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INTRODUCTION

HE Joint Nomerieal Weather Prediction
Unit was established by the Joint Metens-
-_ ological Committee on 1 July 1954, with
b equal support from the U, S, Navy, the 17, &,
‘Weather Rureau, and the U.S AF, Air Weather
L Service, Tt mission is “to produce on o current,
L rontine, operational basis, prognostic charts of the
b d-dimensional distribulion of relevant meteoro-
L logical elements by using numerical weather pre-
L diction techniques, in order to improve the
¢ meteorological forecasting capabilities of the par-
ticipating weather services”  The principal fune-
L tions assigned to the Unit are operational and
#developmental.  The operational function requires
e unit to accomplish the daily computation of
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One Year of Operational Numerical Weather Prediction
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ArSTRACT

This article s the ficst§ of twe brief reports on the activities and results of the Joint
Numerical Weather Prodietion Unit since the inauvpuration of routine nmumerieal forecasting in
May 1955, Fellowing a broad statement of the Unit's ohicetives and a short clironnlogy af the
main changes of procedure over the past year, a deseription is given in general terms of the
data processing and numerical forecasting rantines of the WP Unit, together with the oon-
tent and form of the numerical forecasts. The second report will deal with the accuracy and
typical errors of suel forecasts, ax well as with the TNWT Unit's offorts to improve themn.

proguostic charts.  The developmental function
requires the unit to improve its capability to malke
forecasts hoth by extending the scope of the fore-
casts and by improving their accuracy.

This paper is intended to serve as a report to
the meteorological profession on the first year of
operational numerical wenther prediction in the
United States.  The report discusses the opera-
tional procedures nsed and the general level of
accuracy obtained,  Principal sources of error
which have been isolated are described along with
the action belicved neeessary for their elimination,
Since primary emphasis of the paper is on opera-
tioms, only limited diseussion is siven to develop-
mental projects under way or already completed,
Papers on these projects will he submitted for
publication separately,

Cowpuring Fact LITIES

An - International Business Machines Corp.
Electronic Data Processing Machine Type 701
wits acquired by the JNWE Unit on a renfal

b T Entered as second class maller September 24, 19435,
cact of August 24, 1912, Acceptance for mailing at special
A0, I L. ol B, of 1948, anihorized Si'||1|.:|;|:|‘;.|_~|_- 2.!_ 1043,
i Auddress all business communiclions,
Fretary, 3 Joy Sieect, Boston & 3ass,

at the Post Office at Lancaster, Pennsylvania, under the
rate of postage provided for in parapraph {d-2), section

tarchase orders and inquiries regarding the Sociely (o the Teeeulive Sece
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basis early in March 1955. This model is
equipped with an clectrostatic memory of 2048
words of 36 binary digitz each, including sign,
The computer operates entirely automatically from
an internally stored program. The arithmetic and
control unit employs half-word logie, using single-
address instractions,  The addition me is 60
microseconds and the moltiplication time is 456
microseconds, which can be reduced to 250 micro-
scconds with optinum programming.  External
storage consists of four magnetic drums, cach con-
taining 2048 full words, and four magnetic tape
units, each of which has practically unlimited stor-
age copacity as far as meteorological problems are
concerned,  The rate of transfer of information
from drums to electeosiatic memoery is 1000 full
words per second and from tapes about twice as
fast. All input s by means of punched cards.
Output units are a card punch and a printer,
which prints at the rate of 120 72-digit lines per
minute.
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Auxiliary equipment consists of four hand-
operated card punches, a card sorter, a reproducer- |
punch, and a card printer. These are used fop -}
the processing of instruction and data cards, «

CHRONOLOGY

Although the JNWEP Unit was established in 3
July 1954, the compuler was not received untl 2
28 February, 1955, Installation of the compuler 3
was complete by 17 March 1955, On 18 Agpril, 3
test forecasts with the 3-parameter model {Char- 2
ney amd Thillips [1]) deseribed  Dbelow  were 3
started on a once-daily 7 day per week schedule, §
and on 6 May distribution of the forecasts to the
National Weather Analysis Cenlter (NWAC), ,'
the Air Force, and Navy was begun. Thesze baro--§
clinie forecasts were made on a 19 X 29 grid cov- §
ering the area inside the dashed line in Figune 1, 8
The mesh length was a constant 08 dnch on a8
polar sterecgraphic wap with o 1:15 million scale @
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b at 60°N, which is about 240 km at 40°N. The
¢ nitial data were produced by subjective analysis
of the 1000, 700, and 400 wmb charts,  An inter-
polation routine was accomplished in the compter
. so the computation could be earried out at the
000, 700, and 400 mb levels. At the start of
- aperations prognostic charts were printed at 12 hr
- intervals of the forecast for 900, 700, and 400 mb,
- Vertical velocities were computed and printed for
- the same times for the two layers hetween these
Csuefaces. On 8 July 1935, issuance of 500 and
- 1000 mb prognostic charts in place of the 900 and
400 mb clwrts was started,  These were ohtained
- just before printing by interpolation and extra-
- polation from the data at 900, 700, and 400 mb,
- which were carried internally in the computer,

¢ Un 29 September, 1955, issuance of once daily
. harotropic forecasts at 24-lr intervals up to 72 hrs
e was begun, The initial data for this {orecast are
' obtained by interpolation from the 03GCT 500 mb
L chart of the Northern Ilemisphere analyzed hy
CNWAC, and cover the entire aren shown in Fro-
- vRE 1. The grid dimensions are 21 % 23 points,
L with & mesh length exaclly twice as larpe as that
e used for the bavoclinie forecnsts,  The first baro-
trapic forecasts revealed a systematic error { trum-
L cation errors due to the large mesh length) which
b resulted in erroneously slow eastward displace-
- ment of troughs, ridges, ete.  The systematic part
L oof this {runcation ervor was removed from the
b barotropic forecasts beginning on 10 October,
An objective analysis program similar to that
Fof Gilehrist and Cressman [2] was tested during
 three weeles in July, 1955, At the conclusion of
this period its use was discontinued until some
¢ modifications in the program conld be made. The
- principal improvement required was a method for
& computer detection and removal of data errors.
.00 10 October, the madifications were connpleted
band the improved objective analysis [FreEram was
L put into operational use.

Y On 10 November, the 3-level forecast PITOEra
b was changed by the addition of a smoothing rou-
| tine done just before the 24 and 36 hre printing
L roitines were entered. The smonthing routine,
& desipned by T, G. Shuman 3], was designed to
* dliminate unsightly wiggles of small dimensions
| atising from truncation errors,

¢ As the result of a discovery hy G. 'Arnason
- (described later), cerlain cocfficients used in the
_ three-level program were changed to agree witly
- the ‘mean sounding for North America for the
current month, beginning on 28 December,  The
¢ new coefficients resulted in less erroneous anti-
¢ cyelogenesis and cyelogenesis in the prediction,
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IExperiments conducted at the Institute for Ad-
vanced Study, Prineeton, N. ], and at Stockholm
by MNewton [4], have indicated that the highest
quality analysis which can be produced should be
used to arrive at the grid point data used as input
for the numerical forecast.  During approximately
the first half year of aperations, subjective analysis
procedures were used,  The analyses wore devel-
oped with great care upward to 700 mb and 400
mhb from the lowest pressure surface at 1000 mb
with the aid of differential analysis techniques,
Extensive use was made of weather reconnais-
sance add of reports from commercial afrcraft,

The objective analysis program was prepared
by LCdre, A, L. Stickles and G, P. Cressman in
a form basically similar to that described in [2],
with some important differences described below,
In selting up a program to analyze the area for
the Baroclinic forecast, shown in Frgure 1, one
is faced with a dilemuna,  Tnsufficient upper air
data exist for preparation of an analysis over
much of the aren, the Pacific area in particular,
It is therefore necessary to supplement the data
from o given time with other information.  The
use of normal values, as described by Bergthorson
and Doos [5] was nol considered seriously, since
almormal meteorological patterns often prove quite
persistent in this area, The use of previously
forecast information would he highly desirable,
but impractical for thiz prid because the forecast
deteriorates the most near the boundaries of the
prid—which are just the areas where the least
actual data are reported, In fact, the area where
the forecast is the most relinble is also the arvea
from which the greatest density of data is re-
ceived,  The solution arrived at was to compute
an objeclive analysis for the whole grid area, but
i areas of poor data coverage to supplement the
reported data with information supplied by ana-
lysts.  These data are derived from continuity
(subjective forecast), vertical extrapolation, etc.
Fxperimental runs of the ohjective analysis pro-
gram with varying densities of data indicated that
the large-seale atmospheric patterns could be re-
produced with good accuracy from data points
about 600 L apart, the data at each point con-
sisting of one wind and one height, in agreement
with Elinsson [6],

The total number of observations, real and sup-
plemental, which muost be punched on cards for
the analysis program averages about 300 for each
pressure surface. These observations receive only
a cursory inspection for errers. The analysis
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program then proceeds with the computations,
requiring about 4 minutes for the data preparation
and 14 minutes for the :-1ll;|,|_1,'.‘-‘,55. The L'-UIl‘I[JI]lElliUII
ig completely checked in this time.

The data naturally contain errors of all types.
Small errors ave eliminated by the smoothing in-
herent in the analysis process. Large errors,
however, cause analysis errors. [l is not uncon-
man to have crrors in the reported height of a
pressure surface of frem 500 g0 3000 I, due o
observer errors and communication errors,  These
errors, however, can b detected in nearly all in-
stances. In solving for the height of the pressure
suriace at a grid pomt, a mininum of G pieces of
information is required (see [2]). A total of 10 is
actually required before solution s atlempted,
resulting in a certain amount of smoothing,  Tf
one of these data, either a wind or a height, is
considerably in error, the effect of the smoothing
will be the greatest at that loeation, and that pieee
of data will differ the most from the smoothed
analysis. If the error is extreme, the analysis will
be a poor fit for some of the good data as well,
However, with few exceptions, the it will be the
poorest for the erroncous data.  The detection pro-
cedure then consists of (1) locating the pleces of
data, both wind and height, which are poorly Gt by
the analysis ad (2) within a given area of radius
2,6 grid units, determining the piece of data wost
poorly fit by the analysis.  This is presumed to be
in error and erased from the memory of the
compuiter,

The errors, having been detected and erased,
are listecd by the computer for the information of
the analyst who monitors the process,  The com-
pitter then erases the analysis in the vicinity of
the data which were removed, and re-analvzes
using the correct data, The analysis 15 then given
a final slight smoothing and with the aid of a
contour program developed by Maj. H. A, Be-
dient, printed for final Impc'*linn by an analyst,
The detection and remnoval of data errors and the
re-atmlysis 15 dene avtomatically, and requires
about one minute plus about one more minute for
the re-analysis around each picce of data remeoved.
This time includes checking to eliminate the pos-
sibility of computer errors.

A rough estimate of the importance of the error
sources woild be that about 50 percent of the
errors are introduced by the manual processing
necessary before the analysis starts, about 25 per-
cent by the teletypewriter net, and the remaining
25 percent by the observer in taking and working
up the chbservation. Tt is doubtful whether any
single method of error detection can detect 100
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percent of the errors.  Flowever, the more checl-
ing that is mtrodoced, the less is the probability
of an error surviving all the checks undetected,
It seems highly desirable to include some simple
redundancy checls in the actual teletype message |
to facilitate the detection of communication errors,

Our experience with ohjective analysis to date 8
bas led to the following plans for the next pro-
gram of this type,  Virst, the data input must be
mechanized. It is an inefficient, slow, and ervor-
generaling procedure to have people read the tele- |
type sheets, list the relevant dala, and punch the
cards, A program for complete mechanization |
and de-humanization of this process is nearing
I:.',l'.'ll]'ll'Jll’_‘til.'}ll, arl will be described in oa folure re-
port.  Sceomdly, o much larger grid arep will be
used for the Torecast and analvsis.  This will be .
so arranged with respect to the data reporting
areas thal the forecast from one synopiic time !
will constitute valid analvsis information [or the 3
next. inally, an automalic method will be used
for the vertical extrapelation of surface informa-
tion in order Lo gain inforwation at the upper |
1L'.'|.""1H. -"

This leads 1o some brief remarks on the data
collection and distribution svastem.  This system 1]
was, of course, not designed for and is not par-
ticularly suitalle lor numerical weather predicion |
purposes. 1t is hoped that, in the future, Limngeq i
can e made to obtain the following :

(1) Increased upper air covernge over ocean
areas, particnfarly the Pacific Ocean, This prab- 4
lem will be mentioned again, ]

{21 Inceeased priority for transmission of “P"I '
per air data, particularly in the hipher levels, It
is nol practical cven to consider the use of data 8
above 400 mb in an operational numerical pre- 3
diction svstem with the present scheme of frst
and zecond traisiissions,

(31 A more scientific use of redundancy to aid 4
in detecting transmission ervors,  The usable re- 3
dundency at present consists of duplicate trans 3
missions of wids in ]1i1|,1|_' Ialloon and radicsonde
messnges, or of duplicate transmissions on differ-
ent cirenits, or of the hydrostatic relation, One &
possible improvement would consist of the use of 5§
ane digil in every ten to represent the last digit?
of the sum of the other nine,

{4} Greater regularity of upper-air code {urma
and units for international data exchange, Fnr_
example, the automatic data processing svslen
under development must anticipate receipt of at
least three different upper wind codes and two
different. radiosonde codes, one of which contains
three different possible combinations of units |
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Such diversity can only serve the purpases of
confusion,

| (5) Some regular cade for transmitting meteor-
- ological reports from aircraft other than recon-
naissance. If the aircraft operators are unable to
use o simple code, their “plain language” remarks
should be encoded by someone else for distri-
: bution,

some of the above remarks apply to the se-
, mantics of the communication problem.  The
¢ technical means of communication present another
f problem which will not be discussed here.
2.

;

Numenicat. Forecastivg PROCEDURE

+ The JN'WP Tnit’s present method of numeri-
- cal forecasting is based on the equations for the
soeealled “3-level model,™ substantially as de-
o seribed by Charney and Phillips [1]. The physi-
v eal prineiples poverning (he behavior of this model
£ are cxpressed in the thermodynamie energy equa-
- tion and the potential vorticity § equation for adia-
batic nonviscous flow. Taken together with suit-
able boundary conditions and the hydrostatic and
geostrophic-wind relations, these two equations
- provide the basis for a method of predicting the
isobaric contours at all future times from a given
initial height pattern.
. Tallowing Charney and Ihillips [1], all vertical
derivatives that enler into the adiabatic and poten-
tial vorticity equations are replaced by correspond-
ing ratios of finite-differences, so that the equations
., refer explicitly only to the heights of a finite
i number of discrele isoharie surfaces—in the pres-
cent ense, the 900, 70, and 400 millibar surfaces,
i The fact that the heights of enly three isobaric
| surfaces determine the state of this model places
& restriction on its generality, sinee it cannat pro-
- vide for vertical variations of statie stability, In
| addition to this restriction, it is appropriate to
| summarize other approximations that are inherent
| in the present system of operational forecasting.
It has been assumed that ;

) The flow iz nonviscons and adiabatic.

2) The wind is very nearly geostrophic, for
purposes of computing vorlicity and hori-
zontal advection of all quantities,

31 The vertical advection of potential vorticity

(and verticity production due to turning of

vortex filaments} is neghigible in compari-

son with its horizontal advection.

B 1 “Potential” vouticity is proportions] to the product of
g the absolute vorticily and seatic stability, and is conserved
mder the comditions specificd,
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4) The vertical motions induced by large-scale
irrepularitics of tertain are negligible in
comparison with the maximum vertical mo-
tions of the iree atmosphere.

5) The absolute vorticity and static stability
may be replaced by eonstant standard values
wherever they enter wadifferentinted in the
adiabatic and potential vorticity equations.

6) All derivatives may be computed with sui-
ficient accuracy from height values at a net-
worlk of discrete points, whose spacing is
comparable with the distance between re-
porting stations.

As might be expected, the systematic errors to be
tliseussed fater ave traceable to one or more of the
approximations listed above,

The procedure by which the forecast is com-
puted from the initial data is essentially one of
advecling (or extrapolating) the initial potential
vorlicity pattern with the initial geostrophie wined
over a very short period of time, in aecordance
with the equations and assumptions mentioned
earlier.  With arbitrarily specified height values
on the lateral boundaries of the grid, one ean then
reconstruct the predicted height pattern from
the predicted (ie., extrapolated) potential vortie-
ity patlern, to obtain the predicted geostrophic
wind. “Thus, this process ol extrapolation can be
repeated again and again, until the short intervals
of time over which the vorticity pattern is extra-
polated add up Lo the required forecast period.
At present, the 3-level forecasts are computed by
repeated extrapolation over 34 hour increments
af time,

The delails of the numerical procedure by which
the forecasts are computed are substantially as
outlined by Charney and Phillips [1], with one
important exceplion—namely, that cerlain cost-
ficlents containing the map scale factor and
Coriolis parameter are not taken as constants in
the process of computing the height pattern fram
a known potential vorticity pattern, These co-
efficients are allowed to vary from point to peint,
in accordance with changes of map seale on the
polar stereographic projection.

To make the process of forecasting antomatic,
the computing procedure is reduced to a detailed
step-hy-step list of numerical and logical opera-
tions (or combinations of operations) that can be
performed by the IBM 701, This list of instrue-
tons is next translated, according to a numerical
code, into a seties of orders that can be inter-
preted by the machine’s logical contral, This
series of orders—known as a code—is unvarying
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and is recorded once and for all on punch cards,

The objective analysis of the initial data for
15GIMT is penerally completed by about 1600
EST. Shortly after that time, the deck of chiecked
initial data is combined with the instruction deck
and “read” inte the machine. From this point
onward the machine proceeds antomatically, print-
ing out 0, 12, 24, and 36 hour forecasts at intervals
of about half an hour. The entire serics of fore-
casts is usually printed out by 1800 EST, repro-
duced, and distributed to the Air Weather Serv-
ice, the T, S, Navy and the Wational Weather
Analysis Center {NWAC) by a half hour later.

The quantities forecast are the heights of the
1000, 700, and 500 millibar surfaces (oblained by
interpolation and extrapolation lrom the S0, J00,
and 400 millibar surfaces), and the wvertical air
speed at the 800 and 550 millibar surfaces, at the
points of the baroclinic grid shown in Fiouee 1
and at times 12, 24 and 36 hours after initial map
time. Heights are given in units of tens of feet,
and vertical air speed in millimelers per second.
The machine prints the forecast values in a rec-
tangular array corresponding to e points of the
actual grid. It alse “shades in" (with denscly
printed characters) regions over which the height
lies within previously specified ranges, so that the
boundaries between shaded and unshaded regions
are isobaric centours.  Such contours are drawn
in manually {or ease of interprelation,

The JNWIE Uil also compules daily 24, <8,
and 72 hour forecasts of the 500 millibar height,
based on the vorticity equation for the nondivergent
barotropic model. In this case, the initial data
for 03007 are interpolated “by eve’ from the
National Woeather Avalysis Center (NWAC)
chart at the points of the barotropic grid shown
in IMgure 1, amd punched on cards.  Since the
absolute wvorticity is conserved in nondivergent
barotropic flow, the method by which the bare-
tropic {orecasts are computed is essentially a spe-
cial case of the procedure for caleulating the 3-level
forecasts, The details of numerical method, cod-
ing, and computing are exactly analogous, with
the following execpton: The relalive vorticity
advection was multiplied by an empirical factor of
1.2, to correct 2 tendency to predict too litlle move-
ment of the large-scale trouphs and ridges. Al
though this tendency was probably due to the
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systematic effects of truncation etror, it could
equally well be attributed to differences between
the 500 millibar wind and the wind at 2 somewhat
higher “level of equivalence,” whose precise loca-
tion is rather uncertain and il defined.

The barotropic forecast is given in terms of the
500 millibar height (in units of tens of feet) at
the points of the 21 x 23 grid, and is represented
graphically by the contour printout mentioned
earlier. The barotropic forecasts are usually com-
pleted by about 1200 15T each day, amd distrib-
uted to the participating services by about 1330
EST. Limited distribution of the 48 and 72 hour
baratropic forecasts is made by facsimile at about
1500 EST,

The forcgoing description of the JNWDE Unit's
actual end produet completes the discossion of the
phiysical basis and procedures of operational nu-
merical weather [orecasting, and concludes the
present report.§ A second report, Lo be published
in the next issue of the BoLiwriy, will deal with
the accuracy and characterislic errors of the
JHWE Unit's numerical forecasts, and with the
Unil's eflorts o isolate and remedy such errors.
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& Sinee the time when Lis report was prepeared, a -
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ARSTRACT

This is the second of two breiel veports on the activities and results of the Joint Numerical
Weather Prediciion Uit since May 1955, and is concerned primarily with the accuracy and
characterizslic errors of the numerical foreeasts described i the previoss report. The quality
of the barotropic and 3-level forecists has been measured by several statistical indices of crror,
and cdompared with that of the subjective forecasts issued by the Mationzl Weather Analysis
Center. A brealalown of these statistizs shows the dependence of forecasting accurpcy on length
of forecast period, level, data coverage, and praximity af lnteral boundaries. Various sources
of systemabic error are discussed with reference to the JTHWE Unit's efforts 1o isolate and
remedy then.,

After almost 2 year af expecimentation aud operational numeriesl weather forecasting, it is
concluded that the quality of the pumerical 500 millihar foreeasis is not significantly different
from that of the best subjective forecasts prepared by metheds o currenl wse. Recent results
indicate that a significant improvement can be expected in the near future. The mamerical
1000 ok farecasts are worse, bul recent changes of mode! show promise of matehing the per-
formance of subjective melthods, Finally, the most glaring systematic errors of the present
nurerical forecasts have alamate explanation in existing theary, and cin be (or have alresmdy
Been) corrected by meneralization of the models.

[HrRopUCTION puting procedures and, finally, the form and con-

N an earlier report [1], the authors have stated 'S0 081 ':'-l"'_"]ﬂi'_“‘-‘[ “'-”fl{‘-f“i.l‘lt forecasts.
the broad chjectives and functions of the Joint Ihe purpose of the ]1r|:-5|:;111 PRt I5 to compare
Numerical Weather Prediction Unit, and have the accuracy of the JNWP Thnit’s numerical fore-
putlined the main changes in ils procedure of op-  sts with several canvenient standards of perform-
erational numerical forecasting since May 1955, @0ee, and to discuss 1|I1*-' nalure dﬂd origing .Df cer-
That report also included a description of the lain types of systematic error. This article is con-
. S ; : he TNWP TUhiit's sede
physical basis for the Unit's present methods of  €luded with a statement of the JNWP Unit's gen
numerical forecasting, its data-analysis and com- eral impressions of the present status of numerieal
weather forecasting, -after a vear of operational

. llu: first article of this series appeared m Vol 38, Nao. 2
5 {May) of the BurLerin.—LEd, EM[ErIeNce,
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{inside dashed line}, and verilication aceas.

VERIFICATION SCORES

Werifications of the barotropic and baroclinic
forecasts have been made in terms of the root-
mean-square (rans.} vector error of the forecast
geostrophic wind, measured over distances equ,_.[
to the mesh length in the barotropic grid {or twice
the mesh length of the baroclinie grid). The
ras. values are then deternsined from the total
number of grid points in the area in question, with
omne value from each point. Tn the tables that fol-
low, O relers (o the rans. peostrophic wind, O-T
to the rm.s vector error of the forecast geo-
straphic wind, and O-T to the s, change of the
geostrophic wind veclor through the Torecast -
riod,

Verifications of the barotropic forecasis have
been completed from Nevember through March,
and are summarized below for each of five arcas
designated on Fioure 1.

Additional verifications of these hamtlnplc fore-
casts have been made by computing the correlation
coefficient of forecast height change against ob-

serverd height change at each grid point for each of
the above months.  These five monthly charts, av-
eraged together for cach time pericd, are shown
it F1GunrE 2 a, b, and «,

From Tance I and Frouere 2 it is seen that the
barotropic forecasts are better than no change (or
persistence’ forecasts for all areas at all periods

TapLe 1

BarorRoric VERIFICATIONS (500 Mn)
Movenmper 1055 tnnovocer Mawcar 1956
{r.ns walues in knots)

24 houes =8 hougs 72 howrs
AT T TR LT | B

o O-F [ O-F | -1 | O-F [ O-F | O-F

o |o|Te o T -

Uleited States | 506 042 ) 0069 | 063 U 85 ﬂ.?? AL
Atlantic A8 | 043 [ Dnd [ 0063 j 078 | OLTE | (O3
Canada L2056 [ 0.70 (0083 | 080 | 1.01 | (.00
Argtig AR5 0.59 (0,80 |0.78 | 083 [ 005 0.02
Pagilic 4291054 | 076 (0751 085 | 0.93 | 0.05
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up te 72 hours. Generally, the larotropic forecasts
for the Atlantic seem 1o verify hetter than those
for any other area. This is in gond agreement
with the fact that the Stockholm group [2] has
had wvery pood resulls with barotropic forecasts
for this area,

Verifications of the baroclinic forecasts for 24
hours (including the interpolated 500 mb fore-
cast) are presented in the same form in Tasre 11
The United States area is covered by these seores,

The following additional conclusions can be
gained from Tasres | awn 1T,

(1) The 500 mb barcclinic forecasts were bet-

ter than the barotropic forecasts for the
United States area for 24 hours,

Fi. 2, a, b and ¢, Time-averaged coefficients of corre-
latiom between obgerved height changes and changeos pre-
dicted with barotropie model, over forecnst periods of {ah
24 howrs, (1) 48 bours and () 72 hours.

(2) The baroclinic madel used gives the best
forecasts at the highest level, with the worst
forecast quality at the lowest level,

The second conclusion is verified by subjective im-
pressions gained through the year. The forecasts
at 200 or 1000 mb need considerable improvement
before they can be considered competitive with
subjective forecasting, At the higher levels, the
numerical forecasts are highly competitive, as will
be shown below,

A comparative verifieation program has been
conducted by verifying the TNWP 300 mb 36 he
forecasts from the baroclinic model against 500 mb
forecasts prepared in the National Weather Anal-
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TapLe LI

BarocLINIC VERIFICATIONS (24 ur FoREcasTs)
(rms values in koots)

julyéfr_:l;rsnugl: Nu\};{i:{‘hll;%ngh
o 140 17.9
900 mib  O-F /0. .86 1.492
O-F/0-1 o2 .93
o 17.%§ 28.7
o0 mb O-IF/0 .63 0.50
O-Ff0-1 L85 .81
s00 mk O-F/0Q (.38
0 3.2 503
400 mb  O-F /0 0.406 0.7
O-F/0-1 | 0.72 0.4

ysis Center {NWAC), In interpreting the scores,
it should be remembered that the subjective fore-
casters have some later data as well as the numeri-
cal forecasts avatlable befare fnalizing the prog-
nosis.  Although ne barotropic forecasts are pre-
pared from the 157 starting time, the 30 hr scores
from the barotropic forccasts made [rom 032 are
included for comparison,

The following points of interest can be men-
tioned :

(1} The barotropic forecasts have a higher level
of accuracy at 36 hrs than cither the baroclinic
500 mb forecasts or the subjectively prepared fore-
casts. In partial explanation, it is clear that the
36 hour baroclinic forecasts, computed oyver a much
sinaller area than the barotropic forecasts, sufler
from boundary errors which do not seriously alfect
the barotropic forecasts,

(2) Through 1955 the subjeclively prepared
500 mb prognoses were better than the 300 mb
baroclinie prognoses.  However, after the end of
the yvear the barochinic prognoses were better than
the subjective ones.  This can be attributed at least
in part to the model improvement introduced on
28 December, described elsewhere in this paper,

BULLETIN AMERICAN METEOROLOGICAL SOCIETY

CroaracterisTic Eerons, Tuem ORIGINS
AND IRREMEDIES

Daily inspection and verification of more than
300 numerical lorecasts has revealed a nwuber of
typical defects of the current operational fore-
casting systems,  One of the most frequent and
pernicious of these is a tendency o overpredict
the intensification of anticyclones or to predict an-
ticyclogenesis where none in fact oceurred. “This
general fault is symptomatic of either or Dhoth of
two different types of error. The first is confined
mainly to the lower levels (whence it is charac-
leristic of the baroclinic forecasts), and is mani-
festedd in o rapid iotensification of the vorticity
minimum  associated with surface highs,  This
process is frequently so rapid that the predicted
circulation around surface highs is quile as slrong
a3 around lows, whereas there is actually 2 marked
asyunnetry in the flow patterns around lighs and
lows, A typical exanple of this kind of error is
exhibited fn Fiovre 3, which shows the observed
1000 and 500 mb charts for 15002 on 7 Nov. 1933
and 03007 on 9 Nov, 1933, together with the 36
hour foreeasts of the 1000 and 300 mb heights,
based on the 3-level model,  The worst single as-
pect of these forecasts was the predicled surface
antieyvelogenesis over the western U5, which com-
pletely failed to materialize. Tt is noteworthy that
the maxinmm beight errors al 1000 mb were
nearly 1000 feet, but diminished to less than 200
feet at 500 mb over the same area, verifying that
this type of error is peculiar to baroclinic models,
Cme should also note that the associated minimum
of surface vorticity was much intensilied, showityg
that the predicted vorticity was being “destroyed”
mch too rapidly by low level divergence.

[ connection with this iype of error, one must
Lear i mined that potential vorticily is not actually
conserved in the 3-level model, simply beeause the
ahsolute vorticity and static stability have been re-
placed by constant standard values where they
appear undiferentiated in the potential vorticity
equation.  In general, this approximalion over-
estimates the initial absolute vorticity in anticy-

TapLe 1HI
CoMmpanativie VERFIcaTions, 36 Hes, 500 s
-0 UL 8. Aren Ang. Sinl. e, Mo, ez, Jag., Fel. Mar. Ap,
JHWE J:level 00678 11,700 0604 (15506 0.543 648 0481 0494 0.548
JHWP barotropic 0,503 0.502 0593 0.538 (.468 0. 56r3
NWAC 0.621 622 0,397 1,540 0.508 641 0.518 n.512 0.589
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clones, and under-estimales the statie stability,
The latter leads to an overly intense field of hori-
zontal divergence, and the former magnifics its
effect on the vorticity field, so that there is {in
principle} no lower limit to the predicted absolute
vorticity, The exact equations, on the other hand,
indicate that the minimum absolule vorticity is
limited from below by the minimum initial poten-
tial vorticity and the static stability (which can-
not remain negative over large areas).  These con-
clusions have been borne out by numerical exper-
ment, which show that increased static stability
leads to less pronounced anlicyclogenesis. and thal

BuLLerin Awmericad MerecoroLocican SociEry

the use of a more nearly correet value of absolute
vorticity in the divergence term of the vorlicity
cquation  reduces false surface anticyclogenesis
even further.  As a resull of such experiments,
carried ont by Arnason, Carstenseo, wd Zartner,
the JNWP Unit now changes the static stability
of the 3-level moadel from month to month, in ac.
cordance with the observed average monthly val-
ues.  The latter were found to exceed the sintic
stability of the Standard Atmospliere in all months,

A second source of “false anticyclosenesis™ ia the
geostrophic approximation.  This type of error—
which shows up in the 3-level forecasts ot all levels
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i, 4, a-f.  Initial data, 24, 48, and 72 howr barvotropic 300 mb forecasts, with verification at
48 and ¥2 hewrs, in a case of spurious “ha rotropic” anticyclopenesis,

and, what is more significant, in the barotropic
forecasts—frequently occurs along a warm ridpe
with southwest flow originating in low latitudes,
and with a strong minimum of geostrophic vortie-
ity south of 2 jel in the southeast scetor of the
trough to the west.  Although the geostrophic ab-
solute vorticity aay be conserved (as it is in the
barotropic lorecasts), the net efect is to increase
the anticyclonic contour curvature along a warm
ridge very rapidly, and to “blow up” the subtropi-
cal highs—producing height errovs of several hun-
dred feet in 24 hours. A representative example of
this kind of error is displayed in Figure 4, which
shows the abserved 500 mb charts for D300Z on
the 16, 18, and 19 Nov. 1955, together with the
24, 45, and 72 hour barotrapic forecasts made from
initial datz at 03002, 16 Mov. 1955, The most
striking feature of the 48 and 72 hour {orecasts
was the gradual building up of the subtropical high
east of Georgia, with attendant errors of four or
five hundred feet near the center after 48 hours.
After 72 hours, the effects of these errors had
spread over much of the Atlantic and 17, S, re-
tarding the oncoming trough to the west by nearly
a half wavelength,

Since the type of error described above is con-
tained in pure form in the geostrophic-barotropie
forecasts, it cannot be due to the approximations
discussed previously, A large number of baro-
tropic lorecasts has been made from initially non-
geostrophic wind fields, computed from the “hal-
ance equation”  through a method devised by

Shuman.  The results indicate that this particular
type of “false anlicyclogenesis” is due primarily
to the peostrophic approximation, and simultane-
ously point out the way to reduee it *

Another type of error from which all methods
of numierical prediction suffer is caused by incor-
reetly specified fulure conditions on the lateral
boundaries of the grid.  Such boundary conditions
are necessary to solve e equations, but are not
actually known. In the current operational sys-
tem, the height is arbitrarily held fixed at all points
on the lateral boundaries, and the relative vorticity
s sel equal to zero, This procedure frequently
leads Lo errors of several huodred feet in 24 hours
in regions adjacent to the boundaries; moreover,
these errors are propagated inward rapidly enough
that a whele quadrant of the 19 % 29 grid can be
seriously affected in a day’s time, The only uni-
formly effective remedy for this type of error is
to extend the grid over an entire hemisphere, so
that the lateral Loundaries lie in the relatively
quiescenl cquatorial regions, Short of that, the
JHWE Unit has extended the area {covered by
all recently developed forecasting systems) far
enough that the central portions of the grid are
not contaminated within the period of the forecast,

The rate at which the influence of a particular
teature of the upper air pattern propagates to preal
distances has been treated extensively in metegro-

*#The wie of nongesstrophic initinl wind Gelds for the
harolropic foerecasts wis adopted as a matler of routine on
20+ April 1054,
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Fic. 5. Changes {dashed lines) iu 43 hour barotrapic

SO0 b forecasts resulting from correction {dotted lines)
in the inftial contour analysis over the M. Pacifie,

logical literature for a number of years {{or exan-
ple, see Mamias [3], 1943). 1t is clear that if
the west and north boundaries of a given forecast
arca are set in the Gulf of Aluska, errors in the
forecast are due essentially to ignorance of what
is going on in the central and west Pacific at the
initial time. Similar errors are introduced into
the forecast when a much larger initial area is
used, provided that data coverage in the same area
is insufficient for a reasonably correct specification
of initial conditions.  An example of this diffieulty
is shown in Froure 5. It was determined from
late data and subsequent events in the central ['a-
cific that the barotropic forecast from 03%, 31 Qe-
tober, 1955 had been macle (ron an incorrect ini-
tial analysis. The initial analysis was corrected
and a new jorecast was made, The difTercnce be-
tween the two starting analyses is shown by the
dotted lines in Figure 5 {second minus first),
The resulting difference in the two 48-hour {ore-
casts 1s shown by the dashed lines, The difference
between the two forecasts was in the right direc-
tion to reduce a serious error in the original 43
hour forecast. This example illustrates the fact
that very large errors in seme {oreeasts for much
of the United States are due to lack of adequate
upper air data in the Pacific. It is encouraging to
note that a rapid expansion of the program of
raciosonde observations from travelling ships in
the Pacific is planned.

Considerable error may also be introduced into
a forecast if the variations in elevation of the lower

BurLerinw AMiEricaN METEOROLOGICAL SOCIETY

boundary, 1.e, the surface of the ground, are ip-
nored.  This type of error is often reflected in a
tendency to underpredict (or lo miss entirely)
cyciogenesis in the lee of an exlensive mountain
system or in a tendency to underpredict the con-
verse anticyclogenesis upstream of a mountain sys-
tem. The lirst experiments successiully concluded
were carried ont with a Z-parameter model using
a special form of the vorticity equation in which
the divergence is multiplied by a non-geostrophic
absolute vorticity (sce Shuman [4]3. In this
model the terrain-induced vertical wotions were
included by (a} imagining that the atmosphere
extended everywhere to 1000 mb bat by (1) com-
puting the vertical velocities at 1000 mb as given
by the horizontal advection of lerrain height hy
the geostrophic wind interpolated to the height of
the terrain,

This procedure, although inexact, appears io
give forecasts which suceessfully inelude the ab-
servable large-scale terrain effects on the 2-pa-
rameler model.  Fowever, when applied to the
J-parameter model which is used operationally,
the computation of mountain effeets was found to
be exaggerated.  Since the computation is con-
taminated by errors from several other sources, it
is difficult to specify the exact reason for this
difficulty. Two possible reasons are: (a) the less
correct use of the vorticily equation in the 3-pa-
rameter model (the absolute vorticity having heen
replaced by the Coriolis parameter where used as
a coefficient of the divergence) and (D) the use of
some nen-centered quantities in a finite-difference
systemy of computations (Y., the wind which ad-
vects terrain height is taken at the height of the
terrain ).

It seems lilkely that the fOrst of these two rea-
sons 15 Lhe more valid, since the overestimation of
mountain ellects is pronounced in anticyelonic re-
gimes, but not noticeable in eyclonic regimes.

Sinee the assumption of a flat lower boundary
is obwviously incorrect, 1t was believed desirable to
include in the 3-parameter forecasts the hest avail-
able computation of mountoin effects.  This was
done by reducing the computed values of the ter-
rain-induced vertical motions by an empirically
determined factor of 0.4, An extensive series of
lests with this type of forecast indicated that the
results were never significantly worse than the
Mat-terrain forecasts, but were occasionally much
better. This change in the daily forecast routine
was made an 10 May 1956,

A sample of this type of forecast is shown in
Frcure 6. The most striking dilference between
“mountain” and “non-moeuntain® forecasts are (a)
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the formation of the closed low in the Southwest
at 500 mb as a result of mountain effects and (b)
the improvement of the 1000 mb ridge intensity in
the central U, 5,

Truncation errors—i.e., errors of approximating
differential quotients by ratios of finite-differences
—have been found to affect the forecasts in two
ways. One effect, due to systematic underestima-
tien of horizontal advection, results in too slow 2
rate of displacement of distinct synoptic features,
rarticularly those of short wavelength. As men-
tioned earlier, an empirical correction for this type
of error has been introduced into the barotropic
forecasts by Cressman,  More general and exact
techniques for reducing systematic truncation
error, based on higher order finite-difference ap-
proximations, have been devized and tested by
Shuman,

The second effect of truncation error is to gen-
erate quasi-random [uctuations with wavelenpths
of 2-4 grid intervals. In the eourse of a 3-day
forecast, these “wiggles” may amplify to the point
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of obscuring all features of meteorological interest.
Lacking a complete knowledpe of the nonlinear
manner i which such small-scale fluctuations in-
teract, the JNWPE Unit has experimented with
several methods of intermittent smoothing, de-
signed to remove fluctuations whose wavelengths
are four grid increments or less, but which leaves
features of larger scale substantially intact. A
simoothing operator having the characleristics of
a “low-pass filter,” devised by Shuman, is at pres-
ent being applied at each time stage of the baro-
tropic forvecast, with the desired effect of sup-
pressing Mwipples™

Since the development of improved methods of
numerical prediclion is centered around the fail-
ures of existing methods, it is natural that much
of the foregoing discussion should be concerned
with the errors of numerical forecasts. Lest the
reader get the impression that all numerical fore-
casts are hopelessly contaminated by half a dozen
different types of ercors, a rather good numerical
[orecast is displayed in Froure 7. Frsure 7 shows
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TFig, 7, a=h.  Inmitial data, 24 hour forecasts of 1000 mb height, 500 mb height and
vertical aie speed, with verification,

the LOOD and 500 mb charts, along with the verti-
cal motion forecast, from the 3-layer model for a
24 hr forecast from 157, & April, 1956, During
this perind a baroclinic development occurred,
which led 1o an unseasonable snowstorm over the
northeastern siates. The deepening at 500 mb was
successfully forecast, as well as the deepening at
1000 mb,  Although the forecast low center at
1000 mb is not located exactly correctly, the gen-
eral features are accurately forecast. Naole the
strengthening of the gradients on the forecast and
verifying 1000 mb charts. A characteristic ervor
of the 3-level forecasts can he observed on the
1000 mb chart, where the height pradients are
forecast to intensify slighily (oo much.

The vertical velocitivs computed from the initial
lime on April 7 are used as verification for the
forecast from April 6. Although there are some
differences in detail, it is suggested that a fore-

caster charged with the responsibility of forecast-
ing the actual weather should find such prognostic
charts very helpful.

Irouke 8 shows two barotropic forceasts (48 hr
and 72 hr) for the 032 28 November 1955 map,
The initial charts for the 25th and 26th, as well as
the map for the 27th, show the evolutions of the
flow patiern through the 3-day period. Four fea-
tures of interest are:

a} The generation of a proncunced trough over
the Mississippi valley as a result of advection of
high vorticity from western Canada. This was
evidently harotropically produced as indicated by
the suecess of the forecasts, One can suspect some
baroclinic amplification of this cyclonic system
since both the 48 and 72 hr baretropic prognostic
charls had too small amplitude forecast in this
area.

b) A strong bareclinic development which re-
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gulted in an intense low east of Labrador. “The
barotropic forecasts show the correct position for
this feature, but much too weal intensity,

c) The brealking ujy of a blocking situation over
the east Atlantic through the three day period.
The barotropic forecasis of this were highly suc-
cessful,

d) The forecasts for the central and west Pa-
cific, which are as a rule not very successful, This
is a result of lack of initial data and of propagation
of boundary errors from the vicinity of Japan
across the Pacific,

BurLLeriy Amimicat METEORDLOGICAL SOCIETY

The barotropic model's inability to predict true
cyclogenesis arises, of course, [rom the fact that
the number and intensity of distinet maxima and
minima of vorticity remains unchanged in non-
diverpent barotropic flow. It should also be
pointed out, however, that many of the develop-
ments that the synoptie meteorologist might re-
gard as “new’ are due primarily to the internal
re-distribution of an already existing vorticity
feld, and to the barolropic exchange of kinetic
energy between the mean zonal flow and the large-
scale disturbances.
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AnriciratEn CHANGES OF O FERATION AL
Routive

As a resull of its researches into the origin and
effects of various types of error, the JNWP Unit
is contemplating or actively preparing for the fol-
| lowing changes in the operational forccasting sys-
temn:

1} The use of non-divergent, non-geostrophic
winds for advection of verticity and thickness in
baroclinic forecasting.  One improvement expected
a a resuli of this change will be a reduction in the
predicted over-intensification of sublropical anti-
cyclones,

2} The uze of a model in which the coefleient
of the “divergence” term in the vorticity is noé re-
placed by a standard constant value of absolute
vorticity. As indicated earlier, this is expected to
reduce false anticyelogenesis in the lawer levels,

3) Application of intermittent smoothing and
higher order finite-difference approximations to
reduce truncation error.

4} Introduction of an automatie dala-processing
gpstem, coupled with objective analysis over a
very large aren.  The present system of manual
editing, data checking, and card punching is un-
miisfactory, if only from the standpoint of time
soonomy.

Concrusions aND PRESENT STATE oF OpPkr-
ATIONAL NUMERICAL WEATHER
Forzcasting

After almost a year of daily forecasting, veri-
fication, and post mortem evaluation, personvel of

H

Iniial datz, 48 and 72 hour barotiropic 500 mb forecasts, and werification.

the JWWDP TInit have concluded that the owerall
level of accuracy of the numerical forecasts pro-
duced Ly the present operational system is com-
parable with that attained by more subjective
methods in the hands of a skilled forecaster who
has a proctical maximum of meteorological infor-
mation, Judged by subjective standards, the nu-
merical forecasts for the lower levels are worse,
Judged either subjectively ar by the § scores offi-
clally [avored by the National Weather Analysis
Center, the numerical forecasts for the middle
troposphere are quite as good or slightly better.
Cutiously enough, the barotrapic 500 millibar fore-
casts cxeced the performance of bolh the conven-
tional method and the 3-fevel model, a fact that is
especially apparent in the 36 and 48 hour baro-
tropic forecasts,

Daily examination of the more than 300 nu-
metical forecasts that have been produced in the
last year has also revealed several types of char-
acteristic errors which, by their systematic nature,
might he expected to yield to correclive action—
either through empirical relationships, or through
generalization of the underlying physical theory
and perfection of mathematical procedure. The
most serious sources of error have been isolated
and found to have adequale explanations in exist-
ing theory. Controlled numerical experiments in
u representative variety of cases indicate that the
quality of the forecasts is improved by the modi-
fications of procedure outlined in the preceding
section and, Tuether, that those modifications can
e incorporated into the operating routine without
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a disproportionate increase of manpower or com-
puting time.

A recently completed series of experimental
forecasts, based on the thermotropic model [5]
and incorporating several of the modifications de-
scribed above, indicates that operational numerical
forecasts for the middle and upper troposphere will
soon be significantly more accurate than subjective
forecasts, particularly for periods of 36-72 hours.
Further improvements resulting from the use of
nongeostrophic (bolanced) mitial wind felds have
already been achicved in the barotropic forecasts,
and are expected to appear in baroclinic iorecasts
in the near future,

CoMcLIsIoN

It is our view that numerical weather prediction
is still in the highly experimental stage, but that
it will probably show a elear advantage over suh-
jecHve methods of area prognosis within the next
year or 0. Itis sipnificant that numerical weather
prediction bas, in its earliest stagezs of develop-
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ment, essenliaflly matched the subjective skill and

wisdom of 30 years' experience. 1t is also signifi-

cant that this approach to [orecasting is one of

directable progress, in the sense that errors are
traceable to idealizations of the general laws of
fluid dynamics, and thal more general hypotheses
may be subjected to controlled numerical experi-
menk.
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