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ABSTRACT

Two techniques are described for incremental plotter display
of isopleths, starting from a regular array of function values.
The first is a direct approach, in which a single isopleth is
tracked through a grid from start to finish. The second,
indirect technique, scans an entire grid array of function
values, inversely interpolating all isopleth intersections with
a fine mesh, and then arranges these intersections contiguously.
In both methods maxima and minima points are determined by
quadratic interpolation methods, also attempts are made to
minimise actual plotter operating time. ’

The indirect method is logically simpler from the programming
aspect, and enables exact determination of isopleth locations.
The direct method, however, does not require the use of
secondary storage on a CDC 3500 computer, and consequently its
execution time is shorter.

Techniques for representation of fluid flow are described.
A streamline method starting from basic flow component analyses
is discussed. Each streamline is tracked through the grid
in incremental steps, the size of which depends on an estimate
of the streamline curvature. Singularities are explicitly
determined by finding zeros in the field of total wind speed.

1. INTRODUCTION

The operational use of computers in meteorology involves the development of refined
graphic display techniques required for the fast and accurate presentation of information,
usually in the form of a two dimensional isopleth display of meteorological variables.

Present day computer graphic equipment is mostly confined to electromechanical
cathode ray tube (C.R.T.) photographic systems, Electromechanical plotters may be broadly
sub-divided into incremental and analogue machines, although hardware interfaces are available
to make input prepared for one type acceptable to the other (Talley, 1967). The incremental
plotter has been favored by some national weather centres chiefly because of its low cost,
accuracy and reliability. Chart production is usually made on pre-printed stationery but
ultimate production speeds from such machines are limited by the movement times for critical
mechanical parts, for example, the time taken to lower the plotter pen to the writing surface.
on the other hand the C.R.T. based plotting systems, although much more expensive, mostly do not
require pre-printed stationery and are capable of very high reproduction rates.

: ~ In a centralised meteorological computing centre, such as the World Weather Watch
Centre, Melbourne, the graphic production rate will be very high, and it appears that C.R.T.
plotting systems could be an effective answer to the problem of displaying graphic results in an
acceptable time. However, the use of multiple incremental plotters can go a very long way
towards providing the required graphic speeds, and this could provide a solution during the
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first stages of computer application.

The principal type of graphic display encountered in meteorological operations is
a two dimensional chart showing isopleths of some parameter; however, other forms of display are
often required, for example, a direct representation of fluid flow.

This paper treats two main methods of preparation of two dimensional isopleth
display with an incremental plotter, and considers various features concerned with optimising
both computer time and plotting time. The separation of these two factors is made since many
plotting systems may be "off-line" to the main computer and the plotting device control unit
usually has facilities which only require it to be serviced relatively infrequently by the main
computer.

It should be noted that some advanced C.R.T. based plotting systems have input
comparable with that required for the incremental electromechanical plotters and thus the
methods given here may also be considered in relation to C.R.T. graphic devices.

This paper also deals with techniques of direct representation of fluid flow, in
particular, streamlines and flow vector diagrams.

2. THE INITIAL DATA

The basic requirement in using an incremental plotter for isopleth drawing is to
determine a string of adjacent points along the length of all isopleths one wishes to trace.
Once these points have been found at a suitable resolution, a standard utility computer program
or other device enables the plotting pen to be directed over the chart surface tracing out the
isopleth and indicating the field value. In meteorology, as in many other applications, the
initial data, representing the field which is to be displayed in isopleth form, is given at
irregular locations over a map surface, and a convenient preliminary to all plotting operations is
the preparation of a consistent set of equidistant data. Methods of obtaining such data have
been described by Maine (1966) and Maine and Gauntlett (1967).

It is assumed therefore that the initial data of the field is provided at equidistant
points (grid value field) over a rectangular lattice of points covering the area for which
isopleths are required. Two basic techniques of determining a sequence of points on the
isopleths are given below; one is a direct approach and the other more indirect. However,
before describing these it is convenient to discuss the methods of direct interpolation from grid
point data and of relative maxima and minima determination, as these procedures are common to the
techniques described later.

3. INTERPOLATION

During the production of isopleths it is usually necessary to interpolate at points

or inverse-interpolate between the grid point data. If the grid resolution is high then linear
interpolation may be sufficient, but then the process of producing the regularly spaced data
itself may be very time-consuming. On the other hand if the grid point data is coarse, then

highly "accurate" polynomial interpolations may be made, but these may not be realistic and could

.violate physical laws governing the space distribution of the grid variable. In practice a

compromise is made and it is assumed that the grid spacing is sufficient to resolve all scales
of variation of physical concern, and a quadratic type interpolation formula is used for
interpolating at locations other than grid points.

The choice of the interpolation method for evaluating function values between grid
points should also be consistent with physical reality and the method of generating the grid point
values during the "analysis' process. For example, if it is appropriate to generate grid point
values of a function by a quadratic surface fitting procedure, it would be inconsistent to
interpolate the function between grid points using a linear scheme.

The one dimensional interpolation scheme chosen here is a Bessel type five point
second order interpolation formula
f(xO +Dy) = fO + Dx(f1 - fo) + DX(DX - D - fO -+ fz)/4....:(1).
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Fig. 1 Logic of direct approach to isopleth determination.
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In (1) the values £ and f are given at points X, +nd and X, -nd where n takes
values -1, 0, 1, 2 and d is the grid distance. D, is the fracgional grid gistance of the point
of interpolation from X, . This formula is reasonébly consistent with the distance weighting
function used in analysis of meteorological variables (see e.g. Maine and Gauntlett, 1967), and
the worst residual interpolation errors are removed to the middle of the grid interval
(see Berezin and Zhidkov, 1965).

Isopleth drawing may require inverse interpolation; that is, given all function

values in (1), the,value of DX is required. This is simply solved by application of the
formula
Dy =P 2 /P2 4+ Q i, (2)

Where P = 0.5 - Z(f1 —fO)/(f_l-fO-f1 + f2)

and Q = 4(f(X+DX) - £0)/(£_-f-f, + £,).

If P2 + Q is negative then the value f(X-D ) cannot be interpolated between
function values. X

The method of extending the formula (1) to two dimensional interpolations is to
interpolate firstly in the X coordinate direction at the X fractional distance on the four grid
lines straddling the point of interpolation, to give four intermediate interpolated values.
These four. values oriented in the y coordinate direction are then interpolated on at the y
fractional distance to obtain the final interpolated function value.

4. DETERMINATION OF MAXIMA AND MINIMA

A straightforward determination of all relative maxima and minima from the grid
point analysis may in some applications produce a large number of irrelevant features. This
may be avoided by a proper initial decision as to scale size and intensity of the features
required for consideration. In the technique used here intensity threshold values are set as
parameters and these may be varied from one application to another. It is also necessary to
decide how minimax (saddle) type and absolutely flat areas will be handled. In meteorological
applications it is common to choose that a minimum feature scale size of about two grid units
radius should be indicated and that threshold intensities for maxima may be set lower than for
minima.

The determination of a maximum or minimum feature is then carried out in the
following manner. The gradients between each inner grid point and the surrounding four grid
points two grid units away are inspected to see whether they are all of one sign. If this is
so the four diagonally situated points v2d away are also examined for similar conformity; if not
the point is discarded from consideration as a feature location. At each accepted point for a
particular feature type the intensity of the feature is checked as follows. The linearly
interpolated values of the function at all intersection points of a circle, centred at the
selected point and with radius two grid units, with the grid coordinate lines are found and
averaged. This value is then compared with the selected grid point value and if the difference
is large enough the point is accepted as a first approximation to the location of a significant
feature. A finer mesh of points is then imagined around the first approximation feature
position, having mesh length about one tenth of the coarse grid length. Interpolations using"
formula ()are then made at all fine mesh points less than one coarse grid length away. The
mesh location having the lowest or highest (as appropriate) value in this domain is selected as
the real feature location, and the interpolated function value is taken as the real maximum or
minimum.

5. DIRECT APPROACH TO ISOPLETH DETERMINATION

The concept in this technique is to locate an end to each open isopleth and to

search for and track each line through the grid until it terminates on a boundary. Starting
from maxima and minima locations, a search is then carried outward until all closed isopleths have
also been found and traced out. °~ A broad logic chart of the approach is shown in Fig 1.

In detail a full boundary of the grid is scanned and the locations of all desired
isopleths found by inverse interpolation. The desired isopleths may be characteristic of the
particular application field and not spaced regularly, in which case their values are placed in
a table for ease of reference. However, in most meteorological applications it is usually
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y
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T _ _.

DETERMINE COORDINATES OF INTERSECTION OF CONTOURS WITH FINE
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v
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y
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Fig. 2 , Logic of indirect approach to isopleth determination.
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sufficient to take the lowest relative minimum feature value, round this to a suitable base

value, and find all isopleths whose value equals the base value plus a multiple of the desired
isopleth spacing. )

When an isopleth end is located, interpolations are made at a fraction (about 1/10)
of the coarse grid dimension left, rlght, and into the grid. A move to the point whose function
value is closest to the isopleth value is then carried out and following this more interpolations
are made forward, left and right of this move. The isopleth is thus successively traced out
until it terminates on a grid boundary. As the open isopleth crosses each coarse grid row the
location of this intersection is kept in a table for reference in drawing the closed contours, -
also a table of starts and ends of open contours is kept. Special checks are carried out with
each move and these include a boundary test, and procedures for breaking ties in the selection of
nearest mesh point to the isopleth.

Closed contours are determined by scanning outwards from a coarse grid point which
is the first approximation to the feature location, until an isopleth value is located. This
isopleth is then tracked until it returns to its starting point and the scanning search for new
isopleths is renewed until an open isopleth crossing of the coarse grid line is encountered.

The existence of further closed contours enclosing the actual feature location is determined
by inverse interpolation between function values located on the coarse grid lines either side
of the real feature location. Tracking then commences from these points and plotting is
carried out if the isopleth does not encounter a boundary.

A certain amount of irregularity may occur in the determination of the isopleth
locations, since these are only determined at the resolution of the fine mesh which in a
practical situation depends on the accuracy required and may be about one tenth of a grid unit.

It is useful then to incorporate into the plotting program a numerical filter to
eliminate unwanted irregularities in the isopleth. A nine point running mean has been used
in combination with 1/10 coarse grid unit fine mesh; the choice of numerical filter, however,
is a compromise between eliminating the desired part of the spectrum of isopleth fluctuations and
of optimising the computer time, since the filtering process is carried out on every isopleth
point. It should be noted that this tracking method can handle isopleths of any length and
all calculations can be done within the core store of the computer if the coarse grid array size
is not too big, and the time penalty of accessing secondary computer storage is thus avoided.

Plotter time can become excessive in operational chart drawing and it is necessary
to minimise the amount of plotter movement in the pen-up position. In this direct tracking
approach, a part of this minimising may be carried out during the boundary scanning for open
isopleths. A table of positions of isopleth boundary intersections is kept and when an
isopleth has been plotted the isopleth treated next by the program is the one which starts from
the nearest undrawn isopleth point. When it comes to closed contours the only optimisation
included is that involved in moving to the feature location nearest to the point where the
plotter pen left off drawing the last system of closed isopleths. .

While it is an advantage to minimise plotter time, there is a need to make a
compromise between excessive use of computer time to achieve this and the other extreme, since
a goal in operational processing is to obtain a standard product in the shortest overall time.

Finally, it should be pointed out that in ‘electromechanical plotting systems
employing a retractable pen (e.g. CALCOMP 665) a relatively large amount of time is taken to
label isopleths and features. Unfortunately this is a weakness of this type of plotting system
and not much can be done about removing this problem from the program aspect, since the problem
is related to the time taken to lower the pen to the writing surface.

In summary, this technique will allow a sufficiently accurate estimate of isopleth
location to be made, depending on the size of the fine mesh subdivision of the coarse data grid.
The chief advantage of the technique is that isopleths of any length may be drawn with a fairly
high degree of plotter optimisation and without recourse to the use of secondary computer storage.
A disadvantage is the practical need to use a numerical filter to smooth the isopleths.

6. INDIRECT APPROACH TO ISOPLETH DETERMINATION

The main concept in this technique is to scan the entire coarse grid array of
function values inversely interpolating the intersections of the isopleths with a fine mesh.
These isopleth intersection points are then arranged in contiguous fashion and thé isopleths
plotted. In this method maxima and minima determination is not necessary for isopleth
determination. A logic diagram of the technique is given in Fig 2.
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In detail, the coarse grid is first scanned,a grid square at a time, first in one
coordinate direction and then in the other, interpolating the intersections of the isopleths with
the fine mesh. The scanning resolution in both coordinate directions is adjustable and a
practically acceptable result has been achieved using a scan step size of 1/5 of the coarse grid.
The isopleth positions are placéd into core storage areas (buffers) associated with each isopleth
function value and it is apparent that limits are necessary on both the number of possible
isopleths and on the number of points in the isopleth buffer. In practice it is usual to use
for the buffer areas all core store remaining after the program has been accommodated.

When an isopleth buffer has been filled, its contents are copied out onto secondary

storage for later retrieval. It is usual to try to arrange the isopleth buffer size to be -
sufficient to accommodate the average maximum length of an isopleth so that relatively few accesses
to.secondary store are made. Since strings of positions of the isopleth intersections with

the fine mesh become ordered by one of the coordinate values they are thus partially sorted.
This effect may be put to good advantage if the isopleths are on the average oriented parallel
to one of the coordinates, for then the scanning process can be arranged to maximise the length
of partially ofdetred strings of points, and this results in economies later.

When the entire grid has been scanned, the contents isopleth point buffers are all
finally copied out onto secondary store. From secondary store all blocks of points having the
same isopleth value are extracted and copied back into core store as one continuous set into
the area previously used as point buffers.

The next step is to scrt this group of points into order on one of the coordinate
values and since there are already partially ordered groups of points present this has a bearing
on the sorting method. Since the string of points to be sorted is accommodated only once in
core store and is partly sequenced, an 'insert and shift'" type of sorting procedure is used, in
which a binary search of the sequenced portion of the point buffer is made to determine an
insertion point.

Once the points have been sorted into, say, ascending j sequence (j being a
coordinate value) it is necessary to step from point_to point "joining', that is,determining
whether any one of the remaining points is within /f'times the fine mesh distance (d) away from
the last point found on the isopleth. If one is found then the positions of the points are
suitably re-arranged .in the buffer. If one is not found then the end of a plotter segment
is considered to have been found and the.address in the buffer is entered in a table of starts
and ends of the isopleth plotter segments. A look-ahead parameter n is set so as to detect the
presence of up to three points within /2d from the last point "joined", i.e. n = 3. If this
value is set high, the time penalty for checking extra points increases greatly; if it is set too
low, points may be omitted from the "joined" string, resulting in plotting complications.
Finally, the isopleths are plotted using this reference table by moving to the segment start or

end nearest the current pen position and working backwards or forwards through the associated part
of the point buffer.’

. In summary, therefore, the method possesses advantages from the relative logical
simplitity of programming aspects, and because the exact isopleth locations may be found.
A disadvantage is the need to access secondary computer storage, although gains may be made by
relating the scan direction to isopleth characteristics, e.g. in upper tropospheric analyses,
time can be saved on scanning in a meridional direction.

7. APPLICATION OF THE ISOPLETH TECHNIQUES ’

Fig. 3 shows a typical mean sea level isobaric surface analysis and Fig. 4 is a
200 mb constant pressure surface analysis. From the point of view of isopleth determination
these two charts are considered to be fairly representative of the range of graphic requirements
in meteorological operations. The mean sea level chart has characteristically many closed
isopleths and the isopleths do not have a persistent tendency to run across the chart. On the
other hand the 200 mb isopleth display usually has a large number of isopleths with a persistent
tendency to be oriented in an east-west direction and therefore, in using the indirect approach,
points are sorted on the east-west coordinate value and the scan direction is north-south.

Both isopleth finding techniques were used in drawing Figs. 3 and 4 and output of
both was adjusted by modification of parameters so that there was no practically detectable
difference between the charts drawn by either technique, and on this basis the results in
Table 1 were computed. The fine grid unit was ten per coarse gridunit for the direct approach
and nine point smoothing was used. In the indirect approach five fine grid units were
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equivalent to one coarse grid unit, no smoothing was used and 300 point isopleth core buffers
were employed.

Table 1.  Computer execution time (CDC 3600 FORTRAN) for
typical mean sea level and 200 mb charts using the direct and
indirect approaches to isopleth finding. Actual plotting
performed off line to the computer.

Direct Indirect
Chart Method Me thod
M.S.L. (isobars and .
labelling) 1.1 (mins) 2.7
200 mb (contours, 1.7 2.4
isotachs, labelling) : .

It is evident that the direct approach is superior to the indirect approach in this
implementation of the methods; however, with the simpler charts (200 mb) the difference is less
marked. One of the main reasons for the large difference between the methods is the need to
use secondary store in the indirect approach. Simply allowing one buffer of about average
isopleth length for each isopleth resulted in much waste of high speed store and led to the need
to use secondary store. This may be avoided by allocating smaller blocks of available core
store to each isopleth as needed instead of initially allowing large blocks. This avoidance of
waste  space with short contours then allows the longer contours to be contained wholly within
high speed store. This method has not been programmed as yet but is expected to reduce the
speed difference between the two methods significantly.

8. DIRECT FLUID FLOW REPRESENTATION

The two techniques used mostly for direct fluid flow representation are flow vectors
at grid points and streamlines. An example of the first approach is given in Fig. 5 and this
was computed by simply drawing vectors proportional to the speed of the fluid at each grid point
in the coarse grid. The flow vector is derived from a pair of basic fields produced by
"analysing'' two orthogonal components. of the fluid flow. For example, the bases for the
production in Fig. S are the east-west and north-south wind components "analysed" separately
from the original observed data over a coarse grid field. Although this type of representation
may appear satisfactory for some purposes, it is unfortunate that with electromechanical
incremental plotters the time taken for the large number of pen-down moves makes the plotter time
for this type of production excessively long. Fig. 5 took approximately 15 minutes of
.CALCOMP 565 plotter time. However, a C.R.T. based incremental plotting system would be
expected to reduce this time considerably.

An alternative approach is to produce streamlines from the basic flow component
analyses. A brief outline of such a method is given by Maine (1966) and independently by
Belmont, Engberg and Sten (1966) for tropical analysis, and the technique described below is a
refinement of these. A broad flow chart of the logic required is given in Fig. 6 and
essentially the method consists of first projecting an incremental distance in the direction of
the flow from a given point B with the component speeds at the starting point. A revised
estimate of representative component speeds is then made and a final corrected step is carried out.
Step length is then varied according to curvature estimates and the entire streamline is tracked
out in rather similar fashion to the direct approach- to isopleth determination.

Singular points in a wind field are, by definition, points of zero wind speed.
In practice, such points were located by computing the field of total wind speed, determining
minima to a specified resolution, and selecting those sufficiently close to zero. The nature
of the singularity, whether cyclonic or anticyclonic,indraft or outdraft or a col, is found by
inspecting flow components a small distance out from the singularity.






