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ABSTRACT

TIROS photographs were used for barotropic reanalysis
in the Pacific, changes in the stream function or its
Laplacian being advected into areas with verification data
by the NMC barotropic model, following McClain, Ruzecki and
Brodrick. No significant forecast improvement was obtained
in cases of unusually bad forecasts, despite experiments
in varying the intensity of the reanalyzed systems. No
continuity and no radiation data were available: the
estimation of winds and vorticities is difficult. Hindcast-
reforecast procedures indicated that the main causes of
error in unusually bad forecasts are not susceptible to
satellite correction, and that difficulties in the balance
equation had caused the stream. field to contain many négative
absolute vorticities not present in the geopotential
analysis., The methods used would be more promising in

cases with smaller forecast errors.
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1. INTRODUCTION

1.1 Purpose

It has been recognized for several years that the‘
problems of forecasting over and on the eastern sides of
large oceans might be alleviated by using satellite photo-
graphs to improve the analysis by means of inferences
about the fields of horizontal and vertical»motion, temp-
erature and humidity. A large sample of such papers can
be found in almost every issue of the Monthly Weather
Reivew for several years past. Rapid electronic computers
have long been in routine use for large scale hydrodynamic
forecasting: (see Thompson (1961), and Kibel (1963)). The
integration of satellite data into such hydrodynamic
schemes appeared to us a promising line of inquiry, although
at present, modifications have been made only to the output
from an automatic machine analysis program. We have studied
selected cases in which according to the Meteorological
Satellite Center opera;ional barotropic and baroclinic
models gave unusually bad forecasts, using the techniques
of McClain, Ruzecki and Brodrick (1965) to infer the stream,
vorticity and vorticity advection fields from TIROS photo-
graphs when‘significant differences from NMC analyses

appeared to exist over the Pacific Ocean.
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1.2 Method

Either the 500 mb stream field or the 500 mb Laplacian
field was reanalyzed by the methods and using the programs
of McClain, Ruzecki and Brodrick (1965). Since the few
available conventional data were preserved (and conventional
data which arrived too late for the NMC analysis introduced),
it was necessary to forecast by the NMC barotropic model
for some period, chosen as 36 hours, in order to propagate
the modifications into another region where at least some
verification data exist. Attention was directed to the
quantitative assessment of the effects of changes in the
intensity of the reanalyzed system.

Further attempts were made to hindcast by a barotropic
model without mountains or friction in order to elucidate
how far the analysis required for a correct forecast might
be ascertainable from satellite data. The numerical analysis
problems of weather analysis and forecast models were in-
vestigated only in so far as improvements to them appeared
likely to remove complications which masked changes due to
satellite reanalysis.

The verification programs of McClain, Ruzecki and
Brodrick (1965) were used, plus verification in terms of

zonal harmonics of the stream function in order to examine



separately those scales of motion which can be modified

by the application of satellite data.



2. REANALYSIS PROCEDURES

2.1 Basic maps

Five basic maps were printed from the NMC data tape
for use with the reanalyses. These were: 500 mb heights,
500 mb streams, -12 hr 500 mb streams, 1000-500 mb thick-
ness and 650 mb vertical velocity. These maps, in con-
junction with the radiosonde data, were used in investi-
gating the structure of the thermal advection and vertical
velocity fields in the original NMC analysis. These permit
some subjective analysis of the probable cloud formations
prior to modfying the stream field or the vorticity field

to more closely comply with the satellite photographs.

2.2 Radiosonde Data

A program was prepared to extract conventional and
bogus data from the Automatic Data Processing file of the
NMC input tapés over any given grid rectangle or latitude-
longitude sector. Station names were added from a look-up
table. Listings of temperature, potential temperature,
dewpoint, observed wind, D-value (height minus standard
atmosphere height) and temperature advection (from the
thermal wind equation) are made for all mandatory and
significant temperature levels, and P-T diagrams and

-4-



tephigrams with automatically interpolated lines prepared
for all radiosonde observations with enough levels.

One seriously defective observation incorporated in
the NMC analysis was found for 0000Z 26 January 1964; |
other spurious points found appeared to have been excluded.

The Northern Hemisphere Data Tabulations were used to

supplement the ADP file with late data.

2.3 Vorticity

Vorticity maps referred to here are grid point cal-
culations of the five point finite difference stream
Laplacians. The relative vorticity and vorticity ad-
vection are‘then written as:

2 A~
e = vy =53 ¢y

d2fO
Vv £ = ZE%E;Z J(m VY. ¥) g'Za%E—z J(VY. )
: o

~ £
o
where ¥ is the stream function, Y= E‘ ¥, J is the

Jacobian, m = (1 + sin 60) (1 + sin ¢)_l is the map factor,
fO is the Coriolis parameter at latitude 45°N, d is the

NWP grid distance of 381 km. Printed maps are given as

¢2; and J(;,Wzi)‘in meters and meters squared respectively.

In the following, the terms "vorticity" and "Laplacian” are

used interchangeable to refer to the field of W2¢,



The philosophy underlying modification of the vorticity
is fully discussed by McClain et.al. (1965). In essence,
the cloud patterns viewed in the satellite photographs are
assumed to be allied with areas of positive vertical velo-
city. This in turn is related to the vertical variation
of the vorticity advection and horizontal Laplacian of the
thermal advection. Since,the.latter terms are frequently
additive, rather than compensatory (Pfeffer, 1962), and
since a barotropic forecast model has been used, it is
the normal practice to modify the vertical velocity field
by variations in the vorticity field. It is apparent that
this cannot be executed without some difficulty. Modifi-
cations of the vorticity field alter the vorticity advection,
but the effect is only apparent after the new stream field
is obtained by relaxation.

A second complication with reanalyses of the vorticity
field is that there is no way of preserving observational
data in close proximity to the reanalysis as it is impossible
to predict the final form of the relaxed stream field. The
difficulty can be circumvented only by restricting the size -
of the reanalysis area.

A further difficulty of the vorticity reanalysis is
the requirement that the total relative vorticity be con-

served in any modification. Failure to comply with this



restriction results in a relaxation stream field which
evidences changes far outside the limits of the reanalysis
area. The same effect is observed if the vorticity modi-
fications are sufficiently severe, but it is minimized
through the conservation principle. This restriction
places a considerable restraint on the subjectivity of the
reanalysis and is quite time-consuming in terms of opera-
tional SINAP modifications., For this reason, and those .
mentioned above, the majority of the work done under this

project concerned stream-line reanalysis.

2.4 stream function

Stream fiédds are printed as ; with the symbol defined
as above. Consequently the field is in meters. Modifi-
cations of the stream field are more straightforward than
those of the vorticity as the analyst is able to apply
directly his knowledge of cloudy regions as related to
wave patterns in the atmosphere. The integrity of the
stream function modifications in conforming with the vor-
ticity field is easily checked, though care must be exer-
cised that negative absolute vorticities are not introduced.
This problem occurred repeatedly on this work but only
because the magnitudes of the stream function alterations

were very large. It is unlikely that smaller changes



would have the same effect.

2,5 Estimation of Vorticity and Wind
While the positioning of stream or vorticity field

modifications has been investigated quite broadly in the
literature, the magnitude of such changes has understand-
ably received little attention. The satellite photograph
provides no information concerning the primary atmospheric
variables, nor, beyond some subjective interpretations, is
it possible to determine the heights of the systems re-
vealed by cloud formations. In all probability future work
with satellite radiation data will alleviate these diffi-
culties, but the Work under this project was carried out
solely with the cloud photographs.

In essence, the analyst is guided by the available
conventional data in the region of satellite coverage.
wind direction. estimates from the cloud photographs (Widger
et.al.), persistence of systems recently over data dense
areas, and climatology of the region. Beyond these aids,
the magnitude of modifications is completely subjective.
In an attempt to introduce some objectivity into the re-
analysis procedure, considerable effort has been expended

in an empirical study of the effects which variations in



magnitude of the modifications have on the forecast stream
field. The results from this study of a single case cannot
be considered general, but they certainly give an indication

of the sensitivity of the reanalysis procedure.

2.6 Energetics

We have assumed that the systems present in our re-
analysis waves are similar to those known in areas of dense
observations, i.e. that the barotropic and baroclinic
mechanisms discussed by McClain, Ruzecki and Brodrick (1965)
are dominant. A scale analysis by the method of Kibel
(Chapter 3) suggests that this is valid even for the system
of 5 November 1963.

In order to influence the forecast significantly the
meteorologist is both justified and obliged to draw con-
clusions about larger structures and scales of motion than
are directly visible on the isolated swaths we have used.
This extension has been made according to accepted synoptic

principles.



3. VERIFICATION

3.1 Change Correlation Coefficient, RMS Error, Error Maps,
Forecast Improvement Chart

Verification of the impro&ement introduced by modifi-
cations in the analyses can be at best only tentative. The
procedure utilized here follows that of the Satellite Labora-
tories in running numerical forecasts from both the NMC and
SINAP initial stream fields. The 36 hour forecast fields
are thén compared with the NMC énalyzed field for that time.
Two problems are immediately apparent. Firstly, since the
forecast model is barotropic, no initial modifications can
correct baroclinic development. This problem is obviated
by choosing for study only those cases where we are told
that error charts derived from NMC barotropic and baroclinic
forecasts both show large discrepencies from the observed
state. This suggests that the failure df both forecasts
may be due to poor specification of the initial state rather
than baroclinic'development° Secondly, and more importantly,
the procedure assumes inherently that the NMC analysis at
the forecast time is itself accurate. Since the analysis is
derived from a previous forecast modified by observation,
the analysis in all likelihood is biased to the previous
forecast, at least in areas of sparse data. The verification

analysis itself is thus suspect, particularly for those
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cases where SINAP modification produces forecast changes which
are in éparse data regions. This probiem is evidently de-
pendent on the scales of the systems involved. Even if it
were possible to delineate the smaller systems from the
satellite coverage, it is doubtful that improvements could
be recognized in the verification statistics. It may be
concluded that the modifications must be applied to the
larger systems.

The statistical verifiecation procedure used in the re-
analysis program at the Satellite Laboratofies was used
without modification. Root mean square errors and corre-
lation coefficients wefe calculated from the NMC and SINAP
barotropic forecasts for the following fields: sﬁream
function, vector geostrophic wind, stream Laplacian and
stream Jacobian. More spécifically, differente fields were
utilized. For example with the stream field, the parameters
from which the statistics were computed were: NMC"forecast
minus NMC initial field; NMC verification minus NMC initial
field; and SINAP forecast minus SINAP initial field.

In addition to the verification statistics two diff-
erence charts were computed for the forecast stream fields.
These were: NMC forecast minus verify; SINAP forecast minus

verify. Finally a forecast improvement chart was obtained
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by subtracting the absolute magnitudes of the difference
charts at each grid point. These charts pe:mitvdetailedi
analysis of the peint by point changes effected by the SINAP
modifications. Computations‘were made over both the entire
NMC 2329 grid and a subgrid which was determined to include

only the region significantly affected by the reanalysis.

3.2 Zonal Harmonic Analysis

The idea of analysis in zonal harmonics or any other
orthogonal functions is to examine certain scales of motion
separately; in this case, the zonal wavenumbers of the order
of 12 in which modifications are made by the analyst. The
corresponding weakness of harmonic analysis is that it
diverts attention away from the meteorological system (wave-
group) visiblekqn maps; harmonic analysis is most useful when
the waves used have some almost autonomous existence and
motion over the. period studied, or when baxotropic or baro-
clinic interactions are conveniently describable in terms
of them.

Zonal Fourier analyses of the stream field in terms
of sings,“cosines, amplitudes and phases of wavenumbers
O—lvaere made at 5 degree latitude intervals from 20°N to

the pole. The effects detected were large enough to indicate
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that no further significant information would be obtained for
our restricted verification purposes, by more refined analyses
in terms of surface harmonics, Gram-Schmidt grid orthogonal
functions, or eigenvectors of the relaxation matrix used in
the barotropic forecast. Analysis of the zonal mean stream
function directed attention to changes in the zonal mean wind
profile, as well as to changes in the hemispheric mean stream
function caused by the boundary condition of the balance.
equation. This cannot radically alter the evaluation of
forecasts when the wind verification is poor, but it should
be allowed for in calculating the RMS errors and correlations

of changes in the stream function.



4, HINDCAST - REFORECAST TECHNIQUE

4.1 Removal of Mountains and Friction

It was decided to prepare hindcasts from the verifi-
cation data to the initial time in order to elucidate how
far errors of analysis might be correctable by satellite
data. First attempts rapidly overflowed in the mountain
and friction terms, so they were deleted. Reforecasts to
the verification time were prepared in order to cast light
on the truncation error of this process. Mean and maximum
forecast improvements for 5 November and 26 January were
46 and 53, and 183 and 333 meters repectively; and maximum
errors were 111 and 201 meters respectively.

The NMC barotropic forecast program and balance equation

.make the following approximations:

1. The initial stream field is equal to the geo-
potential around the edge.

2. The tendency at the edge is zero.

3. The mean tendency over the whole grid (equally
weighted for each point) is subtracted from
interior points only.

4, The smoother does change edge points slightly:
we applied the smoother at every twelvth time step.

5. Negative absolute vorticities are set to zero but

the associated stream fields are not changed.

-14-
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Tables 5.1 and 6.2 give some Fourier coefficients from

these processes.

4.2 Conclusigns

It is clear both from the Fourier coefficients and from
the maps that a substantial part of the error cannot be
significantly influenced by isolated swaths of satellite
photographs: much of it cannot be error in the initial analysis.
In particular, the profile of the zonal mean required (hind-
A cast) and observed shows differences up to 63 meters, and
the required profile shows a greater pole-to-equator gradient.
Wavenumber 1 shows little resemblance, and wavenumbers 2-15
no resemblance for 26 January 1964.

On the other hand, the reforecasts also leave a good
deal to be desired. While the mean forecast improvement
(as defined by McClain, Ruzecki and Brodrick (1965) is 46
meters for 5 November 1963 and 53 meters for 26 January 1964,
errors remain of 111 meters and 201 meters respectively.
Around the edges differences reach 7 and 18 meters respectively,

due to the smoother.

4.3 Computational Instability

The suspicion of non-linear computational instability
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arose from a hindcast-reforecast from 1200z 27 January 1964

to 0000Z 26 January 1964 and back, which was by far the worst

of all the forecasts produced. Errors attained 450 meters, and

an intense zonal jet replaced the strong block over the west

coast of North America. The linear stability criterion (Knight-
ing, 1962) was met in all cases by a factor slightly less than two.

The hindcast was repeated with the over-relaxation co-
efficient a pre-determined function of time, and with a diag—
nostic record tapé (Appendix B): the two hindcasts bore no
resemblance to each other.

The‘hindcast was again répeated with half-hour time steps,
and with the smoother applied at every twelfth step: the
over-relaxation coefficient was a pre-determined function
of time. The change in the time step made comparatively
little difference to the hindcast, and the explanation of
this fact is unknown.

Forecasts with the over-relaxation a function of time,
with a diagnostié'tape, and with half time steps were run
from 00002 on both 5 November 1963 and 26 January 1964 to
1200Z the following dayob It was concluded that computational
instability was not a large factor in either of these cases,
in the classical sense that the solution goes to infinity:
yet it is clear from the Fourier analyses of the hindcast-

reforecast results that truncation errors and the irreversible
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effects of the smoother and thevzerbing of negative absolute

vorticities introduce significant approximations.

4.4 Negative Absolute Vorticities

The diagnostic program (Appendix B) prints the I,J énd
latitude-longitude location of each negative absolute vorticity
and its ratio to the local Coriolis parameter.

Ninety-two negative absolute vorticities occur in the
original NMC stream field for 0000 GMT 26 January., with the

largest ratio -.747f at 42,7 or 19.8°N 124.2°E. Of these, 29
are south of 20°N and 44 between 26°N and 30°N. One lies at
32,43 or 35.6°N 76,4°W on land near Cape Hatteras. At OOOO
GMT 5 November 1963, 18 of the 55 are south of 20°N, 28 be-
tween 20°N and 30°N, and the largest ratio is -.567f at
23,47 or 18.8°N 53.4°.

A diagonal pattern is well marked (Table 4.1) and some
triple groups suggest erratic high points in the stream field
as though much short wave noise were present. Knighting
(1962) gives the criterion for ellipticity of the balance
equation as approximately that the absolute vorticity must
exceed £/2; hand examination of a dozen points in the original
geopotential field which had negative absolute vorticities

in the stream field suggests that about a third of these points
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violate the criterion for ellipticity. No points of negative
absolute vorticity were found in this sample of the geopotential
field.

During the forecast points of negative absolute vorticity
usually intensify and propagate downwind, sometimes attaining
-2.5f. There is no apparent relation to the persistent points
of slowest convergence. The smoother weakens them all and
removes socme. In view of the slight changes in the forecast
caused by halving the time step (section 4.2), with the smoother
applied at every twelfth step, it is unlikely that negative
absolute vorticities as. such greatly influence the cases
studied. The ridge and trough positions in the stream and
geopotential fields largely coincide, but we have not computed

the geostrophic vorticity and momentum transports.

T J Ratio I J Ratio
26 3 .144 27 4 .082
28 5 .258 29 6 .181
42 7 747 43 6 ,568
44 5 .070 A 45 6 .234
46 7 ,125 ' 47 8 .498
48 9 .535 49 10 .509
50 11 422 51 12 .272
51 17 - .284 50 18 441
49 19 ,109° }
44 44 .165 45 45 407
44 46 .522
16 36 .1357 17 37 .176
16 38 1,030 '

TABLE 4.1

Illustrative Locations of Negative Absolute Vorticities and
Ratios to the Local Coriolis Parameter. NMC Stream Field,
500 mb, 0000Z 26 January 1964.
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From the stream and geopotential fields given on the NMC
tapes, the complete balance equation is not satisfied by
amounts approaching 100% even at points where the terms are
individually large; including points at which the stream field
has negative absolute vorticity. While we do not know what
smoother is used in the operational balance equation, in our
opinion further clarification of this matter is advisable if
further studies are made on cases of unusually bad forecasts.

Although the operational barOtropic model sets negative
absolute vorticities to zero while leaving the associated
stream field unaltered, we calculated the implied stream field
by the usual relaxation used in Laplacian reanalysis. All
changes wefe negative, the hemispheric mean cyclonic vorticity
having been increased; the form is a rough egg shape with a
maximum change of 142 meters at SOQN l30°W for O000OGMT 26
January 1964. For 0000 GMT 5 November 1963 two maxima appear,
with no apparent relation to forecast errors. While the hind-
cast-reforecast procedure indicates a stronger zonal wind as
one feature of the analysis necessary for a correct forecast,
and while the relaxation of negative absolute vorticities
appears to move in the right direction, it is known that zero

absolute vorticity is not the correct value.



5.’ CAS‘E OF 5 NOVEMBER 1963
5.1 Nature oﬁfthe System

The visible cloud mass (TIROS 7, orbit 2046) suggesting
a deparpure»frgm the NMC ana;ysis lay near ship 4YP, with a
size of about 5 degrees (2_grid lengths; wavenumber 72) zonally
and 10 degrees meridionally. No indication of its presence
was found in the radiosonde sounding at 4YP, and it was con-
cluded that the surface cyclone was probably small and in-
cipienta‘ It is, howeve:, permissible to infer a larger
‘structure similar to that commonly found in areas of minor
cyclogensis. »Cpnsultation Qf all‘surrounding conventional
reports did not suggest that any reanalysis should exceed
wavenumber 12, although it was considered that in view of the
smoothing used in the barotropic model components at wave-
numbers greater than about 15 had little prospect of signifi-
cantly influencing the forecast.

The lapse rate at 4YP is near dry adiabatic to 850 mb,
and near‘wet:adiabatic but far from saturated to 500 mb. The
sounding at Cold Bay (SSON, 1630W) shows a definitely warmer
airmass above 530 mb. (-310C at 500 mb., as against -36°%¢
at 4YP). The wind direction at 4YP is constant with height.
Thus the wave can be only minor, with no thermal support for
strong baroclinic development, and not of a type specifically

associated with substantial long wave motion.

-20-
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5.2 Origins and Energetics of Such Systems

According to the scale analysis of Kibel (Chapter 3),
for a system of 500 km size the inertial terms in the equations
of motion are in the order of 20% of the Coriolis term. Nor
is it likely that much will be known observationally of such
small systems except from the frequent satellite éoverage
which has just become available. It was concluded that in
practice one can do no better than follow the energetic
assumptions of McClain, Ruzecki and Brodrick (1965).

The small wave observed of 5 November 1963 may probably
be treated as a stable barotropic wave in a region of approxi-
mately zonal flow. The question which may be asked is what
larger scales of motion are implied by the occurrence of such

a wave.,

5.3 Errors of the Forecast

The error chart for the IJNWP forecast showed errors up
to about 190 meters, and the pattern of positive and negative
areas indicated substantial contributions from zonal wave-
numbers five and six, which were documented by Fourier analysis
in Table 5.1.... It was noted that these are the baroclinically
active waves, but no use can be made of this fact within the

confines of a barotropic investigation. The reanalysis made
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Figure 5.1. Above: Reanalysis area (interior rectangle)
and verification subarea for case of 5 November
1963. Dashed line indicates coverage by TIROS 7
orbit 2046 for 1934GMT 4 November. Below:
Laplacian change field for 0000GMT 5 November
1963. Units are in tens of meters.
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by the Meteorological Satellite Laboratories and rerun on
our computer gave similar results, identical to those ob-
tained on the NMC machine, with forecast improvement up to
80 meters but with just as large errors remaining. No sig-

nificant change resulted from our reanalysis.

5.4 Reanalysis

Three Laplacian reanalyses were made, the first two being
rejected as showing meteorologically implausible systems.
In the third (fig. 5.1), maximum changes of =69 meters and
+111 meters at 45°N and with a zonal separation of 10° gave
a trough and ridge separated by 15° (zonal wavenumber 12 for
a whole wave) in the stream function change map.(fig. 5.2).
The grid resolution is a limitation on reanalysis on this
scale. Small changes were implied in longer waves. The Cor-

iolis parameter corresponds to a Laplacian of 130 meters.

5.5 Verification

No significant change in correlation coefficients or RMS
errors resulted from this reanalysis. The maximum forecast
improvement attained 56 meters in an area of large errors over
the western United States, but errors of 190 meters remained

(fig. 5.3). Although forecast deprovements reached only 20
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meters, it was not considered that the changes were dis-

tinguishable from chance.



-27-

-osen £96T ISAWSAON & 17T-0 SISqUNUIABM Teuoz 3JO (z* bop) soseud pue (HETx"WO) sopnilTTdWY

1°G FIIYL

€z/8€° SLI/ET’ gg/0€° v0T/9¢t° o8/LS® 68T/TE’ 96° 1 N O0€

80T/L8° 961/SS° oTIT/29° 6ST/LT’ ZE1/60° y¥/06° L6° NoSV
190N SEVY O¥HZ

6z€/8T° LTI/ET’ 06/6€° TTT/1T’ yg/8L" TTT/TE’ L1°2 NoO€

g891/09° 9TT/0T° zz1/%9° SL1/6V’ gz/8%° 991/8T1° LY® NoS¥
Isod €gHL

soz/8€" 691/¥T° 06/87° LOT/TE’ 9g8/2S° L6T/8E’ 12°C NoO€

60T/18° 68T/0S° oz1/8S° €v1/CT’ Z81/¢€1° ov/v¥: 99° NoSV
IYNY €9HL

z9/29° 8LT/8T° L6/9G" 96T/T1T’ zv/8S° VYLT/OV° 0z°2 NoO€

LGT1/29° 9L/ €1° L9T/€9’ poT/LS" STT/0E’ €y/ov° LS’ NoS¥
1sv¥oadoddad

LL/oL" 98T/TT’ 9g8/€T° 6TT/EE’ 69/9¢° LLT/ES’ 9T° ¢ 'NoO€

$0T/60" T ¥TT/LE’ 0ST/GL® 9€T/0¢’ Go1/¥€’ oy/89° 6§° NoG¥
LSYOANIH

g9/L9° ¥ST/ST’ z8/96" VIT/LT’ zs/Sv*  TILT/8V° ¥ A4 NoO€

LST/99° 18/T1° TotT/0L° 6v1/09° 8ST/VT’ 0s/9¢€° V9 NoSV
. dMNL 9 2T1

1€€/61° OET/ST’ gg/LE" VIT/6T’ 1€€/SL° 02T/TE° LT°2 NoO€

69T/TL" OTT/LT’ c€e1/2s°  EVI/ELT ge€/9C’ og/Lz" 99° NoS¥V
\ ISOd dMNCL

€z/6€° LLT/STC ¢g/62° VOT/SE’ z8/0S° €61/8¢° 12°¢C NoO€

60T/88° 96T/¥S° Z11/19° LST/8T° $¥12/90° Ly/ vy V9 NoSV

dMNC S 200
9 S v € [4 1 0



-28-

*9sB) €967 JISQWSAON G ‘ZT-0 SIdquUnuasey TeRUOZ JO (H°bop) soseyd pue (HATx WD) soapniTrduy
(pepniouod) T°g FILAVL

60T/2T1" T1L/0T" 6CT/1I1° 21£/80° ¥8T/2T° 1€1/%v2° NoO€

z262/60° TIES/ET° v1c/ce: 6S€/9T" LL/0OS”® Loz/zg¢: NoS¥
IJ0OA SV O¥HZ

ZY1/¥1° €S1/80° 1ST/90° 0€1/81" OLT/TIT® 6T1E/€T" NoO€

62T/€2° €9T/LT1° LET/€T" S6/SE° €61/2¥%° vse/vee NoS¥
ISDJd €gHr

601/21° ¥L/0T"° 8C1/1IT1T" 80¢/80° 06T/TT" 62T/LC" No0€

T1T€/90° S6Z/¥%T1° €z/LE” Zs€/0T1° oL/TS" 86T/V€" NoS¥
TTYNVY €9HD

O0T/€T° o0SZ/vC” ¥S€/90° €9/9T° Loz/o02 LT/SC" N0

- O

98/1T1° 6€2/L0O° LY/ LO" £€8/82° L6T/Z€E" o/z2c’ NoS¥
LSVYOAI0ITT

6L/L0O° €21/%0° €81/60° vve/ve” 9GT/0T" v02/L1” N, O€

ov/€0° O¥E/TIT1° T22/20° oTE/¥v2" €9/16G" zsez/9c” NoS¥
LSVYOANTIH

ZOT/TIT° €S2/20° 9¢/0T1" SL/YT1° vic/€C” Z81/¢€¢€" NoO0€

9L/ST1° 2SZ/CT1° v9/0L" 06/6C° T12/2¢"° 991/02" NoS¥
: dMNL 9 22T

6vT/ST° L¥T/90° ¥¥1/80° YET/LT S9T/0T" 9TE/€T° NoO€

6TIT/ST° LE€T/2T° LYT/¥1° Zo1/e6c¢ 66T/9%° ze/oc: NoSY
ISDd dMNC

601/21: YL/T1T1 1€T/1T" 21€/60° L8T/CT1" 621/9C" NoO€

v62/60° T1€/21° gze/eee” oGE/GT" LL/TS" 60Z/€¢€" NoS¥

dMNL S Z00
Z1 1T 0T 6 8 L



6. 26 JANUARY CASE

6.1 Synoptic Situation

The synoptic pattern of 26 January 1964 appeared
promising for two reasons: firstly, the satellite photé-
graphs over the western Pacific revealed the presence of a
large scale powerful system which was not apparent inythe
original JNWP analysis; secondly, verification statistics
showed that the JIJNWP forecast for this period was outstand-
ingly bad indicating fertile ground for improvement. Re-
productions of the original analysis and the verification
error chart are included as figures (6.1l) and (6.2). It is
apparent from the error chart that the maximum absolute error
in the numerical forecast differed from the verification in
excess of 500 stream meters; and in the area of the satellite
coverage the difference exceeded 200 meters. This may be
compared to the case of 5 November 1963, where the maximum
absolute error was less than 200 meters.

The oustanding feature of the satellite photographs
is the frontal cloud band which is clearly distinguishable
in the second pass. This front was interpreted to be associ-
ated with a young cyclone nearing maturation or the occlusion
stage. This was determined by the fact that the typical spiral
nature of the mature cyclone is not in evidence, while the

extreme clarity of the frontal band suggests the formative

=29~
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Figure 6.1. NMC numerical analysis for 00OOGMT 26
January 1964. Stream function { isopleths
are D values in tens of meters.
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Figure 6.2.

I0°E

80°W

NMC forecast minus observed for 1200GMT

27 January 1964. 1Isopleths of stream
function § difference are labeled in
hundreds of meters. The dashed rectangle
is the verification subset. Roman numerals
identify error regions referred to in

the text.
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rather than the dissipative stage. The cyclone center was

approximated to be 430N, l74oE. A number of empirical rules
concerning the flow aloft have been formulated by other re-
searchers, and several of these were applied. They wiil be

discussed in connection with the relevant SINAP reanalyses.

6.2 Streamline Reanalyses

I. The original reanalysis was carried out without
knowledge of the verification nor the JNWP difference map.
The reanalysis area was chosen to coincide with the satellite
coverage (figure 6.3). Observations within this area were
limited to Midway Island and two radiosonde ships, one of
which was positioned only 500 km from the center of the
satellite observed clouds. Because of the difficulties
encountered in the 5 November case, a streamline reanalysis
was chosen. According to the decision that the cyclone was
not yet mature, a closed low was not analyzed on the 500 mb.
surface (see Thompson, Cronin and Kerr (1964)). Further,
since the major cloud areas visible in developing systems
are almost certainly indicative of strong vertical velocities
(rather than continuity), the trough line was accordingly
positioned to the west of the major cloudy region. The

actual magnitude of the displacement was necessarily
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Figure 6.3.

Subareas used in 26 January stream function re-
analyses and verification. Satellite coverage is
indicated by the dashed curves. I is TIROS 7 orbit
3263 for 0342GMT; II is orbit 3264 for 0521GMT

26 January 1964. Rectangle 1 was included in re-
analyses 1-6. Rectangle 2 was added for reanalysis
3. Rectangle 3 was added for reanalyses 4-6. The
exterior rectangle is the verification subarea.
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somewhat arbitrary, as no prior maps were available and thus
no estimate of the speed of the system could be calculated.
To account for the baroclinicity, and the time difference
between satellite obéervation and @alysis time, the trough
line was established at 165°E.

On the basis of the slight changes resulting in the
SINAP forecast for the 5 November case where changes in the
reanalyzed streams were at maximum 86 meters, it was felt
that more drastic modifications could be permitted. Accord-
ingly the stream height in the trough area was decreased
by a maximum of 178 meters. Furthér decrease was restricted
by the observed data from the ships. To provide additional
contrast with the original analysis and a steeper gradient
on the leading edge of the trough, ridging to a maximum
change of 324 meters was introduced downstream from the
satellite coverage. Very modest ridging was also introduced
upstream. The.shaping of the trough, after the trough line
was geographically positioned, was largely determined from
the observed winds contained in the ship data, and the re-
sulting scale of the system approximated wavenumber 12.
Maximum changes in the vorticity introduced by the stream
changes amounted to +305 meters.

II. With the identification of erroneous data from
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the verification of the first reanalysis (section 6.4), a
second reanélysis was made to measure stream curvature effect
in a SINAP reanalysis, the streamlines in the reanalysis area
were made as zonal as possible within the restrictions offered
by continuity of the mean latitude of the zonal jet and the
observed data within the area. This reanalysis was performed
without consideration of the satellite data. The effect

on the JNWP anélyéis was to fill the erroneous trough, slightly
fill the central portion of the cyclone evidenced in the
‘satellite photographs, and deepen the southern-central region
of the reanalysis area. The changes nowhere exceeded 107
meters. The Laplacian calculated from the modified stream
field also showed only moderate changes, nowhere exceeding

189 metersf“ The changes of the vorticity were almost exactly
opposite to what is indicated by the satellite coverage, but
as this reanalysis was intended to serve only as a standard
of comparison, the reanalysis was not altered.

III. One reanalysis was made to incorporate empirical
rules postulated by Thompson et.al. These investigators
found that old pOlaf fronts south of fresh polar outbreaks
can frequently be distinguished in the Pacific by east-west
bands south of 3OON, and this may reflect some regeneration

of the old front. Though such a band is not clearly
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distinguishable in the coverage of 26 January, there is
slight indication of such a front in the first pass of the
satellite. Because the secondary front was so close to the
limit of the satellite coverage, the reanalysis area was
extended two gridpoints to the east. Furthermore "cold
migrato;y surface highs with westerly flow aloft appear as
distinct clear areas. With more northwest to northerly flow
aloft, there is a tendency for cellular clouds in the area.”
Since the cellular clouds are clearly represented in the
satellite photographs, it was decided to enhance the ridging
behind the cyclone in order to induce a more northerly flow.
The reanalysis was constructed by graphical addition of two
wave systems which were intended to represent the old polar
front and the fresh outbreak associated with the strong
frontal band in the satellite- photographs. As a result,

a rather broad trough was introduced into the reanalysis
area. Relative-to the first reanalysis, the trough line

was moved east to approximately coincide with the center

of the crescent-shaped cloud pattern. The maximum deepening
was also displaced slightly south by the addition of the
second system. Ridging ahead of the system was curtailed,
while ridging to the rear was enhanced. Maximum deepening

in the trough was 210 m., while maximum ridging behind the
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system was 97 m. Maximum ridging downstream was reduced
to 133 m. (largely due to the removal of the erroneous
trough). The maximum positive relative vorticity change
associated with the modified stream field was 276 m.

IV. A fourth reanalysis was constructed to emphasize
ridging both up and downstream from the main cloudy area.
Since the system in the first reanalysis was felt to be
somewhat too baroclinic, the trough line was repositioned
approximately three degrees to the east (1680E)° Troughing
in the area of the cyclone was held to a minimum with stream
modifications not exceeding =72 m. while maximum increases
up and downstream were 226 and 231 m. respectively. Error
charts for the first and third reanalyseés proved difficult
to correlate with modifications of the respective analyses.
A major purpose of this reanalysis was consequently to
elucidate the effects of the forecast of the upstream
ridging (reanalysis three) and downstream ridging (re-
analysis one). The primary effect on the vorticity field
was to introduce broad areas of anticyclonic vorticity
ahead and behind the cloudy region (-144 and -180 m) with
a moderately small area of cyclonic vorticity increase in
the area of the cyclone (4288 m.). The modified stream

field is portrayed in figure (6.4).
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V. The fifth and sixth reanalyses were modifications
of the fourth. It was felt at this time that the fofecast
could not in this particular case be significantly improved
even by immoderate reanalyses. Consequently, attention was
turned to the quantitative effect of alterations in the
horizontal shear or the stream functi@n gradient. In these
three reanalyses, the curvature was held approximately fixed,
within the constraints offered by continuity at the edges of
the reanalyzed area. Intensity variations were not large.
and so the three reanalyses test the sensitivity of the
forecast to moderate changes in the shear.

In the fifth reanalysis, ridging both up and downstream
fromvthe cyclone was further enhanced to change maximum of
257 and 278 m. respectively. Depression in the trough
region was not altered from reanalysis 4. Predictably,
in viéw of the finite difference scheme employed in its
computaﬁion, the general vorticity pattern was not signifi-
cantly altered but the magnitudes were intensified. Maximum
change values in the downstream ridge, the trough, and the
upstream ridge were =180, 398, and =253 m. respectively.

VI, Iﬁ the sixth reanalysis, the downstream flow was
not significantly altered while the trough was deepened

to & change maximum of =108 m. and the upstream ridge was
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reduced to a change maximum of 178 m. The asymetric change
in the stream function also changed the vorticity pattern
such that the positive alterations in the trough area were
.considerably expanded. Maximum change magnitudes in the
downstream ridge, the trough, and the upstream ridge were

-234, 218, -278 m, respectively.

6.3 Vorticity Reanalyses

For éompleteness, two vorticity reanalyses were also
made for the case of 26 January. The principal aim of the
experiment was to achieve maximum simplicity in the re-
analysis procedure. Consequently, the reanalysis fegion
was reduced to a 9 x 6 gridpoint area. In both trials an
area of very strong positive vorticity was introduced. The
maximum changes were centered approximately 3°WNW of the
center of the crescent shaped cloud pattern as suggested
in the Meteorological Satellite Laboratories "SINAP Pro-
cedures for 500-mb analysis modification." Negative
vorticity modifications were introduced around the maximum,
with a balancing region of negative vorticity in the approxi-
mate region of the upstream ridge. The magnitudes of the
changes were made to conform approximately to those induced

in stream function reanalyses 4-6. It should be noted that
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changes of this size cause alterations in the stream function
well beyond the limits of the reanalysis area. Consequently,
changes which are not insignficiant (50 m.) do occur over
relatively dense data areas in the U.S.S.R. However, the
gradient of the change outside the reanalysis area is not
large and so the dynamic effect on the forecast can be
expected to be small. This assumption is certainly justi-
fied for the case of 26 January where the forecast error is
so large. More importantly, large vorticity changes in a

- reanalysis necessarily violate neighboring observations in
the reanalysis area. As remarked previously, radiosonde

data was available within 500 km. of the center of the cloudy
region, and this data could not be conserved when large vor-
ticity changes were introduced.

I. In the first reanalysis the area of cyclonic vor-
ticity change was chosen to be nine (3 x 3) gridpoints. The
maximum change introduced was 300 m. The balancing region
of anticyclonic vorticity was also nine gridpoints, but with
a maximum intensity of only -120 m. Through an oversight
the total relative vorticity in the reanalysis area was not
conserved; however, the relaxed stream field changes were
considered satisfactory for a forecast. A comparison of the

stream function changes for this reanalysis and the second
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Figure 6.5. Above: Reanalysis area and Laplacian change
field for vorticity reanalysis 1 for case of
26 January. Units are in hundreds of meters.
Below: Relaxed stream field changes. Units
are in tens of meters. '

/ —
70 W Kl

IO E

80 W



-43-

ISOE 140E

30N
I60E

I70E

180

40N SON

Figure 6.6. Laplacian change field and
relaxed stream change field
for vorticity reanalysis 2
for case of 26 January.
Units as in fig. 6.5.
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Laplacian reanalysis (which was more intense) shows the
spreading effect when relative vorticity is not conserved
(figures 6.5 and 6.6).,

II. The pattern for the second Laplacian reanalysis
was not altered, but the magnitude of the cyclonic maximum
was increased to 400 m. Negative values surrounding the
maximum of anticyclonic vorticity could not be increased
without the introduction of negative absolute vorticities.

This was avoided for reasons set forth in section 4.

6.4 Verification

A partial list of verification statistics is given in
Table 6.1.It is apparent from these that the errors in the
original JNWP forecast and all reanalysis forecasts are so
large that the statistics have little meaning. In view of
the original error, it would be unreasonable to expect
significant improvement in the verification over the entire
grid. The fact that none of the SINAP forecasts show any
improvement is somewhat unsatisfactory. In an effort to
investigate this a comprehensive point by point analysis
of the differences and forecast improvement charts has been
made. This has permitted some insight into the effects of

the individual reanalyses as will be discussed below, but
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has not suggested any manner of significantly improving
the forecast.

Several points should be noted concerning the verifi-
cation stream field and the difference chart computed from
the JNWP forecast and verification fields. The verification
streamlines over the Pacific exhibit a wave pattern approxi-
mating wavenumber nine. The JNWP forecast streamlines on
the other hand show little wave pattern whatever, and con-
sequently the difference map is composed of fairly well
ordered error maxima (figure 6.2). These maxima, moreover,
are rather well correlated with the Pacific observing stations.
This is felt to be quite meaningful in view of the arguments
presented in section 3.1.

The scale chosen for the SINAP reanalyses on the basis
of the satellite data was wavenumber twelve, which turns out
to be a fair approximation for the observed discrepancies.
However, in no instance did a SINAP forecast approximate
the wave pattern of the verification. The two entities
therefore appear to be unrelated.

Completion of the first SINAP forecast revealed that
both it and the JNWP forecast mistreated a blocking pattern
in the eastern Pacific near the west coast of North America.

In both forecasts the block was to some degree broken, while
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the verification analysis showed it to have intensified. 1In
view of the dominant role played by a blocking pattern in the
general circulation, much of the error in the numerical fore-
cast may be attributable to this feature. An attempt was made
to isolate the cause for the breaking of the block but although
this uncovered an erroneous observation in the central Pacific
(corroborated by the Satellite Laboratories) the removal of a
trough induced by the faulty data did not affect the behavior
of the block in the forecast. Similarly, none of the SINAP
forecastsaltered the original behavior as the satellite cover-
age was too far removed.,

The major error regions in the verification subareas are
labeled in figure (6.2). They will be referred to by number
in the following discussion. As expanded below, only error I
appears to be significantly correlated with the satellite
observed weather system. Errors II and III, while influenced
in magnitude by the reanalyses could not be changed in pattern.
The verification of each error region is discussed separately
below in terms of the stream function and Laplacian reanalyses.

In most of the stream function reanalyses, error I is
the region into which the satellite observed system is moved
by the forecast. It represents a region where the JNWP fore-

cast exhibits too little troughing. This error was, however,
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intensified in all the stream function reanalyses except
the third. On this basis it is tempting to ascribe the
discrepancy to ridging introduced downstream from the
satellite observed clouds. This is clearly the case with
the first reanalysis as the development followed throughout
the forecast period shows amplficiation of the downstream
ridge with the low center consequently steered too far to
the north. However, in reanalyses 4, 5 and 6, there is also
an effect from the ridging introduced upstream. In these
trials the downstream ridging did not develop significantly,
and the additional upstream ridging was advected into the
error region. The end result on the difference maps is the
same in all cases, but for intricately different reasons.
In all cases the major failure results from insufficient
troughing in the reanalyses, as ridging effects were emphasized.
For reanalyses 4, 5 and 6, which were carried out to
investigate the effects of slight changes in the shear,
slight modifications had significant influence on the error
field (figure 6.7). However, it proved to be impossible to
correlate the analysis and forecast changes because of the
complex interdependence of the two ridges. For example, the
error was extremely similar in reanalyses 4 and 6 although

in the latter analysis the upstream ridge had been intensifiec
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while the downstream ridge was weakened. Inexplicably, the
forecast of reanalysis 5 was significantly different from
either.,

It is evident from the Laplacian reanalyses' forecasts
that the influences on error II were largely derived from the
positioning and intensity of the upstream ridge which governed
the extent to which the trough penetrated southward in the
forecasts. It is consequently apparent that if the satellite
observed system is to have any effect on this error, it will
" be in the nature of additional troughing. Since the verifie
cation chart requires additional ridging in this region, it is
highly doubtful that the discrepancy is attributable to the
system observed in the satellite photographs.

The effect on error II of the upstream ridging was most
clearly demonstrated in reanalyses 4, 5, and 6. 1In all cases
erroneous troughing was forecast in this region. The change
was especially éronounced (200 m.) for reanalyses 4 and 5
where the anticyclonic gradient introduced upstream from the
trough proved to be unstable and caused explosive deepening
of the system. For reanalysis 6, with the ridge modified,
the effect was less intense (100 m.).

Error II was also intensified in the second reanalysis

which was an attempt to remove all curvature effects. An
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analysis of the six hourly forecasts showed that this was
caused by lowering the mean height just west of the erroneous
trough. This particular adjustment was unconnected with the
satellite observed cloud patterns suggesting that the error
itself is unconnected with the observed system.

Error III like Error I represents an area where the
forecast failed to produce a trough. This error was neither
significantly nor systematically altered in the stream function
reanalyses' forecasts.

The vorticity reanalyses proved to be slightly more
encouraging than the stream function reanalyses, even though
the initial stream field was extremely noisy. In both trials
error I was slightly improved (figure 6.8). This may be
attributed in part to the removal of the downstream ridge
but is largely a consequence of the repositioning of the
upstream ridge to the northwest and the broadening of the
trough in the clbudy region. The figure also reveals the
introduction of a fictitious low center to the north of error I.
This represents a direct advection of the original low center
in the reanalysis and indicates that the original center was
both slightly malpositioned and too intense.

Although the change of the position of maximum ridging

upstream from the cloudy area was only 50, this was sufficient
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to almost entirely eliminate influence on error II. This
gives further support to the hypothesis that that error is
not associated with the satellite observed system.

Both Laplacian reanalyses contributed some corrective
troughing in error III, In both cases, howevef, the area
of maximum error is undisturbed from the JIJNWP forecast since
the SINAP forecasts, as measured above, failed to produce
the wave pattern of the verification. To a large extent this
improvement is the result of a general lowering of the height
of the stream field, and analysis of the six hourly forecasts
shows that this lowering is retained from the original field.
This is consistent with the failure of the stream function
reanalyses' forecasts to show any improvement in this region,
as they in no case significantly lowered the initial heights.
This improvement is thus considered to be to some degree
fortuitous, and error III, as error II is not believed to be

related to the éatellite Observed system.

6.5 Conclusions

In some instances it has been possible to draw cause
and effect relationships from the forecasts of the SINAP
reanalyses. In géneral, however, the internal mechanics of

the forecast are too complex to permit formulation of any
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specific rules. The separate effects of shear and curvature
on the forecast could not be distinguished. As a rule of
thumb the magnitude of the forecast changes approximates the
magnitude of the initial changes, but the direction of propa-
gation is extremely sensitive to rather small differences.
Analysis of the verification maps for this case pdints
out the importance of the geographic positioning of a satellite
observed weather system. In particular, the Laplacian re-
analyses demonstrated that a shift of a few gridpoints in the
upstream ridge influenced an entire region (error II) of the
forecast. Although this problem was probably emphasized in
this work by the immoderate size of the analysis changes, it

is hardly doubtful that it would exist in all cases.
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7. CONCLUSION

As a result of this investigation is is believed that
SINAP procedure could not significantly alter the numerical
forecasts in the cases studied. It is felt that for thé case
of 5 November the scale of the satellite observed weather
system is too small to be effective whereas for the case of
26 January the initial state is too poorly specified on an
hemispheric scale to be improved even by the proper inter-
pretation of a moderately large system in the satellite
photographs.

The greatest difficulty in the SINAP procedure remains
the proper interpretation of the satellite observed cloud
forms. The various trials with the case of 26 January point
out that some improvement could be achieved in a limited
region, but that this requires a very specific analysis of
the system evident in the cloud photographs, particularly
with regard to geographical position.

Verification of the SINAP procedure is obfuscated both
by the scant data in the region of verification and by the
complexity introduced by the numerical forecast. Under these
handicaps it was found to be impossible to draw quaatitative
conclusions. In particular, it was not possible to distinguish
in the forecast the individual effects of alterations in the

shear and curvature. The complexity of the dynamic interaction
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precluded their separate recognition although the combined
effect is to preserve the magnitude of‘original alterations
in the analysis.

The investigators found no inherent advantage to choosing
a stream function rather than a vorticity reanalysis. From
an operationél standpoint, the difficulty in restricting the
relaxed stream field changes is compensated by the ease of
avoiding negative absolute vorticities and by the reduction
of the area which must be reénalyzed, Delineatidn of their
relative merits would require‘a more selective verification
procedure than that utilized in this work.

Hindcast-reforecast procedures gave disappointing results
due to the large truncation and other numerical problems found,
but poiht'to the conclusion that substantial baroclinic effects
and errors not remediable by satedlite data are present.
Discrepancies in the balance equation are unexplained.

Changes in the forecast for different zonal wavenumbers
are comparable in magnitude to changes in the analysis:
differences in the zonal mean profile observed and forecast

or hindcast are prominent.,



8. SUGGESTIONS FOR FUTURE WORK

8.1 The Analysis Problem

The SINAP pfocedure was introduced to supplement
observations over sparse data areas. Through the use ofba
numerical forecast, the resulting analysis may in principle
be validated in a dense data area. However, in attempting to
utilize the sétellite photographs for reanalysis with forecast
verification, this project has compounded the difficulties of
weather system recogﬁition With the purely mechanical problems
of ngmerical.prediction. Further, in practice thevverification
has also taken place over data sparse areas, and itself is
thus suspect. It is felt that the chances for success in such
a venture are rather limited.

The results of this project suggest that the proper inter-
pretation of the cloud photographs remain the primary problem,
and there is every indication that the analysis problem must
be more fully>investigated before adding the additional com-
plexities of the numerical forecast. It is thus suggested that
alhtough the prime purpose of a SINAP reanalysis is to supple-
ment observations in a data sparse area, analysis techniques
cannot be perfected over such areas, as they cannot be directly
verified. Only when an analysis technique has been developed
and tested over an area of fairly good conventional coverage

can it be applied in data sparse areas. At this time verification
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through forecast would be more feasible, especially as expanding
satellite coverage might permit modification of the verification
as well as the initial field.

Several féctors which were not considered in the present
project might be incorporated into such an analysis study.

Following is a partial list.

8.2 Continuity and Winds

The isolated photographic swaths used in our studies did
not allow any determination of wind speeds or directions from
the displacements of identifiable features. Current coverage

should allow the use of this method.

8.3 Thermal Radiation Data

Despite possible data processing problems, the use of
thermal radiation data would substantially assist in guessing
the height and type of stratiform clouds, and deducing the

motion field.

8.4 Gandin's Method of Omitted Stations
In his comprehensive book on automatic analysis, Gandin
(1963) omits some stations from a network in order to have

comparison data for his analysis. This method would provide
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a direct test of the ability of satellite data to improve the
thermohydrodynamic analysis if used over the dense data areas

of Europe and North America.



APPENDIX A

Successive Point Over-Relaxation

The theory of Accelerated Liebmann or Point Successivev
Over-Relaxation used in the NMC routine WPAl3 is treated in
many texts, e.g., J. Todd (1962), L. Fox (1962), D. K.
Fadeev and V. N. Fadeeva (1963). The authors have not,
however, found a discussion of the combined juryfmarching
method used in most forecast models. The constant omega
(COEF) of 1.40B2 used in WPAl3 is close to the overall
optimum value (least number of scans) found by L. Norton
(U.Ss.W.B: Fort Worth) in unpublished work on a 14*23 point
36 hour barotropic forecast during U.S.W.B. Refresher
Cgurses:at the University of Michigan in 1965.

Re-examination of Norton's results showed, however,
that the best values for 14*23 are about 1.70 at the initial
step and 1.30 at all subsequent steps. Further, a trial
of A;tken extrapolation (Fox, p. 287) was found to require
the assumption that the error vector at all steps after the
initial time was dominated by one or. more eigenvectors
corresponding to eigenvalues much smaller than the spectral
radius of the matrix. Under these circumstances Aitken

extrapolation is of little value.
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It may be shown (Dr. C. Young, private communication)
that the theoretical optimum omega (for a minimum spectral
radius of the relaxation matrix) is near 1.70, which coin-
cides with the léaSt number of scans only on the assumption
that the error vector is reduced to a multiple of the
special eigenvector (corresponding to the absolutely largest
eigenvalue or spectral radius) before the convergence cri-
terion is met.

In practical forecast procedures this requirements is
met only at the initial step, when a first guess of zero is
used for the tendency field: the error vector at convergence
is then dominated by an eigenvector approximating to a
hemispheric dome. At subsequent steps the tendency field
from the previous time step is used as a guess, and the
error vector at convergence is dominated by short wave
motions repreéented by eigenvectors corresponding to eigen-
valueés far from the spectral radius; since there are many
such eigenvalues, the problem of least-scan omega becomes
statistical and in practice one can do no better than make
omega a pre-determined function of time.

For a single jury problem such as a Laplacian reanalysis
1.70 would probably be best, but we have not tested this

except of a 14*23 model.
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Consider an arbitrary relaxation matrix A of order n,

having eigenvalues A., A pbe %n and corresponding eigen-

2I

1
vectors U,, U Un; and let the eigenvalues be ordered

l‘_ 2' o e o
so that

Al > Ile > ie. > Ixnl

.|
In the iterative solution of the equation
Ax =D
let the kth approximation t6 the correct answer x be called
X, . and let the error vector
& = ¥ - xk.
Then (Fadeev and Fadeeva, Chapter V)

&r1 = 1 k1% t o k41%2 T T ki

il

Xl 1, kUl + %2C2 X 2 + ... + %ncn,kUn

on the assumption that the expansion can be made.

Then the error change vector

i
0
I
(0]

1 T % T % k+1

= (1 - kl)cl,kul + ... + (1 - xn)c

k
1 1 ° l ee. 4+ (1-A )%n n,oUn

n,kUn

= (1- % I

It is usual to use the absolutely largest element
(maximum modulus norm) of the error change vector as a con-
vergence criterion. Evidently the problem of minimizing the

number of scans in a jury problem can be reduced to the
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problem of minimizing the spectral radius (absoluteiy largest
eigenvalue) only if the special eigenvector comes to dominate
the error vector at convergence; this is not so in jury-marching
problems.

For any given eigenvector one may define an amplification
factor by

= C
am m, k+1 Cm,k

which for the accelerated Liebmann process leads to

a = A m=1, 2 ... n.

For an Aitken extrapolation by the formula

ez = gy - ox) (L= )
where C is some arbitrarily assigned constant, the amplifi-

cation factor for the mth eigenvector is

a =AN (L -C) -C¢C.
m m

Since the best value of C for a 14*23 model was found
to be between 0 and 0.25, it is clear that after the initial
time step the error vector is dominated by components corre-
sponding to eigenvalues less than 0.1.

Fiéure A.l shows the amplification factor as a function

of N for various values of C.
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APPENDIX. B

Diagnostics for the NMC Barotropic Model

The following parameters are currently saved on tape A4
and later printed in I,J and latitude-longitude coordinates
by a MAD-UMAP program:

1. The absolutely largest change in the WPAl3 re-
laxation, its linear subscript and the forecast
hour, at convergence.

2. #1 upon no convergence.

3. All negative absolute vorticities, their linear
subseripts, and the local Coriolis parameter.

4, All on-line comments from WPKO3.

5. In case of a fatal error exit, the whole of core
in four blocks.

A tamper program allows a new master tape to be written

with 28 secs. execution time. SPRA l's are changed to SPRA 4

to suit the on-line printer belts used here.
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APPENDIX C

Mosaics of TIROS Photographs, 26 January 1964

Following are the TIROS VII photographs used in reanalysis

of the 26 January case.
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