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1. Introduction and historical background

W. Baum ancd P, Thompson (19539 have re-

Lviewer] the research on long-range weather pre-
Cdiction in the Soviet Uniong L, Bactan (1959)
Lhas perflormed o similar service [or English-
Lspeaking metearologists by summarizing Russian
Lwork in clond physics.  The present article is a
srvey of Soviet work on the numerical predic-
tion of large-scale weather patterns over periods
Lof, at most, several days in advance by means of
Lthe equations ol hydro- and thermo-dynamics,
iNumerical methods based on statistical tech-
Cniues were not considered by us,

In addition to his book on numerical weather
prediction {1957h), [, A, Kibel (Kibel and
Blinowa, 1957) has E'ﬂ]t']l'i!—il]t![l 1 I".-Jlgl'i:-il'l a short
Csummary of Soviet work in this ficld,  However,
the present writers have come to the conclusion
b thatl some of the Soviet work merits a4 more de-
tailed description than was given by Kibel in the
latter article; this is especially true of work on
the theory of quasi-geostrophic motions,  Where
possible, we have compared the Russian work
with equivalent non-Soviet work on the same
subject. For the reader [amiliae with  the
- English-language literature, this has the double
merit of emphasizing differences in approach
where they exist and of providing a [amiliar
= backpground on which to view the Soviet worl
| where it is similar to non-Soviet work, Where
there are interesting or significant dilferences in
approach, we have described 1he Soviet work in
some cletail.

Russian work in numerical weather prediction
may be considered to have begun in 1940, when
1AL Kibel (1940) derived his simple formula lor
Cpredicting the motion of surface pressure centers,
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Comparatively little has been publisherd

The attempt to apply Kibel's method during the
1940's resulted in the so-called "Advective.
ynamic Analysis' or ADA. Judging from the
critical essay by Monin (1952a), this method
il not give gatisfactory results in practice.

Kibel began by introducing the idea of the
gisi-geostroflie exponston into the equations of
motion :

i a
Sl — ) = ZTT; == (T' == U.;"F):f.,, {1}

Sl — u,) =— i—; = — (% -+ u,-v)ﬂ,. {(2)
Here, fis the Caoriolis parameter, amd o is the
hortzontal velocity (with components 2 and v},
The subscript g signifies "geostrophic.”  «/dt is
the suhstantial derivative.  [(HExeceptwhere speci-
fied differently, the hydrostatic x, v, p, f~coor-
dinate system will be used throughout this arti-
cle,)  The same technique was used by Philipps
(1939) and later by Eliassen {1948} DBExperi-
ence has shown that (1) and (2) are essentially
correct  for large-scale motions;  interpreted
properly, they can be used -as the basis of the
presently  accepted  quasi-geostrophic  {orecast
H}'H[.{‘:]H ;

The formula Kibel derived for the surface
pressure tendency, dpo/d, was very simple;

o _ P00
o ,r( %, T ) (3)

# 15 here a linear lunction of the surface tempera-
ture and surface pressure.  (3) amounts te an

VOB and (21, or simplified Torms of (hem, are also to be
found in the works of Drunt and Dougles (1928} and Hretel
(1l ),
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advection of the existing field of surface pressure
in the wind field determined by & the maximum
and minimum wvalues of $p therefore cannot
change. The relations (1) and (2) were not
used in deriving (3), although they were used
by Kibel in deriving later modifications of (3.
An analysis of this lorecasting method has been
made by Charney (1951).

As part of his justification of (1) and (2), Kibel
introduced the important parameter e

(4)

Here, V' and 5 are the orders of magnitude re-
spectively of the horizontal wind and the hori-
zontal wave-length of svnoptic disturbances,
¢ has playved an important role not only in later
Russian works in dynamic meteorology but the
same non-dimensional ratio is also very impor-
tant in the scale theory of Charney (1947).
frequently  called  the *'Rossby
American worls,

A basic revision in the Soviet approach to
numerical weather prediction seems 1o have
been due 10 a remarkable paper by Obukhay
(1949). This paper treated the mutual adjust-
ment of wind and pressure in a barotropic atmos-
phere and is the Russiun counterpart of the well-
known papers by Rossby (1938) and Calin
(1945).  However, it went bevond the simple
adjustment  concepts treated by Rossby  and
Cahn, and, as will be shown Lelow, it contained
an elegant derivation of the barotropic geo-
strophic forecast equation. From this i,
Soviet work on numerical weather prediction is
guite parallel to the developments which toolk
place almost simultancously in the rest of the
world.

€5
number™ i

2. Justification of the theory of fjuasi-geostrophic
mation

This subject has two aspects:

(2 What is the detailed mechanism by which
the large-scale pressure fields and wind fields in
the atmosphere are kept in approximate geo-
strophic balance?

(b} What equations govern the relatively
slow rates of change with time of the geostrophic
flow patterns?

The first aspect is normally avilysed by consid-
ering any motion as a small perturbation on a
resting atmosphere—i.e., the same approach that
is used in tidal theory. The linearized equations
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al motion then have as solutions three Lroad 7
types of wave motion: acoustic waves, gravity
wirves, and a steady-state solution which is geo-'4
strophic.  This limited perturbation approach
does not end up with a complete explanation of
the quasi-geostrophic nature of the large-scale 38
flow pattern, however, 1t gives only a deserip. 8§
Hone of the way in which an mitial localized un- :
badanced disturbance in a stable atmosphere will 58
approach o steady-state peostrophic motion : the %
acoustic and gravity waves are simply {res to 0
disperse over the entire atmosphere,  “The funda-
mental explanation ol why the flow 1= mainly |
peostrophic invoelves also the sftabilily of atmaos 4
pheric motions, together with the length and 8
time scales of the external encrgy sources affects o
ing the atmosphere. 4
Bothaspects (adand (B) haove been lreated inthe
Soviel and non-Soviet literature.  In the latter, _
the two aspects have Deen treated more-or-less 7
separidely.  For example, Rossby (1938), Cahn
(1945) and Bolin (1953) have treated question -
{at), while Bjerknes and Holmboe (1944), Sutcliffe k-
(1947}, Charney {1948) and Eliassen (1948) have 3
considered question (b)) directly.  The Russian 4
approach has been more methodieal, with both
aspects frequently being treated in the same &
paper.  As an example of this, we will first
smmarize the 1949 paper by Obukhow,
Obukhov considered a hydrostatic barotropic

atmosphere.  His basic cquations may be written
e dy i
— — o=t =— p-Yu, 5y
el s v () 3
chi dx o
— = - g2 == = — p.Ts ) ah b
Y |- fir - & o Vo, (6}

ay il i i
TR M T (7} 3
Here, x is the logarithim of the surface pressure,
¢ = glf, and [ is taken as constant. g is the
acceleration of gravity, and I is the average
depth of the atmosphere,
Obukhov  first  examined  the perturbation
problem abtained by neglecting the non-linear
terms on the right sides of (5)=(7). Two Lypes
ol perturbations are possible: i
(1) Gravity.fueriia waves.
differential equation

These salisly the

hi®
(?1 = J?JI.I'L']‘-;'J _|_ Jﬂ-"ﬂy’l}

= v — fx (5

and have a large phase speed.  They also have
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the property that the potential vorticity, 2,
sssociated with these waves s zero;

chy e

l _— e ——
ax ay S

(2

12) Steady peostrophic motion., Let ¢ and
represent the horizontal welocity potential and
stream function:

agp i
Hh=—
:EI'J: 'il '
= (10}
_
ay dx

In addition to the gravily inerlin waves, a
steacly-state motion is possible with the following
Mecperlics

bl
E=ﬂ'
P
= —
Sy

&t =
il = JIT Vi — fx.

It is casy Lo show dirceily from the linearized
fmnﬁ of (3)—(7) thav 8t/a8¢ = 0. Obukhov new
arpues as follows.  Suppose that an initial dis-
torbance, which in geneeal will contain both
rravity waves and geostrophic motion, is limited
toa inite area, . The graviby waves will disperse
ver the rest of the atmosphere, and a final
equilibrivm satisfying {11 will bhe reached,
[He demonstrates this mathematically from the
influence function solution of {ﬂ}: Since the
potential vorticity is independent of time,

0, v 1) =

he final equilibrium state can therelore be
determined by using the last equation of {11):

S, y, 0,

o il i
iy — | e e i
~ Vs — fxe [m_ = fxl_u_ (12)

1w 18 the final equilibrivm distribution of .  The
final wind ficld is geostrophic and determined by
{10y and (11) from xw. The results obtained by
Obukhow in this analysis of the linearized prob.
lem are the same as those obtained by Rosshy
and by Cahn,

In the last part of his paper, Obukhov investi-
gated aspect (b); 1.2, what equations govern the
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slow rate of change with time of the geostrophic
flow pattern? His development here is more
formal than the heuristic derivations [amiliar to
Western meteorologists,  First, the wvariables
x, % fand w, v, x in (3)-{7) are replaced by non-
dimensional variables £ 4, ¢ and 5y, 21, 70

X ¥ .
E_ ann E .l:,,_-l,l!: = I‘_irm-.|
i i c*
PG e 4 &
=gt e v AR
Lo and Wy are length and welocity scales,  The
nen-dintensionz! numbers
e _JrLII L
O L
.-r.l'r-u:r'a o i (14)

are thereby introduced. Ly = [~'Vpi is equal

to RHossby's "radius of deformation™ (10383,
(51=07) may now e written
g dr) : i
:Zi'.!’ — oy T = — Al -V, i13)
[l )
F 'I- iy + E‘ = — }.U]"‘F"Iﬂ'j. (lﬁ}
r']*.lr,
Viwy == A Vir. (17)

Ilj.*

(W' is the gradient aperator expressed by deriva-
tives with respect to & and y.)  The parameter
%, which is equivalent to Kibel's ¢ has a value
of about 0.1 for large-scale processes.

Obukhov's reasoning is now the faollowing.
If 2 were equal to zero, (15)-(17) would reduce
to the linear problem, whese solution is given by
(B1-(11}.  Since A is small, the won-fncar soly-
tion must differ only by gquantities of the order
of mapnitude of X lrom the fSarenr solelion. We
are interested in the geostrophic type of mation.
We may therefore assume that in the non-linear
case the first three relations of {11) will have the
farm

il

e A

Y TEY D

b1 = 00 = + 003,  (18)
T = g1 = O0) = M- O,

oy el g are non-dimensional valoes of the veloe-
ity potential and stream function :

by oy by iy
i = aE ":Tu Tty = — E - 'ﬂ'_f (193
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ri and @* are quantities of order 1. When
multiplied by A, they give the corrections to the
purely geostrophic values of s and 4.

Tntroducing {18) and (19) into (15)-(17) then
gives us

aul r E = M_
aT-__—h[vj-‘l.? J'f-l+aE r'mJ

+ QN (20)
dry ¥ ﬂ ﬂqh]f
F = — [UL"F v i =+ kY -|

+ 00, {21)
a 1. ga g
ﬂ'::l =— }.[ul-v’m + E?*@u{l + o). (22)

The 32 terms are now dropped, and & is replaced
by the new time variable 7:

1
7= A= M= T":. (23)
- 1
(20)-(22) then assume the form
Bl ar e
ﬂ_: = Ty — t?_tt + —;:'-, {24)
i = ’ Efl a@lf ne
g e e ek
Ehrl ] i * g
- - :ﬁﬂr g™, (26}

(v -¥'m;, according to (18], is at mosl al order
A ln these eguations, ay and o, must be af
zera order in A since all ather terms are of zero
order in A and are therefore given by the geo-
strophic relations

dhy o

Uy == e " =

ik

oy

aE’

An eguation for e is readily abitained Trom

(24) and {25):

i} d
'r\? = —— v E fft_; — r .- rvi . -"IT.I \ll
Voor ot '|: ¥ :' 5 (v Vo)

o o (f?!le_)*'
i ag apt  \atim) |

This, as is clear from (18), determines the hrsl-
arder correction to the pure geostrophic value
for the streamfunction . Fi {5 equivalent fo fhe
se-called “balance equation' proposed by Cherney
(1955) and by Bolin ({953), except that the nou-
linear terms in (27) are evaluated geostropically.

(27)
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The corresponding equation for &% is

i ﬁ l M 1'.-.r-"
i A et

9k [ avy
d |

1;.!'2‘1“* —

+ u,-?’ﬂ:J i

This is the familiar geostrophic vorticity equation ¢
for the barolropic atmosphere, since V% s the *
horizontal divergence.  (Obulkhov 1s aware of
the Rossby effect due to the variability of f, but §
in this simple model he prefers not to include it.) -

Finally, (28) can be combined with (26): f

(252 @ "::

This is the geostrophic [orecast cquation for ail
larctropic atmosphere, i

(bukhoyv's paper has since been followed by 8
six or seven other Russian papers, each of which 3
has extended his theory to more realistic atmos- 3
pheres.  Monin (1932Dh) reproduced Obukhev's |
baratropic  analysis and studied the wvertical #
veloeily ficld associated with (24)-(26). Yag- 3
lom {1953) extended Obulhov's analysis by
introducing  spherical  geometry.  He  showsl 3
that in the spherical case the two types of per-
lurbations derived by Obukhov corresponded 10°8
the "Arst™ and “sccomnd” class of tidal motions 3
stuclicd by Hough (1807). il

Iibel {1955) applicd Obukhov's linear per 3
turbation avalysis te o hydrostatic, resling, |
stably-stratified atmosphere with @ constant f, g
He Arst simplified the analysis by eliminating 3
Sexternal” gravity waves through the assump- |
tion that apefot = 0. (pa is the surface pres s
sure.)  His “internal™ gravity waves are gov- i
erncd by the diferential couation

i 8 f il : 4
A xR O e R A = 130) §
oy ) |;I,|l|r.l Lf-’ ‘,}P (Eﬂﬂ I_lll‘q"')J U:l Y ﬂ.' i

ﬂ':l'l‘:

v ' 1'}171
ar

i

where ¢ is again the horizontal velocily potential
The constant ¢ is here equal to (ya — ¥) /2T /g, 4
with v, andd v the adiabatic and actual lapse rates 4
of temperature, /2 is the gas constant, and T
is a mean temperature,  Kibel first obtained the 3
general solution - of the initial wvalue problem:
(30} in the Torm of an influence function.  Irom '
the [orm of the influence function, he was able to 3
show that an initial lmited disturbance would §
approach a steady-state geostrophic equilibrium, &
just as Obukhoy had demonstrated for the bare- |
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tropic atmosphere, [The analysis by Belin
(1953} iz very similar to that of Kibel's, except
that Balin deale with an incompressible uid and
- retained  the external gravity waves, ] Kihel
- was also able to show that the initial potential
vorticity field determined the details of the final
steady  geostrophic motion o Lhis  baroclinic
 atmosphere.

Later, Kibel (1957a) extended this analysis in
the following interesting way. lnstead of dis-
carding the non-linear terms in the derivation of
(30}, he carried them along and abtained thereby
- an equation similar to (30} except lor the pres-
Cence al some non-linear terms on the vight side,
These latter express the elffect of vorticity ad-

sidlered b Wibel in this soalysiz as known fune-
tions of space but independent of time, He then
abtained the inlleence Tuoction solution foe this
- pon-homogeneons  initinl-value problem. From
 the form of thissolution, he was able (o show that,
Cas d—r w, the wvelooity podenlial ¢ docs not ape-
- proach  the zero-value characteristic of  the
. homopeneous solution but rather approaches the
same value of ¢ that would be given by the usual
quasi-peostrophic theory Tor the same vorticity
and temperature advections.  (See also section
&)

In 19537, Sadokov and Dobryshman (1957}
- studied the solution of (30) without neglecting
Cthe external gravity waves, Their resulls, to-
gether with the earlier worle of Obulthov, Yaglom
and Kibel, are contained in a thorough survey
- paper by Monin (1958}, Monin's analysis of
the adjustment problem for the hwidrostatic
barcelinic almosphere [ollows very closcly the
approach used by Obulkhov in 1949 for the baro-
 tropic atmosphere,  Instead of the simple biro-
tropic formuly (29%, Monin derived the baro-
. clinie form of the geastrophic cquation (35).%

As the last paper in this secics, we nugy men-
tion the paper by Monin and Obukhov (1958),
C[For an LEaglish summary, see Monin and
C Obukhow (19597 In this paper, Monin and
Obulhow did not make the hydrostatic assump-
- tion but limited themselves to a consideration
- only of the perturbations on a resting atmos-
* phere.  In addition to internal gravity waves
cand  stationary  geostrophic  maotion, acoustic
~owaves are now possible. The resulis are very
- similar to those given by Eliassen (1957), The
acoustic waves disperse even more rapidly than
the gravity wawves and therefore do not slow up
- the process of geosirophic adaplation,
T T{35), or an eguation similar wo e, was evidently devived
b earlier by Kibel (1951,

veclion and temperature advection and are con- |
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The Soviet work described above represents a
very  thorough and methodical mathematieal
investigation of the theory of quasi-peostrophic
adjustment.,  Non-Soviet work has in general
treated the same questions with similar results,
Howewver, the elegant type of formal mathemat-
ical development introduced by Obukhov [eq.
{13)-{29) above] has not been used by non-
Soviet meleorologists®.  The latler have instead
concerned themselves from the beginning with
the effects of variable [ and a basic zonal current
o Lthe gravitational and geostrophic wave mo-
tions, These eflects confuse the simple rela-
tions (8)-{11) encugh so that a development
similar to {13)-(29) iz too complicated, amd a
more heuaristic justification of the quasi-geo-
strophic lorecast equations becomes necessary.

The advantage of the Soviet approach would
seem Lo be primarily the equal emphasis given to
£27) and (28), According to this view, the
"balance ecguation” is a logical result of the quasi-
geostrophie  development,  whereas  Charney
(1935} and Bolin (1955) have instead presented
the balance equation as an assumed generaliza.
tion of the geostrophic wind formulat

3. The geostrophic forecast equations
The well-known peostrophic loreeast system
may be expressed in terms of the vorticity
equation and the thermodynamic equation:
Ay A e
o T W) =_."'-1(}1,;;. (31)
AN
el A

(32)

[n these equations, & is the peopotential of an
isobaric surface, w = dp/dl, and fi is o mean
value of £ The static stability parameter, o, is

v

positive and may be a function of p only, It is
equal to (dIn@/ap){dd/ap). ¢ and v, are
evaluated peostrophically
fr
=k XV .), (33}
Je
( 1]:-)
o =V — I 34
o i3 E’ )

Friction and non-adiabatic heating have been
neglected i (317 and (32).

e articie by Morilaown (39060) appeared shortly
alter this survey was completed,

P The interpretation of the balanee equation as a second-
arder geostrophic approximation is, however, implicic in
an iterative sequence of higher-order geostrophic approxi-
mationg praposed by Charney, Gilehrist and Shaman
[ 1956].
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(31) and {32) may also be combined to give an
equation for 88/df alone:

7 A (fut @) |8®
1 [v““ﬂp(:rﬂrh)}ﬂﬁ

y = a ffaod 5
L lEsy |:_.l A e ;;;;(?a_p)]' 5

Alternatively, an equation for e may be obtained
from (31) and (32):

it : il
e[ R e L ) e
["E‘ t = ﬂ;"JiJ o = [y b [t W {f + Fal
i i
'_f?“ T':(UE'T-' d;’) (36}

This system {or equations which are cruivalent
to it) was [ormulated in 1948 by Charney® and a
few vears later by Kibel (1951).°
‘The formulations of (32), (358) ar (36) which
have been used by Soviet meteorologists have
usually contained a special form of the stability
factoro. 1y and v are the adiabatic and actual
lapse rales of temperature, and & 15 the gag con-
stant, & can be written as
dln6ab  RT(ya — 1)
T TR

In the Soviet literature, the lactor 82 (ra — v}
gt = ¢t is normally taken as a constant (c* = 10¢
md see Y. o oin (32), (35) and (36} is then re-
placed by e*p ™

In 1951, Bulevev and Marchuk (1958] con-
structed the threcsdimensional Green's [unetions
which are needed to “iovert’ the clliptic apera-
tors on the left sides of {35) and (36) and obtain
the distributions of ¢/ and w.  They assumed
a constant value of et From the form ol these
Green's functions, they could infer the influence
of the “dynamic factor’ v,-¥(f + ) and the
“hermal factor’” v/ /ap) on the resulting
distributions of #®/8 and w, Koo (1936} has
also computed the influence function for ddb/dt,
using a slightly different assumption about o.

The same type of procedure can be used to
compute the non-geostrophic component of the
wind :
(37)

H‘:h.ﬁﬁy‘sa first formulation (L948) was not quils s
simple as (35), o« and fo werc ulforwed to vary, anid the
ber fefedap in {313 was replaced by (F - Flawfap, A
mare consistent application of his scale theory, however,
leads to the simpler forms given above.

5| [ nfortunately, this paper of Kibel's was not ;wuiinl_ﬂ:-.
1o the writers,  Uur knowledge of it is bascd on material
in IKibel's book {19570} and on the 1951 paper Ty Chiisty-
skoy (1938).

W= o— My ¥ =T — W
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This was done in 1933 by Marchuk and Kireeva
{(1958), The divergence of the fields of 4 and 2 8
g egual to —de/dp, where w is given by (36).
The vorticity of «' and ¢ is given by an equation
similar to Obukhov's form of the balance equa- @
tion (27} :
In non-Soviet worls, the svstem (313-030) has
noemlly not been solved by o Green's Tunction
method but by relexetion. Hinkelmann (1953} 2
has in fact even obtained the Green's functions
themselves by o relaxation computation.  Ie
this way, he coulil conveniently allow for varia-
tion of the stability Twetor ¢ with pressure and
wmare faithfully reproduce the elfect of the strato-
sphere,  This difference in approach will be
brought out more fully in sections 5 and 6, when 3
we discuss Lhe Soviet nomerical work with elee-
tronic compulers, Al this point, however, it is
interesting to node that it becomes impractical
to solve (35} or {(36) by o Green's-funcltion
method if the coeificients on the left side of the . 3§
ciuations are allowed to vary with x, yorf. By |
relving on Lthis method of solution, one is there-
fore not tempted to Ugencralize” the geostroplic
cquations by introducing such artificial wvari-; 8
abilitv in the cocfhcients. This may be one
veason why the atmospheric “models’” used by 3
Soviel meteornlogists have heen relatively Tree 0
of inconsistencivs that are sometimes found in 54
non-Soviet  numerical-prediction  experiments, 8
Charney, Gilchrist and Shuman {1956 have 3
analysed the eflfect of non-geostrophic terms in 3
the geostrophic equations and have shown that g
their inclusion gives no gain 0 aecuracy. ;

A

4, Graphical and linearized forecasting methods |

Graphical  methods  of  solving  (31)-(36) .
were developed aronnd 1931 by Buleyev and
Vidin ab the Main Geophysical Observatory in 3
Leningead {n collaboration with the Northwest 28
Hyvdrometeorological Service in that citvy. The 7§
techniques used are very similar to the scheme |
devised by Fidelolt (1932). However, the 73
maodels developed by Yudin {1957) are more;
complicated than those which have been cus H
tomarily used for graphical prediction in non- 3
Soviet work,  Yudin's computation scheme uses |
geopoltenlial data from the 10H-, 830, 700-, 4
500 and 300-mb levels, The approximate
method vsed to invert the elliptic operator ine
this madel is also similar Lo the techiniques used 3
by Fiirtolt, but with the added complication of 3
maore pressirce levels, ;

Dubov and Orlova (1937) have described the #
resulte of Lhese experimental 24-he graphical §
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Horecasts and compared them with other types
of forecasts.  Predictions were made of the sur-
face pressure and the 700-mb or 500.mb height
Hield over Ewrope. As measures of forecast
skill; the fellowing parameters were used :

# = Lhe per cent ol geid points at which the
error in the forecast izobaric height {or
sep-level pressure) was less than 40 m
{or 5 mh),

r = correlation coefficient between actual and
lorecast changes of isobaric height or sea-
lewvel pressure,

o= the average of the absolute value of the
crror, and

= root-Mean-guare error,

During Julv—COeteber 1954, fortv-cight graphical
forecasts were made of sca-level pressure and
J0-mb height, » was 073 Tor sea-level pres-
Csure and 0.66 [or 300-mb height. A comparison
Auring August=September with the subjectively-
prepared {orecast charls issued by the Centreal
[nstitute of Forecasting in Moscow showed the
latter to be better, with an m-score of 0,77 and
.78, During January-November 1955 an aver-
cape of twelve [orecasts of surlace pressure and
T00-mb ]u’righl. was made each month,  These
forecasts ineluded a correction for surface (riction
simtilar to the type psed by Charney and Elinssen
(1949}, The grid network was also changed 1o
L a 1ri;|,1|5;11!;|,|' i:'|$1.l'_':a[i ol o gf|ire lattice.
now .72 lor both surfoce pressure and FiMk-mb
eight, while g was 4.2 mb and 35 m.  The con-
s ventional Moscow {oreeasts during the spring
were st :ﬁlij;]ﬂ‘}' Lt ter,

On 14 days of January-February 1953, the
eraphical [orecasts were made [or the same days
as were used by the Instiiute of Meteorology in
' Stockholin to make barotropic [orecasts on the
BESK {Bergthorsson, of al., 19535),  The graph-
' ical method had an average r of 0L52 for those
days (700-mb height), while the Swedish machine
forecasts had ¢ = 068 (300.mb height),

Yaulin has suggested o novel approach to the
forccasting problem (1957h),  He hrest showed
Chow o= wy, +u', v =1, + ¢, and & could be
computed from the quasi-geostrophic theory.
. He then proposed that, instead of computing
' the local derivatives db/dl, at'/al, du/df etc.,
the individual derivatives d7°/7dt, ete. should be
Ccomputed directhe, For example, let the posi-
ton of a particle at time {, be xq, %, Po. AL time
fa - AL 1t will have coordinates x, 9

x = xn b ngxa, o, Pyt At - STANN,

(38)
v o=y b oy (e, vo, o, )AL — EFADR,

HEOWas -

(05

Let the temperature of this particle at time £, be
Ta. At time fy + AL it will he T

{39)

Although this is a very interesting approach, it
contains some difficuties il the scheme iz to he
iterated in time.  The forecast values of T ob-
tained by (39) will generally not be located at
the regular prid points.  On the other hand, the
values of #', 0" and w for use in (38) and (39) are
presumably abtained by computations perfarmed
on a regular lattice of points, and it is not clear
how this discrepancy can be overcome without
re-introlucing  (in effect) the normal practice
of computing the time derivatives at fixed points
i space.

Several Vlinearized” forms of the geostrophic
equations have also been explored as short-range
forccast technigques by Russian meteorologists,
{Bv "linearization,” we here mean the assu m;};
Lion that the Mow pattern can be treated as a
basic zonal current plus small superimposed
perturbations; the latter are then predictable
wilh linear equations,)  The linear system used
by Blinova [or long-range prediction has been
described by Baum and Thompson (1050),

Marchule (1958}, in 1951, attempted to derive
the instahility criterion {or baroclinic waves from
{35). In his analysis, he neglected the effect of
static stability and therefore found that “all
waves shorter than a certain eritical wawve length
were unstable and that this instability increased
as the wave lenpth decrensed,  Tle assumed that
a horizontal eddy viscosity elfect kept these shore
waves from developing,  Nogan (1938a, 1958L)
carricd out an analysis in 1932 similar to that
done by Charney and Eliassen (1049), but with-
out the one-dimensional assumplion they used
[or space variations,  He lreated a non-divergent
barotropic  atmosphere of infinite  horizontal
extent and was therefore {orced to arbitrarily
eliminate very long wawves to prevent infinite
group velociticos,

Nemchinay (1058, 19592, 1939b} attempted to
extend the Charnev-Eliassen type of linear solu-
tion to baroclinic models, In his three-level
maodel (700, 500, and 250 mb), he applicd the
aon-divergen! barotropic equalion at 500 mb,
This procedure 15 quite inconsistent since the
flevw pattern at 500 mb is then completely inde-
pendent of that at the other two levels.  Galin
(1959 derived the frequency equation for a
simple 2-level geostrophic model with spherical
geomelry,  He obtains a forecast by first mak-
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ing an analysis into spherical harmonies of the
(initial flow patterns at 700 and 300 mb and then
- moving each wave component with the proper
| [requency.,  {Thiz peocedure is the same as that
used by Blinowa Tor her linear barotropic model. )
e gives one example of a 24-hr [orecast made
L in this manner,

. 3. Forecasts made on electronic computers

The hest numerical predictions in the Soviet
Union with an electronic computer were made in
1954 by Belousov., Az was the case with the
-first machine computations in the U, S, {Charney,
of al., 1950) these first Soviel caleulations were
made with a baretropic model.  Table 1 con-
tains a swmmary of all Soviel worl: on numerical
weather prediction with electronic computers
that we have been able to find described in the
literature through December 1959, Most of
- this work has been done by meteorologists from
the Central Institute of Foreeasting in Moscow.

The STRELA and BESM are the two com-
puters which have been used for this purpose,’
- Thew both use foating point arithmetic,. The
STRELA, which uses cathode-ray tubes for in-

ternal storage, has an average multiplication or
addition time of 500 microsecs. The DBESM,
- the later model of which has a magnetic-core
- storage, has an average operation time of only
100 microsecs.  Both machines use 3-address
Cimstructions, and have about 2000 “words" of
internal storage {(approximately 40 “bits” per
cword).  Both machines also have magnetic
T Several moedifications (e.p., BESM I aned BESM I1Y of
Cboth machines are found. The POGODA is a amall
special-purpose machize with o very small intersal e -
cory. Db s very wselul for computing sums of products, o

Cprovedure impartant in Blinova'a  linearized  scheme
F}ltllﬁil:.'t‘ll‘.'ilrl and Kheiferz, 1958).

i
]

"

GO7
TapLre 2. Verification statisties from the 3-level geostrophic 24-hr forecasts by Dushkin, Lomonazav and
Tatarskaya (1959, ¢ is the correlation coefficient between computed and actual 24-hr changes in
tzobaric height, while o is the root-mean-square ervor and (o, o) are the fool-meas-square
wirliwes of the Torecast and actual 28-he changes,  The lutier three are siven in meters,
L LRI 5001 inly Xy b

Forecast dacs = - - ————— —
{1938} ] " iz iy o o ¥ @ s e ey r £ e ES o fey

22 Angust 083 139 210 223 058 093 128 260 2535 050 083 323 401 400 081
M Angnst 054 201 EZLT 203 097 040 422 4000 409 LOE 068 484 515 6409 075
12 September L7 2000 331 257 081 071 3T4 500 482 078 060 658 6.0 1062 042
M September 07 2849 418 3BE 074 06T 266 ABD 356 103 OFD 463 645 0.7 0.9
3 Oetobwer 048 293 267 307 095 084 262 475 46,1 057 OMd 437 a0 7RO 036
11 Oetober 097 238 552 734 0432 002 345 onn #8.3 030 - — -— -
6 Movember 077 2585 284 405 0463 D2 3T 36 490 0T¢ 0B 510 500 R61 050
Averpe Fd 230 326 A0 071 074 323 480 477 073 47489 61,3 1.0 071

(.75

tapes, and the BESM las in addition about
10,000 words of magnetic-drum storage,  As far
as cipabilities for numerical prediction are con-
cerned, Lthen, the two Russian computers would
appear Lo be in about the same class as the 1BM
701 and IBM 704 that have been used by the
Joint Numerical Weather Prediction (JNWP)
group in the United States, Howewver, at the
time of writing, the Soviet Union does not have
an operational group making daily routine -
merical weather predictions with a computer.
This lack seems to be due anly Lo the unawvail-
ability to Russian meteorologists until now of the
necessary amount of computer time, and it is
presumably only a temporary state of affairs.
An all-union conference on the theory of pressure
variations was held in Moscow in December 1958
{MMashkovich, 1939). The conlerence resolved
that a meteoralogical computer center should be
established in the Hydrometeorological Service.

From table 1, it is clear thal Soviet and non-
Soviet meteorologiscs have in peneral oth made
the same type of numerical lorecasts.  That is to
say, they have both exploited the geostrophic
forecast equations, have used approximately the
same size of space and time increments, and
have experimented with models containing from
I to 4 levels. The areas over which forecasts
have been made have varied in both cases (rom
a small area {of the size of Europe or of the
United States) to a hemispheric-sized grid. In
the [ew cases where numerical verification statis-
tics are presented in the Russian articles, they
are comparable with the results obtained by non-
Soviet meteorologists from similar models, The
detailed statistics [rom the work by Dushbin,
Lomonosov and Tatarskava (1939) are repro-
duced in table 20 Having pointed out these
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broad areas of agreement, we turn now to o dis-
cussion of the differences which exist,

(1) Non-Sovict work on the barotropic model
has almost exclusively used the 500-mle level,
this choice being based on the “equivalent-
barotropic’” description of the atmosphere by
Charney (19491, Russian computations with
the barotropic model on the other hand have
used the 700-mb flow pattern. It is not clear
what rationale has been used by Soviel meteoro-
logists to select the 700-mb level [or this purpose.
Judging by the experience of [NWI, one would
expect that barotropic lorecasts using the 700-mb
flow pattern instead of the 5000mb Hew padtlern
would result in a consistent undercstimate of the
generally castward motion of isobaric patterns.

(2) The baroclinic 2-, 3- and 4-level maodels
used in the Russian computations are normally
formulated n s dilferent manner than thoze
used in non-Soviet worl.  In the latter, such
muodels have been derived either by the intuitive
type of approach used by Sutelilfe-Sawyer-
Bushby (1953}, by a process of averaging (Elias-
gen, 19523, ar by & straichtforward application
of vertical Anite-differences (in #) Lo g (35)
{Charney and Phillips, 1953}, The madels used
by Mashlkowvich (19537}, DBelousow {(1957h) wnd
Dushking, ef af. (1939} are formulated by using
the Green's [unctions of Duleyev and Marchule
(1938} to express the relation between ihe
d-felds at the levels selected Tor prognosis. (No
reason is given for the selection of the particular
levels.) Gubin's 2-level model (= = =}, how-
ever, was formulated from a straightlorward ap-
plication of finite-differences in .

(3) There seems to have been no attempt Lo
coordinate the 10 series of computations in table
1 with one ancther by choosing the same dida
[or tests with different models. Yadin (1959)
has recently criticized thiz procedure.

{4} There are differences between the fAoites
difference methods used by Soviet and other
metearclogists,  'This subject is treated more
fully in the following section.

(5) The articles describing the hemispheric
barotropic forecasts (Belousov and  Blinowa,
1955 and Belousov, 1958) do not mention the
phenomenon of retrograde motion ol the ulira-
long waves, This persistent error was wery
prominent in the JNWP hemispheric forecasts
until the middle of 1958, when a semi-empirical
correction for divervence was added to the baro-
tropic model Lo partially eliminate it (Cressman,

¢ Musavelyan and Kheifetz (19381 have uzed the 500-mb

level in making lnearized long-range f(orecasts by the
Blinova method.. d

BuLLeriy AMerican MErroronocican Socriry 03

1958). None of the Soviet barotropic forecasts
include a divergeonce term, although this effect
was brought out in Obukhov's worle (1949},
[See eq ¢29).]
e recopnized a8 soon as more  hemispheric
[orecasts have been made in Moscow.? B

(6) With the exception of the computations by |
Gubin (= = =), the Soviet machine calculations i
have stuck very closely to the strict geostrophic |
model given by (353}, Atlempts Lo include the
vertical adwvection of  vorticity  wdp/dp,  the 'L'
product of ¢ and divergence {7 -, or the “twist-
ing term' h-du/0p ¥ Fwin (31) have lrequently
been made in non-Soviet worls,
Charney's scale theory, the orders of magnitude
of these extra terms ace all about 1O per cent of
the magnitude of the terms which have been
retained i {31],

unless &, (and ¥) are at the same time replaced 3
by a more accurate approximation to & and @
Ini this respect, the Soviet machine computations
have been quite faithful Lo the spirit of the quasi- 5
geostrophic theory. i

(7} We have [ownd no references to any cone-
puter worlt by Soviet meleorologisis in the areas
ol precipitation [orecasting, general-circulation
numerical experiments, objective analvsis of
initial data, or any computations with non-geo-
strophic models.  However, the basie principles 3
of objective analysis for numerical weather pre- 7
diction have been described by Kalmykova 3
(1956), and MNovikov (1959} has recenlly im-
proved Thompson's (1957) theoretical analysis
of initial data and predictability.  Bykov (1956,
1958) has supeested a method (o solve the
"halance equation” system ol Charoey  (1953)
and Baolin {1955), Kibel has also described a
possible  non-geostrophic  {oreeast  Leclinigue, 5
(See section 7.) Such work will undoubtedly |
be soon taken up on computing machines,

6. Finite-difference techniques

1t is convenient to divide this subject into twoe 5
parts: (@) the methods used to invert the elliptic 2
operator appearing on the lelt side of (35) or its
simplified variants, and (&) the methods vsed to 4
evafuate the horizontal space derivitives in Lhe 3
operator ¢,-V and the time derivative, a/df &
Part (&) is intimately associated with the phe- 2
nomenon of compataliomel stebifity, ]

* This false retrogression showld alse be presenc in the 3

linearized Blinova forecast technique (IKilel and Bhinove, 7
1057, k-

Presumably this difficuliy will 258

According to 8

Sinee there is an inevitable 8
error of about 10 per cent in evaluating © by &, 8
it clearly is of ne value to include the extea terms 3
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As mentioned in sections 3 and 5§, Soviet
L neteorclogists have used a Green's Tunction or
Hnfluence-function method to solve (3%) for
LanSal I the four baroclinic forecasts shown in
table 1, the influence lunctions derived by
Buleyev and Marchuk were used (1058)

(ﬁ'l[:- ['I‘f{q Pk
i3 :,,,-,,._, s r"‘j"‘j":||h""-"":l'.:"rr’:l

¥ oplat, 'y O dyt iyt (40)
o represents the (known) right-hand side of (35)
Hor the particular model employed, and & is the
Hofluence or Green's Tunction.
steacd of carcyving out this integration over the
Eentire domain of & and ', the intepration—
which in practice is approximated by a weighted
sum ol values of pat grid points—is carricd oot
oily over a small region in the neighborhood of
each point, The size of this region is indicated
in the eleventh column of table 1.
. ][‘I [.l:l{: ]]["]]Ii.HI]l'I(:TIH.:. |3l:|!",:||,rl'3l]li_l{: I:"f_]l'l!]:ll_l[“li{'lﬂﬁ
D Belousow and Blinova (1958) and by Belousow
(10387, the barotropic noon-divergent vorticity
equation, :

1[()‘.';":!\-".‘!I'r iII-

v o p ) == FO), ()
:ﬁﬁE solved for dy/di with o 2-dimensional
Green's [anction for the sphere

ol 2 I I8 RO P

1 ‘_V) =i _1’]'_ f rf}.,r f‘ 11. (- LUE.“{ )

i 8t Lo dw 1y o 1 — o F

: W R, N sin 0'de’. (42)

A is the co-latitude, X is longitede, and v and §
Care functions of @, & and (A — A% Anti-sym-
pmetry of the streamfunction () was assumed
“across Lhe equator, and the integration {summi-
ction) invelved in {42) was extended over Lhe
- entire hemisphere,  In the actual computations,
Cwith data given at 577 greid points, this means
that 577 multiplications and 577 additions are
Crequiredd o compote af S at one grid  point,
< Thus, about 300,000 multiplications and 300,000
additions are required to get a complete set of
37T wvalues of d/dé at each time step. This
‘undoubtedly is the reason for the surprisingly
Clarge time of 3 min oo the BESM reported by
- Belousov 1o compute cach time step i these
'cnmpul.atinns. {The 1‘:;11'{1(.r'0]'r[n;_‘. n;_'um]n.|l;:l_inr|:-_a,
Cmade by JNWP, on o hemispherie grid of almost
000 points, require somewhat less than 1 min
L of machine time for each time step,. Relaxation
fis uscd Dy JINW fooget S0

G0%

A more approximate method of inverting the
Laplace operator has also been used by Soviet
meteorologists,  Suppose  the  fAnite-difference
form of the Poisson cquation for a barotropic
mocel is written in the Tollowing way :

Timik b Tie
+ 71 = A

— 4 A e
(43)
In a barotropic model, like (41), 5 can be
thought of as representing dd/df, with 4 being
proportional to the advection o warlicily.
Consicder now the solution for r at the point 0 in
fg, 1, with the U equations af the form (43)

=) 2 )

5 0O
T 4 8
i, 1. The nine neighboring points in & square lattice

nsed to compute the tendency at the central point by
formoale {447,

written down foe point 0 and its 8 closest neigh-
bors.  If we assume that + is zero at geid points
surrounding those shown in fig. 1, then it can
easily be shown from the 9 equations that o is
given by

ro=—3ds — $(AL+ A+ Ay + )
— Ap(ds + As + Ar + ). (44)

Values ol = at the other points 1, 2, . . ., 8 are
also implicitly defined by such a compulation,
It they would he influenced too much by the
neglect of « at the points net shown in hg, 1.
Values of ©at the points 1, 2, . . . , 8 are there-
fore computed instead by merely shiftiog the
point O to the location in question, so that the
following formula s used at all points:

311[-1 FIRTS o SRR o R
+ Al = feldpwi + Ay

+ Ao F Azl

et -
T =— Fdp —

(45)

{The subscripts indicate the diferent grid-point
values, with & = jA, » = kA, where A 15 the
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space increment.) Such a procedure is similar
to the approximate compulations done in graph-
ical solutions (Fjdetalt, 1952), and, as has been
shown by Charney  (Charney  and Phillips,
1953), is equivalent to the carrving out of 2 or
3 iterations of a Richardson-tyvpe relaxation com-
putation, A more complex formula of this type,
suitable for a trangular lattice, has been des
veloped by IL-Y, Tu (1959).  {45) was used in
the early barotropic calculations by Belousov
{1957a), Birkgan and Lyubimov (1958 and
Belousov and Bykow (1957). A formula such
as (45) can also be considered as au approxima-
tion to a Green's function solution, where one
assumes either that the Green's [unction itsell
is small beyond a certain distance lrom the point
in guestion or that the contributions of A beyond
this distance will tend Lo cancel one another.

We turn now to the finite-difference techniques
used by Soviel meteorologists for the computa-
tion of the Jacobian terms and the Lime extea-
polation in (35). Fram table 1, we see that
centered space differences have been used [or
evalualing Jacobians:

lf(‘r".‘!)__ 1
Fo N v ) ara

LT = Boi)e{megs — mey);
= (Pepr — Byg)ilmp — Bi—1)e )

U =¥ =

(46)

However, this scems to have been [requently
combined with an sncentered time extrapolation :

s
':[':|.|!.4. == by < At at .
4

Such a combination of Onite-diferences is easily
shown to be computationally unsiable in the sense
ol the Lax-Richtmyer theory {Richtmyer, 1957),
To eliminate or maodily this computational in-
stability, n considerable amount af smoothing
has been introduced into many of the Russian
comnputations,t

A rationale for Lhe smoothing was developed
by Obukhov (1957), He considered the one-
dimensional advection cquation,

a5 d.5

T U e (L7 = constant}, (48)

as has been done, for instance, Ly Platzman

P Smoothing is uot menticned in the last theee calenla-
tiong in table 1, Although o each of these papers there is
a statement indicating that simple yncentered time extra-
polation was used, this sitement may not have been
meant to be taken literally. [a the caclier computations
by Belousov (1957b), centered tinw extrapolation was
used and smoothing was presumably wnnecessary:,

BurLerin Axexicay MeTroroLociean Sociery 8

{1954}, In his analysis, Obukhov retained the
continuous time derivative, 2.5/, but examined 3
the effect of finite-difference  expressions for
4.5/0x on a numerical selution.  The usual cell-
tered dilference approximation for 45/dx, when 8
introduced into (48), gives the following system |
ol linear differential equations: i

a5, Li i
'Jl,_'J' == 55 S = Sl {49) '.
This was found by Obukhov to give rise to
Yparasitic waves' when applied to a simple
block-like initial distribution of S, The initial |
confliguration also dispersed upstream as well as
downstream when it was determined by (49),1 3
Obukhov then added @ smoothing term 1o the
rigght side ol (49);

as, U

Gt~ 2a S

— nlf'll'—J.]
+ oS0 — 25; 4 5,4

An optimum value of o, wee = 5| 7] = 4, was
tound to eliminate the parasitic waves and the 3
upstream travel of the disturbance,  For this-3
choice of e, (300 beconies

auliJ '{-':' ¥ g I
o — - AS S, (U0, (D
Epll.‘}"l-' Ir_'r = -

_'-';Ii — — ;’_‘L I:‘?_l' o .';_'I_,':l. {{" -:’: ”.-I' 1

These are the uncentered  approximations Lo
A3y, evaluated on the wpsiream sidet* When
this is done, the smoothing operation broadens &
out the initial disturbanee at a rate proportional &
Lo L,

In the hemispherie barotropic conpl fations, &
by Belousov (19381 and Belousov and Blinova
(1958), Belousov has introduced an interesting |
method of computing o term like v,-%y, In
these computations, datia are represented at the 8
tersection of each 10 deg of Jongitude (A) and.*
cach 3 deg of latitude (). At such a grid point,
an expression like dy/08 s evaluated by o cen- h
tered difference

1 iy A #ih, 0 4+ a8 — :;{.'-".._E? — ﬁﬂ'_,l ’E.g]--
adf 2erdih roal

where 50 is 5 deg (= 7/36), and o s the radius of
the carth. "The partial derivative 8/0%, how-' 8

" Each fnadividoal Fourier component in L maoves
downstream, but the phase speed varies with wavelength,
B 1t can be shawn that the completely uncentered com- o
ptativn scheme olwained from (30 by seiling asf
= [eplt + A8 — 5007 + A is stable in the Lax-Richt-
myer sense i [ ag/a < 1. -8
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A X A, A+ B

Fic. T Schematic diagram indicating the location of
the intermediate points A and B employed by Belousav in
his hemispheric computations.  Steaight lines in this
diagrom are lnes of constant iitade or eonstant longi-
tude,  The curved line AL i a portion of a preat cirele.

ever, is %ot evaluated by the similar expression

1 dp  nlh 488 8) — alh — 5, 8)
& cos [ ak 2add cos 0

(53)

but in the following way. Consider the great
vircle passing through the grid point #s, Ao and
tangent to the latitude circle 8 {fig. 2. On this
greal circle, lay off in each direction from the
peint {fg, Ao} a line scgment whose arc-length is
equal to @8, The ends of these segments will
be at points # and B——say, wherz point A is to
the southenst and point B to the southwest of
the grid point (8g, Ae). The A—derivative al
(80, ko is then approximated by the expression
1y al4) = 4(B) o
i ocos F ah =L 2adld . ¢ }

[ this way, the distance pn the earth owver
which the finite-difference approximation to
a/ak is evaluated is the snme as that over which
3/88 is approximated.  oints A and B will not
fall on the regular prid points (except when
B = 0, and therefore y(A} and 9(B) must be
obtained by interpolation between the regular
gricl-point values.  Belousov does nat describe
this interpolation procedure.

In addition to the articles by Obukhov and
H.-5. Tu, there are two papers by Delousov
(1957c, 19584) dealing specifically with finite-
difference problems encountered in the baro-
tropic geostrophic forecast system, The main
analysis in these two papers is concerned with
the computational error introduced by the com-
bination of centered space dillerences and uncen-
tered time differences in an equation similar Lo
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(48). As is to be expected, Belousov finds that
his solutions are not stable, but increase expo-
nentially with time. THowever, if A (the space
increment) is 250 km oand Af is L5 hr, a wave-
length of L = 164 = 4000 km will only amplify
by 4 or 5 per cent in 24 hr,  Shorter waves will
amplify much more rapidly, however, although
Belousov does not emphasize this point, Pre-
simably, the smoothing operation is relied upon
to keep the short waves from becoming too large
in amplitude,

7. Orography and surface friction

At the present time in numerical weather pre-
diction, these two effects are introduced into the
peostrophic forecast equation (33) very simply,
via the boundary condition at the bottom of the
atmosphere.  Sowviet meteorologists have done
this in essentially the same manner as have other
meteorolopists,  If we assume that we may
apply the boundary condition al = fo = 1000
mh, instead af at the actual value of the surface
pressure, we may write

E.I‘].:'ﬂ 0
Wi = oy + pult-FPly — popare.  [35)
o is the density at p = py. The second term on
the right of this equation is smaller than the
first term for quasi-geostrophic motion and may
b eliscarded, 100 iz the vertical velocity at the
“hottom™ of the atmosphere and is determined
by both the simple upslope motion (Wymg due
to orography and the wvertical motion (neree )
causcd by the frictionally-induced conwergence
of air in the friction layer.

Ll

o0 = 002 — gt ). (56)

The effect of friction has been incorporated in
the graphical computations by Yudin’s group
(1957a), although it has not been included in
any of the machine computations listed in sec-
tion 5. In his book (1937h), Kibel gives a
thorough derivation leading up to the simple
(ormula

u
Ve = \f57 fote (57}
where » is the vertical austausch coefficient and
f.0 is the geostrophic vorticity at £ = . A
similar formula was used by Charney and Elias-
sen (1949),  According to Dubov (1957}, the
relation (57) was also fermulated by Dyubyuk
in LEWT.
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The effect of orography has been considered
in the machine computations by Belousov and
Bykov (1957) and also in some of the graphical
computations. The kinematic boundary condi-
tion at the ground (2 = Z) gives us the relation

Wopag = [T v {‘sﬁ_}
v here is the horizontal wind at the ground.  Let
us define g, and p, as the pressure and density in
r standard atmosphere corresponding to the
feight Z. Then (58) may be rewritten

o (fh) Ao

B TWygey = — — _Il-‘ll.II"".":'| T e P i‘l‘jllu'?ﬂs 1..‘59.]
Pa Pﬂ

where 5 = o,/

The computations by Belousov and Bvkov
{1957) were based on a barotropic  modol.,
Bykov formulated the orographic efect Tor this
model In o somewhat diferent wanmer Lhan te
straightforward appromch represented Ty (58) ar
(59). Working in the x, v, 2, f—coordinate svs-
tem, he first derived the cquation

J at a Fy
i Jz phids - ;'.i'j-'.’; prdz = 1),

(This is the familiar "tendency equation” with

(o0}

the surface pressure-tendency discarded.}  From
(60], a stream function ¥ may be defined
il = L ry
— f pils = ﬁf pifs = IT&.
ay o E i E
(61)

O - :
E =‘I; s"lm,l{z == T.-'J; FIl'..!lE' — 'i:.'lfé-

The horizontal velocily components & and § rep-
resenl average values of w and o with respect to
pressure. 1T a modified stream function ¢ s
now defined by
T
u’,.- = L— 11r_

P

it is possible to rewrite (61) in the form

= 1 dy
o= —— -_}5_.
7 d
(62)
gy LA
b 7 dx

The vorticity equation in the lorm

di =
;j +EVT LD = Y0

A iy
BuLLeriy Amimican Mercororocroan Sociery 8
i

can then be rewriticen

. O il :-
¥ Ay o

et (Eii’m_l.”.’?), (63). ¢
= o
ot .
= = (v 4 ¥ Ing-vl. (6]
Vor actual computations, Byvkov now replaces 8
din (62) by ¢/f where ¢ s taken as the geopo- 4
tential of the 700-mb level and f3 is an average 3
value of [ (63) and (64) differ from the usual 3
formulation of the mountain effect in a baro- 3
tropic madel Ine the presence of the B9 Ly
terin i {64) and the first-order spoace derivatives
al dbfal i {63, ;
The system (03)-(64) was soived nwmerically /3
Iy Belousow and Bykow (19537), using a finite- /8
difference scheme similar 1o {48) to Jnvert the o)
operidor on the left side of (63). The first-order 3
terms in g fat in (63) now malke the cofficients 3
in a formula lilke (45) slightl non-svnunetrical
and variable from point 1o point. [owever,
according to Belousoy and Bykow, it was {ound
that these additional terms had pewligible in- 20
flucoee and could be disregarded. [ this way,
their computation of the mountain eflect reduces
to the more Guntliar scheme first used in a harg- /8
tropic model by Charney and Eliassen (1949), 2
where the only wountain effect is the fo loog term

i (63},

8. Non-geostrophic effects

We have not Tound anyv reflerences 1o netual 3
[orecasts or experimental computations based on 8
nost-peostrophic equations, However, there are -
several papers which describe non-geostrophic A8
systems.  Among these is an interesting short
article by Wibel (19538}, Let o and ¢ again |
represent the horizontal stream function and 8
velocity potential ;

i b b O i
e R (65) |
The vorticity and divergence equations may be 3
wrillen

{66) |

g
TE —
¥ [

3y TSV = — Bn,
. r']rf: [ I.‘
Vi T — v =— B, (60) @

In these equations, ® is the peopotential, and
By and By represent all the non-linear terms in
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the eomplete form of the vorticity and divergence
equations. The thermodynamic equation, with
the assumplion of hydrostatic balance, 1s written
in o similar way

bl e H d ¢
s 1 — 2ot o= R — [(sBa). (58
ap (p EJ;bEiI) Y o= ap (pBy). (68)

¢ s the static stability parameter dehined alter
{363, and By is cqual to w71, R is the gas
constant.  The “wvertical wvelocity" « = dp/dl
appears in Bo and Bp; it can be evaluated from
dovise Lhe continuity eouation:

il .

ap &
Kibel now treats the system (66)-(68) as a
Faear inttial value problem, with the non-linear
terms Be, Bnoand By oas kwews functions of
Cspace only,  Under these conditions, he shows
" how the unlonown variabiles @ a6 oo o ot a later
time can be determined by an infloence lunction
Ctype ol solintion 00 9, ¢ and ¢ are lonown at the
initial time,  The change in value of the geopo-
Ctential B oat time £ = AL, Tor example, depends on
- the inital values of O, ¢, and @ (Indicated by @
g ek fa) ancd also on the valoes of 1he non-linear
- terims By, Bpand B That part ol the solution
which depends on the initial values T, ga and e,
| depends only on the values of

Ay = (V-V},
TH o — Ba) = f{T — Eohiea

— V= Vi (69}

{7
Acrording to Kibel, this part of the solulion
may be discarded. [t represents the gravily-
Cinertin witves present in the initial data at & = 0
¢ and  presumably  disperses rapidly away; see
section 2,7 In this way, the solution at time
Lt = Af depends only on By, Bp and By, Kibel
proposes that A he chosen small enovgl so that
these three functions mav be considered as Tune-
tions only of space during the time interval ¢ = 0
to £ = Al At the end of this interval, By, Bp
and By owould be redetermined from the new
forecast values of @, g aol ofF ot & = Af, and a
- compuitation of 4 ¢ and ¢ would then be possible
for time £ = 2AL el

It is not clear what advantage this methad
would  have  over 1he  steaiglhlfoewared finite-
difference integration of the “primitive’ equa-
tions, as has been done for example Ty Hinkel-
c mann (19539 and by Smagorinsky (1958). In
this latter method, the time step s hmited to
aboit 10 min to avoid computational instability.
Although it might be possible to take largee time
steps with the method suppested here by Kibel,
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the computations in his method are more com-
plicated. For example, the value of & at lime
t = Al is given by the formula

1 & I
Hegy = g 4 ?j,,f dr“ﬁ il
a7 i
1 A =27
# f :.’,"J’J‘ Fer'dr',
i a

)

whern

. : alr
.i'} = & (_,I'-_Hg';lf: — H'_.':. ar

L il ey HEGN
== '_,l'_} ;:'j.‘-,lj" [(__]I '{’: 'E— {]i! ) I'\,.Jjj"J-

fr is an influence function for &, and that part of
the solution deprending on @, ¢e and ¢ has been
disearded 17

An interesting variunt ol the geostrophic ap-
proach was proposed by Yudin (1933).  Instead
af the independent variables x, ¥, # anc ¢, Yudin
SULEests the new varinbles £ x5, o and =

E=x+ v/f, ™= p (72)
e !.i__.";r, T = h

{Tor simplicity in describing his results here, we
consider [ to be constant.)  Consider now that
form of the potential wvorticity which is con-
served in oo Irctionless, adinbatic and  hydro-
static atmosphere ™

il A af  dw o
Al e ¢y T T
e
=, 73
ot (73)

(i = patential temperature).  Aceording to Yu-
tin, the usual geostrophic method of ferecasting
s equivalent to assuming that

i

i o
.-!.!‘7” = .ﬂ'a’“} = (.

:‘UJ (?‘1]

The terms which are omitted in going from (73}
to {74) are one order of magnitude smaller than
those which are retained in {74},
By introdueing the new coordinates from (723,
¢ con be rewritten as
A af 1| feau g | du di af
g = ( = e e ——
: Ll dar S e 2 Ay i i O
Podw 00 du dvan 73)
A dvdny  dpayat |
88 [Poe A — =, the soluetion (1) approaches the Green's.
fumpction salution for the peostrophic system (353, as shown
in an earlier paper by Kibel (19573,

11 he 2 bove derivation s slightly diferent rem the one
given by Yudine  The eod resull s (he same, however.
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The terms in the bracket here are foe orders of
magnitude smaller than (f -F D98/dx.  There-
fore, the statement
i
[U+¢ J (76)

s more aceurate than (74).  In order to preserve
this accuracy, the operator /48 must be evalu-
ated more precisely than by LhL mere substitu-
tion of the geostrophic wind  Here the new
variables come into play again, since it is casy
to show from (72) that

i
il A o Aoy
g = w T =, -
dn _du {77
Rt SRR

Therelfore, with no additional appreximation,
we may write {76) in the form

f il ¢
[ +!IJEFE‘I.I?J+H- J

dw
x| +0Z|-0 o9

We do not know of any papers dealing with an
application of (78). In order to retain the ac-
curacy of (78) relative to (74}, an accurate deter-
mination of ¥ and { is required ; for example, sub-
stitution of §; for { in (78) would merely reintro-
duce errors of the first order 11 would therelore
seem that any practical application of (T8) would
involve rather complicated computations.

V. Bylkowv has written two articles on the use
of the “balance cquation” for numerical weather
prediction.  "The balance equation has the form

v v vy

Tl G o l,f-' . %
2 Tt dj'* = drdy = vib, (TY)

{¥ is the stream Tunction, ® is the geopotential )
In his firse paper (1956), Bylkov uses (79) to
arrive at the following system of equations for a
baroclinic forecast model, Differentiating {79
partially with respect to f, he gets

15 :3@' r]l,fr J‘-:I.'
b fel : £
Vig + Wl vg .r[dl.“‘ ay? - r'i'_}*? Y

&y 9% 1
ey g PRI B e e 0 H
25 ﬂl.rﬂ'j'] S (80

where g = &/t and [ = ao/at. The simple
forms of the vorticity and thermodynamic equa-
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tions are then combined to give another equation

o g and I
(¢f+v¢)

q(}m)+ o
;"PJ.J'

) 27 i, l.'.ll.f.ll"f?}'?
ﬂvl X - (81)

(50) and (81) constitute two simultineous partial
dilferential cqualions for the unknowns ¢ and L
Bykov does not go into any decail concerning the
mumerical solution of this system and does not
present any computations based on (300-(31),
[Ie does measure the terms in (797 ona 70H-ml
map, however, ]

In his second paper (1958), Bykov interprets
this scheme in terms of a 2-level model of the
atmosphere. At the 500-mb level, he assumes
that dw/dp = 0% By delining g, = d/at at
the S00-milr level, e is then able to write

wf 4 Vi
= ] ("'!%) (82}

An equation for dy /8 = o at the 1000-mb level

iz then obtained by ovaluating the wvorticily )
equation at 1000 mb and eq (5807 ac 750 mb and
combining them,  The final result is a rather
comiplicated cquation for gy:

R
VE(Tig:) + (Jr'hl T K u) &

i
LYy f'l-rl.', ( M E
iy 2 T Ao -
|- (.J'!u a.i'r?}' ) P H} + f\l Ay _,f-,,_
i ¥efa . e
o iy 5 e, ) (B3

Koy Blzand Nzare numerical cocllicients,  Fix, )
depends on dy and P and the value of g previ-
ously computed [rom (82}, Bylov supgests
that both {82) and (83) be solved [or gy and g2 by
relaxation, although he presenls no proof that
such o method of solving (83) will converge,
Mo numerical resulls are presented.

0. Remarks on the literature

The following remarks are intended Lo male i
eazier for interested meteoroloyists to gain aceess
to the Russian literature on numerical weather
prediction.  Practically all of the published

Soviel worle in this field has appeared in the W

preriodicals and serials listed below,

1 This procedure i of canree subject (o the same arili-
clam as s Nemchinow’s model.  {See section 4,)
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. Monthly periodicals.

. Meteorolopive ¢ Gidralogivae.  Published
by the Hydrometeorological Service,

b, Tzvestin kad, Nawk SSSR, Ser. Geo-
fisicheskaya. One of a series of similar
journals published by the Academy ol
Seiences,  This particular journal con-
tains papers on geophysics, oceanog-
raphy and meteorology.

c. Doklady Akad. Nank 5558, The Soviet
cquivalent of Cemiies femdus,

A translated (English) table of contents ap-
pears in cach issue of @ and ¢, Regular subscrip-
tinng [or all three periodicals may be placed with
foreign boolk suppliers. The 1957 and 19535
issues of & haove been translated in full and pub-
lished by Pergamon Press (19537) and the Ameri-
can Geophysical Union (1938).  This practice
will evidently continue into 1959, Translated
tables of contents of & are published periodically
in Transaciions of the lwmericar Geophysicel
Union, together with o listing of English trans-
lations of many Russian articles of geophysical
and meteorological interest,  Tables ol contents
of @ aned B also appear in Mefeorological Abstracts
e Bibliography.

11. Serial publieations of variouns research
inslitutes.

1. Trudy Drentradnoge Tnstifnla Prognesoi.
The Central Institute of Forecasting in
Maoscow is part of the Hydrometeoro-
logical Service,

b Trudy Glavnol (Greofizicheskoyve Observ.
The Main Geophysical Observatory in
Leningrad is also part of the Hydro-
meteorological Service,

e Trody fastitaia Figika Atmogfery. The
Institute of Atmospheric Physics in
Moscow i= part of the Academy ol
Sciences.

These 1rudy are serially numbered publications
which appear at irregular intervals,  Each issue
normally contains a group of papers on one lopic
—ep., synoptic meteorology, dynamic meteor-
ology, cloud physics efe. As lar as is known, it 1s
not possible to subseribe to the Trady in the same
way as one can for the monthly periodicals listed
under [ Advance notice of their appearance 15
given in the Russian publication Sewiet Kwigr,
and they may somelimes be obtained through
foreign boole agencies.  Paitions of the Dridy
are not large, and it is normally impossible to
obtain back copies. The library at Massachu-
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setts Institute of Technology has recently begun
an exchange program with someof these institutes,
in the hope that the Trady may thereby be re-
ceived automatically as they appear.  Tables of
contents af the Trady are occasionally listed in
Metearatogical and Geoastrophysical A bstracts.

Most of the Russian articles discussed in this
report are available (fer a nominal charge} in
translated form.  This has been indicated after
the individeal reference in the bibliography by a
series of initials, according to the [ollowing
scheme

LIB  Used [or references to the 19537 or 1058
issues of Tzo. Aked, Nouk S55K, Ser.
GGeafiz.  These issues hive heen trans-
lted in full, as noted abowve, and
should be awvailable in mast well-
stocked librarics.

DRE Defense Research Board,

Dhirectorate of Scientific Information,
AN Building, Cartier Square,
(M lawa, Ontario
OTS  (Mfice of Technical Services,
1. 5. Department of Commerce,
Washington 25, I C.
SLA  SLA Translation Cender,
John Crerar Library,
#6 F. Randolph Strect,
Chicago 1, Tilinois.

Several of the articles have appeared in the serial,

Meteoralogical  Transiaifons, published by the
Department  of  Transport,  Meteorological
Branch, 313 Bloor Street West, Toronto,
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