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Preface

In this report, we present a new method that enables running unstructured
3D marine biogeochemical models in the Flexsem framework forced by ve-
locity fields from an external structured grid hydrodynamic model. This de-
velopment of an offline capability to Flexsem was a part of work carried out
under the Baltic Nest Institute (BNI), MyOcean2 and the Image projects.



Summary

Assessment of complex marine ecosystems requires a detailed understand-
ing of processes, drivers and their interactions across multiple scales. This
information is exceedingly provided by complex three-dimensional (3D), of-
ten simultaneously online coupled physical and ecosystem models, setting
great demands on computing and operating resources and skills. The pre-
sent study demonstrates a novel model system for fully 3D offline flexible
mesh advection forced by velocities from structured grid models. The offline
method is here described in detail and validated by assessing the errors of
an analytical solution. Different case studies with passive tracers evaluated
the model performance and effects of different computational meshes and
time-steps. The method was shown to be accurate with a low error term for
both mass balance and transformation of an analytical velocity field. The of-
fline unstructured model yielded general distribution patterns of passive
tracers comparable to the original structured grid tracer distribution. Fur-
ther, it was demonstrated that the flow field can be interpolated to create a
higher spatial resolution in the offline unstructured model although without
additional information of flow patterns, which will enable high resolution
modelling of e.g. nutrients and pollutants leaking from open water aquacul-
tures or particle tracking. Hence, the method was shown suitable for future
implementation of offline models in various areas including fjords, estuaries,
coastal and open marine waters with any available hydrodynamic forcing.



Sammenfatning

Vurdering af marine gkosystemer kraever en detaljeret forstaelse af proces-
ser, presfaktorer og deres interaktioner i tid og rum. Denne forstaelse opnas i
stigende grad via komplekse tredimensionale (3D) gkosystemmodeller. Dis-
se modeller bruger oftest en ’online’ kobling mellem den fysiske model og
den gkologiske model, dvs. at begge modeller kgrer samtidigt pa den sam-
me rumlige modeloplgsning (beregningsnet). Denne metode er dog ofte be-
regningstung, tidskraevende og kraever en supercomputer. | denne rapport
demonstreres en ny, hurtigere og mere fleksibel metode (Flexsem), hvor den
gkologiske model kan kgre ’offline’ dvs. alene ved indlesning af gemte fy-
sikfiler. Samtidig kan Flexsem kgre pa en anden rumlig oplgsning end den
fysiske model. Dvs. det nye ved denne metode er, at Flexsem kan bruge et
mere fleksibelt ustruktureret beregningsnet (polygoner), selvom fysikken
stammer fra et struktureret beregningsnet (kvadrater). Vi validerede Flexsem
ved at teste massebalancen og se pa den modellerede fordeling af passive
sporstoffer pa forskellige beregningsnet. Flexsem viste sig at bevare masse-
balancen og dermed give en ngjagtig beskrivelse af fysikken. Desuden gen-
gav Flexsem det generelle fordelingsmegnstre af passive sporstoffer som for
den fysiske model. Vi demonstrerede ogsd muligheden for at interpolere ha-
stighedsfelterne i et mindre omrade, saledes at den rumlige oplgsning for-
ages. Dette muligger en mere ngjagtig beskrivelse af spredningen af fx nee-
ringsstoffer og forurenende stoffer fra et havbrug, ferskvandskilde eller lig-
nende. Flexsems brugervenlighed ggr det endvidere nemt at udvikle nye
gkologiske modelkomponenter, som fx kan beskrive miljgtilstanden (Chl a,
iltsvind, bunddyr, m.m.). Metoden kan bruges til implementering af gkosy-
stemmodeller i forskellige omrader (herunder fjorde, flodmundinger, kyst-
naere samt abne havomrader), hvor der er adgang til en fysisk model, og
man gnsker en fleksibel, brugervenlig og hurtig lgsning, der kan kgre pa en
almindelig pc. Denne enkelhed ggr Flexsem egnet som et fremtidigt forvalt-
ningsveerktaj.



1 Introduction

The development and application of fast and flexible marine modelling tools
is an increasingly important and recommended approach to support integrat-
ed assessments, adaptive management e.g. implementation of the Marine
Strategy Framework Directive and conservation of vulnerable marine and
coastal ecosystems (Fulton et al. 2011; OSPAR 2012). In addition, hydrody-
namic and ecological modelling has become an important tool in marine re-
search (Piroddi et al. 2015).

Improved understanding of many aspects of marine ecosystem dynamics
and functioning, together with the availability of powerful computing re-
sources, have created a wealth of ecosystem models over the past three de-
cades including simplified box models (Raillard & Menesguen 1994; Grant et
al. 2007; Savchuk & Wulff 2009), spatial explicit end-2-end models (Fulton
2010; Shin et al. 2010; Smith et al. 2011), and complex 3D high-resolution
models (Baretta et al. 1995; Neumann 2000; Skogen et al. 2004; Daewel &
Schrum 2013). The predictive and analytical capacity of ecosystem models is
largely determined by their capability to resolve the dynamical scales of key
processes, drivers and feedbacks (North et al. 2008; Paris et al. 2013). Whilst
analysis of complex ecosystem dynamics on high spatial and temporal reso-
lutions often stimulates the use of equally complex and online (coupled) 3D
physical-biogeochemical dynamical models, where all physical and biogeo-
chemical equations are solved simultaneously for each time step. The ad-
vantage of online coupling is that allows support for 2-way coupling, e.g.
where the shading effect of algae affects the water temperature. Drawbacks
are large computational effort and specialist manpower requirements (Ful-
ton et al. 2004; Filgueira et al. 2012). A practicable solution to this challenge
is to use offline coupling or other multi-scale nesting techniques (Fulton et
al. 2004; Mason et al. 2010). In offline coupling, the physics are solved first
and stored and the biogeochemical model is run subsequently by using the
physical fields at different time steps. This will lead to significant reduction
of large computational overheads generated by simultaneously running
multiple models to facilitate exchange of boundary conditions and forcing
(Umgiesser et al. 2003; Cailleau et al. 2008). Another advantage is the resolv-
ing of small spatial scales in single or multiple areas of special interest with
high flexibility in the design of the computational mesh (Mason et al. 2010).

Recent alternative advances in the development of physical-biogeochemical
ocean models focused on combining full model capabilities and flexible off-
line coupling options with ease of use, thus offering non-specialists and early
stage researchers easier access to ecosystem modelling tools without the
need of expert knowledge in computer programming (Filgueira et al. 2012;
Ferreira et al. 2014; Blauw et al. 2009; Pereira et al. 2006). Table 1.1 provides
an overview of the main characteristics of the most popular and widely dis-
tributed modelling tools offering optional or fully functional offline cou-
pling. However, the existing offline solutions are often dependent on the
mesh type (unstructured or structured) of the hydrodynamic forcing, thus
providing little flexibility in the model set-up. The present study demon-
strates a new 3D offline advection method that allows both unstructured-
and structured mesh types irrespective of the hydrodynamic forcing as a fea-
ture of the Flexsem model system (Larsen et al. 2013). This method provides
extra benefits in terms of i) flexibility in the choice of hydrodynamic forcing



and ii) the possibility to use an unstructured mesh to model the geometrical-
ly complex regional topography, rather than try to model the complex region
within a larger-scale structured Cartesian grid system.

Table 1.1. Examples of popular 3D ocean model systems that can run offline with ecological modules. HD = hydrodynamic.

Model system

Characteristics

Coupling Web pages/references

EcoDynamo

CAEDYM

FVCOM

Simile

EcoWin2000

DELFT3D-GEM

MIKE Eco-lab

Atlantis

LTRANS

Flexsem

Same mesh as HD model, ecological Online/ (Duarte et al. 2008; Pereira et al. 2006)
modules offline

Same mesh as HD model, ecological Online/ http://ecobas.org/www-server/rem/mdb/caedym.html
modules offline (Hipsey et al. 2008)

Same mesh as HD model, ecological Online/ http:/fvcom.smast.umassd.edu/fvcom/
modules offline (Tian et al. 2015)

Same mesh as HD model, Visual Offline http://www.simulistics.com/index.htm

Modelling Environment with ecological (Filgueira et al. 2012)

sub-models

Same mesh as HD model, an object Offline http://www.ecasatoolbox.org.uk/the-toolbox/eia-
oriented programming tool to implement species/models/ecowin

ecological modules (Ferreira et al. 2014)

Same grid as HD model, ecological Online/ http://oss.deltares.nl/web/delft3d/delwaqg
modules offline (Blauw et al. 2009)

Same mesh as HD model, complete Online/ https://www.mikepoweredbydhi.com/products/eco-lab
numerical laboratory for ecological offline (Edelvang et al. 2005)

modelling

Polygon mesh, aggregated physics from Offline http://atlantis.cmar.csiro.au/

HD models, end-2-end food web model (Fulton et al. 2011)

Same mesh as HD model, Lagrangian  Offline http://northweb.hpl.umces.edu/LTRANS.htm
particle tracking model (Schlag, 2012)

Same or converted mesh (structured to  Offline http://marweb/flexsem/

unstructured) from HD model, ecological Present study

modules

The new offline advection method described in this paper is applied to an
open water system, the Kattegat, located in the western Baltic Sea with
strong salinity gradients and narrow straits (Maar et al. 2011). The method
combines Flexsem, a flexible 3D ecological modelling framework based on
an unstructured mesh with hydrodynamics derived from a traditional struc-
tured 3D hydrodynamic model (HBM).

The method is assess by examining the errors of the transformation of a
known analytical solution and tested by releasing passive tracers on differ-
ent computational mesh types and time-steps, comparing the tracer distribu-
tions with output from the original hydrodynamic model providing the forc-
ing data. Computational details are presented in Section 2, the model test
cases are described in 3 and the results presented in Section 4. Section 5 is a
discussion of the applicability of this offline coupling method in open water
systems and Section 6 summarizes the major conclusions and perspectives.



Figure 2.1. Schematic illustra-
tion of the structure and modular
construction of Flexsem and the
offline system. In Flexsem, all the
sub-models shown in the oval
can be run in any combination.
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2 Method

2.1 Flexsem framework

The Flexsem framework is designed to construct 3D marine ecological models
in a flexible and easy way with respect to hydrodynamic forcing, model do-
main, mesh type and resolution, and implementation of biogeochemical pro-
cesses. Ease of use has been prioritized in the system design allowing scien-
tists and students to perform 3D ecological modelling without requiring ad-
vanced programming skills. The user can setup the model, including the
ecological equation system, by editing a text file and running the model with
a precompiled executable. A modular build-up of Flexsem allows the user to
run different parts of a model system separately, a feature that is useful e.g.
for testing sediment modules separately before the model coupling. The off-
line hydrodynamic (offline HD) approach presented in this paper requires
forcing from an external hydrodynamic model. Before the standard Flexsem
modules can be used in combination with the HD offline module, the exter-
nal velocity fields must be pre-processed to obtain a file with the necessary
information to solve the advection-diffusion equation in Flexsem. After us-
ing the Flexsem framework to model tracer advection or ecological processes,
results can be visualized with Flexsem or post-processed and visualized in a
different environment such as R or Matlab. This workflow is illustrated in Fig.
2.1.
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Figure 2.2. Part of an unstruc-
tured mesh. Element numbers
are given in green and node
numbers in black. Blue lines are
land faces, red lines are open
boundary faces and black lines
are internal faces.

The existing modules include a 3D pelagic equation system, two-way coupled
benthic equation system, atmospheric exchanges and simplified shallow es-
tuary hydrodynamics (HDLite) (Larsen et al. 2013). In the present study, a
fully 3D offline advection method was implemented in the Flexsem frame-
work, as an alternative to the HDLite module.

The 3D unstructured marine modelling software Flexsem was developed by
Department of Bioscience, Aarhus University, Denmark. Flexsem is licensed
under the GNU General Public License (GPL) version 3 and is freely available
on the website.

2.2 Flexsem computational mesh

In an offline model system, the downstream (biogeochemical/tracer) model,
needs to read in pre-calculated velocity fields and solve the advection-
diffusion equation for the state variables/passive tracers.

The offline advection method described here, is implemented on an unstruc-
tured computational mesh. The mesh is defined by a number of nodes, faces
and elements. Each node consists of a pair of position coordinates (XCoor,
YCoor). Nodes are connected by faces and three (or more) faces make up a
polygon defining a mesh element (Fig 2.2). In the horizontal plane, there are
three types of faces: internal faces, which have an element on each side, land
faces, which have an element on one side and land on the other and open
boundary faces, which have an element on one side and a boundary condi-
tion on the other (Fig. 2.2).
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The method is implemented in z coordinates, i.e. the separation between
computational cells in the vertical are defined at fixed depths. The top layer
has a free surface to allow for water level changes and the remaining layer
depths can be freely defined by specifying thicknesses for all layers.

The model bathymetry, i.e. the depth of each element, and the number of
layers in each element defines the vertical discretization. Each computational
cell will have a number of vertical faces that connects it to the adjacent water
filled cells as well as top and bottom horizontal faces. There is no volume
transport across the bottom in the deepest layer. The surface layer has a top
face that allows for free surface movement.



Figure 2.3. The flux through a
face in the unstructured mesh is
calculated by finding the intersec-
tions between the face and the
grid cell boundaries in the struc-
tured mesh.
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2.3 Calculating the fluxes

In order to calculate the advection, the flux of water has to be known at all
internal faces that have a water-filled computational cell on each side and at
all open boundary faces. These fluxes can be obtained by solving the Navier
Stokes equations with the shallow water approximation on the unstructured
mesh (Casulli & Walters 2000). In the present offline method, these equa-
tions have been solved on a structured computational grid and mass con-
servative average velocities and surface heights were made available by the
3D ocean circulation model Hiromb-BOOS Model (HBM) (She et al. 2007;
Berg & Poulsen 2012) (see Appendix A).

In order to calculate the fluxes through the faces in the unstructured mesh
from the structured velocities, a ‘mapping’ between the model computational
meshes was made. Each unstructured face was divided into sections accord-
ing to the intersections between the meshes - see Fig. 2.3. For each of the sec-
tions between two intersections, the flux was calculated by linear interpola-
tion of the adjacent u and v velocities to the center point of the section. The
interpolated velocities were multiplied by the length of the orthogonal pro-
jection of the sections (green lines in Fig. 2.3) onto the structured grid and
the layer thickness to obtain the section flux. The face flux is then the sum of
the u and v fluxes through all sections of the face.

The vertical fluxes through the horizontal top of each unstructured compu-
tational cell were calculated by an area average of the overlap between the
unstructured element and the structured grid (Fig. 2.4). The area of the poly-



Figure 2.4. The vertical velocity
in each unstructured element is
calculated by an area average of
the overlapping structured grid
cells. The overlaps are indicated
with different patterns in the
figure.

gons that make up the overlap between the unstructured element and the
structured grid was found by polygon clipping (Vatti 1992).
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2.4 Adjusting unstructured fluxes to ensure conservation of
mass

One approach for ensuring conservation of mass would be to use the hori-
zontal fluxes to calculate the vertical velocities by integrating from the bot-
tom and upward. However, that would cause all errors from the interpola-
tion and numerical issues to be absorbed in the vertical velocities. Since the
accuracy of the vertical velocity is of great importance to ecological model-
ling and considering the fact that in the ocean vertical velocities are much
smaller than horizontal velocities, the adjustment to the obtained fluxes to
ensure mass conservation is done in the horizontal fluxes.

The adjustment of the advective horizontal fluxes is done in one layer at a
time. The residual in all computational elements of fixed height is calculated
by adding up all fluxes to the current element:

n
Re = Ae(Wt - Wb) + Z Lf de Us dt
f

where Re is the residual in element e, Ae is the element area, w; and w;, are
the vertical velocities at the top and bottom of the cell, L+ is the length of face
f, dz: is the face height, us the horizontal velocity, n is the number of faces
(polygon sides) in element e and dt the length of the time step.

A system of linear equations with one equation for each element and one
unknown for each horizontal flux (corresponding to an internal or boundary
face) in the current layer is set up. In each equation, the sum of corrections to
the horizontal fluxes relevant for the current element equals the residual.
Assuming no corrections to the vertical velocities, the relation between hori-
zontal velocity corrections and the residuals become:

n
dtz Lf de uf,C = Re
f

where us. is the unknown velocity correction to us.
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The system, which is overdetermined if there are more elements than faces,
is solved by the LSQR; an algorithm for Sparse Linear Equations and Sparse
Least Squares (Paige & Saunders 1982), to obtain us,.

2.5 Advection scheme on the structured mesh

Once the mass-conservative fluxes have been obtained, the advection of pas-
sive tracers or ecological state variables can be calculated by different nu-
merical methods. Here the semi-implicit finite volume method suggested by
Casulli and Zanolli (Casulli & Zanolli 2002) is used. An offline file stores the
horizontal flux for each internal and boundary face at all offline time steps.
At runtime, the vertical fluxes and the free surface height is calculated by in-
tegrating the fluxes from the bottom and up in each element. Any river in-
flow that originates from the forcing hydrodynamic model contributes to the
mass balance in the relevant elements and is thus also included in the offline
file.

The temporal interval at which the fluxes are stored in the offline file, i.e. the
offline time step, can be set to any multiple of the advection time step in the
hydrodynamic model. Depending on the timescale of the processes studied
it is practical to optimize offline file size versus temporal resolution. The off-
line time step may be longer than necessary for ensuring numerical stability
of the advection method and a sub-cycling of the advection method was
therefore implemented as suggested by Casulli and Zanolli (Casulli & Zanolli
2002). The length of the time-step that ensures numerical stability can be es-
timated from the Courant-Friedrichs-Lewy (CFL) stability criterion, which
states that time-step must be smaller than the time taken to travel the dis-
tance of the spatial step (Courant et al. 1928). Since the velocities and dis-
tances are known, the maximum time-step length can readily be calculated
and if longer that the offline time step, the advection solved using a sub-
cycling necessary to ensure numerical stability.

An offline model will typically require access to state variables from the hy-
drodynamic model, e.g. a biogeochemical model that requires information
about salinity and temperature. In Flexsem, such variables can optionally be
treated as offline state variables, thus be advected by the offline model or ac-
cessed by outputting them from the hydrodynamic model and adding them
to the offline model as 3D time varying forcing.

The advection of independent state variables is very suitable for paralleliza-
tion with OpenMP on a shared memory computer. This has been imple-
mented in the Flexsem code, and it scales very well; on an eight core com-
puter, eight tracers are advected in the same time as one tracer. However,
output of results to a file is not parallelized, so in practice there is some
overhead of multiple tracers when outputting the results.



3 Computational experiments

The above method of reconstructing fluxes from a structured grid model to
fluxes on an unstructured mesh was implemented in c++. The program
reads time averaged velocity field outputs from the HBM model (see Appen-
dix A) in netCDF format, calculates the fluxes on the faces of the unstruc-
tured mesh, adjusts them to obtain exact conservation of volume and out-
puts the information to an offline file. A semi-implicit advection-diffusion
scheme following Casulli and Zanolli (Casulli & Zanolli 2002) were imple-
mented as a module in Flexsem. In each time step, the HD module reads the
fluxes and calculates the advection and diffusion of any state variable de-
fined in the pelagic equation solver. In order to test the method described
above, a number of tests were conducted. No explicit diffusion was used in
HBM nor in Flexsem in these offline test cases, thus any diffusion originate
from the computational diffusion of the advection schemes.

3.1 Testcases

In order to assess the accuracy of the method and compare the general dis-
tribution patterns of a passive tracer on different computational meshes ver-
sus the HBM tracer advection (Case la), three meshes were created; one
identical to that of the HBM model (Case 1b), one coarse triangulated mesh
(Case 1c) and one with very high resolution around an open water point
source and the rest of the domain triangulated in a coarse resolution (Case
1d).

To evaluate the accuracy of the transport and mass conservation adjustment,
a mass conservative artificial velocity field on the structured HBM mesh was
created. The method described in section 2 was used to calculate the fluxes
on the different test meshes and mass balance adjustment carried out. Final-
ly the resulting velocities were compared to the analytical solution that cre-
ated the artificial velocities. The function used was:

v(x,y) = u(x,y) = 0.25(cos(6x) + sin(6y))

Where x and y are the coordinates of the velocity locations. Because the
HBM grid is staggered, u and v are not at the same locations and therefore
not identical.

Furthermore, a case study (Case 2) was conducted for different time-steps (3,
15 and 60 min) using the HBM identical mesh (Case 1b). The HBM computa-
tional grid and the three Flexsem meshes cover the Kattegat Sea between
Denmark and Sweden and there is one point source for the passive tracer re-
lease (Fig. 3.1). A statistical summary of the meshes is given in Table 3.1.

Table 3.1. Total number of computational cells and element size range for the test cases on different computational meshes.
The HBM model setup (Case 1a) covers a larger area, but here only cells within the relevant area are counted. The CPU times
from HBM were not comparable with the offline set-ups due to the different area and that HBM was run on a 48 core micro

supercomputer.

Case Description Coupling No. cells Smallest element [m?] Largest element [m?] CPU time [s]
1a HBM Online 108970 3.1E6 3.2E6 -

iband2 HBM identical Offline 108970 3.1E6 3.2E6 213

1c Coarse unstructured Offline 12079 1.6E6 7.6E7 6.4

1d Sub HBM resolution Offline 22501 2E5 7.6E7 13.4
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In the triangulated meshes (Fig. 3.1c and 3.1d), the coastal areas are of less in-
terest for the present study and are therefore only very coarsely resolved us-
ing large polygons, hence saving computational time. The initial tracer value
was set to zero, and the tracer value at the open boundaries was also set to
zero. The point source added a tracer corresponding to an inflow of 1 m3/s
and with a tracer concentration of 1. The models simulated January 2001 and
3D tracer concentrations were obtained from both models for comparison.



4 Results

4.1 Mesh types

All test cases (1a-d) showed the same general distribution pattern of the pas-
sive tracer after 3.5 days, although with some deviations (Fig. 4.1). When
comparing the HBM results with the Flexsem results on the same spatial
resolution (Cases la-b), it can be seen that the different advections schemes
and the offline temporal interpolation gave a higher diffusion of the tracer in
Flexsem (Fig. 4.1a, b). The coarse mesh did not show spatial details (Case 1c),
but still retained the general pattern (Fig. 4.1c). The high-resolution offline
run (Case 1d) with linear interpolation of the velocity field to HBM sub-
resolution, showed details of the tracer plume, which was not included in
the original HBM model run.

r ) 10 b) 10
o -
08 08
o~ [ ] o~
& &
? 0.6 0.6
T ° a
£ =
2 b
o 04 04
o« @
-] w0
- 8
@ 02 0.2
&7 &7
ol : - . ; . dloo E . . . ) . d oo
100 10.5 1.0 15 120 125 13.0 10.0 105 1.0 1.5 120 125 120
I ) 1.0 d) 1.0
- -
hS ol
5 5
08 0.8
o4
- e
B 3
g 06 06
= =
2 5
= #
5 04 0
© o
& &
w o2 « |
&7 &)
‘%' koo g— ; o0
100 105 10 15 120 125 130 ' 100 105 1.0 15 120 125 120

Longitude [deg] Longitude [deg)

Figure 4.1. Surface tracer concentrations in test case 1 (a, b, ¢, d) model setups. Top left is HBM (a); top right Flexsem with
computational mesh identical to that of HBM (b); bottom left, coarse Flexsem computational mesh (c) and bottom right, coarse
Flexsem computational mesh, with high resolution in the vicinity of the open water source (d).

Furthermore, the CPU time was tested for three different Flexsem computa-
tional meshes (Table 3.1). The offline Flexsem code advected one tracer for
one month in 213 seconds, on a 3.4 GHz Intel i7 processor when using the
mesh identical to that of HBMs computational grid (Case 1b). In comparison,
this took 6.4 seconds with the coarse Flexsem mesh (Case 1c), whereas the
mesh with the high spatial resolution around the open water point source
(Case 1d) took 13.4 seconds.
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4.2 Accuracy of the method

The accuracy of the method was evaluated by creating an artificial 3D velocity
field on the structured grid from an analytical solution, calculating the fluxes
on the unstructured mesh and enforcing conservation of mass by the methods
described above. The solution was evaluated in a 0.5 x 0.5 deg. area around
the location of the open water source. Table 4.1 summarizes the errors, i.e.
the difference between velocities given by analytical solution and the veloci-
ties calculated by the described method on the unstructured meshes. The
more the mesh deviates from the structured grid, the larger the error. The
temporal interpolation implemented as a sub-cycling of the offline time-step
in solution of the advection-diffusion equation is linear and hence first order
accurate.

Table 4.1. Errors of the velocities on the different unstructured meshes when compared
to an analytical solution.

Case Mean error Error RMS
1b 1.8 x 10* 9.8 x 10*
1c 3.6 x 10 4.8 x 1072
1d 3.2x 102 1.2 x 10"

4.3 Conservation of mass

Based on the HBM output, the method described in the previous sections
was used to calculate the transport fluxes in the different flexible meshes.
Due to loss of precision in the output format of HBM and the interpolation
in time and space of the fluxes, the resulting velocity fields were very close
to, but not exactly mass conservative. To enforce mass conservation, the
method described in section 2 was used to adjust the velocity fields thereby
obtaining exact mass conservation. Typical maximum residuals were in the
order of 10 to 30 m3, in element sizes of 10-100 e® m3, corresponding to less
than 1e+ percent. When adjusting the velocity field to obtain mass conserva-
tion within floating point precision, this resulted in adjustments to the hori-
zontal velocities in the order of 1e-5 to 1e-6 ms. In meshes that were identical
to that of the original HBM, spatial interpolation was avoided and the residu-
als were smaller, typically 5-15 ms.

Surface tracer concentrations in the HBM and Flexsem model simulations at
3, 8 and 14 days after model start for cases 1a and 1b are shown in Fig. 4.2. It
can be seen that the general advection distribution patterns were the same
for the two models, however, the numerical diffusion was larger in the
Flexsem advection than in HBM. In order to verify mass conservation and
quantify the concentration differences, the total tracer mass was calculated
over time (Fig. 4.3). The tracer stayed inside the domain for approximately
2.5 days, after which it started to flow out of the model domain through the
open boundaries. This is illustrated in Fig. 4.3 where the circles (model tracer
mass) deviate from the line (cumulative tracer mass). After the tracer flows
out of the domain, the total mass differed in the two models due to the
slightly different distribution patterns. E.g. after 4.5 days the total tracer mass
differed by 2.5 %.
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Figure 4.2. Colour coded maps of surface tracer concentrations at three different times for identical computational meshes.
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Figure 4.3. The total tracer
mass in the domain (case 1b)
has been calculated, by multiply-
ing the tracer concentration in
each computational cell with the
volume of the cell and summing it
up. The inflow rate of 1 [m3s]
and concentration of 1 [m] are
constant in time. Until tracer
mass starts to flow across the
open boundaries approximately
2.5 days after model start, the
total tracer mass in the models
(circles) equals the inflow flux
times the tracer concentration of
the inflow (line).

Figure 4.4. Test case tracer
concentration in the cell to the
east of the source cell in HBM
and in Flexsem for three different
lengths of the offline time-step.
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4.4 Time-steps

Test case 2 was used to evaluate the effect of different lengths of the offline
time-step. The averaged HBM velocities were stored at 3, 15 and 60 minutes
intervals. In the 60 minutes case, a factor 4 was used in the sub-cycling, so
that the 60 minutes averaged HBM velocities were linearly interpolated to 15
minutes in the solution of the advection equation. Time-series of tracer con-
centration in the surface cell east of the source cell for HBM and the 3
Flexsem simulations were compared (Fig. 4.4). The coefficient of determina-
tion R2 between the HBM concentrations and the 3 minute Flexsem concen-
trations was 0.9222. The R2? value measuring the difference between the 3
minute Flexsem simulation and the 15 and 60 minute Flexsem simulations

were 0.9988 and 0.8903, respectively.
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5 Discussion

The concept of offline tracer advection, and thereby potentially an ecological
model, from the hydrodynamic computations by storing the fluxes in a file,
thus saving the computational effort of solving the hydrodynamic equations
when rerunning the tracer advection/ecological model is well known and
widely used (Filgueira et al. 2012; Ferreira et al. 2014; Blauw et al. 2009).
However, this is typically done on the same computational mesh and in the
same model system. Here, the concept has been taken further by developing
and implementing a method to solve the tracer advection on a different
computational mesh in a separate model system. This has the advantage of
being much more flexible when defining resolution and spatial coverage of
the ecological model, without having to calibrate and validate a new hydro-
dynamic model. It also enables coupling of one ecological model system to
several different hydrodynamic models.

The combined velocity field interpolation and mass conservation was vali-
dated by accessing the accuracy of the method. On coinciding meshes, the er-
rors were in the order of 103 to 10-4 and between 101 and 102 using a fully
unstructured mesh on a structured grid (Table 4.1). These errors are in the
same order of magnitude as unstructured mesh interpolation methods
(Wang et al. 2011).

Tracer advection in the offline system was also validated by comparing it to
a tracer advected by the original HBM model and it was found that the pas-
sive tracer concentrations in Flexsem is close, but not identical to that of the
HBM model. The difference between the tracer distributions in HBM and
Flexsem is mainly due to the difference in advection schemes; the semi-
implicit upwind scheme of Flexsem is more diffusive than the flux-corrected
transport scheme of HBM, thus leading to lower Flexsem surface tracer con-
centrations after 14 days (see Fig. 4.2). Time averaging in the HBM output
and the optional linear temporal interpolation in the sub-cycling of the ad-
vection-diffusion calculation may also lead to differences.

Exact mass conservation is obtained by calculating adjustments to the inter-
polated velocity fields. These adjustments compensate for the inaccuracies
arising from the interpolations and loss of precision in the output formats.
The velocity adjustments are in the order of 1e* to 1e®® ms! which is consid-
erably smaller than the characteristic velocities in open water of 0.1-1 ms!
(Nielsen 2005). Thus, this adjustment of the velocity field does not alter the
general flow pattern.

As expected too long offline time-steps results in reduced accuracy (Fig. 4.4).
The difference between 3 minute and 15 minute offline time-steps is very
small (Rz = 0.9988), but in the case of a 60 minute offline time-step the tracer
concentration differs relative to the 3 minute offline time-step during some
periods (R? = 0.8903). This is expected as 60 minutes is too long to resolve the
higher frequency spectrum of the water movement in the study area. The
appropriate length of the offline time-step will be dependent on the charac-
teristic timescales of the physical processes in the modelled area.

In test case 1d, a computational mesh with elements smaller than that of
HBM was constructed for Flexsem (Fig. 3.1d). The velocities in these cells are
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calculated as linear interpolations of the HBM field. Although the subscale
resolution does not contribute to additional information about the flow field
itself, it still allows to study phenomena in open water associated with off-
shore structures that not alter the general flow field itself, e.g. offshore aqua-
culture facilities or wind farms. The high resolution can be used in an eco-
logical model to simulate small-scale distribution of nutrients- and chloro-
phyll concentrations and Secchi depths around a point source. In addition,
computational effort is optimized by using a high vertical resolution in the
upper part of the water column and a coarser in the deeper. The higher reso-
lution of the computational mesh in the area of interest is compensated by
the coarse resolution in the rest of the domain and in the vertical, thus result-
ing in a much faster advection model. This setup (mesh in Fig. 3.1d) is 15
times faster than the mesh identical to that of HBM and simulates advection
of a tracer for one month in only 13.4 seconds (Table 3.1).

Because the offline method implies a one-way coupling, it leaves out the
possibility that processes in the offline model can affect the hydrodynamic
model. In the case of biogeochemical models, such feedback is low and rare-
ly taken into account. However, in water columns with high particle concen-
trations, self shading (i.e. modulation of light intensity in the presence of al-
gae) can affect the water temperature (Burchard et al. 2006).



6 Conclusions

Scientific and management challenges of complex biogeochemical processes
in open oceanic and coastal zone ecosystems often stimulate the use of
equally complex and resource intensive modelling tools. The emphasis of
Flexsem is on a flexible and easy adaptation to different areas of interest, as
well as on low computational effort. The scope of possible applications in-
cludes ecological modelling, tracer studies and particle tracking. However,
the implementation of a fully unstructured 3D offline tracer and ecological
state variable advection-diffusion formulation allows multi-scale offline
coupling with data from independent model output, without traditional re-
quirements of using the same computational mesh in the offline model as in
the hydrodynamic model.

We have demonstrated that the method presented here is accurate and
yields general distribution patterns of passive tracers in an offline unstruc-
tured model is comparable to the original structured grid tracer distribution.
Choice of spatial resolution in the unstructured model affects the advection
significantly, as do temporal resolution in the offline output and choice of
the advection-diffusion scheme.

Further, we have shown that the flow field provided by the external hydro-
dynamic model can be interpolated to create a higher spatial resolution in
the offline unstructured model. Although this will not add additional infor-
mation to the flow pattern, it will enable high resolution modelling of e.g.
nutrients and pollutants leaking from open water aquacultures or particle
tracking. Hence, the method has a high potential for future implementation
of offline models in various areas including fjords, estuaries, coastal and
open marine waters with any available hydrodynamic forcing.
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Appendix A

The velocity fields used as input to the method were generated by the 3D
ocean circulation model HBM. The HBM is a further development of the
BSHcmod model (Dick et al. 2001) that has been running operationally at DMI
since 2009 (Berg & Poulsen 2012) and at BSH since 2013 (Brining et al. 2014).
The model is based on Navier-Stokes primitive equations which are spatially
discretized with an explicit finite difference method. The discrete equations
are closed with a Smagorinsky formulation for the horizontal diffusivity and
a two-equation k-o scheme for the vertical turbulence. Advection and diffu-
sion of heat, salt and passive tracers are based on budget equations and are
realized by a conservative and fully explicit flux-corrected transport scheme.
The model domain in this study covers the North Sea and the Baltic Sea with
a coarse rectangular grid of 6 nm (nautical mile) horizontal resolution and 50
vertical z-layers with a thickness of 8 m at the surface, 2 m from 8 metres to
82 metres, 8 m from 82 metres to 98 metres, 25 m between 98 metres and 148
metres and 50 m below 148 metres. In addition a two-way nested fine rec-
tangular grid of 1 nm horizontal resolution and 52 vertical z-layers covering
the Baltic Sea transition zone (from Kattegat to Arkona Basin) is used to re-
solve the narrow Danish Straits and related Baltic-North Sea water and mass
exchange. The vertical layers of this finer grid have a thickness of 2 m at the
surface, 1 m from 2 metres to 30 metres water depth and 2 m below 30 me-
tres water depth. The model has open lateral boundaries in the English
Channel (4° W) and the northern North Sea (59.25° N). To secure stability of
the explicit schemes an advection time step of 180 s and a hydrodynamic
time step of 90 s in the coarse grid and 45 s in the fine grid is used. HBM is
forced by hourly meteorological forcing (wind, air temperature, mean sea
level pressure, surface humidity and cloud cover) from January 2001 based
on DMI's operational version of the weather model HIRLAM (HIgh Resolu-
tion Limited Area Model). Lateral temperature and salinity boundary condi-
tions for the open North Sea boundaries are based on monthly climatologic
fields from Janssen et al. (Janssen et al. 1999).
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FLEXSEM:
A NEW METHOD FOR OFFLINE OCEAN
MODELLING

3D marine biogeochemical models require forcing from a
hydrodynamic model in order to move nutrients and algae
(state variables) around by advection. Often the biogeo-
chemical model is run online (at the same time) as the
hydrodynamic model. Some model systems offers offline
capability, where the hydrodynamic forcing is stored in
files and read in while running the biogeochemical model.
However, the models are still run on the same computatio-
nal mesh. Here we present a novel method implemented
in the Flexsem model framework that allows running the
biogeochemical model on an unstructured computational
mesh forced by a structured grid hydrodynamic model.
This method offers much greater flexibility in choosing a
computational mesh more suitable to the biogeochemical
problem.
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