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ABSTRACT 

The effects of phytoplankton-induced changes in the attenuation of solar radia­

tion in the ocean on the evolution of the surface, mixed layer and the heat exchange 

across the sea surface are examined in this study. A sensitivity analysis of the 

bulk (depth-integrated) class of mixed-layer models is used to explain the pathways 

through which the phytoplankton variability can influence the depth and tempera­

ture of the mixed layer. Conditions under which this influence can be expected to 

be significant are identified. The model equation for mixed-layer depth, common to 

all bulk models, is extended to take into account the spectral dependence of light 

transmission in the ocean as a function of phytoplankton biomass. 

Changes in the potential energy of the upper ocean associated with vertical 

mixing are balanced againr.t the TKE input to develop a general, bulk model of 

the oceanic mixed layer. The Kraus-Turner-type, bulk, mixed-layer models can 

be derived as special cases of this model. Moreover, the essential requirements, 

common to models of the Kraus-Turner-type, of a temperature discontinuity at the 

base of the mixed layer and the a priori existence of an initial mixed layer, are 

eliminated in the present formulation. A non-dimensional form of the general, bulk 

model is used to identify limitations inherent to conventional, bulk, mixed-layer 

models. 

A coupled model of physical-biological interactions in the mixed layer, in the 

presence of air-sea heat exchange, is developed by combining the general, bulk 

model of the oceanic mixed layer with an energy-balance model of the atmosphere 

and a nitrogen-conserving model of net primary production in the mixed layer. This 

coupled model is used to examine the contributions from seasonal modulations in 

phytoplankton biomass to the evolution of mixed-layer depth, mixed-layer temper­

ature, air temperature, and heat exchange across the sea surface for a hypothetical 

station at 50°N latitude. From the results of this analysis, a conceptual model of 

physical-biological interactions in the mixed layer and the heat exchange between 

the ocean and the atmosphere is developed as a suite of interacting feedback loops. 

xvii 
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CHAPTER 1 

General Introduction 

The heat capacity of the top three meters of the world ocean is greater than 

that of the entire atmosphere overlying it (Gill, 1982). The oceans are the major 

source of the water vapour in the atmosphere. The heat flux across the ocean-

atmosphere interface is a function of the temperature difference between the ocean 

and the atmosphere. These are some of the characteristic features that make the 

surface layer of the ocean an important contributor to the global climate. 

The effect of variability in the sea-surface temperature on atmospheric pro­

cesses has been the subject of several investigations in the past. Such studies have 

revealed for example that in the tropical regions atmospheric processes such as 

storms, disturbances and organized convection tend to occur in those regions where 

the sea-surface temperature is above 28°C (Webster, 1994). Statistical analyses 

have indicated that the intensity of many of the atmospheric processes can be cor­

related with sea-surface temperature patterns (Rasmusson and Carpenter, 1983; 

Joseph et al., 1991). Numerical studies using general circulation models of the 

atmosphere have shown that model evolution is sensitive to perturbations in the 

prescribed values of sea-surface temperature with respect to its climatological mean 

value (Palmer, 1985; Kershaw, 1988). The effect of spatial and temporal variability 

in the sea-surface temperature on global climate has been the focus of studies of 

El Nino, which is characterized by the large-scale warming of the tropical Pacific 

waters by more than 1.5°C for thren consecutive months (Halpern, 1983). All these 

points suggest that improvements in our ability to model the seasonal evolution of 

sea-surface temperature will definitely lead to improvements in our understanding 

of large-scale climatic processes. 

1 
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The sensitivity of atmospheric processes to the sea-surface temperature has 

prompted researchers to study the factors responsible for changes in the temper­

ature and to develop numerical models for accurate prediction of its spatial and 

temporal variability. International projects such as TOGA (Tropical Ocean and 

Global Atmosphere) were undertaken in recognition of the important role played 

by the sea-surface temperature in driving atmospheric processes. One of the goals 

set by the TOGA program is to obtain an accuracy of 0.3°C in measurements of 

the sea-surface temperature over a 2° x 2° spatial grid with a temporal resolution 

of 15 days (Anonymous, 1983). This goal underlines the significance of accurate 

information on variability in the sea-surface temperature for climatic studies. 

In the past decades, several mixed-layer models have been developed to de­

scribe the seasonal evolution of the sea-surface temperature and mixed-layer depth 

(Kraus and Turner, 1967; Denman, 1973; Mellor and Yamada, 1974; Mellor and 

Durbin, 1975; Niiler and Kraus, 1977; Garwood, 1977; Price et al., 1986; Gaspar, 

1988). Many of these models have been coupled to upper-ocean circulation models 

(Rosati and Miyakoda, 1988; Schopf and Harrison, 1983; McCreary and Kundu, 

1989; Cherniawsky et al, 1990). Comparison of several mixed-layer models with 

long-term observations has shown that, even though these models are generally suc­

cessful in reproducing the seasonal evolution of the sea-surface temperature (Martin, 

1985; Gaspar, 1988; Kantha and Clayson, 1994; Large et al, 1994), the accuracy 

of model results is not always satisfactory. Further improvements in mixed-layer 

modelling are therefore required. 

Much of the research devoted to improve the performance of mixed-layer models 

has addressed the parameterization of the turbulent kinetic-energy budget used in 

these models (Garwood, 1977; Garwood, 1979; Zilitinkevich et al, 1979; Gaspar, 

1988; Kantha and Clayson, 1994). However, the lack of a significant improvement 

in model performance has forced modelers to search for alternative ways of refining 

the models. One issue that has received attention in the recent past is the effect 
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of optical variability on the evolution of the mixed-layer temperature (Dickey and 

Simpson, 1983; Simpson and Dickey, 1981; Woods and Barkmann, 1986). Because 

phytoplankton is the major source of changes in the optical properties in the open 

ocean, the effects of phytoplankton variability on the upper-ocean thermal structure 

have received special consideration (Lewis et al, 1983; Kirk, 1988; Simonot et al, 

1988; Sathyendranath et al, 199.1; Piatt et al, 1994; Sathyendranath and Piatt, 

1994). 

Recent advances in satellite oceanography offer the possibility of obtaining 

synoptic maps of phytoplankton distribution in the ocean. Methods have also 

been developed to model the optical properties of the upper ocean as a function 

of phytoplankton biomass (Sathyendranath and Piatt, 1988; Morel, 1991; Morel 

and Antoine, 1994). Moreover, our ability to model the coupled evolution of phys­

ical and biological processes in the upper ocean has also improved (Wroblewski 

1976; Simonot et al, 1988; Taylor et al, 1991). These developments offer efficient 

means of incorporating the effect of phytoplankton variability into upper-ocean 

thermodynamic models. The general approach is to model the joint evolution of 

optical and thermodynamic processes in the upper ocean either by incorporating 

satellite-derived data on phytoplankton distribution directly into mixed-layer mod­

els (Sathyendranath et al, 1991), or by coupling a biological model of the upper 

ocean co a mixed-layer model (Simonot et al, 1988; Stramska and Dickey, 1993; 

Piatt et al, 1994; Sathyendranath and Piatt, 1994). 

It is well known that the depth of the mixed layer of the ocean affects the 

growth of phytoplankton in the layer (Sverdrup, 1953, Piatt et al, 1991). On the 

other hand, phytoplankton concentration modifies the attenuation of solar radiation 

in the mixed layer, which in turn, affects the mixed-layer depth and temperature. 

Thus there is a potential for positive feedback between mixed-layer biology and 

mixed-layer physics. This picture is further complicated by the existence of another 

feedback between the ocean and the atmosphere through the interdependence of sea-

surface temperature and air-sea heat flux. In this thesis I examine some selected 
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aspects of these feedback processes with special emphasis on the effect of biological 

feedback on mixed-layer physics and on the heat exchange between the ocean and 

the atmosphere. 

The main objectives of the thesis are: 

1. To identify and describe the physical processes that make mixed-layer models 

sensitive to changes in the attenuation of solar radiation in the ocean. 

2. To develop a mixed-layer model that is free of some of the major limitations 

of existing models and capable of providing an accurate description of the 

thermodynamic processes responsible for the evolution of the mixed-layer depth 

and temperature. 

3 To describe the contributions from phytoplankton dynamics to the evolution of 

mixed-layer depth, mixed-layer temperature, air temperature and the air-sea 

heat exchange and to identify the factors regulating the feedbacks between 

mixed-layer physics, mixed-layer biology and atmospheric physics through 

model simulations. 

In Chapter 2,1 address the question: how does a given change in the attenuation 

coefficient of the mixed layer affect the layer depth and temperature predicted by 

conventional bulk mixed-layer models? Moreover, I identify the conditions under 

which the models become sensitive to changes in phytoplankton concentration and 

estimate the magnitude of the sensitivity under various oceanographic conditions. 

In Chapter 2, I also develop a method to incorporate the depth-dependent changes 

in the attenuation coefficient for solar radiation into mixed-layer models. 

Bulk models of the oceanic mixed layer provide a simple description of the 

evolution of the layer depth and temperature. They are also the preferred choice 

as elements of large-scale models of upper-ocean processes and ocean-atmosphere 
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interactions (Kraus, 1988). However, some of the assumptions used in the develop­

ment of bulk models are not strictly valid according to observations, and therefore 

limit their applicability (Mellor and Durbin, 1975). In Chapter 3, I have developed 

a bulk model of the mixed layer that is free from some of the major limitations 

associated with existing bulk models. Conventional bulk models can be derived as 

special cases of this model. A non-dimensional form of the model is used to explain 

the limitations on the time step of integration of conventional bulk models resulting 

from the simplifying assumptions used in the formulation of these models. 

The mixed-layer model formulated in Chapter 3 is used in Chapter 4 to de­

velop a coupled model of mixed-layer physics, mixed-layer biology and atmospheric 

physics. In this coupled model, the evolution of mixed-layer depth, mixed-layer tem­

perature, air temperature, heat exchange across the sea surface and phytoplankton 

biomass are described as parts of feedback loops interacting with each other. This 

coupled model is used to examine the contributions from biological feedback to the 

evolution of the mixed-layer physics and atmospheric physics. 

A general discussion of the research problem addressed in this thesis is given 

in Chapter 5. A conceptual model of physical-biological interactions in the ocean-

atmosphere svstem is developed by synthesizing the results from Chapter 2 and 

Chapter 4. I have also discussed, in Chapter 5, some of the upper-ocean processes 

that require further study to provide a comprehensive description of the biological 

feedback on the evolution of upper-ocean physics. 



CHAPTER 2 

Optical Variability in the Upper Ocean: 
Implications for Mixed-Layer Modelling 

2.1 Introduction 

2.1.1 Upper-Ocean Optics and Mixed-Layer Physics 

With the exception of a small percentage that is scattered back to the atmo­

sphere, all the solar radiation entering the ocean is absorbed within the top few 

hundred meters of the water column. Water molecules, the organic compounds dis­

solved in the sea water, and the particulate material in suspension determine the 

rate of absorption of solar radiation in the ocean. Outside of the coastal waters, 

phytoplankton and products derived from them are the most important variable 

components affecting light absorption in the ocean. Seasonal and regional variabil­

ities in them affect the depth distribution of solar-energy absorption in the ocean 

(in the spectral range between 400 and 700 nm). The effects of such variabilities 

can be incorporated into upper-ocean models of thermodynamics by specifying the 

attenuation coefficient of the mixed layer as a function of phytoplankton concentra­

tion. 

It is known that the evolution of mixed-layer depth and temperature in the 

ocean is sensitive to the transparency of the water column. For example, Mar­

tin (1985) examined the effect of changes in the light attenuation using data 

from stations Papa (145°W, 50°N) and November (140°W, 30°N) using two bulk 

(depth-integrated) models and two turbulent-closure models. He reported signifi­

cant changes in the layer temperature predicted by these models when the optical 

6 
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water type was changed from type I of the Jerlov (1976) classification, represent­

ing clear open-ocean waters, to type III, representing highly turbid coastal waters. 

Using a thermodynamic model, Kirk (1988) carried out a sensitivity analysis to 

examine the effect of changes in the optical properties of the water column on the 

evolution of the surface temperature. In the absence of surface wind, the tempera­

ture of the layer deviated by about 3°C over 24 h simulated time, when the optical 

properties of the medium were changed from those of clear water to those of highly 

turbid water. 

Simonot et al. (1988) used a coupled model of physical-biological interactions 

in the mixed layer and climatological observations of oceanographic and meteorolog­

ical variables to simulate the seasonal evolution of mixed-layer depth and temper­

ature at station 'Romeo' (North Atlantic). In this coupled model, the attenuation 

of solar radiation in the ocean was modelled as a function of the phytoplankton 

biomass using the Jerlov (1976) classification of the optical water types. Based on 

the results of the model simulation they reported that seasonal changes in phyto­

plankton concentration can modify the evolution of the mixed-layer temperature in 

a thermodynamic-biologicai-optical coupled model. Sathyendranath et al. (1991) 

carried out a model simulation to examine the effect of phytoplankton variability 

in the Arabian Sea on the evolution of mixed-layer temperature, when the attenua­

tion coefficient of the mixed layer was parametrized as a function of phytoplankton 

biomass. Satellite-derived data on monthly-mean phytoplankton distribution to­

gether with a spectral-irradiance model of under-water light transmission (Sathyen­

dranath and Piatt, 1988) were used in this study to describe the attenuation of solar 

radiation in the ocean. The authors concluded that the presence of phytoplankton 

in the Arabian Sea could change the heating rate of the mixed layer more than 3°C 

per month. Ramp et al. (1991) observed strong temperature gradients (up to 4.7 °C 

between 4 cm and 2 m depths) in the surface layers off central California and sug­

gested that such gradients can occur in the preset js of high solar radiation, strong 
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attenuation of solar radiation associated with high concentration of phytoplankton 

biomass, and low wind. 

Model simulations using turbulent-closure models have also confirmed the ef­

fects of phytoplankton-induced changes in the light attenuation in the ocean. Dickey 

and Simpson (1983) examined the diurnal cycle of upper-ocean thermal structure 

in coastal and open-ocean waters through model simulations, using a turbulent-

closure model. The author concluded that the incorporation of optical variability 

associated with biological processes in the ocean may improve the performance of 

global climate models. Using high-resolution physical and biological data and a 

turbulent-closure model, Stramska and Dickey (1993) have also demonstrated the 

effects of phytoplankton variability on the thermal structure and stability of the 

upper ocean during a Spring phytoplankton bloom in high latitude seas. 

The above results show that thermodynamic models are sensitive to changes in 

the light attenuation in the ocean. What are the factors that make thermodynamic 

models sensitive to changes in light attenuation? Under what conditions can the 

changes in light attenuation be expected to play an important role in the evolution 

of mixed-layer depth and temperature? These are two of the questions addressed 

in the following sections. Some background information on the model used in the 

analysis is presented first. 

2.1.2 The Choice of Model 

Over the last two decades, various one-dimensional models of upper-ocean ther­

modynamic and dynamic processes have been developed for simulating the evolu­

tion of mixed-layer depth and temperature with time (see Zilitinkevich, et al, 1979; 

Martin, 1985 and Archer, 1990 for reviews). There are significant differences among 

these models, conceptually as well as in the details of their implementation. But 
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they can be divided into two groups: bulk models and turbulent-closure models 

(Martin 1985). Because of their modest computational requirements, bulk mod­

els are preferred for long-term simulations and as elements of large-scale numerical 

models (Kraus, 1988). Therefore I decided to carry out this study using a bulk 

mixed-layer model. 

Bulk models share a common physical foundation, introduced by Kraus and 

Turner (1967), but they differ in the details of implementation and in the choice of 

parameters. Some of the major differences lie in the parametrizations of the gener­

ation and dissipation of turbulent kinetic energy (TKE) and in the parametrization 

of the depth distribution of solar energy absorption in the ocean ( Zilitinkevich et 

al, 1979; Garwood, 1979; Gaspar, 1988). 

From all the bulk models available, I have selected the Denman (1973) model 

as the basis for a sensitivity analysis. The Denman scheme for parametrization of 

solar radiation in the ocean, or an approximation to it, is used in many bulk ther­

modynamic models (Kraus and Turner, 1967; Kim, 1976; Niiler and Kraus, 1977). 

Furthermore, this model has been used in several theoretical and field studies in the 

past (Denman, 1973; Denman and Miyake, 1973; Thompson, 1976; Zilitinkevich et 

al, 1979, Shetye, 1986, McCormick, 1988), and its merits and limitations are well 

known. 

2.1.3 The Model Equations 

The model equations are derived by integrating the equations for conservation 

of heat and mechanical energy over the mixed-layer depth. The evolution of the 

depth and temperature of the mixed layer are described by the equations (Denman, 

1973): 
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dTm= 2 , {G-D) Q(0)hm + Jo
hm(r(0)-I(z))dz 

dt h2J pag +
 PCP

 J ' l * ' 

respectively. Here, hm and Tm are the depth and temperature of the mixed 'ayer, 

Tf, is the temperature just below the mixed layer, Cp is the specific heat of sea water 

at constant pressure, a is the coefficient of thermal expansion, p is the density of 

sea water and g is the acceleration due to gravity. 

The shallowing and deepening phases of the mixed-layer evolution are con­

sidered separately by incorporating a Heaviside step function $ in equation (2.1), 

defined as: 

$ = 1 if (w -j—-~) > 0 (entraining mixed layer), (2.3) 

and 

J L 

$ = 0 if (w + —j^) < 0 (detraining or stable mixed layer). (2.4) 

In equations (2.1) and (2.2), Q(0) denotes the total non-penetrative heat input 

across the sea surface: it includes contributions from the latent heat flux, E(0), sen­

sible heat flux, S(0), net, longwave, back radiation, L(0), and the non-penetrative 

component of solar radiation, 1(0). The total solar radiation at the sea surface R(0) 

is the sum of the penetrative component 1(0) and the non-penetrative component 

1(0). Note that the partition of solar radiation into penetrative an:', non-penetrative 
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components makes the specification of solar radiation in the model compatible with 

that in a spectral-irradiance model to be discussed later. In this respect the present 

analysis deviates from the Denman (1973) model, which combines 1(0) and 1(0) into 

one term. The absorption of infrared radiation is dominated by water molecules 

and therefore the effect of phytoplankton on the absorption of infrared radiation is 

negligible (Stramska and Dickey, 1993). 

The term (G — D) represents the net generation of TKE (the difference be­

tween the total TKE generated and that dissipated) within the mixed layer. A 

variety of schemes exist to parametrize the generation and dissipation of TKE as 

functions of routinely-measured oceanographic and meteorological variables. The 

merits and limitations of many of these schemes have been examined in the past 

(see, for example, Zilitinkevich, et al, 1979 Martin, 1985; Gaspar, 1988). A funda­

mental assumption inherent in the analysis in the following sections is that the net 

generation of TKE represented by the term (G — D) is independent of the buoyancy 

input to the mixed lavei. 

2.2 Optical Variability and Bulk Models of Upper-Ocean 

Thermodynamics 

The evolution of the mixed layer in the upper ocean is determined by the 

balance between the input of buoyancy and the difference between the generation 

and dissipation of TKE within the water column. Major sources of buoyancy in the 

upper ocean ".re the net fresh water input associated with the hydrological cycles and 

the heat input. To isolate the effect of optical variability on the buoyancy input and 

the evolution of the mixed layer, I have neglected the effect of hydrological cycles. 

The action of wind at the sea surface generates TKE in the water column. Solar 

heating is not limited to the air-sea interface but is a continuous function of depth. 

This is important because the energy budget of the mixed layer is affected not only 
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by the amount of solar energy entering the ocean, but also by its distribution within 

the water column. 

In equation (2.1), the contribution from the penetrative component of solar 

radiation to the evolution of the mixed-layer depth is accountev for by the second 

term on the right, i.e. in a function (say F) of the form: 

F-±ti{^-m±i^)i. (2.5) 
hm Jo 2 

This functional form is common to a number of bulk mixed-layer models developed 

from the basic theory presented in Kraus and Turner (1967), including those of Kim 

(1976), Garwood (1977) and Gaspar (1988). Equation (2.5) can be written as 

where Ii(z) is a function that decays linearly through the mixed layer from 1(0) to 

I(hm). 

The right side of equation (2.6) is proportional to the change in potential energy 

of the mixed layer associated with the penetrative component of solar radiation. To 

demonstrate this, let us consider the integral F' defined as, 

where At is the time step under consideration. Integrating equation (2.7) by parts 

and applying the condition /(/im) = Ii(hm), we see that F' is related to F as 

F ' = - ( A ^ ) F , (2.8) 

where the factors inside the parentheses are all constants. Now the partial derivative 

in equation (2.7) denotes the vertical divergence of (I(z) — Ii(z)) at depth z. The 

divergence in irradiance at a given depth indicates the irradiance absorbed at that 

depth and therefore determines the rate of heating. Noting that the net heating 
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rates over the interval [0, hm] associated with I(z) and Ii(z) are identical and that 

the heating associated with Ii(z) is depth-independent, we see that equation (2.7) 

can be written as 

F'=^- f mz\\p(z)-pm]dz, (2.9) 
" m JO L J 

or 

F' = / - A r / "" z \p(z) - pm]dz, (2.10) 
"771 JO <• J 

where A r represents the fractional change in the density during the time interval 

At due to heating by the penetrative component of radiation, and pm is the mean 

density of the mixed layer. Equation (2.10) therefore denotes the change in the 

potential energy of the mixed layer associated with the penetrative component of 

radiative heating. 

The physical significance of the function F is easily understood. When I(z) 

and Ii(z) are plotted as functions of z, if the profile of I(z) lies above and to the 

left of the profile of Ii(z), the upper parts of the mixed layer will be heated more 

strongly than the lower parts. This will be the case, for example, when I(z) is 

an exponential function. Consequently, the top of the mixed layer will become less 

dense than the bottom, and the center of gravity of the layer will be lowered relative 

to that associated with the linear profile. The layer thus will tend to become stably 

stratified. On the other hand, if the profile of I(z) lies below and to the right of 

the profile of Ii(z), then the the upper parts of the mixed layer will be heated less 

strongly than the lower parts, raising the center of gravity of the layer and tending 

to render it statically unstable. Consequently, the layer may be internally mixed 

even in the absence of TKE input. A strongly absorbing layer at che base of a 

mixed layer would, in the absence ot other effects, become statically unstable and 

mix with the overlying mixed layer. This condition may occur in the presence of a 

nonuniform vertical distribution of phytoplankton biomass in the ocean (Lewis et 

al, 1983). 
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Changes in the concentration of light-absorbing substances in the water, which 

modify the attenuation coefficient of the medium, affect the contribu Jon of solar 

heating to the thermodynamic balance in the upper ocean in two ways: 1) they 

modify the balance between the TKE and the buoyancy inputs to the mixed layer; 

and 2) they determine the amount of solar energy penetrating the base of the mixed 

layer. An increase in the attenuation coefficient of the water column increases the 

absorption close to the sea surface, which tends to stratify that portion of the water 

column. The TKE generated by the action of wind works against this stratification 

to maintain a well-mixed surface layer. If the TKE exceeds the energy required 

for vertical mixing of the initial mixed layer, the excess energy will be available for 

deepening the mixed layer by entraining water across its base. 

When there is a strong density gradient at the base of the layer, the energy 

required to entrain a given amount of water across the lower boundary of the mixed 

layer is more than that required to entrain the same amount of water in the pres­

ence of a weaker density gradient. When the mixed layer is shallow and transparent, 

strong solar heating in the thermocline reduces the stratification, and thereby de­

creases the TKE required for entrainment. 

If the radiation penetrating the base of the mixed layer is absorbed over a 

short vertical extent, the resulting increase in Tb may become an important factor 

determining the thermal stratification at the base. Thus, strong absorption at the 

base of the mixed layer tends to increase the mixed-layer depth in comparison 

with weak absorption there. However, the overall effect of the absorption of solar 

radiation below the mixed layer depends on the stratification in the thermocline; the 

importance of light absorption below the mixed layer will increase when the initial 

stratification is weak (that is, when Tm — Tb is small). In the present study, the 

temperature difference between the mixed layer and its base (Tm — Tb) is specified 

as a parameter of the model so that the effect of changes in the amount of solar 
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radiation penetrating the base of the mixed layer on Tb is not explicitly considered. 

This approach makes the analysis less ambiguous. 

In the next section I will examine in detail how changes in the attenuation 

coefficient affect the depth and temperature of the mixed layer. The equations 

discussed in the previous sections are valid for arbitrary forms of I(z). Bulk mod­

els, such as that of Denman (1973), usually assume that the depth distribution of 

solar radiation follows an exponential profile, which is expressed using a constant 

attenuation coefficient ym as: 

I(z) = l(0)e 7 m 2 (2.11) 

For this specific form, the integrals appearing in equations (2.1) and (2.2) are 

easily evaluated. In particular, the equation for mixed-layer depth, (equation (2.1)), 

and mixed-layer temperature (equation (2.2)) can be written as (Denman, 1973): 

(2(G-D) 
I paghm 

and, 

$ 
dhr 

w dt 

1 
PCP \-Jmhr 

(I(0)-I(hm))-I{hm)~\-~H(0)yTm~Tb)-
1 (2.12) 

dTm 2 { (G-D) Q(0)hm+I(0)(hm-1-
1)+7-

1I(hm)1 

l ™,„ "• 7n J' dt hi pag pCp 

(2.13) 

where H(0) = 1(0) + Q(0). These equations will be used in the following sections 

to examine the effect of changes in the attenuation coefficient of the medium on the 

evolution of the layer depth and temperature. The general approach used in the sen­

sitivity analysis is to examine the changes in the mixed-layer depth and temperature 

predicted by the model over a single time step, as a function of the optical properties 

file:///-Jmhr
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of the medium. Attenuation of solar radiation in the ocean is a wavelength-, and 

depth-dependent process. Therefore, the use of a depth-independent attenuation 

coefficient for describing the attenuation of solar radiation in the ocean may intro­

duce some errors in model results. In a later section I will examine the consequences 

of relaxing the assumption that 7m is independent of depth. 

2.3 Sensitivity Analysis 

2.3.1 Shallowing Mixed Layer: The Layer Depth 

The depth of the mixed layer is determined by the balance between the net 

generation of TKE and the input of buoyancy. For a given initial mixed-layer depth, 

if the net TKE generation is not sufficient to maintain vertical mixing throughout 

the layer, the layer will retreat to a shallower depth within which the net TKE 

generation balances the buoyancy input. This process is described by the Denman 

(1973) model equation for a shallowing mixed layer, obtained by setting $ = 0 in 

equation (2.12). That is, hm is determined by 

2(G-D) | 2 rl(0)-l(hm)) i Q(Q) +1(0) - I(hm) _ Q {%u) 

paghm pCp L ymhm ™ -I pCp 

The first term represents the net kinetic energy input from wind. The terms 

inside the square brackets represent the effect of differential heating on density 

stratification produced by the absorption of solar radiation within the mixed layer. 

The last term represents the net input of buoyancy into the mixed layer from the 

solar and surface fluxes. 
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An assumption used in the development of some bulk mixed-layer models is 

that all the energy is absorbed within the mixed layer (eg. Kraus and Turner, 

1967). This implies that the optical depth of the layer (defined as the product of the 

attenuation coefficient and the thickness of the layer) is large, i.e., the attenuation 

coefficient is large or the layer is very deep. Under this assumption, equation (2.14) 

becomes 

w-p) + m_L__m=0. (2.1B) 
paghm pCp ymhm pCp 

In the above equation, the last term on the left represents the increase in strat­

ification if all the heating occurred at the surface of the layer, whereas the first 

term represents the TKE available for working against the stiatification. The sec­

ond term accounts for the reduction in stratification resulting from the distributed 

absorption of solar radiation within the mixed layer rather than at the sea surface. 

When jmhrn is very large, the contribution of the second term to the reduction of 

stratification is negligible. On the other hand, as the optical depth of the layer 

decreases, more energy penetrates to the lower levels of the mixed layer, reducing 

the stratification. 

For high values of the attenuation coefficient, the depth of the equilibrium layer 

is given by the balance between the net generation of TKE and the buoyancy input 

across the sea surface. For the limiting case when 7m/im -> oo, the equilibrium 

depth (hm )oo is given by 

i£^L _ 3°) = 0, (2,6) 
pag(hm) oo pGp 

or 
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(hmU=[mzR]mr\ (2,7) 
L pag J L pCp J 

Once the net generation of TKE in the water column is specified, the above 

equation is similar to that for the classical Monin-Obukhov depth (see for example, 

Kundu, 1990). Equation (2.17) is independent of ^mhm since all the energy is 

absorbed at the surface. 

Case II: Weak absorption 

As the attenuation of light in the mixed layer decreases, more solar radiation 

is transferred to the lower levels of the water column. This results in a decrease 

in the tendency for stratification within the mixed layer. Thus a decrease in the 

attenuation coefficient of the water column results in a decrease in the buoyancy 

input to the mixed layer and in a decrease in the TKE required for redistribution 

of solar heating within the mixed layer. Both of these factors affect the balance 

between the TKE and buoyancy inputs into the mixed layer, resulting in an increase 

in the layer depth for a given heat input. 

Consider the limiting case of 7 m —> 0, which represents complete transmission 

of solar radiation through the mixed layer. Under this condition, there would be 

no contribution from solar heating to the density stratification of the water column 

and therefore the equilibrium depth, (hm)o, would be independent of the penetrative 

solar radiation in the ocean. 

Note that the equilibrium depth is valid only in the case of a shallowing mixed 

layer ($ = 0). In the absence of solar radiation, for constant TKE input, shallowing 

of the mixed layer requires that Q(0) "> 0. Thus, (/v)o is defined only when 

Q(0) > 0. 
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Under such conditions, the depth of the shallowing mixed layer can be calcu­

lated from equation (2.14) by setting 1(0) = 0: 

(hm)o — 
2(G-D)]\Q(0l 

pCp pag 

- l 

where Q(0) is the total non-penetrative heat flux to the ocean. 

From equations (2.17) and (2.18) we have 

(2.18) 

(Moo = Q(Q) 
( M o H(0) 

= 1 
H(0)' 

(2.19) 

Equation (2.19) shows that the ratio of the two limiting cases of equilibrium 

depth is a simple non-dimensional function of the penetrative component of solar 

radiation scaled to the net heat flux at the surface. This simple equation reflects the 

fact that for 7m —> oo, 1(0) represents an additional contribution to non-penetrative 

surface heating. 

The total range of variability in the layer depth caused by changes in the 

attenuation coefficient of a shallowing mixed layer is bounded by the two limiting 

cases of (hTI,)o and (hm)^. Since (hm)oo has a lower bound of zero, the range of 

variability is determined in practice by (hm)o-

Case III: Arbitrary attenuation coefficient 

From equation (2.14) we have 

"m 

H(0) 1(0) 2 

L pCp pCp 7m / i r 
(1 0-lmh mnm.\ i 

pCp 
Ir^.hr pag 

12(G-D)1 
(2.20) 
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FIGURE 2.1. Dependence of the equilibrium depth on 7m(/im)o, based on equation 
(2.21). In this figure, hm/(hm)o is plotted as a function of -ym(hm)o 
for different values of I(0)/H(0) (dimensionless). The distribution 
ofhm/(hm)0 as a function of 7m for different values of (/im)o can also 
be estimated from the figure using the additional axes. The mixed-
layer mean attenuation coefficients corresponding to phytoplankton 
concentrations of 0.01, O.i, 1.0 and 8.0 mg chl-a m~3 estimated 
using a spectral irradiance model of under-water light transmission 
(Sathyendranath and Piatt, 1988) are also given. 
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The depth of the equilibrium layer for an arbitrary value of 7 m : compared with 

the corresponding depth for 7m = 0, can be obtained by combining equations (2.20) 

and (2.18) and rearranging: 

1 - [/(<>)/#(0)" 

\-I(0)/H(0) 

m^m ) — p Tm^m 

The ratio hm/(hm)o from the equation (2.21) is plotted in Figure 2.1 as a 

function of 7m(/im)o for different values of the ratio 1(0)/H(0). The figure shows 

that for high values of -ym, the equilibrium depth for any given value of I(0)/H(0) 

becomes independent of 7m . It can also be noticed from the figure that the relative 

importance of the penetrative component of solar radiation compared with the 

cotal heat flux, given by I(0)/H(0), is an important factor determining the effect 

of changes in -ym. I have added three additional axes corresponding to different 

values of (hm)0 to highlight the dependence of hm on the attenuation coefficient. 

The attenuation coefficients corresponding to 0.01, 0.1, 1.0 and 8.0 mg. chl-a m~3 

(biomass concentration assuming chlorophyll-a as the index of the phytoplankton 

biomass), estimated from a spectral irradiance model (see Section 2.4), are shown 

on these additional axes to help to understand the potential effect of phytoplankton 

variability on the equilibrium depth. For small values of (hrn)Q (20 m), the entire 

range of variability in -yrn due to phytoplankton is represented by a narrow region 

on the abscissa where hm/(hm)o varies rapidly. Therefore the equilibrium depth is 

sensitive to small changes in -ym. On the other hand, for large values of (hrn)o (60 m) 

the equilibrium depth is not very sensitive to changes in 7m when 7m > 0.06m-1, 

and therefore it is less sensitive to changes in the phytoplankton concentration. 

In winter, the net heat flux to the ocean may be negative, and therefore the 

mixed layer may be deep. With the onset of Spring, the net heat flux to the ocean 

increases, and the mixed-layer depth becomes the equilibrium depth determined 
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by equation (2.14). In the early stages of the development of stratification, so­

lar radiation dominates the net heat input to the ocean and therefore I(0)/H(0) 

will be relatively large. Therefore, changes in the attenuation coefficient will have 

considerable influence on the rate of shallowing of the layer. According to the crit­

ical mixing depth theory (Sverdrup, 1953; Piatt et al, 1991), such a shallowing 

mixed layer favours an increase in phytoplankton concentration and hence also in 

the attenuation coefficient of the mixed layer. 

2.3.2 Shallowing Mixed Layer: The Layer Temperature 

In this section I examine how the temperature of a shallowing mixed layer is 

affected by changes in the mean attenuation coefficient. The Denman (1973) model 

estimates the increase in temperature (AT) of a shallowing mixed layer during a 

given time step (At) in terms of the total heat absorbed by the layer during that 

time step, as: 

A r = AiQ(O) + /(0)(l-e-^) ( 2 2 2 ) 

pCphm 

Note that the effect of solar heating on the temperature of the equilibrium 

mixed layer depends not only on the amount of solar energy absorbed by the layer 

but also on the thickness of the layer. As the layer becomes shallower, the energy 

absorbed within the layer is redistributed over a shorter vertical distance, which 

favours the subsequent increase in the layer temperature. 

As the mean attenuation coefficient of the mixed layer increases, more energy 

will be trapped within the mixed layer, which will tend to increase the layer tem­

perature. At the same time, the increased stratification resulting from the increase 

in the amount of solar energy absorbed by the layer will tend to decrease the layer 
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FIGURE 2.2. Dependence of the equilibrium-layer temperature on 7m(^m)o) based 
on equation (2.23). In this figure, (AT) / (AT) 0 is plotted as a 
function of 7m(^m)o for different values of I(0)/H(0) (dimension­
less). The additional axes are used to represent the dependence on 
the mean attenuation coefficient of the mixed layer and phytoplank­
ton concentration as in the previous figure. 
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depth further. In turn, such a decrease in the layer depth will tend to increase the 

layer temperature as mentioned earlier. Comparing AT for an arbitrary 7 m with 

the corresponding value for the limiting case of /ym -> 0 gives: 

(**%- _ (Mo fl _ noie-ymhm] u_ m r 1
 (223) 

(AT)0 - hm I1 H(0f J I1 H(0)l • (2'23) 

In Figure 2.2, the relative chai-ges in temperature (AT)7m/(AT)o are plotted 

as a function of •yTn(hTn)o, for different values of 1(0)/H(0). Once (hm)o is specified, 

the figure represents the dependence of the relative change in the equilibrium layer 

temperature on the attenuation coefficient of the medium. Here also I have shown 

three additional axes to emphasize the dependence of (AT)Jm/(AT)o on ^m for dif­

ferent values of (hm)a- As in the case of Figure 2.1, there is an increased sensitivity 

to changes in 7TO as (hm)0 decreases. 

Note that equation (2.23) is a function of (hm)o/hm and therefore, the temper­

ature of a shallowing mixed layer is also affected by change in the layer depth hm. 

The figure also illustrates how the relative, importance of solar radiation in the net 

heat input across the sea surface modifies the effect of changes in the attenuation 

coefficient. 

Figures 2.1 and 2.2 show that changes in the depth and temperature of a shal­

lowing mixed layer are strongly affected by changes in the attenuation coefficient, 

when the attenuation coefficient is relatively small. For large values of the attenu­

ation coefficient the changes become saturated. Also, changes in the depth of the 

mixed layer, resulting from variability in the attenuation coefficient, can play an 

important role in determining the temperature of the layer. 
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2.3.3 Deepening Mixed Layer: The Layer Depth 

The rate of deepening of the mixed-layer depends on the TKE produced by the 

action of wind, the buoyancy input to the mixed layer and the density difference 

across the base of the layer. It is given by equation (2.12) with $ = 1: 

2(G-D) 1 

. paghm pCp \.-ymhm 

( . dhm\ 

•(I(0)-I(hm))-I(h, 
pcp 

H(0) (Tm-Tb)-\ 

(2.24) 

Case I: Strong absorption 

For high values of the attenuation coefficient, the entrainment velocity (w + 

dhr„ /dt) is determined by the generation of TKE and the net heat flux across the 

sea surface. The limiting case of 7„t —> oo gives: 

/ , dhm\ 

r+~srJ 7m=°0 

2(G - D) H(0) 

L paghm pCp J 
(Tm-Tb) \ (2.25) 

Note that the case of a deepening mixed layer corresponds to 

/ dhm 

\ dt 
> 0 , 

Tin = ° 0 

or 

(2.26) 

2(6? - D) ^ H(0) 
paghm pCp 

(2.27) 
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Equation (2.25) indicates that as the attenuation coefficient of the medium 

increases, the entrainment velocity becomes independent of the attenuation coef­

ficient. This is so because, when the attenuation coefficient is high, all the light 

is absorbed close to the surface, and for a given mixed-layer depth, the amount of 

TKE required to work against the stratification produced by the absorption of solar 

radiation approaches a constant. 

Case II: Weak absorption 

The entrainment velocity corresponding to the limiting case of -ym —> 0 can be 

expressed as: 

V dt / 7 m = 0 L paghni pCp J 

Equation (2.28) shows that when the medium is completely transparent to solar 

radiation, the entrainment velocity becomes independent of the amount of solar 

radiation entering the ocean. This is because, under the conditions of complete 

transmission, solar heating is absent, and therefore does not modify either the 

vertical distribution of density or the buoyancy within the water column. The 

condition of complete transmission is identical to the night-time condition when 

1(0) = 1(0) = 0. Equations (2.24), (2.25) and (2.28) can be compared to identify 

the relative importance of net TKE generation, solar radiation and surface heat 

input to the water column on the entrainment velocity, for different values of the 

attenuation coefficient. 

From equations (2.25) and (2.28) we have, 
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The right side of equation (2.29) gives the maximum range of variability in the 

entrainment velocity that can be produced by changes in the attenuation coefficient 

of the medium. This maximum range of variability is directly proportional to the 

solar radiation and inversely proportional to the temperature difference between 

the mixed layer and its base. Note that the result is independent of both the 

non-penetrative surface heat flux and the wind speed. 

Case III: Arbitrary attenuation coefficient 

From equation (2.24), the change in the entrainment velocity of a mixed layer 

caused by a change in the attenuation coefficient of the layer from 7,,, = 0 (complete 

transmission) to 7,,, (arbitrary attenuation coefficient) can be expressed as: 

w + 
dh, 

dt — w 

rlJMfiCj), 
L Tm-Th

 J 

dhr 

dt 
ym 

7n? "7 

'I _ g-Tm.fi m \ _j_ e-lmhr, (2.30) 

2.3.4 Deepening Mixed Layer: The Layer Temperature 

The evolution of the temperature of a deepening mixed layer with time is given 

by equation (2.13). Consider two cases of the equation for arbitrary attenuation 

coefficients 7„, and (7m)o- Upon subtracting one from the other we get, 

http://g-Tm.fi
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>dT dT„ 
V dt ) y m \ dt ' 

21(0) r l - e~^m)ohm 1 - e^rnhr 

(Tm)o pCphm L (-ym)0hm Jrn.hr, 

Taking the limiting case (7m)o —• 0. equation (2.31) becomes 

(2.31) 

\fdTm\ _ /dTm\ -I 
l \ dt /7m V dt /oJ 

2/(0) 
pCphm 

1 -
1 _ g—Cmfiri 

Jm^-T 
(2.32) 

This equation represents the change in the temperature of a deepening mixed 

layer of arbitrary attenuation coefficient 7™ with respect to the temperature change 

of the layer when 7™ = 0. 

The functions of ymhm in equations (2.30) and (2.32), and their sensitivity to 

changes in -ym are addressed in detail in the next section. 

2.4 Parametrization of Solar Energy Distribution in the 

Ocean as a Function of Phytoplankton Biomass 

So far I have analyzed the effect of changes in the attenuation coefficient of 

the mixed layer on the evolution of mixed-layer depth and temperature. As stated 

earlier, phytoplankton and phytoplankton-derived compounds are among the most 

important sources of variability in the upper-ocean optical properties. Thus, it 

is appropriate to examine, explicitly, the effect of changes in the phytoplankton 

variability on the mixed-layer dynamics. To start with, consider equation (2.12). It 

can be expressed as 

$ 
/ dhm\ 2(G - D) 0(0) 1(0) 

paghr pCp pCp 
fh {Tm-ny (2.33) 

http://Jrn.hr
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hm = l - - 4 - ( l - e " 7 m / l m ) + e-7mhm. (2-34) 
7771*^771 

Note that, if a depth-independent attenuation coefficient is used to describe 

the distribution of solar radiation in the ocean (equation (2.11), fhm is related to 

the function F (equation (2.5)) given in Section 2.2 through the equation: 

fhm = -0 .5/7/(0) . (2.35) 

The function //lm varies between 0 and 1 as jmhm changes from 0 to oo. 

When j m = 0, fhm = 0 and therefore equation (2.33) reduces to equation 

(2.18) in the case of a shallowing mixed layer, and to equation (2.28) in the case of 

a deepening mixed layer. On the other hand, when 7m = oo, //lm = 1 and equation 

(2.33) becomes equation (2.17) or equation (2.25) according whether $ = 0 or 1. 

The equation describing the evolution of mixed-layer temperature can be written 

as: 

dTm _ _2 
dt hT 

(G-D) { Q(0) { 1(0)^ 
paghm pCp pCp 

(2.36) 

Here / r is a function defined as: 

1 _ p—Jmhrn 

/77 i " , m 

Like fnm, the function fom varies between 0 and 1 as jmhm changes from 0 to 

oo. 
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I will next examine the contribution from phytoplankton variability in the up­

per ocean to the evolution of mixed-layer depth and temperature using the functions 

fhm and fom. This analysis requires a method for describing the attenuation co­

efficient of the mixed layer as a function of phytoplankton biomass. I have used 

a spectral-irradiance model of under-water light transmission (Sathyendranath and 

Piatt, 1988) for this purpose. 

The distribution of solar radiation was computed, using the spectral-irradiance 

model, at 5 nm wavelength intervals from 400 to 700 nm, with a depth resolution of 1 

m from the sea surface to the base of the mixed layer. The calculations were repeated 

for different hours of the day at a time resolution of half an hour, to account for 

changes in the solar angle. The concentration of phytoplankton biomass was altered 

from 0 to 10 mg chl-a m~3, covering the range commonly encountered in the open 

ocean. The calculations were carried out for a hypothetical station at 5°N latitude 

and for July 15. (These specifications are arbitrary and do not affect the validity of 

the model results, except for the fact that a different time and place will modify the 

magnitude of solar-radiation at the sea surface and the angular distribution of the 

light field under water.) The results are used to estimate the daily solar radiation 

at the surface, ld(0), and at the base of the mixed layer, Id(hm)- The daily mean 

attenuation coefficient of the mixed layer is then estimated as: 

l n Z d ( 0 ) - l n I d ( M 
Jm = 7 • (2..S6) 

2.4.1 Contribution Prom Phytoplankton Variability to the Evolution of 

Mixed-Layer Depth and Temperature 

The functions h and fr account for the effect of attenuation of solar radia-

tion within the mixed layer on the evolution of mixed-layer depth and temperature, 

respectively. The theoretical values of these functions vary between 0 and 1, but the 
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FIGURE 2.3. Dependence of fhtl Imh 
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FIGURE 2.4. Dependence of frm = 1 - ~^(l - e"rmhm) on phytoplankton 
biomass for different values of the mixed-layer depth. 
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lower bound is determined, in practice, by the attenuation coefficient of pure sea 

water. When the water column is relatively free of phytoplankton, these functions 

will have a value close to that of pure sea water. With increasing phytoplank­

ton concentration, their value increases. Equations (2.38) and (2.34) are used to 

estimate //lrn for given concentrations of phytoplankton biomass and mixed-layer 

depth. Figure 2.3 shows / ^ a s a function of biomass concentration for mixed layers 

of depth 15, 30 and 60 m. The dependence of fhm on the biomass concentration 

weakens with increasing biomass. When the layer is relatively shallow, the shape 

of the curve is also affected by the solar radiation lost below the base of the mixed 

layer. The value of //,m increases from 0.15 to 0.45 for a 15 m deep mixed layer, 

and from 0.37 to 0.82 for a mixed layer of depth 60 m, when the biomass increases 

from 0 to 5 mg chl-a m - 3 . 

Figure 2.4 shows fam as a function of biomass for different mixed-layer depths. 

The shapes of the curves are similar to those shown in Figure 2.3. As the biomass 

increases from 0 to 5 mg chl-a m - : \ fxm increases from 0.40 to 0.70 for a mixed-layer 

depth of 15 m, and from 0.65 to 0.85 for a mixed-layer depth of 60 m. 

From equations (2.33) and (2.36) it can be seen that the effect of an increase 

in fhm or frpm is identical to an increase in polar radiation without changing these 

functions. In other words, the effects of changes in /<lm or fcm are analogous to 

changes in the penetrative component of solar radiation. Therefore the effect of 

phytoplankton variability on the evolution of mixed-layer depth and temperature 

can be expressed in terms of changes in the penetrative component of solar radiation. 

In other words, a given change in //,m or /TW can be achieved by a corresponding 

change in 1(0). The effect of changes in the solar radiation on the evolution of 

mixed-layer depth and temperature has been studied (see for example, Niiler and 

Kraus, 1977) and therefore, the effect of phytoplankton variability on fhm and 

/ rm , and thus on the mixed-layer dynamics can also be easily understood once the 

problem is recast in terms of the changes in the solar radiation. However, such 
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recasting would neglect the depth-dependent and time-dependent changes in the 

optical characteristics of phytoplankton. 

In general, an increase in cloud cover decreases the solar radiation at the sea 

surface, and therefore, affects the evolution of mixed-layer depth and temperature. 

From equations (2.33) and (2.36), it can be observed that a similar effect can be 

achieved by reductions in //Xm and /rm due to a decrease in the phytoplankton 

concentration in the mixed layer. 

2.5 The Depth Dependence of the Optical Attenuation Co­

efficient: Consequences for Mixed-Layer Models 

Many bulk models approximate the distribution of solar radiation in the ocean 

using a depth-independent attenuation coefficient (see for example, Kraus and 

Turner, 1967; Denman, 1973; Kim, 1976; Niiler and Kraus, 1977). Because the 

attenuation of solar radiation in the ocean is a depth-, and wavelength-dependent 

process, such an approximation can lead to inaccurate representations of total solar 

energy absorbed by the mixed layer and of the vertical distribution of the en­

ergy absorbed in the layer. Here I consider the problem of parameterizing the 

wavelength-dependent distribution of solar radiation in the mixed layer as a func­

tion of phytoplankton biomass, with special reference to bulk models of the mixed 

layer. To address this problem, I have used a spectral-irradiance model of under­

water light transmission (Sathyendranath and Piatt, 1988) to develop a piece-wise 

profile of the attenuation coefficient by dividing the layer into a number of sub­

layers and calculating the irradiance at the base of each sub-layer. Within each of 

these sub-layers the penetrative component of solar radiation is assumed to decay 

exponentially with depth. Daily integrated solar radiation is: estimated at one me­

ter intervals. Once the total solar radiation available at the top (Id(zt)) and at the 



35 

bottom (Id(zt+i)) of the ith sub-layer are obtained, the mean attenuation coefficient 

of the sub-layer is estimated as 

<7»). = l n / " ( ; - ) - 1 " / f ' ± i l . (2.39) 
[Zl+i - Z,) 

Figure 2.5 shows a comparison between the depth distributions of total solar 

radiation between 400 and 700 nm in a mixed layer of 30 m deep, estimated using 

equations (2.38) and (2.39), for sub-layers of thickness 1 m. 

Necessarily (by the definition of j m in equation (2.38)) , the methods yield the 

same amount of solar radiation at the base of the mixed layer. However, the two 

parametrization schemes give very different distributions of solar radiation within 

the mixed layer. The difference between the two schemes is greater when the mixed 

layer is relatively transparent. 

2.5.1 Generalization of Bulk Model Equations to Account for Depth-

Dependent Changes in the Attenuation of Solar Radiation 

'• litenuation of solar radiation in the ocean is wavelength-dependent. Once we 

take into account this wavelength-dependence, we are automatically introducing 

depth-dependence of attenuation coefficient into equations describing the distribu­

tion of solar radiation in the ocean. Note that the depth-dependence of the at­

tenuation coefficient, caused by its wavelength dependence, exists even in the case 

of a mixed-layer in which the light attenuating substances, such as phytoplank-

tons, are distributed uniformly with depth. So far these complications have been 

ignored, for simplicity, through use of a depth-independent attenuation coefficient 

j m . From Figure 2.5, we see that the effect of using an exponential profile with a 

single attenuation coefficient for the mixed layer is that we predict that more energy 

is transmitted to the lower levels of the mixed layer compared with the light trans­

mission associated with the multi-layer calculations. Thus, the TKE required in the 
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FIGURE 2.5. A comparison between the distribution of solar radiation predicted 
by depth dependent (solid curves), and depth independent (broken 
curves), attenuation coefficients for different values of phytoplankton 
biomass, based on equations (2.38) and (2.39). 
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Denman (1973) model for balancing the effect of the depth-dependent distribution 

of solar radiation is less than what would be required if equation (2.39) were used. 

This also has the consequence that the residual TKE (after the buoyancy input to 

the mixed layer is overcome) would be overestimated. Therefore, the depth of the 

mixed layer estimated by the conventional, depth-independent parameterization of 

attenuation coefficient would be greater than that estimated using a multi-layer 

parametrization of solar radiation in the mixed layer. This also implies that the 

mixed-layer temperature estimated using the single attenuation coefficient would 

be less than that predicted by a multi-layer parametrization scheme. 

The Denman (1973) model can be modified to account for the depth dependence 

in the attenuation coefficient resulting from the wavelength dependent-attenuation 

of solar radiation in the mixed layer as follows: The term containing solar radiation 

m the depth-integrated equation for conservation of heat that is used to derive 

equation (2.1) (see Denman (1973)) can be expressed as: 

f-^=ftJ=). (2.40) 
Jo pCp dz pCp 

Let the mixed layer be subdivided into n layers of thickness Azt and let the 

mean attenuation coefficient for the ith layer be (jm),. The solar radiation available 

at the base of the ith layer is 

I(zl)=I(z,-1)e-{~f"^'Az'. (2.41) 

Therefore, the solar radiation at the base of the mixed layer can be expressed 

as 

n 

I(hm) = 1(0) exp[- £(7m).Az t ] . (2.42) 
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I(0)-I(hm) = /(0)-/(0)exp[-Er=i(7m)tAzt] 
pCp pCp 

(2.43) 

Similarly, the integral in equation (2.2), containing solar radiation, becomes: 

Jo Jo pCpdz' JQ pCp 

pCp 

n 7 —i 

{̂777 + Y] eXp 1̂ - ^(jm )j AZj 
%=\ 3=1 

1 - exp[-(7m) tAz, 

[Jm ) i 
-]}. (2.45) 

By substituting equations (2.43) and (2.45) into the conservation equations for 

heat and TKE of Denman (1973), the model equations predicting the evolution of 

mixed-layer temperature and depth can be expressed as 

dTm = 2 
dt hr 

(G-D) | Q(0) | 7(0) 

paghm pCv pCp " 

and 

* . («+%) 
2(G - D) Q(0) 1(0) 

dt ' L paghm pCp pCp 

where 

(2.46) 

f? (T-Th)-\ (2.47) 

n 

tfm = {l-rexp[-£(7m),A* 
i = i 
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2 V* [ T / \ A irl-exp[-(7m).A2 t]]\ . . 

^E-phB^Hl s s Ji (2'48) 

and 

* = {' - £ X^-B^H [ ^ g ^ l } w 

In Figure 2.6, /£ is plotted as a function of phytoplankton biomass, for mixed 

layers of depth 15, 30 and 60 m. The rate of change of f% is maximum towards low 

concentrations of biomass. The flatness of the curve increases as the layer depth 

decreases. 

A similar plot of /y is shown in Figure 2.7. The effect of changes in the 

phytoplankton concentration on fj, is also maximum towards lower concentrations 

of phytoplankton. 

Figures 2.6 and 2.7 show that the maximum range of variability in the mixed-

layer depth and temperature produced by phytoplankton-induced changes in the 

attenuation coefficient of the mixed layer is equivalent to a change of approximately 

30% in the input of penetrating solar radiation. The effect of these changes on the 

mixed-layer depth and temperature is determined by the TKE available for mixing 

and by the relative importance of solar radiation in the net heat input across the 

sea surface. 

The functions / £ and ff are similar to fhin and /rm shown in Figures 2.3 and 

2.4 respectively. However, the curvature at low biomass concentration is decreased 

and the overall range of variability is reduced compared with those given in figure 2.3 

and 2.4. When the mixed layer is very transparent, the effect of depth-dependency 

may be equivalent to about a 20% change in the penetrative component of solar 
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FIGURE 2.6. Dependence of /£ on phytoplankton biomass for different values of 
the mixed-layer depth, based on equation (2.48). 
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FIGURE 2.7. Dependence of /£ on phytoplankton biomass for different values of 
the mixed-layer depth, based on equation (2.49). 



42 

radiation. However, for moderately deep and phytoplankton-rich mixed layers, the 

difference in the estimated mixed-layer depth would be small. Under such conditions 

the use of / " and f£ is not justified because of the complexity involved in their 

estimation. 

Equations (2.48) and (2.49) are extensions of the general parameterization 

scheme of solar heating in bulk models to take into account the depth-dependent 

attenuation of solar radiation in the ocean. These equations can be used for bulk 

mixed-layer model simulations in conjunction with a high-resolution, spectral, irra­

diance model of under-water light transmission. 

2.6 Discussion 

In the present study I have examined the effect of changes in the attenuation 

coefficient of the mixed layer on the evolution of mixed-layer depth and tempera­

ture. Various factors that make thermodynamic models of the upper ocean sensitive 

to changes in attenuation coefficient are explained. Such information is expected to 

be useful for incorporating the effects of phytoplankton-induced changes in the at­

tenuation of solar radiation into large-scale models of upper-ocean thermodynamics 

and air-sea interactions. 

The contribution from solar heating to the evolution of mixed-layer depth is 

determined by the magnitude and the depth distribution of solar radiation entering 

the ocean. Changes in the attenuation coefficient of the layer modify the stratifica­

tion within the layer, as well as the amount of solar radiation penetrating the base 

of the mixed layer. The latter, in turn, affects the stratification at the base of the 

layer and therefore the rate of entrainment during mixed-layer deepening. 

The sensitivity analysis examines the conditions under which the effect of opti­

cal variability on the upper-ocean thermodynamics can be expected to be significant 



43 

and under what conditions it can be ignored. The analysis shows that the effect of 

optical variability on the mixed-layer depth can be expected to be maximum when 

the attenuation coefficient is low. Also, in the presence of a strong heat input to 

the ocean from the non-penetrative components, the effect of optical variability on 

mixed-layer depth becomes weak. Thus, we can identify a region of the parameter 

space, characterized by low attenuation coefficient and high contribution from solar 

radiation to the total heat input to the ocean, within which the effect of changes in 

the attenuation coefficient on the evolution of mixed-layer depth can be expected 

to be significant. The analysis is used to explain how the phytoplankton-induced 

optical variability in the high-latitude seas can influence the onset of stratification 

in the Spring. 

The sensitivity analysis also revealed that the dependence of mixed-layer depth 

and temperature on the optical depth of the mixed layer saturates with increasing 

values of the optical depth. In the presence of strong winds, the mixed layer tends 

to be deeper or the optical depth of the mixed layer tends to be larger. Therefore, 

the sensitivity of mixed-layer depth to phytoplankton-induced changes in the atten­

uation coefficient of the layer will be less than it would be in the presence of weak 

winds. 

Absorption of solar radiation is parameterized in bulk models as an exponential 

function of depth. In section 2.5,1 have attempted to improve this parameterization 

by accounting for the depth-dependent changes in the attenuation coefficient of 

the mixed layer resulting from the spectral variations in light transmission in the 

ocean. Equations (2.48) and (2.49) are extensions of the Kraus-Turner type mixed-

layer models that incorporate the effects of depth-dependency in the attenuation 

coefficient of the mixed layer. Note that these equations can be easily adapted to 

deal with absorption by substances other than phytoplankton. 

To study the effect of changes in the attenuation coefficient on the depth of a 

shallowing mixed layer, only the changes in the stratification within the layer need 

be considered. This is because the new layer depth is determined in such a way 
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that the net TKE input is exactly sufficient to remove the stratification within the 

new layer. In the case of a deepening mixed layer, we should also take into account 

the temperature distribution beneath the mixed layer. In both cases, however, the 

way in which the changes in the stratification within the mixed layer, resulting 

from optical variability, affect the layer depth depends on the details of the energy 

budget of the mixed layer. To further illustrate this point, let us consider equation 

(2.33), which describes the evolution of mixed-layer depth. From this equation, a 

measure of the relative importance of the penetrative component of solar radiation 

in the energy budget can be obtained as the ratio of the energy input from the 

penetrative component, (•^•fhm )> ^° ^n e algebraic sum of the energy inputs that 

are independent of the penetrative component, ( ^ ~h — (?)• The contours 

of this (dimensionless) ratio are plotted in Figure 2.8 as functions of the wind 

stress, r = paCdU2, and the layer depth hm. The TKE input to the water column 

is calculated as: (G-D) = 0.0012paC,i{73 (Denman, 1973) and the penetrative 

component of solar radiation at the sea surface is specified as: 1(0) — 200 W/m2 . 

Three cases of non-pene ,rative v-r.ergy input across the sea surface are shown in the 

figure: (a) Q(0) -•= -150 W/m2, (b) Q(0) = 0 W/m2 and (c) Q(0) = 150 W/m2 . 

The solid lines represent conditions when the phytoplankton concentration is 8 mg 

chl-a m - 3 and the dashed lines represent conditions when the concentration is 0.01 

mg chl-a m~3. The contours of 1.5 represent the case in which f * ~h — ^7 ) 

exceeds [-3f-fhm ) by 50% (deepening mixed layer). Similarly, the contours of 0.5 

represent the condition when (2^~h^ ~ f ^ r ) is only 50% of ($Qhn) (shallowing 

mixed layer) and the contours of 1.0 represent the case when these two quantities 

are equal. 

When the non-penetrative heat input to the ocean is negative, Q(0) < 0, as 

shown in case (a), the penetrative component of solar radiation is the only source of 

buoyancy input to the mixed layer. Under this condition, the effect of changing the 

attenuation coefficient is more pronounced than that in the presence of a buoyancy 
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input from non-penetrative heat components, as shown in case (c). This is because 

in case (c), a given change in the attenuation coefficient will affect only a portion 

of the total buoyancy input to the mixed layer, whereas in case (a), a change of 

the same magnitude will affect the entire buoyancy input. Case (b), in which the 

non-penetrative heat input to the ocean is zero, represents an intermediate stage 

between case (a) and case (c). 

So far I have avoided any discussion of alternative parametrizations of the term 

(G — D): it has been assumed that the generation and dissipation of TKE are not 

functions of buoyancy input to the mixed layer. The models of Kraus and Turner 

(1967), Denman (1973) and Kim (1976) make this assumption. Some other models 

have incorporated an extra term to account for the TKE generation at the base 

of a deepening mixed layer, typically from shear (Niiler, 1975; Niiler and Kraus, 

1977; Garwood, 1977). In such models the generation of TKE has an additional 

dependence on the entrainment velocity that can be modified by changes in the 

attenuation coefficient of the medium. Garwood (1977) incorporated a separate 

budget for the vertical component of TKE based on the argument that turbulent 

processes in the mixed layer are nonisotropic. This vertical component of the TKE 

budget is affected by the buoyancy input to the mixed layer and therefore would 

be sensitive to changes in the attenuation coefficient, an effect not accounted for in 

the present analysis. 

Another path through which optical variability may affect the evolution of 

mixed-layer depth and temperature, which is not considered in the present study, 

is through the dissipation of TKE. Garwood (1977) and Gaspar (1988) have 

parametrized the dissipation of TKE as a function of the ratio of mixed-layer depth 

to the bulk Monin-Obukhov depth. Changes in the attenuation coefficient can mod­

ify the specification of bulk Monin-Obukhov depth in Garwood (1977) and Gaspar 

(1988) and therefore the rate of dissipation in these models. 
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FIGURE 2.8. An example of the effect of changes in the attenuation coefficient on 
the energy balance in the mixed layer. The figure shows the con­
tours of the ratio of the term containing the penetrative component 

of solar radiation, (-£f-fhm ), to the algebraic sum of the terms that 

are independent of the penetrative component, ( 2 ' ~h ' — ^ ^ ) in 

equation (2.33). Three different cases of non-penetrative energy in­
put across the sea surface are considered as Q(0) = -150 W m~2, 
Q(0) = 0 W m~2 and Q(0) = 150 W m"2 . The solid lines repre­
sent the conditions when the phytoplankton concentration is 8 mg 
chl-a m - 3 and the dashed lines represent the condition when the 
concentration is 0.01 mg chl-a m~3. When Q(0) < 0 (case (a)) the 
effect of change in the attenuation coefficient is more pronounced 
than when Q(0) > 0 (case (c)). Case (b) represents an intermediate 
stage between case (a) and case (c). 
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Even though the parameterization of the (G — D) term in the bulk mixed-layer 

models has been steadily improved in the past two decades, these models do not 

yet fully explain the variability in observed SST (see for example Martin, 1985; 

McCormick, 1988; and Gaspar, 1988). Some of the differences between models 

and observations may of course be caused by the neglect of the three-dimensional 

dynamics. However, some of the differences may also be caused by phytoplankton-

induced variability in the light attenuation, an effect that is seldom considered 

Even though this view has been put forward in a variety of studies in the past 

(Dickey and Simpson, 1983; Lewis et al, 1983; Kirk, 1988; Simonot, et al, 1988, 

Sathyendranath et al, 1991; Ramp et al, 1991; Stramska and Dickey, 1993; Piatt 

et al, 1994; Sathyendranath and Piatt, 1994), serious attempts to incorporate the 

biological contribution into large-scale models of upper-ocean dynamics and air-sea 

interactions have yet to be presented. 

Mixed-layer models are included in large-scale models to incorporate thermo­

dynamic processes. Therefore, attempts to incorporate the effect of phytoplankton 

variability into large-scale models should begin by modifying mixed-layer models. 

Information on phytoplankton distribution can be obtained from satellite data on 

ocean color such as that provided by Coastal Zone Color Scanner (CZCS). The 

functions //,m and /rm derived in Section 2.5 or the functions /£ and fj, derived 

in Section 2.6, can be used to account for the effect of phytoplankton variability in 

mixed-layer models. These functions can be modified easily to study the effect of 

yellow substances or atmospheric dust inputs on the evolution of mixed-layer depth 

and temperature, if information on the variability of these components is available. 

With respect to spectral effects on light transmission under water, these have 

also been incorporated into Kraus-Turner type models of upper-ocean thermody­

namics (see for example, Woods et al, 1984; Woods and Barkmann, 1986). The 

method presented in this chapter differs from many previous methods in the sense 

that it does not depend on any specific classification of the optical water type. It 
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can be used in conjunction with any spectral-irradiance model of under-water light 

transmission, irrespective of the structural details of the model. For such applica­

tions, the only requirement is that the spectral-irradiance model should provide the 

mean attenuation coefficient of different sub-layers within the mixed layer. 

The effect of phytoplankton on the evolution of mixed-layer depth and temper­

ature is also significant in the sense that it represents a feedback between oceanic 

microscopic biota and its environment. According to the critical mixing-depth the­

ory introduced by Sverdrup (1953), a decrease in mixed-layer depth favours an 

increase in phytoplankton biomass. Such an increase in phytoplankton will alter 

the optical properties of the mixed-layer such that the layer depth will decrease 

further (Piatt et al, 1994; Sathyendranath and Piatt, 1994). Thus, the dependence 

of phytoplankton growth on mixed-layer depth and the sensitivity of mixed-layer 

depth to phytoplankton concentration together represent a feedback loop between 

physical and biological processes in the mixed layer. Incorporation of this feedback 

loop into models of mixed-layer physics and biology may be expected to improve 

the performance of such models, a problem that will be examined in Chapter 4. 

2.7 Concluding Remarks 

Changes in the attenuation coefficient of the mixed layer influence the evolu­

tion of the depth and temperature of the surface layer of the ocean by modifying 

the magnitude and the depth-distribution of solar radiation absorbed in the layer. 

The depth and temperature of a mixed layer characterized by a small value of the 

optical depth are more sensitive to changes in the attenuation coefficient than the 

corresponding properties of a mixed layer characterized by a high value of the opti­

cal depth. The sensitivity of mixed-layer depth and temperature to changes in the 

attenuation coefficient increases with increasing contributions from solar radiation 
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to the total heat input to the ocean. Because phytoplankton and phytoplankton-

derived products are the major sources of variability in the attenuation coefficient 

in open ocean waters, mixed-layer models should include a parameterization of the 

attenuation coefficient of the mixed layer as a funt::- i of phytoplankton biomass. 

Besides, the equations used in conventional, bulk, mixed-layer models can be mod­

ified to take into account the depth-dependent changes in the attenuation of solar 

radiation in the ocean. 

In addition to change in the layer depth, modulations in phytoplankton con­

centration will change the layer temperature. An increase in the layer temperature 

will, in turn, modify the heat flux across the sea surface, the moisture content in 

the atmospheric boundary layer, and the drag coefficient at the sea surface. All 

these modifications can, in theory, affect the energy input to the mixed layer and 

therefore initiate a feedback from the atmosphere to the ocean. 

Are the time scales associated with these oceanic and atmospheric feedback 

mechanisms compatible? What are the characteristics and magnitudes of these 

feedbacks? Does the atmospheric feedback mechanism amplify or diminish (coun­

teract) the positive feedback mechanism that is identified in the ocean? Some of 

these questions will be addressed in Chapter 4 of this thesis, through simulation 

experiments using a coupled model of mixed-layer thermodynamics, phytoplankton 

growth and air-sea interaction. As a step in the development of such a coupled 

model of physical-biological interaction, a general, bulk, mixed-layer model with 

improved treatment of the energy budget is presented in the next chapter. 



CHAPTER 3 

A Generalized, Bulk Model of the Oceanic Mixed Layer 

3.1 Introduction 

Physical and biogeochemical processes in the surface mixed layer of the ocean 

are sensitive to the seasonal evolution of the layer depth and temperature. By 

regulating the transfer of mass and energy across the sea surface, the mixed layer 

influences various atmospheric processes. By acting as a buffer between the deep 

ocean and the atmosphere, it also regulates the global biogeochemical cycles. Un­

derstanding of the processes responsible for the formation and the evolution of the 

r„:xed layer provides an essential background to studies of upper-ocean dynamics, 

air-sea interaction and biogeochemical cycles. 

To this end, numerous attempts have been made to model the surface layer 

of the ocean. In general, such models can be classified into two groups: depth-

dependent models and bulk (depth-integrated) models. Some of the commonly-

used, depth-dependent models share the theoretical foundation introduced by Mellor 

and Yamada (1974). One of the characteristics of these models, that restricts their 

wider acceptance, is their substantial computational requirement. In this respect, 

bulk models have a definite advantage over depth-dependent models. Bulk models 

(such as Denman, 1973; Niiler and Kraus, 1977; Garwood, 1977 and Gaspar, 1988) 

share a common origin in Kraus and Turner (1967). These models are developed by 

integrating the heat and energy conservation equations over the mixed layer: they 

are computationally faster than depth-dependent models. However, their simplicity 

and computational advantage are overshadowed by two of the assumptions used 

in the model formulation. These are (i) the assumption of a prion existence of a 
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well-mixed layer; and (ii) the requirement of a density discontinuity at the base of 

the mixed layer. 

As a contribution to the provision of a more generally useful model, I present 

here a conceptually-simple, bulk model of the upper ocean with realistic physical 

foundations and reduced computational requirements. The change in the poten­

tial energy of the upper ocean associated with stratification is balanced against 

the kinetic energy input from wind, to describe the evolution of the mixed-layer 

depth. The heat budget of the upper ocean is used to determine the mixed-layer 

temperature. The requirement of a density discontinuity at the base of the mixed 

layer, common to all conventional bulk models, is eliminated in the present model. 

Further, the model is capable of describing the evolution of the mixed layer even 

in cases where a surface mixed layer is lacking initially. Also, the model equations 

are simple and computationally efficient. The model is expected to be useful in a 

wide variety of applications involving the thermodynamics of the upper ocean, and 

as an element of models of general circulation of the ocean, air-sea interactions and 

biogeochemical cycles in the ocean-atmosphere system. 

The general features of the model ocean and the basic theory are presented in 

Section 3.2. Mathematical expressions for the energetics of various physical pro­

cesses considered in the model formulation are derived in Section 3.3. An equation 

describing the deepening of the mixed layer is derived in Section 3.4, and it is sim­

plified to obtain an analytical expression for the depth of an entraining mixed layer. 

A similar expression describing the depth of a detraining mixed layer is derived 

in Section 3.5, which is then simplified to formulate the corresponding analytical 

expression. The temperature of deepening and shallowing mixed layers are consid­

ered in Sections 3.6 and 3.7, respectively. A general discussion of model features is 

presented in Section 3.8. 
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The basic features of the model ocean are shown in Figure 3.1. At the beginning 

of each discrete time step, At, the surface layer is characterized by a uniform density 

pm, temperature Tm and depth hm. During the interval At (chosen to be sufficiently 

small that, during the interval, the energy inputs to the ocean from wind and Sun 

can be considered to remain constant), the absorption of solar radiation within the 

water column and the input of heat at the sea surface tend to stratify the layer. 

However, the turbulent-kinetic energy (TKE) input to the water column works 

against the stratifying tendency. The erosion of stratification by TKE is considered 

to occur instantaneously at the end of each discrete time step. If the TKE input 

during the time step exceeds that required to remove the stratification caused by 

the heat input, the surface layer will deepen through entrainment. On the other 

hand, if the TKE input is not sufficient to remove the stratification in the surface 

layer, the layer will retreat to a shallower depth within which the TKE input is 

exactly sufficient to effect complete mixing. 

During the deepening phase of mixed-layer evolution, water is entrained into the 

layer from below. To account for this, we specify an entrainment layer of thickness 

he (of initially-unknown magnitude), defined as that portion of the thermocline 

through which the mixed layer will extend at the end of the time step. Then, we 

seek an expression for he as a function of the density distribution in the ocean at the 

beginning of the time step and the energy input across the sea surface during the 

time step. For the shallowing phase, there is no entrainment: our aim in this case is 

to calculate the new mixed-layer depth as that of the equilibrium layer within which 

the depth-integrated TKE input by the action of wind balances the stratification 

produced by the heat input. 

The total heat input H(0) across the sea surface is divided into a penetrative 

component 1(0) and a non-penetrative component Q(0). The depth distribution of 
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FIGURE 3.1. The model ocean. The upper panel shows the conditions at the 
beginning of a time step that are characterized by a surface layer 
overlying an entrainment layer. The lower middle panel shows the 
conditions at the end of the time step in which the density distribu­
tions in the mixed layer and the entrainment layer are modified by 
the absorption of heat. The panels on the left and right show two 
possible paths (deepening, given by equation (3.25) and shallowing, 
given by equation (3.32)) of mixed-layer evolution depending upon 
the balance between the TKE input and the change in the potential 
energy associated with vertical mixing. 
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the penetrative component is given by 

I(z)=I(0)erJoyiz)dz, (3.1) 

where j(z) is the diffuse vertical attenuation coefficient. We assume that 7(2) = j m 

in the mixed layer and j(z) = j e in the entrainment layer where j m and j e are 

constants. The non-penetrative component consists of the net heat flux resulting 

from the remaining portion of the solar radiation, 1(0), the fluxes of sensible heat 

5(0) and latent heat E(0), and the net longwave radiation at the sea surface L(0) 

such that 

Q(0) = 1(0) + S(0) + E(0) + L(0). (3.2) 

The sign convention I have used for Q(0), S(0), E(0) and 1(0) is that when they 

are directed into the ocean their sign will be positive. 

The equation of state is given by p = p(T), neglecting the effect of salinity 

changes on the density distribution. The density distribution in the entrainment 

layer is assumed to be a linear function of depth z of the form 

PeXz) - Pb +a(z-hm), (3.3) 

where pb is the density immediately below the mixed layer. Nonlinear forms of 

pe(z) can easily be considered, but for clarity of exposition, I have restricted the 

treatment to the simpler form given here. 

If the rate of input of TKE to the layer exceeds the rate of change of potential 

energy arising from stratification of the layer, the excess energy will be used to 

entrain water across the base of the surface layer, resulting in the deepening of the 

layer. The mixed-layer depth at the end of the time step is then calculated by 

equating the depth-integrated change in the potential energy of the layer associated 

with vertical mixing during the interval At, to the net TKE input during the same 

time interval (cf. Turner, 1969; Denman, 1972; Simpson et al, 1978). Once the new 
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mixed-layer depth is known, the corresponding layer temperature is determined by 

considering the heat budget of the layer 

The change in the potential energy ((f)) resulting from vertical mixing of a layer 

of arbitrary thickness 22 ~ ^1 can be written as 

<P(zi,z2) = P [p(z)-p]gzdz, (3.4) 
J Z = Z\ 

where p is the mean density of the layer, given by 

p=(—L-) P p(z)dz, (3.5) 
\Z2-Zl' J,=Zi 

and p(z) is the density of water at depth z, before mixing. 

Let hm = hm + he be the depth of the final mixed layer, during the deepening 

phase of the layer evolution. In the model that is now to be developed, the total 

change in the potential energy, (p(0,hm), associated with mixing at the end of the 

time interval At, is decomposed into three parts: 

1. The change in the potential energy associated with the internal mixing in the 

surface layer [<f>(0, hm)]. This accounts for the TKE required to remove the 

stratification developed in the surface layer during the time step. 

2. The change in the potential energy associated with internal mixing of the en­

trainment layer, resulting in the removal of the stratification associated with 

the linear density distribution and the additional stratification caused by the 

absorption of solar radiation beneath the mixed layer [<p(hm, hm)'\ 

3. The change in potential energy associated with complete mixing between the 

surface layer and the entrainment layer, each of which is internally well-mixed 

through processes described in (!) and (2) [<p(0,hm)]. 

file:///Z2-Zl'
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FIGURE 3.2. Changes in the potential energy of the water column associated with 
wind mixing. The density distribution at the beginning of the time 
step is shown in Panel (1). The modification to the density distri­
bution at the end of the time step (before vertical mixing), resulting 
from the absorption of heat is shown in Panel (2). Changes in the 
density distribution in the surface layer and in the entrainment layer, 
resulting from internal mixing of the layers are shown in Panels (3) 
and (4), respectively. The contributions from these processes to the 
total change in the potential energy of the water column are de­
noted by <j>(0, hm) and <j>(hm, hm), respectively. The effect of mixing 
between the surface layer and the entrainment layer on the density 
distribution is shown in Panel (5). r.'"m corresponding change in 
the potential energy is denoted by c/>(0, h^). The density distribu­
tion in the newly-formed mixed layer is shown in Panel (6). The 
total change in the potential energy associated with the formation 
of the new mixed layer is denoted by c/>(0, h^), which is given by: 
<f)(0,hm) = <t>(0,hm) + <f>(hrn,h+l)+<i>(0,h+l). The straight arrows in­
dicate the change in the density distribution and the curved arrows 
indicate the vertical extent of mixing considered in each panel. 
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The total change in potential energy of a deepening mixed layer 0(0,/i+) can 

be expressed as 

0(0, hi,) = 0(0, nm) + <j>(hni) h+) + 0(0, hm), (3.6) 

which follows from the identity 

rhm rhr-<- fht 
/ [p(z) - P]gzdz = / [p(z) - pm}gzdz + / [p(,z) - p?]gzdz+ 

JO Jo Jhm 

f m[p'(z)-p]gzdz. (3.7) 
Jo 

In equation (3.7), p™ and pe are the mean density of the initial mixed layer and the 

entrainment layer, respectively, at the end of the time step after internal mixing. 

Also, in equation (3.7) 

p'(z) = pm for 0 < z < hm 

and 

p'(z)=pe for hm<z<h+. (3.8) 

See Figure 3.2 for a pictorial representation of the mixing processes described above. 

In the following section, analytical expressions for each of these components 

are derived, which are then used to develop the equations describing the depth and 

the temperature of the layer, after time At. 

3.3 The Change in the Potential Energy Associated With 

Wind Mixing 

3.3.1 The Change in the Potential Energy Associated With Mixing in 

the Surface Layer 

Applying equation (3.4) to the surface layer, the change in the potential energy 

associated with vertical mixing in the layer at the end of the time step can be 



expressed as 

0(0 
fhm 

,hm)= [p(z)-pm}gzdz. 
Jo 
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(3.9) 

Here, p(z) is the density profile at the end of the time step in the surface layer, 

given by 

a p(z) = pn, -At— jmI(0)e-^z+S(z)Q(0) , for 0 < z < hm-
On 

(3.10) 

In equation (3.10), S(z) is the Dirac-delta function, with properties 6(z) = 0 for 

z > 0 and f* 6(z')dz' = 1. 

The depth-average of equation (3.10) for 0 < z < hm is 

Pm = Pm 
1 M m 

IT ^^ 
,lm Jo 

z = pm - At a 
^pi^w 

I(0)(l-e-^h'")+Q(0) . (3.11) 

Substituting equations (3.i0) and (3.11) into equation (3.9) and solving gives 

Atgahm. ' 

where 

0(0, hm) = 

fl>,n = i 

2Cn 
i(o)hm + Q(0) 3.12) 

Jm'l'T, 
( l -e" 7 ' " ' ' " " ) + e -~)mhn (3.13) 

is a fuuction that accounts for the depth distribution of heat input to the mixed 

layer by the penetrative component of solar radiation. The numerical value of the 

function //,m varies between 0 and 1; fhm = 1 when all the radiation is absorbed at 

the sea surface. 

3.3.2 T h e Change in the Potential Energy Associated W i t h Mixing in 

the Entrainment Layer 

Applying equation (3.4) to the entrainment layer gives 

rht 
<p(h m,h+)= / [p(z)-pe]gzdz, 

Jhm 

(3.14) 
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where p(z) is now the density profile in the entrainment layer at the end of the time 

interval At, given by 

ajj(hm)e-^z-h^ 
p(z) = Pb + a(z - hm) - At 

G J I 

-, for hm<z<hw, (3.15) 

and p is now the depth-averaged density of the entrainment layer which can be 

written using equation (3.15) as 

rht ahe Atal(hm) 1 r™ 
Pe = -r P(z)dz = Pb+ 0 

ne Jhm A «^p'"e 
Gnhe 

1 - e -7e^e (3.16) 

Substituting equations (3.15) and (3.16) into equation (3.14) and simplifying gives 

t(hm,hm) = ° ^ + At9ah' 
12 2CD 

I(hm)fhe 

where 

J he 1 -
JeA 

- ( l - e - 7 e / l * ) +e"iehe-

(3.17) 

(3.18) 

Equation (3.17) represents the change in the potential energy associated with 

the removal of stratification within the entrainment layer. The first term on the right 

denotes the contribution from the linear density gradient within the entrainment 

layer and the second term represents that from the additional stratification produced 

by the absorption of solar radiation. 

3.3.3 The Change in the Potential Energy Associated With Mixing Be­

tween the Surface Layer and the Entrainment Layer 

The mixing between the surface layer and the entrainment layer is considered 

next, assuming that each of these layers is already, internally well-mixed. From 

equation (3.4), the change in potential energy associated with the removal of the 

density difference between these layers can be expressed as 

rh+ 

0(0 ,hm) = / [p'(z) - p]gzdz, 
Jo 

(3.19) 
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where p'(z) is the density profile after the internal mixing of the surface layer and 

the entrainment layer. From equation (3.11), p'(z) = p"1 in the surface layer and 

from equation (3.16), p'(z) = pe in the entrainment layer. 

The depth-averaged density of the mixed layer and the entrainment layer to­

gether, p can be written as, 

1 f 'n 1 
P=T+ P'(z)dz = T+ [pmhm + Peh 

"•ni Jo hm 

Substituting equation (3.20) into equation (3.19) and simplifying gives 

(3.20) 

#(0, K& 
ghmhe 

Pe-Pm (3.21) 

3.3.4 The Total Change in the Potential Energy of an Entraining Mixed 

Layer 

From equations (3.6), (3.12), (3.17) and (3.21), the depth-integrated change in 

potential energy of a entraining mixed layer can be expressed as 

At 

0(0, 

gahe 
2G 

,hm) = M9-^[l(0)fhm+Q(0)] + 

I(h,n)fht 
V L + 

aghi ghmhe 

+ r-r (3.22) 
12 2 

Substituting the expressions for pm and p^ from equations (3.11) and (3.16) into 

equation (3.22) we get 

0(0, Kn) = At ^ [1(0) fhm + Q(0)] + ^ - f 
2 a 12 

At 
gahe 

2CP L 
\l(hm)fh 

ghmhe ah 
{pb-Pm + ^+At-~[l(0)(l-e-^)+Q(0) 

jpsiim 

At <xl(hm) 
Cphc 

_e-7«ft«U (3.23) 
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which is the total change in potential energy associated with the buoyancy redistri­

bution through vertical mixing in the entraining mixed layer. 

3.4 The Depth of an Entraining Mixed Layer 

The change in potential energy associated with the formation of a new mixed 

layer through entrainment is determined from the equation 

cf>(0,h+)-At(G-D) = 0, (3.24) 

where G and D represent, respectively, the rates of generation and dissipation of 

TKE, in the water column. Substituting for 0(0, hm) from equation (3.23) into 

equation (3.24) we have an expression for he, the increase in the depth of the mixed 

layer after time At: 

agh\ aghmh\ , A , agh, 
12 + 4 

At 
2 0 , 

1(0) ( 1 - c - -fm h„ ) + Q(o) 

1 2 

agh 

3 

At 
2CT> 

I(hm) 1 - e~^K +-ff I(hm)he + 
4 5 

9hi± (P> - Pm) + At ° ^ [1(0) fhn + Q(0)} -At(G-D) = 0. 
2Cn • V " 

6 -v" 
7 

(3.25) 

Equation (3.25) represents the energy budget of the upper ocean associated 

with the evolution of the mixed layer, under the influence of solar heating, surface 

heat exchange and wind forcing. The first term represents the TKE required to re­

move the linear density gradient in the entrainment layei. The second term denotes 

the TKE required to work against the increase in the density at the base of the 
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surface layer, resulting from the removal of the linear density gradient in the en­

trainment layer. The effects of heat input to the surface layer and the entrainment 

layer on the TKE required for mixing between these two layers are given by terms 

three and four, respectively. The TKE required to work against the stratification in 

the entrainment layer resulting from solar heating is given by term five. If a density 

discontinuity is present at the base of the mixed layer (pb / pm) at the beginning of 

the time step, the TKE required to remove this discontinuity is given by the sixth 

term. The energy required to remove the stratification in the surface layer produced 

by the heat input during the time interval At is represented by the seventh term. 

The last term on the left -^presents the net TKE input to the water column. 

Equation (3.25) can be solved numerically, using standard routines for finding 

the roots of a continuous function, such as ZEROIN (Morris, Jr., 1993). 

When the density gradient in the entrainment layer is absent, terms 1 and 2 of 

equation (3.25) will vanish. If we assume that the effect of solar heating does not 

contribute to the stratification in the entrainment layer, term 5 can be neglected. 

Again, if the input of heat during the time step does not modify the mean density 

of the mixed layer and the entrainment layer, terms 3 and 4 can also be neglected. 

Dropping these terms is equivalent to taking the limiting case of equation (3.25) as 

At ->0: 

*™oAt \ghm(Pb-pm) 

Note that equation (3.26) has the general form of the equation for he/At used 

in conventional bulk models for the deepening of mixed layer. In other words, 

the equation used to describe the evolution of mixed-layer depth by conventional 

bulk models represents a limiting case of equation (3.25). Thus the mixed-layer 

depth predicted by equations (3.25) and (3.26) will be the same when the time 

step of integration is small. However, with increasing time step, the mixed-layer 

depth predicted by equation (3.26) will deviate from its true value as the condition 
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FIGURE 3.3. A comparison between the mixed-layer depths calculated using 
the complete equation (3.25), the quadratic approximation (3.27) 
and the conventional bulk-model equation (3.26). The mixed-layer 
depths, after two days of simulated time, are plotted as a function 
of the number of time steps used in the calculation. For large time 
steps the solutions to the conventional bulk-model equation and the 
quadratic approximation deviate from the solution to the complete 
equation (3.25). In this typical example, the TKE input is estimated 
as (G - D) = 0.00l2paCdU

3 (Denman, 1973). The depth and tem­
perature of the initial mixed layer are 5m and 8.5°C, respectively. 
The temperature at the base of the initial mixed layer is 8°C and 
the amperature gradient in the entrainment layer is 0.0385°C m - 1 . 
Alsc, the attenuation coefficients of the mixed layer and the entrain­
ment layer are chosen to be j m = j e = 0.2 m _ 1 . The forcing fields 
used in the model simulation are: wind speed = 12.5m s - 1 , Q(0) = 
- 19.45 W m~2 and 1(0) = 194.5 W m"2. 
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At -r 0 is violated. Thus, conventional models fail in predicting the mixed-layer 

depth correctly if the time step is taken excessively large. 

Another approach to simplification of equation (3.25) leads to an analytical 

approximation for the increase in depth of an entraining mixed layer. We proceed 

as follows. When he is very small, terms 1 and 5 of equation (3.25), which are of the 

order of h\, can be neglected. Also, under such conditions, term 4 of the equation 

can be simplified by neglecting third and higher order terms in the Taylor series 

expansion of e~yehe. The resulting quadratic equation can then be solved for he: 

-XX + y/X{ - 4*o*2 

2 * 2 ~* ' 
K = \J ^-^fw (3-27) 

where 
X^aghm+Magh j % ^ 

4 4Cp 

*i= 9-^(ph-Pni)+^^-[T(0)(l-e~^-)+Q(0)} -At^[l(hm)je], 

(3.29) 

and 

*o = At ^ [1(0) fhm + Q(0)] - At (G - D). (3.30) 

Once the increase in the layer depth, he, after time At is known, the depth of the 

newly-formed mixed layer hm is given by 

K, = hm + he. (3.31) 

A comparison between mixed-layer depths calculated using equations (3.25), 

(3.26) and (3.27) is shown in Figure 3.3. The initial depth and temperature of the 

surface mixed layer are 5 m and 8.5°C, respectively. The initial temperature at the 

base of the lay** is 8.0 °C and the initial temperature gradient in the entrainment 

layer is 0.0385°C m_ 1 . Using the Denman (1973) parameterization of the net TKE 

input to the water column, (G - D) is estimated as: (G-D) — 0.0012paCdU3, 

where U = 12.5 m s_ 1 is the wind speed, Cd — 0.0013 is the drag coefficient and 
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pa = 1.2 Kg m~3 is the air density. In this figure, the depth of the mixed layer 

at the end of 2 days of simulated time is plotted as a function of the number of 

f e steps used. The figure shows that, for fixed forcing conditions, the solution 

based on equation (3.25) is independent of the time step used in the calculation, 

whereas the errors in the solutions based on equations (3.26) and (3.27) increase 

with increasing step size or decreasing number of steps per day. 

3.5 The Depth of a Detraining Mixed Layer 

When the TKE input to the mixed layer is not sufficient to counter the strati­

fication produced by the input of heat, the surface layer will retreat to a shallower 

level within which the TKE balances the buoyancy input. In such instances, the 

depth of the newly-formed layer (hm) is less than or equal to hm, such that en­

trainment cannot occur. None of the terms in equation (3.25) that are functions 

of he contribute to the change in depth of the surface layer. Also, in equation 

(3.25), hm can be replaced by /i+ since the layer depth is determined by the energy 

balance within the newly-formed layer of depth hm, which is independent of the 

surface-layer depth hm at the beginning of the time step. The resulting equation is 

a ̂ r imht + w)] - 2i£-^L = o, (3.32) 
'v 

where 

4 + = l ^ - ( l _ e - W 1 - ) + e-^
h»-. (3.33) 

Jmhm 

Equation (3.32) is identical to the equation used in conventional bulk mixed-layer 

models to describe the shallowing of a mixed layer. An analytical solution for 

equation (3.32) can be obtained by using a rational-polynomial approximation of 

fh+ of the form 

Pi + PbO 
V - ^t .Jf ^ &1 < 6 < 02) (3.34) 
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FIGURE 3.4. The rational-polynomial approximation to fh+ is plotted as a function 
of 9. The solid curve represents the original equation and the broken 
curve represents the approximation. 



Table 3.1 The coefficients used in the rational polynomial approximation to 
f,+ are given in this table. Three ranges of variation 9\ < 9 < #2 
are considered. They are: 0.6 < 9 < 1.25, 1.25 < 9 < 4.5, 
4.5 < 9 < 20. 

#i — 92 

Pi 
V2 

P3 
PA 

Pb 

0.6 - 1.25 

0.08608 
-0.42370 
0.79830 
-0.01420 
4.45100 

1.25 - 4.5 

0.68290 
-1.37100 
1.02800 
0.86830 
2.05100 

4.5 - 20.0 

6.44400 
-5.00600 
0.92850 
0.92710 
3.11700 

o 
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where 9 — jmhw and #i and 92 are the lower and upper bounds of the range of 9 for 

whicn the equation is valid. Note that this particular form of the rational polyno­

mial is selected only for the convenience of obtaining an analytical approximation. 

Equation (3.34) gives good results if the range of 6 generally observed in the ocean 

is divided into three intervals. Coefficients for a typical example using three sub-

intervals are given in Table 3.1. Note that the coefficients need be calculated only 

once. The validity of this approximation is shown in Figure 3.4 by comparing / . + 

estimated using equations (3.33) and (3.34). Using equation (3.34), equation (3.32) 

can be written in the form 

where 

Yx 

Y29
2 + Yx9 + Y0 = 0, 

Y2=p3I(0)+P5Q(0), 

2(G-D)jmCp 
P2l(0)+piQ(0)-Pb-

ag 
and 

Fn = P l / ( 0 ) - p 4 

2(G-D)jmCp 

ag 

(3.35) 

(3.36) 

(3.37) 

(3.38) 

To determine the mixed-layer depth, first, the positive real roots of equation 

(3.35), for eadi of the sub-ranges of 9 are computed as 

0 = 
-Y, + y ^ 2 - 4F2F0 

2F2 
(3.39, 

Among these roots, the approprii. .3 value of 9 is the one that satisfies the condition 

9\ < 9 < (92. Once the appropriate 9 is identified, the layer depth can be determined 

by specifying j m . 

3.6 The Temperature of an Entraining Mixed Layer 

Once the new layer depth (/i+) is known, the temperature of the new mixed 

layer (T+) can be calculated from the surface-layer temperature at the beginning 
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of the time step, the effects of the absorption of solar radiation, exchange of heat 

across the sea surface and the entrainment of water across the base of the mixed 

layer. That is, 

At 
h+{Tmhm + 1(0)(l 

bhe 

e - 7 m h + ) + Q v ; ; / . 

)}• (3.40) 

Pm^p 

he (Tm ~Tb , 

where the first term on the right denotes the heat content of the surface layer at 

the beginning of the time step, the second term takes into account the heat input 

from the non-penetrative heat flux and the absorption of solar radiation, and the 

last term denotes the change in the layer temperature associated with the water 

entrained across the base of the surface layer. 

3.7 The Temperature of a Detraining Mixed Layer 

Given the depth of a detraining mixed layer, the layer temperature, T+, is 

calculated as the sum of the surface layer temperature at the beginning of the time 

step and the increase in the layer temperature produced by the heat absorption in 

the new mixed layer 

T+ =T 4-
At 

Pm^phm 
1(0)(1 ,-1mh+ ) + Q(0) (3.41) 

3.8 Discussion 

Equation (3.25) can be non-dimensionalised by dividing throughout by term 6 

of the equation. This gives 

aghl aghmhl A t o ^ J / ( 0 ) ( l - e " ^ ) +Q(0) 

12A 

"oo 

e , "'H • "m • "e , 
4A 

(«) 

2CPA 

(m) 
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where 

AtaghmI(hm)\l-e-^h* 
i 

At aghe I(hm)fhe 

2CPA ' 2CPA 

(tv) (v) 

At aghm [1(0) fhm + Q(0)] - 2At CP(G - D) 
2CPA 

+ 

(vt) 

A = -ghmhe(pb - Pm)-

(3.42) 

(3.43) 

If we assume that terms (i) — (v) of equation (3.42) are negligible, then the 

equation reduces to equation (3.26), which is the general equation employed in 

conventional bulk models to describe the deepening of the mL:ed layer. However, 

neglecting terms (i) — (v) implies stringent conditions on the maximum time step 

that can be used in the model simulation. The conditions that would have to be 

satisfied are: 

At « r JVUPfe Pm) from term {ui) 
a[I(0)(l-e-^hm) + Q(0)] 

(3.44) 

A* < °p(Pb Pm) from t e r m ( l u ) > 

ajeI(hm) 
(3.45) 

. , „ Gphm(Pb ~ Pm) r , , \ 
At <C _/, , , from term (v), 

Oil(hm)jhe 

(3.46) 

and 

'Pb — Pm 
^ e « \ M m ( - — — ) from term (i), 

a 
(3.47) 

he<&2( Pb ~ Pr, 

a 
•) from term (ii). (3.48) 
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Note that the last two conditions on he are equivalent to conditions on At, 

because the increase in the layer depth during any given time step is a function of 

the time step itself. Inequalities (3.44) - (3.48) limit the accuracy of conventional 

models (for example, equation (3.26)) when the time step is chosen to be too large. 

If they are not satisfied, either the time step must be reduced, or the complete 

equation (3.42) must be used. 

Another issue relevant to the choice of time step is that of numerical stability. 

Figure 3.3 shows that the mixed-layer depth predicted by conventional bulk mod­

els becomes unstable with increasing time step. As a consequence, during model 

simulations using observed data, the time step of integration is determined by the 

stability of the model rather than the frequency of observations. On the other hand, 

the depth of the mixed layer predicted by the general bulk model is not sensitive to 

the size of the time step used provided temporal variation in the forcing are resolved. 

Therefore, model simulation using the general model can be optimized for compu­

tational efficiency by choosing the time interval between observations (or between 

significant changes in the observations) as the time step for model simulation. 

Bulk models of the oceanic mixed layer are conceptually simple and computa­

tionally efficient. They have also proven to be successful in reproducing the observed 

fields of mixed-layer depth and temperature (Martin, 1985, Gaspar, 1988). How­

ever, their wider usage a? a modelling tool is diminished by the requirements of the 

a prion existence of a well-mixed layer and a positive density discontinuity at the 

base of the layer. 

The model developed in this chapter does not require the a pnon existence of a 

well-mixed layer. In the absence of a surface mixed layer (hm = 0), the entrainment 

layer will extend from the sea surface, and therefore I(hm) — -f(O). With this 

modification equation (3.25) becomes 

Whl . ag/>e 
12 2CP 

I(0)fh£ + Q(0) -At(G-D) = 0. (3.49) 
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This equation describes the development of a mixed layer in a linearly-stratified 

water column in the presence of TKE input, absorption of solar radiation and the 

exchange of heat across the sea surface. The assumption of a linearly-stratified 

medium can be modified easily to incoiporate any other type of stratification. On 

the other hand, linearity is only required over the depth interval hm < z < hm so 

by selecting small time steps for model integration, non-linear density profiles can 

be approximated very well using linear profiles. 

There have been several attempts to incorporate thermodynamic processes into 

models of the upper-ocean dynamics (Schopf and Cane, 1983; McCreary and Kundu, 

1989; McCreary et al, 1993). One of the major problems faced by researchers in 

incorporating bulk thermodynamic models into dynamic models of the upper ocean 

is the requirement, common to all conventional bulk models, of a positive density 

discontinuity at the base of the mixed layer. In the presence of strong surface 

cooling or advection of cold water, the density discontinuity at the base of the 

layer may disappear (pb = pm)- This introduces a mathematical singularity in the 

equation used by conventional bulk models to describe the evolution of the mixed-

layer depth (equation (3.26)). Attempts to overcome this difficulty by specifying 

a constant temperature difference at the base of the mixed layer (McCreary and 

Kundu, 1989) or by estimating the temperature difference from the temperature 

distribution in the thermocline (Schopf and Cane, 1983 ) can introduce errors in 

the heat and energy budget of the mixed layer. This is because the evolution of 

the temperature at the base of the mixed layer is a time-dependent process that is 

influenced more by the evolution of the mixed layer than that of the thermocline. 

The bulk model developed in this chapter eliminates this potential problem and 

therefore it is well suited for incorporating mixed-layer thermodynamics into three-

dimensional circulation models of the upper ocean. 

A significant portion of research associated with the modelling of the upper-

ocean thermodynamics, during the past two decades, has focused on the param­

eterization of the TKE budget. As a result, a number of ^hemes, with different 
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degrees of complexity and different physical foundations, are available for describing 

the generation and dissipation of TKE (Zilitinkevich et al, 1979; Garwood, 1979; 

Gaspar, 1988). Equation (3.25) is not based on any particular parametrization 

scheme for representing the TKE input to the ocean, and it can be easily adapted 

to any scheme one may select. The exact form of the equation is determined by „he 

parametrization of the generation and dissipation of TKE in the mixed layer and 

the equation can be iolved in a straight-forward manner for many of these parame­

terization schemes. However, incorporation of some of the recent parameterization 

schemes such as that of Gaspar (1988) may result in a complex system of algebraic 

equations and the solution will become much more time consuming. 

The model developed in this chapter provides a solid foundation for the depth-

integrated approach of mixed-layer modelling as it is free from two of the major 

limitations of conventional bulk mixod-layer models. The model's ability to incor­

porate larger time steps than would be allowed by conventional bulk models will 

be exploited in the next chapter, to develop a coupled model of physical-biological 

interactions with a time step of one day. 



CHAPTER 4 

A Model of 

Physical-Biological Interactions 

in the Mixed Layer 

4.1 Introduction 

The analysis presented in Chapter 2 shows that changes in the attenuation 

of solar radiation in the mixed layer, produced by modulations in phytoplankton 

concentration, will affect the evolution of the layer depth and temperature. It is 

also well known that changes in the layer depth regulate the accumulation of phyto­

plankton biomass ir the mixed layer (Sverdrup, 1953; Piatt et al, 1991). Together, 

these two processes constitute a physical-biological interaction that influences the 

evolution of mixed layer and phytoplankton biomass in the ocean (Piatt et al, 1994; 

Sathyendranath and Piatt, 1994). 

Figure 4.1 provides additional insight into the nature of this interaction. In 

Panel (a) of the figure, the daily, depth-integrated, net production of phytoplankton 

biomass in the mixed layer is plotted as a function of the layer depth, following 

the Piatt et al (1991) model (see Section 4.2). The net production is calculated 

as the difference between the gross production of phytoplankton and the loss of 

phytoplankton, which are also plotted in the panel as functions of the layer depth. 

We see that the gross production increases with increasing layer depth when the 

mixed layer is relatively shallow but becomes constant for deeper layers. The loss of 

biomass shows a quasi-linear increase with increasing layer depth. Consequently, the 

net production shows an initial increase at small values of the mixed-layer depth, 

followed by a gradual decrease at larger values of the layer depth. The broken 
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FIGURE 4.1. Physical-biological interactions in the mixed layer associated with 
phytoplanktor variability: In Panel (a), the daiiy, depth-integrated, 
net production of phytoplankton biomass in the mixed layer are plot­
ted as functions of the layer depth, following the Piatt et al. (1991) 
model. The net production is calculated as the difference between 
the gross production of phytoplankton and the loss of phytoplankton, 
which are also plotted in the panel as functions of the layer depth. 
The broken line indicates the layer depth within which the net pro­
duction is zero, defined by Sverdrup (1953) as the critical depth. 
Given the mixed-layer depth, the daily change in the mean attenu­
ation coefficient of the mixed 1.,, er, resulting from daily changes in 
depth-averaged phytoplankton biomass in the mixed layer, is showr 
in Panel (b) ay a percentage of the mean attenuation coefficient at 
the end of the day. Similarly, Panel (c) shows a measure of the 
change in the stratifying tendency resulting from phytoplankton-
induced changes in the attenuation of solar radiation in the mixed 
layer. In this panel the change in fhm (see equation (2.33)) is plotted 
as a function of the layer depth. 
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horizontal fine indicates the layer depth within which the net production is zero, 

defined by Sverdrup (1953) as the critical depth. When the depth of the mixed 

layer is less than the critical depth, net growth and accumulation of phytoplankton 

in the mixed layer is possible. This dependence of net production of phytoplankton 

biomass in the mixed layer on the depth of the layer is one component of the 

physical-biological interaction that is the central theme of tbi;- chapter. 

The response of mixed-layer physics to changes in the phytoplankton concentra­

tion in the mixed layer is the second component of the interaction that is considered 

in this study. This response is caused by the fact that the evolution of the mixed-

layer depth depends on the attenuation of solar radiation in the mixed layer which, 

in turn, depends on the phytoplankton concentration. Given the mixed layer depth, 

the daily change in the mean attenuation coefficient of the mixed-layer, resulting 

from daily changes in depth-integrated phytoplankton biomass in the mixed layer, 

is shown in Panel (b) of Figure 4.1 as a percentage of the mean attenuation coeffi­

cient. Modifications to the attenuation of solar radiation in the ocean will change 

the depth-distribution of solar radiation and therefore the tendency for stratification 

within the layer. The evolution of the mixed-layer depth during the subsequent time 

step will be affected by the change in the stratifying tendency of the layer. Panel 

(c) of the figure shows a measure of the change in the stratifying tendency resulting 

from phytoplankton-induced optical variability. In this panel the change in fhm 

(see equation (2.31)) is plotted as a function of the layer depth. The dependence 

of fhm on phytoplankton concentration in the layer is accounted for by specifying 

the attenuation coefficient of the mixed layer as a function of the biomass using the 

spectral-irradiance model of under-water light transmission (see Section 2.4). This 

panel shows that the net production of biomass in the mixed layer (shown in the 

Panel (a) of the figure) can account for more than 15% of variations in fhm- Thus, 

changes in fhm may significantly modify the layer depth. As suggested by Panel 

(a), such changes will further modify the net production in the layer, establishing 
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a feedback loop between the evolution of mixed-layer depth, evolution of the mean 

attenuation coefficient of the layer and the phytoplankton biomass in the layer. 

The depth of the mixed layer determines the vertical extent over which the so­

lar energy absorbed by the mixed layer is being distributed and therefore the layer 

temperature. The mixed-layrr temperature affects the exchange of heat across the 

ocean-atmosphere interface. The heat exchange, in turn, affects the subsequent 

evolution of the layer depth and temperature. Thus, as suggested in Chapter 2, 

physical-biological interactions in the mixed layer might modify the feedback be­

tween the air-sea heat exchange and mixed-layer thermodynamics. This is the third 

component of the interaction considered in this chapter. A schematic representation 

of the physical-biological interactions associated with the evolution of mixed-layer 

biology, mixed-layer physics and air-sea heat exchange is shown in Figure 4.2. 

To examine the nature of such feedback loops, a numerical analysis of the inter­

actions between physical and biological processes in the ocean-atmosphere system 

is presented. This analysis is carried out using an oceanic model coupled to an 

atmospheric model. The atmospheric component is used specifically to examine the 

contributions from physical-biological interactions to the air-sea heat exchange. 

The chapter is divided into six sections. An overview of the coupled model 

used in the analysis is presented in Section 4.2 followed, in Section 4.3, by a general 

description of the physical-biological interactions in the ocean-atmosphere system 

based on the results of model simulations. The effects of air-sea heat exchange 

on the physical-biological interactions in the mixed layer are examined in Section 

4.4 and the implication of the results for modelling of upper ocean processes are 

addressed in Section 4.5. Some concluding remarks are presented in Section 4.6. 

i 
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PTGURE 4.2. A schematic representation of the physical-biological interactions 
associated with the evolution of mixed-layer biology, mixed-layer 
physics and air-sea heat exchange. The evolution of mixed-layer 
depth influences the evolution of phytoplankton biomass in the layer, 
which in turn, modifies the attenuation of solar radiation in the 
ocean and therefore the mixed-layer physics. Evolution of the layer 
temperature will modify the heat exchange and the air tempera­
ture, which will influence the evolution of the mixed layer during 
the subsequent time step. 
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4.2 A Coupled Model of Physical-Biological Interactions in 

the Mixed Layer 

To simulate the interactions between physical and biological processes in the 

mixed layer in the presence of air-sea heat exchange, a coupled model is developed. 

In this model, the evolution of the mixed-layer is simulated by the general bulk 

model developed in Chapter 3, the biological processes are described by the Piatt 

et al. (1991) model of the net production of organic material in the mixed layer 

by phytoplankton, and the heat exchange between the ocean and the atmosphere is 

incorporated using an energy-balance atmospheric model (Stocker et al, 1992). All 

three components of the coupled model use a daily (24 h) time step. The evolution 

of mixed-layer depth, under the influence of seasonally-modulated solar radiation is 

the physical factor in the model that modifies the biological processes. Through its 

effect on the attenuation of solar radiation in the water column, variability in the 

biomass field is the biological factor that contributes to the evolution of mixed-layer 

depth, temperature and the heat exchange between the ocean and the atmosphere. 

The coupling between the ocean and the atmosphere depends on the air-sea heat 

exchange. Structural details of the atmospheric and biological components of the 

model are presented below. 

4.2.1 The Atmospheric Component 

The seasonal evolution of the surface layer of the ocean is strongly affected by 

the heat exchange between the ocean and the atmosphere. Therefore, a complete 

description of physical-biological interactions in the mixed layer should take this 

exchange into account. In this study it is described by a one-dimensional adaptation 

of the energy-balance model of the atmosphere as used by Stocker et al (1992). 

The model parameters are selected to represent the mean state of the atmosphere 
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rather than its time-dependent behaviour: solar radiation is the only independent 

variable that is allowed to vary with season. The model is one dimensional, and the 

effects of horizontal advection of properties are therefore neglected. 

The change in the air temperature, ATa, during a time interval At is 

*Ta = -p-(H(-ha)-H(0)), (4.1) 

where pa is the air density, Ca is the specific heat capacity of the dry air, ha is the 

height of the model atmosphere H(0) is the net heat flux across the sea surface, and 

H(—ha) is the net heat flux across the top of the atmosphere, equal to the difference 

between the incoming solar radiation, R(—ha), and the outgoing longwave radiation 

L(-ha). That is, 

H(-ha) = R(-ha) - L(-ha). (4.2) 

The present model deviates from the Stocker et al. (1992) model in its specifi­

cation of the solar radiation. In the absence of clouds, the daily solar radiation at 

the top of the atmosphere, R(—ha), is 

R(-ha) = -Rm(-ha). (4.3) 
IT 

In equation (4.3), Rm(—ha) is the daily-maximum value of the extra-terrestrial solar 

radiation as given by (Iqbal, 1983) 

Rm(-ha) = Rs (sin f3 sin ip + cos f3 cos ip), (4.4) 

where 

Rs = 1367 W m - 2 (4.5) 

is the solar constant (Foukal and Lean, 1990), 

(3 = 0.006918 - 0.399912 cos T + 0.070257 sin V - 0.006758 cos(2r)+ 
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0.000907 sin(2r) - 0.002697 cos(3r) + 0.00148 sin(3r) (4.6) 

is the solar declination (Paltridge and Piatt, 1976), T is a function of the day 

number J defined as: T = 2ir(J — l)/365, and d is the day length (i.e. the period 

during which the solar radiation is non-zero) in hours, calculated as a function of 

the latitude ip and the solar declination [3 using the equation (Kirk, 1983), 

d = 0.133(180/7r)cos-1(tan^tan/?). (4.7) 

Note that equation (4.3) is derived by assuming a sinusoidal distribution of solar 

radiation with time t between the dawn (t = 0) and the dusk (t = d) 

R(-K,t) = Rm(-ha) s i n ( ^ ) , for 0 < t < d 

and 

R(-ha,t) = 0 for d<t. (4.8) 

The back radiation to outer space is 

L(-ha) = aeX, (4.9) 

where a is the Stefan-Boltzmann constant and ep is the planetary emissivity. 

The total solar radiation at the sea surface (R(0)) is 

R(0) = (l-n)R(-ha), (4.10) 

which is subdivided into the penetrative component 1(0) and the non-penetrative 

component 1(0). In equation (4.10) n is the absorptivity of shortwave radiation in 

the atmosphere. Here, it is assumed that 1(0) accounts for 50% of R(0). 

The net heat flux across the ocean-atrnosphere interface, H(0), is the sum of a 

penetrative component 1(0) and a non-penetrative component Q(0). As in previous 

chapters, the non-penetrative component Q(0) is given by: 

Q(0) = 1(0) + S(0) + E(0) + L(0). (4.11) 
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The sign convention used for Q(0), 5(0), E(0) and L(0) is that these quantities 

are positive when the heat transfer is from the atmosphere to the ocean. The net 

longwave radiation at the sea surface L(0) is parameterized by 

L(0) = ceaTt - ae0Tm, (4.12) 

where e0 and ea are the emissivity of the ocean and the downwelling emissivity of 

the atmosphere respectively. The sensible heat flux across the ocean-atmosphere 

interface is parameterized by 

S(0) = C ( T a - r m ) , (4.13) 

C being the transfer coefficient of sensible heat. The latent heat flux is estimated as 

a function of the mixed-layer temperature and the air temperature using the Haney 

(1971) parameterization scheme 

E(0) = -Cse("-7-5418/To)|0_2 + 5 4 1 8 Z l ^ Z £ j > (4.14) 

where CE is a local bulk coefficient for evaporation. In reality, CE and £ depend on 

factors such as wind speed and atmospheric stability. Here we take both CE and C 

to be constants. 

Note that the effect of buoyancy fluxes associated with net air-sea exchange 

of moisture is not considered here. However, the air-sea heat exchange associated 

with locally-balanced evaporation and precipitation is accounted for. The numerical 

values of the atmospheric-model parameters used in this section are given in Table 

4.1. 

4.2.2 The Biological Component 

The biological component of the mode! is intended to simulate the seasonal 

evolution of phytoplankton biomass in the mixed layer. The change in the phyto­

plankton biomass in the layer is calculated as the difference between the production 



Table 4.1 Numerical values of parameters used in the model simulation. Values of K, pa, a, £. Ca, CE, 

ta, e0, ep and ha are taken from Stocker et al. (1992). 

irameters 

a 
aB 

X 
h 
K 

•0 
Pa 
Pw 
a 

c 
Ca 

Cd 

cp 
CE 

ea 

e0 

ep 

9 
ha 

Km 
P» 

RoB 

RD 

RL 

Rs 

Value 

1.3 x i<r4 

0.11 
30 
1.0 

0.2857 
+50 
1.225 

1026.0 
5.67 x 10"8 

10 
1004 

0.0013 
4000 

5 x 104 

0.78 
0.96 
0.63 
9.8 

8320 
0.05 

3 
0.09 
0.15 
0.15 
1367 

Units 

O Q - l 

mg C h - x (W m - ^ - ^ m g Chl)~ 
Dimensionless 

m 
Dimensionless 

"Latitude 
K g m " 3 

K g m " 3 

W m " 2 K - 4 

W m~2 ° C _ 1 

J kg- 1 " C - 1 

Dimensionless 
J kg"1 ° C " 1 

W m " 2 

Dimensionless 
Dimensionless 
Dimensionless 

m s -
m 

mmol N m - 3 

m g C (mg Chl-a)-1 h" 1 

mg C (mg Chl-a)"1 h " 1 

Dimensionless 
Dimensionless 

W m " 2 
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of biomass by photosynthesis and the loss of biomass through respiration, sedimen­

tation, excretion and zooplankton grazing. In the mixed layer, the phytoplankton 

distribution is depth-independent. The water column below the mixed layer is as­

sumed to be biologically inactive, with a constant phytoplankton concentration of 

0.01 mg chl-a m~3. Because the phytoplankton production and loss below the mixed 

layer are not taken into account this assumption may result in the underestimation 

of the biomass entering the mixed layer during the deepening phase. 

The change in depth-averaged phytoplankton biomass (AS) in the mixed layer 

during a 24 hour period is modelled by 

^B=^-[Phm4-lhmM]. (4.15) 
X^m 

Here, x 1S the carbon-chlorophyll ratio, Phm,d is the daily (integrated over the day 

length) total production of organic carbon by phytoplankton photosynthesis in the 

mixed layer and lhm,24 1S the total loss of organic carbon from the phytoplankton 

community from the layer during a 24h period. Procedures for calculating Phm,d 

and lhm,2t are described below. 

a) The gross production of organic carbon by phytoplankton in the 

mixed layer 

The daily primary production in the mixed layer can be expressed as (Piatt et 

al, 1990; Piatt et al, 1991) 

Phm,d = B-P*(d Pm [l - e-aBim^sin^d^ym^p"]dzdt. (4.16) 

In the above equation P^ is the biomass-specific maximum photosynthetic rate (mg 

C (mg chl-a) -1 h _ 1 ) , B is the phytoplankton biomass (mg chl-a m~3), a.id aB is the 

biomass-specific initial slope of the photosynthesis-irradiance curve (mg C h~l (W 
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m - 2 ) - 1 (mg chl-a)-1). The superscript B represents normalization with respect 

to biomass. Also, Im(0) is the daily maximum (noon) value of the penetrative 

component of solar radiation at the sea surface. The attenuation coefficient j m is 

assumed to be depth-independent. Note the difference between aB used in this 

section and the a (coefficient of thermal expansion) used in the previous chapter. 

An analytical expression for the daily gross primary production in the mixed 

layer can be obtained by evaluating the integrals in equation (4.16) (Piatt et al, 

1990, Piatt et al, 1991; Piatt and Sathyendranath, 1993) giving 

_ 2A ST ( C ) 2 n _ 1 ( l - M 2 n - 1 ) (2n - 2)!! 
"hm,d 7T ^ 

n-

oo 

n = l 

= 1 

(i: 

( 2 n - l ) ( 2 n - l ) ! ( 2 n -

' ) 2 n ( l - M 2 " ) ( 2 r a - l ) ! ! 

2n(2n)!(2n)!! 

1 _ PmBd 

1)!! 

i 

where 

Jm 

is the scale factor determining the magnitude of production (mg C m - 2 ) , 

(4.17) 

(4.18) 

IT = ^ (4-19) 

is the dimensionless form of daily-maximum (noon) solar radiation at the sea-

surface, and 

M = e-^
mhm (4.20) 

is the optical transmittance for the layer. 

b) The loss of organic carbon from the mixed layer 

The loss of phytoplankton biomass from the mixed layer during a 24 hour 

period is represented following Piatt et al. (1991). According to this scheme, the 
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daily loss of phytoplankton biomass from the mixed layer (Z/^,24) can be expressed 

as 

lhm,24 = 24hmBl$, (4.21) 

where lB is the generalized, biomass-specific, loss rate of phytoplankton from the 

layer, averaged over a day and over the layer depth, given by 

IT=IR + IE + IG+IS- (4-22) 

In the above equation, lB is the loss rate of phytoplankton resulting from respiration, 

lB is the excretion rate of phytoplankton, IQ is the zooplankton grazing rate and lB 

is the loss rate of phytoplankton resulting from sedimentation. In equation (4.22) 

all these terms have units of mg C (mg chl-a) -1 h-"1. 

Assuming that the biomass-specific dark respiration depends on the growth 

rate in the light, the loss of organic material from the mixed layer resulting from 

respiration is 

1R = RO+(RD+RL)^^. (4.23) 

Here, RB = 0.09 mg C (mg chl-a) -1 h - 1 represents respiration in the absence of 

growth, RD is a nondimensional coefficient representing the change in the dark 

respiration of phytoplankton per unit change in growth rate, and RL is a nondi­

mensional coefficient representing the increase in respiration of phytoplankton in 

the presence of light. Numerical values of Rp and RL are chosen to be 0.15. 

Based on the conventional view that about 5% of the organic carbon produced 

by phytoplankton is lost through excretion (Piatt et al, 1991), lB is parameterized 

by 

1% = 0 . 0 5 - ^ - . (4.24) 

The biomass-specific zooplankton grazing rate, lB, is determined by 

«S = 5 f * . (4-25) 
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The implied removal of 25% of the phytoplankton standing stock per day by 

grazing is consistent with the conclusions in recent reviews of the significance of 

grazing in the pelagic ecosystem (eg. Banse, 1992). 

The loss of biomass through sedimentation is parameterized by 

'' = * £ • (4'26) 

Here, h is the depth over which a phytoplankton cell sinks during one day. I 

have used h = 1 m, which is suitable for describing the sedimentation of diatoms 

(Smayda, 1970; Piatt et al, 1991). 

c) Effect of nutrient limitation 

The general procedure used to account for the effect of nutrient limitation on 

phytoplankton growth rate is similar to that used by Wroblewski (1976). Fasham 

et al. (1990) and Taylor et al. (1991). It is assumed that dissolved nitrogen is the 

limiting nutrient, without considering the specific forms of nitrogen available. The 

daily primary production in the mixed layer in the presence of nutrient limitation, 

P£ d, is estimated by scaling the corresponding quantity in the absence of nutrient 

limitation (Phm,d) with a Michaelis-Menten function: 

In equation (4.27), Nm is the dissolved nitrogen concentration in the mixed layer 

and Km is the half saturation constant for nitrogen uptake. I have specified Km as 

0.05 mmol N m - 3 , which is consistent with the recommendation of Harrison et al. 

(1996). 

Implementation of equation (4.27) requires information on the dissolved ni­

trogen concentration, Nm, in the mixed layer. It is calculated from the nitrogen 
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budget of the mixed layer as described below, ensuring that runaway growth of 

phytoplankton cannot occur and that the conservation of mass is not violated. Two 

further checks on the phytoplankton model are that the nitrogen content of the 

total biomass produced at any given time step cannot exceed the dissolved nitrogen 

available in the layer during that time step, and that the nitrogen ontent of the 

total biomass produced in the mixed layer during the model simulation should not 

exceed the sum of the initial dissolved nitrogen content of the mixed layer and the 

net input of dissolved nitrogen tnrough various processes considered by the model. 

d) Parameterization of the Nutrient Budget 

The dissolved-nitrogen content of the mixed layer at the end of a time step can 

be written as the sum of the initial, dissolved, nitrogen content and the change in 

the dissolved, nitrogen content during the time step. That is, 

hm N+ = hm (Nm + ANm) + *he (jVe + AiVe). (4.28) 

In equation (4.28), the concentrations of dissolved nitrogen in the mixed layer and in 

the entrainment layer are denoted by Nm and Ne, respectively. The superscript '+ ' 

is used to denote the conditions at the end of the time step and $ is the Heaviside 

step function defined by equation (2.3) and (2.4) as $ = 1 for a deepening mixed 

layer and $ = 0 for a shallowing mixed layer. Also, the changes in the dissolved 

nitrogen concentration in the mixed layer and in the entrainment layer are denoted 

by ANm and ANe, respectively. 

In the mixed layer, primary production by phytoplankton decreases the concen­

tration of dissolved nitrogen, whereas respiration and excretion increase the concen­

tration through conversion of particulate nitrogen into dissolved form. The change 

in the dissolved nitrogen content of the mixed layer is calculated as, 
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1 1 16 
;Phm!d- (4-29) 

hm 12 106 

Because it is assumed that the water column below the mixed layer is biologically 

inactive we have, 

heANe = 0. (4.30) 

Therefore, 
i i f\ 

h+N+ = hmNm + $heNe + — —-24hmBl%-r-
12 lOo 

— —2AhmBlf-——Ph d. (4.31) 

12 106 E 12 106 m' ^ ; 

It is assumed that the nitrogen produced by respiration and excretion is readily 

available as a substrate for primary production. 

The average nitrogen concentration in the entrained water during the deepening 

phase of mixed layer evolution, Ne, is calculated from the vertical profile of nitrogen, 

N(z), using the equation 

Ne = - / N(z)dz. (4.32) 
ne Jhm 

4.3 A General Description of Physical-Biological Interactions 

in the Ocean-Atmosphere System 

Even though several models have been developed in the past to describe the 

seasonal evolution of phytoplankton in the ocean, such models seldom consider the 

feedback from phytoplankton to the evolution of the mixed-layer physics. Simonot et 

al. (1988) and Antoine and Morel (1995) are examples of exceptions to this general 

trend. The model developed in this chapter is similar to the models of Simonot et 

al. (1988) and Antoine and Morel (1995) in that it accounts for physical-biological 

interactions resulting from the feedback from phytoplankton variability to mixed-

layer evolution. However, it differs significantly from them in the specification of 
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the air-sea heat exchange. This is because the models of Simonot et al. (1988) and 

Antoine and Morel (1995) calculate air-sea heat fluxes as a function of the prescribed 

air temperature whereas, in the present study, the surface heat flux components are 

calculated using an atmospheric model. N' te that incorporation of the atmospheric 

component makes it possible in the present study to examine the effect of air-sea 

heat exchange on the physical-biological interactions in the mixed layer, an aspect 

that has not been considered before. 

After specifying the initial conditions (see Table 4.2), the model is integrated for 

a simulated period of 720 days starting from January 1s t. The specific values of th' 

model parameters used are given in Table 4.1. The wind field is held constant during 

the model simulation and therefore seasonal change in the solar-radiation is the only 

variable external forcing responsible for the cycle of mixed-layer depth and of the 

biological fields within the layer. As in the previous chapters, the TKE input from 

wind is determined, following Denman (1973), by (G - D) = 0.0012paCdU
3. The 

forcing field of solar radiation is calculated for 50° N latitude. The seasonal evolution 

of the day length d, and the daily-averaged values of the total solar radiation at the 

top of the atmosphere, R(—ha), are shown in Figure 4.3. 

Figure 4.4 shows the relative errors in the heat content of the model atmo­

sphere, the model ocean and the coupled model of the ocean-atmosphere system 

as a function of the day number. The relative error in each panel shows the daily 

change in the heat content of the respective medium that is not accounted for by 

the model calculations as a percentage of the total heat content of that medium at 

the end of the day. The figure shows that the coupled mi del accurately accounts 

for the heat exchanges within the ocean-atmosphere system. 

The evolution of the mixed-layer depth during a 720-day simulation of the 

coupled model of the ocean and the atmosphere in the absence of biological feedback 

is shown in Figure 4.5. The figure shows that, in the early stages of the evolution, 

the layer depth is influenced by the initial depth of the mixed lgyer. Therefore, 



Table 4.2 The initial conditions used in the model simulation. 

Variable Value Units 

n>m 

J-m 

Ta 

Tb 

a 
B 

U 

250 
4.5 
4.5 
4.0 

0.0385 
0.01 

8.0 

m 
°C 
°C 
°C 

Kg m - 4 

mg Chl-a m - 3 

m s 
- l 

OS 
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FIGURE 4.3. The seasonal evolution of the day length and the total solar radiation 
at the top of the atmosphere. These are the independent variables 
responsible for the evolution of physical and biological processes in 
the model ocean and the atmosphere. 
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FIGURE 4.4. Relative errors in the heat content of the model atmosphere, the 
model ocean and the coupled model of the ocean-atmosphere sys­
tem as functions of the day number: The relative error in each panel 
shows the daily change in the heat content of the respective medium 
that is not accounted for by the model calculations, as a percent­
age of the total heat content of the medium at the end of the day. 
The daily change in the heat content is calculated as the difference 
between the heat content at the end of the day and the sum of the 
initial heat content and the change in the heat content resulting 
from net heat input. Zero relative error would indicate perfect heat 
conservation in the model. 
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FIGURE 4.5. The evolution of mixed-layer depth during a 720-day simulation of 
the coupled model of the ocean and the atmosphere in the absence 
of biological feedback. 
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to minimize the dependence of the model results on the arbitrarily-specified initial 

conditions, i have used the hydrographic conditions that prevailed at the end of the 

first seasonal cycle (day 365) as the initial conditions for all other model simulations 

throughout the rest of this chapter. 

Nitrogen limitation depresses phytoplankton growth and therefore affects the 

net production of biomass in the mixed layer by altering the balance between the 

gross production and loss of biomass. Changes in the net production, in turn, af­

fect the biological feedback to the mixed-layer physics by modifying the attenuation 

coefficient of the layer. To examine the effect of nitrogen limitation on the evolu­

tion of the model variables, I have compared the results of three simulations. In 

the first simulation, the daily primary production in the mixed layer is estimated 

using equation (4.17). In the second and third simulations the effect of nitrogen 

limitation is taken into account by using equation (4.27) and by assuming arbitrary 

initial nitrogen concentrations of 18 and 4 mmol N m - 3 , respectively. The nitrogen 

concentration of 18 mmol N m - 3 is selected to represent the nitrate concentration 

in the North Atlantic during the winter (Takahashi et al, 1993). 

The seasonal evolution of phytoplankton biomass associated with these exper­

iments is shown in Figure 4.6. In the absence of nitrogen limitation, the time series 

of biomass (Panel (a)) shows a single bloom with maximum biomass of about 25 

mg chl-a m - 3 . In the presence of nitrogen limitation the time series (Panels (b) 

and (c)) shows a rapid increase in the biomass associated with the shallowing mixed 

layer, followed by a sharp decline resulting from nutrient depletion, and a secondary 

maximum caused by the input of nitrogen through entrainment and regeneration. 

These are typical features of the seasonal evolution of biomass in mid-latitude seas 

(Heinrich, 1962). In other words, this simple model reproduces the principal fea­

tures of the seasonal evolution of phytoplankton biomass in the mid-latitude oceans. 

Seasonal evolution of mixed-layer depth, mixed-layer temperature, air temperature 
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FIGURE 4.6. The seasonal evolution of phytoplankton biomass. The upper Panel 
(a) shows the time series of biomass in the absence of nutrient lim­
itation. Panels (b) and (c) show the time series in the presence of 
nutrient limitation, when initial nutrient concentrations of 18 and 4 
mmol N m - 3 are assumed, respectively. Note the change in scale 
between the panels. 
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and the non-penetrative heat flux corresponding to the three cases of biomass evo­

lution given in Figure 4.6 is shown in Figure 4.7 by the solid and broken curves 

respectively. Corresponding results from a reference ocean are also shown in the 

figure as dotted curves. The reference ocean is chosen to be the model ocean in the 

absence of biological feedback, characterized by a constant biomass concentration 

of 0.01 mg chl-a m3. 

Figure 4.7 also shows the seasonal evolution of mixed-layer depth, mixed-layer 

temperature, air temperature and heat flux across the sea surface, when the effect of 

nutrient limitation is taken into account (broken curves). The lower bounds of these 

variables are given by corresponding values from the reference ocean (dotted curves). 

Similarly the upper bounds of these variables are given by corresponding values 

from the nutrient-unlimited ocean (solid curves). Thus, the range of variability in 

the model variables in the presence of nutrient limitation is a subset of the range 

of variability in the model variables in a nutrient-unlimited ocean. Therefore, for 

simplicity, I have neglected the effect of nutrient limitation throughout the rest 

of this chapter. Note that this maximizes the biological influence in all the results 

presented here in the sense that the results are representative of a rutrient-unlimited 

ocean. 

Under the forcing conditions upon which Figure 4.6(a) is based, the peak 

biomass attained, « 22 mg chl-a m - 3 , is not atypical of the biomass observed 

during phytoplankton blooms. If we take the daily difference in the time series of 

air temperature, surface heat flux, mixed-layer depth and temperature developed 

under this forcing with the corresponding time series that would be observed under 

the same forcing but with a constant biomass of 0.01 mg chl-a m - 3 we have an 

indication of the scope of variation in the physical fields that can be attributed to 

the feedback from pelagic ecology as plotted in Figure 4.8. The figure shows that 

The time-dependent biomass field can account for about 30 meters difference in 

the mixed-layer depth, about 5°C difference in the mixed-layer and air temperature 
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FIGURE 4.7. The evolution of mixed-layer depth, mixed-layer temperature, air 
temperature and surface heat flux corresponding to the time series 
of biomass shown in figure 4.6. The solid curves in each of these 
panels represent the evolution of the respective fields in the absence 
of nutrient limitation. The dashed curves represent the evolution 
in nutrient limited oceans with initial nitrogen concentrations of 18 
and 4 mmol m - 3 , respectively. The initial nitrogen concentration of 
18 mmol m~3 is selected to represent the nitrate concentration in 
the North Atlantic during the winter. The dotted curves represent 
corresponding values for a reference ocean. The reference ocean is 
chosen to be the model ocean in the absence of biological feedback, 
characterized by a constant biomass concentration of 0.01 mg chl-a 
m - 3 . 
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Figure 4.7 
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and about 15 W m - 2 difference in the non-penetrative heat flux across the sea sur­

face. The differences in the layer depth and temperature are caused by the direct 

effect of phytoplankton variability on the solar heating of the mixed layer. The air 

temperature and the heat flux across the sea surface are sensitive to phytoplankton 

variability as these variables are functions of the mixed-layer temperature and air-

sea temperature difference. Note that these results correspond to the model ocean 

that is assumed to be nutrient unlimited. 

The sensitivity of the mixed-layer temperature to changes in the phytoplank­

ton concentration shown in the figure is consistent with the results of the sensitivity 

analysis reported by Martin (1985). He examined the sensitivity of mixed-layer 

temperature predicted by several mixed-layer models at stations Papa and Novem­

ber to changes in the optical properties of the water column. Table 3 of Martin 

(1985) shows that when the optical water type is changed from type I to type III 

of the Jerlov (1976) classification scheme (roughly corresponding to an increase in 

attenuation coefficient of 0.138 m _ 1 at A = 425 nm, according to Table XXVII of 

Jerlov (1976)), the maximum, monthly-mean layer temperature at station Novem­

ber increased by 2.9 to 6.2 °C depending upon the mixed-layer model. The same 

experiment carried out with data collected from station Papa shows changes be­

tween 1.0 and 1.2 °C in the layer temperature. 

The consequence of any further increase in the phytoplankton concentration in 

the mixed layer, with respect to Figure 4.6(a), on the physical-biological interactions 

is examined next. The time series of biomass obtained by reducing the grazing 

rate by 8% (from 25% to 23% of the daily phytoplankton standing stock) is given 

in Figure 4.9, which shows more than a 100% increase in the peak biomass with 

respect to that shown in Figure 4.6(a). The high sensitivity of the biomass in the 

mixed layer to small changes in the grazing rate is due to the fact that the rate of 

accumulation of biomass in the mixed-layer depends on the biomass available for 

primary production at the beginning of the day. A decrease in the grazing rate 
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FIGURE 4.8. The differences in mixed-layer depth, mixed-layer temperature, 
air-temperature and surface heat flux between the reference ocean 
(constant phytoplankton concentration of 0.01 mg chl-a m - 3 ) and 
the model ocean characterized by the phytoplankton concentrations 
show in Figure 4.6(a). 
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retains more biomass in the mixed layer. Further, the higher peak biomass (« 50 

mg chl-a m - 3 ) in Figure 4.9 takes longer to accumulate than the lower one (« 22 

mg chl-a m~3) in Figure 4.6(a). Similarly, in the model simulation corresponding 

to Figure 4.6(a), the maximum daily rate of biomass production, 0.412 mg chl-a 

m - 3 , was reached on day 167, whereas in the simulation corresponding to Figure 

4.9, the maximum daily rate, 1.12 mg chl-a m - 3 , war .eached on day 187. 

The mixed-layer depth, mixed-layer temperature, air temperature and the non-

penetrative heat flux corresponding to the two cases of phytoplankton evolution 

considered in Figure 4.6(a) and 4.9 are shown in Figure 4.10. It shows that, even 

though the amplitude of two time series of biomass differ significantly from each 

other, the time series of physical variables are identical. These results re-affirm that 

the sensitivity of physical processes to phytoplankton variability is not a linear func­

tion of phytoplankton biomass. Rather, at high values of phytoplankton biomass, 

further increase in biomass has no effect. 

This point is further illustrated in Figure 4.11 where I have plotted the max­

imum values of mixed-layer depth, mixed- layer temperature, air temperature and 

the surface heat flux for different rates of net production (obtained by varying the 

grazing rate between 23 and 95% of the daily phytoplankton standing stock) as a 

function of the maximum phytoplankton biomass during the simulation. This figure 

shows that when the biomass is low, the maximum values of the physical variables 

considered increases sharply with increasing biomass. However, as the biomass in­

creases above about 10 mg chl-a m - 3 , the maximum \ Alues tend to saturate. These 

results are consistent with the results of the analysis presented in Chapter 2. Figure 

2.3 shows that the function //,ra increases with increasing phytoplankton concentra­

tion at low values of biomass. However, for higher values of biomass, the sensitivity 

decreases in such a way that eventually fhm tends to become insensitive to further 

changes in the biomass. As the amount of solar radiation penetrating the base of 
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the mixed layer becomes negligibly small, the mixed-layer temperature also becomes 

insensitive to further increase in the biomass. 

The wind has been held constant in these simulations. But we can speculate on 

the consequence of fluctuations in the wind speed for conditions in the mixed layer. 

The vertical mixing associated with wind bursts causes the mixed layer to deepen 

and thus decreases the growth rate (Piatt et al, 1991). Also, if the biomass below 

the mixed layer is low, such a deepening results in a decrease in phytoplankton 

concentration in the mixed layer. The intensity of a bloom depends on the initial 

biomass and on the rate of increase in biomass (Piatt et al, 1991). Therefore, 

changes in the frequency of wind bursts affect the accumulation of biomass in the 

mixed layer. However, Figures 4.7 and 4.10 indicate that the effect of changes in 

the phytoplankton biomass in the mixed layer on the evolution of the layer depth 

and temperature is a function of the biomass itself. That is, when the biomass in 

the mixed-layer is very high, a given change in biomass may have no significant 

effect on mixed-layer depth and temperature. On the other hand, when the mixed 

layer is relatively transparent, a change of the same magnitude in phytoplankton 

concentration can have a significant impact on the evolution of the layer depth and 

temperature. 

The principal results of this study, in so far as they concern the air temperature, 

surface heat flux and the depth and temperature of the mixed-layer, are sensitive to 

the biomass itself, rather than to the particular combinations of model parameters 

that prescribe it. The physical model of the mixed layer feels the effect of the 

biological model only through the biomass it produces. It has no memory of, and no 

information on, the parameter set that underlies the time series of biomass. In other 

words, to ensure that the model reproduces realistic characteristics of the seasonal 

evolution of biological processes in the mixed layer, the biological parameters used 

in the simulation must also be realistic. However, the evolution of mixed-layer 
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FIGURE 4.9. The time series of biomass used as an example of an intense phy­
toplankton bloom. Compared with the time series shown in Figure 
4.6(a), this figure shows more than 100% increase in the peak phy­
toplankton concentration. 
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FIGURE 4.10. A comparison of mixed-layer depth, mixed-layer temperature, air-
temperature and surface heat flux between model oceans charac­
terized by the biomass distributions shown in Figure 4.6(a) (solid 
curves) and Figure 4.9 (broken curves). 
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FIGURE 4.11. The maximum values of mixed-layer depth, mixed-layer tempera­
ture, air-temperature and the heat flux across the sea surface are 
plotted as functions of the maximum biomass encountered during 
the simulation to illustrate the effect of increasing biomass on the 
evolution of the physical variables in the model. The experiments 
are analogous to those corresponding to Figures 4.6 (a) and 4.9 and 
the maximum biomass is controlled by varying the grazing rate. 
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physics and atmospheric physics is sensitive only to the phytoplankton biomass, 

irrespective of whether the biological parameters used are realistic or not. 

To examine the sensitivity of the mixed-layer physics and the atmospheric 

physics to the choice of biological parameters let us consider the parameterization 

of sedimentation in the model as an example. Throughout the model simulation, 

following Smayda (1970), the rate of sinking of phytoplankton is taken as 1 meter 

per day. However, it is known that the rate of sinking of phytoplankton varies with 

season and can reach values as high as 100 - 150 meters per day (Lampitt, 1985). 

An increase in the sinking rate (say to 100 meters per day) will decrease the rate 

of accumulation of phytoplankton in the mixed layer. Thus, the seasonal changes 

in the sinking rate of phytoplankton will cause modulations in the phytoplankton 

growth rate in the mixed layer. The limiting case of a decrease in growth rate is 

that the biomass concentration in the mixed layer will remain at its initial value 

of 0.01 mg chl-a m - 3 throughout the model simulation. On the other hand, if 

the rate of sedimentation is very low, phytoplankton biomass may accumulate in 

the mixed layer. But, Figures 4.10 and 4.11 show that when the phytoplankton 

concentration in the mixed layer increases beyond a certain limit, thy evolution of 

mixed-layer physics and atmospheric physics would become insensitive to further 

changes in the biomass. Under the initial conditions and the forcing considered 

in this study, the effects of modulations in phytoplankton biomass on mixed-layer 

physics and atmospheric physics are bounded. The upper bound is given by the 

seasonal evolution of properties in a nutrient-unlimited ocean, characterized by very 

high concentration of phytoplankton, and the lower bound by their evolution in a 

reference ocean, which is practically free of phytoplankton. These two cases are 

shown by the solid and dotted curves in Figure 4.7. 

Hence we can be confident that, provided our simulation covers the full range 

of biomass trajectories that might be encountered in the ocean, we are able to 

describe the full scope of the effect of feedback from pelagic biology to mixed-layer 
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physics. We need not be afraid that the entire argument depends on a fortuitous 

combination of parameters used in the biological model. 

The effect of biological feedback on the evolution of mixed-layer physics and 

atmospheric physics shown in Figure 4.8 should be considered as an upper limit of 

the effect with respect to the given set of initial conditions and the forcing used in 

the model simulations, for the following reasons. 

The specific heat of air, Ca, used in the model simulation (1004 J K g - 1 °C - 1 ) 

corresponds to that of dry air (Wallace and Hobbs, 1977). The heat capacity 

of moist air is greater than that of dry air, and the temperature of moist air is 

therefore less sensitive to changes in the mixed-layer temperature than that of 

dry air. Through a model simulation, I have examined the potential reduction 

in the response of air temperature, resulting from increased moisture content of 

the atmosphere, to the increased mixed-layer temperature associated with phy­

toplankton growth. In this simulation, following Gill (1982), Ca is specified as 

Ca = 1004.6(1 + 0.837u) J Kg - 1 ° C - 1 , where v is the relative humidity of the 

atmosphere. The effect of water vapor in the atmosphere in reducing the heating 

of the air by the sea will be maximal when v — 1, corresponding to an atmosphere 

saturated with respect to its moisture content. When v was so specified at this 

extreme value, the model simulation showed that the contribution from biological 

variability to the seasonal evolution of of air temperature depicted in Figure 4.8 

would be reduced by up to 1°C. This is a significant reduction, but it is not enough 

to nullify the increment (« 5°C) calculated as an upper bound to the effect of 

phytoplankton variability on the seasonal evolution of air temperature, under the 

specific initial conditions and forcing used in the model simulation. 

Another reason to use caution when interpreting the results of the present study 

is that the effects of biological feedback are shown in Figure 4.8 as the changes in 

the model variables between two extreme cases of the nutrient-unlimited ocean, one 
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characterized by high phytoplankton biomass and the other, reference ocean that is 

relatively free of phytoplankton. Consequently, the effect of biological variability on 

the physics of the ocean and the atmosphere estimated as the contrast between these 

two extreme simulations should be considered as an upper limit demonstrating the 

full range of the effect of seasonal variability in phytoplankton biomass in the ocean, 

under the specific initial conditions and forcing used for the model simulations. 

Figure 4.8 shows the cumulative effect of biological feedback over several 

months, when the mixed-layer physics and biology evolved in the absence of mod­

ifications by seasonal changes in the surface currents or the atmospheric forcing. 

In reality, however, the evolution of mixed-layer physics and biology is frequently 

modified by events such as the passage of storms and horizontal advection that 

may deepen the mixed-layer and dilute, at least temporarily, the phytoplankton 

assemblages contained therein. 

The physical-biological interactions simulated in this chapter are based on a 

OP a-dimensional model that cannot account for the effect of horizontal advection of 

properties either in the ocean or in the atmosphere. The parameters used to model 

the atmospheric component of the coupled model are representative of the clima-

tological mean state of the atmosphere. Therefore, the effect of seasonal variability 

in the thermodynamic characteristics of the atmosphere is not taken into account. 

Seasonal variability in the moisture content of the atmosphere modifies its radiative 

and thermodynamic characteristics. Increased moisture content of the atmosphere 

will result in a decrease in the amount of solar radiation entering the ocean, and 

therefore in the external energy available for driving the physical-biological interac­

tions. 
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FIGURE 4.12. The effect of fixed Q(0) on the model evolution. In this figure, the 
mixed-layer depth and temperature from four model simulations arc 
plotted. The differences between the results from the fully-coupled 
model (labeled as '4') and the partially-coupled model, in the pres­
ence of a time-dependent phytoplankton distribution (labeled as '3') 
are measures of the opposing effect of the occan-atmosphcrc inter­
action on the physical-biological interaction. 
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4.4 Effects of Air-Sea Heat Exchange 

An increase in the attenuation coefficient of the mixed layer intensifies energy 

trapping in the upper ocean, shallows the mixed layer and increases its temperature. 

Because the air-sea heat exchange is a function of the mixed-layer temperature and 

the temperature difference across the air-sea interface, the heat exchange will also 

change. In this section, through a set of four model simulations, I examine how 

the modifications to air-sea heat exchange, in turn, affect the physical-biological 

interactions in the mixed layer. These simulations are designed to compare the 

contributions from biological feedback to the evolution of mixed-layer depth and 

temperature in the presence of free exchange of heat across the sea surface, with 

the layer depth and temperature that would prevail if free exchanges were prevented. 

Each one is a 365-day simulation with the same initial conditions and external forc­

ing. The only differences between the simulations are those resulting from changes 

in the specifications of air-sea heat exchange and of biological feedback. All results 

correspond to situations in which nutrient availability is not a limiting factor. 

In the first simulation, we calculate the mixed-layer depth and temperature 

in the absence of any feedback between ocean physics and ocean biology. The 

results are used as a benchmark for this series of simulations. Coupling between the 

physical and biological processes in the mixed layer is suppressed for this simulation; 

the phytoplankton concentration is held constant throughout the year as 0.01 mg 

chl-a m - 3 . However, the ocean physics and the atmospheric physics are coupled 

by virtue of the free exchange of heat Q(0) across the air-sea boundary. The time 

series of mixed-layer temperature and depth from this simulation are shown as 

curves labeled ' 1 ' in Figure 4.12. The time series of Q(0) calculated during this 

simulation are used as input during the second and third simulations in the series. 

In the second and third simulations, the free exchange of heat between the 

ocean and the atmosphere is suppressed. The heat exchange Q(0) is prescribed, 
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rather than calculated directly, during each time step. In the second simulation, 

biological feedback is also suppressed, whereas in the third, it is allowed. 

In the second simulation, Q(0) is prescribed externally rather than calculated 

internally. It is prescribed according to the results of the first simulation. Also, as in 

the first simulation, biological feedback is suppressed. This experiment is included 

to confirm that we have correctly implemented the prescription of Q(0). The results 

are shown in Figure 4.12 by curves labeled '2'. Not surprisingly, they are identical 

to those of the first simulation: the oceanic and atmospheric physics are the same 

in both cases. The prescribed values of Q(0) convey information about the relevant 

physics. The way in which the model is implemented docs not affect the results, 

provided that the physics does not change. 

In the third simulation, Q(0) is again prescribed rather than calculated at each 

time step. The prescription again follows the results of the first simulation. How­

ever, in this case, the physics will not be the same as in the first simulation because 

of the feedback from biology, which is now admitted. Note that the prescribed 

values of Q(0) would not be consistent with the fully-coupled model including the 

biological feedback (see simulation 4). All of the increased input of solar energy 

into the mixed layer, as j m increases with season, is used to change the layer depth 

and its temperature. None is allowed to feedback to the atmosphere through a cou­

pling between ocean physics and atmospheric physics. Note that in this case there 

is a genuine suppression of the expected modifications in air-sea heat exchange. 

The mixed-layer depth and temperature from this simulation are shown by curves 

labeled '3 ' in the Figure 4.12. 

In the fourth and final simulation, all feedbacks are allowed to operate simul­

taneously. It is the most realistic of the four cases. Coupling between the ocean 

physics and biology determines the evolution of phytoplankton biomass and there­

fore of mixed-layer heating. Coupling between the oceanic and atmospheric physics 
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determines the value of Q(0), which is calculated rather than prescribed, at each 

time step. The results of this simulation are shown in Figure 4.12 using the curves 

labeled '4'. 

The results of this set of simulations can be used to describe characteristic 

features of the physical-biological interactions in general and the effect of air-sea heat 

exchange on it in particular. In the presence of a biological feedback, the mixed layer 

is shallower and warmer than it would be in the absence of feedback. In the presence 

of free heat exchange across the sea surface the effect of biological feedback on the 

layer temperature is less than it would be if the free heat exchange is suppressed 

using externally-prescribed values of Q(0). This is because, in the presence of free 

heat exchange, some of the effect of biological feedback is lost to the atmosphere as 

heat flux. Figure 4.12 shows that the increase in the layer temperature and decrease 

in the layer depth associated with an increase in phytoplankton concentration is 

opposed by the air-sea heat exchange. It also shows that the air-sea heat exchange 

is not sufficient to neutralize the biological contribution to the mixed-layer physics. 

Otherwise, the first, the ?;Cond and the fourth simulations would have produced 

identical time series of mixed-layer depth and temperature. Even though the air-

sea flux will not be great enough to cancel the effect of biological feedback, it is 

nevertheless a significant effect and ought to be taken into account. Therefore, 

the accurate simulation of mixed-layer depth and temperature will require that the 

ocean-ecosystem model be coupled to an atmospheric model. 

4.5 Implications for Mixed-Layer Modelling 

The analyses presented in Section 4.4 have demonstrated that the biological 

processes in the ocean can initiate feedback mechanisms that influence the seasonal 

evolution of mixed-layer physics and air-sea heat exchange. In this section we 


