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Chapter 1

Introduction

THCM [1] (Thermohaline circulation model) is an oceanographic model used to study the
oceanic flow and its influence on climate changes. The model currently implements oceanic
flow, with the velocity vector, pressure, salinity and temperature. It also models atmospheric
temperature.

To increase the accuracy and reduce the dependency on external data like heat and salin-
ity forcing, some extensions are planned: a sea-ice model and models for water vapor and
COg distributions in the atmosphere.

This thesis describes one of these extensions, the addition of a model for the water vapor
distribution and its effect on oceanic flow.

In chapter two, a mathematical model of the evaporation, precipitation and transport of
water vapor in the atmosphere will be presented. In the next chapter the discretization of this
model will be discussed, as well as some challenges associated with implementing the model
in THCM.

In chapter four, a simple visualization tool that was written to study the results will be
presented. In the last chapter this tool will be used to show the results.



CHAPTER 1. INTRODUCTION



Chapter 2

Modelling

The model used is the one proposed by [2]. It already takes some of the limitations and
requirements for THCM into account. The model will be reproduced here for completeness,
focussing on the parts that are necessary for the implementation.

One of the main limitations of THCM with regards to atmospheric modelling is that there
is only a single atmospheric layer. Because of this, the quantity modelled is not the humidity,
but the vertically averaged humidity in the atmosphere (in kg/kg), denoted by gq.

The average amount of vapor in a column of air above a specific point on the ocean’s sur-
face can change because of transport from neighbouring points, as well as from evaporation
and precipitation over the ocean.

The equation modelling this change of humidity over time is

Jq

quag

=M + po(E — P)

where

e H, is the height scale, i.e. the height of the part atmosphere that is considered to have
any vapor at all (1800m),

e p, is the atmospheric density (1.25 kg/m?), pg is the oceanic density (1000 kg/m?),
e M is a term modelling the transport of vapor in the atmosphere (in kg/m?s),
e and F and P are the evaporation and precipitation rates (in m/s).

This formula shows the change in total humidity (qua%) in the 1800m high column of
atmosphere to be the total amount of transport in this entire column (M) plus the difference
between the evaporation and precipitation.

Because THCM needs the Jacobian of the time derivative, the equation has to be lin-
earized. This is done by taking ¢ = qy + ¢, E = Eqg + E', P = Py + P’ and results in:

/

0
Hopa ok = M’ 4 po(E' P
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2.1 Transport

The transport of water vapor in the atmosphere is modelled in a very simple way, using a
diffusion equation:
82 q/ 82 q/>

M' = qua <I€max2 + /{yain

where k, Ky are the zonal and meridional eddy-diffusivities for vapor. The factor H,p, shows
that this is the transport for all the vapor in the entire column of air.

This equation has some physical counterpart in the form of diffusion due to turbulent
eddies, but is a large oversimplification as wind forcing is completely ignored.

The boundary condition used here is % = 0, i.e. there is no loss of water vapor at the

boundaries.

2.2 Evaporation

The evaporation E represents the speed in m/s at which the ocean 'flows into’ the atmosphere.
The standard equation for this is

E = 205U, (x) (g5t (T) — q)
Po

where

e T is the oceanic surface temperature,

e U,(x) is the scalar wind velocity (in m/s),

® (gat is the saturation specific humidity (in kg/kg),
e and Cfg is the Dalton number.

Linearising this equation gives:

_ o G2

E/ T/ + - q/ — 5TT/ + 8qq/
or To,90 aq To,90
gq does not depend on Tp, go:
€g = —CEUa(x)@
Po

But e7 does:

_ @ dQSat
er = CEUa(JU)pO IT (To)

So %(To) needs to be determined. This is possible by using the relation between the
saturation specific humidity gg,t and the saturation vapor pressure egqy:

€Csat

dsat =
sa D
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where p is the atmospheric pressure (1000 hPa) and € is the mixing ratio of water vapor and
dry air (0.622).

There are two alternatives for determining egy¢. Both of these involve the saturation
vapor pressure at the triple point (73 = 273.16K, egat (T3r) = 6.11hPa):

de t
dS; = esat,trf(TO)

The two alternatives for f(7y) are as follows.
The first, based on the Clausius-Clapeyron equation, gives:

Ly, L, [ 1 1
T0) = — _-vy = _
AT = 5 ex0 ( et
where Ly, is the latent heat of evaporation (2.6 - 106J /kg) and R, is the specific gas constant
for water vapor (461 J/kg K).

The second is a polynomial approximation derived from observations:

7
an n—
F(To) =" aT(H — 1)(To — Typ)" >
n=2
a1 | 6.11176750 as | 0.443986062 as | 0.143053301 - 10!

as | 0.265027242 - 1073 | a5 | 0.302246994 - 10 | ag | 0.203886313 - 107
a7 | 0.638780966 - 10~ 10

2.3 Precipitation

A physical model for precipitation involves H(r — r,) where r is the relative humidity ﬁ,
sa

rp is some threshold value and H is the Heavyside step function. This means it only rains
when r > 7).

These models are hard to linearize because of the discontinuous step function, and when
linearized using a continuous function which approximates H the coefficients contain H(rg —
rp), which is impossible to evaluate without data for the humidity distribution gg. Even if
these measurements were available, it is not guaranteed that the balance of fresh water is
closed, i.e. the integral of E' — P’ over the ocean’s surface is 0.

Because of these problems a simpler model will be used. In this simpler model the pre-
cipitation will be taken as spatially homogeneous. The amount of precipitation can then be
determined from the balance of fresh water:

/ E'—P dA=0
The equation for the precipitation then follows:

P’zj/E’dA

where the integrals are over the ocean’s surface and A, is the ocean’s surface area.
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2.4 Scaling and summary of equations

Finally, some scaling factors are added to make the model compatible with the other unknowns
in THCM, as well as making the quantities dimensionless. The evaporation and precipita-
tion are scaled with E' = U,HE/rg, P' = U,HP/ro where ry = 6.4 - 10°m, Uy = 0.1m/s,
H = 5-10%m are the radius of the earth, the velocity scale of the ocean circulation and a
vertical length scale, respectively. Adding scaling with a specific humidity scale (Q = 0.01)
and a temperature scale (AT = 1K) results in:.

Er = pUu(z)f(Ty) (2.1)
&g = nUi(x) (2:2)
E = T —&, (2.3)
- 1 -

P = AO/E dA (2.4)
aq/ _ v 82(]/ 82(], 5 B

5 = o <8962+68y2 +vy(E — P) (2.5)
94 _ 0 at the boundari (2.6)
on = a € bou aries .

Where:
p =16-107° | Uy(z) = U.(x)/Ug

Py =#g/Upro | f(To) = eegat trATf(T0)/pQ

One problem that can be seen from these equations is that the solution is not uniquely
defined. If 88—‘{ = 0 has a solution q’ = a then a+¢(1...1) is also a solution. In other words,
the solution vector q’ is only determined up to a constant.

This can be fixed by adding an extra constraint. The extra constraint that will be used
here is [¢' dA = 0. Besides from being a natural way to make the solution unique, the
discretized version of this constraint can be seen as forcing the solution vector for ¢’ to be
orthogonal to (1...1), effectively making ¢ = 0.

2.5 Influence on salinity

The model does not have any influence on the oceanic flow yet, this will be added by consid-
ering the influence of the evaporation and precipitation on the salinity in the upper layer of
the ocean. This is modelled by adding the following term to the salinity equation:

E;f =4 v (EF—P)
for S in the upper layer of the ocean.
vg is determined from the characteristic sea-surface salinity, and is approximately 700.



Chapter 3

Discretization and Implementation

For the implementation of the addition of the vapor model, I will start by outlining some
requirements. Then, some internals of THCM that are necessary to understand the imple-
mentation will be discussed. Finally, the most important parts of the discretization of the
equations and the implementation of these will be presented, skipping most details as these
can be found in the implementation itself (Appendix A).

3.1 Requirements

First, some requirements for the implementation will be created. These will be guidelines
used throughout the implementation process and will ensure high quality software. The
specific numbers in the efficiency requirement were determined by considering the highest
grid resolution that was used up to now and taking a resolution substantially above this, so
the efficiency will be sufficient for all future versions and experiments.

e The implementation should be mathematically correct.

It should be compatible with the existing system.

It should be modular, and easy to switch on or off.

It should be maintainable and thoroughly commented.

It should be efficient enough to handle grids with 360 x 90 atmospheric gridpoints, and
situations where the main matrix can have a dimension of over 5,000, 000.

3.2 Understanding THCM

Completely understanding THCM is far beyond the scope of this thesis, as it consists of many
thousand of lines of code. It is also unnecessary as many parts, including the solver, can be
considered a 'black box’.

The most important parts to understand are the parts where the Jacobian matrix is
constructed. This is done by first constructing an array of local links and then constructing
the matrix from this array.
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Table 3.1: Al offsets
below same height above

12 | 15 | 18 31619 21 124 |27
11|14 | 17 2158 20| 23 | 26
10 | 13 | 16 11417 19 | 22 ] 25

3.2.1 The array of local coefficients Al

A1 is a six-dimensional array containing all the local links of the discretization. In this array it
is possible to set influences between any two unknowns, in any two neighbouring grid points.

The statement A1(i,j,k,0ffset,Var,ByVar) = C would mean that the variable Var in
the gridpoint (i, 7, k) is influenced by the variable ByVar in the gridpoint (i, j, k)+Offset Vector.

OffsetVector can be looked up from the Offset number (1 — 27) in table 3.1. In this
table 'below’, ’same height’ and above correspond to —1,0 and 1 as third element in the
OffsetVector respectively. The first and second element of the vector are determined likewise
from the horizontal and vertical coordinates in the smaller tables.

In terms of equations, A1(i,j,k,14,A,B) = ¢ would correspond to %(i,j, k) = -+
¢ B(i,j,k — 1) because the OffsetVector for the number 14 is (0,0, —1).

3.2.2 Compressed sparse row format

The entries in the array of local influences are then converted to a single large matrix. Because
the equation for the precipitation is inherently non-local and can therefore not be stored in
A1, the matrix will have to be changed afterwards.

This matrix is very sparse, so to save memory and CPU power it is stored in the so-called
compressed sparse row format. Understanding this format will be essential for implementing
the precipitation equations.

The storage format consists of:

e A scalar containing the dimension of the matrix.

e An array containing all the nonzero coefficients.

e An array containing all the column numbers for the coefficients.

e An array containing the indices for the coefficients and column number arrays at which
the entries for a specific row start and end.

These four variables are named ndim,coA,jcoA and begA for the Jacobian in THCM.

Example:
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-2 1
1 -3 1
1 —4
Would be represented as:
variable value

ndim 3
begA {1, 3, 6, 8}
coA {-2,1,1-3, 1, 1,-4}
jcoA {1,2,1,2,3, 2, 3}

3.2.3 Grid

THCM uses a special type of grid, in which not all unknowns are taken at the same position
in the grid cell.

Because there is no equation involving oceanic velocities in the water vapor model, it is
sufficient to know that pressure, temperature and salinity are all taken as the value in the
middle of the cell, so the grid can be considered a standard uniform 3D grid with values at
the center.

3.3 Implementation

The only variables used in THCM are those for velocities (u, v, w), pressure p, salinity S and
temperature T'. There is no specific room for the humidity ¢ in the matrix and creating this
would be very problematic and bug-prone. Of course there are several unused variables in the
atmospheric layer, as only 7' is already used. Therefore we will use one of the other variables
for q.

There are links from the temperature at sea level to the humidity, and from the humidity
to the salinity. To keep all links within the S/T block of the matrix we choose to use the
salinity S to represent the humidity ¢ in the atmospheric layer. This keeps all entries as close
together in the matrix as possible.

A constant signifying which variable is used for ¢ is is kept as a local parameter to allow this
to be changed easily and to improve readability.

integer, parameter :: QQ = SS

3.3.1 Tools

The values of f(Tp),é,(x),ér(z) need to be determined. This is just straightforward imple-
mentation of the formulas. Both fi; and fs will be implemented, and a function ftilde will
be made so that the choice for f; or fo can be changed easily. This choice will be set to fo,
as this is claimed to be slightly more accurate.
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3.3.2 Diffusion

The diffusion equation contains a derivative which needs to be discretized. The starting point
for this is the standard discretization for a second derivative on an equidistant grid:

&q _ Qi+ di1y — 2455
ox? |, h?

¥

Several problems appear here: First, the grid distance h for the discretization of 2 2/ is not
constant, but varies with the latitude. Also, the area of the cells involved vary Wlth latitude
which adds

To avoid these problems we make use of the fact that this derivative is already imple-
mented in THCM for other variables, and we can simply copy these values. The values
already generated for 2 8 L will be used for 2 , this way correctness is guaranteed and dupli-
cation of code is avoided.

Altitude (and therefore grid distance) differences between layers are ignored by the dis-
cretization of 2277;. We will also ignore the altitude difference between ocean and atmosphere
considering the altitude of the vapor distribution is much smaller than the radius of the Earth
(1.8-10% < 6.4 x 10%). This allows the use of the discretization of 32712“ in the uppermost layer

of the ocean for the discretization of % in the atmosphere.

real txx(n,m,1l,np), tyy(n,m,1l,np)
real gxx(n,m,np) , qyy(n,m,np)

call tderiv(3,txx)
call tderiv(4,tyy)
gxx = txx(:,:,1,:)
qQyy = tyy(C,:,1,0)

A1(:,:,1+41,:,QQ,QQ) = P_HV * (gxx + delta * qyy)

Boundary conditions

As described earlier, on all four boundaries the Neumann boundary condltlon = 0 will be
used.

Because the actual gridpoints for ¢ are in the middle of the cubes, the boundary is in fact
between two gridpoints.

Considering the boundary condition for the left edge and discretizing %—%/ = 0 there with

! !
. . N P
qp; as a virtual grid point gives =1=1 =0, s0 ¢} ; = ¢ ;-

This can be implemented by adding the influence of the nonexistent grid point q67 ;jon qi j
to the influence of q1 on itself, and then setting it to zero.

A1(1,:,1+1,5,QQ,QQ)
A1(1,:,1+1,2,Q0Q,QQ)

A1(1,:,1+1,5,QQ,Q0Q) + A1(1,:,1+1,2,QQ,QQ)
0
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The other three boundary conditions are done likewise:
Right boundary:

Al(n,:,1+1,5,QQ,QQ) + Al(n,:,1+1,8,Q0Q,QQ)
0

Al(n,:,1+1,5,Q0Q,QQ)
Al(n,:,1+1,8,QQ,QQ)

Bottom boundary:

A1(:,1,1+1,5,QQ,QQ) = A1(:,1,1+1,5,QQ,QQ) + A1(:,1,1+1,4,QQ,QQ)
A1(:,1,1+1,4,QQ,QQ) = O

Top boundary:

A1(:,m,1+1,5,QQ,QQ) + Al1(:,m,1+1,6,Q0Q,QQ)
0

A1(:,m,1+1,5,QQ,QQ)
A1(:,m,1+1,6,0Q,0Q)

Because the atmosphere extends over land, there are no additional boundaries other than
the four outer ones.

3.3.3 Evaporation

The implementation of the evaporation part consists of setting two local influence coefficients
for each gridpoint. These coefficients are only set over oceanic cells, this is done by using the
landm array which contains the topographic data.

! Only add coefficients on ocean cells
if (landm(i, j,1) == OCEAN) then
! Influence of evaporation on the humidity
A1(i,j,1+1,5,Q0Q,QQ) = A1(i,j,1+1,5,Q0Q,QQ) - nu_q * eps_q(i,j)
! Humidity influenced by ocean temperature, one layer lower (pt 14 in stencil)
A1(i,j,1+1,14,QQ,TT) = A1(i,j,1+1,14,QQ,TT) + nu_q * eps_T(i,j)
endif

3.3.4 Salinity

The implementation of the influence of the humidity on the ocean’s salinity also consists of
setting two local influence coefficients for each ocean gridpoint. These can be added in the
same loop where the evaporation coefficients are set.

! Salinity is influenced by the humidity, one layer higher (pt 23 in stencil)

A1(i,5,1,23,S8,QQ) = A1(1,j,1,23,SS,QQ) - nu_S * eps_q(i,j)
! ...And by the ocean temperature
A1(i,j,1,5,S8S,TT) = A1(i,j,1,5,8S,TT) + nu_S * eps_T(i,j)

3.3.5 Precipitation

For the discretization of the precipitation, the integral in the precipitation equation needs to
be replaced by a sum.
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/ 2(x) dA
[err
>

Axi) (B ()T (i) — Eqxi)d (24))

z) — &g(x)q'(x) dA

el s Ll

T

Because the grid is on a part of a sphere, the areas of the grid cells are not all identical,

and these areas need to be determined to calculate the integral. A function cell_area is
added to do this.

The value of the homogeneous precipitation is influenced by the ocean temperature and
atmospheric humidity in every grid point. So any value which depends on the precipitation
would need 2nm extra entries in its row if this equation was implemented directly. Inserting
these entries into every row of the 2nm rows (salinity and humidity in every grid point) would
cause 4n’m? coefficients to be inserted. For a 128 x 128 grid this is over 10° and completely
destroys the sparsity of the matrix.

An alternative is to create an extra row in the matrix representing —P+3>_ = A(z;)E(z;) =
0. The corresponding column can then be used to create a dependency on P in other equa-
tions. This way only 4nm + 1 extra entries are needed.

The relevant part of the matrix then looks like:

Ve |1 g1
Y an,m
0 T1,1
0 Tn,m
Vs S1,1
—vg s .
A(z11) - A(zn,m) ~ A(z11) - A= ) - nam
L _Aioyeq(ml,l) _%EQ(ﬂcnmn) TOYET(JCI,I) %5T(mn,m,> 0 0 -1 | L

The coefficients in the extra column are only set for ocean grid points. This is because,
as described earlier, the precipitation is taken as spatially homogeneous over the ocean and
completely ignored over land. An alternative for this is to set A, to the area of the entire
discretized part of the globe instead of just the ocean’s surface area. Then precipitation over
a land grid point could be taken as extra precipitation over the nearest ocean grid point,
effectively simulating the water flowing back into the ocean.

There are several ways this row can be inserted in the matrix, these are referred to as the
'v1’, 'v2’ and 'v3’ precipitation implementations.
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vl

The first method tried is to insert the row and column exactly as depicted above using one
of the grid points of a second unused variable as the row and column number.

For inserting the column, we will need to consider the efficiency of an algorithm that
does this. The straightforward algorithm, iterating through all the rows and inserting entries
where necessary by shifting all subsequent elements one position to the right, is far too slow.
Assuming the column entries are sorted, so we can check if a row is the next one to need an
extra entry in O(1) time, the algorithm has a complexity of O(n.n.,), where n. is the amount
of nonzero entries in the column to be inserted, and n,, is the total amount of entries in the
coefficient array. We know that n. = 2nm, and the value of n,, can be estimated from the
space reserved for the coefficient array (# grid cells - 6 - 6 - 27), which can be up to several
hundred million for larger grids.

Clearly, this algorithm is far too slow. The required (over 10'?) operations for larger grids
would probably dominate the running time.

A faster method is to do the insertions backwards. This is possible because the final
position of the last element is known in advance and the shifts required for extra space can all
be done at once. The required time for this algorithm is O(n,,), which is also the theoretical
minimum complexity. The code for this can be seen in appendix A.1 line 249-301, and is used
in all versions to insert the extra row and column.

Implementing this algorithm causes the solver to break down complaining of a ’singular
matrix’. This can be explained by considering the fact that the matrix is indeed a singular
matrix because the constraint [ ¢’ dA = 0 was not added here, making the solution only
determined up to a constant.

v2

Adding the aforementioned constraint will make the matrix no longer singular. To do
this, the constraint first has to be discretized. This is easily done, discretizing [¢ dA as

JqdA=3%, A(zi)q(z:).

This equation could be added directly, replacing the equation for one of the humidity grid
points with this constraint. However, we go further and use it to completely eliminate one of
the humidity grid points.

This way, all links are kept within the 7'/S/q block of the matrix and this could prevent
further problems with the solver. The formula used for the eliminated grid point g5 follows
directly from the discretization of [ ¢ dA:

A(z)g(zs) = = > Alzi)g(xs)
T, FTs

The formula for g5 can then be used to rewrite the precipitation equation, eliminating g,
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completely from it:

1

P = A—O;A(.Ti)(ET(%)T(Q?i)_Eq(xi)Q(mi))
- Aio A(ars)(eT(xs)T(xs)—fq(xs)q(a:s>)+x;s A(xi)(gT(xi)T(xi)_5q($i)Q(xi)))
= Aio A(zg)er(z)T(2s) — eq(s) (—I;SA(xi)q(xi)) -‘rx;sA(xi)(fT(@"i)T(mi) — q(wi)q(zi))
- ALO A(z)(er(z4)T () + ; A(zi) (e ()T (i) — (5q(:) — eq(:cs))q(:ci)))

The point gy, ,, is used for g;.
The algorithm now consists of the following steps:

e For all rows with an entry at the column for ¢, remove the entry and insert a small
subrow corresponding to — 3, ., A(z;)q(x;)

e Insert the row and column for the new precipitation equation at the row/column pre-
viously used for gs.

For inserting the row and column, the same method as with the vl implementation can be
used. For inserting the small rows to replace the entries in the column for g5, a new function
will have to be made. An algorithm which simply shifts all subsequent entries to the right
to make room for the small row can be used here, as there are only 2 or 3 of such entries in
total.

Implementing this algorithm fixes the problem with the solver.

v3

Another possibility to make one of the humidity grid points redundant is to assume ¢,—1,m =
gn,m- The advantage of this method is that only a few matrix entries have to be inserted,
instead of several rows of nm entries. However, the big disadvantage is that the constraint is
that the constraint on [ ¢ dA is not added.

Instead of simply replacing every link to gy, ,, with one to g,—1 m, the sum of the two cells
is taken as the new value, effectively merging the two cells into one larger cell.

This also requires a few changes in the matrix:
If Ynm — By oand Mlm — Ry hen mm g dnolm _ @4 B For the A matrix this
corresponds to adding the row for gy, ,, to the row for g,—1 .

In addition to this change, any row corresponding to a variable v; ; that is influenced by
Gn,m OT Gn—1,m Needs to have some coefficients changed.

|
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If dz;’j = G + agn,m + bgn—1,m then, after merging the grid cells, dfli’j =G+ GTer(qmm +

dn—1,m). For the A matrix this corresponds to adding the column for gy ,, to the column for
Gn—1,m and then dividing the resulting value by 2. Also, the row and column for g, ,, both

have to be zeroed out to make room for the precipitation equation.

This method also causes no problems with the solver, leaving two working implementa-
tions of the precipitation equation.

The fact that the solver is able to solve this system is somewhat surprising, because the
matrix is still singular. Although direct methods like Gaussian elimination would consistently
fail on this system, iterative (Krylov subspace) methods like the one used in THCM are often
still able to solve such a system.
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Chapter 4

Visualization

To study the results and differences between several results, they will have to be visualized.
For the visualization, a tool will be made that can take a solution produced by THCM
and produce plots of each variable at each height level in real-time.

4.1 Tools used

Ruby Ruby [4] is a multi-paradigm programming language, supporting a mix of object-
oriented and functional programming styles. It allows for very quick prototyping. This
is one of the main reasons it was chosen for this tool.

Tk Tk is a cross-platform, open source GUI toolkit. It has become the de-facto standard for
building graphical user interfaces with Ruby, which is also the reason it was chosen for
this project.

gnuplot gnuplot [5] is a stand-alone program that generates plots from functions or data
input. It has support for a wide variety of plots including 2d, 3d, contour plots and
vector fields. The program was chosen over other plotting programs for its ability to
take text input and quickly generate a plot as an image file.

Ruby ’rgplot’ package The Ruby ’rgplot’ package [6] functions as an interface between
Ruby and the gnuplot program. It uses a pipe to send text-based commands to a stand-
alone gnuplot process. The license is a permissive open source license, similar to the
MIT license, which allows for changing and redistributing the package.

4.2 Implementation

4.2.1 Reading data

To visualize the data, it first has to be read from a file. One way to do this is by using the
fort.3 file THCM uses as output. This file contains several input parameters, followed by
some other parameters, followed by the data: value of each unknown in each grid point, its
derivative and some other quantities. A problem with reading this file format is that the
number of parameters is only known in the fortran code, and not stored in the file. Adding
these to the Ruby script would require duplication of code.
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Instead of doing this, code is added to THCM to generate an extra file after writing
fort.3. This file just contains the grid dimensions and the data, making it very portable and
easy to read without any duplicate definitions. Reading the data from this is accomplished
with a standard construction of some nested loops.

To compare two different solutions, a second input file will be allowed whose data will be
subtracted from the data of the first input file.

4.2.2 Graphical User Interface

Next, a graphical user interface has to be designed and implemented.

The central part will be an area where the result can be shown, this is done with a
TkCanvas widget. This widget is a generic canvas, an empty piece of the GUI with a variety
of functions for drawing and display of images.

Next a TkSpinbox is added to allow the selection of a layer to plot, and a TkListbox
is added for selecting a variable to plot : velocity (u,v,w), pressure (p), salinity (S) or
temperature (7).

Two sliders are added to control the viewing angle of the 3D plot, and two buttons are
added to allow for both 3D and contour plots.

All the widgets are put in frames to complete the layout, and some labels are added.

it e

Finally, some keyboard bindings are added to allow the viewing angle and layer to be
changed using keyboard commands.

Table 4.1: The keyboard commands for the visualization tool.

key action

a one layer up

zZ one layer down
arrow keys | rotate 3D plot

enter generate 3D plot

¢ generate contour plot
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4.2.3 Plotting

The plotf function called by the GUI code still has to be implemented.

This function retrieves the plotting parameters, and uses these to send the appropriate
commands to the rgplot library. This library then gives a plot command to gnuplot, which
saves the resulting plot in tmp.gif. The image file is then placed on the Tk canvas to show
the result to the user.
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Chapter 5

Results

In this chapter the new model will be tested, the performance will be measured and the results
will be discussed.

Because data for the wind velocity U, (z) is currently not available, this chapter will focus
on influence of this parameter on the results. The parameter will be varied between 1 and 10
to test the influence of the wind velocity on the vapor distribution and the salinity distribution.

First, some performance testing will be done to test the impact of the vapor model on the
running time. Next, the two precipitation models will be compared and the best one will be
used in subsequent tests, in which the influence of the wind velocity will be tested.

Finally, the various results will be discussed.

5.1 Setup

Before any results can be obtained, THCM first has to be configured. There are also some
undetermined parameters of the vapor model left to choose.

In the vapor model the eddy diffusion kg, y, the wind velocity U,(x) and the initial tem-
perature T are still unknown. The eddy diffusion k., x, are both set to 109, as suggested by
[3]. Ty is set to a constant 273.16 + 15 which is the base temperature level in THCM. Also, as
described in the implementation chapter, only the function fs will be used for the calculation

of f(To).

The rest of the model is configured as ’idealized’, i.e. depending on a simplified model of
wind forcing and other external factors, instead of depending on external data.

The salinity forcing is set to a restoring condition. With this option on the surface salinity
is forced towards a known value. This will interfere with the influence the vapor model has
on surface salinity, and possibly negate most effects on oceanic flow. However, the solvers are
currently unable to solve the model without this restoring condition, making this option a
necessity.
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The geographical position of the part of the ocean that is modeled is the North Atlantic
basin, the latitude running from 10 to 74 degrees N and the longitude from 10 to 74 degrees
W. The topology is set to ’all ocean’; without any continents.

The resolution is set to 16 x 16 x (16 + 1) grid cells. This makes each cell represent a 4
degree by 4 degree area on the surface of the globe. This guarantees at least some accuracy
while converging within a reasonable amount of time on a desktop PC.

The solution is obtained by using a continuation process on the ’combined continuation’
parameter in THCM. This parameter combines all the external forcing, so the solution process
effectively goes from the known solution with no external forcing (the zero solution) to a
stationary solution of the model with full external forcing.

5.2 Timings

For both of the working implementations, and for all wind speeds between 1 and 10, the time
it takes to solve the model was measured.

U, v2 timing v3 timing
off/0 | 1662.4 1662.4

1 1641.0 1600.1

2 d.n.c (0.23) | 1784.1

3 1721.3 2060.2

4 1429.8 1447.6

5 1456.9 d.n.c (0.29)
6 1231.4 d.n.c (0.93)
7 1527.6 d.n.c (0.38)
8 885.4 1633.9

9 1199.9 1396.6

10 1997.5 1672.7

Table 5.1: Timing results for both implementations of the precipitation model and varying
wind velocities. Time is in seconds and was measured using the Unix ’time’ command.

d.n.c. (x) means that the Newton method did not converge at some point in the con-
tinuation process, with the continuation parameter being x (a run is completed when this
parameter is 1). In this case the program halted with the message 'Newton not converged
after six restarts’.

From these results, it is clear that the addition of the vapor model does not significantly
influence the performance. Insofar it does, this effect is irregular and therefore probably a
result of the matrix solver code, and not of the actual construction of the matrix.
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5.3 Comparison

The following will have to be compared:
e The difference between the 'v2’ and 'v3’ precipitation implementations.

e The difference between the oceanic flow with the vapor model off and the vapor model
on.

e The influence of the wind velocity on the vapor distribution and oceanic flow.

Of course these are far too many results to make a full pairwise comparison, so only a few
of them will be chosen. First, the two precipitation implementations will be compared, and
only the better one will be used in subsequent comparisons. Next, four different runs will
be compared: ”vapor model oft”, U, = 1, U, = 4 and U, = 8. This allows for studying the
influence of the wind velocity on the humidity distribution and oceanic flow without resulting
in too many plots. With no wind at all (U, = 0), there is no evaporation and the solution
will be the same as with the vapor model turned off, so this is not tested explicitly.

To further limit the amount of plots, only the following plots will be made for each
comparison:

e Atmospheric temperature and humidity.

e Salinity and temperature near the surface, because these layers are influenced by, or
influence the humidity.

e Pressure and horizontal velocity near the surface, at the middle and near the bottom of
the ocean. This makes it possible to study the influence of the humidity on the oceanic
flow.

In all these plots the layer indices are zero-based, i.e. ’layer (0’ is at the bottom and ’layer
15’ at the surface of the ocean. Layer 16 is the atmospheric layer, and the salinity at this
level is in fact the humidity, as described earlier.

The viewpoint of all plots is from the northeast, somewhere near iceland. The z coordinate
increases from west to east and the y coordinate increases from south to north.
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5.3.1 Comparison of v2 and v3 precipitation models

First, the two different precipitation models will be compared. The wind velocity will be set
to U, = 1 for this test:

Table 5.2: Some plots of the difference between the results of the v2 and v3 versions. These
results were obtained by subtracting the v3 solution from the v2 solution
Temperature

Plot of Tenperature at layer 15 Plot of Tererature at laer 16

015

Salinity /Humidity

Plot of Satinity st louer 13

Plot of Salinity ot lager 16 Plot of Satinity at lager 15

Horizontal Velocity

Plot of Velocitu_x at Laser &

Plot of velositux at Lauer 2 Plot of Velocitu_x at Layer 15

The two humidity distributions differ by a constant: the humidity in the v3 model is about
0.17 above the v2 model. This difference remains the same for different wind velocities, so
it seems to be an inherent difference between the models. Although the fact that there is a
constant difference between both results is easily explained by the lack of the extra constraint
on the v3 model, the specific difference of 0.17 being constant over several different runs with
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varying wind velocities remains unexplained.

There is no visible difference in the value of the precipitation, although this may be due
to the fact that this value is very small.

The oceanic velocities, pressure and salinity differ only by about 1072 to 10™%, often with-
out a discernable pattern. This might be largely caused by the errors in solving the systems
for the continuation process. For higher wind velocities, these differences increase a bit, but
only up to about 1073, and they are always at least an order of magnitude smaller than the
values themselves.

Although there is not much difference, a choice has to be made between these to limit the
amount of data to be compared when varying the wind velocity.
The v2 model will be chosen, because:

e The value is [ ¢ is a much closer to 0. Although this value can not be determined in
the v2 model (other than being 0 by definition), when using the value of ¢,—1 1, for ¢ m
in calculating the integral the value is only about 0.001. This also shows the actual
value of gy, to be slightly lower than g,—1,, which is consistent with the rest of the
solution, ¢, ; being slightly below g,_1; at all other latitudes.

In the v3 model the integral is 0.15 when using a sphere with radius 1 for the calculation
of the cell areas. This is because the v3 model does not include the constraint on [ g,
making ¢ only determined up to a constant. Also, no explanation for this specific
constant could be found, making the model somewhat unpredictable.

e There is only one point in the humidity plots which doesn’t fit (only gy, instead of
both ¢, m and ¢n—1,m)-

e Contrary to expectations it also converges more often, and is faster than the v3 model.
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5.3.2 Influence on oceanic flow

Results with vapor model off

Table 5.3: Some plots of the solution with the vapor model turned off. This can be used as

a baseline with which the other results can be compared.
Temperature

Plot of Teperature 2t Laer 14 Plot of Teperature at layer 15

G hdonaoa

Salinity /Humidity

Plot oF Satinity at laer 15

Plot of Sainity at lager 16 Plot of Salinity at tauer 15

Horizontal Velocity

Plot of Velocitu.x at Layer 0

Plot of Velocitu.x at. Laer 15

Plot of Velositux at Ler 2

2BRRERRAR

Pressure

Plot of Freceure at Laer &

Plot of presure at lager 2 Plot of fressure at Layer 15

All the other plots in this section are generated by taking the difference between the
results with the vapor model on and the results with the vapor model off, because the plots
are very similar and showing the results directly would hide most of the differences.
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Wind velocity U, =1

Table 5.4: Some plots of the difference between the solution with the vapor model turned on

and the solution with it turned off.
Temperature

Plot of Temperatire ot lauer 19 Plot of Teperature at layer 15 Plot of Tesgerature at laver 16

0.002
bt
o

Salinity /Humidity

Plot of Salinity ot layer 14 Plot of Salinity at louer 15

Horizontal Velocity

Plot of velooitux at layer & Plot of velositux at Layer 15

The humidity distribution runs from almost 0.3 near the equator to about —0.42 in the
northern part. Also, the dependency on the sea surface temperature is very clear with the
same diagonal contours appearing in both of these plots.

The difference in the sea surface salinity is only 1073, with the northern part having
slightly higher salinity and the southern part a slightly lower salinity compared to the 'vapor
model off” results. Although the effect is very small, this is unexpected because the part with
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lower humidity is expected to have a lower (E — P) value, resulting in a lower salinity.

There is almost no effect on oceanic flow: the difference in any of the velocities does not
exceed 1074 and the pressure difference is at about 107°. The difference in oceanic temper-
ature is surprisingly large compared to the other differences, considering it is not directly
influence by the humidity in this model.

These strange results are probably the result of the restoring condition for salinity inter-
fering with the influence the vapor model has on the surface salinity.
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Wind velocity U, =4

Table 5.5: Some plots of the difference between the solution with the vapor model turned on
and the solution with it turned off.

Temperature

Plot o Tengers

Salinity /Humidity

Plot of Sslinity ot lauer 16 Plot of Salinity ot louer 15

Horizontal Velocity

Plot of Velosityx at lager 2 Plot of velocitu.x at layer & Plot of velositu.x at Layer 15

The maximum and minimum humidity values are considerably larger than in the U, =
results.

The differences in velocity and pressure are a bit larger, at about 1072 and 10~ respec-
tively. This is still a very small difference but it does show that the wind velocity has a fairly
large influence on this difference, with a fourfold increase in wind velocity increasing these
differences by a factor 10.
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Wind velocity U, = 8

Table 5.6: Some plots of the difference between the solution with the vapor model turned on
and the solution with it turned off.

Temperature

Plot of Temperature . Laer 14 Plot of Teperature ot Lar 15 Plot of Tesgerature ot lawer 16

Salinity /Humidity

Plot of Salinity at layer 14 Plot of Salinity at lauer 15

Horizontal Velocity

Plot of velooitux at Lauer 2 Plot of velocitu.x at layer & Plot of velositux at Layer 15

Pressure

Plot of Pressure at layer o

The humidity distribution here changes very little compared to the U, = 4 case, and the
other differences are also very similar to that case.
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5.3.3 Effect of the wind velocity on the humidity distribution

Qualitatively speaking, the humidity distribution is roughly identical for all wind velocities.
Only the magnitude differs in these cases, so the entire distribution can be represented by the
maximum (or minimum) humidity value.

These maximum values are:

19/ ]l
0.2929
0.325
0.3736
0.38033
0.3849
0.38821
0.3907
0.39269

@OO\I@U‘#E-QOP—‘Q
S}

Plotting this, using bezier splines to make a smooth curve, results in:

maximal humidity

1 2 3

4 5 6
wind velocity (m/s)

This suggests a linear dependency on the wind velocity for the lower velocities, with the curve
flattening as it nears saturation humidity.

5.4 Discussion

The vapor distribution met expectations, with the tropic regions having higher humidity than
the polar regions. Also the dependency on wind velocity is consistent with the physical model.

The second version of the precipitation model turned out to be slightly more accurate
and reliable, and this version is recommended as the version to permanently add to THCM.
Timing both versions showed that neither one had a big impact on performance, although
the solver did not always converge.

The difference in surface salinity between the 'vapor model off’ results and the 'vapor
model on’ results is somewhat surprising. The expectation that there would be more rain on
the more northern parts of the ocean, leading to less surface salinity, was not met. This is
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probably because of the restoring condition for surface salinity. It is expected that this effect
will change when the solvers are fixed and the restoring condition can be turned off.

However, there are several other possible sources of inaccuracies that may remain even
if the problems with the solver are fixed. First of all, the initial temperature was set to a
constant instead of being dependant on the actual oceanic surface temperature. This changes
the magnitude of the evaporation.

Also, the model was configured as ’idealized’ which may result in further inaccuracies,
although these are likely to be merely quantitative changes. Finally, the homogeneous pre-
cipitation model could be inherently too inaccurate. This may be hard to change without
destroying the fresh water balance, although adding some simple dependency on atmospheric
temperature may still be possible. Also, the precipitation model could be adapted to include
precipitation over land as described in section 3.3.5, which could further increase the accuracy.

Overall, the addition of the vapor model resulted in an efficient, maintainable and well-
documented single module, which can now be used to extend the latest version of THCM.
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Appendix A

Fortran code

Al v2

1 ! 2.z version

2

3 module m_vapor

4 use mmat

5 implicit none

6 private

7 include ’usr.com’

8

Q [HEAFAFIKIKAKAKAKAKAIHIE Om JOff switch FHFFAFAFAIFLHSKAKASA
10 logical, parameter :: vapormodelon = .true. ! sect to false to disable the vapor model
11 public :: vapor.model_on

12

13 [FFFFFFF physical constants and other parameters *¥¥**¥*

14 integer, parameter :: QQ=SS ! wuse salinity in atmosphere to represent the humidity
15

16 real, parameter :: kappax = 1.0e6 ! eddy diffusivity
17 real, parameter :: delta = 1.0 ! kappa_y / kappa_z
18

19 real, parameter :: r0 = 6.4e6 ! radius of Earth
20 real, parameter :: U0 = 0.1 ! wvelocity scale

21

22 real, parameter :: P.HV = kappax / (r0*U0)

23

24

25 real, parameter :: nu.q = 2.22222e5
26 real, parameter :: nu.S = 700.0

27 real, parameter :: mu = 1.6e-5
28
29 real, parameter :: Llv = 2.5e6 ! Latent heat of evaporation (J/kg)

30 real, parameter Rv = 461.0 ! Specific gas constant for water vapor (J/kg K)

31 real, parameter :: Ttr = 273.16 ! Temperature at the triple point (K)

32 real, parameter :: esat.tr = 6.11 ! Vapor pressure at the triple point (hPa)

33 real, parameter :: atmp = 1.0e3 ! Atmospheric pressure (hPa)

34 real, parameter :: epsmix = 0.622 ! Mizing ratio of vapor and dry air (dimensionless)
35 real, parameter :: DItT =1.0 ! Temperature scale (K)

36 real, parameter :: humsc.Q = 0.01 ! Humidity scale (kg/kg)

37

38

39 ! scaling factor for f: \tilde{f} = ftilde_factor * f
40 real,parameter :: ftilde_factor = epsmix * esat_tr * DItT / (atm-p * humsc_Q)
41 ! coefficients for the polynomial approzimation for f2

42 real, dimension(7), parameter :: ai = (/ 6.11176750 , &

43 0.443986062 , &

44 0.143053301e-1, &

45 0.265027242e-3, &

46 0.302246994e-5, &

a7 0.203886313e-7, &

48 0.638780966e-10 /)

49

BO ¥ RFHAAAAAKIAAAANK riyte pariables FHFKFFKFA AR

51 real :: ocean.area

52 real, dimension(n,m) :: eps.q, eps.T

53 integer ::  P_rownr ! Row number of precipitation row

54 integer :: P.rsize, P_csize ! # of nonzero row/column coefficients for precipitation
55 real, dimension(2*n*m+1) :: P_colc , P_rowc ! Coefficients for precipitation row/column
56 integer, dimension(2#n*m+1) :: P_col.i, P.row.j ! Indices for precipitation row/column

57

58 [FHFFAAKIIAAN public functions € parameters

59 public :: vapor.add-coeff, vapor_insert_precipitation._row, P_rownr

61 contains

37



101

105

133

138

149
150
151

!

! Subroutin

This func
Paramete
un: the current solution vector

wpor_add_coeff

APPENDIX A. FORTRAN CODE

ion adds the local coefficients to the A matrixz

-- This parameter is currently not used, but is passed to the

calc_epsilon_qT method, so the T_0 dependence can be made more accurate

subroutine vapor._add.coeff (un)
implicit none
! -- Function parameters

real,

intent(in), dimension(ndim) :: un

! - External functions
integer :: find.row2

! -- Local variables

integer :: i, j, k, tempi

real

tempr

logical :: flag

real,
real,

! Chec

write (*,*)

dimension(n,m,l,np) 1rotxx, tyy
dimension(n,m,np) :: gxx, qyy

if the vapor model is on, and if there is actually an atmospheric layer at all
if (vapor.model on /= .true. .or. 1la /= 1) return
’vapor> Vapor model is on, adding coefficients’

! -~ Initialize variables used here and in vapor-insert_precipitation_row

! Calculate total area of the ocean
ocean.area = 0.0
do i=1,n
do j=1,m
if (landm(i,j,1) == OCEAN) ocean.area = ocean.area + cell_area(i,j)
enddo

enddo

! Calculate the epsilon_q and epsilon_T co

call calc_epsilon_qT(un)

—————— stencil -----------
under self above

12 15 18 369 21 24 27
11 14 17 258 20 28 26
10 13 16 147 19 22 25

! -- Add eddy-diffusive terms
call tderiv(3,txx)
call tderiv(4,tyy)

qxx =
aQy =

ALC:,:

txx(:,:,1,:)
tyy(:,:,1,0)

,1+1,:,0Q,QQ) = PHV * (gxx + delta * qyy)

! -- Add boundary conditions
! Left boundary
,1+1,5,Q0Q,QQ) = A1(1,:,1+1,5,QQ,QQ) + A1(1,:,1+1,2,QQ,QQ)

A1(1,:
A1(1,:

,1+1,2,QQ,QQ) = 0

! Right boundary
,1+1,5,0Q,QQ) = Al(n,:,1+1,5,QQ,QQ) + Al(n,:,1+1,8,QQ,QQ)

Al(n,:
Al(n,:

o

,1+1,8,QQ,Q0) =

! Top boundary

AL(:,1
AL(:,1,1+1,4,Q0,0Q)

,1+1,5,QQ,Q0)

0

! Bottom boundary

A1(:,m,1+1,5,0Q,QQ)
Al(:,m,1+1,6,0Q,QQ)

0

! -- Add evaporation term
do i=1,n
do j=1,m

!

if (landm(i,j,1)

Only add coefficients on ocean cells
OCEAN) then
! Influence of evaporation on the humidity

A1(i,3,1+1,5,QQ,QQ) = A1(i,j,1+1,5,QQ,0Q)

icients

A1(:,1,1+1,5,0Q,QQ) + Al(:,1,1+1,4,QQ,QQ)

A1(:,m,1+1,5,0Q,QQ) + Al(:,m,1+1,6,QQ,QQ)

- nugq * epsq(i,3)

! Humidity influenced by ocean temperature, one layer lower (pt 14 in stencil)
AL(i,j,1+1,14,QQ,TT) = Al(i,j,1+1,14,QQ,TT) + nu.q * eps.T(i,})

! Influence of evaporation on the salinity:

! Salinity is
A1(i,j,1,23,85,QQ) = Al(i,j,1,23,S5,QQ)
! And by the ocean temperature

,j»1,5,88,TT) = A1(i,j,1,5,88,TT)

fluenced by the humidity, one layer higher (pt 23 in stencil)

- nuS * epsq(i,j)

+ nusS * eps.T(i,j)
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152
153
154
155
156
157
158
159
160
161
162
163
164

166
167

169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196

198
199

201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218

220
221

223
224
225
226
227

229

235

241

V2

! -- Construct row for precipitation, assuming \mt q=20

P_rownr = find_row2(n,m,1+1,QQ)

P.rsize = 1
do i=1,n
do j=1,m
Prowc( P.rsize) = -(cell.area(i,j)/ocean.area) * ( eps_q(i,j) - eps_q(n,m) )
Prow.j(P.rsize) = findrow2(i,j,1+1,QQ)

I Set the unused entry to 0, it will be removed by the packA function later on

if (find_row2(i,j,1+1,QQ) == P_rownr) P_rowc(P.rsize) = 0

P_rowc( P_rsize+l) = (cell.area(i,j)/ocean-area) * eps.-T(i,j)
P_row_j(Prsize+l) = find.row2(i,j,1,TT)

Prsize = P.rsize + 2
enddo
enddo
Prowc(P_rsize) = -1

P_row_j(P_rsize) = P_rownr
! - Construct column. Loop twice and in column-major order to get the array PP_rowno sorted.

! Add influence of precipitation on ocean salinity
P_csize = 1
do j=1,m
do i=1,n
! Only add for ocean cells
if (landm(i,j,1) == OCEAN) then
P_colc(P_csize) = -nu.S

P_col.i(P.csize) = find row2(i,j,1,SS)
P_csize = P.csize + 1
endif
enddo
enddo
! Add influence of precipitation on humidity
do j=1,m
do i=1,n

! Only add for ocean cells, and don’t add it for the removed humsidity grid point g-n,m
if (landm(i,j,1) == OCEAN .and. find.row2(i,j,1+1,QQ) /= P_rownr ) then

P_colc(P_csize) = -nuq

P_col.i(P.csize) = find.row2(i,j,1+1,QQ)

P_csize = P.csize + 1

endif
enddo

enddo
P.csize = P_csize - 1
! - Check if rows indices are sorted. This should be so, but row order might be changed later.
flag = .TRUE.

do i=1,P_csize-1
if(P-col-i(i) > P.col.i(i+1)) then
flag = .FALSE.
exit ! Break loop at first unsorted entry.
endif
enddo

! Sort the indices array (and coefficients with it) if it is not sorted.
if(flag == .false.) then
write (*,*) ’vapor> Warning: Generated rows not in order, sorting to fix’

! Selection sort algorithm
do i=1,P_csize-1
k=i

do j=i+1,P_csize
if (P-col i(j) < P-colii(k)) k = j
enddo
! Swap values in both arrays
tempi = P_col.i(i)
tempr = P_colc(i)

P_col.i(i) = P_col.i(k)

P_colc(i) = P_colc(k)
P_col.i(k) = tempi
P_colc(k) = tempr
enddo
endif

end subroutine

ipitation_row

and column for the precipitation equation matriz

subroutine vapor_insert_precipitation.row
implicit none
! Local variables
integer :: ri, pci, i
integer :: coa.i_to, coa.i_from

! Check if the vapor model is on, and if there is actually an atmospheric layer at all
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242
243
244
245
246

279

281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304

APPENDIX A. FORTRAN CODE

if (P_rownr == .or. vapormodel.on /= .true. .OR. la /= 1) return

! First change rows affected by P_rownr (q-n,m) by using \sum A(z) q(z) = 0

call insert._gs.rows

pci = P_csize

! Calculate final position of the current last element in coA/jcoA.

! Fo

inserting the row and column, P_csize + P_rsize extra space is needed.

coa_i_to = begA(ndim+1)-1 + P_rsize + P_csize - (begA(P_rownr+1) - begA(P_rownr))

! Set the final begA array to this value+1 to indicate the last row will end just before this.

begA(ndim+1) = coa.i_to + 1

! Check if there is ough space, and exit inste
! If this error occurs, the coA/jcoA array s
if (coa-ito > size(coA)) then

s in assemble.

d of causing segmentation faults.

should be increased.

stop ’Fatal error in vapor.F90: Not enough space to insert precipitation row and column. Increase coA/jcoA size’

endif

jcoA(coa_i_to) = Prow_j(i)

coA(coa.ito) = P.rowc(i)
coa.ito = coa.ito - 1
enddo
coa_i_from = begA(P_rownr)-1
else

! If not inserting a ro
do while(coa-i_from >= begA(ri))

coA(coa-i-to) = coA(coa-i_from)
jcoA(coai_to) = jcoA(coa_i_from)
coa_i_to = coa.i_to -1
coa_i_from = coa_i_from - 1
enddo
endif
! Check if a column e

I A simple == che
if(pci > 0) then ! Don'l ac
if (P_col.i(pci) == ri) then
jcoA(coa_i_to) = P_rownr

coA(coa.i_to) = P_colc(pci)
coa.i_to = coa-i_to - 1
pci =pci -1
endif
endif

begA(ri) = coa_ito + 1
enddo

! Extra check to see if all the space was used.
if(coa-i_to /= 0) then

just copy the original row

write(*,*) ’vapor> Error: inserting row and column failed: to-pointer = ’,coa.i_to,’/= 0’

stop
endif

end subroutine

! Subrouti qs-rows

! This function replaces all dependencies on g-n,m by a small row according to \sum A(z) q(z) = 0

subroutine insert._gs._rows
implicit none
! External functions
integer :: find row2
! Local variables
integer :: i, j, ci, cj, ims, colj, sh

! The shift needed for each row
sh=n*m-2

do i=1,ndim !/ For each row

do j=beghA(i),begA(i+1)-1 ! For cach entry in the row

! If there is a non-zero dependency on P_rownr
if(jcoA(j) == P_rownr .and. i /= P_rownr .and.

! Shift all successive entries to the right
do cj=begA(ndim+1)-1,j+1,-1

coA(cj+sh) = coA(cj)

jcoA(cj+sh) = jcoA(cj)
enddo

do ci=i+1,ndim+1

abs(coA(j)) > le-14) then



A.l

332
333

341

353

371

375
376
377
378
379

381
382
383
384
385

387

409

V2

begA(ci) = begA(ci)+sh
enddo
! Replace the single coefficient by a small row
ins = 0
do ci=1,n
do cj=1,m

colj=find_row2(ci,cj,1+1,QQ)
if(colj .ne. P_rownr) then

coA(j+ins) = -(cell.area(ci,cj)/cell_area(n,m)) * coA(j) /-- nuloplossing

jcoA(j+ins) = colj
ins = ins+1
endif
enddo
enddo

if (ins /= sh+1) stop ’vapor.F90 error: insert_gs.rows: sh+l .ne. ins’/ Fuxtra check.

! Break the ”j” loop: there can be only one such entry in each row
exit
endif ! If found en
enddo ! For all ent
enddo ! For all rows.

Y
es in row

I Extra check. If this fires there are things already overwritten.

if (begA(ndim+1) > size(coA)) stop ’vapor> Not enough space to insert q rows.

! Remove double entries by sort+merge

call sort.rows-A

call merge._doubles_A
end subroutine
! Subroutin sort-rows-A
! N

! This function sorts the entries in each row by their column number

subroutine sort_rows_A
implicit none
integer :: i, j, k, cm, tempi
real :: tempr

do i=1,ndim ! For e
! Sort row: selection sort
do j=begA(i),begA(i+1)-1

cm = j

do k=j+1,begh(i+1)-1
if (jcoA(k) < jcoA(em)) cm = k

enddo
tempi = jcoA(j)
tempr = coA(j)
jcoA(j) = jcoA(cm)
coA(j) = coA(cm)
jcoA(cm) = tempi
coA(ecm) = tempr
enddo

enddo

end subroutine

! S
!
! This function merges column
!if a row contains multiple ent
subroutine merge_doubles_A
implicit none
integer :: «cf, ct, i, j, lc, cc
real :: tr

broutine: merge_doubles_A

s by adding them
for the same column

cf =1 ! next entry to read
ct = 0 ! last position written
cc =0 ! cleared count

! For each row
do i=1,ndim
1c = -1 !/ Clear last column #
do cf=cf,begA(i+1)-1 ! For all entries in this row
j=cf
! Current column # is equal to the last, add them.
if(jcoA(j) > 0 .and. jcoA(j) == 1lc) then

coA(ct) = coA(ct) + coA(j)
cc = cc+l

else ! Not equal, just copy
ct = ct+l

coA(ct) = coA(j)

jcoA(ct) = jcoA(j)

endif

lc = jcoA(j)

enddo

Increase coA/jcoA size’
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422
423
424
425
426
427
428

429 !

430
431
432
433
434
435
436
437

439
440

442
443
444
445
446

447 !

448
449
450
451
452
453

455
456

458
459

461

500
501
502
503
504
505
506

beghA(i+1l) = ct + 1
enddo

write(*,*) ’vapor> Cleared ’,cc,’ doubles’
end subroutine

! Fur
/

APPENDIX A. FORTRAN CODE

! This function calculates the area of the cell for grid point (i,j) on a sphere with r=1

real function cell_area(i,j)
implicit none
! Parameters
integer, intent(in) :: 1i,j
! Local variables
real :: latmin, latmax, ht

latmin = ymin + (j-1) * (ymax-ymin)/m
latmax = ymin + j * (ymax-ymin)/m
ht = (sin(latmax)-sin(latmin))

! Lattitude of the top of the cell
! Height of the cell.

! Lattitude of the bottom of the cell

! The slice of height ht has area 2 pi ht, multiply by % used in longtitude for area

cell area = 2 * pi * ht * ((xmax-xmin)/(2+%pi))/n
end function

! Function: f1, f2

are the two alternatives for the
real function £1(T0)

implicit none

real, intent(in) :: TO

£1 = L1lv/(Rv*(TO*%2))*exp ((L1v/Rv)*((1/Ttr)-(1/T0)))
end function

real function £2(T0)

implicit none

real, intent(in) :: TO

integer :: n

real 1 tot

tot = 0.0

do n=2,7

tot = tot + (ai(n)/ai(1))*(n-1)*((TO-Ttr)**(n-2))
enddo

£2 = tot

end function

: ftilde

! Function
/

!'\tilde{f} function used in calc_epsilon_qT, change choice of f1/f2 here
real function ftilde(TO)

implicit none

real :: TO

ftilde = ftilde_factor * £2(T0)
end function

: calc_epsilon_qT

! Parameters:
! wun: the current solution vector.
subroutine calc_epsilon_qT(un)

implicit none

! Parameters

real, intent(in), dimension(ndim) :: wun

! External functions
integer :: find.row2
! Local variables
real, dimension(n,m) TO, Ua
integer :: 1i,j
TO = Ttr + 15 ! This should eventually be changed to depend on un
Ua = 2 ! Scalar wind velocity, should be changed to depend on measurements or better estimates
Ua = Ua/U0 ! Ua tilde
do i=1,n
do j=1,m
eps_q(i,j) = mu * Ua(i,j)
eps_T(i,j) = eps_q(i,j) * ftilde(TO(i,j))
enddo
enddo

end subroutine

end module m_vapor
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Code not shown is identical to the previous listing.

1
2
3

62

7

159

230

236
246
247

331

345

351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367

447

RN

! 3.z versior
module m_vapor
éontains
subroutine vapor_add_coeff (un)
P_rowc( P.rsize) = -(cell.area(i,j)/ocean.area) * eps_q(i,j)
end subroutine
subroutine vapor.insert_precipitation.row

call merge_cells(next_to_P_rownr ,P_rownr)

end subroutine

! Subroutine: merge_cells
- .
! This function me
subroutine merge,cells(cell,to,cellgfrom)

integer cell_to,cell_from,i,j,k, n,sh, toi, br, er

ges 2 grid cells by manipulating the matric

logical flag
! columns: merge and divide by 2
do i=1,ndim
do j=begA(i),begA(i+1)-1
if(jcoA(j) .eq. cell_ from) then ! already an entry for cell_to ?
flag=.false.
do k=begA(i),begA(i+1)-1
if(jcoA(k) .eq. cell_to) then
coA(k)=coA(k)+coA(j) ! ... then merge
coA(j)=0; jcoA(j)=0
flag=.true.
exit!/ break k looy
endif
enddo
if (.not. flag) jcoa(jd=cell_to !/ ... else replace column # to create one
exit ! break j loop, next 1
endif
enddo

! divide entries by 2, cell_from = (cell_-to+cell_from)/2
do j=begA(i),begA(i+1)-1
if (jcoA(j) .eq. cell_to) coA(j)=coA(j)/2
enddo
enddo

sh = begA(cell_from+1)-begA(cell_from)

br = beghA(cell_to+1)

er = begA(ndim+1)-1

coA( br+sh:er+sh) = coA(br:er) ! shift
jcoA(br+sh:er+sh) = jcoA(br:er)

toi=begA(cell_to+l) ! start of new space in cell_-to, clear
coA(toi:toi+sh-1) = 0
jcoA(toi:toi+sh-1) = 0

begA(cell_ to+1:ndim+1) = begA(cell_to+l:ndim+1) + sh
do i=begA(cell from),begA(cell from+1)-1

flag=.false.
do j=begA(cell_to),begA(cell_to+1)-1

if(jcoA(i) .eq. jcoA(j)) then
flag=.true.
coA(j)=coA(j)+coA(i)
exit

endif

enddo

if(.not. flag) then
jcoA(toi)=jcoA(i)
coA(toi) =coA(i)
toi=toi+l

endif

enddo

coA(begA(cell_from) :begA(cell from+1)-1)=0
jcoA(begA(cell_from) :begA(cell from+1)-1)=0
end subroutine

end module m_vapor
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Appendix B

Ruby Code

B.1 Visualization Tool

%wlgnuplot matrix scanf tk].each{|f| require f}

UU,VV,WW,PP,TT,SS = *1..6
Var_names = %w[. Velocity_x Velocity_y Velocity_z Pressure Temperature Salinity]

def read_data(file)
data = Array.new(7)
n,m,1,la,nun = *[]
File.open(file,"r") {If|
n,m,1,la,nun = f.scanf ("%d"*5)
f.gets # clear newline
nun.times{
s=f.gets
v = s.to_1i # what variable
puts Var_names[v] # should be each of the Var_names in order
datalv] = []
(1+la) .times{lk|
layer = []
m.times{
layer << (0...n).map{ f.gets.to_f }

datal[v] << layer

}
}
[data,n,m, (1+1a)]
end

solution,n,m,tl = read_data(ARGV[O]||"fort.1415")
if ARGV[1]
solution2, = read_data(ARGV[1])
for x in (1..6) ; for i in (0...n) ; for j in (0...m) ; for k in (0...tl)
solution[x] [k][j][i] -= solution2[x] [k][j][i]
end;end;end;end
end

# build gui
root = TkRoot.new() { title "THCM Visualisation Tool" }

right = TkFrame.new(root).pack("side"=>"right",’fill’=>’y’,’expand’=>true)
left = TkFrame.new(root).pack("side"=>"left","fill"=>"both",’expand’=>true)

x_rot_slider = TkScale.new(left) {
from 0; to 180; set 70
}.pack(’side’=>’right’,’fill’=>’y’,’expand’=>true)

TkLabel.new(right){text ’Layer’ }.pack
layer = TkSpinbox.new(right){ from 0; to tl-1; set tl-1}.pack
TkLabel.new(right){text ’Data’ }.pack
varsel = TkListbox.new(right){
(1..6).each{|il insert :end, Var_names[i] }
}.pack()

canvas = TkCanvas.new(left){
width 700; height 600
}.pack(’£ill’=>’both’,’side’=>’top’,’expand’=>true)

z_rot_slider = TkScale.new(left) {
orient ’horizontal’; from O; to 360; set 145
}.pack(’£ill’=>’x’)
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# plot function
plot_function = proc {|*options|
plv = (varsel.curselection[0]|[(SS-1))+1
Gnuplot.open do |gpl
Gnuplot: :SPlot.new( gp ) do Iplotl
plot.term ’gif’
plot.out ’\’tmp.gif\’’

plot.title
plot.xrange "[0:#{n-1}]"
plot.yrange "[0:#{m-1}]"
plot.xlabel "x"
plot.ylabel "y"

plot.hidden3d

if options[0] # contour plot
plot.nosurface
plot.view ’0,0,1.2°

else

"Plot of #{Var_names[plv]} at layer #{layer.getl}"

plot.view "#{x_rot_slider.getl},#{z_rot_slider.get},1.15"

end
plot.contour ’base’

plot.cntrparam ’levels 8’

plot.data << Gnuplot::DataSet.new(Matrix[*solution[plv] [layer.get.to_il]) do ldsl

ds.with = "lines"
ds.notitle
end

end

end

TkcImage.new(canvas, 350, 300,’image’ => TkPhotoImage.new(’file’ => ’tmp.gif’))

# more gui building
button = TkButton.new(right) {

text "3D Plot"

command proc{ plot_function.call }
}.pack

button = TkButton.new(right) {

text "Contour Plot"

command proc{ plot_function.call(1) }
}.pack

dturn = 15

root.bind (’Key-Down’
root.bind(’Key-Up’
root.bind ("Key-Left’
root.bind (’Key-Right’
root.bind(’a’)
root.bind(’z’)
root.bind(’c’)
root.bind (’Return’)
plot_function.call

Tk.mainloop

) { x_rot_slider.set x_rot_slider.get+dturn;
) { x_rot_slider.set x_rot_slider.get-dturn;
) { z_rot_slider.set z_rot_slider.get-dturn;
) { z_rot_slider.set z_rot_slider.get+dturn;

{ layer.set [tl-1,layer.get.to_i+1].min
{ layer.set [0 ,layer.get.to_i-1].max
{ plot_function.call(l) }

{ plot_function.call }

H

plot_function.
plot_function.
plot_function.
plot_function.
plot_function.
plot_function.

call
call
call
call
call
call

B ]
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