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Ahstrnct 

The uppcr westerlies in middle latitudes possess, in  the mean, a wavc-like character which 11x5 
bcen explained as a result of thermal contrasts between land and sea. On the other hand, recent 
theoretical investigations by QUENEY, CHARNEY and ELIASSEN have shown that an obstacle of 
the dimensions of the Rocky Mountains generates a wave pattern downstream whose scale is 
coinparable to  the observed mean waves. In the present paper these theoretical studies arc cs- 
tended, and an attempt is made to discuss, in a general way, the influence of the northern 
hemisphere mountains on  the character of the wcsterlies. Finally the paper points out some of 
the climatic consequences of the proposed dynamic-topograpllic ccintrol o f  thc prevailing 
flow patterns 

I. Introduction 

The rapid increase of upper air observations 
over the northern hemisphere during the last 
few years has made it possible to construct 
circumpolar upper air charts which describe 
the conditions at higher levels in some detail. 
These maps show that the middle latitudc 
westerlies are concentrated to a rather narrow 
band ‘3et-stream”) on which large, wavc-likc 

of the jet  shifts from one day to the next and 
the waves usually move from west to east. 
The formation and the location of the jet- 
stream, as well as the behaviour of the wavcs, 
appear to be dctcrmined by the distribution 
of continents and oceans and by the large 
mountain barriers which are located in middle 
latitudes (the Rocky Mountains and the largc 
mountains in the interior of Asia in the northern 
hemisphere and the Andes in the southern hemi- 
sphere). This is seen on the daily upper air maps 
and is made somewhat more obvious by thc 
fact that well-defined perturbations are found 
also on  the rnanthly rnenn charts for the mid- 
troposphere. The existence of such deviations 

pertur I ations are superimposed. The latitude 

from a straight zonal flow on the i i i cm maps 
suggests that the influcnce of the surface of 
the earth is of fundamental importance for the 
character of the westerly flow. 

Thc location of the waves aloft indicates 
that thcy arc connccted, in an intiiiiatc nianiicr, 
with thc stationary cyclones and anticyclones 
which characterize the mean conditions at  
the surface of the earth in middle latitudes. 
These stationary high and low pressurc areas 
have bcen explained as the result of the tem- 
perature difference bctween the air over the 
continents and the air over the oceans. The 
thermal iiiflueiice of the earth has bccn con- 
sidered to be of conclusive importance. (Sec 
e.g.: V. BJJEKKNES and collab., 1933, y .  686- 

Thc reasoning is as follows: A solenoidal 
field is established along thc coasts. In  the 
equilibrium state the main part of this solc- 
noidal field is balanced by the wind change 
with height, but in order to compensate for 
the frictional loss of kinetic energy a direct 
circulation around the solenoids must occur. 

689, SCHEKIIAG, 1948, pp. 29-30 an B 70-71.) 
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Fig. I .  The mean height of the so0 mb surface as a func- 
tion of longitude. In summer the figure represents condi- 
tions in the latitude belt 45' N-so" N, in winter 3 5 O  N- 
40' N. The profiles have been computed from the hemi- 

spherical mean charts published by SCHERHAC (1948). 

The deviation from geostrophic flow because 
of friction must then be consistent with this 
solenoidal circulation. The picture fitting this 
requirement is well-known : Anticyclonic cir- 
culation at lower levels and cyclonic circula- 
tion aloft around regions which are colder 
than the environment, cyclonic flow in the 
surface layers and anticyclonic flow aloft 
around regions which are warmer than their 
surroundings. This pattern is superimposed 
upon the general westerlies around the henii- 
sphere. Since the intensity of the zonal current 
increases with height the resulting pattern 
at upper levels should have a wave-like struct- 
ure with troughs over areas of low tempera- 
ture at the surface of the earth, and with 
ridges where the air is heated from below. 

No doubt this nionsoonal circulation is an 
important process which effects the general 
character of the westerlies. There are, however, 
several features of the flow pattern aloft which 
seem to indicate that the monsoonal circula- 
tion is essentially a process in the lower tropo- 
sphere. We know that the continents act as 
cold sources and the oceans as warm sources 
in winter while conditions are reversed in 
summer. In spite of this fact certain basic 
features of the wave pattern at upper levels do 
not change essentially from winter to summer. 
This is brought out quite strongly in fig. I, 
which shows the variation with longitude of 
the height of the Soo-mb surface, in winter 
for the latitude belt between 35' N and 40' N, 
in summer for the belt 45"N-so'N. This 
diagram was constructed with the aid of the 
mean circumpolar maps which have been 
published by SCHERHAG. The seasonal displace- 

ment of the westerlies has been taken into 
consideration through the choice of different 
latitudes -for summer and for winter. Even 
though the intensity of the waves around 
the hemisphere is much less in summer than 
in winter the position of the troughs and 
ridges is almost the same. 

Considering now for a moment conditions 
in the southern hemisphere it is weli known 
that a pronounced trough is located to the 
east of the Andes Mountains (see fig. z) in 
a proximately the same relative position as 

Mountains, in spite of the fact that the thermal 
conditions in the two cases are quite dis- 
similar (cf. BOFFI, 1949). Both these troughs 
occur in winter as well as in summer. These 
facts point to a dynnniic effect of the mountains 
rather than to a thermal influence of the surface 
of the earth on prevailing zonal air currents. 

Indications of the type iisted above suggest 
the importance of exploring, in further dctail, 
the dynamic-orographic control of the pre- 
vailing upper level flow patterns. In the follow- 

t K e North American trough east of the Rocky 

Fig. 2. Mean flow at 6 km in winter O Y ~  South America 
(after B o ~ n ,  1949). 
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ng,  we shall attempt to extend the analysis 
of this control as given by CHARNEY AND ELIAS- 
SEN (1949), by considering also the north-south 
extent of the mountain ranges and the width 
of the zonal current. 

11. Basic assumptions 

The speed of the westerlies increases with 
height and has a maximum value at the tropo- 
pause in middle latitudes. The greater the 
kinetic energy of a current, the greater must 
be the force required to change its direction 
and character. Thus it seems reasonable to 
begin by considering the layer of maximum 
westerlies and then to assume that the flow at 
other levels (lower troposphere and lower 
stratosphere) is adjusted in accordance with the 
conditions prescribed by that level. At lower 
levels this adjustment must be in agreement 
with regional differences in heating from 
below and with the restrictions imposed by 
ground friction. Thus we treat at first the flow 
pattern in the layer of maximum westerlies. 

The thermal influence of the ground on the 
atmosphere through radiation and convection 
decreases with increasing height, primarily 
because of two facts: 

(I)  The distance from the heat and cold 
sources at the surface of the earth increases 
upward. 

(2) The increase of the westerlies with height 
reduces the time during which an upper 
level air mass remains above a region of pre- 
scribed thermal characteristics. 

This reduced influence of the ground on 
the upper atinosphcre is shown by the fact 
that the annual temperature range of the 
upper atmosphere is less affected by the dis- 
tribution of land and sea than the corre- 
sponding range below (FLOHN, 1943). The 
dyrrarnil- influence on the large scale flow pat- 
terns should therefore be relatively more im- 
portant at higher levels than at the surface 
of the earth and niay even be of greater im- 
portance than The thcrnrnt influences at the 
upper levels. In order to see to what extent it is 
possible to explain the wave character of the 
upper Westerlies from a purely dynamic point 
of view we shall at first disregard completely 
heating and cooling from below and consider 
only the effect of the mountain ranges. The 
degree of similarity between the theoretical 

results and the observed pattern will show to 
what extent these assumptions are justified. 

When treating the mean flow pattern by the 
procedure outlined above we have a priori 
made three assumptions, which must be kept 
in mind. These are: 

( I )  The variations from day to day of the 
mean current around the hemisphere are as- 
sinned to be small or at least do not represent 
any considerable deviation from the wave 
pattern computed from the mean zonal wind. 

( 2 )  The effect of a mountain upon the wester- 
lies is assumed to be the same even if the 
current is not straight zonal, but non-station- 
ary troughs are superimposed upon it. 

(3) There exists no critical velocity, at which 
the zonal motion breaks down into vortices. 

We  shall return to a discussion of these 
assumptions later on. 

Several theoretical investigations have been 
carried out in which the stationary flow pattern 
caused by an infinite mountain range has been 
computed. QUENEY (1948) has given a summary 
of the different types (spectrum) of waves which 
are generated in an unlimited and infinitely 
broad current striking a mountain range at 
right angles. In our particular study we are 
interested only in waves which are of the 
same order of magnitude as those observed 
in the mean pattern, that is the long planetary 
waves. It has been shown by CHARNEY (1948) 
that other types of waves (gravitational waves, 
inertia waves) may be eliminated from the very 
beginning of the analysis by assuming hydro- 
static equilibrium and geostrophic balance. 
Furthermore, CHARNEY AND ELIASSEN (1949) 
have shown that an cquivalcnt-barotropic at- 
mospherc may bc defined whose large-scalc mo- 
tion reasonably well corresponds to the mo- 
tion of the real barocline atmosphere at about 
500 mb. We know from experience that the 
flow at 500 mb may be considered as repre- 
sentative for the upper troposphere in general. 
By treating the equivalent-barotropic atmos- 
phere we thus get an idea of the flow in the 
layer of maximum westerlies. This is the 
reference level which we have chosen accord- 
ing to the discussion above. 

QUENEY took the vertical stability of the 
atmosphere into account in his discussion of 
the waves generated by a mountain range. 
CHARNEY and ELIASSEN, on the other hand, 
assumed a homogeneous atmosphere with a 
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constant height of the upper boundary and 
this simplified the computations considerably. 
In spite of the great difference between these 
two models of the atmosphere the principle 
features of the large-scale flow patterns are 
the same. This suggests that a fixed upper 
boundary of the homogeneous atmosphere 
in some measure niay be interpreted as being 
equivalent to a certain degree of internal 
gravitational stability of the real atmosphere. 
In our analysis we shall follow CHARNEY and 
ELIASSEN and consider a homogeneous atmos- 
phere with a fixed upper boundary. 

As mentioned in the introduction we shall 
extend the analysis from one to two dimen- 
sions in the horizontal plane. Some calcula- 
tions have been made by STEWART (1948) for 
the purpose of determining the flow arourid a 
mountain with finite extension in the north- 
south direction. He studied the stationary 
horizontal waves generated by a cylindrical 
obstacle. The considerations below are an 
attempt to combine the results obtained by 
CHARNEY and ELIASSEN with those obtained 
by STEWART. Also in this analysis we shall 
assume that the basic current is infinitely 
broad. This is, however, a rather serious re- 
striction since we know that the westerlies 
by no means are broad compared to the north- 
south extension of the mountains. In sec. 1V 
we shall try to get some idea of the mountain 
influence on quite narrow currents. The re- 
sults from 111 and IV will then be used in the 
last section for a qualitative discussion of the 
mountain influence upon the westerlies in 
middle latitudes in the northern hemisphere. 

III. Stationary flow pattern generated by 
a circular mountain in an infinitely 
broad westerly current 

In accordance with the discussion above we 
consider a homogeneous, barotropic and in- 
compressible atmosphere of depth D. A 
straight infinitely broad westerly current of 
the intensity U (= const) is deformed by a 
mountain, the height of which is k = k (x, y). 
The x-axis is directed to the east and the y-axis 
to the north. For this atmospheric model the 
motion may be described with the aid of the 
vorticity equation: 

( is the vertical component of the reiative 
vorticity for an air column with the depth D, 
Q is the angular velocity of the earth and 'p 
is the latitude. The height of the upper bound- 
ary of the atmosphere is assumed to be con- 
stant and equal to Do. Thus 

D + k = Do = con& ( 2 )  

The continuity equation then may be written: 

where U is the component of velocity in the 
x-direction and V is the component of veloc- 
ity in the y-direction. The equations (I) and 
(3)  form a set of differential equations, from 
whch U and V are determined as functions 
of x, y and t. In order to solve this system the 
equations must be linearized. If tt and v denote 
the perturbation velocities in the horizontal 
plane we thus assume 

u - v - e  u 
(4) 1 

These assumptions evidently imply that the 
height of the mountain, k, is small compared 
to Do. Then the continuity equation is trans- 
formed to 

and if stationary conditions are considered the 
vorticity equation reduces to 

where 

(7) 

___- 

1 In fact Do n u t  be a function of y in order to get the 
proper pressure field for the basic current. An estimate 
shows, however, that no considerable error is introduced 
by treating Do as a constant. 
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We now introducc a iiew variablc Y, defined by 

The continuity cquatioii ( 5 )  is identically satis- 
fied by this definition. If the expression for v 
IS introduccd in (6), this can be intcgrated 
with rc5pcct to s. For .x = 00 we assuinc that 
[ = 0, Y =: o and h -- 0. Then (6) inay be 
writtcn 

If Y and h are assumed to bc iiidcpcndeiit of y, 
this equation is reduced to the one treated 
by CHARNEY and ELIASSEN. It is possible to 
solve this equation quitc gciieral, taking the 
sphcrical shapc of the earth into account. 
The computations beconic, howcver, rather 
tedious in thii casc and wc shall restrict 
ourselves to a qualitative discussion, based 
on an exact computatiori for the very simple 
case of perturbations caused by a circular, 
solitary mountain in a n  uiilimitcd zonal cur- 
rent. 

The solution of the iioii-honiogciieous differ- 
cntial equation (9) is obtaiiicd as the sun1 of 
the general solution to the corresponding ho- 
inogciicous cqiiatioii and of a particular solu- 
tion to thc tion-homogeneous oiic. Froin (9) 
is secn that thc hoinogc~ieous equation is 
obtaiiicd by putting h =- o, i.e. tlicsc solu- 
tions will describe the free perturbation which 
may cxist independently of the orography of 
the surface of thc carth. The particular solu- 
tion of (9), on thc othcr hand, dcscribcs the 
stationary wave pattcrii caused by thc nioun- 
tain. It is possible to find a particular solutioii 
in a simple iiianiicr, if we  assuinc that the per- 
turbation pattcrii is symnictrical with respect to 
the y-axis. This may be considercd as correct 
to a first approximation in the vicinity of the 
niouiitaiii, (cf. fig. 4). Because of the assunip- 
tioii that h = h ( r )  where r 2  = x2 4- y2 we 
transform (9) into polar coordinates. If a new 
indepcndent variablc 0 is introduced, we ob- 
tain 

where 

A particular symmetrical solution of this 
cquatioii may be writtcn 

thus only coiisidcriiiz the zonal harmonics of 
zero and first order, because of the structure of 
thc function on the right hand side of equ. (10). 
P(Q) and a(.) are particular solutions of the 
two cquatioiis 

Thus P(.) and Q(c) arc givcii by 

l -  

whcrc 1,) (p), Jl (q), Yo (Q) and Yl (0)  arc ordi- 
nary Uessel functions. Now 14 and I ’  can be 
computed froni (8) and (12). As, hov-ever, 
divH v * o the velocity field cannot be re- 
presented by a system of streainlines. A new 
function @ is then introduced, defined as the 
streamfunction for the volume transport of 
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Fig. j. The theorctical flow pattern gcnerated by a cir- 
cular nioiintain in a homogeneous basic current. Dashcd 
lines are troughs and ridges and the dash-dotted line 

indicates maxiniuni zonal velocity. 

the total layer. This is possible as the fluid 
is assumed to be incompressible. Consequently 

If the same approximations are made as in the 
linearization of th: basic equations, the func- 
tion @ is given by 

@ = Do (Y - U y )  (4 
As seen from (15) the velocity vector is tangent 
to the streamlines for the function @. Thus 
the scalar field @ may be used to illustrate the 
deformation of the current around the moun- 
tain. W e  will now first discuss the pattern 
thus generated by a simple circular mountain, 
the height of which is given by 

1 1 is chosen so that h = - ha in a distance of 

1,000 kni from the centre of the mountain. 
The order of magnitude of the dimensions is 
the same as for the Rocky Mountains. 

A polar coordinate system has been used 
for the derivation of the perturbation pattern 
created by this circular mountain. This causes 
some difficulties for the applicability of the 
theory to real conditions because of the spher- 
ical shape of the earth. Furthermore, j3 is not a 
constant but varies with latitude. W e  assume, 
however, that the radius of the earth is great 
compared with the wave-length of the waves 
and that the variation of j3  with latitude is 

e 

Fig. 4. The observed flow pattern in  wintcr at the 20,000 
foot level (after Normal Hemispherical Mean Maps). 
Streamlines are approximately drawn for every (Az  
sin v) 111 instead for every d z  m, in order to  make 

the pattern comparable with fig. 3 .  

small. We may then carry through the com- 
putations considering the surface of the earth 
as plain and j3 as a constant during the integra- 
tion, but varying ,6 and taking the smaller 
circumference of the earth in high latitudes 
into consideration when constructing the final 
perturbation pattern. This mcthod cannot be 
expected to give more than a first crude 
approximation of the exact solution. 

Another difficulty results from the fact 
that the basic current U is not homogeneous as 
assumed in the theory. We must then choose 
a reasonable mean value which may be con- 
sidered as representative for the actual atmos- 
phere. It is obvious that the appropriate value 
of U varies with season. According to CHARNEY 
and ELIASSEN the proper value for U in our 
equivalent-barotropic atmosphere is about 
equal to the mean velocity at a level some- 
where between 600 and 500 mb in the real 
atmosphere. We  consider winter conditions 
and choose U =- 20 m.p.s., which is approxi- 
mately the mean value at the 500 mb level 
for a 10 degrees broad band centered around 
latitude 40' N. 

The flow pattern gcnerated by this circular 
mountain is shown in fig. 3. Some interesting 
features of this figure shall be pointed out as 
well as some conclusions drawn from the 
basic expressions for the perturbations given 
by (14). This will be useful in the last section 
of the paper, when discussing the general 
importance of the orography of the earth. 

a) The pattern is rathcr sensitive to varia- 
tions of the horizontal scale of the mountain 
as seen from the expressions for P(p) and Q(e)- 
This depends upon the fact that the integrand 
contains a factor p3. An estimate shows that if 
the horizontal dimensions of the mountains 
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decrease to one half, the values of P(p) and 
Q(p) are rcduccd to about one tcnth. Thirs 
oirly inoirirtnirrr of  at lcast thc ditncnsiorrs of the 
Rocky Mouirtains arc (4 irnportnncc f o r  the gcii- 

crntion Ofplorictary tiraves iii  the tucstcrlies. 
b) The computed pattern may be considered 

to be a combination of two simple pattern, 
onc in principle the same as the pattern QUENEY 
has derived as being generated by an infinite 
mountain range because of the flow over the 
mountain, the other similar to the pattern 
which STEWART lias computed as an effect of 
the flow aroirrzd a circular cylindrical obstacle. 
Both coiiiponeiits are of almost equal impor- 
tance in the iinniediate vicinity of tlic moun- 
tain. The STEWART-pattern is, however, coin- 
pletely iicgligiblc already one wave-length 
dowiistreani. A rathcr good approximation Of real 
conditioiis rnay tlwre&rc bc cxpccted j o i n  n mnt- 
inrnt ($ the yroblcin i i z  one dirrrciisioii in thc  hori- 
a i d  p h c .  Modijications oj- considcrablc irn- 
pcirtarrce csirt  only iiz tlrc vicinity Of thc inorriztairz. 

c) The flow pattern varies with thc value 
of the zonal velocity ( J  in two rcspccts. In the 
first ylncc the wave-lcngth is a function of U, 

‘as secii from equations (11) and (14): The 
wave-length is proportional to the squarcroot 
of U. HAURWITZ (1940) and CHARNEY and 
ELIASSEN havc shown that a correction is 
intiorluccd if the disturbances are assunied to 
have a finitc extension in north-south direc- 
tion, i.e. if thc basic current is limited by fixed 
boundaries to tlie north aiid south. The wave- 
length is in fact very sensitivc to the value of 
tlic width of the current. The real westerlies 
do have a finite meridional extension but it is 
difficult to choosc a value which may be con- 
sidered as represcntativc for this spccial pur- 
pose sincc no .f;.ued boundaries exist. T ~ L I S  no 
assumption of boundaries to the north and 
south have been introduced. In thc s m d  
place small changes in the shape of the flow 
pattern in the vicinity of the mountain are 
found for varying U. For certain values of 
U the ridge at the inouiitain is somewhat 
stronger, for other values it is weaker than for 
the particular value of U uscd in the construc- 
tion of fig, 3. These variations are small aiid 
the principal features of the pattern are the 
same within the atmospheric range of U. 

d) The tilt of the trough and ridge lines 
increases with increasing distance froiii the 
mountain. 

e) Two rcgioiis with intensified zonal flow 
are found thcorctically, onc just to the north 
of the mountain and the other on the south- 
eastern side of thc first trough downstream. 

IV. Influence of a mountain range on a 

It should be kept in mind that the theory 
advanced in tlie preceding section is based 
on the assumption that the width of the basic 
current is large in comparison with thc north 
-south extent of tlic mountain. In the case 
of a w r y  narrow current the mountain in- 
fluence may havc an entirely different cliar- 
acter. When the currciit passes a mountain, 
horizontal divergence takes place resulting in a 
generation of ailticyclonic vorticity within the 
currcnt. If  tlic mountain is large cnough and 
tlie currcnt not too strong, the anticyclonic 
curvature of the current will be so strong 
that the currcnt is turned back to its source 
region. To deliionstrate this particular oro- 
graphic cffcct we shall disregard the latitude 
variation of the Coriolis parameter and con- 
sider the extrciiic case of an infinitely narrow 
current striking a mountain range at right 
angles, though this last assumption is not 
essential. Furthcrniorc we  disregard the in- 
fluence of the environineiit completely. As 
before we assunic that the vertical contraction 
of the air column is madc up for by an cquiva- 
lent transversal strechiiig ( = tlie velocity, c, 
of thc currciit remains constant). As the rela- 
tive vorticity of the undisturbed current is 
zero and if fo dcnotes the constant value of 
the Coriolis paraiiietcr and Do tlie undis- 
turbed height of the air coluinn, ( I )  may be 
written 

very narrow current 

or 

Disregardins changes in tlie horizontal shear 
we get 

where R is the radius of curvature of the cur- 
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where s1 is the x-coordinate for the point 
where the current strikes the mountain (cf. 
fig. 5) .  If thc current is to cross the mountain, 
I z I must be less than 90" everywhere. Hence 

x 

n 
Fig. 5 .  Deformation of a narrow current because of 
divergence when striking a mountain range. The upper 
part of the figure shows the horizontal flow pattern 
and the lower part a vertical cross-scction across the 

barrier. 

rent. Introducing the analytical expression for 
R (20) becomes 

which may be transformed to 

or 

a being the angle between the deflected jet 
and the x-axis. As the undisturbed current is 
assumed to be straight westerly we get 

x1 

W e  niay define a critical velocity 

(26) 
rcr = - h "ltA" J h dx 

21 
Do 

where A s  is the width of the mountain. If 

c <: rc, (27) 

the current is turned back to its sourcc region. 
Puttingf, 10-4 sec-1, Do = 10 km, Ax = 
I ooo kni and assuming a mean height of the 
mountain range of 2000 m we get fcr = 
20 m sec-l. 

If the variation of the Coriolis parameter 
with latitude is taken into account cc, will 
be modified. For a westerly current the crit- 
ica1 value will be smaller, for an easterly cur- 
rent greater than given in (26). This is easily 
seen from a qualitative discussion. It is be- 
lieved that the effect indicated above niay be 
of importance in the atmosphere even if 
(26) merely gives the order of magnitude of 
the critical value. As shown by the numerical 
example only mountains of the same order of 
magnitude as the Rocky Mountains are effect- 
ive. 

V. The importance of the orography of the 
earth for the general character of the 
westerlies 

The discussion in this section must necessa- 
rily be rather vague since a very simplified 
atmosphere has been used for the theoretical 
considerations on which it is based. Following 
the general procedure outlined in I1 we shall 
at first discuss conditions at upper levels (500 
mb), then consider the effect at the surface of 
the earth and in doing so also take account 
of the thermal influence from below. The 
degree of similarity between the theoretical 
results and the observed pattern will show to 
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what extcnt the hypothesis of a dynaniic- 
orographic control of the upper lcvcl wcster- 
lies may be considered as correct. 

As seen from 111, a as well as from IV we 
need to consider only those mountains which 
arc of the same order of magnitude as the 
Rocky Mountains. Hence it follows that the 
otily muuntoiris which tnay be of real itnportatzce 
in gtweratitg pkarictary wavcs iri the iuestrrlies 
arc the Rocky  Mountairis and the riiouritniris in 
the itztcrior of Asia. 

Let us at first considcr thc gcneral charactcr 
of thc wavcs around thc northern hemisphere 
with rcgard to wave-length and the location 
of thc troughs and ridges. It was pointed 
out in III that a rather good first approxima- 
tion may be obtained from a treatment of the 
problem in one dimension in thc horizontal 
plane as made by CHARNEY and ELIASSEN. It is 
essential, however, that we consider the belt of 
maximum wcsterlics and that the mountains 
are located in  the centrc of this current. It then 
sccms reasonable to assume that the relatively 
weak currcnts in the environment ajust thcm- 
selves to tlic wave pattern in the belt of maxi- 
iiiiim kinetic cncrgy. Thercfore CHARNEY'S 
and ELIASSEN'S computations arc not quite 
representativc since they considered the lati- 
tude bclt betwecn 40" N and so" N, which is 
to the north of thc highcst parts of the Asiatic 
mountains. It is ncverthcless of some interest 
to compare their results with actual condi- 
tions. Fig. 6 shows the soo-nib profile around 
the whole hcmisphcre computed by CHARNEY 
and ELIASSEN and the observed one obtained 
from the hcniisphcrical upper air nican charts 
for winter, which have bcen published by 
SCHERHAG. The agrecmcnt bctween tlic com- 
puted and observed pattcrns is good, in fact 
better than CHARNEY and ELIASSEN found them- 
selves using Normal Weather Maps published 
by U. S.WEATHER BUREAU (1944). 

A comparison bctween wintcr and suninier 
conditions is of special intcrcst when dis- 
cussing the relativc importance of dynamic- 
topographic versus thermal factors for the 
control of stationary waves in the westerlies. 
The thcrmal influence from the surface of 
thc cart11 is quitc different in the two seasons 
and should thus be expcctcd to bring about a 
rather far-reaching rearrangement of the wave 
pattern, as was already pointed out in the in- 
troductim. From fig. I is seen that such a 

Longitude i' 'i 

Fig. 6. Computed stationary profile around the hetnis- 
pherc of the 500 nib surface (dashcd curve) according to 
CHARNEY and ELIASSEN (1949) and observed mean con- 
ditions (solid curve) afrcr SCHERHAC (1948). The curves 
represent wintcr conditions in the bclt bctwccii 40' N 

and sooN.  

change docs not occur. On the other hand if 
onc assunics that the largc mountains are of 
importance in generating these wavcs, the 
observed similarity between summer and win- 
ter pattcrns is obtaincd as a necessary consc- 
qucnce. Thc stationary wave-length is propor- 
tional to Vvp. The zonal flow decreases 
from winter to summer, but at the same time 
thc belt of maximum wcstcrlies is displaccd 
farther to the north. Thesc two facts counter- 
act each other and tlic stationary wave-length 
(mcasurcd in dcgrees longitudc) remains almost 
constant. If we assume that the zonal wir,d 
decreases at thc rate of 50 per ccnt and that 
the nieridional displacenicnt is 10" wc obtain 

L I B  

L, 
- - 1.1.5 

w1:erc L, and L, denote the stationary wave- 
length in winter and suninier respectively. 
Since fiirthermorc the waves are anchored 
by thc mountains, there should be little or no 
difference in the location of the waves during 
the two seasons. This points to the correctness 
of interpreting the waves as generated mainly 
by orographic influences. As seen from (28) 
there is a slight decrcase of thc wave-length 
from winter to summer which in reality 
shows up as a tcrrdericy for a fourth trough to  
develop in summcr off the American westcoast. 
This is in agreement with the fact that two 
polar fronts are often observed in the Pacific 
in sunimcr. These two troughs can hardly be 
explained by assuming that the thermal in- 
fluence from below is of conclusive impor- 
tance. 
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Fig. 7. Theoretically computed profile of the zonal 
velocity in a cross-section 3.000 km downstream from the 

circular mountain. 

It is impossible to pursue the discussion 
further without considering the meridional 
variation of the height of the mountains and 
thus allow for flow around as well as over 
them. There is an essential difference between 
the mountains in America and in the interior 
of Asia in this respect. 

The Rocky Mountains extend all along the 
American westcoast and thus the current 
must always pass over the range in spite of the 
fact that the westerlies are displaced northward 
from winter to summer. Therefore the actual 
wave pattern should in principle be in accord- 
ance with the pattern obtained from the 
treatment of the problem in one dimension in 
the horizontal plane also in the vicinity of the 
mountains. It must be pointed out, however, 
that the Rocky Mountains are broadest and 
highest at about 40'N. According to the 
previous discussion this should result in a 
tendency for the current to flow around these 
parts of the mountain range. Some indications 
of this are also found by a comparison between 
fig. 3 and 4. The general structure of the mean 
flow pattern in the vicinity of the RockyMoun- 
tains has several similarities with the pattern 

I I I I I 50" 40.N 30" 2O'N 6VN 

Fig. 8.  Zonal wind profile across the westerlies at the 
zo,ooo foot level. The solid curve is computed from Nor- 
mal Weather Maps along longitude 85" W in January 
and the dashed curve is obtained from the mean cross- 
section in winter along 80' W, which has been published 

by HESS (1948). 
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Fig. 9. Zonal wind profile in winter at 76' E across the 
westerlies at the zo,ooo foot level (after CHAUDHURY. 1950). 

which we have computed for the flow around 
a circular mountain. Some indications of the 
tendency for the splitting of the basic current 
may also be found by comparing the com- 
puted and observed windprofiles across the 
current some thousand kilometers downstream 
from the mountains (fig. 7 and 8). However 
the dominating deformation caused by the 
Rocky Mountains results from the fact that 
the westerlies are forced to flow over these 
ranges. 

The mountains in the interior of Asia, on the 
other hand, do not have the same extent in the 
north-south direction. Hence the westerlies en- 
close the mountains in winter, while the mean 
jet is found well to the north of the Tibetean 
Plateau in summer. In winter the westerlies 
are split in two branches, one on each side of 
the mountains (fig. 9), which is in qualitative 
agreement with the computed effect (fig. 7). 
Further downstream a well  developed wave 
pattern is found. In summer, on the other 
hand, the jet is affected only by the relatively 
low mountains further to the north. This may 
explain the fact that there exists only one 
mean jet at that time of the year and that the 
waves in the westerlies further downstream 
have small amplitudes (see fig. I). The moun- 
tains obviously are of considerable importance, 
but it must be kept in mind that the Hima- 
layas in winter acts as a boundary between 
cold air to the north and warm air to the south. 
This certainly also is of great importance for 
the character of the westerlies in the vicinity 
of the mountains.' 

I After this manuscript had been completed the writer' 
attention has been called to a paper by YEH (1950). 
which is also published in this issue of Tellus. YEH'S data 
support most of the conclusions drawn in the last two 
paragraphs. Some similar results have alsb been obtained 
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The division of the westerlies in two bran- 
ches has one consequence which is essential 
when discussing intensity variations of the jet. 
SUTCLIFFE (1940) and NAMIAS and CLAPP (1949) 
have pointed out the significance of the con- 
fluence mechanism for the intensification of a 
jet. This mechanism means simply tlie flowing 
together of two different air currents, one 
stream coming from the warmer southerly 
latitudes, the dthcr from the colder north. As 
seen from fig. 3 a confluence pattern is gener- 
ated on the lee side of a mountain in a westerly 
current. If  these two streams joining to the 
east of tlie mountain are of different thermal 
character, there should be an intensification 
of the current downstream. It is a fact that in 
thc mean the most intense jets are found in the 
regions to the east of tlie large mountain 
areas (cf. NAMIAS and CLAPP). The difference 
between summer and winter conditions may 
be explained by the seasonal differences in 
the confluence mechanism. These variations 
should thus depend a) upon the extent to 
which thc mountains are capable of splitting 
the westerlies, b) upon thc niagnitudc of the 
thermal contrast between the two currents. 

Until now we have only discussed the nor- 
mal upper air charts as representing a mean 
condition at upper levels. In reality consider- 
able deviations from this normal pattern may 
persist for periods as long as several weeks. 
It must be kept in mind, however, that the 
latitude and speed of the maximum wester- 
lies which have been used above are the nor- 
mal seasonal values ; deviations from these nor- 
mal values must cause changes in the stationary 
patterns generated by the mountains. Further- 
more the effect discussed in IV may be of 
importance during low index periods. This 
may for example be one explanation of the 
stationary extended troughs, that sometimes 
are found over the Rocky Mountains. 

It must be emphasized that the solutions 
used in the preceding discussion are not 
unique; but they represent the particular flow 
patterns which are the immediate consequence 
of the mountain barriers. Besides these waves 
there may exist stationary waves which are 
not fixed by the orography, and which 
~ ~ _ _ _  

in two theses by BOFFI and CHAUDHURY, which were 
carried through under the supervision of Dr H. Riehl 
at the University of Chicaso. 

disappear if tlie mean pattern is computed 
over a sufficiently long time. Such waves may 
influence the character of the mean pattern 
during periods of a few weeks duration. 

If ope accepts the hypothesis that the niouii- 
tains are of primary importance for tlie gencra- 
tioii of the mean stationary long waves in the 
westerlies, the ridge at the European westcoast 
and the trough over the White Sea must be 
considered as to a certain extent being formed 
in resonance with the waves at the RockyMoun- 
tains (cf. fig. I). On the whole, the positions of 
the ridge and trough are in agreement with 
the computations made in 111 if one allows 
for the correction that must be introduced 
because of the finite width of the current. 
In addition, it must be pointed out that the 
mean ridge to the west of Europe to some 
extent may be the result of the fact that this 
region appears to be a preferablc place for 
blocking to start (ELLIOTT and SMITH, 1949; 
REX, 1950). This effect has not been considered 
in our theoretical treatment. It is probable 
that blocking niay be of some importance for 
the formation of the upper ridge but it should 
be noted that the ridge often is found even in 
the absence of blocking. It thus seems quite 
probable that the mean ridge to a considerable 
extent is caused by the topography of the earth 
further to the west. 

Thus we have found that there are several 
features of the upper flow pattern which indi- 
cate that the orography of the earth seems 
to be of considerable importance for the mean 
large scale wave pattern around the northern 
hemisphere. We shall now finally discuss the 
interrelation between this upper flow pattern 
and conditions at tlie surface of the earth. 
Following the general chain of reasoning 
outlined in the beginning of the paper we 
shall try to get an idea of the adjustment in the 
layer below 500 inb considering the restric- 
tions which are impressed by the flow pattern 
aloft, the surface friction and the differential 
heating from below. Assuming then that the 
flow pattern above a certain height H (= 5 km) 
to a great extent is controlled dynamically it 
follows that the pressure distribution at this 
level is known apart from a constant. Adjust- 
ment below means a redistribution of mass, 
so that the pressure distribution at the ground 
fits the requirements of the monsoonal circu- 
lation in the lower part of thc troposphere. 
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This redistribution of mass in turn means a 
change of the mean temperature of the air 
column below H and consequently the mean 
temperature o j  this air column is at least in part 
controlled dynamically from above, in addition to 
the direct thermodynamic control j o m  below. This 
conclusion, if supported by further investiga- 
tions, is of great importance to dynamic cli- 
matology (BERGERON, 1930). It implies that 
both pressure and temperature at the ground 
are in pait controlltd by the mean flow pattern 
aloft, which in turn are intimately related to 
the orography of the earth all around the 
hemis here. At the present time it is difficult 

of mountain systems upon the climate of 
to ma 1 e a qualitative estimate of this influence 

far distant regions, but qualitatively we 
are justified in assuming that both the upper 
and surface high pressure ridge from the 
Azores to France in winter and the north- 
erly position of the mean storm tracks over 
the eastern Atlantic resulting in relatively 
mild winters in northwestern Europe are not 
exclusively to be looked upon as an effect of 
the warm ocean but also as a result of the in- 
fluence of the Rocky Mountains. 
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