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ABSTRACT: A simple computer model is used to investigate the interaction between long internal 
waves (period - 13 d) and processes of primary productivity in the Baltic Sea. The periodic vertical 
displacements in or near the photic zone affect the availability of light and nutrients to primary 
producers, resulting in integral vertical fluxes of nutrients and biomass. If the nitrogen flux is 
parameterized implicitly by a diffusive flux across the halocline, the apparent coefficients of eddy 
diffusivity are more often negative and exceed in absolute value by 2 orders of magnitude the 
experimentally determined values. Differences in the depth integrals of daily primary production 
between wave crests and troughs amount to - 50 % and the vertical flux of the nitrate nitrogen may 
locally reach - 50 mg N m-2d-1 The outlined mechanism might be a significant additional source for 
the formation of mesoscale horizontal heterogeneities in phytoplankton biomass. 

INTRODUCTION 

Quasi-synoptic spatial surveys of the mesoscale dis- 
tribution of chlorophyll a and hydrographic variables 
in the central Baltic Sea (Kahru et al., 1981; Kahru, 
1982) showed striking variability of the chlorophyll 
field, much of which was sometimes clearly associated 
with patterns of the thermohaline layering. It was sug- 
gested that the locally increased phytoplankton 
biomass was caused by the vertical fluxes of nutrients 
due to the intensified vertical mixing on certain hy- 
drographic conditions (shoaling of the halocline, nar- 
rowing of the intermediate layer). When expressed 
approximately in terms of nitrogen, the limiting nut- 
rient for the phytoplankton, the chlorophyll contrasts 
over distances of - 10 km were roughly equivalent to 
- 1 g N m-2 for the upper 60-m layer. If the chlorophyll 
variability is to be explained by local mixing events 
across the halocline, and the vertical nitrogen flux is 
estimated as 

Q = - & %  
32 (1) 

where = vertical eddy diffusivity; aNO,/dz = verti- 
cal nitrate gradient; diffusivities above 1 O P 4  m2 S-', at 
least locally and temporarily, should be postulated 
(Kahru, 1982). However, 2 orders of magnitude lower 
values were obtained by means of dye diffusion expe- 
riments in the Baltic halocline (Kullenberg, 1977). We 
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may conjecture that dye diffusion experiments do not 
usually reveal the vigorous but intermittent mixing 
events caused by special weather conditions (Krauss, 
1981) and/or special bottom topography (Shaffer, 
1979). Here we examine quite the opposite possibility 
for the generation of mesoscale phytoplankton in- 
homogeneities, i.e. by means of vertical nutrient fluxes 
without any vertical mixing. 

It has been suggested by a number of authors (e. g. 
Woods, 1977) that the vertical turbulent transport of 
scalars deduced from bulk analysis may be effected by 
advection and mixing along inclined density surfaces. 
The intensity of these mechanisms peaks strongly at 
fronts. Moreover, Woods (1977) and Wroblewski and 
O'Brien (1981) have theoretically shown that a fluc- 
tuating velocity field in combination with non-conser- 
vative biological processes can give rise to apparent 
vertical diffusive fluxes without any vertical mixing. 
Actually, the coefficient of vertical eddy diffusivity, IC,, 
describes the intensity of vertical turbulent mixing due 
to motions on scales unresolved by the model. If advec- 
tion is neglected, e .  g. Eq. ( l) ,  parametrically 
includes also the effects of any advective fluxes. The 
eddy diffusivity coefficient is derived as a proportion- 
ality coefficient from the 'gradient hypothesis' (Monin 
and Yaglom, 1971) relating the mean turbulent flux to 
the mean gradient. Let us consider a non-conservative 
variable B with fluctuations B' and a mean vertical 
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aB gradient- Then the mean vertical turbulent flux due dz '  
to the vertical velocity fluctuations W' is simply 

If the vertical velocity fluctuations have time and 
space scales large enough to influence the rates and 
directions of biological processes during their lifetime, 
a mean flux arises which is uneffected by the mean 
gradient. Specifically, if B is the light-limited phyto- 
plankton concentration and W' (with the z-axis 
directed upwards) represents vertical velocity fluctua- 
tions in the photic zone, the light-dependence of 
photosynthesis ensures that uplifts (W' > 0) are prefe- 
rentially accompanied by a local increase of B (B' > O) ,  
and, vice versa, sinking of a water parcel (W' < 0) 
implies a higher probability of a concentration 
decrease (B' < 0) in that parcel. It is assumed here that 
the vertical displacements have lifetimes sufficiently 
long for the biological effects to occur. The resulting 
mean upward flux (w1B'> 0) cannot be derived from 
the mean vertical gradient. Depending on the sign of 
the mean gradient, the formally calculated vertical 
diffusivity, K ,  may acquire either positive or negative 
values (Wroblewski and O'Brien, 1981), or may lose 
even its formal definition if the mean gradient van- 
ishes. The underlying mechanisms, however, are prin- 
cipally different from turbulent diffusion. 

We are concerned here with the formation of vertical 
fluxes of non-conservative substances due to vertical 
undulations in the thermocline. Several observational 
studies have presented evidence for intense synoptic- 
scale (- 20 km) wave-like disturbances in the seasonal 
thermocline of the Baltic Sea. As the thermocline dis- 
turbances conceivably involve vertical displacements 
in or near the photosynthetic zone, they might have 
significant biological consequences. By means of a 
simple mathematical model it is shown that the verti- 
cal undulations in combination with primary produc- 
tion processes act as a pumping mechanism. If one tries 
to express the resultant nitrogen flux as an  apparent 
diffusive flux, the formal vertical diffusivities must be 
assigned values significantly higher than experimen- 
tally measured for conservative substances. We 
believe that the localized forcing by the pumping 
mechanism might be a significant source for the 
biological variability. However, further observational 
studies of the physical-biological interactions are 
needed to verify this. The complexity of such measure- 
ments involving recurrent sampling of several physi- 
cal, chemical and biological variables along extensive 
transects with fine spatial and temporal resolutions has 
forced us to use the model as a simple test stone. 

Similar problems of interaction between semidiurnal 
internal tides and plankton biology have been dealt 

with by Kamykowski (1974, 1978, 1981) with special 
emphasis on planktonic vertical migrations. Here we 
concentrate on some other aspects e. g.  the apparent 
vertical fluxes, with a special emphasis on observa- 
tions in the Baltic Sea. Due to the much longer wave 
period considered here, the phase relationships 
between the internal wave and the planktonic diurnal 
processes are not so important. 

PHYSICAL EVIDENCE FOR SYNOPTIC-SCALE 
WAVE-LIKE DISTURBANCES IN THE BALTIC 

THERMOCLINE 

Pronounced variability of the Baltic thermocline on 
synoptic and smaller scales has been repeatedly 
reported by various groups studying the Baltic ther- 
mohaline variability. For example, Kielman et al. 
(1973), towing a thermistor chain, discovered an ob- 
viously regular pattern of isotherm displacements in 
the Western Gotland Basin. The wave-like structures 
with 5 distinguishable peaks extended over the ther- 
mocline layer (- 15 to 30 m) and were characterized by 
wave heights of - 15 m and wavelengths of approxi- 
mately 29 km. Although there was no information on 
the frequency, the authors considered it likely that an 
internal wave of that wavelength might be an internal 
seiche. 

Fig. 1. (A) Horizontal profiles of temperature (T, "C) and 
nitrate (N, mm01 N m-3) along a transect at 30 m depth; (B) the 
same temperature profile after smoothing with floating aver- 
ages over 30 samples. Slightly abridged from Grasshoff and 

Hansen (1980) 
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Magaard and Keunecke (1975), again using the 
towed thermistor chain, observed a bell-like vertical 
displacement (- 15 m) of the isotherms around the 
mean depth of - 20 m. The disturbance had horizontal 
dimensions of - 30 km and was interpreted by the 
authors as a synoptic-scale eddy. 

A most interesting data set was obtained by Grass- 
hoff and Hansen (1980) with a towed chemical-physi- 
cal profiling system. As a part of their extensive samp- 
ling program they obtained an 80-nautical mile section 
on the 30-m depth level through the Southern Baltic 
Proper. Their spatial resolution of - 300 m was ad- 
equate to show a close covariability of even the fine- 
scale structures of most of the chemical parameters 
(pH, nitrate, silicate, etc.) with temperature (Fig. 1). 
This covariablility was due to vertical displacements in 
strong vertical gradients of most of the variables. The 
vertical stratification showed typical features of the 
Central Baltic: (1) a warm surface layer, (2) the cold 
intermediate layer, which had been formed by the 
winter convection, and (3)  the saline lower layer of the 
Kattegatt water. However, the thermocline was still 
weakly developed and the density differences 
between the upper layer (excluding the top 10 m) and 
the intermediate layer were minimal. As a conse- 
quence, only small amounts of energy were needed to 
lift the water from about 50 m to 30 m. The profile 
showed a series of quite regular, wave-like oscillations 
of temperature and the chemical variables. A single 
'crest' was observed to propagate at a phase speed of 
1.85 km d.'. After a slight smoothing with floating 
averages the following parameters of the undulations 
were estimated: wavelength - 24 + 5 km (over 5 
peaks), wave height - 25 * 10 m, period - 13.3 f 1.5 d. 
The causal physical mechanism of the undulations 
remains elusive; however, the estimated period clearly 
excludes common gravitational internal waves which 
cannot have periods longer than the local inertial 
period (- 14 h). The undulations clearly belong to the 

synoptic-scale phenomena and may be related to 
synoptic-scale eddies. Synoptic eddies are shown to be 
a dominant feature of the Baltic Sea variability (Aitsam 
and Elken, 1982). Inhomogeneities of the upper layers, 
often having a form of vertical isotherm undulations, 
have been frequently observed on our 'Batfish' traces 
(Aitsam and Pavelson, 1982) but more often the dis- 
turbances lack a dominant wavelength and present a 
mixture of various wavelengths. Some of the inhomo- 
geneities are density-compensated (intrusion-like) and 
of non-wave origin. 

Even though the underlying physical mechanisms of 
the vertical undulations may be  variable and not yet 
clearly understood, these displacements must have 
significant biological consequences. Actually, for the 
simple biological-physical model presented here the 
causal physical mechanism is presumably irrelevant. 
Hence, a n  ideal sinusoidal internal wave is used to 
model the vertical displacements. 

DESCRIPTION OF THE MODEL 

The internal wave field in a 2-layer water column of 
100 m depth was modeled (Kamykowski, 1974) by 
expressing the time dependence of the vertical velo- 
city above the interface, 

and below the interface, 

Symbols and parameter values are given in Table 1. 
Parameter values were chosen to simulate the observa- 
tions of Grasshoff and Hansen (1980). The model verti- 
cal structure is given by a grid of 26 points displaced 

Table 1. Parameters, units and values used in the model 

I I 
I Parameter and units Symbol Value used 1 

Depth, m 
Mean thickness of the upper layer, m 
Mean thickness of the lower layer, m 
Maximal wave amplitude, m 
Wave period, d 
Wave frequency, d-' 
PAR immediately below the surface, W m-2 
Vertical attenuation coefficient for PAR, m-' 
Half-saturation constant for nitrogen uptake, mm01 N 
Maximum potential photosynthetic rate, mg C(mg Ch1)-'h-' 
Initial slope of the photosynthesis/light curve, mg C(mg Ch1)-'h-'W-'m2 
Parameter of photoinhibition, mg C(mg Ch1)-'h-'W-'m2 
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Fig. 2. Vertlcal displacements of the grid by the internal wave 

vertically by the internal wave (Fig. 2). The grid 
extends from the surface to a mean depth of 50 m. 
Every grid point is associated with a parcel of water 
containing phytoplankton and nutrients. The phyto- 
plankton biomass in a parcel is given by the 
chlorophyll a concentration. It is assumed that nitrates 
(more correctly, the sum of nitrates, nitrites and 
ammonia) represent the source of the limiting nutrient. 
In comparison with other models for phytoplankton 
growth (e. g. Wroblewski, 1977), the model is sim- 
plified in several aspects. It ignores vertical mixing as 
well as horizontal heterogeneities. Averaging (Eq. [2]) 
is performed over the entire wave period. Hence, the 
internal wave velocities given by Eqs. (3,4)  appear as 
the velocity fluctuations W'. Similarly, the biological 
dynamics is assumed to be balanced on the mean 
depth level and fluctuations in the phytoplankton, and 
nitrate stocks are solely due to the effects of the vertical 
displacements. In essence, only the fluctuations from 
the means (B' [t] = B[t] - B) are modeled explicitly; 
i. e.  the mean vertical profiles of chlorophyll and 
nitrates are held fixed during each model run for 
1 wave period. Only the fluctuations of the concentra- 
tions are found by evaluating the enhancement or 
restriction of the phytoplankton growth in relation to 
the mean depth level of a water parcel. This is accom- 
plished by integrating the difference between the rates 
of primary production on the mean level and on the 

undulating level over 1 half wave period. As the phyto- 
plankton chemical composition is assumed to be fixed 
according to the carbon : nitrogen : chlorophyll ratios 
of 50 : 8 : 1, the nitrate dynamics is solely determined 
by the algal uptake and is calculated from the phyto- 
plankton growth. The excess or deficient amounts of 
biomass or nitrate in comparison to the balanced 
dynamics on the mean depth level are multiplied by 
the respective mean vertical velocities during a half 
period. These products of w'B' are then averaged over 
a wave crest and a trough to get the mean vertical 
fluxes due to the vertical displacements by the wave. 

The biological part of the model is based on a new 
empirical relationship between photosynthesis (carbon 
assimilation rate per unit chlorophyll) and light in 
marine phytoplankton (Platt et al., 1980): 

where P,' = potential maximal photosynthetic rate; 
a = a1/pSB; b = PI/P,~; I = photosynthetic available 
radiant energy (PAR); a and /? = respectively, initial 
slope and parameter of photoinhibition. Diurnal 
changes in PAR are given by a simple sinusoidal curve 
with a 16 h/8 h light/dark cycle. The integration time- 
step is 1 h. The depth dependence of irradiance is 
treated as a simple exponential function with a con- 
stant attenuation coefficient; i. e. the phytoplankton 
self-shading is not modeled. The parameter values for 
the photosynthesis model were fitted to suit experi- 
ments in the Baltic Sea (Gargas et al., 1979) and the 
observed photoinhibition in the top 2-m layer (Sjoberg 
and Wilmot, 1977). The nutrient control of phytoplank- 
ton growth is described by the familiar Michaelis- 
Menten curve (Dugdale, 1967) and the mutual control 
of growth by the available nitrogen and light is consi- 
dered to be multiplicative (Fig. 3).  

Fig. 3. Combined control of phytoplankton growth by light 
and nitrogen 
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RESULTS AND DISCUSSION 

The model was run with a large number of different 
initial vertical distributions of chlorophyll and nitrate. 
The results were, however, usually qualitatively simi- 
lar and only a few typical examples are presented here. 
The chlorophyll profiles are generalized forms of our 
own data (e. g. Kahru et al., 1981), the nitrate profiles 
are due to various sources. After the spring phyto- 
plankton bloom the upper layers are almost depleted 
of the available inorganic nitrogen; a sharp increase, 
most notable in nitrate, occurs in the top of the lower, 
saline layer. Sometimes the intermediate layer may 
show a double-layered substructure with an upper, 
nutrient-poor sub-layer and a lower, nutrient-rich sub- 
layer (Grasshoff and Hansen, 1980). The relatively 
minor density differences in the intermediate layer 
facilitate an  uplift of the nutrients into the photic zone, 
either by means of internal waves or by vertical mix- 
ing. Such an uplift may cause a dramatic effect on the 
primary productivity (Fig. 4) .  The exact depth where 
the intermediate layer productivity may exceed the 
near-surface productivity depends crucially on the 

Fig. 4.  Daily variation of the photosynthetic rate at selected 
depths (in m) depending on the nitrate concentration: exact parameter values, especially on the vertical 

0.1 mmol N m-3 (continuous curves) and 4 mmol N (dotted attenuation coefficient; the present model suggests it 
curves) might occur between 15 and 20 m. Fig. 5 displays the 

Chl, N 
0 

P /  B P 
2 4 0 10 20 0 30 60 

Chl, N 
0 2 4 

P 
0 30 60 

Fig. 5. Depth profiles of chlorophyll a 
(Chl, mg m-3), nitrate (N, mm01 N m-3), 
normalized daily primary production 
(P/B, mg C [mg Chll-' d-l) and daily 
primary production (P, mg C m-3 d-l). 
The 3 curves correspond (from left ro 

482 m g ~  m-2d-1 right) to wave trough, mean depth, and 
wave crest conditions. The set-up corres- 
ponds to spring bloom (A) and to nutrient 
enriched sub-layer after the bloom (B). 
Column productions in wave crest (up- 
per) and trough (lower), as well as the 

difference in % are also indicated 
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influence of the ~nternal wave on the column primary 
productivity on 2 typical situations: (A) a weak stratifi- 
cation during the spring bloom, and (B) with the nut- 
rient-rich sub-layer after the spring bloom. The depth 
integrals of the daily primary production correspond- 
ing to the extreme phases of the internal wave (crest vs. 
trough) may exhibit more than 50 %-contrasts. The 
associated vertical flux of the nitrate nitrogen due to 
the wave action and biological dynamics may locally 
attain values of around - 50 mg N m-'d-' (Fig. 6) .  The 

C h l ,  N P / B  W' N' 
0 2 4 0 10 20 - 50 0 

Fig. 6. Depth profiles of the simulated vertical flux of nitrate 
nitrogen, w'N' (mg N m-' d-') in relatlon to chlorophyll a ,  

nitrate and normalized mean dally primary production 

minus sign does not mean a downward transport of the 
nitrates; it represents the integral effects of the net 
transfers towards the phytoplankton biomass in the 
uplifted water and net transfers towards dissolved nit- 
rogen in the sunken water. If one had tried to para- 
meterize the nitrogen flux to the phytoplankton as a 
diffusive flux of nitrate across the nutncline using the 
mean vertical gradient of 3 mg N m-3/m for the halo- 
cline, the apparent vertical diffusivity would have 
been 2 cm2 S-' or by a factor of 100 times above the 
value of Kullenberg (1977). 

As could be seen easily from the model description, 
the model is not intended to give accurate predictions 
of the distribution of biomass and nutrients. Instead, a 
single mechanism is extracted from the real-world 
complexity, and studied separately. In order to calcu- 
late the biomass fluctuations we found it more secure 

not to involve speculations about other modifying 
mechanisms, e. g. grazing and sinking of the algae. 
Ignoring other sources of fluctuations is roughly equi- 
valent to assuming that these sources act more or less 
randomly in respect to the wave actions, and cancel 
each other in the average. As the mean biomass (and 
nutrient) dynamics itself was not modeled explicitly, 
we cannot determine the duration of the enhanced 
growth in the uplifted water, i. e .  the commencement 
of the nitrate depletion. Thus, it is not possible to find 
the amplitudes of the resulting mesoscale biomass 
inhomogeneities. By the same reasons it is unreliable 
to evaluate the effects of horizontal mixing. 

The horizontal concentration stripes corresponding 
to the wave crests and troughs will probably be 
smoothed and distorted by horizontal processes but, 
nonetheless, the pumping mechanism should act com- 
paratively independently. The physical model used is 
clearly a gross simplification but it seems premature to 
use more sophisticated models for the purpose of the 
present paper as so little is known about the actual 
trajectories of individual phytoplankters (water par- 
cels). With the present model the path followed by a 
single water parcel over 1 period describes an ellipse 
perpendicular to the wave direction. The horizontal 
component of transport due to the convergences and 
divergences in the wave has a modifying effect on the 
actual distributions but does not influence the com- 
puted vertical fluxes. Fortunately, the model is not 
sensitive to the least known parameter, the wave 
period, as increasing or decreasing the period has 
opposite effects on the 2 components of the products 
w'B' which more or less cancel each other. 

The 2 distinguished mechanisms for the upward 
transport of nutrients, vertical mixing and wave pump- 
ing, are in fact not mutually exclusive. Intense mixing 
on the halocline level is conceivably confined to topo- 
graphic boundaries (Shaffer, 1979). The newly formed 
enriched layers rise and spread isopycnally, and may 
be finally subjected to the internal wave action. Also, 
after being transferred into the intermediate layer on 
topographic contacts, there appear more possibilities 
for the nutrients to reach the upper layers and become 
available to phytoplankton. This might occur as a 
resuIt of intense mixing events in the shear zones 
created by inertial waves (Krauss, 1981). 

CONCLUSION 

We have modeled the interactions between synop- 
tic-scale internal undulations in the thermocline and 
phytoplankton-nutrient dynamics. It has been shown 
that the effects of the undulations may be parametri- 
cally disguised as an apparent vertical diffusive flux of 
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substances, e. g. of nitrogen. Numerically the apparent 
diffusivities may exceed by up to 2 orders of magnitude 
the 'real' diffusivities in the halocline. However, the 
underlying mechanism is principally different from 
turbulent diffusion. Hence, the one-dimensional verti- 
cal eddy diffusivity concept should be used cautiously 
for time scales longer than a few hours. The internal 
undulations with wavelengths of - 20 km may be one 
of the sources for the intense mesoscale phytoplankton 
and nutrient patchiness in the Baltic Sea. 
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