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ABSTRACT: The environmental factors that control the timing of the spring bloom in the Labrador
Sea were investigated using ocean color data from satellites, historical oceanographic data and a primary production model. From the satellite data, the onset of the spring bloom was found to progress
with the season from south to north, with the exception of the northern Labrador Sea. The onset for
the northern Labrador Sea occurred at approximately the same time as in the southern Labrador Sea.
Two possible factors for the regional differences were examined from the data: irradiance and mixedlayer depth (MLD). The early bloom in the northern Labrador Sea is related to the very shallow mixed
layer associated with low-salinity water. The temporal variations of the mean chlorophyll concentration in 4 regions of the Labrador Sea (the Grand Banks, southern, central and northern Labrador Sea)
during the growth phase of the spring bloom were modeled using a primary production model with
MLD derived from historical temperature-salinity data. The temporal variations, in particular the
early bloom in the northern Labrador Sea, were well reproduced by the model. A model sensitivity
study showed that the onset of the spring bloom is highly sensitive to MLD. This confirms the finding
from the data that MLD is a critical environmental factor for the spring bloom. The availability of the
photosynthetically active radiation plays an important role, but is not a determining factor of the early
bloom in the northern Labrador Sea. The sensitivity study also showed that pre-bloom oceanographic
conditions and attenuation of light in water have a greater effect on the timing in a shallow mixed
layer than in a deeper mixed layer.
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The spring bloom of phytoplankton is the main pulse
in the seasonal dynamics of the marine ecosystem in
temperate latitudes. The timing of the bloom is one of
the critical factors that regulate the ecological cycle of
the ocean. The classical explanation for the occurrence
of spring blooms is Sverdrup’s (1953) critical depth
theory. The critical depth is defined as that at which
the vertically averaged production is balanced by the
vertically averaged loss. When the mixed-layer depth
is deeper than the critical depth, the phytoplankton
concentration in the surface layer is diluted within the
mixed-layer. Thus the mean irradiance for photosynthesis is reduced. When the mixed-layer depth

decreases from winter to spring, the phytoplankton
concentration in the surface layer has more opportunity to exploit the increased irradiance. The net growth
of phytoplankton begins when the mixed layer
becomes shallower than the critical depth.
During the spring, increasing solar radiation can
promote both photosynthesis and stratification of the
water column. Thus, it is widely accepted that the
spring bloom propagates from low to high latitude
after the establishment of seasonal thermal stratification. However, recent observations indicate that mechanisms other than heat input might play a more important role for water stratification and lead to spring
blooms. For example, surface freshening by river
runoff, precipitation and ice-melt can also contribute to
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the upper ocean stratification and trigger spring
blooms (Sinclair 1978, Campbell & Aarup 1992, Lucas
et al. 1998, Dutkiewicz et al. 2001, Labry et al. 2001,
Stramska 2005, Waniek et al. 2005). Townsend et al.
(1992) and Eilertsen (1993) reported that blooms
occurred in the absence of vertical stratification. These
observations suggest that mechanisms triggering
spring blooms may differ from region to region.
The seasonal cycle of phytoplankton in the Labrador
Sea and its ecological significance have been studied
by a number of authors (e.g. Campbell & Aarup 1992,
Head et al. 2000, Afanasyev et al. 2001, Pedersen et al.

2005). Recent remotely sensed chlorophyll composites
show that the initiation time of the spring bloom in this
area is strongly regionally dependent. The horizontal
distribution of bi-weekly composite chlorophyll concentration from March to June is shown in Fig. 1.
There are 2 clearly separated areas of high chlorophyll
concentration. In the south, the broad pattern of the
spring bloom begins on the Grand Banks at the end of
March, and then moves and expands to the southern
and the central Labrador Sea. In the northern Labrador
Sea, the bloom starts in early April. The onset times in
the southern and northern areas are earlier than in the

Fig. 1. Six-year (1998–2003) bi-weekly composite chlorophyll concentrations based on SeaWiFS data from March to June. Inside
each panel, the month is indicated by the first arabic number followed by –1 (first half of the month), or –2 (second half of the month).
Regions are I — the Grand Banks; II — the southern Labrador Sea; III — the central Labrador Sea; and IV — the northern Labrador
I : arrayed from south to north are the locations for Figs. 5 to 7 for the Grand Banks, central and northern Labrador Sea
Sea. +
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central part. Hitherto, these observations were unexplained. Here, we seek an explanation by combining
satellite and oceanographic data, and with the use of a
1-dimensional primary production model.

MATERIALS AND METHODS
Chlorophyll data. The remotely sensed chlorophyll
concentration used here is from the Sea-viewing Wide
Field-of-view Sensor (SeaWiFS) data stream. The
period is from 1 January 1998 to 31 December 2003.
For investigation of environmental factors, we divided
the Labrador Sea into 4 regions: the Grand Banks,
southern Labrador Sea, central Labrador Sea and
northern Labrador Sea (west of Greenland). These
regions were designated as Regions I to IV (Fig. 1). We
ignored the area south of the Grand Banks because
there is no clear bloom in this region. Another region
we ignored is the Labrador Shelf because it is covered
by sea-ice from November to June.
Historical hydrographic data. To study the effects of
stratification on the onset of spring blooms in different
regions, historical temperature and salinity data were
analyzed to obtain the mixed-layer depth. The records,
which were taken from the archive of Bedford Institute
of Oceanography, Dartmouth, Canada, included bottle
and CTD data from the Canadian Marine Environmental Data Service and US National Oceanographic Data
Center dating back to 1910. A topography-dependent
iterative-difference correction method was employed
to produce monthly temperature and salinity climatologies. The analysis was performed on a 1/12° × 1/12°
grid at 33 depths from 40° W to 95° W and from 35° N to
80° N.
The parameter value at a grid point, T, was computed for each month from the following equation in 3
iterations with decreasing radii of influence:

T = Tguess +

∑Wi (Ti − Tguess,i )
i

∑Wi

(1)

i

where the summation i is over data points within an
area defined by the radius of influence and water
depths, the subscript ‘guess’ denotes values from the
previous iteration, and Wi is a distance dependent
weight.
The objective analysis involved smoothing, averaging and interpolation of the raw data. These operations
were performed with no consideration of the dynamical constraints that govern the distribution of water
properties. To overcome this problem, the objectively
analyzed data were input into a 3-D ocean circulation
model (Princeton Ocean Model: www.aos.princeton.
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edu/WWWPUBLIC/htdocs.pom/) and a 3-step spin-up
run was performed for each month. This process can
improve the data quality, particularly in areas of scarce
observations. The output of the model spin-up included monthly 3-D temperature and salinity fields,
which are used in the discussions in the following sections. The 3-D ocean circulation model used in the
spin-up covers the area 40°–68°N, 40°–68°W and has a
grid size of 1/5° (longitude) × 1/6° (latitude) and 29
vertical depth levels. The coordinate system is Cartesian coordinates in the horizontal plane and terrainfollowing sigma coordinates in the vertical. At open
ocean boundaries, volume transports were specified
according to observations and large-scale models. Sea
level and the normal component of the velocity were
calculated from the prescribed volume transports and
density data. The details of the model setup and methods of computation are given in Yao et al. (2000).
We used the temperature-salinity data described
above to determine the mixed-layer depth (MLD) in
the study area for each month. A common method is to
find the depth at which the density or temperature
changes from surface values reach a preset criterion.
We used a density change of 0.07 kg m– 3 to generate
MLD. The impact of the uncertainty in MLD on our
analysis is discussed in the ‘Vertical structure’ and
‘Sensitivity study’ sections below.
Model. Model equations: A 1-D primary production
model is employed here to calculate the mean chlorophyll concentration as a function of time during the initial phase of the chlorophyll cycle in different regions
of the Labrador Sea. The results are compared with the
observed chlorophyll concentration shown in Fig. 2.
The model is based on the one-dimensional model for
primary production developed by Platt et al. (1991a), in
which the local change of biomass (indexed as chlorophyll concentration) is controlled by photosynthetic
growth and losses due to respiration, zooplankton
grazing, sinking and vertical mixing. To keep the
model as simple as possible, yet retain the key factors
of the biological processes, we assumed that there is no
nutrient limitation to the development of the spring
bloom (Platt et al. 1991a, 1994, Stramska & Dickey
1994, Lucas et al. 1998). The horizontal advection of
phytoplankton is also ignored in our 1-D model since
we assume changes in chlorophyll concentration are
controlled primarily by physical and biological processes in the vertical plane.
The conservation equation for chlorophyll concentration is written as
∂B
∂
∂B
∂B
νt
=
+G − L +ws
∂t
∂z
∂z
∂z

(2)

where B is chlorophyll concentration in mg m– 3, ws is
the sinking velocity in m d–1, νt (m2 s–1) is the vertical
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of the P-I curve, I (W m–2) is the local photosynthetically active radiation (PAR), χ (mg C [mg chl]–1) is the
carbon to chlorophyll ratio. For simplicity, we use a
constant value of χ = 50 (Stramska & Dickey 1994).
Eq. (4) is an approximation in that it ignores wavelength-dependent effects. As explained by Sathyendranath et al. (1989), the error due to suppression of
wavelength effect overestimates primary production
by 60% at high chlorophyll concentrations and underestimates it slightly (by 6%) at low chlorophyll concentrations. To take the wavelength-dependent effect into
account, we replaced Eq. (4) by the following equations in our model:

3
IV
2
1
0
3
III

Chl (mg m−3)

2
1
0
3
II
2
1

G (z ) =

0
3

B(z ) B
⋅ Pm [1 − exp(− Π(z ) / PmB )]
χ

(5)

I
2

∏ ( z ) = sec θ ∫ α B (z , λ) I d (z , λ)dλ + 1.2 ∫ α B (z , λ)I s (z , λ)dλ (6)
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Fig. 2. Regionally averaged chlorophyll concentration of climatology (1998–2003) of 3 d composites (d) for the 4 study
regions (I to IV, see Fig. 1) and model results (
).
is
the fitted curve for data, and – – – – is 1.0 mg m– 3 level

diffusion coefficient, z is depth (downward is positive),
G and L are the growth and loss terms, respectively.
The water column is assumed to consist of an upper
mixed layer and a deep layer. The chlorophyll concentration in the mixed layer is assumed to be uniform.
Integrating Eq. (1) from the surface to the base of the
mixed layer, z = H, we have
∂ B0
1
=
∂t
H

H

∫0

G dz −

1
H

H

∫0

L dz −

w s B0
H

(3)

where B0 is the chlorophyll concentration in the mixed
layer. The diffusion term in Eq. (2) disappears after the
integration because there is no chlorophyll flux at the
sea surface or at the base of the mixed layer during
mixed-layer shallowing. At a given location, B0 as a
function of time can be obtained by integrating Eq. (3)
from a pre-set start time. The resulting B0 is then averaged over each of the 4 regions shown in Fig. 1 to
obtain the mean concentration.
Growth: Based on experiments in which phytoplankton samples are incubated in a gradient of light, a representation of the dependence of photosynthesis on irradiance (P-I curve) was proposed by Platt et al. (1980):
G (z ) =

B(z ) B
⋅ Pm [1 − exp(− α B I (z ) / PmB )]
χ

(4)

where PmB (mg C [mg chl]–1 h–1) is the assimilation number, αB (mg C [mg chl]–1 h–1[W m–2]–1) is the initial slope

where the parameters λ and θ are the wavelength
(400–700 nm) and the zenith angle, respectively, αB is
the weighted light-limited rate of photosynthesis over
the wavelength range, Id and Is are the direct and diffuse components of irradiance, where values at sea
surface are calculated from Bird (1984). The details of
the derivation and calculation of Eqs. (5) & (6) can be
found in Sathyendranath et al. (1989).
Radiation is a major source of surface heating in
spring and summer and contributes to the stratification
of the upper ocean. Its magnitude decreases with
increasing cloud cover. There is an empirical relationship between irradiance and cloud fraction. In the
model, the effect of cloud cover on irradiance is estimated following the method of Platt et al. (1991b), with
a mean cloud fraction of 0.75. This value is based on
the cloud data from National Centers for Environmental Prediction (DeTracey & Tang 1997). Below the
ocean surface, irradiance decreases exponentially with
depth:
z
− k(z,λ )dz
I n (z, λ) = I n (0, λ) ⋅ e ∫0

(7)

where the subscript n = d or s, Id(0,λ) and Is(0,λ) are the
surface values of direct and diffuse irradiance at
wavelength λ, respectively; k(z,λ) is the wavelengthdependent vertical attenuation coefficient calculated
from the model of Sathyendranath & Platt (1988).
The values of the photosynthetic parameters PmB and
B
α used in the 4 regions of our model domain were
assigned according to Platt et al. (1991b), where the P-I
parameters for the biological provinces of the North
Atlantic were extrapolated from in situ data collected
from different regions and seasons. The values for PmB
and αB in 4 regions are listed in Table 1.
Loss: The loss term consists of algal respiration,
excretion and grazing by zooplankton:
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e×B
+ g ⋅B
χ

(8)

where the terms on the right-hand side represent respiration, excretion and grazing, respectively. The
expression for the respiration term (Platt et al. 1991a)
is:
RB × B
r = 0
+ (RD + RL ) ⋅G
(9)
χ
where R 0B (mg C [mg chl]–1 h–1) is biomass-specific
dark respiration at zero growth, the dimensionless
parameter RD is the linear coefficient of increase in biomass-specific dark respiration with the growth rate,
and RL is also a dimensionless parameter representing
the coefficient of the increase in respiration in light. As
no field data were available, all the loss parameters
were assumed equal throughout the model domain.
Their values are given in Table 2.
Model implementation: Eq. (2) was integrated from
1 March to 30 June. The time step was 1 h. Following
Evans & Parslow (1985) and Fasham et al. (1990), the
mixed layer depth H was prescribed. Its values were interpolated in time from the mean monthly averages to
daily values. The chlorophyll concentration was initially uniform in the vertical direction, with the values
given by the satellite data. For the base run, a standard
set of model parameters was used (Tables 1 & 2). The
uncertainties in PAR, initial condition and spectral
method were examined in a sensitivity study.

the PAR is the limiting factor for development of the
spring bloom (Sverdrup 1953, Platt et al. 1991a). In the
Labrador Sea, intensity of PAR increases from south to
north as shown in Fig. 3, in which the surface PAR was
calculated using the method of Bird (1984). PAR in the
northern Labrador Sea is 20 to 40% lower than that in
the central Labrador Sea. Assuming other conditions
(mixed-layer depth, sea surface temperature, etc.) are
the same, the decrease of PAR with latitude implies
that the photosynthetic rate in the central Labrador Sea
should be higher than in the northern Labrador Sea.

Normalized sea surface PAR

L = r+
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Fig. 3. Normalized irradiance for Region I (Grand Banks) and
Region III (the central Labrador Sea) relative to the irradiance
for Region IV (the northern Labrador Sea)

Table 1. PmB (the assimilation number) and α B (the initial slope)
values for 4 regions (I–IV) in Fig. 1 in spring (Platt et al. 1991b).
Numbers in parentheses are variation (%) of the mean values

RESULTS
Region

Timing of the spring bloom

αB
(mg C [mg chl]–1 h–1
[W m–2]–1)

PmB
(mg C
[mg chl]–1 h–1)

The regionally averaged chlorophyll concentrations
I
3.01 (34)
0.087 (73)
II
2.69 (47)
0.064 (44)
(3-D composites over the period 1998 to 2003) in each
III
2.55 (39)
0.113 (01)
region as a function of time are shown as a black dot (d)
IV
2.55 (39)
0.113 (01)
in Fig. 2. The progressive time delays of the spring
bloom from south (Fig. 2 bottom panel)
to north (Fig. 2 top panel) are evident
Table 2. Loss term parameter values
from these plots except for Region IV
where the onset of the spring bloom
Parameter
Unit
preceded that in Region III. In the following 2 sections, we discuss 2 environR 0B Dark respiration at zero growth
mg C (mg chl)–1 h–1
mental factors that are important to the
Dimensionless
RD Coefficient of the dark respiration
spring bloom, viz. irradiance and
rate with growth
mixed-layer depth.
Coefficient of respiration
Dimensionless
RL

Value
0.09
0.175
0.175

rate in the light

Irradiance
In mid- and high-latitude oceans, it is
well accepted that the availability of

e

Excretion rate

mg C (mg chl)–1 h–1

0.05

g

Grazing rate

d–1

0.13

ws

Sinking velocity

m d–1

1.0

χ

Carbon to chlorophyll ratio

mg C (mg chl)–1

50
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However, the higher PAR does not lead to an earlier
spring bloom in the central region. This suggests that
there exist other controlling factors (sufficiently strong
to compensate for the deficiency in PAR) that cause the
early spring bloom.

Mixed-layer depth and stratification
The monthly variations of sea surface salinity, sea
surface temperature and MLD for February–May are
shown in Fig. 4. Low salinity water is found on the

Fig. 4. Sea surface salinity (SSS) (top row), temperature (SST) (°C, middle row) and mixed-layer depth (MLD) (m, bottom row)
distribution from historical T/S (temperature/salinity) data for February, March, April and May
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Grand Banks and in the northern Labrador Sea. In
general, low temperature is associated with low salinity but extends further to the south. The spatial pattern
of MLD in winter is in general agreement with that
reported in the model study of Tang et al. (1999) and
observations of Lavender et al. (2002) in which the
maximum MLD is located just off the ice edge around
58° N in March. A significant feature in the important
period for chlorophyll growth (March and April) is the
large difference in MLD between the northern and
central Labrador Sea. A major contributor to the difference is salinity (Fig. 4: top row of panels). The lowsalinity water along the Greenland coast and the
northern Labrador Sea is responsible for the shallow
mixed layer in these areas.
Figs. 5 to 7 show the change in water properties at
selected locations in Regions I, II and IV from May to
June (see Fig. 1 for the locations). On the Grand Banks
(Fig. 5), the vertical structure of temperature distribution suggests that the upper layer started to stratify in
late March, which is also the time that the spring
bloom began (vertical line). With the increase of solar
heating as summer approached, the temperature
increased and the thermal stratification established
rapidly. The vertical salinity gradient also became
stronger around this period. A major cause for the
freshening of the surface water was ice melting. The

0

pack ice over the Labrador Shelf reaches the northern
Grand Banks and starts to retreat north as a result of
accelerated melting at the end of March (Yao et al.
2000). The meltwater is transported to the Grand
Banks by the Labrador Current and contributes to the
increased stratification (Wu et al. 2007). The temperature and salinity structures suggest that the onset of
the spring bloom is controlled by both thermal and
salinity stratifications.
In the central Labrador Sea (Fig. 6), the vertical temperature gradient was weaker than in the Grand Banks
because of the higher latitude or lower irradiance, or
the combination of both factors and thus there is
greater surface heat loss (Fig. 6A). The vertical salinity
gradients remained weak in the entire period compared with the Grand Banks (Fig. 6B). The MLD
changed from 500 m in winter and early spring to 20 m
in June (Fig. 6C). It is clear that the timing of the spring
bloom was more influenced by the temperature structure than by the salinity structure.
The temperature and salinity structure of the northern Labrador Sea was significantly different from that
in the central Labrador Sea (Fig. 7). The surface water
was colder and fresher. Strong stratification occurred
throughout the entire period (Fig. 7C). The low salinity
water in the upper layer dominated the density stratification since density is relatively more sensitive to
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Fig. 5. (A) Temperature (°C), (B) salinity, (C) Δσt (density difference between a given depth and surface, mg m– 3) in the
time-depth plane for the Grand Banks (Region I, see Fig. 1 for
geographic location of the data point).
in (C) is the
mixed-layer depth. Vertical line indicates the onset of spring
bloom, d in (A) indicate time of data collection
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change in salinity than to change in temperature (at
low temperatures). In comparison with MLD in the
central Labrador Sea, MLD in the northern Labrador
Sea was shallower with a smaller range over the spring
months. From the vertical section plots of Δσt (bottom
panels), it can be seen that the MLD was not very sensitive to the criterion defining MLD at the time of the
initiation of the spring bloom and later. More importantly, regional differences in MLD (Fig. 4), the focus of
our investigation, change little with the criterion.
From Region I to III, the formation of the seasonal
thermocline and the shallowing of the mixed layer
occurred in sequence from south to north. As these
environmental factors promote phytoplankton production, a corresponding progression of the spring bloom
occurred. However, in Region IV, despite the high latitude and weak irradiance, the spring bloom occurred
relatively early (about the same time as Region II). The
data suggest that the early formation of a shallow
mixed layer due to the low-salinity surface water may
have been responsible for the early bloom.
To investigate the timing of the spring bloom in a
quantitative way, we use irradiance, MLD and the primary production model described in ‘Materials and
methods’ to calculate the change of the chlorophyll
concentration and compared the results with the
observations (Fig. 2) in the following section.

The comparisons of the area-averaged chlorophyll
concentration from the composites of SeaWiFS data
(1998 to 2003) and the results of the base run (thick
lines in Fig. 2) in the 4 regions are shown in Fig. 2. The
increase of chlorophyll concentration predicted by the
numerical model compares well with the remote sensing data during the growth phase. Model results for the
peak and declining phases of the observed spring
bloom, which are not the focus of this investigation,
were not expected to agree with the data because
there is no nutrient limitation component in the model
and the loss terms were expected to increase, leading
to a decrease in chlorophyll concentration. The progressive time delay of the spring bloom from south to
north and the abnormally early bloom in the northeastern Labrador Sea observed by the satellites were successfully reproduced by the model.
For the purpose of comparison, a definition for the
onset of the spring bloom is required. Different definitions have been applied including the slopes of the fitted Gaussian curves, chlorophyll concentration relative to the maximum and background values. We
found the results changed little with the definition.
Here we use the definition of Mills et al. (1997). The
onset of the spring bloom, tsb, is defined as the time
when the chlorophyll concentration reaches 1.0 mg
m– 3. For Regions I, II and III, the model tsb increases
from south to north. For Region IV, however, tsb
(April 13) was earlier than tsb for Region III by 27 d in
spite of the fact that Region IV lies 500 km further to
the north. The shallowing of the seasonal thermocline
is usually considered as a necessary condition for the
spring bloom in the North Atlantic. But for Region IV,
we show from the data (Fig. 4) and the model results
that the earlier spring bloom is related to the fact that
the mixed layer is shallower than the mixed layer in
the central Labrador Sea from February to April.

Sensitivity study
To understand how the uncertainties in the model
parameter values impact model results, a set of sensitivity runs was conducted. In each run, one of the
model parameters was changed from the standard
value in the base run. The model parameters and onset
of the spring bloom (tsb) are summarized in Table 3.
The first parameter examined is the mixed layer
depth. In Runs 2 and 3, MLD = 20 m and 40 m. In comparison with the base run, the spring bloom occurred
earlier in all the regions for 20 m, and earlier in the
central Labrador Sea, while later in the other regions
for 40 m. The difference in tsb between the sensitivity
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PAR, the spring bloom in the west
Greenland region always occurred earlier than the spring bloom in the central
Labrador Sea. The uncertainty in PAR
gave a maximum uncertainty in tsb of
11 d, which was much smaller than the
time difference of 27 d between Region
Run no.
Model
Timing of spring bloom (day of year)
III and IV in the base run.
parameters
Region I
Region II
Region III
Region IV
The sensitivity of tsb to the initial condition was examined by increasing and
1
Base run
89
105
134
107
decreasing the initial chlorophyll conMixed-layer depth (m)
centration by 50%. The general trend
2
20
78 (–11)
90 (–15)
90 (–44)
94 (–13)
was that increasing the initial value
3
40
114 (+ 25)
120 (+15)
108 (–26)
114 (+ 7)
caused an earlier spring bloom. Within
4
–20%
84 (–5)
100 (–5)
130 (–4)
104 (–3)
our range, tsb was less sensitive to the
5
+ 20%
95 (+ 6)
111 (+ 6)
138 (+ 4)
112 (+ 5)
PAR (W m–2)
initial chlorophyll concentration than to
6
–20%
99 (+10)
116 (+11)
140 (+ 6)
114 (+ 7)
MLD and PAR. Between the regions, tsb
7
+ 20%
83 (–6)
97 (–8)
129 (–5)
102 (–5)
was
more sensitive to initial conditions
Initial value chl (mg m– 3)
in the regions with a shallow MLD
8
–50%
94 (+ 5)
109 (+ 4)
136 (+ 2)
110 (+ 3)
(Regions I, II and IV).
9
+ 50%
86 (–3)
103 (–2)
133 (–1)
106 (–1)
Following Sathyendranath et al.
Non-spectral model
(1989), the effect of the non-spectral
10
Non-spectral
77 (–12)
91 (–14)
133 (–1)
96 (–11)
model on the onset of the spring bloom
was examined by comparing results
and the base runs depended on the magnitude of the
from the base run and a run with the commonly used
change in MLD. For example, the onset for the central
non-spectral model (Run 10), in which the vertical
Labrador Sea occurred 44 d earlier when MLD
attenuation coefficient⎯K (z) (m–1) is independent of the
wavelength but varies with the chlorophyll concendecreased from ~100 m (base run) to 20 m (Run 2). For
tration. The expression used here was⎯K (z ) = 0.035 +
the Grand Banks, tsb was delayed by 25 d when MLD
increased from ~25 m (base run) to 40 m (Run 3). These
0.04B(z). Table 3 clearly shows that the onset was earresults support the argument that the onset is deterlier than that of the base run in every region. Except for
mined mainly by MLD and irradiance (discussed later).
the central Labrador Sea, tsb was very sensitive to K (z),
The result also shows that the shallow MLD is the main
showing a difference of 11 to 14 d from the base run. In
reason for the early spring bloom in Region IV.
comparison, the change for the central Labrador Sea
The results of Runs 4 and 5 show that the main findwas only 1 d. These results are consistent with the conings from the base run (i.e. that tsb for Regions I, II and
clusion of Sathyendranath et al. (1989) that the nonIII increases from south to north and tsb for Region IV is
spectral model overestimates primary production in
areas of high chlorophyll concentration and underestimuch earlier than Region III), were not affected by an
mates primary production in areas of low chlorophyll
uncertainty of ± 20% in MLD. The maximum change in
concentration.
tsb from Runs 4 and 5 was 6 d, which is much smaller
than the difference between bloom initiation in
Regions III and IV in the base run.
The available PAR is another important factor for the
DISCUSSION
timing of the spring bloom. There are many ways to
change PAR, such as adjusting albedo and cloud cover.
A major finding from the analysis of the chlorophyll
Since our purpose was not to investigate the individual
data and the numerical model is that the spring blooms
physical processes involved, we changed PAR directly
off the west Greenland coast and in the northern
by increasing and decreasing its value by 20%. In comLabrador Sea occur a month earlier than the spring
parison with the base run, the higher PAR run (Run 7)
bloom in the central Labrador Sea despite the higher
gave an early spring bloom and the lower PAR run (Run
latitude. We show that the shallow mixed layer in the
6) gave a late spring bloom. The magnitude of the time
northern Labrador Sea is mainly responsible for the
difference for Run 6 was greater than that for Run 7.
early bloom. The shallow mixed layer is associated with
The change of PAR was more important for small MLD
low-salinity water along the Greenland coast. Possible
(Region I, II and IV) than for large MLD (Region III).
sources of the low-salinity and freshwater include the
Runs 6 and 7 showed that despite the uncertainty in
East Greenland Current (EGC) and local precipitation.
Table 3. Onset of the spring bloom tsb (day of year) for the 4 regions (Fig. 1).
Results are from the sensitivity studies by changing the mixed-layer depth,
photosynthetically active radiation, initial condition of chlorophyll and the
model of the vertical attenuation coefficient. In the second column the percentage increase (+) or decrease (–) is relative to the value in the base run. Numbers
in parentheses are the difference from the values in the base run, +/– stand for
delayed/preceding, respectively
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Fig. 9. Mean annual precipitation rate from the National Centers for Environmental Prediction (DeTracey & Tang 1997).
The locations are shown in Fig. 8

Fig. 8. Schematic representation of the circulation of northwestern North Atlantic Ocean. The solid circles are the locations for the precipitation data in Fig. 9: the western Greenland coast, the eastern Greenland coast, the central Labrador
Sea and the Grand Banks. EGC: East Greenland Current,
WGC: West Greenland Current

coast south of 67° N is much higher than that in the
adjacent areas (Ohmura & Reeh 1991, Chen et al. 1997,
Bromwich et al. 1999). A comparison of the annual
cycle of precipitation off the Greenland coast and other
regions is presented in Fig. 9. The curves are climatological precipitation rates based on data from National
Centers for Environmental Prediction (NCEP: see
www.emc.ncep.noaa.gov/). The high precipitation rate
can decrease the salinity in WGC and EGC and contribute to the low salinity and shallow MLD in Region
IV. The cause for the high precipitation rate in southern Greenland, however, is beyond the scope of this
paper.

CONCLUSIONS
The East Greenland Current flows southward along
the east coast of Greenland (Fig. 8). At Cape Farewell
(the southern tip of Greenland), it turns west then
north into the Labrador Sea, forming the West Greenland Current (WGC) (Ezer & Mellor 1994). The EGC
transports Arctic Ocean water masses, most of the ice
exported from the Arctic Ocean and recirculating
Atlantic water (Woodgate et al. 1999). Owing to its
Arctic origin and ice melt, the water of EGC is fresher
and colder than the surrounding waters. The link
between the waters of EGC and the northern Labrador
Sea is WGC, which flows north along the west coast of
Greenland (Fig. 8). Energetic ocean eddies are generated along the path of the current; the eddies mix the
waters of WGC and the northern Labrador Sea (Prater
2002). At 62 to 64° N, the WGC turns west to cross the
Labrador basin. A small branch of WGC flows north
through the Davis Strait into Baffin Bay (Tang et al.
2004). Horizontal advection and mixing spread the low
salinity water from the Greenland coast to the northern
Labrador Sea, creating a shallow mixed layer.
Another source of fresh water is atmospheric precipitation. The precipitation rate along the Greenland

Chlorophyll data from satellites were analyzed to
study initiation of the spring bloom in the Labrador Sea
and the environmental factors that control its timing.
The study area was divided into 4 regions: the Grand
Banks, the southern Labrador Sea, the central Labrador
Sea and the northern Labrador Sea. From composite
chlorophyll data, the onset of the spring bloom was
found to progress with the season from south to north
with the exception of the northern Labrador Sea. The
onset for the northern Labrador Sea occurred at approximately the same time as that of the southern
Labrador Sea. Two factors for the regional differences
were examined: irradiance and mixed-layer depth. The
early bloom in the northern Labrador Sea is shown to
be related to the very shallow mixed layer off the
Greenland coast and in the northern Labrador Sea. The
initiation of the spring bloom in the other 3 regions is
linked to the development of the seasonal thermocline.
The spring bloom in the Labrador Sea was simulated
numerically by a simple 1-dimensional primary production model in which biological productivity and
loss, photosynthetically active radiation (PAR) and
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mixed-layer depth (MLD) were included, but nutrient
limitation ignored. The MLD data were based on the
monthly climatology of temperature and salinity. The
model-simulated chlorophyll concentrations were in
good agreement with the data in the initial (growth)
phase of the chlorophyll cycle. The model results
showed that, except for the northern Labrador Sea, the
bloom onset is approximately in phase with the formation of the seasonal thermal stratification established
by surface heating. The spring bloom in the northern
Labrador Sea starts in mid-April when the thermal
stratification has not yet been established because of
the high latitude. The shallow mixed layer there plays
a more important role than solar radiation in the development of the spring bloom. It is associated with lowsalinity water along the Greenland coast and in the
northern Labrador. Two mechanisms are proposed to
explain the low salinity water. One is the horizontal
advection of low salinity water carried by the EGC,
WGC and the westward extension of the WGC around
62 to 64° N. The other is the high precipitation rate
along the coast of southern Greenland.
In addition to MLD, we also used the model to examine pre-bloom chlorophyll concentration and the parameterization of PAR. The onset of the spring bloom was
shown to be sensitive to the PAR availability, but light
is not a determining factor for the early bloom in the
northern Labrador Sea. Pre-bloom conditions, PAR and
the attenuation property of light in water have a
greater effect on the timing of the spring bloom in shallow mixed layers than in deeper mixed layers.
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