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TRCPICAL NUMERICAL WEATHER PREDICTION IN HAWAIT - 1971

1. Background

Numerical weather prediction has been in existence for a number of years.
The advent of the large scale digital cemputer in the early 1950's led

to the establishment of centers on the Mainland designed to process,
analyze, prognosticate, and disseminate cperational meteorological products.
The first of these was the Joint Numerical-Weather Prediction (JNWP)} unit
established at Suitland, Maryland, in 1953. This unit has evolved through
the years into the majer production facility of the National Meteorological
Center. In 1953 this unit had one IBM 701 computer. Today, two Comtrol
Data Corporation 6600 computers are used. Since the era of the IBM 701,
computer speeds at NMC have increased by a factor of perhaps 500 times
while storage capacity has inereased 50 or more -times. Use of larger
computers is contemplated. :

Unfortunately, most of the advances in NWP have been confined to the

higher latitudes where basic relationships between the density distribution
and the wind hold reasonably well and the data network is concentrated.

The Tropics have been largely ignored, as far as NWP procedures are
concerned, however, the tropical NWP picture B not all bleak, Experiments
have been udegrtsken * ad progress made. Most of this effort had its

beginning in Hawaii..

The author (L) prepared a status report on this subject in 1967 and these
notes represent an updated revisicn of that report. The Natiomal
Meteorulogical Center (NMC) in Suitland, Maryland, is increasingly active
in the field of troplcai NWP and their coutrlbutlon to the effort will
be covered, in part, in this report.

2o The Hawaii. Cooperative NWP Effort

During 1962 in Hawaii, "alumni® of the original JUWP (Bedient and
Vederman) perceived that NWP procedures might be developed to--support

weather service aet1v1t1es in the Trup:i.cs0 At that time, they commenced

tc develcp large seale wind and’ temperature analyses for the tropical
Pacific. Objective wind field analyses from realtime data had nct been
seriously attempted prior to this time. Bedient {1) developed an analysis
system based on the successive approximation technlque (SAT) and extended
this to the formation of streamfunction values to represent the nondivergent
porticn of the wind field. These procedures will be described later.




In 1965, progress was such that local weather service agencies of the
Navy, 8ir Force and Naticonal Weather Service agreed to pocl their manpower
rescurces into a cooperative effort to produce and-distribute tropical win
and temperabure products fur the trepical Pacifie. This pooling was
required because no cone agency had the resgurces to "go it" alcne in such
a venture, Further, the products provided by this group were basic in
nature and ecould be ubilized by all agencies.

Approximately 24 persons are dirvectly involved in the Hawaii cooperative
effort. Equipment gnd facilities are provided by the U. 3. Navy at
Fleet Weather Central, Pearl Harbor. The computer system, very highly
automated, is buwilt around a two CDCG 3100 medium scale digital computers.

3. Flow of Data Through the NWP System

The fiow of data from "raw™ teletype form through automatic processing,
analysis, prognosis, owbput and operational delivery to customers is shown
in fig, 1. Let's lock abt certain parts of this system.

a. Data CGollectisn. Data are coliected awbomatically on "auto-
collectors™ or are received in binary form via a high-speed data link.
Data are in the form of conventional upper air reports, special edited
collectives or in the form of aircraft reports (AIREP). The lcecal unit
has developed special techniques to handie semi-furmatted ATREPS. The
availability of cver 2000 AIREPS per day over the Pacific has made real-
time objective Wind analyses in this region feasible. Hence, ability to
ubilize irregular ATHEP data is vital to the success of any tropical -
NWP effort., N )

A11 cobservation reparts are processed directly by the computer from
auto~=gollector tapes. Data are identified, key parameters decoded,
an ipitial error checking accomplished by a complex program calied

¥YADP" for automatic data processing.

b. Analysis, From these data SAT analyses of wind and temperature
are performed for the 700 mb., 500 mb., 400 mb., 300 mb., 250 mb., and
200 mb. pressure surfaces., Statistieal prognuses are made. Fig. 2
shows a sample of an analysis traced aubomatically by an incremental
plotter. Sueh charts sre reproduced at the National Weather Service
forecast office and ai other local weather service cffices by off-line
computer driven remote plotters connected by telephone lines or via
facsimile. Special fine mesh 850 mb. analyses are produced as well as
experimental 1000 mb. analyses.




' The Tollowing block flow diagrams describe the basic system from initial
"“input to final output:

INPUT" TELETYPE | huto | L—Paper Tape —> |  p DOEL
CIRCUITS Collector (backup if tapep
needed) D
HIGH SPEED DATA { .
LINKS from FNWC, .
MRY and FWC, . ,
Guam. ' RFMAT
Format a1l data for
i Tropical ADP next.
'TROPADP Accounting and
Edit, identify and decode Editing
ONVRTIC ~—>> ! all upper data including ——=> |Printout
MRY Data | ATREPS. Provide editing. {ATREP Bulletin
' l Output
ANWL
Read in climatology, per— PLOTREP Output
sistence ratio field for
first guess. Compute ver-
tical wind shears. Extra-—
polate AIREP winds to \
mearest standard level. . Editing and
Progress
Information
ANW2
) Using SAT analysis
1000 mb. technique, analyze u, Vv, Tossed out
Experimental & and T components at 700, = Station List.
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200 mbs. RMSE
Special fine \L
mesh 850 mb..
analysis
Fig. 1
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c. .Derived Products. Flight plans of the form shown in fig.
are produced for teletype distribution throughout the Pacific. Similarly,
"paper doll" charts of analyzed data are teletyped throughout the Pacific
Basin. A sample "paper doll" is shown in fig. 4. Many other products
are derived from basic NWP grid data.

L. Tropical Analysis

a. SAT Technique. The successive approximation technique (SAT) is
a well known method of objective analysis of a scalar value field. The
term "objective analysis" refers to the process of transforming data at
irregularly spaced points into data at points in a regularly spaced grid
by use of predetermined procedural rules. Since little or no subjectivity
enters into this system, objective techniques can be computerized. The
present version in use is a modification of the technlque due to
Cressman (5).

The SAT technique essentlally allows data to modify an initial approximate
field (called a "guess" field in the parlance of the trade) which is
usually the last available analysis or an applicable prognostic field.

In the Hawaii cooperative effort, the previous six hourly analysis
modified slightly (5%) by climatology is used. Table 1 shows the
formulae used to obtairn values in various "guess" fields. The use of
some climatology prevents unwanted "pollutlon" of values in normally
"data silent" éreas. '

The technique of’ analysis used '‘cen be d1v1ded into three steps, guess
construction, data evaluation, and adjustment. The end result of the
procedure is to produce three scalar values, u (west-east wind component),
v {south-north wind component) and temperature at 'each point of the grid.
A general flow diagram oﬁ the analy31s is shown 1n 1g. 5. 1
For purposes of guess construction, the analy51s can be divided into two
basic areas with al"blend" area between. Plrst,‘a guess is computed for
values at p01nts south of 40N 1n the folloW1ng ways ,
- (1) At'700, 300 and 200 mb. a comblnatlon of 95% of the previous
analy51s value plus ﬂ% of the c¢limatological value is computed.

(2) At the 1nterven1ng 1evels, values are computed by, applylng
shear values between the prevlously computed levels. For w1nds, 20%
of ‘the ,700-300 mb. shear is assigned up to 500 mb and 50% to the 400 mb.
level For!temperaturesl the computqtlon is made for these levels using
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the ratios of standard atmosphere thickness to interpolate between 700
and 300 mb. The thickness ratio is used also in interpolating between
200 and 300 mb. values to obtain the 250 mb. wind and temperature
guesses. These computations are summarized in Table 1.

For the points rorth of 30N, geostrophic winds are computed for each grid
point using the latest Fleet Numerical Weather Central height prognoses
verifying at analysis time. (These are prognoses produced on a polar
stereographic projection for mid and high latitudes) For the grid points
lying between 30N and 4ON, (BBN and 37N) a smooth transition is obbtained
by blending a combination of the values obtained through the two methods.

The resulting guess thus prévides a vertically consistent set of values,
consisting of a dynamic prognosis in mid latitudes combined with a
persistence/climatology forecast in the tropics.

The second and third steps of the analysis procedure are performed alter—
nately in cycles. In the adjustment step, at each cycle a scan of

radius R. is made around each grid point and an individual correction
value is computed for each report encountered. . This value, Ci, is computed
from the equation '

Ci = W (u-us)

where u is the reported value, ui is the interpolated value of the guess
field at the point of the report, W is a weighting function

R2-g<
W = g5

based on the distance, d, of the report from the grid point. The total
correction at each grid point is then obtained as a simple mean of the
respective Individual corrections. This correction is applied to the
guess value to obtain either ‘the guess for the next cycle or the final
analyzed value, as the case may be. This correction technique remains
unchanged from that described by Bedient and Vederman (1) in 196l except
that the scan radii, R, have been shortened. These radii are now 3, 2,

1 and % grid mesh lengbh for the four successive scans.

Prior to each correction scan an evaluation is made of each reported datum .

and some values are rejected and removed from further consideration in
the analysis. For winds, an initial evaluation (Gross Error Check) is
made before the analysis is begun based strictly on scalar wind speed
difference between the guess value and the reported value. Reports are
rejected if they differ from the guess more than the amount shown in Table
2. . b

-11 e
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. 300, 250 and 200 mb. . 80 knots

400 mb ' 70 knots
500 mb &0 knots
700 mb . 50 knots

Table 2. Speed Variation] Allowed Between
Reports and Guess for Grosgs Error Check

The evaluation prior to each scan.is made using a root mean square difference
computed between all reported data not previously rejected and the guess
value. Any report varying from the guess by more than 2.6 times the

root mean square difference is rejected from further consideration. This
test is applied to both wind and temperature reporis.

b. Data Utilization. Data input to the Fleet Weather Central
analyds model is accomplished through computer decoding of reports received
via both +teletype and high speed data circuits. The techniques used in
decoding these reportswere discussed by Davis at the recent Symposium
on Tropical Meteorology (4). Reports can be divided into three categories—
aircraft reports, meteorological sounding reports and satellite observa- )
tions. At this time both winds and temperatures are obtained from the 'i>
first two report types whlle only winds have been utilized from satellite
observations.

Analyses are produced four times per day, with nominal base times at the
main synoptic hours of 0000, 0600, 1200 and 1800 GMT. The actual analysis,
however, is not synoptic in the usual sense of simultaneous observation due
to the input of the aircraft reports with their random times. Data are
collected until 3 hours 30 minutes past the nominal analysis time, at
which time the data processing procedure is begun. Meteorological soundings
are accepted for the analysis which have observation times less than 9

hours prior t0 analysis time while alrcraft reports are accepted back to

~ I hours prior to analysis time, if north of 20N or é% hours prior to

analysis time south of this latitude.

From the inception of the analysis project, the major factor in producing
an acceptable analysis has been the data coverage provided by aircraft
reports. For the tropical Pacific Ocean area covered by the Fleet Weather
Central analysis, it would be impossible to produce an adeguate analysis
based on meteorolo ical sounding data alone; this point camnot be over
emphasized. % shows a computer plot of a typical collective of data
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at a single level. It can be seen that aircraft reports alone provide a jj)
reasonable basis for analysis over a great portion of the map.

As a practical measure, since aircraft reports seldom fall at standard
pressure surfaces, each report is modified to provide a data value at
nearby pressure surfaces. The procedure used to accomplish this is as
follows:

First, using the first guess fields described above, linear wind shear

and temperature lapse rates between the 700 and 300 mb. surfaces and
between the 300 and 200 mb. surfaces are computed at each grid point.

Using these values, each aircraft report is extrapolated vertically.

For reports below 300 mb., extrapolated values are obtained for the nearest
two levels in the analysis, while above 300 mb. values are extrapolated

to each of the three levels, 300, 250, and 200 mb.

For the past several years, an additional source of data has begun to

become available. Although still experimental, bulletins of cirrus_

level wind values taken from anzlysis of satellite pictures are being

furnished by the National Environmental Satellite Center. The Fleet

Weather Central analysis scheme, since it relies solely on winds rather

than height values, is particularly adapted to utilizing this type of

data. For purpose of analysis, the decoded winds are treated as individual
reports of winds at the 200 mb. level. ZEach individual wind is then

subjected to the same extrapolation and error detection procedures as )
an aireraft report. li:)

¢. Man-Machine Interface. In order to maintain control of the quality
of analyses produced, a degree of human intervention is allowed in the
computerized analysis cycle. This intervention is exercised in two ways-
modification of the first guess fields used, and manual introduction of
key observations. The process is controlled by a qualified analyst known
as the Tropical Product Monitor (TPM).

The most important means available to the TPM for effecting changes in the
computer analysis is through modification of guess fields. In accomplishing
this, the TPM examines each completed analysis for areas which are likely

to show major changes in the next six hours. He then examines later
reports, as they. are received, for evidence of such changes. Before the
next analysls begins, he provides the computer operator with punched cards,
containing corrections for the guess at individual grid points. These
corrections are applied to the guess before the analysis program begins

to consider reported data, thus providing a "running start".




The second means of manual intervention, introduction of key observations,
is used by the TPM for insuring that critical reports which may have been
garbled in communication are made available to the analysis in their
correct form. .

d. Wind Prognosis. Forecast wind fields are also produced at Fléet
Weather Central, Pearl Harbor, for the same area and levels for which
analyses are made., The forecast consists of a statistical climatology-
persistence forecast south of 33N blended in the same manmer as the
analysis guess fields with dynamic mid-latitude prognoses provided by
the Fleet Numerical Weather Central, Monterey, California. “The tropical
area forecast employs the lag correlation scheme suggested by Lavoie
and Wiederanders (8) employing the prognostic eguations

Up = (L) U U

]

Ve (l—r ) vc+rvvp

where U and V are the west and south wind components respectively. The
subscript f refers to the forecast value, ¢ refers to the monthly climatolo—
gical value and p to persistence. The lag correlation coefficient r has
been determined for each grid point and at each level through analysis

of such coefficients obtained statistically for.indiwidual observing
stations. Output is in a form similar to the form of the analysis shown in

fig, 2.

e. Fine Mesh Analysis., . In addition to the main Tropical Pacific Ocean
Area analyses, a fine mesh temperature and wind analysis is run at Fleet
Weather Central, Pearl Harbor. The grid used for this analysis has a
spacing one half that of the main analysis, two and one half degrees on
a side. At present, this analysis is run for the 850 mb. level, an area
covering Southeast Asia and the South China Sea, from the equator north to
4.5 and from 75.5E to 142.5E.

Guess fields for these analyses are formed in the same manner as for the
main analysis. The previous analysis is returned to climatology by 5
percent for each six hours. Data eyaluation is also the same, rejecting
reports on the basls of a Root Mean Square Deviation check.

Other than the grid spacing, the distinctive feature of the fine mesh
analysis is the method of weighting the observations of winds in modifying
the guess. 4As in the main analysis, successive circular scans are made
about each grid point, computing corrections from each report encountered.
The scans are set ab 6, 4, 2 and 1 mesh length in successive passes. The’
weighting, however, is based not only on distance but also on the direction
and speed of the guess wind. The equation used for computing the correction
at a grid point is: -

N . S
o) ()=
W N LRy e"‘ ("‘o"ug)




Where:

N = number of observations within scan area

R = scan radius

r; = distance of observation to grid point

S = guess wind speed at the grid point (lmots) ’

@, = angle between a line from the observation to the grid point and
- the wind direction of the observation

u, = horizontal component of observed wind

ug = horizontal component of grid point wind

The added exponential term, developed by Major Jack G. Joern, USAF (7)
results in an elliptical field of influence around each wind observation.
Table 3 shows the ratio of weights along the axes perpendicular and parallel
to the wind direction for several wind speeds.

WIND SPEED RATIO W,
(knots) - T
2g : 1.000
50 i
100 o
150 @ 3
200 + 223
<135
Table 3. Ratio of weights along the axes perpendicular
to the wind and parallel to the wind.

~  As can be seen, this modification to the correction equation results in

less "spreading" of observations showing strong winds, thereby sharpening
features in the isotach pattern.
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f. Streamline Presentation. The output of the analysis and prognosis
programs Gescribdd above is in ohe form of scalar values of two wind

component,s and temperature at each point of a grid. These values are normally
output from the computer on magnetic tape as "binary data fields". Bach

of these fields contains a single scalar value for each grid point at

one atmospheric level, e.g., the west-east component of wind at 700 mb.

These fields provide the input to other computer programs that perform
interpolations and other calculations which result in "tailored" product.s

such as wind factprs for specific routes.

For use in the forecast center however, the tropical meteorologist has
traditionally used streamline charts. Thus a program was developed at
Fleet Weather Central, Pearl Harbor, to produce such charts from the

data fields. This program, which was the first such program known to

be used operationally, was developed by Mr. Harry N. Farnsworth of the U.S.
Navy and Mr. Roger Davis (6) of the Natlonal Weather Service. Tt has been
programmed for the CDC 3100 computer and outputs a magnetic tape which
drives a CALCOMP 565 incremental plotter to produce the desired chart.

Fig. 3 is an example of the charts produced by this program.

The general technique used in the program is the approximation of individual
streamlines by a comnected set of vector increments, the slope of each
increment being the ratio of the south-north (V) wind component to the
west—east (U) wind component. The specifics of the program are closely
tied to the characteristics of the plotter used. A1l plotting consists of
a series of steps. In each step, the pen may be moved by 0.0l inches in
either a positive or negative direction along two mutually perpendicular

directions. (See

- axes. Thus a single ste may result in a movement in one of eight
Fig. zi.

K- 01"—>!<- 01"—%

Fig. 7o The Eight Possible Plotter Pen Movements
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For purposes of bookkeeping within the program, the chart to be streamlined ‘:i)
is divided into squares, 0.1 inches on a side. The construction of stream—
lines begins at the square about an arbitrary origin point. Double

linear interpolation is used to obtain the U and V values for the starting
square. A line increment is then constructed, consisting of pen steps in
the ratio of the U and V components, with 10 steps assigned in the direction
of the larger component and an accordingly lesser number of steps in the
direction of the smaller component. At the completion of this increment,
the pen will have moved 0.1 inches in ome (or possibly two) of the four
cardinal directions and will be resting at the center of a new square. Each
time a square is entered, the coordinate of the square is recorded. If

the square has been entered before, two streamlines have converged and the
plotting of the latest streamline is +terminated. Otherwise, the process is
repeated and new segments are constructed until the edge of the chart is
reached or until a pdint is reached where the wind is calm.

When a streamline is terminated, its starting and ending points are saved

and a search is conducted for an origin point for a new streamline.

Origin points are initially selected at the west and east edges of the

chart. Starting at the bottom (south) along these edges, an interval of
constant length is checked for a square in which a streamline has previously
been drawn. If such a squars is found, a new check interval is initiated

at this square and checking proceeds upward mtil the top of the chart is

reached or an empty interval is found. When an empty intervel is found, a

new streamline origin is establlshed at a specified plot interval (whlch is e
less than the check 1nterval) from ‘the last encountered occupied square. \j)

When checks have been completed along both the east and west ends of the
chart, checking is continued along lines one inch in from each end. When
these checks are completed, the check llnes are moved.in another inch, until
finally the center of the char@ is reached°

By modifying the check 1nherval and thé plot 1nterval the den31ty of
streamlines on a chart can ea51ly be controlled.

As a practlcal matter, since’ the computer determination of the streamline
locations is much more rapld than the actual plottlng of the lines, the
movement of the plotter penimust be mlnlmlzed by reducing the movement of
the pen between streamlines. Thus the streamlines are not output to the
plotter in the same order they are produced, When the output of each
streamline is complete, a, search is made in the list of terminal points to
locate the nearest one Whlch has not already been output. This one is then
plotted next optlmlzlpg the pen motlon.

A more complete descrlptlon of, the streamllne generatlon program may be
found in reference,, ‘
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5. National Meteorological Center Program

a. otreamfunction Analysis. NMC has con51derab1y improved the original
streamfunction analysis technique first developed by Bedient (1). First,
a wind field is analyzed on a global band grid (ecylindrical) of 72x23
points. The mesh length is 5© lat. at the equator.

The technique described by Bedient (2), produces a field of streamfunction
values from the analyzed wind component (u,v) fields. The streamfunction
is determined from the relationship

B’U’ Iw = F{(x,
7Y = 2 (x,4)
and thus represents the non-divergent portion of the wind field,

Through a complex process involving solution of partial differential
equations and deft handling of boundary values, a field of streamfunction
values closely approximating the basic wind flow can be determined. This
system is operational at NMC. The advantage of this method is that it
merges well with higher latitude streamfunction fields and provides the
basis for attempts at dynamic prognostication, An example of a stream—
function analysis is shown as fig. 8.

The format of these output charts is interesting in that all lines, labels,
characters, etc., are generated in the compuber. The digital records
comprising the charts are converted to graphical form in two ways.

A high speed electrostatic plotter can be used to generate depictions
rapidly. An example of this output format is shown in fig. 9. Also,
conventional facsimile charts can be prepared through a dlgital to analog
converter. An example of a chart formed in this mamer is fig. 8.

Such a system as this has great inherent flexibility.

In the NMC system, data are ‘handled automatlcally in a manner -much as
described in section 2 through an elaborate special communications computer.
system. The analyzed streamfunction fields are formed for each scan of

the SAT analysis process and the resultant wind fields are used as a
"guess" for the next scan. This procedure gradually removes the divergence
from the wind fields. Analyses at 700, 500, 300, 250 and 200 mb. levels
are produced twice dally at 0350 and 1550 GMT. "Clean up" runs at 0800

and 2000 GMT take care of late data and improve ‘the guess for the next run.
Extensive use is made of satelllte 'derived w1nds. On the average, 125
satellite Wlnds are used. Mbre extensive use of inferred w1nds from
satelllte data is planned° o
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b. Tropical Prognoses. As described by Bedient and Irwin (3) the j:)
state of the art has not reached the point where operationally produced
dynamic prognoses can show skill over simple persistence in the band
between about 20°5 to 200N, Tt is well known that considerable skill
over persistence is shown by the NMC é-level primitive equation (PE) )
model in higher latitudes. NMC is taking both of these facts into account
by producing a "merged" prognoses package on a special 116x44 point
cylindrical grid. Here, the tropical analyses are merged in the band
26°N to 37°N with suitable prognostic streamfunction fields resulting
from a PE model computation. Thus, we "forecast" persistence in the
tropics and use the prognostic resulis for higher latitudes from the
PE model. The result is a "merged" prognoszs on a global band from
£0%S to 60 N. A section of this output is shown in £ig. 9.

Digital W1nd values from this merged model are supplied major airline flight
planning activities on the Mainland.
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