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Abstract

Low vertical mixing rates are a key physical condition associated with the development of phytoplankton spring blooms in
coastal and ocean waters. Vertical mixing rates in shallow coastal regimes are decreased not only by thermal stratification but also
by haline stratification due to river runoff.

In this paper, the main physical processes involved in the onset of phytoplankton spring blooms are examined in a tide-

dominated estuarine embayment, characterized by weak current velocities, using a 1-D ecosystem model (the European Regional
Seas Ecosystem Model) coupled with a 3-D physical model (the Princeton Ocean Model coupled with a sediment transport model)
via the off-line method. Simulation results show that a reduction in vertical mixing, caused by the episodic input of buoyant,

freshwater inflows from a reservoir during the period of neap tides, is the main physical controlling process on the occurrence of
spring algal blooms. Furthermore, sensitivity tests using: (1) layered and (2) depth-averaged monthly vertical eddy diffusivity values
reveal that the timing of phytoplankton spring blooms in the model is strongly affected by the parameterization of vertical

diffusivity.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Marine phytoplankton bloom dynamics between
winter and spring are significantly affected by the
reduction in vertical mixing rates caused by changes in
light availability (Cloern, 1991; Townsend et al., 1992).
In general, an increase in solar radiation due to seasonal
changes in the solar elevation leads to a reduction in
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vertical mixing and thermal stratification in the water
column in the mid to high latitudes.

Since the early work of Gran and Braarud (1935),
the relationship between ‘‘mixing depth’’ and ‘‘critical
depth’’ has commonly been used as an indicator for the
onset of phytoplankton spring blooms (e.g., Sverdrup,
1953; Smetacek and Passow, 1990; Nelson and Smith,
1991). The original concept of ‘‘critical depth’’ is defined
by Gran and Braarud (1935) as the depth at which the
gross primary production in the water column is equal
to the total respiration by the plankton.

Sverdrup (1953) pioneered the quantification (param-
eterization) of critical depth as a function of light
intensity alone, based on several assumptions, including
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a sufficient supply of nutrients and the presence of
adequate turbulence. In his simple analytical model,
Sverdrup’s critical depth is a function of average daily
light intensity and compensation light intensity. Sverdr-
up maintained that a net increase in the phytoplankton
biomass in the water column occurred in early spring
when the depth of the surface mixed layer was less than
the ‘‘parameterized critical depth’’. He pointed out that
the presence of thermal and/or haline stratification,
which affects the thickness of the surface mixed layer,
is a ‘‘necessary physical condition’’ for the onset of
springtime phytoplankton blooms.

The formation of thermal stratification has been
accepted as an essential physical condition for the
occurrence of spring phytoplankton blooms in open
waters (e.g., Riley, 1957; Nelson and Smith, 1991; Tett
and Walne, 1995; Ruardij et al., 1997) and coastal
waters (Azumaya et al., 2001). However, as Sverdrup
(1953) speculated, spring phytoplankton blooms have
also been observed in association with salinity stratifi-
cation: in South San Francisco Bay by Cloern (1984)
and in the Gulf of Maine by Townsend and Spinrad
(1986). On the other hand, Townsend et al. (1992) and
Eilertsen (1993) observed spring phytoplankton blooms
in neutrally-stable clear shelf waters, environments in
which physical conditions lead to excessive phytoplank-
ton growth relative to respiration due to the relatively
slow vertical excursion rates and deep light penetration.
The latter observations have been supported through
a simple growth-diffusion model simulation by Huisman
et al. (1999). It should be noted that Sverdrup’s
analytical model lacks the fundamental concept of the
‘‘residence time’’ of phytoplankton in the photic and
aphotic zones, a parameter which depends on rates of
vertical mixing.

The studies mentioned above imply that vertical
mixing is a main controlling factor for the development
of spring phytoplankton blooms in open and coastal
waters. In open waters (i.e. clear-water environments),
seasonal variability (from winter to spring) in the rates
and depth of vertical mixing is fundamentally affected by
the formation of thermal stratification. Occasionally,
spring phytoplankton blooms develop in a neutrally-
stable, clear-water column due to clarity and low vertical
mixing rates. Unlike in open seas, in tidally-dominated
coastal regimes with freshwater inflows the rates of
vertical mixing and the depth of the surfacemixed layer in
spring are influenced by thermal and haline stratification
as well as by springeneap tidal cycles (Legendre, 1981;
Cloern, 1991). In tidally-dominated, turbid, coastal
environments, vertical mixing rates are also affected by
suspended sediment-induced stratification in the bottom
boundary layer (Byun and Wang, 2005).

In this paper, we use a 1-D ecosystem model to
examine the major controlling physical process for
the onset of phytoplankton spring blooms in a tide-
dominated turbid estuarine embayment, the Youngsan
River Estuarine Bay (YREB). The YREB is located on
the western tip of the southwest coast of Korea (Fig. 1).
Tidal characteristics are described as mixed, but pre-
dominantly semidiurnal (the tidal form factor, the ratio
of diurnal (K1CO1) to semidiurnal amplitudes
(M2C S2), is 0.28) with mean spring and neap tidal
ranges of approximately 6 m and 3 m, respectively
(Byun et al., 2004; Cho et al., 2004). The YREB is
a unique system which functions either as an estuary or
as a bay depending on the operation of the water-gates
on the Youngsan River Estuary. For most of the time,
the YREB operates as a semi-enclosed embayment
system, functioning as an estuary only when the water-
gates on the Youngsan River Estuary are episodically
opened. It should be noted that such freshwater
discharge events are usually conducted in less than an
hour during low tide conditions.

2. Ecosystem model configuration

The 1-D ecosystem model consists of a 1-D bio-
geochemical model (the European Regional Sea Eco-
system Model, ERSEM) coupled with a 3-D physical
model (the Princeton Ocean Model, POM, integrated
with a sediment transport model) through the off-line
technique (Fig. 2). The 1-D ERSEM, a generic biomass-
based biogeochemical model, simulates the biogeochem-
ical dynamics of the coupled pelagicebenthic system.
The biological state variables (i.e. carbon (C), nitrogen
(N), phosphorus (P) and silicon (Si)) are aggregated into
the biological functional groups which comprise trophic
levels. The organisms in the model are expressed as
vectors of C, N, P, and Si, each of which varies vertically
and with time due to hydrodynamics. Three main
biological functional groups are identified: the primary
producers (phytoplankton), the consumers (zooplank-
ton) and the decomposers (bacteria). The primary
physiological processes associated with these organisms
(Blackford and Radford, 1995) are: (1) for primary
producers, assimilation, respiration, nutrient uptake,
exudation, lysis and sedimentation; (2) for consumers,
predation, excretion, respiration, mortality and nutrient
release; and (3) for decomposers, respiration, nutrient
uptake and release, mortality and assimilation of both
detritus and dissolved matter. Each of these functional
organic groups is further divided according to their
morphological and physiological characteristics (e.g.,
cell size, feeding behavior, growth and respiration rates
and uptake preferences), as illustrated in Fig. 3. Net
primary productivity in the coupled model is primarily
determined by physical and biochemical factors (i.e.
solar radiation, nutrients, temperature, turbulence and
intracellular nutrient storage). Refer to the following
studies for a more detailed description of the biological
functional groups: Varela et al. (1995) and Ebenhöh
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Fig. 1. The physical model domain on the western tip of the southwest coast of Korea. The location of the 1-D ecosystem model is indicated by the

circle (C) in the Youngsan River Estuarine Bay (YREB).
et al. (1997) for a description of primary producer
modules; Baretta-Bekker et al. (1995) for a description
of microzooplankton and bacteria modules; Broekhui-
zen et al. (1995) for a description of mesozooplankton
modules; Baretta-Bekker et al. (1997, 1998) for a de-
scription of decoupled carbon assimilation and nutrient
uptake, together with intracellular nutrient storage
(luxury uptake of nutrients); and Ebenhöh et al. (1995),
Ruardij and van Raaphorst (1995) and Blackford (1997)

Fig. 2. Schematic diagram of the structure of the l-D ecosystem model,

consisting of a 3-D physical model and a 1-D biogeochemical model

coupled through the off-line technique.
for a description of the benthic submodel. See Vichi et al.
(2003) for a review of the biogeochemical equations used
in the ERSEM and Blumberg and Mellor (1987) for
a detailed description of the POM.

The 3-D physical model is simulated using the
additional forcing factors of surface heat flux
(Fig. 4(a)), freshwater discharge (Fig. 4(b)) and wind
stress during winter and spring (from January to April)
2001, based on a tide-driven sediment transport model
for the western tip of the southwest coast of Korea
(Byun and Wang, 2005). This tidal model is forced by
the four major constituents (M2, S2, K1 and O1) and
includes the nodal corrections and the astronomical
arguments for the 18.61-year Nodal Cycle for the three
major lunar constituents (Byun et al., 2004). Its
inclusion allows the 3-D physical model to predict the
tidal elevation consistent with standard tidal analysis
methods. The vertical eddy viscosity and diffusivity are
calculated from the MelloreYamada level 2.5 turbu-
lence closure scheme (Mellor and Yamada, 1982).

The physical model provides the 1-D ERSEM with
the hourly vertical values of diffusivity (Kh), temperature
(T ) and salinity (S ) required to reproduce the physical
environment, and the sea level elevation (Ele) and
suspended sediment concentration (SSC) values needed
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Fig. 3. Schematic diagram of food-web structure in the pelagic and benthic submodels (updated and modified from Allen et al., 1998).
to compute the downward PAR (photosynthetically
active radiation) climate in the water column, as shown
in Fig. 2. Hourly solar irradiance data, observed at the
Mokpo Weather Station near the YREB, were used to
calculate the underwater PAR using a conversion factor
of 0.46 in the biogeochemical model (Tilzer and Gold-
man, 1978). It should be noted that the ratio of PAR to
total incoming radiation varies from 0.42 to 0.50 for
clear-sky conditions, depending on the solar zenith
angle, the aerosol thickness and the amount of water
vapor (Baker and Frouin, 1987). This ratio is also
affected by cloud water droplets due to the predominant
selective absorption of near-IR radiation (Siegel et al.,
1999), which leads to a conversion factor O0.42. See
Table 1 for monthly variability in each physical param-
eter used in the ecosystem model.

The inflow of allochthonous nutrients and heat flux
by freshwater discharge to the YREB was not consid-
ered. Initial values of nutrient and oxygen concentration
for the pelagic submodel were obtained from surface
and bottom data, averaged over five years of winter
(February) measurements taken at the mouth of the
YREB between 1997 and 2001 by the National Fisheries
Research and Development Institute of Korea: 1.36e
2.25 mmol m�3 for nitrate, 0.25e0.26 mmol m�3 for
phosphate, 1.15e1.20 mmol m�3 for ammonia and
333e340 mmol m�3 for dissolved oxygen. Silicate values
(6.02e7.36 mmol m�3) measured in the surface and
bottom waters in winter by Yoon (2001) were also used.

It has been reported that diatoms (specifically,
Thalassiosira sp. and Skeletonema costatum) are the
major components of the phytoplankton community in
the YREB (Park, 1984; Yoon, 2000). Information on the
composition of the phytoplankton groups with respect
to cell class and trophic position and their ratios were
sourced for the initial condition from Yoon’s (2000)
study of the YREB: diatoms (75%), autotrophic nano-
flagellates (20%) and picophytoplanktons (5%).

The YREB has a depth of 10e25 m and is
surrounded by natural barriers in the form of numerous
islands. Since dyke construction in 1981 on the Young-
san River Estuary (YRE) and the construction of two
seawalls from 1988 to 1994 in the vicinity of the YRE,
the maximum tidal current velocities have decreased
from 1 m s�1 to !0.2 m s�1 (Byun et al., 2004). Given
these low current velocities, it is assumed that the
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Fig. 4. The time series of daily-filtered net heat flux calculated for the YREB (a), freshwater discharges in the YREB measured by the Korea

Agriculture and Rural Infrastructure Corporation (b), and tidal elevations at the YREB station simulated in the physical model from January to

April 2001 (c).
horizontal net transport is small enough to be neglected,
thus a 1-D ecosystem model can be used to simulate
phytoplankton dynamics.

The ecosystem model is applied to a station in the
YREB,whereobservationsof chlorophyll-a concentration
are available and the impacts of direct freshwater
discharge forcing areminimal. Themodel comprises boxes
with 18 vertical, sigma (s) levels: five logarithmically-
distributed layers near the surface (sZ 0.0, �0.021,
�0.042, �0.083 and �0.167) and near the bottom
(sZ�0.917, �0.958, �0.979, �0.990 and �1.000) for
the purpose of achieving finer resolution in these
layers, and eight linearly-distributed layers in the
middle with an increment of 0.083. It should be noted
that the thickness of each box varies with the tides.
Sigma levels are given by sðkÞZðz� hÞ=ðhCHÞ, where
k (Z 1,2,3,.,17) is the vertical grid index from the
surface, z is the water depth coordinate measured in
positive increments from the surface, H (Z 21 m) is the
mean water depth and h is the surface elevation which
changes with the tides. Thus, the tide-dependent
vertical thickness of each box, zz(k), is calculated
by zzðkÞZdzðkÞðhCHÞ, where dz(k), the thickness
between each sigma level, equals s(kC 1)� s(k). See
Table 1

Monthly mean and standard deviation of key physical environmental parameters simulated or used in the physical model

Parameters January (1e30 days) February (31e60 days) March (61e90 days) April (91e120 days)

Wind speed (m s�1) 2.6G 1.4 2.9G 1.7 3.3G 1.7 2.4G 1.2

T ( �C)

Surface 6.0G 0.6 5.2G 0.4 6.3G 1.2 10.4G 1.6

Bottom 6.4G 0.3 5.9G 0.2 6.8G 0.7 9.4G 0.9

S

Surface 31.1G 1.4 30.4G 1.9 29.6G 2.1 31.1G 1.0

Bottom 32.0G 0.0 31.9G 0.0 31.8G 0.1 31.9G 0.0

Kh (10�3 m2 s�1)

Surface 1.08G 0.8 0.81G 0.78 0.42G 0.63 0.54G 0.81

Bottom 0.31C 0.15 0.28C 0.10 0.28C 0.11 0.30G 0.10

Irradiance (Wm�2) 96G 164 133G 212 187G 268 240G 318

SSC (10�3 kg m�3) 0.45G 0.52 0.29G 0.30 0.19G 0.25 0.12G 0.17
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Mellor (2004) for a more detailed sigma coordinate
system.

3. Results and discussion

3.1. Thermal and haline stratification

The ecosystem model simulation for the YREB
station using the hourly geophysical forcings shows that
phytoplankton blooms develop in early March
(Fig. 5(a)), a state which is referred to as the ‘‘standard
run’’ in this study. The general trend of variability
simulated in surface chlorophyll-a concentrations is
similar to that observed at irregular intervals in the
YREB, as shown in Fig. 6. Maximum chlorophyll-a
concentrations of O6 mgm�3 occur during March in
the subsurface waters. The major physical processes
associated with these blooms, together with the sub-
surface chlorophyll maxima, are examined below.

Variability in the vertical salinity and temperature
structures in the YREB was explored using simulated
values derived from the physical model. Fig. 5(b) clearly
shows that surface salinity drops in response to
freshwater inflow events (see Fig. 4(b)) and variability
in the vertical-density structure generally conforms to
that of salinity, as shown in Fig. 5(d). In particular,
persistent, strong haline stratification in the surface water
column is present between late February and earlyMarch
as a result of frequent inflows of freshwater from the
Youngsan Reservoir into the YREB (day 56eday 68).

In contrast, conspicuous thermal stratification is not
shown in early March when phytoplankton blooms
develop. Temperature inversions of 1e2 �C are episod-
ically observed in the surface water column from
January to March (Fig. 5(c)). A weak thermocline
develops in the middle of March due to a gradual
increase in the incoming solar radiation and the net heat
flux becomes positive, resulting in a heat gain in surface
waters as illustrated in Fig. 4(a). In late April, the
vertical temperature gradient increases by 2 �C and
a relatively strong thermocline develops, leading to
thermal stratification of the water column.

It is interesting to note that the episodic occurrence of
temperature inversions results from sea-surface cooling
events subsequent to haline stratification by freshwater
inflows. That is, as water column stability depends
predominantly on a strong salinity gradient, heat loss or
gain by airesea interactions is confined to the surface.
Similarly, this phenomenon has been observed in the
Clyde Sea on the west coast of Scotland (Kasai et al.,
1999) and in the tropical Atlantic Ocean associated with
Fig. 5. At the YREB station, variation in the vertical distribution of chlorophyll-a concentrations simulated in the ecosystem model (a), and

variability in the vertical salinity (b), temperature (c) and density (st) (d) structures simulated in the physical model.
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Amazon River runoff (Masson and Delecluse, 2001) and
is predicted to occur in the northern Adriatic Sea in
winter (Wang, 2005).

The vertical eddy diffusivity (Kh) simulated by the
physical model is examined in order to understand how
vertical mixing rates are affected by inputs of buoyant
freshwater and sea-surface cooling and warming, tidal

Fig. 6. Variability in chlorophyll-a concentration measured 0.5 m

below the sea-surface at the YREB station by the Mokpo National

University.
cycles and wind stress. Fig. 7(a, b) shows that the
structure and magnitude of vertical mixing in the YREB
varied significantly from winter to spring. Furthermore,
the bottom Kh became more-strongly influenced by tidal
dynamics, leading to clearer springeneap cycles.

3.2. Vertical mixing rates

In January vertical eddy diffusivity is very high
throughout the water column, while in February rates
of vertical mixing are gradually reduced (Fig. 7). Kh

decreases vertically to an average of about 0.53!
10�3 m2 s�1 in February. High mixing rates occur during
winter as a result of sea-surface cooling. This cooling
leads to the convective overturn of the water column
and, thus, to an increase in turbulent vertical mixing.
Additional physical model simulations with and without
Fig. 7. Variability in the vertical eddy diffusivity (Kh) (a) with hourly values for s-levels 3, 8 and 14 and (b) with monthly-averaged values for each

layer (line with dots) and with monthly- and depth-averaged values (straight, solid line) at the YREB station, calculated from the output of the

coupled 3-D physical model.
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wind stress (not shown) demonstrate that Kh is little
affected by wind stress during winter since there are no
strong wind events (see Table 1). As would be predicted
according to the findings of Gran and Braarud (1935)
and Sverdrup (1953), phytoplankton productivity in the
YREB is inhibited during winter mainly because of the
active vertical mixing. Low temperatures of approxi-
mately 4e6 �C and relatively short day lengths (light
availability) are also not suitable physiological condi-
tions for increasing the net growth rate of phytoplank-
ton during winter. However, since the work of Gran
(1931), it has commonly been accepted that low
temperatures are not a direct limiting factor for
phytoplankton growth since phytoplankton blooms
are often observed in cold waters: at around 0 �C in
the shallow, coastal waters of the North Atlantic by
Townsend et al. (1994), at about 3 �C in shelf waters
offshore off the Gulf of Maine by Townsend et al. (1992)
and at about 6 �C at Malangsdjupet by Eilertsen (1993).

During early March vertical mixing rates are signif-
icantly suppressed throughout the entire water column as
a result of the frequent buoyant freshwater inputs which
occur over a short period during neap tides (Fig. 5(b) and
(d)). It can be concluded that the development of
phytoplankton blooms in early March primarily results
from the dampening of turbulent vertical mixing and
stabilization of the water column induced by buoyancy
inputs and weak currents, together with an increase in
solar radiation. This result is in agreement with the
findings of Cloern (1984) and Townsend and Spinrad
(1986). The subsurface maximum chlorophyll-a concen-
trations shown in Fig. 5(a) are associated with a surface
water nutrient deficiency (mainly silicate) caused by
surface diatom blooms, since the supply of nutrients from
bottom waters is limited by low vertical mixing rates.

3.3. Sensitivity of the Kh parameterization

The model simulation shows that phytoplankton
spring blooms can occur in the shallow coastal
embayment of the YREB in the absence of thermal
stratification, when rates of vertical mixing are markedly
reduced by freshwater inflows during neap tidal
conditions. Accordingly, the question arises as to how
sensitive the development of the phytoplankton spring
bloom is to variability in vertical mixing. Further, is it
appropriate to use vertically-averaged eddy diffusivity to
predict the timing of spring phytoplankton blooms in an
ecosystem model?

Two additional numerical experiments were con-
ducted with: (1) monthly-averaged values of Kh in each
layer and (2) monthly depth-averaged values of Kh (see
Fig. 7(b)). That is, in Case 1 there is vertical variation in
the monthly-averaged Kh. In contrast, Case 2 is a model
run without vertical variation in the monthly-averaged
Kh. A comparison of these tests and the standard run
reveals the limitations of the parameterization of Kh in
the ecosystem model.

Fig. 8 shows that compared to the standard run,
phytoplankton spring blooms are delayed by more than
10 days for Case 1 and 20 days for Case 2. These results
indicate that phytoplankton dynamics are very sensitive
to rates of vertical mixing and are consistent with
the observations of Legendre (1981) and Cloern (1991),
which indicate that the period of neap tides is
particularly favorable for the development of phyto-
plankton spring blooms due to their association with
relatively-weak vertical mixing rates.

Furthermore, results show that the use of monthly-
averaged Kh values for each model layer and, in
particular, depth- and monthly-averaged Kh values,

Fig. 8. Daily vertically-integrated chlorophyll-a concentrations over

the euphotic zone simulated for the YREB station in the ecosystem

model for the standard run (a), Case 1 (using monthly-averaged Kh

values for each layer) (b) and Case 2 (using monthly- and depth-

averaged Kh values) (c).
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causes the onset of phytoplankton spring blooms to be
significantly delayed in the ecosystem model. This delay
results because, in comparison to using hourly Kh

values, the use of monthly-averaged Kh values for each
layer leads to the overestimation of vertical mixing in
the water column, particularly in the surface mixing
layer. The use of monthly, depth-averaged Kh values
leads to an even greater overestimation of vertical
mixing, in particular, during neap tides.

4. Conclusions

The onset of phytoplankton blooms in the YREB,
a tide-dominated estuarine embayment characterized by
weak tidal current velocities, was simulated using a 1-D
ecosystem model coupled with a 3-D physical model
through the off-line technique. Model results show that
the development of phytoplankton spring blooms in the
YREB is inhibited by vigorous vertical mixing, partic-
ularly during winter when vigorous mixing results from
sea-surface cooling processes induced by airesea inter-
actions, together with the short day length. Model
simulations also show that freshwater inflows during
neap tides significantly reduce vertical mixing rates and,
thus, can trigger phytoplankton spring blooms in
shallow estuarine embayments such as the YREB.

Additional model experiments showed that phyto-
plankton productivity is very sensitive to the use of
monthly-averaged vertical eddy diffusivity values (Kh) in
each model layer and to monthly depth-averaged Kh

values. The resulting overestimation of Kh leads to
significant delays in the development of algal spring
blooms, in particular, when depth-averaged values of Kh

are used. These results indicate that the use of vertically-
variable, high-frequency Kh values is preferred in
ecosystem models in order to accurately predict the
development of phytoplankton blooms.
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