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Abstract A mathematical model has been developed to simulate temporal variations and vertical stratification of
dissolved oxvgen (DO} in aquaculture ponds. The model is coupled with a temperature stratification model. Along with
chlorophyll @ (Chl o) and biochemical oxygen demand (BOD) sub-models, the DO sub-model has been formulated to
include photosynthesis, respiration, surface reaeration, oxidation of BOD, sediment oxygen demand {SOD), nitrification
oxygen loss and prawn {or fish) oxygen consumption as source and sink terms. The model uses 2 fully implicit central
difference scheme to discretise the partial differential equation for a control volume. The time step of one hour and
distance step of 2 ¢m are sufficient to obtain accurate results. The mode! runs for 24 hours. Measured DO profiles from
both freshwater and salt-water ponds were used to calibrate and validate the developed model. The average regression
coefficients for model calibration and validation are 0.85 and 0.73, respectively, and the maximum simulation errors are
less than 4 mg/L {with one exception). The exception is a pond with weak DO stratification, where the model performs
poorly. The model predicts DO stratification events within 1-3 hours, and predicts the range of the maximum DO
stratification reasonably well. The model generally performs better near the water surface and middie depths than at the
pond bottom. Semsitivity analyses show that the model is very sensitive to ¢hl a related coefficients and physical
processes. The model is also sensitive to SOD. The model is very sensitive to whether chl a is simulated or not. The
model is not sensitive to BOD related processes or prawn related coefficients.

1. INTRODUCTION and validation against measured DO profiles are
discussed.

Dissolved oxygen (DO) is one of the most important

water quality parameters in aguaculfure ponds. There is Z. MODEL DEVELOPMENT

a number of documented DO models of aquaculture

ponds [Busch et al, 1977; Romaire et al, 1978; 2.1 Algae Transport Equation

Cassinelli et al., 1978, Meyer, 1980; Meyer and Brune,

1982; Madenjian et al, 1987ab; Smith and Fluctuations of chlorophyll @ concentration in a volume

Piedrahita, 1988%; Losordo, 1988; Chang and QOuyang, of water are due to the combined effects of growth,

1988 and Gao ,1997]. Almost all the models assume a respiration, mortality, diffusion, and settling. A general

uniform pond condition. The magnitude of DO form of the unsteady, one-dimensional algae fransport

stratification noted by Loscrdo [1988), Chang and equation is given by [Riley, 1988; Riley and Stefan,

Cuyang {1988} and Gao [1997], suggests that this 1988; Gao, 1997

effect must be explicitly accounted for to obtain

accurate  prediction  of temperature and DO

concentration. Simulations with fully mixed models do Chia Ve HACH) 13 hay | grschy + k6T Chia
not provide accurate predictions of the dissolved & A4 kAo o

oxygen concentration to which the animals are exposed.

The only documented DO stratification models are . .

those of Losordo {1988] , Chang and Quyang [1988] ~ o f(T) minl £ (L0, £ (P, F (W] Chia = 0

and Gao [1997].

Dissolved oxygen fluctuation is largely coatrolied by where Chl @ is chlorophyll @ concentration (m_é;',L'l h Ve
the algae photosynthesis and respiration. Algal biomass is settling velocity of chlorophyll @ (mh™), A is
concentration can be expressed in a number of different horizontal area (m?), K. is turbulent diffusion coetficient
ways including dry weight of algae, carbon content, and (M),  Mmax is the maximum growth rate at a
chlorephyli o concentration. Because the purpose of the particular reference temperature under optimal
mode!l is to determine productivity rather than actual conditions of saturated light intensity and excess
biomass, the concentration of chlorephylt a in a water nutrients {h'"), {T) is temperature function for aigal
volume is used to represent an algal population. growth, (L), f(P), {N) are growth limiting functions

for light, phosphorus and nitrogen, respectively, k. is
This paper describes the development and application respiration rate constant (), 8 is temperature
of an aguaculturz pond DO model along with adjustment factor, T Is waler temperature (°C), knis
chlorophyll o and BOD medels. The model calibration mortality rate constant (hY, B, is temperature

adjustment factor.
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2.2 DO Transport Equation

Fluctuations of DO concentration in a pond are due to
the combined effects of photosynthesis, respiration,
surface reagration, oxidation of BOD, sediment oxygen
demand (SODY), nitrification oxygen ioss and prawn {or
fish) oxygen consumption. A general form of the
unsteady, one-dimensional DO transport equation is
given by [Riley and Stefan, 1988; Stefan and Fang,
1994; Gao, 1997]:

oDe {

TRk YCHO?(&,E,"’”—#m.,f(T}ms'nU(L).f(-").f(N)}Chn’a
oQ I DO 34 64 ]
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K
- A:L (DO, = DO, + 5 4o = 0

where DO is dissolved oxygen concentration (mgL™"),
YCHO?2 is ratio of mg chlorophyll o per mg oxygen
utilised and released in photosynthesis and respiration
(mg chla (mg O;)"), K, is the surface oxygen transfer
velocity {m h'"), Az is the thickness of the surface
fayer (m), DO, is saturated dissolved oxygen
concentration in the first layer (mg L"), k, is first order
decay coefficient (h'"), BOD is detritus as oxygen
equivalents (mg L), Kgop is half saturation constant
for oxygen limitation, Syz is the SOD value at T=20
°C (g O, m™? 'Y, Keop is half saturation constant for
SOD, kyr is nitrification rate at 20 °C ("), Kur is
haif saturation constant for nitrification (mg L"), NH3
is ammoniz nitrogen concentration {mg LY, 8, 8, and
By are temperature adjustment coefficients. Saqua is
given by Losorde [1988] and Gao [1997].

2.3 BOD Transport Equation

BOD concentratien is also simmulated in the model. The
mode! formulation for BOD is relatively easy due to the
simple kinetics invoived. The fluctuation of BOD in a
pond is controfled by algae death, BOD decay and its
settling and diffusion. The transport equation for BOD
is:

JBCD +KE. d{ ABOD) ___i_fl(,q;(: BBOD)
at A ar A dz

t

- kB Chla+ k8] " BOD = 0
YCBOD

where YCBOD is ratio of mg chlorophyll a to mg
oxygen utilised in organic decay(mg chla (mg BODY"),
V, is settling velocity of BOD (mb™").

1.4 MNumerical Scheme

A fuily implicit central difference scheme is used to
discretize the partial differential  equations. The

discretization of each equation yields a set of linear
equations, one for each layer, which are splved
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simultaneously. A modified Gauss  elimination
procedure is used to sclve the tri-diagonal matrix
operating only on the three non-zero diagonal terms.

The model is applied in a time step of one hour. The
DO simulation follows temperature, chlorophyll o and
BOD calculations. There is not sufficient data to
calibrate the algae alome. The field data of dissolved
oxygen profiles with depth are used for calibration of
the model coefficients.

3 RESULTS AND BISCUSSION

3.4 Model Calibration

The algae and DO model is calibrated after the
calibration and validation of the temperature model
{Merrick and Gao, 1997]. The algal respiration rate
(k,), mortality rate (k.), algae settling velocity (Vo)
BOD decay rate (ky), and BOD settling velocity
{Vagp) are calibration coefficients for the model. The
maximum algal growth rate (fmw). algal growth
optimal temperature and light (To, and [, initial
chlorophyll @ (Chlay,), initial BOD  (BODi.)
concentration, and sediment oxygen demand coefficient
{Syze) are also calibration coefficients, but their
adjustments are bound by the measured values. The
calibration coefficients are adiusted to achieve optimal
fit between simulated and measured dissolved oxygen
profiles, and to give stable and logically reasonable
results for chlorophyll a. A parameter estimation
model, PEST [Doherty, 1994}, is used in the model
calibration.

Two ponds which were used for temperature model
calibration are selected for model calibration. Five
ponds are used for the mode!l validation. The result of
the algae and DO model calibration run of one of the
calibration ponds is given in Figure 1. Also shown on
Figure | are the simulated chlorophyll ¢ and BOD
contour lines.

The regression coefficient (R%) is 0.91 and 0.78 for the
two calibration rums, respectively, Generally, the
simulations match the fleld data well. The maximumn
pver- and under-estimation errors are 1.51, -1.54 and
3.79, -3.84 mg/L for the two calibration ponds,
respectively.

The agreement of measured and simulated DO is
generally good at all depths for the two calibration
runs,

The results of the two calibration runs demonstrate that
the algae and DO model can accurately predict whether
DO in a pond will become stratified or not. In terms of
simulating the timing of the onset of DO swatification,
maximum DO stratification, and the iso-DO conditions,
the resulting accuracy Is good for the two runs. The
simulation results predict the time of the actual
stratification process events within three hours.
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Figure 1 Measured and simulated DO contours and simulated chlorophyll # and BOD

contours of one of the calibration ponds
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The BOD variations (both spatial and temporal) are
very smail (within 5%) in beth simulations. This is
justified because there is no significant source or sink
for BOD except chiorophyll a death and decay of BOD
itself.
3.2 Sensitivity Analysis

The sensitivity analysis for coefficients in the algae and
DO model is made for one of the calibration ponds
(reference run). Only one coefficient at a time is
changed from the reference value, other coefficients
being kept at the reference values. The coefficients for
the sensitivity analysis can be classified into six groups:
algae process, BOD process, DO process, prawn
related coefficients, physical process, and whether the
chlorophylt @ and/or BOD are simulated.

In general, the model is not sensitive to the BOD
related process (K., Vaop and BOD concentration) and
prawn related coefficients {Womwn Nprawn 2nd BLprawn)-
The model is very sensitive to the chlorophyll a related
coefficients (Mmae Ko lopo Top, Chlai ) and physical
processes (W, PAR, HKmax, 7,). The model is alzo
sensitive to the SOD. The model is very sensitive to
whether the chlorophyll o is simulated or not. On the
contrary, there is no effect on the DO structire whether
BOD is smmulated or not.

It is noted that varying coefficients more or less
changes the magnitude of the maximum DO
stratification. But in most cases, the timing of the
taximum stratification remains the same.

In terms of sensitivity variations with depth, most of the
coefficients tested have the same effects at ail depths.
The following coefficients have more effects at the
pond bottom: extinction coefficient (n), light limitation
coefficient (k,), light inhibition coefficient (k)
sediment oxygen demand (8y;0), and location of prawns
(Zpeawn)- The only coefficient which has an effact on the
surface DO profile is the DO transfer coefficient (K.).
3.3 Model Validstion

After literature review, calibration and sensitivity
analysis, the coefficients are fixed in sets depending on
the pond environmental conditions. There are no
calibration parameters in the application of the model
for validation purposes.

Five ponds are used for model validation, The
regression coefficients (R%) are larger than 0.75 for
three of the validation ponds. Generally, the simulated
DO matches the measurement data quite well. The
regression coefficient is 0.56 for one of the validation
ponds in which DO stratification is more than 20 mg/L
in 1 meter depth. The regression coefficient is only
0.33 for another validation pond, an example of a poor
match. The pond has a strong thermal stratification but
has minor DO stratification only. Influenced by the
calculated  temperature stratification  structure,
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sirnulated DO has distinct stratification, which causes
the significant errors.

In the model validation runs, the algae and 5O model
performs better at water surface and middle depth than
at the pond bottom. The medel predicts stratification
events within 1-3 hours of the actual events (with one
exception for the pond which has no measured DO
stratification less than 1 mg/L). The model also predicts
the magnitude of the maximum stratification with
maximum errors (under- and over-estimation} from -1.5
t0 0.9 mg/L. (except for one pond with an error of -4.9

mg/L}.

4, CONCLUSIONS

A vertical one-dimensional dissolved oxygen model
along with algee and BOD models has been formulated
for aquacuiture ponds in a wide range of environmental
conditions. The DO model includes photosynthesis,
surface reaeration, plant respiration, biechemical
oxygen demand, sediment oxygen demand, nitrification
oxygen loss and prawns (or fish) oxygen consumption

as source and sink terms. The chlorophyll 2 and BOD
are sirulated before the DO concentration is computed.

The DO simulations match field data well. The DO
model predicts time of DO statification onset,
maximum stratification and iso-DO conditions (within
1-3 hours) reasonably well. The model also predicts
the degree of the maximum DO stratification
reasenably well. The DO model generally performs
better near water surface and middle depths than at
pond bottom. The model is very sensitive to the
chlorophyll a related coefficients (Wmex, Kr fope Tope
Chlag;) and physical processes {W, PAR, HKmax, 7).
The model is also sensitive to the SOD. The model is
not sensitive to the BOD related processes and prawn
related coefficients, The modet is very sensitive to
whether the chlorophyll o is simulated or not. On the
contrary, there is no effect on the DO structure whether
BOD is simulated or not. Varying the coeificients more
or less changes the magnitude of the maximum DO
stratification, but in most cases the timing of the
maximum stratification remains the same. To simulate
DO  accurately, it is essential to simuiate the
chlorophyll o accurately. On the contrary, BOD
variations (both spatial and temporal) are small. In
modelling practice, BOD concentration can be fixed as
a constant without reducing the accuracy of predicting
DO.
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