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1 Introduction

The earliest numencal weather prediction experiments were carried out with a
medel based on the barctropic vorticity equation, which treats the atmeosphere
= a single homogenecus lmver of Huid (Charney et al. 1950) . Although vweryr
limited, this model was capable of simulating the zonal propagation of waves in
the westerlies reasonably realisticallvy. The aim of this practical is to repreduce

these experiments on the departmental computers.

You are required to write a program to integrate the barctropic worticitr equar
tion forward in time. This can be thought of as a tero dimensional extension
of practicals 5 and 6 from course MTRW]12, Some initial data are supplied,
and the aim i5 to use vour model to produce a 24 and 43 hour "forecast”" from
this initinl data. Pefore the last fridayv of this term, wou should hand in the
following ibems:

1. A brief write-up (appros. 5 pages) that includes

# A description of your medel, including the finite difference forms
of the equations and boundary conditions which vou used and wour

reasons for dhoosing those particular forms.
# An explanation of howr vou tested and calibrated vour medel.
# adescripbion and discussion of vour results.

& anv cpbional exercises vou hore atbempbed.

2. A printout of wour program ocode.

Lo

. Plots of vour 24 and 458 hour forecssts.

In assessing vour worle, we shall be loclking for o sensible choice of numerical
methed, clear and econcmical programming and accuracy of the final result.
It is not necessary to repeat all the information given on the assignment sheet
cr information that can easily be read from the program listing. Only include
a picture if vou hove something explicit to so- about it in the tect of wour
report. The msignment will be assessed cut of 50 marls o= fcdlows:

1. Numerical method [15 marks]
Description of the numerical methed and vour reasons for choosing it,
including accuracy, stability, ense of coding and any other factors you
mm hove considerad .

2. Testing and calibration [15 marks|
Heomr the medel soluticn and choice of parameters, including timestep



and diffusion coefficient, were verified. This verification should be hased
mainly on inspection of the meodel results, but will also include any sen-

sitivity tests vou meoyv hove performed.

Lo

. Results [5 marks]
Howr vour 24 and 48 hour forecasts compare with the reference scluticon.

1. FORTRAMN code [10 marks]
Organisskion and readability of vou FORTREAN code. Marls may be
lost if the program is grossly inefBicient due to a lack of understanding
of the algorithm o of the FORTRAN language.

5. Additional exercises [5 marks|
Additicoal insight bevond what is required in the preceding sections.
Dcing the suggested optional exercises mayv contribute to this mark, but
only if theyv contribute to a greater understanding of the meodel. Barls
are not given simply for extra programming or plots.

MNOTE: Full marks can be obtained by spending a total of 15 hours

on this project !

Lo



2 Equations and boundary conditions

The barctropic vorticity equation with some eddy viscosity dissipation mayr be
writben:

% + v.VE+ S =VE (1)

where £ is the relative worticity, v = (u,v)is the harizontal velecity vecter,
and 3 = 8f/Fy is the poleward gradient of the Coridis parameter. In this
mssignment, use values appropriate for 45°I7. The term on the right hand side is
an “eddy viscositv" diffusion term which must generally be includad to prevent
excessive enstrophy cascade to small scales and mrcid non-linear computational
instability. The wlocity is melatbed to a geostrophic streamfunchicn o b
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and the streamfunction is calculabed by solving the elliptic “Passon equation™
Viu=§ (L)

that relates streamfunction to relative vorticity (see section 4). For this ex-
arcise, the domain of integration is o pericdic channel in the x-direction that
crudely models a latitude band centered on L5°IT. A free-slip condition is ap-
plied ot the north and south channel walls, that is © =0, and Su/dy =0 at
the boundaries in v, This leads to the conditions on & and © illustrated below:,
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The rectangular domain can be divided into arectangular grid of paints (x;, ;)
inderced by the integers ¢ =1,2,. .., N,and j =1,2,.. .,V
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where the grid spacing A is the same in both the z— and v— directions.
Tenvatives of £ and « should be apprordmated by finite difference formulae.
You will wish to consider of the accuracy of the formulas you use, as well as
their stability properties. One way the pericdic boundary conditions in x can
be implementad is by setting:

£ = £y

Ervey = foy (6)

Where <= mean the value is assignad (nct equals)

and similarly for v £&; = Eiz;, y; ) 15 the value of relative vorticity at grid
point (i,7) (and likewise for o).

Cnoe yvour code is worldng, experiment with the time step and the eddy vis
oosity diffusivity v and note the changes to vour forecsst as vou vary them.
WWhat is the longest time step vou can safelv tale? Does it agree with the CFL
time stap?

The eddy viscosity coefficient, v should be a5 small as wou can get away with!
You will wish to experiment with suitable wmlues. As a rough guide, start by

trving values for v in the range 10%-"m>s—1.

3 Initial conditions

The initial conditions are a gridded field of 50 ::Pa gecpotential height T ..
The grid point values are stored in an arrse of 34 < 17 points, with a grid
spacing of 312 5km. The medel domain is actually 32x16 grid interwals in size
—the extra points are for the boundary conditions. The data is stored in the
file m=cll.dat, amilable from

http: //wwwr met. rd g.acule/cag fcourses ). Trpe www in vour xbarm window to
load up the web, and sme the file into vour home directory b doing a right

cliclk: on mouse and save Imk as).

An encample Fortran seript which reads in the intial file and performs scme
manipulations can be found on the website and is called medelbase 0 To
compile this script tvpe:

90 —o modelb . out modalbase £50

The fils can also be read in using the following coda:



INTEGER IX,IY

INTEGER NXC,NYC
INTEGER NX,NY
PALRAMETER (NX=34,NY=17)

REALL HT(NX,NY)
RELL DX

| FIRST THE OPEN STATEMENT ASSDCILTES THE DATA FILE
! WITH YOUR FORTRAN PROGREM .
OPEN(10 ,FILE=? HSC11 . DAT?)

READ (10,100) NEC,NYC, DX
100 FORMAT(214,E156.7)
!
| NEC, NYC PROVIDE & CHECK - THEY SHOULD LGREE
! WITH THE VALLUES OF NX, NY DEFINED IN ¥OUR PRODGRAM.
!

DO I7=1,NY

RELD (10,101) (HT{IX, 1Y), Ix=1,NK)

END DO

101 FORMAT(BE15.7)

CLOSE(10)

The streamfunchicn v can then be calculated from the geopotential height b
using the expression

g -
g =—=0 [
fa
The initial relative vorticity can then be calculated from the streamfunction
by using a finite difference approdmation of Vo =&, MNote: tale care on the
boundaries A and © with the finite differences and use subroutines to perform
these cperaticns.



4 How to solve the Poisson equation

To male life ensier for wou, we have provided vou with a subroutine that can
solve the Poisson equation for this domain. Given a field of £, it returns a fisld
of 1. The subroutine is called PSOIVE and is in the file psolve 80, awmilable
from

http: / fwewrer met. vd g acult/cag fcourses.

To use the routine include the fdlowing lines in wvour program:

REAL Z(NX,NY),PSI(NE ,NY) ,WORK(NWEK)

CAULL PSOLVE(Z,PSI,WORK,NX, NY,DX)

where IWIL= 2 ¢ (VX — 2) ¢ (NI — 1). IMote that the method requires that
the dimensions of the arrays, MY and ITY should satisf:

NX =242 NV =2" +1,X and 1 being integers.
Hence the choice of I = 34 and NY = 17 for the initial data.

# On entry, array I contains the vorticity or "source function” (right hand
side of equation 4). Ik 15 unalbered on exit.

# Array PSI contains the solution on exdt. On entry, it must contain any
feld which satishes the boundary condibions on boundarnes A and C.
Boundary conditions on PEI on boundaries B and T are set automatically
b the subroutine. Howener, initialising the array with all zercs can cause
problems, so avcid this.

& WORI is a worle array used within the subroutine.

# I is the gridlength, assumed the same in x and o
FSOLVE was writhen by Jason Lander and Sheila Bryant, based on Fast
Fourier Transform techniques. It is probably as fast as it s possible to malse

sich a FORTREANM subroutine. It must be linlted with vour program b “in-
cluding” it bv adding the following statement after the last EMND statement in

WoUr program:

INCLUDE ‘psclve.f007



If vou wish, vou can lod: at the code by opening it with emacs, or locldng at
it on the weab.

Important Mote: For PSOLVE to worlk correctly the upper and lower ed ges
of P31 must be assigned with the intial field: (PSI(1,1) and PSIIITY ) must
hawe the intial values in them for i=12,. . .nx. This is becauss inversion of the
2nd crder Laplacian requires two bound ary condibicns in order o give a unique
soluticon.

Appendices

A  Some tips on structured programming

To got vour code warldng quickly and effciently vou moy want to apply some
of the fallowing idens:

1. Do nct rush into writing FORTRAN. Plan vour program by writing cub
the finite difference equations carefully, and by preparing a How chart for
vour program. Think before vou start writing the code.

2. Structure the program into a number of smaller, self contnined tasls —ie,
setbing up initial data, talking a time step, resstting boundary conditions,
solving the FPoisson equakion, plotbing cut results, ebc. The secret of
getting the program to work quickly is to carry out each of these separate
sub-tasks in separate selfcontained subroutines which can be writben and

tested independently.

L

When vou first run a subroutine, put in plenty of wnte statements to
checl: that variables are conbaining the values wou expect. As theprogram
begins to worl:, vou can remove them. I vou do encounter an error, put
in exctra write statements to locake exactly where the problem first cocurs,
and if it is not obvicus, how it is manifested (i.e., which pass through a
loop gives the problem, which subroutine are yvou in, ebo ). Tale parbicular
care to mabch the parameters in a subroutine call with those expected
b the subroutine.

4. When you do locate o programming error, resist the temptation to cor-
rect it and run the program again immediatelyv. Satisfv vourself that
ol can se2 why the error produced the results vou obtained , and that
the correction will change things in the rnght way. The principle is5 to
understand exactly what vou program is doing and why of each stage.

5. Iake vour code a5 easily followed and neat as possible. I the code is
ensy to follew, vou male fewer mistales and it is much easier for scme-
one else to help vou. For example, indent the contents of each DO loop

3



of IF block - this males no difference to the computer but helps wou
encrmously to identify the crdering of nested logical structures.

6. Add “meaningful" comments as vou build up the code. You will be sur-
prised how difficult it can be bo follow vour own code afber a week ar twra
away from it, and it can be impossible for some-one else to understand
it without comments. All major loops should be commented, especially

when long, and if vou must use sbabement labels, the purpose of each
should be explained with a comment.

7. Use sensible and meaningful names for varables, subroutines, ebe. ou
will smre negligible time and rescurce b using single letber names instead
of longer, meaningful names, but will waste o great deal of vour own time
when vou cannct folloer wour program.

3. Mlore guidelines can be found in in "Mumerncal Recipes” b Pres ot al
(Cambrid ge University Press, 1980), pages 415, which is recommend ad
for further reading cnoe vou are happy with the basic FORTRAN lan-
gunge:

B Additional exercises

If vou are able to complete the initial forecast quickly, you might wish to
try some experiments with your model to learn mare about its properties, and
about the barctropic vordicity equation. These experiments are suggestions
only, and vou might like to think of some others:

# Enhanced diagnostics - As well as plobting the streamfunchicn or
geopotential height, you should plot the wvorticiby and see how that
evolves during the integration. MMore inberestingly, the continuous equar
ticns, in the absence of diffusion, should conserve o quantity called the
" potential vorkicit™ p, e,

D
D_]: =0 where p =& + 3y (8}

Trv plotbing this o see how well vour numerical scheme conserves p.

# Longer range runs - When vou are quibte convinoed thak vour program
is working carrectly, tor carrving cut a much longer run of your medel.
Observe particularly howr the worticity feld evolves and changes ibs char-
acker after several days. This is a classical example of what 15 sometimes
called "gecstrophic turbulence” . You will ind the long time evclution of
the vorticity feld is sensitive o the value of 3 vou prescribe.



# The butterfly effect- Add asmall loecal perturbation onto wour initial
condition and then repent the forecast. Compare this forecast writh the
criginal toses how fast the difference grows in time.

¢ Effect of crography - An extension to the modsl is to add in a term
representing the generation of wrkicil by crography:

% + vVE+ = -é v.Wh4rVE (9)
where H is the mean depth of the uniform Huid laver, f is the Coriclis
parameter and B = h(z,v) is the height of the crography. If you add
this term in, I recommend vou define a simple isclated mounbain using
some analybic function such as cos™[7r/2H|) centred in the middle of
the channel. You will run into problems unles h(z, ) = 0 on the
boundaries of the channel.

C Contour plotting using MATLAB

BIATLAPR 15 a useful tool for visualisation of data. It is particularly goed
ot displaying two dimensional fields (such == ¢ and £ in this practical) You
should be familiar with using MATLAPR from last term™ proacticals. To get
MATLATR started, frpe matlab in vour xberm windew. To finish MATTATR,
enter quit at the MATLAR prompt (it is important that vou do this when not
using MATLAPR as the university onlv has 21 licenses for the UIMIX svstem).

So that MATLAPR can read the data preduced by vour FORTHRATT code, vou
can cutput it in the following form in your FORTREAN program:

OFEN(5,FILE="ht .dat?)
DO IX=1,NX
DO I¥=1,NY
WRITE(S,+) HT{IX, IV}
ENDDO
ENDDD
CLOSE(G)

To read this data into MATLATR, at the MATLAR prompt, tvpe
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»» ht=textresad('ht .dat?,%n’)
»» ht=rashaps(ht,17,34)

These commands read the data as a string of numbers and then format the
datn inbo a matrix which can be used for plotting. The %n command is a
formatting statement that tells the command to read numbers.

Some useful plotting commands in MMatlabh are.

centour (ht,n) :Preduces a contour plot of ht with n contour lavels
contourf(ht ,n) :Produces a filled contour plot with n centour lavals
surf (ht ) :Produces a surface plet of ht

qui‘;rarl:u,'::l ‘Produces a plot of a vector field given cocopeonents

axis( [xoin xmax ymin ymax]) :Sets the axis limits
axiz aqual ‘Hakesz the scaling of the axes squal
titla(’Hy Basic Plot?) :kdds a title to the plot
?iawfanglal,auEIBEj :Changes the viewpoint for wviewing 3D plots

A soript file can be written so that Matlah pedorms many operations at oneoe.
To do this open a text file called plofer m and input the MMatlabh commands
o vou would do for intersctive plobting. When in Matlab tvpe pleofer at
the prompt and the script should run An ecample script which plots the
disgnostics cutput by medelbase f90 is included on the webpage.

I vou don™ want a command to dump its cutput to screen then put a ssmi-

oolon after the command.

To add more than cone figure to a page use the subplof{n, m.1) command , where
the number of plots per page is n x m and the plot 15 at position 1.

To launch a new window use figure.

To plet one fisld over ancther (ie wind contours over a height field) use the
ocommand hold on after the first plot and hold off after the sacond.

You can specify furkher opticns to the confour command , which are explained
in the cnline MATLAPR help. This can be accessed by tvping kelpdesk ot the
MATLAPE prompt. You mayv also wish to experiment with other metheds of
visualising your data, using commands such as surf.

To print the conbour plck, cliclk on *Ale’, and then "print’, and then chooss the

prinker name 3167psc.

To save the contour plot, click on *Ale’, and then "print’, and then cheocss to
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save it to a file in your home directory. It is saved in postscript format, which
can be imported into a word or latex document.

D Suggested Work Plan

It is important to crganise vour worls on the project from weel: to weel: so
that sufficient time is left to fnish all aspects of the preblem, and to make
best use of the contact time awmilable. Below is a suggested worl: plan which
shows which aspects of the practical vou should aim to finish by the end of
each wesals practical session.

Veal 1

& Open input data file and read data into code.
# Print field cut to afile in a format which can be read by MATLAR.

# Plot this feld using Miatlab.
Veesl 2
& WWrite down clearly the algorithm vou are going o use to sclve the equa-
ticns and think carefully about the numerical stabiliby of each term.

# Start to code this inte FORTRALT

# Test ench subroutine svstematically,
Meal 3

# Finish coding the medel, including adding the poisson sclver.

& Start bo investigabe the model sensitivity to different parameters.
Yeel 4

# Finish investigating the basic modsl.
# Code additional exercises (if vou have time).
# Perform experiments for additional sections.
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Weelt 5

# Finish all experiments.
# Select all figures.

& WWrite up experiment.



