate that a coarse
vertical resolution model for the Labrador Sea can
lead to sizable errors.

The magnitude of DSST depends on how ‘‘clear
water’’ is defined. To investigate the sensitive of
DSST to water type, we repeated the numerical
experiments with Water Type I replaced by Water
Type IB which has an extinction depth, l2, of 17m
and 1�R ¼ 0.33. The maximum DSST is 0.92 1C for
the Grand Banks and 0.90 1C for mid-Labrador
Sea. In comparison with the results from Water
Type I, DSST is smaller but still significant.

Our model experiments show that the biological
contribution to DSST in the Labrador Sea is much
larger than predictions from global models (Shell
et al., 2003; Manizza et al., 2005), which give DSST
typically a fraction of a degree. The large DSST in
the Labrador Sea can be understood from a
consideration of heat conservation in the mixed
layer. The available Qpen for the mixed layer is the
difference between the incoming flux at the surface
and outgoing flux at the base of the mixed layer. An
approximate relationship between heating rate and
Qpen can be obtained from Eq. (3). Neglecting the
advection and horizontal friction terms, we have:

D
@T

@t
¼ �

1

r0cp
D

Qpenð0Þ �Qpenð�hÞ

h

� �
, (9)

where D denotes the difference between Kvar and
Kconst. In deriving Eq. (9), we assumed the same
surface heat fluxes (Eq. (7)) for Kvar and Kconst. We
also neglected heat diffusion below the mixed layer
and the flux across the base of the mixed layer
associated with entrainment during mixed-layer
deepening. The quantity D(qT/qt) represents the
heating rate attributed to the absorption of
solar radiation by phytoplankton. Fig. 9 is a plot
of D(qT/qt) in units of 1C per month. At mid-
Labrador Sea, the heating rate is very small in
winter and spring. It starts to increase rapidly
in April, reaching a peak value of 3 1C per month in
July. On the Grand Banks, heating starts one month
earlier and ends 1 month later than mid-Labrador
Sea. The heating rate is high from June to August in
spite of the low concentration of chlorophyll during
this period. The high heating rate is maintained
through the period owing to the small MLD (Fig. 4)
as explained in Section 3.1.

The heating rates shown in Fig. 10 are compar-
able with those found in the Arabian Sea, 4 1C from
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August to September (Sathyendranath et al., 1991).
They represent the upper limit of temperature
increase in the mixed layer for given solar flux and
attenuation coefficient. Advection, diffusion and
entrainment can reduce the temperature increase
considerably from that predicted by (9). Integrating
the curve for the Grand Banks from the beginning
of April to the end of July, we obtain a temperature
difference of 6.2 1C. The actual temperature differ-
ence is 2.7 1C according to the numerical model
(Fig. 6). The corresponding numbers for mid-
Labrador Sea are 4.8 1C (Eq. (9)) and 1.8 1C.

5. Conclusions

In most areas of the Labrador Sea and the
adjacent shelves, the effect of bio-optical heating on
SST as measured by the SST difference (bio-optical
model minus water type model with invariant light
attenuation) exceeds 1 1C in summer and fall
(July–September) but is negligible in winter and
spring. The maximum is on the Grand Banks and
Northeastern Newfoundland Shelf where the SST
difference reaches 2.7 1C. The SST difference is
controlled by both chlorophyll concentration and
the MLD.
In areas of high chlorophyll concentration, more
irradiance is trapped by chlorophyll within the
upper layer and hence less energy is available for
heating below the mixed layer. The redistribution of
solar radiation in the water column results in
cooling of the lower layer. At the Grand Banks
the decrease in temperature in the lower layer is
about 1.2 1C.

Enhanced surface heating leads to high stratifica-
tion and thus shallow mixed layers. During the
summer months, the MLD from the Kvar experi-
ment is smaller than that from the constant Kconst

(Water Type I) experiment by 20–50%.
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