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NASA Scientific Visualization Studio
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Sverdrup, H.U. 1953. On the conditions for 
the Vernal blooming of phytoplankton.

 Dale & al. – Seasonal development of oceanic phytoplankton 421

Secchi disc readings were carried out daily at 1200 UTC
using a 30 cm disc.

Water samples for phytoplankton enumeration and
identification were collected with the same frequency
as nutrient and pigment samples, but only at surface,
10, and 30 m (25 m in 1990). The samples were col-

lected in amber glass bottles and preserved with 20 %
hexamine neutralised formaldehyde. In order to reduce
the amount to be analysed, a selection was first made
on the basis of the Chl a distribution in the water col-
umn throughout the different phases of the seasonal
development. Further, the samples were selected at cor-

Fig. 1. The main current systems (schematic) in the Nordic Seas. Warm surface currents are shaded and cold surface currents
are white. Subsurface circulation is marked black. Østerhus and Myking (pers. commn).Dale et al. 1999
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424 Sarsia 84:419-435 – 1999

light to initiate the spring bloom at Stn M. Minimum
average incoming light intensities between 120 and 145
Ly d–1, suggested as a requirement for the initiation of
the spring bloom at Norwegian coastal localities be-
tween 60 and 69°30'N, occurs already between mid
February and mid March (Sakshaug & Myklestad 1973;
Eilertsen & Taasen 1984; Erga & Heimdal 1984; Erga
1989).

Phytoplankton biomass above winter levels was in-
deed present in March (Figs 2 & 3), and the subsequent
weak increase indicates that the phytoplankton popula-

tion was no longer light limited although no bloom oc-
curred at this time. Our results are in accordance with
Halldal (1953) and Brettum (1969) who observed an
increase in phytoplankton population from February to
March. There were no indications of increased stability
in the upper 200 m at this time (Figs 2 & 3). Since the
depth of the mixed layer generally is at its maximum in
February, and being deeper than 100 m until the end of
April (Johannessen & Gade 1984), it is assumed that
the phytoplankton population growth was kept low due
to deep vertical mixing.

Fig. 3. Annual cycle in salinity, temperature (°C)(measured at
10 m), and stability (difference in sigma-t(!t) between sur-
face and 75 m). Annual cycle in nitrate (µmol l–1), silicate
(µmol l–1), secchi depth readings and chlorophyll a (mg m–3).
For nitrate, silicate, and chlorophyll a measurements, data from
10 m are shown. Data from 1990 are denoted ( ), from 1991
(s), and from1992 ( ). (No Chl a data in 1990)
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Dale et al. 1999, Weather Station M (66ºN, 2ºE)
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concentration, and an appropriate set of boundary
conditions, P(z, t) can be written as the sum of a series of
modes, each with a particular depth dependence and an
associated achieved growth rate, sn. The instantaneous
achieved growth rate, s, can be then calculated by
combining the solutions for each mode. However, under
bloom conditions, when the phytoplankton population is
growing exponentially, we expect P to eventually become
dominated by the most rapidly growing mode so that the
achieved growth rate asymptotes s R max(sn). An
important feature of the solution for the maximum
achieved growth rate, s, is that it is independent of the
initial conditions. This means that the conditions for bloom
development depend exclusively on measurable physical
and biological parameters.

Figure 3a shows the maximum achieved growth rate
normalized by the constant loss rate, s* 5 s / m, as a
function of the nondimensional turbulent diffusivity and
mixing-layer depth, k!T~kT= mh2

l

! "
and H* 5 H / hl. Here,

the growth and loss rates follow the form in Eq. 14. The
vertical phytoplankton flux is assumed to be zero at the
ocean surface (z 5 0) and at the base of the mixing layer (z
5 2H). Normalizing by m and hl, we have reduced the
number of free parameters in the problem from five to
three, allowing a wider range of parameters to be shown in
each figure. The thick black lines in Fig. 3 separate growing
and decaying solutions. For large k !T , the critical condition
with s* 5 0 is only a function of H* as surmised by
Sverdrup. But for large H*, the critical condition is only a
function of k !T , consistent with Huisman’s critical turbu-
lence argument. The maximum achieved growth rate also
depends on the biological response through m!0~m0=m, as
illustrated in Fig. 3b for a relatively deep mixing layer with
H* 5 50. Again, the thick black line shows the neutral

solution with s* 5 0. In the limit of k!T??, the steady
solution with s* 5 0 becomes identical to Sverdrup’s
critical depth with m0 / m 5 HC / hl 5 50.

A distinguishing feature of the blooms predicted in the
critical turbulence limit is that the phytoplankton growth is
higher near the surface, where the net growth rate is
maximum. The vertical structure of the steady-state
phytoplankton concentration is shown in Fig. 4a for s* 5
0 and m!0~10 for various values of k!T . The vertical
turbulent phytoplankton flux is also shown in Fig. 4b,
normalized by the integrated growth rate. The shaded
region indicates where m(z) . m, above the compensation
depth. For large values of k!T , the phytoplankton profiles
are nearly uniform in the vertical, consistent with the
assumption made by Sverdrup. As k!T approaches the
critical turbulence level, the phytoplankton concentration
approaches zero at depth and the profile becomes more
surface-intensified. In this case, the added net loss at deep
levels is compensated for by extra net growth near the
surface.

The solution given in Eq. 37 of the Web Appendix can be
modified to allow for a flux of phytoplankton at the base of
the mixing layer, and this can be seen graphically using
Fig. 4. A flux of phytoplankton cells out of the mixing
layer will require a shallower mixing-layer depth in order to
maintain a steady state. For example, consider the steady-
state solutions shown in Fig. 4 for the case when k!T~1000,
indicated by long dashed lines. If we prescribe a no flux
boundary condition at the base of the mixing layer, z 5
2H, then based on Fig. 4b, the critical depth is H!C^10 or
HC / hl . m0 / m in agreement with Sverdrup’s theory. On
the other hand, if there is a downward flux of phytoplank-
ton at the base of the mixing layer at a rate of, say 20% of
the integrated growth, then the steady-state mixing-layer

Fig. 3. Normalized maximum achieved growth rate, s* 5 s / m, as a function of (a) the turbulent diffusivity, k!T~kT=mh2
1, and

mixing-layer depth, H* 5 H / hl for m!0~m0=m~10, and (b) as a function of k !T and m !0 for H* 5 50. The achieved growth rate has been
found by solving Eq. 2 with no flux boundary conditions at the surface (z 5 0) and base of the mixing layer (z 5 2H).
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depth becomes H!c^8. The steady-state mixing-layer depth
is even more sensitive to the phytoplankton flux for smaller
values of k !T .

Analysis — Critical Turbulence and Critical
Forcing Levels

The turbulent diffusivity introduced in Eq. 2 will depend
on both the depth and intensity of the turbulent mixing. In
this section, we use the following framework to relate the
turbulent diffusivity to the atmospheric forcing. First,
based on mixing length theory, the turbulent diffusivity can
be expressed in terms of a turbulent velocity scale (w*) and
a length-scale (l): kT , w*l. In the turbulent boundary
layer, w* can be related to the atmospheric forcing, while l
characterizes the length-scale of the most energetic turbu-
lent motions. Scaling laws for w* and l ultimately lead to an
expression for the critical atmospheric forcing and the
prediction that the onset of the spring bloom will occur
when the forcing becomes weaker than the critical level.

A wide variety of physical mechanisms generate turbu-
lence in the ocean including wind, breaking surface and
internal waves, Langmuir circulation, surface heat and salt
fluxes, etc. (e.g., Thorpe 2005). Here, we do not attempt to
address the contributions from all of these processes on
phytoplankton growth. Instead, we focus on turbulence
generated by thermal convection when the surface of the
ocean is cooled. This is motivated by our desire to consider

the conditions leading to the onset of the spring bloom
after deep winter mixed layers are generated by intense
surface cooling.

For turbulence forced by thermal convection in a
nonrotating environment, the following scaling has been
verified by numerous laboratory experiments (Deardorff
and Willis 1985; Fernando et al. 1991), and numerical
simulations (Deardorff 1972; Molemaker and Dijkstra
1997)

l*H, w!* HB0j j1=3, ð16Þ

where B0 5 khb / hz|z 5 0 is the surface buoyancy flux. The
buoyancy, b, is related to the fluid density, r, according to b
5 2gr / r0, where r0 is a reference density and g is the
gravitational acceleration. Using the length and velocity
scale in Eq. 16, the turbulent diffusivity due to convective
motions is expected to scale as

kT*lw!~CH4=3 B0j j1=3, ð17Þ

where C is an empirical scaling constant (Send and
Marshall 1995; Klinger et al. 1996). When the surface
density is only affected by temperature changes, the surface
buoyancy flux, B0 can be related to the surface heat flux

Q0~cPr0B0= agð Þ, ð18Þ

where cP is the heat capacity, a is the thermal expansion

Fig. 4. (a) Vertical profiles of the nondimensional phytoplankton concentration from the
analytical solution Eq. 37 with m0 5 1 d21, m 5 0.1 d21, and hP / hz(z 5 0) 5 0. (b) Profiles of the
nondimensional turbulent phytoplankton flux.
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�T = �⇥P �w�⇤ /(⇥ ⇥P ⇤ /⇥z)

Fronts reduce vertical mixing, triggering phytoplankton bloom
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NASA MODIS Satellite
January 3, 2009

Mid-winter bloom

Sea surface temperature (ºC) Chlorophyll concentration (mg/m3) 

Tuesday, March 12, 13



MODIS Aqua September 19, 2008

Sea surface temperature Chlorophyll concentration
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