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ABSTRACT 

As a part. of the study of dissolved oxygen (DO) dynamics in Holland Lake, the 
underlying flow, temperature and material.transport were simulated. In this report the 
simulation results are being presented. The simulation was two-dimensional to capture 
the interactions between the shallow and deep subbasins of the lake in addition to the 
water/air heat and momentum exchange. The vertical cross section in which flow 
veloCities, water temperatures and· material concelltrations were simulated extended from 
the westerly shallow ~ubbasin through Jhe deep basin to the northeasterly shallow 
subbasin. Flow velocities were induced by wind shear on the lake surface and· by 
buoyancy forces due to temperature differences. Temperatures were in response to heat 
exchange through the water surface by radiation, convection and evaporation. 

The two-dimensional model developed for Holland Lake.computed velocities and 
water temperatures at 5 minutes intervals. Weather conditions (data) observed during the 
period from JUly 1 to August 1, 1999 were imposed as boundary conditions. The flow 
field calculated for the month of July 1999 was then used to investigate. how a material 
such as dissolved oxygen or dissolved organic carbon is transported from the shallow 
subbasin to the deep subbasin. These simulations show the intrusion of bottom waters 
from the shallow subbasins to the metalimnion of the deep basin. This mechanism can 
explain the rapid DO. depletion of metalimnetic waters in the summer because the bottom 
waters in the shallow subbasins are known to be low in DO and rich in detrital carbon. 
The simulation results also show that the low water temperatures associated with 
groundwater intrusion are largely responsible for the movement of oxygen-poor water 
from the shallow subbasins into the deep subbasin. 

The selection of alternative supplemental aeration techniques will benefit from the 
simulations results. The depth at which aeration systems should be placed, and their 
location will be guided by the model results. 
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I. HOLLAND LAKE THERMO-HYDRODYNAMICS AND MASS 

TRANSPORT 

1.1. 1. INTRODUCTION 

Holland Lake, with a surface area of 0.14km2, mean and maximum depths of 4.3 and __ 
16.8 m, respectively, is located at the southern fringes of the Twin Cities Metropolitan 
Area, MN (N44.79°, W93.14°). The lake basin consists of two shallow vegetated 
subbasins and a deep subbasin (Fig. 1). According to the Minnesota Department of 
Natural Resources (MNDNR), the lake basin is 69% littoral and 31 % profundal. The 
relative depth of the entire lake is 4.4% and of the deep part is 6.6%, which categorizes 
Holland Lake as a deep lake (>4%). The watershed drainage area into the lake is heavily 
forested (hardwood). The lake is surrounded by tall trees and therefore well sheltered 

. from wind. Less than 1 % of the lake surface is covered by emergent vegetation. Aquatic 
plants are primarily coontail and watermilfoil. The two vegetated subbasins with 
maximum depths of 4.5 m (Fig 2) and surface areas of 0.05 and 0.02 km2, respectively, 
are expected to respond faster to atmospheric heating and cooling and to have more 
photosynthetic oxygen production than the deep basin because of denser vegetation. 

The lake is considered suitable for stocking with brown trout by the Division of 
Fisheries of the MNDNR, as it is exceptionally deep in comparison to other lakes in the 
Metro Area and has relatively good water quality owing to very limited surface area 
drainage into the lake. However, there are low summer concentrations of dissolved 
oxygen (DO) in certain layers of the metalimnion and most of the hypolimnion, that 
adversely affect fish habitat. For that reason, a comprehensive study was initiated to 
better understand the water temperature and DO stratification dynamics of Holland Lake 

. and to provide background information for a potential lake aeration system. The general 
study includes (1) review of existing temperature and DO data, (2) collection of 
additional data with higher temporal and spatial resolution than in the past, (3) 
measurement of additional water quality parameters and (4) modeling of the lake 
temperature and DO stratification dynamics. The analyses described herein are related to 
the modeling of the Holland Lake thermo-hydrodynamics and mass transport under stable 
summer stratification that is critical for lake water quality and fish habitat. Specifically, it 
was hypothesized (Mohseni and Stefan 2000) that the loss of DO in the metalimnion may 
be attributed to a significant concentration of suspended or dissolved dead organic matter 
(detritus), originating from the two shallow vegetated subbasins. The simulations . 
described in this paper were particularly made to examine whether the transport of such 
material from the shallow subbasins to the deep subbasin could occur. 



1.2. Two-DIMENSIONAL HYDRODYNAMICS AND TRANSPORT SIMULATION MODEL 

A cross section through Holland Lake (Fig. 2) has an intriguing geometry due to the 
presence of two littoral subbasins and a relatively deep subbasin. Littoral waters, 
especially of small lakes, often contain more organic material, more rooted vegetation 
and respond faster to atmospheric heat input, thus contributing to differential heating and 
dissolved oxygen distribution (Stefan et al. 1989). Therefore, a two-dimensional thermo
hydrodynamic and transport model that simulates convective exchange processes in 
vertical and horizontal direction was considered particularly suitable for the Holland Lake 
study. 

The process oriented model used herein consists of two distinctive parts: (1) 
thermo-hydrodynamics algorithm which describes turbulent water flow, in the vertical 
and horizontal direction, driven by time-:-variable meteorological and hydrological 
forcing; (2) transport algorithm which simulates, the advective-diffusive-reactive transport 
of solutes in a previously defined flow field. Both models were carefully developed 
(Stefanovic and Stefan, 1999; 2000a) and extensively numerically tested for different 
scenarios of wind and/or buoyancy-driven convection encountered in natural aquatic 
systems. The level of certainty of their predictions stilL depends on the validity of input 
parameters. 

Lakes are charaCterized by slow but very complex fluid motions, where the 
driving forces come from wind shear, solar radiation, inflows/outflows and dissolved 
substances which create weak density gradients. These flows are time-variable and 
characterized by significant spatial variations of the ma,gnitude and direction of currents, 
in a domain with large horizontal distances compared to small depths. This situation is 
further complicated as the flow and temperature fields are coupled and must be 
considered together in a stratified ambient where the transport mechanism is highly 
dependent on the level of (density) stratification. T.herefore, simulation of the temperature 
structure involves coupled consideration of lake hydrodynamics. 

The thermo-hydrodynamic model is based on the numerical solution of equations 
of motion (Navier-Stokes equations) coupled with the heat transport equation. The flow 
in a chosen lake cross section (Fig. 2) is driven by wind shear and/or buoyancyforces and 
belongs to a category of recirculating flows in enclosures (cavities). An accurate and 
efficient numerical algorithm was first developed for laminar flows in such enclosures 
(Stefanovic and Stefan 1999), and then extended by a suitable turbulent closure model for 
stratified flows (Stefanovic and Stefan 2000b). To accommodate the irregular geometry 
of the lake cross section, the mapping of the physical domain onto a rectangular 
computational domain was also employed (Stefanovic and Stefan 2000b). The lake cross 
section is'then discretized into a nonuniform grid (100 x 40 nodes) which clusters 
computational points in the" regions of high velocity and temperature gradients 
(Papanicolaou and laluria 1995). 

In this study, the driving mechanism of Holland Lake thermo-hydrodynamics was 
assumed to be the surface meteorological forcing, i.e. wind shear and the net heat flux, 
imposed as the vorticity and heat boundary condition on the water surface. It was also 
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assumed that at some depth (,...,10 m) below the lake.sediments adiabatic conditions (ze~o 
heat flux) prevail. . 

1.3. EXTERNAL METEOROLOGICAL FORCING 

The surface meteorological forcing used as necessary model input has two components: 
net surface heat flux and wind shear stress. 

1.3.1. Surface Heat Flux 

The net heat flux at the water surface (Hn) is the arithmetic sum of five contributions: net 

solar (shortwave) radiation (Hsn) , atmospheric (longwave) radiation (Ha), evaporative 

(latent) heat loss (He), convective. (sensible) heat loss (He), and back (longwave) 

radiation (Hbr.). The heat balance equation at the lake surface thus reads 

(1) 

All the teims of Eq. (1) are in units kcallm2/day, Each of the heat terms is discussed. 
below, following Riley and Stefan (1988), . 

1.3.1.1. Solar (shortwave) radiation (H~,J 

Incoming solar radiation is reflected and partially absorbed at the water surface, but it . 
also penetrates below the surface, heating the deeper water layers by attenuation of the 
net shortwave solar radiation. The net influx of shortwave solar radiation at the water 
surface is thus given by 

(2) 

where r = reflected fraction, /3 = absorbed fraction arid RAD ::;;: incoming solar radiation. 

The reflected fraction is estimated as 

r = 0.087 - 0.0000676 RA (3) 

where RAD is in kcal/m2/day and the absorbed fraction /3 is estimated at 004. 

/.3.1.2. Atmospheric (longwave) radiation (HJ 

The influx of long wave atmospheric radiation is given by the Stefan~Bo1tzmann relation 

Ha =m:a(Ta +273)4 (4) 
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where 0' = 1.171.10-6 (kcal/m2/day/oK4) is the Stefan-Boltzmann constant, Ba is the 

atmospheric emissivity and Ta is air temperature (0C). The emissivity of the atmosphere 
is calculated as 

Ba == [1- 0.261exp( -7.77.10-4 T} )](1 + 0.17· Cc) (5) 

where Cc is cloud cover ratio (0-1). 

L3.1.3. Evaporative (latent) heat loss (HJ 

The evaporative heat loss is described as the sum of latent heat losses due t6 free and 
forced convection 

(6) 

The evaporative heat flux due to free convection is 

(7) 

where Tvs is virtual temperature at the water surface (OK), 'Iva is virtual temperature in 

ambient air (OK), es is saturated vapor pressure at the water surface (mbar) and ea is vapor 
pressure of the air (mbar). Virtual temperature Tv is the temperature that dry air would 
attain in order to have the same density as moist air with a given temperature and at the 
same pressure. It is given by the following relation 

(8) 

where TK is moist air temperature (OK), e is water vapor pressure (mbar) at temperature 

TK and p is atmospheric pressure (mbar). 

The air vapor pressure is calculated as follows 

ea = 6.027 ex] 17.27I: ]RH/100 
·1237.3+ I: 

where Ta is air temperature (0C) and RH is relative humidity (%). 

Similarly, the saturated vapor pressure at the water surface is 

es = 6.027 ex] 17.27Tw ] 

1237.3+ Tw 

4 

(9) 

(10) 



where Tw is the water surface temperature (0C). 

The evaporative heat flux due to forced convection is estimated as 

(11) 

where DID is the wind speed at 10 m height (mls). 

/.3.1.4. Convective (sensible) heat loss (HJ 

The loss of convective heat can be related to evaporative heat flux by Bowen's ratio 

(12) -

where each of the terms is as previously defined. 

1.3.1.5, Back (longwave) radiation (Hb,) 

Back radiation is the longwave radiation emitted by the water and is given by the Stefan~ 
Boltimann law 

(13) 

where the emissivity of water Ew is 0.97. 

1.3.1.6. Internal heatsource . 

The amount of inteml:l,l energy produced by attenuation of shortwave solar radiation is 
similar to light attenuation which drives' the photosynthetic oxygen production. The 
attenuation of solar radiation with depth thus follows Beer's law 

~(y);: ~n exp[-ky] (14) 

where HsCy) is the solar radiation flux (kcallm2/d) at some depth y (measured from the 

water surface), Hsn (kcal/m2/d) is the net solar flux at the water surface (y = 0) and k (11m) 
is the total attenu~tion coefficient. The total attenuation coefficient can be. specified as 

(15) 

where kw (11m) is the attenuation coefficient of the .water itself (excluding the 

phytoplankton), kc is the attenuation coefficient due to phytoplankton and Chla is 
. chlorophyll-a concentration (mg/l) which depends on lake trophic status. An alternative is 
to estimate the total attenuation coefficient as a function of Secchi depth ZS' k = 
constantlzs• where the value of the constant has been found in the range 1.7-1.9 
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(Koenings and Edmundson 1991). The advantage of the present two-dimensional model 
formulation is the possibility to specify different values for k in the littoral and profundal 
region of the lake, by setting horizontally variable phytoplankton (Chla) distribution. 

Once the net radiation flux at the water surface (HsJ is obtained by Eq. (2), the 
use of Beer's law (14) allows one to estimate the total absorbed (attenuated) solar 
radiation L\H (kcal/m2/d) in a control volume of the height L\y, at some depthy 

L\H( y) = ~n exp[-ky][1- exp(-My)] (16) 

1.3.2. Surface Wind Shear 

Wind is the main driving force for lake mixing dynamics and its forcing is quantified 
through the surface shear stress 't exerted on the water by the air drift 

(17) 

wherepa is air density (kg/m\ CIO is the wind drag coefficient and UIO is wind speed 

(m/s) at 10 m height above the lake. 

There are·· a number of empirical relationships estimating the wind· drag 
coefficient. One such formulation referred to as the approximate wind-stress formula is 
used in this study 

{
2.6.10.3 , U1Q > 15 mls 

e1Q = 0.5.10·3~~, 1m1s> UiO >15m/s 

1.25 .10.3 Ui~.2 , U lO < 1 m/ s 

(18) 

Once the shear stress 't is evaluated from Eq. (17), this information is further used 
in the vorticity boundary condition on the surface, as described in Stefanovic and Stefan 
(2000b). 

1.3.3. Input Data 

External meteorological forcing described above requires the following set of input data: 
incoming solar radiation (RAD), air temperature (Ta), relative:humidity (RH), fractional 

cloud cover (C¢)~ wind speed measUred at 10 m above the surface (UIO) and wind 
direction (D). Solar radiation data were obtained from the St. Anthony Falls Laboratory 
weather station, while the rest of the data were collected at Minneapolis-St.Paul 
International Airport. SampJes of the input time series, based on a three-:hour measuring 
interval, are presented iIi Figs~ 3-7. Average Juiy values are found as follows: RAD = 
4922 kcal/m2/day, Ta = 24.9'oC, RH =68%, Cc ~ 0.5, U;o = 9.1 mph. . 

Wipdspe~dis the mostimportant input parameter. It is the source of turbulent 
kinetic energy responsible for lake mixing and deepening of the thermocline. !talso 
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regulates the evaporative cooling on, the water surface, which is one of the most important 
terms in the heat transfer between the water and the air. Moreover, wind controls the 
interfacial oxygen transfer by means of the surface reaeration flux, thus influencing the 
dissolved oxygen distribution as well. Therefore, reliability of wind input data is of great 
importance in lake hydrodynamics and water quality simulations. However, weather 
stations provide wind data above the land, which is different from wind over a lake water 
surface, due to the specific topographic lake setting and wind sheltering by surrounding 
buildings, trees etc. Ideally, wind should be measured directly over a lake surface. Since 
wind measurements above Holland Lake were not available, we used wind data 
monitored by the Metropolitan Council Environmental Services above Lake McCarrons 
(Fig. 8), located some 15 miles north of Holland Lake in a comparable topographic 
setting. The comparison between the two sets of data (Fig. 9) corroborated tlmt wind 
above a small lake is quite different from that over the land. The average ratio between 
the airport wind and Lake McCarrons wind was found to be about 6. Similar or even 
stronger wind sheltering can be expected for Holland Lake as it is surrounded by tall trees 
and smaller than Lake McCarrons. 

1.4. SIMULATION RESULTS 

This section concentrates on the two-dimensional simulation of Holland Lake thermo
hydrQdynamics and material transport under stable summer stratification in July 1999. 
All calculations started from July 1, 9:00am, assuming initially quiescent fluid in a 
temperature (density) stratified ambient (Fig. 10). The initial temperature stratification 
was measured in the field. The whole month was then simulated for given meteorological 
forcing, using a computational time step on the order of minutes (depending on the 
numerical stability criterion). The numerical results are presented in terms of the 
temperature and material concentration contour plots. . 

1.4.1. Thermo-Hydrodynamcs Simulation 

First simulations were carried out with the airport wind data. The comparison between 
observed and calculated lake temperatures revealed excessive mixing in the model results 
due to overestimated wind. The results of a storm that occurred on July 16 are presented 
here to illustrate the significant wind effect on lake mixing. On that day, strong wind (> 
20 mph) was observed at the airport (Fig. 7). From the early morning rur temperature was 
around 29°C, with relatively high humidity above 70%. The simulated airport wind was 
applied at 8:30 am on the water surface of the initially stratified lake (Fig. 11). By 9: 12 
am (Fig. 12) an intense circulation was produced at the downstream end (relative to the 
wind direction; positive wind moves from left to right) of the profundal region, which 
destroyed the stable stratification and entrained a portion of the hypolimnion into the 
epilimnion. Further wind action caused significant upwelling and mixing of the 
hypolimnion by 10:18 am (Fig. 13). The storm had passed by noon and stable 
temperature stratification began to reestablish (Fig. 14). 
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The foregoing simulation with the unadjus~ed airport wind illustrates a short 
episode of intense convective mixing caus,ed by a storm. The measured temperature 
record from Holland Lake on July 16 did not corroborate this event, as well as several 
other simulated occurrences of strong wind mixing. This was an obvious signal that wind 
observed at the airport, and applied to the lake without any sheltering, does not reflect the 
situation on the lake. Therefore, wind measured over Lake McCarrons in July (Fig; 8) 
was considered next as a more realistic input data set. 

Typical temperature structures simulated with the Lake,McCarrons' wind data set 
as input are presented in Figs. 15-17. Figure 15 illustrates the tilting of the isotherms 
associated with an internal wave (seiche) formed when the wind-induced flow in the 
upper layers is balanced by counter flows in the lower layers. In this case wind is positive 
(from left to right) on the water surface and generates the reverse circulation on the 
downwind end (right littoral SUbbasin). The water below the surface is accelerated (from 
right to left) under the action of the applied momentUlll until a reverse pressure force due 
to the sloping isotherms (l7-23°C) is built up. This pressure force redirects a portion of 
the flow toward the hypolimnion and a counterflow (from left to right) is' formed once 
again, which tilts the hypolimnion isotherms (5-13°C) in the opposite direction from the 
epilimnion isotherms. The internal waves of various amplitudes and frequencies are then 
superposed in seiching motion whose dynamics clearly depends on the wind strength and 
stratification characteristics. The internal seiching, though less vigorous than incidental 
storm surges, is an effective mechanism for continual mixing of momentUm, heat and 
solutes, especially for convective exchange between littoral' and' profundal regions of 
lakes. 

Figure 15 also illustrates a faster thermal response of shallow subbasins, so that 
littoral waters are warmed up more rapidly than profundal ones by means of daylight 
solar radiation. Figure 16 shows another internal wave simulated for July 3, in the 
opposite sense from the previous seiche, as wind on the water surface is negative (from 
right to left). Figure 17 exemplifies the faster response of littoral waters to ,nocturnal 
evaporative cooling, manifested by slightly lower morning temperatures in the shallow 
subbasins. 

In spite of the fact that Lake McCarrons' wind data provided more realistic 
simulations of Holland Lake hydrodynamics and temperature strUcture, further 
verification of the model'results indicated'that temperatures in the,metalimnion were 2-3 
°C hig~er than those obtained from field measurenie~ts. This can be attributed to 
overestimated mixing, i.e. excessive entrainment of the epilimnion into the metalimnion. 
Therefore, the model was further calibrated until it was found that wi~d 'used for the shear 
stress calculation (drivIng force for the flow) had to be significantly decreased (!\yo 
orders of magnitude) to match the observed water temperature data. This is not too 
surprising because the change in wind' shear on the water surface,' a single model 
parameter,has to account fordifferenteffects: (1) Holland Lake is surr.ounded. by tall 
trees' and ' in 'that respect more sheltered than Lake McCarrons; (2) abundant rooted 
vegetation (macrophytes) was present in the littoral subbasins during July and effectively 
dissipated wind-generated energy that would have been available for mixing in Holland 
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Lake; (3) there is always certain amount of additional (numerical) diffusion embedded in 
a simulation model, due to a finite number of computational points used to describe a 
continuous physical space. One way to remove this artificial diffusion would be to 
decrease the physical diffusion generated by wind. 

After the wind adjustment, the simulated temperatures were in good agreement 
with the observed ones. Figure 22 shows the measured and calculated temperature 
profiles for the deep subbasin, while Fig. 23 displays the same for the left shallow 
subbasin. It is seen that better agreement is attained for the deep subbasin. This is 
attributed to the fact that the shallow subbasins are highly vegetated which locally 
changes the flow situation (and the associated heat transfer) in that part of the lake. There 
is a need for addition of a suitable mechanism for local flow energy dissipation (flow 
resistance), but the problem will not be addressed herein. 

1.4.2. Mass Transport Simulation 

The convective exchange of dissolved material between the shallow subbasins and the 
deep subbasin was considered next. Therefore, a layer of conservative material 
(concentration = 10 units) was initially specified (Fig. 18) at the bottom of the left 
subbasin and its fate was simulated for one month (assuming Lake McCarrons' wind 
input). After one day. (Fig. 19), the material was mixed but contained within the left 
subbasin. A small portion was progressively carried by lake currents toward the pro fundal 
region. After two additional days, by July 4 (Fig. 20), the material had spread throughout 
the epilimnion with limited access to the hypolimnion due to stable stratification. 
Eventually, after one month (Fig. 21), the material took up the whole cross section, with 
lower but detectable concentration inthe hypolimnion. From this simulation it is evident 
that the wind-induced circulation and internal seiching· are very effective mixing 
mechanisms in lakes, eve~ in the case of stable summer stratification where the vertical 
transport is greatly reduced. 

Holland Lake occasionally experiences peculiar dissolved oxygen profiles, with 
considerable loss of oxygen in certain layers, particularly the metalimnion (Mohseni and 
Stefan 2000). It is hypothesized that the loss may be attributed to a significant 
concentration of suspended or dissolved dead organic matter (detritus), originating from 
the two shallow vegetated subbasins. The foregoing simulation results indicated, 
however, that internal wave motion may not be the primary mechanism for transport of 
oxygen consuming material from the shallow subbasins to the deep subbasin. On the 
other hand, Holland Lake is embedded in a shallow aquifer of alluvial material with a 
substantial slope of the· piezometric surface from southwest to northeast (Mohseni and 
Stefan 2000). Detritus could, therefore, be carried by a groundwater intrusion on the 
periphery of one of the shallow subbasins. With temperatures near 10 °e, the 
groundwater inflow may form a density current on the mild littoral slope and 
subsequently plunge into the deep subbasin toward the layer of its own density. In order 
to test this hypothesis, thin layers of organic matter (with a concentration of 10 units) 
were continuously imposed at the bottom of the two shallow subbasins (Fig. 24) while 
the groundwater was simulated by an isothermal layer of 10°C specified only for the left 
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subbasin. The sequence of figures 25 through 28 portrays a few transitional stages in the 
material transport form the left shallow subbasin toward the deep subbasin. After one day 
(Fig. 25), the plunging intrusion from the left subbasin is evident, whereas. the material in 
the right subbasin essentially stays in place. After tbreedays (Fig. 26), the progressive 
intrusion from the left reaches the middle of the lake. The organic material on the right is 
locally mixed by internal seiching and contained' within the right. subbasin. In a week 
(Fig. 27), the layer of high material concentrations is completely established and remains 
in the metalimnion for the test of the month (Fig. 28). The concentrations of matter are 
low both on the surface and in the hypolimnion, with apparent tendency of forming a 
distinctive, persistent layer in .between. This simulation of a convective exchange process 
between litj:oral and profundal 'waters corroborates that the possible ,cause of oxygen loss 
in the Holland Lake metalimnion may be groundwater ititrusion that pushes detritus-laden 
water from a shallow subbasin into the deep subbasin. . 
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1.5. SUMMARY AND CONCLUSIONS 

Summer stratification dynamics of Holland Lake, MN was inv~stigated by the use of a 
two-dimensional thermo-hydrodynamics and transport simulation model. The· work 
described herein considered the lake temperature structure and convective exchange 
processes between shallow (littoral) and deep (profundal) regions, under stable sutllmer 
stratification that is critical for lake water quality and fish habitat. In particular, the 
simulations were made to examine whether the transport of oxygen consuming material 
(detritus) fr~m the shallow subbasins to the deep subbasin could occur. The results 
indicated that internal wave motion may not be the primary mechanism for transport of 
the material between the basins. It was, however, found that the material could be carried 
by a groundwater intrusion which forms a density current on the mild littoral slope and 
subsequently plunges into the deep subbasin toward the layer of its own density. 

The simulations also showed that much attention should be paid in accurate 
evaluation of wind over a lake water surface, as wind is the most important input 
parameter responsible for turbulent mixing, evaporative cooling and interfacial mass 
transfer. 
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Figure 1-3. Incoming solar radiation. 
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Figure 1-4. Air temperature. 
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Figure 1-10. Initial temperature profile, July 1. 
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Figure 1-11. Simulated lake isotherms on July 16,8:30 am. (airport wind). 

Time = 9.2 h 

Wind = 10.4 m/s 

Tair = 29.1°C 

Rhum= 72.6% 

Figure 1-12. Simulated lake isotherms on July 16, 9:12 am. (airport wind). 
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Wind = -13.6 11/s 

Tair = 27.6°C 

Rhum= 74.9% 

Figure 1-13. Simulated lake isotherms on July 16,10:18 am. (airport wind). 
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Figure 1-14. Simulated lake isotherms on July 16, 12:00 am. (airport wind). 
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Figure 1-15. Simulated lake isotherms on July 2, 7:00 p.m. (McCarrons' wind). 
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Wind = -.7 m/s 

Talr = 21.8 DC 

Rhum= 84.3% 

Figure 1-16. Simulated lake isotherms on July 3, 5:00 am. (McCarrons' wind). 
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Time = 9.0 h 

Wind = .3 m/s 

Tair = 23.9°C 

Rhum= 48.0% 

Fbmre 1-17. Simulated lake isotherms on Julv 6. 9:00 am. (McCarrons' wind). 

Wind = -.2 m/s 
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Figure 1-18. Simulated concentration isopleths on July 1, 11:00 am. 
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Tair = 23.1 °C 

Rhum= 65.3% 

Figure 1-19. Simulated concentration isopleths on July 2,11:00 
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Figure 1-20. Simulated concentration isopleths on July 4, 7:00 
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Figure 1-21. Simulated concentration isopleths on July 31,1:00 
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Figure 1-22. Temperature profiles for the deep subbasin. 
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Figure 1:·23. Temperature profiles for the shallow subbasin. 
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Figure 1-24. Simulated detritus isopleths on July 1, 12:00 am. 
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Figure 1-25. Simulated detritus isopleths on July 2, 12:00 am. 
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Figure 1-26. Simulated detritus isopleths on July 4,12:00 am. 
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Figure 1-27. Simulated detritus isopleths on July 8, 12:00 am. 

Time::: 12.0 h 

Wind::: .Omls 

Tair = 18.1 °0 

Rhum= 66.0% 

Figure 1-28. Simulated detritus isopleths on July 31,12:00 am. 
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ll .. MODELING OF DISSOLVED OXYGEN KINETICS 

11.1. Two-DIMENSIONAL MODEL FORMULATION 

The dissolved oxygen model is· formulated by the two-dimensional transport equation 
given here in Cartesian coordinates . 

(1) 

where C(x, y, t) is the instantaneous dissolved oxygen concentration in mg/l as a function 
of horizontal direction x, vertical direction y and time t, u(x, y, t) is the horizontal 
velocity,v(x, y, t) is the vertical velocity, D(x, y,t) is the t~mperature dependent oxygen 
diffusion coefficient, P(x,y; t), R(x, y, t)a.ndSBoD(x, y, t) are oxygen production rates by 
photosynthesis, plant respiration and biochemical oxygen demand per unit volume. 

Using the horizontal length L, vertical length H, horizontal velocity viR, vertical 

velocity vlL , time RL/vand Co as reference scales, along with the Reynolds time 
averaging ofEq. (1), the oxygen transport equation can be cast into dimensionless form 

BC" + Bu"C" + av"c" =C~(D* BC")+.!~(D·' BC")+p* -R" -S" (2) 
Bt" ax .. [)y" Bx" Bx" c [)y" By" BOD 

where C .. =C/Co is the mean-flow oxygen concentration, u" =UHlv and v" ='fLlv are 

the mean-flow velocities in the horizontal and vertical direction, x" = x I L, y" = y I H , 

t" = vtl(HL) , p" =P·HLI(vCo ), R" =R·HLI(vCo ), S~OD =SBOD·HLI(vCo ), 

c = HI L . The oxygen diffusion coefficient D" ;:;;;: 1/ S c + v; / a DO takes into account both 

laminar and turbulent mixing expressed by the Schmidt number Sc == vlD and the eddy 

diffusivity v; = V t Iv , where v t is the eddy viscosity calculated in the turbulent model, 

v is the kinematic viscosity of water and aDO is the turbulent Schmidt number. 

The temperature dependent laminar Schmidt number is related to the molecular 
diffusivity D of dissolved oxygen inwater and the kinematic viscosity of water. Data for 
D can be found in the literature,but most values are at a certain temperature (usually in 
the range from 15 to 25°C). Here we uSe the result of the Hayduc-Laudie relationship for 
the diffusivities of compounds in water 
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(3) 

where J-l(D is the dynamic viscosity of water at temperature T (DC), D(2SDC) == 2.1 x 10.5 

cm2/s, J-l(25 DC) == 0.894 X 10.3 Ns/m2• The temperature dependent dynamic viscosity of 
water is evaluated as (White 1994) 

J.l(T) = J.l(25DC) exp[5.306(0.916 - Zr) -7.003(0.839 - Z?)J (4) 

where ZT = 273/(273+ T) and T is in DC. Using the definition of the Schmidt number 

and equations (3) and (4), the former is fitted to a polynomial expression 

SdT) = -0.0316T3 + 3.1399T2 -115.9T + 1848.9 (5) 

for a range of water temperatures Tbetween 0 and 40DC. 

The turbulent Schmidt number a DO, like the turbulent Prandtl number aT, has 
shown to be fairly constant across any turbulent flow (Rodi 1980) and close to unity. 
Therefore, this model makes use of the gradient transport process with a constant aDO' 

evaluated in the same manner as the turbulent Prandtl number from the turbulence closure 
formulation. 

Modeling of dissolved oxygen source and sink terms was guided by the one~ 
dimensional lake water quality model, MINLAKE (Riley and Stefan 1988; Fang 1994). 
The one-dimensional model has been successfully applied for several years to simulate 
hydrothermal and biological kinetic processes in specific north central U.S. lakes and for 
a variety of meteorological conditions (Hondzo and Stefan 1993; Fang and Stefan 1995). 
Based on that experience, the dissolved oxygen production and consumption terms are 
extended for the present two-dimensional formulation. 

11.1.1. Oxygen Production by Photosynthesis (P) 

Photosynthesis is the growth process of aquatic plants containing chlorophyll-a (measure 
of the plant biomass). These plants utilize radiant energy from the sun, convert water and 
CO2 into glucose and release oxygen. In most lakes the emphasis is on the phytoplankton, 
the microscopic aquatic plants (algae). Aquatic weeds (macrophytes) are also important, 
especially for more transparent lakes .. However, only phytoplankton is considered in the 
DO model described here as the present lack of data does not allow to account reliably for 
macrophytes in a general way forlakes with different morphometries and trophic status. 

Phytoplankton growth depends on three principal external conditions: (i) 
temperature; (ii) solar radiation; and (iii) nutrients. In the model it is assumed that 
photosynthesis is a first-order kinetic process with respect to phytoplankton. The oxygen 
production is thus proportional to the phytoplankton population which is quantified by its 
chlorophyll-a (Chla) concentration 

25 



P(x, y, t) = YOcGmaxf(T) Mir:{L, P, N]Chla (6) 

where Yoc is the yield coefficient, mg O2 per mg Chla (range 100-300), Gmax is the 
maximum growth rate of the phytoplankton (1/day), f(T) is the Arrhenius temperature 
function.for growth, Min [L, P, N] is the minimum of light (L) and nutrient (phosphorus 
P and nitrogen N)limitation for growth, and Chla(x, y, t) is chlorophyll-a concentration 
(mg/I). The chlorophyll-a concentration is specified depending on lake trophic status, 
which implicitly includes nutrient limitations. Therefore, an alternative formula of 
oxygen production by photosynthesis can be given as 

P(x, y, t) = P max Mir:{L] ehla (7) 

where P max is the maximum specific oxygen production rate by photosynthesis at 
saturating light conditions (mg O/mg Chlalh) and Min [L] is the light limitation function 
of depth and time. According to experimental data shown in Fig. (1) for inland lakes 
(Megard et aI. 1984), P max is specified consistent with the Arrhenius equation as 

Pmax =9.6·1.036T - 20 (8) 

Where T(x, y, t) is the water temperature in cC and P m~ at 20cC is taken to be 9.6 mg 

O/mg Chlalh. In general, P max is dependent on the species of the phytoplankton, which is 
different for different trophic status. This uncertainty due to species shift is not 
considered at this level of the model. 

To estimate the light dependence for algal growth, Megard et al. (1984) showed 
that two parameters are necessary to describe the light limitation and light inhibition. 
Haldane kinetics is used in the following form 

. 1+2~KdK2 
Mm[LJ= ---"'-----

. 1+K 1/PAR+PARjK 2 
(9) 

where PAR(x, y, t) is the photosynthetically active radiation (einsteinim2/h), K1 and K2 
are light limitation and inhibition coefficients. Equation (9) yields light . limitation for 
light levels below the optimum and light inhibition for light levels above the optimum as 
shown in Fig. (2). K,(einsteinim2/h) is specified as a temperature dependent relationship 
fitted to experimental data (Megard et al. 1984) 

Kl = 0.687 ·1.086T- 20 

K2 (einsteinlm2/h) is also temperature dependent and specified as 

K2 = 5 T ~ 10ce 
K2 = 15 T> 10ce 

(10) 

(11) 

Since photosynthetically available radiation (PAR) is not routinely measured, but 
incoming solar radiation is, the conversion from energy units (1, kcal) to quantum 
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(einstein) units has to be made. The energy of light varies inversely with the length of the 
photon waves. From the quantum theory it follows that the energy of one einstein is 
28,600/A. kilocalories (kcal), where A. is the light wavelength in nanometers (nm). The 
part of the solar spectrum used by plants ranges from about 400 to 700 nm and has an 
estimated mean wavelength of 570 nm. Hence, the energy of light used during 
photosynthesis is approximately 50 kcal/einstein. The penetration of light in the water 
column follows Beer's law 

(12) 

where I(y) (kcal/m2/d) is the solar radiation flux at depth y, 10 (kcallm2/d) is the net solar 
flux at the water surface (y = 0) and k (l/m) is the total light attenuation coefficient. The 
total attenuation coefficient can be specified as k = kw + kcChla, where kw (11m) is the 
attenuation coefficient of the water itself, excluding the phytoplankton, and kc is the 
attenuation coefficient due to phytoplankton. An alternative is to estimate the total 
attenuation coefficient as a function of Secchi depth zs, k = constant/zs, where the value 
of the constant has been found in the range 1.7~1.9 (Koenings and Edmundson 1991). The 
advantage of the present two-dimensional oxygen model formulation is the possibility to 
specify different values for k in the littoral and profundal region of a lake, by setting 
horizontally variable phytoplankton distribution Chla(x) or Secchi depth zs(x). 

Once the net radiation flux at the water surface (10) is known, the use of Beer's 
law (14) allows one to estimate the total absorbed (attenuated) solar radiation M 
(kcallm2/d) in a control volume of the height ~y, at some depthy 

M( y) = 10 exp[ -~ ][1- exp(-~y)] (13) 

The net solar radiation at the water surface is obtained by 

10 =(l-r)(l-f3)RA (14) 

where r is the reflected fraction and f3 is absorbed fraction of the incoming solar radiation 
RAD (kcallm2/d) measured at a weather station. Reflected fraction is given by r;::::: 0.087-
0.0000676·RAD, while the absorbed fraction f3 is estimated at 0.4 (Riley and Stefan 
1988). The subsequent conversion from energy to quantum units (50 kcalleinstein) finally 
provides the photosynthetic active radiation (PAR). 

11.1.2. Oxygen Consumption by Respiration (R) 

Respiration is fundamentally the reverse of photosynthesis, i. e. organic matter is 
transformed into inorganic matter by oxidation (utilization of oxygen) and release of 
carbon dioxide. The concept of respiration in limnology usually includes respiration by 
plants, animals and aerobic bacteria. Purely chemical oxidation also occurs in the water 
body, but many oxidative processes in aquatic habitats are mediated by bacterial action. 
Most water quality models (US Corps of Engineers 1986, Thomann and Mueller 1987, 
Riley and Stefan 1988) include both plant respiration (algae) and biochemical oxygen 
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demand (BOD) as oxygen sinks. The assumption is made that plant respiration is a first
order, kinetic process related only to water temperature and the concentration of 
chlorophyll-a (representative of phytoplankton) 

R(x, y, t) = YOCkr 9 r T-2°Chla (15) 

where Yoc is a yield coefficient, mg O2 per mg Chla, ~ is the respiration rate coefficient 
(lid) and 9r is the temperature adjustment coefficient. Values ofkr range from 0.05 to 
0.15, while 9r is estimated at 1.047 (Riley 1988). As with oxygen production by 
photosynthesis P, oxygen consumption by respiration R can be made variable in the 
horizontal direction x by setting different values for Chla with distance from the shore. 

Il.l.3. Oxygen Consumption by Biochemical Oxygen Demand (Suon) 

The biochemical oxygen demand'of dead organic material (detritus) is a function of the 
detrital mass expressed in oxygen equivalents ' 

(16) 
. . . 

where kb is the' first order decaycoefficiellt (lId)",9b is the temperature adjustment 
coefficient and BOD(x, y, t) is detritus concentration as oxygen equivalent (mg/l). kb 
ranges from 0.03 to 0.1 lid (Riley 1988). BOD probably approaches zero at very low 
temperatures, so that two temperature adjustment coefficients 9b are appropriate 

, (Demetracopoulos and Stefan 1982): 9b = 1.047 for T ~ 20°C and 8b = 1.13 for 4 < T < 
20°C. It is assumed that BOD is from the microbial decay of organic matter in the lake 
(no external inflows). Thus, a relationship between primary productivity, represented as 
chlorophyll-a and BOD can be hypothesized since chlorophyll-a is related to production 
of organic matter (measured as carbon), which in turn is related to detritus and BOD. If a 
constant carbon to chlorophyll-a concentration is used, BOD concentrations are estimated 
at 1.0, 0.5 and 0.2 mg/l for eutrophic, mesotrophic and oligotrophic lakes, respectively 
(Fang 1994). These values are subject to further calibration in the model, taking into 
account possible horizontal variability of BOD. . 

11.2. BOUNDARY CONDITIONS 

The dissolved oxygen transport model (2) is a second-order differential equation which 
requires boundary conditions at each end of the computational domain (Fig. 3). Assuming 
no oxygen exchange along the vertical boundaries of the domain, zero oxygen flux. F 
(zero oxygen concentration gradient) is specified for all endpoints (x = 0 and x= L) in the 
horizontal direction. At the air-waterinterface (y = 0), surface tixygen fluX Fs (reaeration) 
has'to be estimated. Oxygen uptake F SOD (sedimentary oxygen demand) needs to lJe 
specified at the sediment-waterinterface (y == HsCx». 
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11.2.1. Surface Reaeration Flux 

Interfacial oxygen transfer at the air-water boundary is a function of near surface 
(boundary layer) turbulent mixing. For lakes and reservoirs, the effect of wind is 
significant by creating internal turbulence. For water quality simulations, Holley (1977) 
suggests that oxygen flux by reaeration is expressed as 

(17) 

where ke is the bulk surface oxygen transfer velocity (m/d) , C1 is the actual oxygen 
concentration (mg/l) in the surface water layer and Cs is the dissolved oxygen saturation 
concentration (mg/l) at surface temperature. Cs for freshwater (zero salinity) is dependent 
on temperature and lake elevation (APHA 1985) 

In(Cso ) = -139.3441+ 1.57~'105 
1 

Cs = Cso . (1- 0.000035 fj.}f) 

6.6423.107 1.2438.1010 
--------+--------

T/ T/ 
(18) 

where Cso is the dissolved oxygen saturation concentration (mg/I) at sea level (M-! = 0), 
T1 is the surface water temperature in OK and Mf is the lake elevation (ft) above see level 
(Zison et aI. 1987). 

The oxygen transfer coefficient ke varies widely depending on wind and wave 
action in lakes. Many relationships have been proposed to estimate ke. Here we use the 
oxygen exchange coefficient determined by Wanninkhof et al. (1990) in whole-lake 
experiments as 

k. - 0 108 U1.64 (600/S )0.5 e -. 10 C (19) 

where ke is in (m/d), U IO is the wind speed (m/s) at 10m height over the lake and Sc is the 
laminar Schmidt number of oxygen at the surface water temperature T1• The wind speed 
UlO above the lake is normally correlated to the available wind speed W obtained from a 
weather station (measured at 10m above the land). It is often necessary to use a reduction 
factor due to lake sheltering, which is customarily carried out by the model calibration 
procedure. 

11.2.2. Sedimentary Oxygen Demand (SOD) 

According to Belanger (1981) the benthic oxygen demand measured in various lake 
systems has a wide range, from 0.05 to 16.6 g O/m2/d. Belanger also pointed out the 
effect of dissolved oxygen concentration less than about 2.5 mg/I. Recent studies and 
problems of SOD measurements were summarized at the US Army Corps of Engineers 
workshop on sediment oxygen demand (Cerco et aI. 1992). Sedimentary oxygen flux FsoD 
(g/m2/d) can be described (Fang 1994) by a bulk rate coefficient, corrected for 
temperature 

29 



F k 8T-20 
SOD = S S (20) 

where ks is the SOD rate coefficient (g O/m2/d) at T = 20°C and 8s is the temperature 
adjustment coefficient.. Limitation of SOD·by insufficient available oxygenis accounted 
for implicitly, by not allowing the oxygen concentration to drop below zero. Considering 
that the composition of lake bottom muds is usually. the result of the settling of 
phytoplankton, macrophytes, detritus and inorganic materials, different ks values need to 
be selected for different trophic states of lakes. Fang (1994) recommends ks ~ 1.5, 1.0, 
0.5 (g/m2/d) for eutrophic, mesotrophic, oligotrophiclak~s, respectively. These values are 
only·rough estimates and are further refiped by model calibratiop., especially in terms of 
horizontal variability of ks (different values should be specified for littoral and· profundal 
region as shallow sediments usually have more rooted vegetation). The coeffici~mt as has 
a reported range of 1.04 to 1.13 (Zison et al. 1978). Below lOoC the SOD decreases 
rapidly and approaches zero in the water temperature range O-soC. Therefore, two 
temperature coefficients can be used (Fang 1994): 8s = 1.065 for T~ lOoC and as = 1.13 
for T< 10°C. 

'.; : 
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,....., • EXPERIMENTAL DATA (Megard et 01., 1984) 
-. - VIDEO LINE Pmox = 0.30*1.036(T-20) 
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Figure II-I. Maximum specific photosynthetic oxygen production. 
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Figure 11-2. Light limitation function. 
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Figure 11-3. Dissolved oxygen boundary conditions (schematic). 
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