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Chapter 1

Introduction

Three-dimensional ocean circulation models are widely used to investigate ocean climate.
They are built upon the primitive equations which are derived from the Navier-Stokes
equations with the following approximations: The Boussinesq approximation where the
ocean is regarded as incompressible, the spherical approximation approximating the earth
with a sphere, the hydrostatic approximation stating that the pressure only has a static
component and the traditional approximation that neglects the component of the Coriolis
force due to vertical current velocity. For details see Miiller and Willebrand (1989), Meier
et al. (1999) and D66s (2004).
With these approximations the Navier-Stokes equation become,
du du

———l—(u-Vh)u—l—waZ

a

where u = (u,v) are the horizontal velocity, w the vertical velocity, f the Coriolis term,
Vy= (%, a%) D, the diffusion and F, a forcing term.
The advection-diffusion equation for a tracer, T, is
aT
gt"l—((u,w)-V)T:DTﬁ—FT (1.2)
where D is diffusion and F is a source term.
With equation 1.1 and 1.2 the horizontal velocity, the salinity and temperature can be
calculated. From these the pressure, the vertical velocity and the density can be derived.
The Rossby Centre Ocean model (RCO) has been developed based on OCCAM (Ocean
Circulation Climate Advanced Modelling Project in Southampton). Today RCO and OC-
CAM use the so-called modified split-quick scheme for advection (Webb et al., 1997).
This advection scheme is computationally efficient but nevertheless suffer from the short-
coming of not preserving monotonicity. This is a problem where the gradient of salinity is
large i.e. at river mouths. At these large gradients the salinity can become negative. This
may also be a problem for additional tracers (other than temperature and salinity) during
long integrations and for the coupling with a biogeochemical model, when an accurate
advection of the tracers is necessary (H.E.M. Meier, pers.comm.).
The aim of this master thesis is to implement a new advection scheme into RCO. An
ideal advection scheme would have the following features:




The scheme should be conservative.

The scheme should be stable.

The scheme should be second order accurate.

The scheme should preserve monotonicity of the conserved fields and tracers, i.e.
no new maxima or minima should be created under non-divergent transport.

e The method should be computationally efficient.

In this master thesis two advection schemes are studied. The Flux Corrected Trans-
port scheme (FCT) developed by Zalesak (1979) is presented in section 2.1. An advection
scheme with incremental remapping by Dukowicz and Baumgardner (2000) is presented
in section 2.2. FCT has earlier been evaluated by Gerdes et al. (1991) with satisfying
results. Incremental remapping is a new method under development at Los Alamos Lab-
oratories and it has been used in two dimensions for an sea-ice model (Lipscomb (2001);
Hunke and Lipscomb (2004)). These two advection schemes are compared in section
3.2 in 2-dimensional test runs. The implementation of FCT in the Rossby Centre Ocean
model (RCO) is described in section 4. Test runs are made with the FCT scheme in RCO
and compared with the current advection scheme in RCO, the modified split-quick (Webb
et al. (1997); Meier and Kauker (2003)) in section 5. Conclusions in section 6.




Chapter 2
Methods

2.1 FCT algorithm

Figure 2.1: An initial cylindrical tracer distribution is advected one revolution in a cylin-
drical velocity field with the central difference scheme and the upstream scheme. Top
left: Initial tracer distribution. Top right: Circular velocity field. Bottom left: Central
difference after one revolution. Bottom right: Upstream after one revolution.

The FCT algorithm is a combination of a high order and a low order method. Nu-
merical integration of the advection equation with a high order scheme is very dispersive,
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particularly near steep gradients, see figure 2.1. A low order scheme is not dispersive and
positivity preserving, but very diffusive, see figure 2.1. Here central difference is used as
a high order scheme and upstream as a low order scheme. The upstream scheme is sign
preserving but very diffusive, the central difference scheme is not that diffusive but very
dispersive and not sign preserving, see figure 2.1.

FCT is a compromise between the upstream and the central difference scheme. It
takes advantages of their respective benefits and limits their drawbacks. The flux dif-
ference (anti-diffusive flux) between the central difference and the upstream scheme is
computed. The central idea is to limit the anti-diffusive flux locally such that no under- or
overshoots are introduced. This corrected anti-diffusive flux is then added to the upstream
(low order) solution. Before the anti-diffusive fluxes are corrected DeVore’s prelimiter is
added (Danielson and Haulin, 2004). This limits the anti-diffusive fluxes in each direction
so that creation and enhancement of directional extrema is prevented and anti-diffusive
fluxes directed down the gradient of the low order solution are reversed. To be stable the
algorithm must fulfill the CFL restriction, |"A|f[ < 1. The FCT algorithm is developed by
Zalesak (1979). For details see also Kunhardt and Wu (1987).

j+/

i—] i i i+

Figure 2.2: The relative locations of the velocities u,v and a tracer T on an Arakawa-B
grid, adopted from Danielson and Haulin (2004).

2.1.1 Description of the code

The code describing the FCT algorithm is written in Fortran 90 by Danielson and Haulin
(2004). Here the FCT algorithm is from Zalesak (1979) with DeVore’s prelimiter. To
make test runs I have made an own driver routine where an initial tracer field is set and
a velocity field is created. The algorithm is changed from a latitude-longitude coordinate
system to a Cartesian grid. Velocity and tracer fields are defined on an Arakawa B-grid,
tracers are defined in the center of a cell and velocities at the corners (Fig. 2.2). In the
tracer subroutine the tracer is updated with the FCT scheme for each time step. Below
I will show the steps in the x-direction of the three dimensional algorithm in the tracer
subroutine.

1. The upstream flux, FkUl. (1)2), is calculated for the x-direction of each cell.




. The solution for upstream, TkUl. i is calculated at all points for the next time step.

1
U _ U U U
Teij = Teij =3 .].(F kit(1/2), ~ Fri-/2),5F Feijr2)

717
~Feijmy2 T Ee 2~ Fl i) 2.1

Where V,; ; is the volume and 7", i is the FCT solution of the current time step.

. The central difference flux, chg (1/2),)° i8 calculated for the x-direction of each cell.

. Anti-diffusive fluxes for all points are calculated by taking the difference between
central difference and upstream fluxes.

Ak,i+(1/2),j = Fkﬁg(l/z),j —"Fkl,]i+(1/2),j 2.2)

. DeVore’s prelimiter is calculated for each direction.

Al (1/2),; = Sk (1/2),max{0,min(| Ag iy 172),

U
Skt ( 1/2)7]'Vk»i7]'ATk,i—(1/2),j

ki (1/2), Vi ATy 32 ) (2.3)
U _ U U
ATeiv(1/2),j = Teivt,j = Toig 24)
— U
Sk,i+(1/2),j = Slgn(ATk,i+(1/2),j) (25)
. The anti-diffusive fluxes are multiplied with Zalesaks limiter.
C _
A (1/2),) = Crir(172),/8% i1 /2).5 (2.6)
where
Crit(1/2),) = min(RZi+1,j’Rlc_,i,j) ifA;c,i+(l/2),j >0 2.7
Crir(1/2),; =min(RY; Ry 5) ifAL (172, <0 (2.8)
where
Ricyj = min(1, Qi i/ (P* +-€)) (2.9)
U
0y =Ty — T (2.10)
iy = Teij— Tii (2.11)
Pk+l ; and P; j are the sums of all anti-diffusive fluxes into and out from a grid box
(k,i,j), respectively.
a/b . n U
T,.; ;= max/min(Tg; ; Ty ; ; (2.12)
- : b b b
1y = max min(TE T T
a/b a/b a/b alb
Lt jp Tt T jet T ) (2.13)




7. The tracer is updated for all points and the program exits the tracer subroutine.

1
+1 _ U C C C
Teii = Tii v j (A1), ~ Aki-1/2, T Ak j+1/2)
C C C
~Aij-(/2) TAG0/2,05 ~ A-(1/2,5) (2.14)

Over each of the parts 1 to 7 of the scheme there are loops over x, y and z. The tracer field
is written to ASCII-files by the driver routine for visualization with Matlab.

2.2 Incremental remapping

Incremental remapping is different from the most common way to numerically solve the
advection equation, to discretize the equation in space, and to step it forward in time. Cell
volumes are projected backward or forward along Lagrangian trajectories, the resulting
tracer distribution is then remapped onto a target mesh.

The remapping method uses the fact that the advection equation 1.2 can be written in
integral (conservative) form

D

= dv =0. 2.

Dt/¢ V=0 (2.15)
where D 5

E:E—i_u \Y (2.16)

This equation fulfills the demand that the tracer, ¢, should be conserved. The sum of a
tracer is conserved along a trajectory. The total sum of a tracer is

T(t) :/ ¢dv (2.17)
Vi
where V is a Lagrangian volume. A discretization of this is
Tl =", (2.18)

The Lagrangian cell-average density is defined as

T(t)
dv dV = . (2.19
wio*" o™ ) )
This gives together with equation 2.18
™ = T (") Vit = T(e) V(™) = ¢V (e V(). (2.20)

Backward remapping is used here, this means that the target grid which is the desired grid
at time ! is projected back in time with the known velocities from the current time step.
This gives us V. (¢"). The mean tracer value known for time step " are reconstructed to
get ¢7 using a linear approximation. A linear reconstruction makes the algorithm second
order accurate. The gradients of the tracer are limited within the cell to preserve positivity




and monotonicity. The total tracer and the mean value of the tracer at the target grid are
now

Tt = / optiav (2.21)
Vr

ool = it vy (2.22)

The target grid is usually a regular grid to make the reconstruction easier.

The time step is not limited by a stability criterion but is restricted such that trajectories
in neighboring grid cells do not cross, max|Vu|Ar < 1. A remapping method with this
restriction is called incremental remapping. Incremental remapping is by construction
conservative.

Incremental remapping is a generally expensive scheme but most of the computational
work is geometrical and is computed only once per time step. This information can be
reused for tracers at the same time step which makes the method more efficient when
many tracers are calculated. For details see Hunke and Lipscomb (2004), Dukowicz and
Baumgardner (2000), Lipscomb (2001) and Dukowicz and Padial (1991).

2.2.1 Description of the code

Here follows a brief description of the code and how the algorithm is implemented. The
code is taken from the Los Alamos Sea Ice Model (CICE, 2003). Some changes had to
be done because the code is written for a sea-ice model. The code is modular and writ-
ten in fixed-format FORTRAN 90. Only the tracer routine with necessary subroutines is
used. To adapt it to the driver routine used for FCT changes were made to the incremental
remapping code. The most important subroutines and changes in the code will be men-
tioned here so that the reader will be able to follow the scheme. For a more comprehensive
description of the code see Hunke and Lipscomb (2004).

The module for horizontal transport with incremental remapping was adapted to the
same driver routine that was used for FCT. First the grid is initialized. An Arakawa
B-grid is used (Fig. 2.2). For simplicity the coordinate system is changed from latitude-
longitudinal to a rectangular Cartesian coordinate system.

The steps in the tracer module are:

e The departure points of trajectories are calculated with a midpoint approximation,
given the velocity field on the cell corners (Fig. 2.3).

o Knowing the departure points areas and vertices of flux triangles for east and north
cell edges are computed. There are at most 5 triangles that can contribute to flux
integrals for each edge. See figure 3 and table | in Dukowicz and Baumgardner
(2000).

e The coordinates of the triangle points needed for the flux integrals are computed.
The calculations so far are geometrical and are reused for all tracers.

o Tracer fields are computed at the geometric center of each cell. For second order
accuracy a linear approximation is used. Monotonicity is ensured by a limiter.

o Fluxes are calculated across each edge by integrating the tracers over each flux
triangle.






Chapter 3

Comparison between FCT and
incremental remapping

3.1 Test runs

In order to decide which scheme should be implemented in the RCO model two different
two-dimensional test cases, test case I and test case II (Tab. 3.1) have been carried out.
In both problems a tracer is advected in a velocity field on a square domain subdivided
into a uniform rectangular Arakawa-B grid of 265 x 265 cells (Fig.2.2). The velocity field
corresponds to a uniform circular field around the center of the domain, u =y, -¢c, v =
—x, - ¢, where x, and y, have their origin in the center of the domain and the constant c is
the magnitude (Fig.2.1). The initial tracer distribution is given by a cylindrical distribution
with one unit in amplitude and 14 units in radius. The cylinder is centered in x = 133,
y = 170, 37 units above the center of the domain (Fig.2.1).

Test case I | Test case 11
At (s) 0.6 0.4
Wy (M/S) 0.5 2.2
u, (m/s) 0.1 0.44
CFL 0.31 0.88
Ax, Ay (m) 1 1
One revolution (steps) 3770 1335

Table 3.1: Values for test case I and II. At is the time step. usmqy 1S the maximum velocity.

u. is the velocity in the center of the initial tracer distribution. CFL = |“A|ﬁt and Ax, Ay are

the horizontal grid distance.

In general the mean circulation in the ocean amounts to about 0.1 m/s. The maximum
speed in the Gulf stream is larger than 2 m/s. The CFL number for test case II is quite
large. The largest CFL number allowed in RCO is 0.5.
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Figure 3.1: Test case I (see section 3.1) for one revolution of an initially cylindrical tracer
distribution. Upper panels are contour plots and lower panels show tracer distributions.
Tinax 1s the maximum tracer value. Left: FCT, T, = 0.9999. Right: Incremental remap-
ping, Tinax = 0.9999.

3.2 Results of the test runs

In test case I the results of the two schemes are quite similar after one revolution. Both
schemes have very little diffusion. However the shape is better preserved by incremental
remapping. Both schemes have a maximum tracer value of 0.999 (Fig.3.1).

After 10 revolutions the schemes differ more from each other. FCT doesn’t preserve
the shape of the tracer as well as incremental remapping. The tracer area is little larger for
FCT (Fig.3.2).

After 20 revolutions the shape is better preserved for incremental remapping. Com-
pared to other methods like central difference or upstream both incremental remapping
and FCT have improved the results significantly (Fig.2.1). The maximum value of the
tracers are almost the same: 0.915 for FCT and 0.921 for incremental remapping (Fig.3.3).

In test case II the speed is increased and the time step reduced. After one revolution
the tracer distributions are similar to the one for test case I (Fig.3.4).

After 10 revolutions the tracer distribution is tall and narrow for FCT but still well
preserved for incremental remapping. It is obvious that the higher speed affects the shape
in case of FCT (Fig.3.5). The area greater than 0.9 is larger for FCT than for incremental
remapping.

After 20 revolutions the distribution is so dispersed for FCT that it reaches the model
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Figure 3.2: Test case I (see section 3.1) for 10 revolutions of an initially cylindrical tracer
distribution. Upper panels are contour plots and lower panels show tracer distributions.
Tinax is the maximum tracer value. Left: FCT, T, = 0.9759. Right: Incremental remap-
ping, Tax = 0.9770.

boundary (Fig.3.6). The maximum tracer value is somewhat higher for FCT than incre-
mental remapping. The maximum value of the tracer is slightly higher after 20 revolutions
than for case I (Fig.3.7). The reason is that the same distance is calculated with less time
steps.

A comparison of the computational costs between the two schemes after 2000 time
steps shows: the FCT scheme needs 360 seconds for each tracer; within the incremen-
tal remapping scheme the geometrical part which is common for all tracers consumes
750 seconds; and each additional tracer needs 350 seconds. This means that incremental
remapping is more computational efficient if there are more than 75 tracers. For one tracer
FCT is three times faster than incremental remapping.

Although the FCT scheme is conservative the tracer start loosing concentration after
10 revolutions because no boundary conditions have been implemented (Fig.3.8). Reach-
ing the border the tracer just vanishes (Fig.3.6).

3.3 Summary and discussion of the test run results
Both FCT and incremental remapping improve the results compared to central differences

and upstream. None of the two schemes are dissipative like central differences or diffusive
like upstream. Compared to each other, incremental remapping preserves the shape better

12
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Figure 3.3: Test case I (see section 3.1) for 20 revolutions of an initially cylindrical tracer
distribution. Upper panels are contour plots and lower panels show tracer distributions.
T}pax 1s the maximum tracer value. Left: FCT, 7,,,,, = 0.9152. Right: Incremental remap-
ping, T4 = 0.9209.

than FCT, especially for high velocities. FCT preserves the amplitude a little better for
high velocities and the area above 0.9 is larger for FCT. Incremental remapping is a more
complicated algorithm compared to FCT.

Comparing test cases I and II it is visible that FCT is more diffusive for test case II
where the velocity is more than four times higher. FCT seems to have a growing diffusion
with velocity. The velocities in test case II are very high and it has a high CFL number.
In the Baltic Sea the velocities are much lower in most parts. For incremental remapping
the difference between the two test cases are negligible.

The main disadvantage for incremental remapping is that it is not developed for three
dimensions. There is ongoing research to generalize incremental remapping to three di-
mensions. The other disadvantage is that it is computationally more expensive when the
number of tracers is smaller than 75. In RCO around 10 tracers are calculated.

The main advantage of FCT is that it is cheaper than incremental remapping, already
developed for three dimensions and easier to implement in RCO. Although the current
time step must be changed for upstream, and the structure must be changed to fit into the
same environment as the current advection scheme in RCO.

FCT seem to be the realistical algorithm to implement in RCO. FCT fulfills the re-
quirements mentioned in section 1.

13
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Figure 3.4: Test case II (see section 3.1) for one revolution of an initially cylindrical tracer
distribution. Upper panels are contour plots and lower panels show tracer distributions.
Tinax is the maximum tracer value. Left: FCT, 7, = 0.9999. Right: Incremental remap-
ping, T4 = 0.9998.

3.4 Diffusion coefficient for upstream.

To estimate the expected diffusion and to get a measure of how much of the tracer con-
centration disappears over the model boundary, the theoretical diffusion coefficient for
upstream is calculated.

It is known that the first order upstream scheme corresponds to the second order central
difference scheme with a diffusion coefficient on the right hand side. The details are
shown below.

oT  OT 3, T

1
A= Jchx (3.2)
3.1 is discretized and developed
Tn+1_Tn Th —T-’i " —2T"+T"
i = LI t+12sz le i+1 sz2 i—1 (3.3)
T+l _n ", —T" 1 T —2TPh4+T"
= i m P l+12sz IZECAX i+1 Axlz i—1 (3.4)
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Figure 3.5: Test case II (see section 3.1) for 10 revolutions of an initially cylindrical tracer
distribution. Upper panels are contour plots and lower panels show tracer distributions.
Tinax 1s the maximum tracer value. Left: FCT, T, = 0.9992. Right: Incremental remap-
ping, Tppq, = 0.9892.

_ Tiﬁ;— " +c7}i12;x7}'11 _ %07}11 _2A7;i:+7}'il 3.5)
T 1 T AT T 4T
Lt = = ) (3.6)
T gy 37
:>7}"H—7}n+Tin_Ti'i1 iy 48)

At Ax
Thus central differences and diffusion corresponds to the upstream scheme. To estimate
the time scale of diffusion the following equation is considered

oT Jd dT
— = —A—. 3.9
ot Jdx dx (3.9
Scaling results in
T AT
— = — 3.10
02 (3.10)
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Figure 3.6: Test case II (see section 3.1) for 20 revolutions of an initially cylindrical
tracer distribution. Upper panel are contour plots and lower panels show tracer distribu-
tions. Tj,4y 1S the maximum tracer value. Left: FCT, T4, = 0.9705. Right: Incremental
remapping, Ty = 0.9501.

=== (3.11)

where
1y = time scale for diffusion,.
L = length scale ~ the radius of the tracer distribution.
¢ = velocity scale ~ the velocity in the center of the tracer distribution.
Ax = grid distance.

J
A theoretical estimation is that the maximum amplitude changes according to e .
To check the utilized discretizations the maximum amplitude of upstream with different
t

to was compared to the theoretical estimation ¢ ‘. In Figure 3.9 the maximum amplitude
of the tracer is plotted with the theoretical estimation for #p = 811 and #ty = 1622. As
one can see the theory corresponds quite well with the numerical upstream solution. To
minimize the diffusion one should choose either small Ax or a small velocity. Note that
diffusion is growing with velocity.
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Figure 3.7: Top: Maximum amplitude of the tracer for test case I (see section 3.1). Bot-
tom: Maximum amplitude of the tracer for test case II (see section 3.1).
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tom: Conservation of tracer density for test case II (see section 3.1.
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Figure 3.9: Maximum amplitude of the tracer with the theoretical estimation for different
time scale diffusion, #y. Top: o = 811. Bottom: ¢ty = 1622.
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Chapter 4

Implementation in RCO

The Rossby Centre Ocean model, RCO, was developed by the Rossby Center at SMHI
using OCCAM (Ocean Circulation Climate Advanced Modelling project in Southamp-
ton), which is built on the primitive equations derived from the Navier-Stokes equations
using the same assumptions as in section 1. RCO was developed to study climate vari-
ability and change of the Baltic Sea and Arctic Ocean (Meier et al., 1999). The model is
driven with daily sea level observations in Kattegat, monthly basin-wide discharge data
and atmospheric data (Meier and Kauker, 2003). It is a fully three-dimensional model,
written in Fortran77. It is parallelized with MPI and uses the Master-Slave arrangement
with one master processor dedicated to external I/O and house-keeping tasks. Each slave
processor receives the data it needs to perform the calculations in the domain assigned to
it. The time loop is in the slave processors and for each time step the tracer routine is
called once for each horizontal point. The model is run at the National Supercomputer
Centre in Linkoping, Sweden. There are many subroutines in RCO, but here only two
subroutines will be studied. The tracer subroutine, tracer.F, where the tracer is advected
and step.F where the horizontal loops are and where the tracer subroutine is called. Only
the advection of tracers is changed, not the advection of velocities. For more information
about RCO see Meier et al. (1999).

To implement the FCT-algorithm into RCO some changes have to be made in the
program to fit into the RCO structure. The first problem to be solved is the time step. In
RCO a leapfrog time step is used and in every 96:th time step an Euler forward time step
is used to suppress the numerical mode. In the test program, see section 2.1, an Euler
forward time step is used in upstream.

T =T — AV - (u™T") (4.1)

One way to solve the problem would be to simply use an Euler forward time step
in RCO, but this scheme would not be stable. Instead the time step discretization in the
upstream scheme is changed to

T = T oAV (uhT™ ) (4.2)

u™ has to be used because otherwise the scheme is unstable (Gerdes, 1988).

In RCO the tracer subroutine is called once for each horizontal point, (x,y), not once
for each time step as in our test program in section 2.1.1. Inside the tracer subroutine there
are only loops in the vertical direction, because they are optimized for the parallelization
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in the horizontal. But in the test program in section 2.1.1 the neighboring points of the
Zalesak’s limiter are needed to update the tracer in one point. To calculate the neighboring
points of Zalesak’s limiter the neighboring points of DeVore’s prelimiter are needed and
so on all the way to the low-order flux.

There are two different ways to implement FCT, one is to use the same structure as in
2.1.1. In that case the steps 1 to 6 in section 2.1.1 are implemented outside the horizontal
loops in step.F. Around this there is a loop over the number of tracers. The fields must
then be a function of tracer, x, y and z, i.e. 4-dimensional. The tracer fields are updated in
tracer.F. The two outermost points of the processor must be sent with message passing to
its neighbor processors. Totally three 4-dimensional and four 3-dimensional fields must
be sent and received with message passing which is quite time consuming. If message
passing not is used one can loop over iy + 2, jmax +2, Where ingx, jmax are the maximum
x and y values in the current processor. The grid is unstructured. Thus points outside the
grid will also be calculated, which causes some extra calculation.

The other way is to implement the FCT algorithm in tracer.F with the current loops
in RCO. For each horizontal point there is a loop over k. No message passing is used
here, so one dimensional fields can be used. For every horizontal point one also needs the
vertical velocity, fluxes and TY for the surrounding points. For every point, 22 extra fluxes
need to be calculated and these can not be saved for other points. They will therefore be
calculated several times. This is very inefficient.

In the model simulations, section 5, the same structure of FCT, as in section 2.1.1, is
kept and implemented in step.F.

A slightly different way to calculate the allowed extremes of the tracer, T,y /min, i
used here. Instead of calculating 7,4y /m;n as in equation 2.13 we calculate it as

max/mi U 1 1
Toig' = ATy T 5 Ty + T s 5 (T s+ T, )

1 1
E(Tk’,li,j + T 1) E(Tkr,li,j + T 1),

1 1
E(Tk’:i,j'i_Tker,i,j)’ E(J;c’:i,j+r;cl+li,j)}' 4.3)

As one can see the upstream solutions Tk"/l. +1,; are replaced by the mean of neighboring
T". This is because with the implementation in section 2.1.1 points that lie outside the
overlap are needed. This change gives very small influence to the solution. If a neighbor
point is a land point it should be replaced with a sea point, for example %(Tk',’i, it Tk’fi le,j.)
should be replaced with 7", ;T ;s aland point (Gerdes, 1988).

DeVore’s prelimiter is not used in the implementation in RCO because it needs infor-
mation from (ic & 3, jc £ 3), where ic is the central point. In RCO information from the
two outermost points are sent to the neighboring processors.
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Chapter 5
Model simulation with RCO

For validation of the new advection scheme a model simulation was made. The results
are compared to the results of a model simulation using the current advection scheme, the
modified split-quick scheme. The model simulation is made with 6nm (nautical miles)
resolution in horizontal and 41 levels in the vertical direction for the period November
1902 to December 1998 (Meier and Kauker, 2003). The grid points in the vertical direc-
tion are unevenly distributed with increasing intervals between 3 m close to the surface
and 12 m near the bottom. The time step is 600 seconds. Explicit diffusion is added to the
modified split-quick scheme so that it stays stable. No explicit diffusion is added to FCT.
Henceforth I will refer to the model simulation with the modified split-quick scheme as
REF and to the model simulation with FCT as advection scheme as FCT. All difference
plots are REF minus FCT.

With a 6nm horizontal resolution it is impossible to state if the new advection scheme
gives a better approximation of the motions in the ocean. In order to do that a finer grid
has to be used and results have to be compared with field observations. But with a 6nm
model simulation it is possible to roughly state how the new advection scheme seems to
work and see tendencies compared to REF.

In this configuration REF is about 2.2 times faster than FCT. Theoretically REF should
be 2 times faster. It is expected that FCT will be slower because some extra grid points
for each processor are calculated, see section 4.

5.1 Salinity and temperature at Arkona Deep, Bornholm
Deep, and Gotland Deep

Figures 5.1 to 5.3 show salinity and temperature as a function of time and depth at Arkona
Deep, Bornholm Deep and Gotland Deep. The plots over Arkona and Bornholm are
filtered with a 4-year running mean.

At Arkona Deep (55.0 °N, 14.1 °E) the salinity close to the bottom is about 0.4 psu
(practical salinity units) higher for FCT than for REF (Fig.5.1). About 5 m higher up REF
gives about 0.7 psu higher salinity than FCT. Closer to the surface REF gives about 0.3
psu times higher salinity.

At Bornholm Deep (55.2 °N, 15.6 °E) in the next basin, the salinity from 40 m depth
to the surface is almost constant and REF gives little more than 0.2 psu higher salinity
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Figure 5.4: 1903-1998. Upper left panel: Spatial average salinity (in psu), REF (blue)
and FCT (red). Upper right panel: Spatial average salinity difference (in psu), REF-FCT.
The blue line is filtered with a four year running mean, the red line is non-filtered. Lower
left panel: Spatial average temperature (in °C) for the first 10 years of the period, REF
(blue) and FCT (red). Lower right panel: Spatial average temperature difference (in °C),
REF-FCT. The blue line is filtered with a four year running mean and only calculated for
1905-1996. The red line is the non-filtered difference.

difference in September and October and a minimum difference in May.

5.3 Seasonal average for surface temperature and sur-
face salinity

To see if there are any seasonal variations for the difference between REF and FCT the
seasonal averages for winter and summer are calculated. For each year in the period 1903—
1998 the time average is calculated for sea surface temperature (SST) and sea surface
salinity (SSS). The average is calculated for winter (December—February) and summer
(June-August). The time average is then calculated for the period 1903-1998. The results
are shown in Figures 5.6 to 5.9

In winter the sea surface temperature is 0-0.1 °C warmer for FCT than REF along
Sweden’s east coast and along the coast inside the Gulf of Finland (Fig.5.6). In other parts
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Figure 5.5: Monthly average, 1903-1998. Average for each month is calculated for the
whole grid. Upper left panel: Temperature average (in °C). Upper right panel: Difference
of temperature average, REF-FCT (in °C). Lower left panel: Salinity average (in psu),
1903-1998. Lower right panel: Difference of salinity average, REF-FCT (in psu).

REF gives 0-0.2 °C warmer sea surface temperature, except north east of Gotland, north
of Poland and along the open boundary in Kattegat where the sea surface temperature is
up to 0.5 °C warmer for REF.

In summer the average sea surface temperature differences are higher (Fig.5.7). FCT
results in 0—0.5 °C higher sea surface temperatures in Kattegat. In the rest of the Baltic Sea
REF gives higher sea surface temperatures. With 1-2 °C higher sea surface temperature
in the Gulf of Bothnia, in the center of the Bothnian Sea and the eastern part of the Gulf of
Finland. In other parts REF gives 0.2—1 °C higher sea surface temperatures. Differences
of 1 °C and more are very big differences.

The sea surface salinity in winter calculated with FCT is about 0.5 psu higher in Little
Belt, close to land along Sweden’s west coast (Fig.5.8). In the Gulf of Bothnia and in
the eastern part of the Gulf of Finland FCT gives 0-0.2 psu higher average sea surface
salinity. REF gives higher sea surface salinity in and around the Gulf of Finland except
for the far eastern part. In the rest of the Baltic Sea REF gives 0.3-0.5 psu higher average
sea surface salinity.

In summer the sea surface salinity for FCT is higher (0-0.5 psu) only in Oresund,
the eastern part of the Gulf of Bothnia and the most eastern part of the Gulf of Finland
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(Fig.5.9). In Kattegat, Great- and Little Belt REF gives 1-2 psu higher sea surface salinity.

Figures 5.1 to 5.3 show that REF gives higher salinity above the halocline. Surface
salinity gradients and surface salinity differences are largest in Kattegat, Oresund, Great-
and Little Belt.

5.4 Average velocity field

Even though the advection of the velocity field is not changed in RCO velocities differ
between FCT and REF. The reason is that salinity differs between the simulations and the
amount of salinity effects density. Higher salinity causes higher density.

The time average sea surface velocity field for the whole period 1903—-1998 is calcu-
lated. The reference velocity and the difference velocity are shown in Figure 5.10. The
strongest signal from the difference plot is a stronger circulation around Gotland with
FCT, by about 0.2 cm/s.

5.5 Surface salinity and surface temperature at the river
mouths of Neva- and Kemijoki

One grid point is selected at the outflow of the Neva river in the Gulf of Finland and one
from the Kemijoki river in the Gulf of Bothnia. In Figures 5.11 to 5.13 the sea surface
temperature and the sea surface salinity are shown as a function of time for these points.

REF gives in the beginning negative values for sea surface salinity, both for Neva and
Kemijoki rivers (Fig.5.11). This is unrealistic and comes from undershoots in REF at the
large salt gradient when freshwater meets the saltwater. FCT handles, as expected, this
large gradient without any undershoots. Similarly REF gives overshoots for the temper-
ature in the summer time. Temperatures up to almost 35 °C in summer are not realistic
close to the outflow of Neva in the Gulf of Finland (Fig.5.12). FCT has a maximum
temperature of 25 °C in summer at the outflow of Neva.

At the outflow of Kemijoki river the temperature difference between the two methods
is not that large as at the Neva river. Probably the gradient is larger at Neva and harder to
handle for REF. Neva is the largest river into the Baltic Sea.

Sharp salinity and temperature gradients occur in the beginning of each simulation and
are caused from the unrealistic initial fields. Even if the magnitude of the negative values
for surface salinity is largest in the beginning of a simulation REF gives negative values
during the whole period (Fig.5.11). There are also overshoots for the surface temperature
for the whole period (Fig.5.12).

The reason that there are annual fluctuations in the salinity at the outflow of Kemijoki
river but not at the outflow of Neva river might be that Neva’s outflow (2584m?/s) is so
strong that west winds cannot bring saltwater to its mouth. On the other hand Kemijoki’s
outflow (593m?/s) is not strong enough to prevent southern winds to bring some saltwater
to its mouth.
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Figure 5.11: Sea surface salinity (in psu) at river outflows. Upper panel: Neva outflow
for the first two years. Small negative values occur for REF during the whole period,
1903-1998. Lower panel: Kemijoki outflow for the whole period.
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Figure 5.12: Sea surface temperature (in °C) at Neva river outflow for REF and FCT.
Upper panel: For the period 1903-1909. Lower panel: For the period 1903—-1998.
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Figure 5.13: Sea surface temperature (in °C) at Kemijoki outflow. Upper panel: REF and
FCT for the period 1903-1908. Lower: REF-FCT for the period 1903-1998.
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Chapter 6

Conclusions

1. In section 3.1 the two advection schemes of FCT and incremental remapping were
compared. It was found that incremental remapping preserved the shape of the density
distribution better than FCT. Compared to central difference or upstream both FCT and
incremental remapping give better results. It was found that incremental remapping is
computationally more efficient than FCT only when more than 75 tracers are calculated.
In RCO around 10 tracers are calculated. The computational cost and the fact that incre-
mental remapping is not yet developed for three-dimensions means that FCT is the most
realistic advection scheme to implement in RCO.

2. A stable FCT scheme has been implemented to RCO. One model simulation with
6nm(nautical miles) horizontal resolution from November 1902 to December 1998 was
made. Preliminary analysis shows that RCO works satisfactory with the FCT scheme.

3. High salinity water that comes from the North Sea diffuses less vertically upward
for FCT than for the RCO standard advection scheme that has been in use, modified split-
quick. Modified split-quick must have a constant explicit diffusion to be stable. This leads
to that the Arkona Deep, the Bornholm Deep and the Gotland Deep has higher salinity
below the halocline for FCT. FCT has only implicit diffusion that increases with velocity
and it gives low diffusion under the halocline. This is a positive effect, considering that as
little diffusion as possible is desirable in the model.

4. At the outflows of the rivers Neva and Kemijoki the strong salinity gradient causes
undershoots for REF, which creates negative salinity. Strong temperature gradients in
the outflow of Neva causes overshoots for REF and unrealistic high temperatures. It was
shown that FCT can handle the strong gradients at Neva and Kemijoki, and no negative
salinity or unrealistic temperatures are calculated. That the salinity always is above zero
is a desired feature in future applications as coupling RCO with a biogeochemical model.
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