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Abstract: Differences in the temporal resolution of catchment models and receiving water models
often represent a problem for coupling of these models. Many catchment models are optimised for
prediction of event-mean, monthly, or average annual sediment and nutrient loads, while coupled
biogeochemical-hydrodynamic models typically run on time-steps measured in seconds, and often aim
to predict patterns on a day-to-day or even sub-daily time-scale. Though previous work has shown
that low temporal resolution of river boundary conditions set from in situ measurements can
compromise the accuracy of a receiving water model, this is in large part because total river loads
derived from such data are likely to be inaccurate. The case of a catchment model that accurately
calculates total river loads, but at low temporal resolution, is different. To test the effect of varying
catchment model temporal resolution, we ran a coupled, three-dimensional hydrodynamic-
biogeochemical model of the Fitzroy Estuary and Keppel Bay, Queensland, Australia, using (a) daily
varying river concentrations, (b) monthly mean river concentrations, and (c) event mean
concentrations (EMCs) of nitrogen and phosphorus species for the river boundary condition. All three
cases used the same, daily-varying river flow and delivered the same total nutrient loads over the
simulation period. The model was run for a three-month period during a very dynamic wet season,
with two maijor flood events in different parts of the catchment. The results were compared in terms of
simulated water-column water quality, total system primary productivity, and net exports of nitrogen
and phosphorus mass to the Great Barrier Reef Lagoon. The results did not support the hypothesis
that daily river constituent boundary conditions produce significantly different results than monthly or
event-mean concentrations.
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1 INTRODUCTION

A common issue in integration of models from catchment to coast or catchment to lake is the question
of how to combine models designed to operate at different time-scales. Catchment models are often
designed to answer questions about where sediment and nutrient loads to rivers come from within the
landscape and how much changes in land use or land management are likely to affect overall loads.
As such, they are typically designed to deliver load predictions that are accurate at annual, monthly,
or, at best, flood-event-integrated time-scales. Lake models and marine models, by contrast, are
typically designed to operate at sub-daily time-steps and may aim to predict brief algal bloom events
or tidal variations in water quality (Robson, 2014). Integration of these models becomes a challenge:
should we force catchment models to deliver predictions on a time-step shorter than the time-step for
which they have been optimised, should we use empirical approaches to disaggregate monthly
predictions from catchment models, or should we feed marine models with river nutrient
concentrations that are updated much less frequently than the time-step on which the marine models
operate?
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The eReefs project (Chen et al., 2011; Schiller et al., 2013) is developing a large-scale, integrated
suite of catchment, estuary and marine models and linked data and information products to facilitate
management of the Great Barrier Reef Lagoon, a World Heritage conservation site and the largest
reef system in the world. For purposes of scenario modelling, the eReefs marine models, which
operate at near real-time with time-steps measured in seconds (for the underlying hydrodynamic
model) to hours (for biogeochemical and ecological processes) will rely on inputs from Source
Catchment models that have been evaluated on event-mean and annual average timescales (Dougall
and Carroll, 2013). To devise a path forward for integration of these models, it was necessary to
assess the degree to which the time-step of river load specification affected marine modelling results.
This paper discussion shows how this evaluation was performed using a test estuary (rather than the
whole of the Great Barrier Reef Lagoon) as a case study.

2 METHODS

2.1 Study Site

The Fitzroy Estuary (Figure 1) is a macrotidal estuary (7 m
spring tides) located just north of the tropic of Capricorn,
and flowing into Keppel Bay and the Great Barrier Reef
Lagoon (GBRL). It accounts for a substantial proportion of
total catchment nitrogen, phosphorus and sediment loads
reaching the GBRL (Brodie et al., 2012) and this is a
concern as there is evidence that the pelagic productivity
driven by enhanced catchment nutrient loads to the GBRL
(Furnas et al., 2005) drives the spread of the invasive
'.‘ Crown of Thorns starfish, which has caused enormous
damage to the Great Barrier Reef over the past 30 years
(De'ath et al., 2012).

Previous work in the Fitzroy Estuary has included
e , quantification of sediment and nutrient budgets for the
. — : : estuary (Webster et al.,, 2005), examination of the
Figure 1 The Fitzroy Estuary and biogeochemistry and drivers of production in the system
Keppel Bay, on the East coast of (Ford et al., 2005; Radke et al., 2010), both statistical and
Australia semi-distributed modelling of nutrient and sediment loads
from the river (McKergow et al., 2005; Robson and Dourdet, 2013), and implementation and validation
of detailed hydrodynamic, sediment dynamic and biogeochemical models for both dry-season and
flood conditions (Margvelashvili et al., 2013; Robson et al., 2008). Previous biogeochemical models
have been driven by river loads estimated on a daily time-step, though this has required both
interpolation of monitoring observations, and disaggregation of catchment model outputs provided at
longer time-steps.

For the present study, the model domain includes highly simplified grid, very approximately
representing the mouth of Fitzroy Estuary and Keppel Bay on a resolution of approximately one
kilometre horizontally, with 20 vertical layers to a maximum depth of 20 m at mean tide.

2.2 Model

We applied the CSIRO EMS modelling suite, a three-dimensional baroclinic hydrodynamic,
biogeochemical and sediment dynamic model which has been fully described by previous authors
(Skerratt et al., 2013; Wild-Allen et al., 2013) and has been previously calibrated and validated for the
study site (Robson et al., 2008). Processes simulated include benthic and pelagic primary production,
nitrogen and phosphorus biogeochemistry in both water column and sediment layers, and the
transport, physical and chemical dynamics of particulate as well as dissolved materials.

For the present study, the model was run in transport mode (as discussed by Margvelashvili et al.,

2013), allowing faster, decoupled implementation of the sediment and biogeochemical modules after
completion of a hydrodynamic model run.
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2.3 Simulation period and river boundary conditions

The 2008 wet season and its immediate aftermath (i.e. the period from Jan to May 2008) was selected
as an ideal simulation period for this study, as this period included a major flood event with two flow
peaks that resulted from rainfall events in different parts of the catchment and showed different
characteristics in terms of the relationship between flow and concentrations of dissolved and
particulate nutrients and sediments, with the first event carrying a much higher load of particulate
material in particular than the second. The 2008 wet season was also one of the largest and best
monitored flow events in the region in recent decades, and has been linked with increased chlorophyll
production in Great Barrier Reef waters (Alvarez-Romero et al., 2013).

Water quality data included measured total suspended solids, nitrate+nitrite, ammonium, total
nitrogen, total dissolved nitrogen, total phosphorus, total Kjeldale phosphorus and total dissolved
measured in the river on seventeen occasions during the January-February flow period, and at
monthly intervals subsequently. Daily flow estimates were obtained from previously established rating
curves combined with stage height measured at the furthest downstream gauge, approximately 20 km
upstream of the mouth of the estuary. A load estimation tool was used to convert calculated loads of
key sediment and nutrient constituents in the river on a daily time-step (Packett et al., 2011).

Three simulations were conducted:

1) With concentrations of river nitrogen and phosphorus constituents (i.e. nitrate, ammonium,
dissolved organic nitrogen, particulate organic nitrogen, dissolved inorganic phosphorus,
dissolved organic phosphorus, particulate organic phosphorus and adsorbed phosphorus)
calculated on a daily time-step.

2) With concentrations of river nitrogen and phosphorus constituents calculated on a monthly
time-step, to give the same total load in each month as in simulation 1 — i.e. flow-weighted
monthly mean concentrations.

3) With concentrations of river nitrogen and phosphorus constituents calculated on an “event
mean” basis, treating the first and second major flow events as separate events and delivering
the same total load for each flow event as simulation 1 — i.e. flow-weighted event mean
concentrations (EMCs). Time series of flow and nitrogen boundary conditions for each of the
three simulations are illustrated in Figure 2 to Figure 5.

For all simulations, the same estimated daily flow and sediment concentrations were applied, while
constant upstream-advection boundary conditions were applied at the ocean boundary.

The three simulations were then repeated with a shallower test estuary (1/3 the depth of the simplified
Fitzroy estuary grid), as a first step towards assessing the generalisability of the results.
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Figure 2. River flow (m3s'1) applied as an inflow

boundary condition for all three simulations Figure 3.  Particulate  organic  nitrogen
concentrations applied at the inflow boundary.
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Figure 4. Ammonium river inflow boundary Figure 5. Nitrate river inflow boundary conditions

conditions for the three simulations. for the three simulations: daily (solid blue line),
monthly (dashed orange) and event mean
concentrations (dot-dashed green lines).

3 RESULTS AND DISCUSSION

Figures 6 and 7 and Figures 8 and 9 show snapshots and time-series of surface ammonium, dissolved
inorganic nitrogen, and chlorophyll concentrations in each of the three simulations using the deeper
(up to 20 m) and shallower (6 m) test estuary embayment bathymetries, respectively. Nitrogen rather
than phosphorus results are shown, since nitrogen was the key nutrient limiting pelagic production
during these simulations. Altering the depth of the embayment substantially alters the hydrodynamics
of the system, with a clear surface plume developing in the deeper embayment (Figure 6), while fresh
water mixed to the bottom and spread laterally in the shallower test system (Figure 8).

In both cases, however, the differences in water quality time-series outside the river channel were
minimal (Figure 7 and Figure 9). Although the river load time-series were significantly different
amongst the three simulations (Figure 3 to Figure 5), by the time the plume reached the middle of the
embayment, only the brief peak dissolved inorganic nitrogen and chlorophyll a concentrations were
significantly different. In a few cases, such as a peak value that exceeds a reference value to trigger
regulatory action, this peak may be important, and in some cases, an incorrect peak concentration will
contribute to miscalibration of the marine model. In these test cases, however, the implications of
these differences for simulated ecosystem function are minimal.

........ Ammunia(mg.N.m-.B)...é .................

Figure 6. Surface ammonium concentrations in the fully-developed flood plume, forced with daily
varying river nutrient concentrations.
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Figure 7. Salinity, dissolved inorganic nitrogen (left) and chlorophyll a (right) in each of the three
simulations (blue: daily, red: monthly; green EMC varying river nutrient concentrations) at the surface
of the deeper test estuary, at the location shown as a black dot in Figure 6.

........ Ammonia(mg.N.m—B)...; ............

Figure 8. Surface ammonium concentrations in the fully-developed flood plume in the shallower test
estuary, forced with daily varying river nutrient concentrations.
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Figure 9. Salinity, dissolved inorganic nitrogen (left) and chlorophyll a (right) in each of the three
simulations (blue: daily, red: monthly; green EMC varying river nutrient concentrations) at the surface
of the shallower test estuary, at the location shown as a black dot in Figure 8.

Results of the simulations were also analysed to evaluate total primary production within the system
and total fluxes of nitrogen and phosphorus exported across the open ocean boundary to the Great
Barrier Reef Lagoon. These metrics (given in Table 1 and Table 2) provide a good indication of the
likely mid-term implications of the simulated flood event for reef health, beyond the immediate effects
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of exposure of reef and seagrass habitats to low salinity, high turbidity flood plume water. For both the
shallow and deep embayment test cases, the differences in these overall metrics between simulations
forced on daily, monthly or event mean time-scales are well within the error of the marine model itself
and the error introduced by calculating fluxes across a macrotidal open boundary.

Table 1. Summary results for the three simulations. Deep embayment (approximately representing the
mouth of the Fitzroy Estuary). “Daily”, “monthly” and “EMC” refer to the time-step of variation of river
nutrient concentrations. Results shown are temporal means over the duration of the simulation.

Negative values indicate a net import.

Net export to the ocean daily monthly EMC
Dissolved N (t N d?) -3414 -4343 -4279
Particulate N (tNd™) 8941 6445 5122
Dissolved P (t P d™) 19685 18289 17524
Particulate P (t P d™) 4096 4091 4094
Pelagic primary production (kg d™*) 36.90 37.76 36.84

Table 2. Summary results for the three simulations: shallow embayment. Results shown are temporal
means over the duration of the simulation.

Net export to the ocean daily monthly EMC
Dissolved N (t N d™) 33606 34531 32131
Particulate N (tNd™) 22470 22637 21555
Dissolved P (tP d™) 47214 46338 44916
Particulate P (t P d™) 16883 16883 16882

4 CONCLUSIONS AND RECOMMENDATIONS

In many cases, catchment models that provide accurate river nutrient loads on a monthly or event
mean timescale may be sufficient to drive a marine model that operates on a subdaily time-step.

We acknowledge that these early results are somewhat limited in scope, but present them here
because they surprised us and have important implications for integration of catchment and marine
models. Further work is needed to explore the generalisability of our conclusions, and to determine in
what circumstances more frequent river boundary nutrient concentration data may be required.

Note that this result does not necessarily carry over to models forced with observed river nutrient
concentrations rather than by catchment models. In the case of observed river nutrient concentrations,
it is important to verify that the observations are of sufficient frequency to produce a correct total river
nutrient load, and that the method used to interpolate between observations is adequate for this
purpose.
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