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INTRODUCTION

Recent advances in instrumentation have made it
possible to develop in-lake instruments that can aid the
lake and reservoir manager to both optimize the water
quality in a lake while satisfying demand, and to use a
lake as a controlled barrier against contamination reach-
ing the consumer. This article briefly describes progress
towards the goal of constructing a real time information
and control system that will be the first step towards a
decision support system for a lake manager. The decision
support system is part of a wider effort to provide man-
agers with quantitative control of a lake's performance
with respect to in-lake water quality, and in terms of pro-
viding a security barrier against accidental contamina-
tion reaching the consumer.

Recent research has shown a number of important
new ecological and physical response features in lakes
that are of fundamental importance for the management
of water quality in lakes and reservoirs, and which form
the basis of the system described below.

1. Most reservoirs in mid latitudes exhibit density
stratification for the major part of the year. This stratifi-
cation shuts down vertical transport between the epil-
imnion and the hypolimnion and creates two separate
water bodies in the lake - one overlying the other. Strati-
fication across the metalimnion determines the net
transport of nutrients from the hypolimnion to the epil-
imnion, and this transport controls, in many systems,
both the type and intensity of primary production in the
lake (Nishri et al., 2000; Yeates and Imberger, 2003).

2. Nutrients enter the lake predominantly through
inflows, but they may also be stored in the sediment and
in the biota. Nutrients are released from the sediments at
a rate that depends on the bottom water temperature,
oxygen levels, and turbulent activity in the benthic
boundary layer (Eckert et al., 2002; Nishri et al., 2000).
Nutrients cycle through the trophic levels of a lake, with
bacteria breaking down detrital matter, so that nutrients
can be reused by phytoplankton in primary production.
In many lakes up to 40 percent of the nutrient supply for
the annual primary production comes from the recycled
nutrient pool (Romero et al., 2002).

3. The primary production in a lake occurs in the
surface layer where light is abundant, but the production
is not always spatially uniform. This patchiness has
enormous implications for both water quality sampling
and model predictions. The implications for water quali-
ty sampling are obvious, as patches will not always
be reflected by measurements taken at fixed stations
at predetermined monitoring times. The implications for
modeling arise because patches of temperature, nutri-
ents, light, turbulence, and controlling chemicals such as
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DOC, trace metals, etc., create niches that foster diversi-
ty in the primary producers, which may lead to greater
diversity in grazers and thus a variable rate of consump-
tion by the grazers. Models that retain only the one di-
mensional vertical structure (such as the combination
DYRESM CAEDYM) (Romero et al., 2002) do not allow for
the presence of niches in the horizontal and thus can
only give birth to diverse populations of plankton through
succession in time. Further, the presence of patches
means that growth calculated from a mean standing
stock of water quality parameters may not be the same as
the actual growth resulting from a spatially variable
water quality parameter set. However, since models that
retain only the one dimensional vertical distribution of
variables are capable of very accurate predictions of
physical variables, they are commonly used for water
quality predictions. Ecological predictions resulting from
these physical models will require calibration on a lake-
by-lake basis in order to account for the lake specific
patchiness in the ecological standing stocks.

4. Patchiness in the surface layer is determined by
the location of inputs, lake geometry, and the variability
of meteorological forcing, but the scale of the patches is
most often determined by the characteristics of the wind
field over the lake (Stocker and Imberger, 2003). Since
the stratification and wind field varies greatly from lake
to lake, the patchiness will equally vary from lake to lake.

5. Tertiary transport processes consisting of resid-
ual motions and motions induced by differential wind
mixing, surface heat transfer, and variable wind stress all
lead to persistent motions that dominate the horizontal
transport of contaminants.

... the Lake Diagnostic System (LDS)
wmeasuned in situ waten column and local

climate parametens jor pliyosical and
bialogical models

Because of the complexity of physical and ecological
interactions in a lake, it is necessary to have available
real time one-dimensional (1D) and three-dimensional
(3D) information about the characteristics of the water
column in order to protect both the lake's water quality
and safeguard the downstream consumer against delete-
rious contaminants. This may be obtained either setting
up a spatial and temporal intensive monitoring program
or by combining simple in situ lake measurements with
real time 1D and 3D modeling. Simple lake measure-
ments combined with modeling has the further advan-
tage that forward predictions, under different scenarios,
may be run from current “hot starts” of the models. The
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approach we describe below is the first step towards this
goal.

METHODOLOGY

This approach has been made possible by advances
in limnological research and hardware reliability, and de-
creases in the cost of the Lake Diagnostic System (LDS)
and the development of the reliable numerical simulation
models DYRESM, ELCOM, CAEDYM.

LDS (Lake Diagnostic System) — Measures in situ water
column temperature with an array of precision thermis-
tors (accuracy 0.001°C) and a suite of meteorological sen-
sors mounted approximately 2 m above the water surface
(air temperature, humidity. rainfall, net radiation, and
short wave radiation). The sensors are mounted from a
self-levelling surface buoy as shown in Figure 1. (Preci-
sion Instruments, San Diego, California). Other sensors,
such as dissolved oxygen and conductivity, have recent-
ly been added to the chain.

DYRESM (Dynamic Reservoir Simulation Model) - A
one-dimensional hydrodynamic model forced by real time
inflow and outflow data and data from the LDS (Yeates
and Imberger, 2003).

ELCOM (Estuary and Lake Computer Model) - A three-
dimensional hydrodynamic model forced by real time in-
flow and outflow data and data from the LDS (Hodges et
al., 2000).

CAEDYM (Computational Aquatic Ecosystems Dy-
namics Model) - An aquatic ecological model coupled to
DYRESM or ELCOM using generic coefficient values
(Romero and Imberger 2003)

The LDS is used to monitor, in real time, the water
temperature and any other parameters that are relevant
to the particular lake under consideration. The informa-
tion from the LDS is relayed to shore via a GSM modem
and combined with inflow information acquired from real
time gauging stations. The data are collated by a suite of
software (ARMS) that checks for data integrity, fills in
missing data points, sends out alarms on data sensor
failure and automatically formats data files suitable for
running the above models. The information captured by
these data may be used to establish a full data set suit-
able for running simulation models in real time. At this
point, the following functions have been implemented.

a. Net Rate of Inflow - Given the data from the
LDS (used to calculate the evaporation and direct rain-
fall), the outflow discharge, the water level, and the lake
basin bathymetry, we can clearly use a water balance to
calculate the total inflow from all contributing streams.
Past hydrological data or simple area apportionment can
then be used to partition the total inflow volumes among
the various major contributing streams (Adiyanti and Im-
berger, 2003).

(b) Background Vertical Thermal Structure - A
lake that is thermally stratified and experiencing even
weak winds will exhibit internal wave motions that
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periodically distort the temperature distribution. The
isotherm displacements may be low pass filtered to re-
move the wave motion (Antenucci and Imberger, 2001),
and produce a signal which will reflect the changes in the
water column temperature; due to heating and cooling,
mixing and inflows over time scales longer that the
longest basin scale internal motion. (Yeates and Imberg-
er, 2003).

Figure 1. Lake Diagnostic System as Installed
in Brownlee Reservoir, Idaho.

(c) Surface Layer Characteristics — Using the me-
teorological data from the LDS to run the surface layer
routines in DYRESM, it is possible to calculate the
changes in the diurnal thermal structure of the near sur-
face water column. In addition, DYRESM will allow us
to remove the diurnal heating, cooling, and mixing ac-
tions from the time averaged temperature profile. Surface
thermal calculations in their own right have major
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ecological implications, because mixing in the surface, an
output from DYRESM, can strongly determine the algal
speciation.

(d) Estimates of the Vertical Flux Path - Inflow
calculations and thermal measurements and modeling
will produce a time history of the temperature profile in a
lake that represents the changes due to inflow and mix-
ing. By comparing the basin average vertical mixing rate
with that arrived at directly from the internal wave spec-
tra as measured by the LDS, we will be able to ascertain
the degree of patchiness in the turbulent mixing, and
partition the vertical flux path between the interior of the
lake and that which flows through the benthic boundary
layer.

(e) Inflow Insertion Depth and Temperature -
Given the above we can derive an average vertical tem-
perature profile that changes from day to day only by the
action of the inflow. A bubble sort routine may then be
used to compare profiles from one day to the next and ex-
tract the depth of any intrusive inflow. With information
about the intrusion depth as well as the inflow discharge,
we can compute the temperature of the “average” river in-
flow. These techniques allow a check on the inflow mea-
surements, or in the case where there are none, the
methodology may be used to construct the inflow history
and its characteristics. Assuming that outflows are usu-
ally measured, the meteorological fluxes can be comput-
ed from the LDS and thus we have all the data necessary
to run either DYRESM or ELCOM in real time.

DISCUSSION AND CONCLUSION

The LDS, together with water level and outflow mea-
surements, can be used to provide a first-order estimate
of the inflow and its characteristics. The LDS also pro-
vides highly accurate data for meteorological fluxes over
the water surface, and together these data may be used
to run both physical and biological models. In the event
that inflow data are available from direct measurements,
the above methodology may be used to augment these
data in case of sensor failure or absence of gauging in-
formation on ungauged contributing streams. The LDS
technology thus offers a number of far reaching capabil-
ities.

(a) Classify the Dynamical Regimes of a Lake - As
shown by Imberger (2001) the temperature profile and
meteorological data from the LDS may be used to com-
pute a series of non dimensional parameters which define
the dynamical regime a lake is in at the moment of mea-
surement. The parameters may, in turn, be used to
estimate a series of water column properties from inter-
nal mixing intensities to resuspension of sediments; the
water column extinction coefficient (Sri Adiyanti and Im-
berger, 2003) and the vertical diffusion coefficient (Yeates
and Imberger, 2003) are two that have currently been im-
plemented.

(b) Engineering Design Calculations - Presently
being implemented are routines that automatically
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calculate the withdrawal layer and inflow intrusion thick-
nesses, the surface layer depth and turbulent intensities
and the benthic boundary layer thickness. The thermis-
tor chain data can be used to analyse the vertical modal
structure of the basin scale waves and this may be used
to manage the outflow discharge in response to internal
waves heaving the water up and down past the offtake.
Also currently implemented is a routine for the design of
a destratification system.

(c) Correlation Modeling - Roberston and Imberger
(1994) showed that dissolved oxygen, manganese, and
iron in the hypolimnion could be successfully predicted
with a very simple correlation model. Further, the corre-
lation coefficient so obtained for the biological uptake
vields a robust estimate of inter-annual variations of the
general health of the lake (Robertson et al., 1990, Boland
and Imberger, 1994).

(d) Scenario Modeling - Once the LDS has been
sampling data for an extended period, or the LDS data
base has been supplemented with historical data, the
current LDS output may be coupled, through ARMS, with
DYRESM or DYRESM CAEDYM so that these models run
in real time. The output of the models is then compared
with that from the LDS and any routine water quality
modeling in order to allow interpretations of process
events and data faults. In brief, the models are always
ready to be “hot” started. The ARMS interface allows the
user to choose from a series of scenarios for forward pre-
dictions. ARMS extracts, from past data sets, the forcing
period corresponding to the scenario profile and uses
these data to run the models forward as predictions. The
relevant scenarios depend very much on the wishes of
clients for a particular application, but currently imple-
mented options include, consequences of a drought year,
a wet year, a warm period, low water level, altered selec-
tive withdrawal regimes, climate change/variability, and
a series of water quality loading changes.

(e) Alarm Systems - Similarly to (d) above, ELCOM
has recently been coupled to the LDS output in an appli-
cation in Lake Konstanz that is a transboundary lake
bordering Germany, Switzerland, and Austria. In this
configuration ARMS controlled the incoming data from
the LDS and successfully updated ELCOM runs every
hour producing a composite movie file of a longitudinal
curtain, a transverse curtain and a surface sheet, show-
ing the simulated temperature, velocity vectors and the
position of drogues that could be inserted anywhere in
the lake. Such a system is ideal for predicting the path of
a spill of a pollutant accidentally introduced into the
waters of the lake. In future the combination ELCOM
CAEDYM will be made to update in real time and this
would then offers real time water quality predictions for
specific sites in a lake.

The above functionally is currently being implement-
ed in collaboration with a number of industry partners
and progress may be followed on the CWR website at
http:/ /www.cwr.uwa.edu.au.
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