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This paper is a continuation of a previous publication (Mahlman, 

1966) which attempted to explain the physical bases for  large-scale 

seasonal and short-term radioactive fallout fluctuations. The Pre- 

vious paper demonstrated that the seasonal fallout variation depends 

directly upon the stratospheric circulation and that the spring fallout 

peak is attributable to increased eddy fluxes of debris following the 

major breakdown of the polar night vortex. 
1 1  

In this paper an analysis is performed on a minor breakdownff 

of the stratospheric circulation which occurred during a period of 

general intensification of the polar vortex (1 5 November to 15 December 

1958). Computation of the vlw' covariances showed that this  period is 

favorable for  northward and downward transport of radioactive debris, 

but f a r  l e s s  so  than the period following the January 1958 major break- 

down of the polar night circulation. 

The mean meridional circulation was computed for  the chosen time 

period using a thermodynamic method. F o r  this period the mean cell 

is always direct, but changes direction when the mean north-south 

temperature gradient reverses  from positive to negative. A calcula- 

tion is also performed on the mean circulation relative to a polar vor- 

tex oriented coordinate system. For  this system the mean cell is 

indirect. In the previous paper the latitudinal mean cell was com- 

puted to be indirect prior  to the major polar night vortex breakdown 

while relative to the circulation coordinate, the mean cell was thermo- 

dynamically direct. These opposite results suggest that the mechanisms 

for maintaining the zonal mean circulation and the polar vortex differ 

considerably between the onset and termination of the stratospheric 

polar night circulation. Also, this implies that the debris transport 

cteristics of the lower stratosphere depend explicitly on circula- 

and season. 



I. INTRODUCTION 

At e time of the f i rs t  tes ts  of thermonuclear weapons in the 9h 
atmosphere, scientists believed that no significant surface fallout 

would result since such weapons contain enough thermal energy to 

inject most of the debris into the stable layers of the lower strato- 

sphere. The assumption was that the debris would remain indefinitely 

in the stratosphere since the high static stability of the region acts to 

inhibit the vertical transport processes responsible for  carrying it 

downward. It soon became evident, however, that significant amounts 

of radioactive debris were being transported downward from the strato- 

sphere. This was verified through radiochemical and physical measure- 

ment of large surface fallout intensity variations many months after 

weapon4 testing had terminated. In view of the fact that the mean 

troposp e r ic  residence half-time of a radioactive particle is about 

one mo th (Stewart, Crooks, and Fisher, 1955), the inference that 

the su r  :" ace increases were of stratospheric origin was justified. 

Even though the initial fallout measurements were very sporadic, 

within a relatively short time it became apparent that the atmospheric 

circulation acts to produce some surprising surface fallout characteristics 

over t iAe periods following such thermonuclear weapons testing (for refer-  

ences, gee Mahlman, 1966). These measurements revealed that very large 

local surface increases in fallout intensity can be documented for several 

years  after cessation of nuclear testing. Furthermore, there existed a 

pronou ced peak of fallout intensity in mid-latitudes, and a well-defined 1 peak of radioactivity was present in the spring of each year. 

The radiochemical measurements strongly suggested a very efficient 

mechan'sm for transporting stratospheric a i r  into the troposphere. At 

that t i  A e, however, no atmospheric model was capable of explaining 

the phe omenon. Although substantiating local radiochemical mea- P 
sureme ts were not available at that time, Reed and Sanders (1953) P 



and Reed (1955) showed that stratospheric a i r  can enter the troposphere 

in the intense frontal zones below the core of the jet stream. This pro- 

cess  w a s  substantiated in greater  detail by sub sequent investigator s 

(Endlich and McLean, 1957; Danielsen, 1959a, b, 1964a, b; Danielsen, 

Bergman, and Paulson, 1962; Reed and Danielsen, 1959; Staley, 1960. 

1962; Reiter, 1963a, b, 1964; Reiter and Mahlman, 1964, 1965a, b; 

Mahlman, 1964a, 1965b). 

Some of these investigators (Staley, 1 9 62; Danielsen, Bergman, 

and Paulson, 1962; Danielsen, 1964b) also were able to show through 

flight measurements that higher values of fallout intensity a r e  associated 

with this frontal zone. 

Staley (1960, 1962) demonstrated that the intrusion of a i r  from the 

stratosp e r e  into the troposphere is associated with high level cyclones. I 
This hydothesis was co::*roborated with a case study by the author (Mahlman, 

1964a, 1965b). These studies revealed that the descent of stratospheric 

a i r  occurs in associatic;; with very pronounced cyclogenesis at tropopause 

level. '/his dependence of the sinking process upon cyclogenesis was also 

noted b Danielsen (196.: 2) .  The cyclogenetic mechanism was further sub- 

stantiat d by Reiter and Mahlman (1 964, 1965a, b) through case study 

analyse . Also, it was hypothesized that the amount of mass  in each 

descent is proportional to the intensity of cyclogenesis a t  tropopause f 
analysis was performed on the 300 mb meteorological data 

Health Service surface fallout data during the test  mora- 

and 1964 (Mahlman, 196430, c, 1965a, 1966). This 

conclusively that both the shorter-period fallout 

level. 

As 

variatidns and the mid-latitude peak can be readily explained by the 

a means of testing the above cyclogenetic hypothesis, a lengthy 

relative time frequency of strong cyclogenesis and the fact that the 

region f maximum cyclonic activity occurs in the optimum position i. 
for  producing a mid-latitude maximum in downward transport of debris. 

I 



FIG. 1. Continued. 
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11. EDDY TRANSPORT PROCESSES IN  THE LOWER STRATOSPHERE 
--15 NOVEMBER-15 DECEMBER 1958 

As a general rule  the fall and wintertime circulation of the polar 

e is one of wester l ies  increasing in intensity a s  the winter 

resses .  As this circulation intensifies there  is a pro-  

ency for  the flow to become more  zonal--creating an 

d polar vortex. As noted by prel-ious investigators, 

ation during the fall and early winter is not a gradual 

s marked by i r regular  interruptions of the circulation 

and Godson, 1957; Godson and Lee, 1958; Hare, 1960; 

on and Hare, 1961). In many winters the vortex begins 

a one, two, o r  three wave pattern leading to what is 
1 1  r r e d  to a s  the sudden warming" phenomenon. The 

ter i s t ics  of such "sudden warmings" have been out- 

tail  by previous authors (Teweles, 1958; Teweles 

; Craig and Hering, 1959; Craig and Lateef, 1962; 

r e ,  1960; Conover, 1961; Belmont, 1962; Miers,  

Miers, 1964). This  warming process  ac ts  to destroy 

a1 temperature gradient and most  of the kinetic energy 

sphere. Since this sudden warming phenomenon often 

e r ,  many t imes  the wester l ies  will re-intensify. When 

re turns  to polar latitudes, the westerly regime com- 

and the summertime eas ter l ies  se t  in. 

paper (Mahlman, 1966) an extensive analysis was 

dy transport  processes in the lower s tratosphere 

od before, during, and after the stratospheric 

polar voetex breakdown of January-February 1958. This  work 

showed rather  clearly that favorable conditions for  northward and 
- 

debris  transport at  higher latitudes ( vlwl = - )  were present 

e r  and middle stratosphere after the breakdown of the polar 



night vortex. This transport is in qualitative agreement with the 

time of occurrence of the spring surface fallout peak. These cal- 

culations also agree with those of Molla and Loisel (1962) which 

indicate f vorable vfwf values in the 100-50 mb layer for  January P 
and April 1958. These computations can, of course, be only indica- 

tive of th probable sense of the transports until synoptic measure- 

ments of race substances become available on a more o r  l ess  routine 

basis. T e now discontinued ozonesonde network (Hering, 1964) was i 
an excel1 nt step in this direction. e 

As n ted in the Introduction, these results  indicated that a more 0 
thorough nowledge of the dynamics of the stratospheric circulation k 
is necessary before a complete understanding of the fallout problem 

can be cl imed. In order  to proceed toward this goal, the period 

15 Nove ber  to 15 December 1958 was selected fo r  analysis using 4 
the U. S. Weather Bureau (1963) stratospheric maps for the IGY 

period. 

This period was characterized by an intensifying winter s trato-  

which was interrupted by large perturbations form- 

(see Fig. 1). Fig. 2 shows a time se r ies  of 

1966) a t  50 mb, 6 0 ' ~  in which the index 

and back to high values again during the 

by Fig. 2, toward the end of the period 

the flow ecomes increasing zonal. The period 10-15 December P 
was dom nated by a "sudden cooling" in the highest latitudes (see  i 
Fig. 3) due to an increasing zonal symmetry of the polar vortex and 

a damping of the disturbances which originally produced the cyclone 

index decrease. The hemispheric circulation was dominated by an 

eccentric polar vortex and a well-developed Aleutian anticyclone. 

According to Boville (1 960), this Aleutian high developed in October 1958 

in an a1 ost barotropic stratosphere a s  a result of pronounced cyclo- 4 
the troposphere. This high continues to dominate the flow 

10 December. 
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FIG. 2. Time se r ies  of cyclone index (Mahlrnan, 1966) at 50 mb, 6 0 ' ~  for  the 
period 15 November-15 Cecember 1958. 
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Since this selected case study is during a period of buildup of 

the polar night vortes, i t  is of interest to determine the transport 

of the lower stratosphere during this time and compare 

with those obtained previously for  the breakdown period. 

tations should provide some insight into the reasons for  

ces  in surface fallout intensity between the winter and spring 

he determination of these transport properties demands a 

f the u, v, w, and T fields, where u is the zonal wind com- 

is the temperature. 

previous studies of the stratosphere (Jensen, 1961; 

962; Dickenson, 1962; Oort, 1962; Molla and Loisel, 

1966) the computations of u, v, w, and T were taken 

inal station data. Mean values over the hemisphere 

ained by computing an arithmetic average of all stations 

a given latitude belt. This approach is straightforward 

mputations can then be computerized directly in t e rms  

station data. One difficulty that has  always been recog- 

ove investigators is that such an averaging procedure 

uracies due to the unequal weighting of station data. 

omes particularly serious in cases where most of the 

n quantity may depend upon the contribution from a 

inal region. Another shortcoming of the single station 

he computed vertical motion depends upon the validity 

ind approximation in relating the measured detailed 

a r  f rom the sounding to the larger  scale horizontal 

ients. In some cases the effect may be to seriously 

magnitude of the time averaged vertical motion field. 

f avoiding the difficulties pointed out above, all values 

were calculated at 100 and 50 mb and at intervals of 

e respective latitudes 40°, 50°, 60' and 70° North. 

At 8 0 ' ~  e data coverage is poor and the latitudinal circumference 



0 
is relatively small. Below 40 N the data coverage is also inadequate 

due to the larger percentage of ocean area. Also, the circulation dis- 
0 

turbances in higher latitudes are  usually not present south of 40 N. 

the horizontal wind components, actual winds were 

but geostrophic winds were computed when 

available. Because the vertical wind 

considerable uncertainty is present 

w fields. Since the static stability 

the radiative heat changes a r e  

at this time of year, the thermo- 

velocity was chosen to be the 

equation for w, one 

obtains 

where g s the acceleration of gravity, c the specific heat of a i r  at 
P A  

constant pressure, h the heat per unit mass, V the horizontal vector 
2 

wind, v the horizontal del operator, z the height, and t is the time. 

The sub cript z denotes differentiation on a constant height surface. 

This equation is somewhat ambiguous the way it  is to be used here 

because e temperature derivatives a re  to be computed relative to 

the p res  ure surface rather than the z surface. In the stratosphere, 

however this ayi-?.f).<imation is quite valid since the vertical tempera- 

ture gra  1 ients a r e  very small in these regj-ons. The validity of this 

approximation may be readily seen by writing the transformation 

equations for the temperature derivatives in Eq. (1) from z to 

p r e s s u r ~  coordinates, 



is the advection (V2 VT ) expressed in natural coordi- 

nates and the subscripts z and p denote height and pressure coordinates, 

respectiv$ly. Characteristic orders  of magnitudes of the various t e rms  

az - -3 az - 3 
an (max) slope of p surface normal to wind)-- . 2  x 10 . - - . 0 2 x 1 0  : 

P 
' a s  (max) 

P 

aT are: - 
at 

P 

Vs(max) 50m/ sec. Substituting these numerical approximations into the -i 

--V - a T  -z"c/day; - a T  - 1 0 - ~ d e ~ m  
-1. 

s a s  az ' at (max) - 50m/day; 
P P 

transformation equations (2a and 2b) gives 

Therefordl one may with complete justification write 

aT 4;- a t  p and vs as aT z - - Vs a s  , aT 

P 

and calcullate the horizontal derivatives on pressure surfaces. 

Computing w instead of L * is advantageous because the amount ( d t  ) 
of adiabat c heating of the parcel due to compression is then given expli- 

citly in t e rms  of the computed value of w. The diabatic heating te rm 

was assumed to be a constant value of -1 deg/day in accordance with 

the computations of Ohring (1 958), Davis (1 963), and Kennedy (1 964). 

The local ime derivative of the temperature is obtained by taking an t 
average o the 24-hour local temperature change on each side of the f 
given obsdrvation time. A s  implied above, the temperature advection, 



the eddy correlation coefficients, eddy covariances, means, and 

products of means of all combinations of u, v, w,  and T were com- 

puted f r o b  15 November to 15 December 1958 at 100 and 50 mb for 

latitudes 400, 50°, 60°, and '70'~. The results  of all these com- 

putations a r e  included in Table I. The tabulated mean values of v 

given in Table I probably have no physical significance, since the 

actual va ues of ;computed indirectly from the mean cell values i 
in chapter  I11 a r e  more than two orders  of magnitude smaller than 

the mean absolute value of v. The chief mer i t  in calculating; directly 

is that l a  ge values point out probable e r r o r s  in the initial wind tabu- r 
lations. ~ 

In o r  e r  to reveal the probable debris transport properties of d 
the lower stratosphere during this period, the eddy correlation 

coefficie Its ofvfwf( r  v f W  7 - - v'w' / G) calculated for this 

period aqe plotted for the various latitudes and levels a s  a function 

of time i Fig. 4. Fig. 4 shows that the v'w' correlation is generally 1 0 0 
negative n the lower latitudes (40 and 50 N), indicating a general 

tendency for northward and downward transport of t race  substances. 

In higher latitudes (60' and 70 '~)  the vlw' correlation is slightly 

negative uring the first 15 days and then becomes positive there- " 
after. T is change of sign is consistent with the reversal  of the h 
northwar temperature gradient from positive to negative at about d 
this  time (thus partially reflecting a change in  slope of the mean 

isentropic surfaces from negative to positive). 

In v i  w of the presence of these negative v'w' correlations, one i. 
might induire why there is no appreciable lower stratospheric buildup 

of fallout intensity in the f a l l  months compared to that observed in 

late wint r and spring. A possible answer to this difficulty may be 0 
the v'wl covariance data given in Table I with 

A of the earl ier  paper (Mahlman, 1966). 
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PIG. 4. v'w ' eddy correlation coefficients fo r  indicated levels 
and latitudes from 15 November to 1 5  Eecernber 1958. 
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W 50 W. U T ~  40 COVARIANCE 

MY 
NOV 15 
NOV 16 
*0V 17 
NQV 18 
NOV 19 
NOV 20 
uov 21 
mv 22 
NQV 23 
WV 24 
NOV 25 
NOV 26 
NOV 27 
NOV 28 
NOV 29 
NOV 30 
DEC 1 
DEC 2 
DEC 3 
DEC 4 
DEC 5 
DEC 6 
DEC 7 
DEC 8 
DEC 9 
DEC 10 
DEC 11 
DEC 12 
DEC 13 
DEC 14 
DEC 15 

MY C 
NOV 15 -1337 142 
V 16 - 1 3 3 8 : k  
NOV 17 -1368. 47 
NOV 18 -14984344 
NQV 19 -1585.5% 
NOV 20 -1407.520 
NQV 21 -1340.665 
NOV 22 -1245.p46 
NOV 23 -1497.606 
NOV 24 -1440 343 
UOV 25 -1498:)157 
NOV 26 -1702.~606 
NOV 27 -17031880 
NOV 28 -1893.300 
NOV 29 -1944.540 
NOV 30 -1687.623 
DEC 1 -1934.468 
DEC 2 -1701.830 
DEC 3 -1796.951 
DEC 4 -1785.071 
DEC 5 -1646.996 
DEC 6 -1839.029 
DEC 7 -2032.219 
DEC 8 -2064.072 
DEC 9 -2033.016 
DEC 10 -1771.522 
DEC 11 -1783.987 
DEC 12 -1575.515 
DEC 13 -1533.400 
DEC 14 -1790.625 
DEC 15 -1687.257 

CJ.V.Y.T) BAR 

uv 
- .298 

-11.214 
-36.077 

-9.026 
-18.690 
-13.278 

-2.180 
2.131 

-27.945 
-16.241 

4.458 
4.250 
1.044 

-9.019 
-53.510 

-.723 
-7.111 
10.555 

-18.046 
-8.737 
4.976 
6.449 
3.075 

14.735 
-2.683 

-14.011 
4.588 

-27.558 
16.640 
2.666 
8.613 

DAY 
NOV 15 
MV 16 
NOV 17 
NOV 18 
NOV 19 
NOV 20 
NOV 21 
NOV 22 
NOV 23 
NOV 24 
NOV 25 
NOV 26 
NOV 27 
NOV 28 
NOV 29 
NOV 30 
DEC 1 
DEC 2 
DEC 3 
DEC 4 
DEC 5 
DEC 6 
DEC 7 
DEC 8 
DEC 9 
DEC 10 
DEC 11 
DEC 12 
DEC 13 
DEC 14 
DEC 15 

MY 
NOV 15 
NOV 16 
NOV 17 
W 18 
NOV 19 
NOV 20 
NOV 21 
NOV 22 
NOV 23 
NOV 24 
NOV 25 
NOV 26 
NOV 27 
NOV 28 
NOV 29 
WV 30 
DEC 1 
DEC 2 
DEC 3 
DEC 4 
DBC 5 
DEC 6 
DEC 7 
DEC 8 
DEC 9 
DEC 10 
DEC 11 
DEC 12 
DEC 13 
DEC 14 
DEC 15 

T ,E I. C'ovariances, eddy correlation coefficients, mean 
and means of u, v, w, and 'r from 1 5  November to 

15 ~ e c e h b e r  1358 at indicated 1-evels and latitudes. 



LEVEL 50 ME. I TINDE 50 COVARXAUCE LEVEL 50 ME. U T I N D E  50 EDDY CORRELATION C O E I R C I m 8  

DAY 
NOV 15 
NOV 16 
m V  17 
NOV 18 
NOV 19 
NOV 20 
NOV 21 
mv 22 
m V  23 
NOY 24 
NOV 25 
M V  26 
NOV 27 
NOV 28 
NOV 29 
NOV 30 
DEC 1 
DEC 2 
DEC 3 
DEC 4 
OEC 5 
DEC 6 
DEC 7 
DEC 8 
DEC 9 
DEe 10 
DEC 11 
DEC 12 
DEC 13 
DEC 14 
DEC 15 

mv 16 
NOV 17 
NW 18 
NOV 19 
m v  20 
mv 21 
Nov 22 
NOV 23 
NOV 24 
NOV 25 
M Y  26 
NOV 27 
NOV 28 
NOV 29 
NOV 30 
DEC 1 
DEC 2 
DEC 3 
DEC 4 
DEC 5 
DEC 6 
DEC 7 
DEC 8 
DEC 9 
DEC 10 
DEC 11 
DEC 12 
DEC 13 
DEC 14 

' DEC 15 

LEVEL 50 HB. FNDE 50 PROWCT OF (U ,V,W.T) BAR LEVEL 50 KB. LATITUDE 50 NUNS OF 

VBAR 
- ,776 - .343 

,078 
-1,750 
-1.968 
- ,527 - .508 

-1.289 
-2.206 
-1.945 
-1.046 - ,556 
-1.866 
-1.895 
-.773 

-1.960 
- ,970 

-1.122 
,534 - .928 

- ,600 
-1.854 - ,065 

.447 - .086 
-1.828 
-1.509 
- ,927 

-1.187 
-1.778 
-3.110 

T, U, V, AND W 

WBAR - .248 
-.278 
-.333 

DAY TV TW 
M V  15 -134.305 45.548 14.577 

DAY 
NOV 15 
NOV 16 
NOV 17 
NOV 18 
NOV 19 
NOV 20 
NOV 21 
NOV 22 
m v  23 
NOV 24 
NOV 25 
NOV 26 
NOV 27 
NOV 28 
NOV 29 

TBAR UBAR 

M V  16 
M V  17 
NOV 18 
M V  19 
NOV 20 
NOV 21 
M V  22 
NOV 23 
NOV 24 
NOV 25 -161 .731 61.047 18.335 
NOV 26 -1545.183 31.914 16.383 
NOV27 -1302.799 107.438 14.257 
NOV 28 -123 3 ,696 110.256 13.621 
M V  29 
M V  30 
DEC 11 
DEC 2 
DEC 3 
DEC 4 
DEC 5 
DEC 6 
DEC 7 
DEC 8 
DEC 9 
DEC 10 
DEC 11 
DEC 12 
DEC 13 
DEC 14 
DEC 15 

K)V 30 
DEC 1 
DEC 2 
DEC 3 
DEC 4 
DEC 5 
DEC 6 
DEC 7 
DEC 8 
DEC 9 
DEC 10 
DEC 11 
DEC 12 
DEC 13 
DEC 14 
DEC 15 

TA.BLE I. Continued. 



LEVEL 50 tM. U ImDE 70 COV~UNCI! i 
M Y  rV I'V 
NOV I5 18.633 64.750 
NOV 16 -47.374 77.097 
WOV 17 .427 73.260 
NOV 18 25.385 72.538 
WOV 19 -21.531 96.884 
ROV 20 -4.657 101.008 
WOV 21 -9.229 63.614 

WOV 19 
mv 20 
NOV 21 

NOV 22 -18.628 86.808 
NOV 23 11.600 121.767 
NOV 24 23.487 104.486 

mv 22 
NOV 23 
NOV 24 

MV 25 
mv 26 
NOV 27 
NOV 28 
NOV 29 
NOV 30 

NDV 26 
NOV 27 
NOV 28 
MV 29 
NOV 30 
DEC 1 DEC 1 

DEC 2 
DEC 3 

DEC 2 
DEC 3 
DEC 4 DEC 4 

DEC 5 
DEC 6 
DEC 7 

DEC 5 
DEC 6 
DEC 7 
DEC 8 D E C 8  27.849 -8.824 

DEC 9 42.772 -17.509 
DEC 10 27.935 -19.660 
DEC 11 3.876 -39.609 
DEC 12 26.362 -18.773 
DEC 13 18.497 -8.032 
DEC 14 29.348 14.108 
DEC 15 27.852 139.428 

DEC 9 
DEC 10 
DEC 11 
DEC 12 
DEC 13 
DEC 14 
DEC 15 

LEVEL 50 

DAY 
NOV 15 
NOV 16 
NOV 17 
NOV 18 
NOV 19 
NOV 20 
NOV 21 
NOV 22 
NOV 23 
NOV 24 
NOV 25 
NOV 26 
NOV 27 
NOV 28 
NOV 29 
NOV 30 
DEC 1 
DEC 2 
DEC 3 
DEC 4 
DEC 5 

MB. LATITUDE 70 t4EANS OF T, U, V AND W LEVEL 50 NB. LATITUDE 70 

DAY TU TV 

PRODUCT OF OI,V,W,T) BAR 

TBAR UBAR VBAR WBAR 
-57.056 20.020 .606 ,168 NOV 15 

NOV 16 
NOV 17 
NOV 18 
NOV 19 
NOV 20 
NOV 21 
MV 22 
NOV 23 
NOV 24 
MV 25 
NOV 26 
NOV 27 
NOV 28 
NOV 29 
NOV 30 
DEC 1 
DEC 2 
DEC 3 
DEC 4 
DEC 5 
DEC 6 
DEC 7 
DEC 8 
DEC 9 
DEC 10 
DEC 11 
DEC 12 
DEC 13 
DEC 16 
DEC 15 

DEC 6 
DEC 7 
DEC 8 
DEC 9 
DEC 10 
DEC 11 
DEC 12 
DEC 13 
DEC 14 
DEC 15 

TAELE I. Contiizued. 



DAY 
NOV 15 
mv 16 
WV 17 
NOV 18 
NOV 19 
NOV 20 
NOV 21 
Nov 22 
NOV 23 
NOV 24 
NOV 25 
NOV 26 
NOV 27 
NOV 28 
NOV 29 
NOV 30 
DEC 1 
DEC 2 
OEC 3 
DEC 4 
DEC 5 
DEC 6 
DEC 7 
DEC a 

DAY 
NOV 15 
NOV 16 
NOV 17 
WV 18 
NOV 19 
NOV 20 
mv 21 
NOV 22 
NOV 23 
NOV 24 
NOV 25 
NoV 26 
BOV 27 
NOV 28 
NOV 29 

DEC 4 -6.09 5.240 
DEC i -.874 1.835 
DEC 6 2.497 -.208 

- - -~~ 

DEC 9 .532 .082 -.285 .310 -.575 -.065 
DEC10 .684 .303 -.517 ,506 -.SO6 -.SO3 
DEC 11 ,553 ,172 -.544 .399 -.426 -.340 
DEC 12 .421 .I75 -.056 .304 -.157 .I45 
DEC 13 .234 .067 -.005 .225 .300 -.I80 
DEC14 .094 -.054 .081 ,362 -.433 -.299 
DEC 15 .076 .I49 -.002 .592 -.487 -.234 

DEC 13 10.80 3.172 
DEC 14 7.051 -2.634 
DEC 15 42.54 38.581 

LEVEL 100 

DAY 
NOV 15 
NOV 16 
NOV 17 
NOV 18 
NOV 19 
NOV 20 
NOV 21 
NOV 22 
NOV 23 
NOV 24 
NOV 25 
NOV 26 
NOV 27 
hX]V 28 

BAR 

UW 
-7.637 
-4.647 
-5.508 

-13.909 
3.795 

-3.651 
-4.302 
-4.995 

-11.889 
-10.022 

-7.175 

LEVEL 100 HI). LATITUDE 40 PIEANS OF T ,  U, V, AND U 

DAY 
NOV 15 

UBAR 
36.680 
37.584 
40.863 
40.239 

VBAR 
-1.131 

WBAR 
-.208 
-.124 -. 135 
-.346 

.093 - .087 
-.I11 -. 125 
-.262 
-.214 
-. 165 - .I98 
-.I96 
-.307 
-.293 
-.084 - .033 
-.I24 
- .262 - ,204 
-.I26 - .095 
- .I90 
-.I62 - ,141 
-.I38 - .220 - .169 
-.009 
-.245 - .224 

NOV 16 
NOV 17 
NOV 18 
NOV 19 
Nov 20 
NOV 21 
mv 22 
NOV 23 
NOV 24 
NOV 25 
NOV 26 
NOV 27 
NOV 28 
NOV 29 
NOV 30 
DEC 1 
DEC 2 

NOV 29 -3096 618 21.427 18.057 -17.495 
NOV 30 -3010 515 .572 5.190 -.451 
DEC 1 -3028 372 43.871 2.064 -33.326 
DEC 2 -3160 474 -41.055 7.831 32.720 
OEC 3 -3472 516 -190.350 16.586 164.935 
DEC 4 -30771923 -3.886 12.617 3.114 

DEC 3 
DEC 4 

DEC 5 -2953057 48.611 7.803 -37.178 
DEC 6 -3427.508 17.635 5.811 -16.039 
OEC 7 -3177.213 -19.765 11.803 16.336 
DEC 8 -3339.868 28.372 9.836 -25.559 

DEC 5 
DEC 6 
DEC 7 
DEC 8 
DEC 9 
DEC 10 
DEC 11 

DEC 12 -2971 651 -84.205 10.232 68.238 
DEC 13 -2835 256 66.833 .560 -51.344 
DEC 14 -3091.001 ! 14.396 15.001 -11.904 

OEC 12 
DEC 13 
DEC 14 
DEC 15 

TABLE I. Continued, 



DAY TU TV 
NOV 15 .462 .325 
R)V 16 .679 .388 
NOV 17 .494 ,276 
NOV 18 1 .224 
NOV 19 .SO4 .439 
W V  20 .240 .289 
W V  2 1  . I 5 3  .446 
NOV 22 ,222 .207 
NOV 23 .286 .277 
N W  24 .256 .519 

W V  18 
NOV 19 
m v  20  
M V  2 1  
NOV 22 
NOV 23 
NOV 24 
NOV 25 
NOV 26 
NOV 27 
m v  28 
NOV 29 
WOV 30 
OEC 1 
DEC 2 
DEC 3 
DEC 4 
DEC 5 
DEC 6 
DEC. 7 
DEC 8 
DEC 9 
DEC 10 
DEC 1 1  
DEC 12 
DEC 13 
DEC 14 
DEC 15 

mv 25 .072 . I 6 6  
m v  2 6  .255 .259 
NOV 27 . I 7 8  .313 
NOV 28 .077 .293 
NOV 29 - .079  .511 
NOV 3 0  - .261 .444 
DEC 1 - . 0 4 1  .298 
DEC 2 - . I 3 1  . I 4 0  
DEC 3 - . I 3 9  ,208 
DEC 4 -.279 .228 
DEC 
DEC 

DEC 
DEC 1 4  -.360 .548 
DEC 15 -.278 .275 

LEVEL 100 W. LATIlllDE 5 0  mANS OF T ,  U. V, AND W LEVEL 

M Y  
N W  15 
NOV 16 
NOV 17 
m,v 18 
NDV 19 
m v  20 
Nov 2 1  
NOV 22 
NOV 23 
NOV 24 

DAY 
NOV 15 
NOV 16 
NOV 17 
NOV 18 
NOV 19 
NOV 20 
NOV 21 
NOV 22 
KJV 23 
NOV 24 
NOV 25 
m V  26 
NOV 27 
NOV 28 
NOV 29 
NOV 30 

N W  25 -56.528 32.339 
NOV 26 -56 .361 33.032 
NOV 27 -54.972 30.124 
NOV 28 
NOV 29 
NOV 30 
DEC 1 DEC 1 

DEC 2 
DEC 3 

DEC 2 
DEC 3 
DEC 4 DEC 4 

DEC 5 
DEC 6 
DEC 7 
OEC 8 
DEC 9 
DEC 10 

OEC 5 
DEC 6 
DEC 7 
DEC 8 
DEC 9 
DEC 10 

DEC 1 1  
DEC 12 
DEC 13 

DEC 1 1  
DEC 12 
DEC 13 
DEC 14 
DEC 15 

DEC 14 
DEC 15 

TABLE I. Continued. 



COVARIANCE LEVEL 100 10. IATI'IUDE 60 EDDY m L A T I O I (  COKm 

MY N TV n uv w 
NOV15 .325 .380 .040 .454 -.324 
MV 16 
NOV 17 
NOV 18 m v  18 

WV 19 
mv 20 
mv 21 
mv 22 
WV 23 
10V 24 
I*IV 25 
mv 26 
*OV 27 
WDV 28 
1DV 29 
IOV 30 
DEC 1 
DEC 2 
DEC 3 
DtC 4 
DEC 5 
DEC 6 
DEC 7 
aec 8 
DEC 9 

NOV 19 .318 .270 .044 -.306 -.017 
MV 20 .408 .405 .007 .341 -.087 
MV 21 -.045 .406 -.012 -.I20 -.489 
NOV 22 -.037 .435 -.144 -.275 -.307 
NOV 23 
MV 24 
NOV 25 
NOV 26 
NOV 27 
NOV 28 
MV 29' 
NOV 30 
DEC 1 
DEC 2 
DEC 3 
DEC 4 
DEC 5 
DEC 6 
DEC 7 
DEC 8 
DEC 9 
DEC 10 
DEC 11 

DEC i o  
DEC 11 
DEC 12 DEC 12 

DEC 13 
DEC 14 

DEC 13 -57.404 20.647 
DEC 14 -18 02 30.596 
DEC 15 -42:19! 70.252 DEC 15 

LEVEL 100 MB. U T I N D E  60 HUNS OF T, U. V A m  W LEVEL 100 PLB. (U. V, U, T) BAR 

DAY TMR UMR VMR WBAR 
NOV 15 -55.611 22.124 -.287 -.155 
NOV 16 -55.444 22.832 .857 -.078 
NOV 17 -55.472 26.033 -.034 -.227 
NOV18 -54.083 24.289 -.860 -.257 
NOV19 -53.639 19.570 .037 -.194 
NOV 20 -53.667 19.094 -.292 -.122 
NOV 21 -54.167 21.710 -.I98 - . I 7 4  
NOV22 -53.667 20.459 .675 -.241 
NOV 23 -54.306 19.454 ,801 -.278 
NOV24 -54.278 23.884 . I72  - . I 3 3  
NOV 25 -54.611 19.390 .311 - . I16  
NOV 26 
NOV 27 
NOV 28 
NOV 29 
NOV 30 
DEC 1 
DEC 2 
DEC 3 
DEC 4 
DEC 5 
DEC 6 
DEC 7 
DEC 8 

DEC 12 -1516.370 77.982 -2.915 
DEC13 -1625.592 14.047 -1.738 
DEC 14 -1542.672 58.409 -3.846 
DEC 15 -1416.374 ,136 2.615 

DEC 9 
DEC 10 
DEC 11 
DEC 12 
DEC 13 
DEC 14 
DEC 15 

TkBLE I. Continued. 



mv 21 
mv 22 
NOV 23 
NOV 24 
mv 25 
NOV 26 
WV 27 
NDV 28 
NOV 29 
NOV 30 
DKC 1 
DEC 2 
DEC 3 
DEC 4 
DEC 5 
DEC 6 
DEC 7 
DEC 8 

NOV 29 -37. 
NOV 30 -21. 

DEC 2 , 3 ::$: 

DEC 9 
DEC 10 DEC 10 

DEC 11 
DEC 12 

DEC11 -16.d40 
DEC 12 25. 04 
DEC 13 24.#0 
DEC 14 22. 58 
DEC 15 -31.513 

DEC 13 
DEC 14 
DEC 15 

LEVEL 100 MB. LATIRn LEVEL 100 MB. IATINDE 70 MEANS OF T ,  U, V, AND 

DAY TBAR UBAR VBAR WBAR DAY N 
NOV 15 -1128.838 
NOV 16 -1311,435 
NOV 17 -1084f603 
NOV 18 -10781349 
NOV 19 -1118 638 
NOV 20 -13551113 

NOV 18 -54.036 19.949 -.292 .090 
NOV 19 -54.667 20.463 -.068 -.016 
NOV 20 -53.167 25.488 .037 -.053 
NOV 21 -53.778 22.622 -.357 .096 
NOV 22 -53.778 19.708 -1.973. -.023 
NOV 23 -53.611 6.685 1.376 .092 

NOV21 -1216582 
mv 22 -1059 877 
NOV 23 -358 1 368 
KJV 24 -536 440 
NOV 25 -523 176 
NOV 26 -500 299 
NOV 27 -258 470 
mV 28 -325.506 
N0V 29 -276,047 

NOV 24 
NOV 25 
NOV 26 
NOV 27 
NOV 28 
NOV 29 
NOV 30 
DEC 1 
DEC 2 
DEC 3 
DEC 4 
DEC 5 
DEC 6 

DEC 4 -166.958 
DEC 5 74.804 
DEC 6 146.241 
DEC 7 -1.731 
DEC 8 35.525 
DEC 9 281.951 
DEC 10 54.985 

DEC 7 -56.278 .031 -.850 .I49 
DEC 8 -56.000 -.634 -.I64 .136 
DEC 9 -56.944 -4.951 ,871 -.060 
DEC 10 -55.944 -.983 .216 -.091 
DEC t 1  -58.278 13.943 -1.213 .131 
DEC12 -59.111 18.909 -.351 -.024 
DEC 13 -59.000 24.151 ,401 .067 
DEC 14 -59.444 19.178 .479 -.I46 
DEC 15 -53.222 16.052 -.515 -.005 DSC 15 -8541323 

TABLE I. Continued. 



Such a comparison quickly reveals that a consistent difference exists 

between the negative v'w' covariances for the two cases. After the 

vortex breakdown of January 1958, characteristic magni- 
- 1 

negative v'wl covariances a r e  about 10 kt km day . F o r  

t case, however, where the polar night vortex is in i t s  forma- 
- 1 

the characteristic magnitude is approximately 2 kt km day . 

Thus, it ppears probable that the northward eddy debris transport i 
character 'stics differ by about a factor of five for  the two cases under I 

hypothesis cannot be verified o r  disproven until such 

computat'ons a r e  made continuously through the various seasonal i 
transitio s in the lower stratosphere. A complete examination of .i 
the mech i sms  of t race  substance transport in these regions cannot $r 
be perforbed until measurements of such substances a r e  available at 

approximhtely the same density a s  the radiosonde network. If such 

data were available, the flux calculations could be made directly in 

distributions. 

of the T1vl covariance given in Table I show 

at the lower two latitudes throughout the 

computat on period. As may be seen in Fig. 2 this implies that the i 
eddies a r e  acting to transport heat against the mean temperature 

gradient. This observation is in agreement with results  obtained 

by previ us  investigators (Priestly, 1949; White, 1954; Piexoto, 1960; 

Muraka i, 1962; Peng, 1963; Mahlman, 1966). At the two higher .. 
latitudes the T1vl covariances a r e  initially positive, but decrease .I 
to zero  a/ld then to negative values shortly after 1 December. This 

sudden r versal  in sign of T'v' covariance occurs at the same time t 
a s  the p r  nounced cooling in the northernmost latitudes seen in Fig. 3. 0 

s to be seen what constitutes the physical cause for  this rapid 

in the sign of the northward eddy heat flux. 



The measurement of T1ul covariances given in Table I shows 

some very interesting results. At 4 0 ' ~  the T'ul covariance is a 

small posijive value for the entire computation period. At 50' and - 
6 0 ' ~  for b4th levels T'u' is initially positive, decreasing to large 

C 0 
negative v ues toward the end of the period. However, at 70 N 

the opposit effect is noted--initially small negative values increasing e 
to moderat positive values toward the end of the period. At f i rs t  I. 
glance suc apparently contradictory behavior is very perplexing. P - 

that T'u' can be strongly negative at one latitude and be 

simultaneously positive at an adjacent latitude may be seen in Fig. 5. 

This figur is a schematic representation of the large scale flow con- + 
ditions at 0 mb and is approximately representative of the circulation 5 
pattern bejween 1 and 10 December 1958. The plus, zero, and minus 

0 
signs tabulated at discrete intervals along the 60 and 7 0 ' ~  latitude 

circles indicate the algebraic sign of the T1ul product at each point 

inferred q alitatively from the streamline and temperature patterns. u 
This figur# clearly demonstrates that large negative and positive 

T- O O 
values of Iu' a r e  expected at 60 and 70 N, respectively, for such 

an asymm t r ic  polar vortex. This is in agreement with the observed t 
6 
- 

difference in T1ul at these two latitudes. 

The u v' covariances given in Table I show that the northward eddy t 
momentum transport is consistently positive throughout the time period - 

r two latitudes. At the higher latitudes ulv' is initially posi- 

tive but d creases  to strongly negative values over the approximate ei 
period 5-110 December. In general, while the u'v' covariances a re  

- 
deci-easi:ik, the moan zonal  speed u is also decreasing. However, when 
- I - 
u begins tO increase again, u'v' is still negative. 'I'lils ~1!2;gcsts  that the 

increase in zonal momentum toward the end of the computation period 

cannot be explained by the northward eddy flux, but is probably due to i 
an upward flux of momentum through the tropopause. 



5. Schematj.~ diagram of typical 50 mb circulation over 
from 1-10 Eecember 1958. The t, 0, and - signs indicate 

sign of the local T'ul product and demonstrate how 
positive at one latitude and be just a s  strongly 



Table I also gives the T1wl covariances and show consistently 
0 0 

small but negative values at 40 N. At 50 and 6 0 ' ~  the values a r e  
0 

while at 70 N they become negative again. This 

a buildup of eddy available potential energy 

latitudes under consideration. In most 

values a r e  too small to allow a great 

0 a r e  negative at 40 N for the entire com- 
0 0 

60 N, however, they a r e  initially nega- 

ncrease to small positive values toward the end of the period. 
0 

e r  hand, ulwl at 70 N is positive a t  the onset and becomes 

negative y 1 2  December. t 
Of a1 the eddy transport quantities, the most pronounced is that 1. 

of the ~ ' 4 '  covariance. As w i l l  be shown in the next two chapters, 

the large variation of this quantity has a definite modifying effect 

on the thermodynamics of the polar stratosphere. 



111. MEAN MERIDIONAL CIRCULATIONS IN THE STRATOSPHERE 
DURING THE COMPUTATION PERIOD 

In the revious section detailed measurements of the stratospheric 

eddy fluxe during the period 15 November to 15 December 1958 were 

presented. This section w i l l  contain results  of computations of strato- 

spheric m an meridional circulations deduced indirectly from the results  

of the tabu ations in Chapter 11. 

The p ssible presence of mean meridional circulations in the strato- 

sphere is f great interest not only because of i t s  importance to the trans-  / 
port of t r a  e substances, but from a dynamical point of view a s  well. 

Brewer (1 49) hypothesized the existence of a potential energy con- 

suming dir  ct meridional cell in the stratosphere. In view of the dis- 

covery of n indirect cell in the mid-latitude troposphere, however, r 
i t  was real'zed that such a cell might also characterize some regions 

of the s t r a  I osphere a s  well. 

e a mean meridional cell usually is present a s  a small 

a nearly geostrophic circulation in the earth 's  atmosphere, 

detection o such a cell by direct techniques often proves to be very 

difficult. owever, the data taken during the International Geophysical 

Year have roven to be of sufficient accuracy to provide consistent 

computatio a1 results. Many studies have been undertaken using 

these data, most prominently by the members of the Planetary Cir-  

culations roject at the Massachusetts Institute of Technology. 

Members f this project have attempted to solve the stratospheric 

meridiona cell problem by employing two distinct approaches. 

Oort (1962 9 made direct measurements by averaging over longitude 

the time mean v components at individual stations. His results  showed 

a net equatorward motion at 100 mb in lower latitudes and a net pole - 

n at polar latitudes and that a well-pronounced indirect cell 

exists in the polar night stratosphere. The second approach 

y the MIT group and others is based on deductions of the 



1 
meridional circulation from momentum budget calculations (Palmen, 

1955; Kuo, 1956; Palme'n, Riehl, and Vuorela, 1958; Haurwitz, 1961; 

62; Miyakoda, 1963; Gilman, 1963, 1964; Newel1 and 

The computations of Dickenson (1 9 6 2 ) ,  Miyakoda (1 963) 

Miller (1 964) all point to the existence of an indirect 

r night stratosphere. 

stigators have employed a thermodynamic approach 

Murgatroyd and Singleton, 1961; Teweles, 1963; 

. Jensen (1961) and Teweles (1 963) computed adia- 

otions at single points and then averaged these values 

ircles. These computations pointed to the existence 

1 in the polar night stratosphere. Murgatroyd and 

1) used a heat flux model in which the effect of eddy 

s neglected. Their computation for  the high latitude 

r e  indicated a direct circulation. Mahlman (1 966) 

d conceptually similar to that of Murgatroyd and 

effect of eddy heat transport was included. The 

t the eddy heat flux gave by f a r  the largest  contri- 

vertical motion and that rising motion was present 

ons for the entire computation period. The com- 

nal circulation was indirect before and during the 

l a r  vortex and direct afterward. This is in accordance 

the meridional temperature gradient after the break- 

ators on the problem of t race  substance transport 

here concluded that a direct circulation with sink- 

s necessary to reconcile the circulation with the 

observedj sense of these transports (Brewer, 1949; Goldie, 1950; Dobson, 

et al., 1957; Palmer, 1959). 

of the quantitative mean cell computations given above 

by Newel1 (1961, 1963a, b, 1964) and by the author 

appears reasonable to hypothesize at this time that 



the majority of the northward and downward debris transport is 

attributable to the effects of eddies. The intent of the following 

mean cell computation, along with the eddy transport calculations 

of Chapte:? 11, is to test  the applicability of this hypothesis during 

the chosen period of intensification of the polar night circulation. 

Such com-mtations for  similar  and for  differing conditions a r e  necessary 

in order  to check the original hypotheses and to understand the effect of 

differing seasonal, thermodynamical, and dynamical conditions on such 

mean circulations. Also, because any indirect calculation of a mean 

meridiond cell must depend upon the accuracy of a number of terms,  

there is a.lways some uncertainty a s  to the validity of the computational 

results. 

~ o m ~ u t a & o n a l  Scheme for  the Mean Meridional Cell 

The expression for  the vertical motion, obtained by solving the 

equation for  w, is given by Eq. (1). However, a s  
8T the - 
a t  

and B2 VT t e rms  in Eq. (1) a r e  to be 

surfaces. 

VT in Eq. (1) and averaging over the a r ea  

circle (indicated by --) one obtains 

One may define the following averages applicable to this problem 



- 
where the I  I  I  I  represents an average around a latitudinal circle, 

the I !  f ! I  is a point deviation from this average, I I  - I I  represents the 

a rea  average, and I '  ::: is the point deviation f rom this a rea  average. 

By u ing the divergence theorem, the third t e rm on the right-hand 

side of E . (4) can be expressed in t e rms  of a line integral along the 

boundary in the form s 
where A 's  the total area  enclosed by the latitude circle 4 ,  and x is I 
the dista ce around the earth at latitude + . Applying the definitions 

v = v + v f  and T = T + T f  and substituting in Eq. (6) gives 

- 1 
ucts v T and v t  T must vanish identically. Now by substituting - I 
since the 

Eq. (7) i to Eq. (4), expanding all t e rms  in Eq. (4) in t e rms  of the 1 

closed integrals around a latitude circle of the c ross  prod- 

a r ea  ave ages given in Eq. (5) and dropping t e rms  which vanish I 
identically, Eq. (4) yields 

--e - + ? ( v - V  ) + T* ( v . ? ~ ) +  
2 - aw;: 

Now, if it is assumed that ( v T2 )* = - - and the v . T term is 
az 2 

written in line integral form similar  to Eq. (6), Eq. (8) becomes 
I 



y expressing the fourth and fifth terms on the right side of 

integrated form and combining the last  two terms, one obtains 

for the vertical component of the mean meridional circulation 

Eq. (10) is now in a very convenient form because once this equation 
a? is multiplied by - + , each term has physical significance in te rms  
az c 

of the heat budget of the a?ea under consideration. The term on the left 

represents the temp change due to a mean rising or  sinking motion 
1 dh 

over the area. The - - term is the contribution due to non-adiabatic a? 'P dt 
heating effects. - is the observed temperature - change, and 

a t  f ITIT' dx is the horizontal eddy flux. The (7 - ) represents 
A + A 
the heati :~g in the area due to a mean horizontal inflow (or outflow) when 

the boundary temperature differs from the internal temperature. Finally, 

a -2 - (w*T*) gives the heating due to an upward (or  downward) eddy heat flux. 
az 

Com ut ion of the Mean Cell 

Eq. (10) derived above w i l l  now be used to calculate the sense and -- 
magnituqe of the mean cell for the chosen period. The first, fourth, 

and fif thterms on the right-hand side of Eq. (10) are  all difficult to 

evaluate to a satisfactory degree of accuracy. However, the f i rs t  

term ca be estimated with some reliability. On the basis of the n 
(1958), Davis (1963), and Kennedy (1964), a mean 

was assumed for the entire polar cap. 



The second term i n  l4:q. (9) was evaluated by plotting successive 

charts of mean tcmpc~*:~tur.c (F) with respect to sine of latitude (Fig. 2) 

and by d terlnillirlg gl:a.l)ll i(::~.lly t l~c  mean temperature change north of t 
the chosen latiludc l o r  l i v r  -d:ty increments. 

The It hird t ~ s m  (+ (6 r,'lvl dx )  was determined by taking five-day 
1 \ -14, 

weighted averages of T1vl :md substituting this result into the inte- 
x -  rm of term tlir.ee, - T1vl 
A 

. This procedure was repeated 
4J 

and at 100 and 50 mb, respectively. - 
VX - 

( - ( T  - ?) ) cannot be evaluated directly because 
A 
knowledge of the mean meridional circulation. 

iteratively by solving for w without 

; to get an estimate of < 
and then making a new calculation including the term, etc. Because 

of the r e  atively small contribution of this term, very few iterations t 
are  necessary. In the case under investigation here, this procedure 

e ry 

is unnec ssary because T - T is negligibly small in higher latitudes 

r the period 10 -1 5 ~ e c e m b e r )  (see Fig. 2). 
a -  ly, the fifth term (- (w:cT*) ) is probably quite small in 
az 

the strat  sphere, due to the nearly isothermal temperature distribu- 0 
tion in t e vertical. It can be directly computed provided that sufficiently h 
detailed ertical motion fields a re  available. This is probably not the 

case. However, the previous report (Mahlman, 1966) showed that con- " 
motion fields could be determined for the synoptic and 

Efforts to evaluate this term have indicated that i ts  
0 

is less  than 0.1 C per day. Consequently, for this 

calculation the term w i l l  be neglected. 

In ids present form Eq. (10) only computes the mean cell north of 

a given Latitude circle. However, one can evaluate for intermediate 

latitude bands by solving the expressions (Mahlman, 19 6 6) 



A::: A::: 
50'-60- - 00~)-!)0~)  - - 

W -- -- - - 
A::: 50'' - (,Oo ' A,:. w o o = w ~ ~ ~ - ~ ~ o  

50'-90' 
0 0 00 -!)0 

50 - ! I 0  

- - - 
for w o o, w500-600, and w 60°-70°' 

respectively. Here A:: is the 
40 -50 

area enc osed between the latitudes indicated by the respective sub- 1 
scripts. 

The results of these calculations are  given in Fig.. 6. They are  

given fo each five-day period so that consistency of results can be r 
checked, and also so that the relation of the mean cell to the circula- 

tion buil up toward the end of the period can be investigated. The d 
zonal m an w values from Table I (averaged over five-day periods) e are  also included in Fig. 6 a s  a consistency check. The two types 

of computations of mean vertical motion a re  seen to be in excellent 

agreeme t. Fig. 6 shows rather strikingly that a mean rising motion 

is prese t over the pole until about 5 December. Furthermore, strong 

descendi g motion is present at 100 and 50 mb in mid-latitudes. In 

view of t e mean temperature profiles given in Fig. 3, this is a direct 

circulation. From 5-1 5 December, how ever, a marked change takes 

place in e mean cell structure. For  this period descending motion I is found over the pole with strong ascending motion between 60' and 70 '~.  

Beginni g on 5 December the north-south mean temperature gradient 

reverse in higher latitudes (Fig. 3). In view of this fact, the northern- 

most b r  nch of the mean cell is still direct. On the other hand, the : 0 descend4ng current at 50 N is now in the warmest air,  and thus is an 

indirect circulation. 

The basis for this rather peculiar behavior presently is not well 

Through a comparison with the previous study (Mahlman, 

hypothesize that the 5-1 5 December mean cell 
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configuration represents a shorter period transition between the 

direct circulation of the fall regime (increasing T northward in 

high latitudes) and tllc indir-cct circulation of the winter regime. 

The 100 and 50 mb synoptic charts provide some corroborating 

evidence for this. lqrom 5-1 3 December the mean descending 

motion over the pole can bc seen to be due synoptically to strong 

cold a i r  advection over the pole at the edge of the asymmetric polar 

vortex. This may be readily seen on the 10 December 50 mb chart 

in Fig. 1.. By 15 December the cold a i r  advection over the pole has 

vanished. on the 50 mb chart. Probably at this time the descending 

current vanishes also, thus giving the indirect wintertime mean cir -  

culation computed previously. In view of the very large number of 

tabulaticns required (31,680 separate hand tabulations for this study) 

it was n ~ t  possible to further extend the analysis at all levels and 

latitude . However, a limited computation was performed at 50 mb, 

7 0 O ~  fo 20-25 December and showed that ascending motion was present 

over the pole during this later  period, in agreement with the above hypo- 

thesis. 

Thu , it  appears from the point of view of transport of trace sub- 

stances at the mean meridional cell characteristics in the polar strato- 

sphere r e  probably similar from the onset of westerlies through the 

breakdo n of the polar vortex. That is, rising motions a re  present 

over the polar cap with sinking motion in mid-latitudes. The excep- 

tion to is rule occurs during the brief period when the latitudinal 

tempera ure gradient reverses from positive to negative. 

F ro  a thermodynamical and energetical point of view, however, 

the mea ~ meridional cell characteristics a re  highly variable through 

the fall knd winter months. At the onset of the westerlies and through 

gradient reversal to the wintertime regime, the polar 

circulation. During the polar night when the c i r -  

intense, the mean cell is indirect. Finally, 



I 

after the breakdown of the polar vortex occurs, the mean circulation 

again becomes direct. 

Befo e these tentative conclusions may be regarded a s  a satis- 

factory p cture of the polar stratosphere, detailed studies over longer 

time per'ods 1 must be performed. 

r (Mahlman, 1966), the mean 

em oriented along a line of 

different from that of a mean 

In the previous case the c i r -  

ed bipolar vortex (predominately 

d that the mean circulation was 

ect when measured with respect 

parent paradox, it is of interest 

nt study. In the case analyzed 

rable distance from the pole 

ative to its center than in 

maximum circulation is 

center. (The line of maxi- 

our at which the highest 

a mean cell computation 

nto the transport processes, 

m s  acting to maintain the 

cell relative to the polar 

circulation intensity 
I 

was note+ on the 50 mb surface. By interpolating from analyses of 

a1 motion fields used in determining the transport properties 

11, w values were noted at discrete intervals along parallel 
0 0 0 0 

at t10 , t 5  , 0 , -5 , and - lo0  latitude distant from the 



I 
height contour of maximum circulation intensity. This process was 

repeated at 100 mb utilizing the same contour employed at 50 mb. 

By using 

tinuity 

distance2 

tour was 

daily values 

1958 to 

coordina.;e 

The 

shows 

region of 

the most 

view of 

the same maximum circulation contour at both levels, con- 

w:Ah height was assured. The mean w for each day at the given 
0 0 0 0 0 

t10 , t 5  , 0 , -5 , and -10 latitude from the chosen con- 

determined by summing the individual w tabulations. These 

were averaged over the period 15 November to 15 December 

determine a single mean cell relative to the polar vortex oriented 

system. 

results of this calculation are  presented in Fig. 7. This figure 

rather remarkably that sinking motion is present over the entire 

the intense circulation around the cold polar vortex. However, 

intense mean sinking is to the outside of the polar vortex. In 

f ~ e  cold vortex center, this circulation is indirect, thus acting 

to intensify the mean negative temperature gradient of the vortex. This 

result is opposite to the sense of the computed direct latitudinal mean 

cell for e same time period. Fig. 7 indicates that the mean tempera- 

ture gra  ient in the vortex w i l l  probably intensify a s  time progresses. 

This is i agreement with the observed change. 

In e previous paper on the "sudden warming'' phenomenon (Mahlman, 

1966), t e mean cell relative to the maximum circulation contour was 

measure to be direct while the mean meridional cell was indirect over 

the time eriod. In view of the completely opposite results obtained in 

the two cases, it appears that the thermodynamical and dynamical pro- 

cesses i the polar stratosphere differ considerably at the beginning fi and at the end of the strong polar night circulation. Implications of 

this wi l l  be discussed in the next chapter. 





IV. CAUSES OF THE "MINOR BREAKDOWN" AND COMPARISON 
WITH A MAJOR BREAKDOWN 

As ay be seen in Fig. 1, the period 15 November to 15 December 

was cha acterized by a significant interruption of the buildup of the win- :" 
t e r  s t r a  ospheric circulation. The first disturbance in the period was ! 
noted in the lower stratosphere over western Europe on 16 November. 

On abou 22 November a cyclone formed in north central Canada and +I 
remaine there until it weakened on 9 December and finally disappeared d 
on 13 D cember. The disappearance of this disturbance is associated e 

night vortex. 

In any respects the case analyzed here is qualitatively similar m 
to a maj r breakdown of the polar night vortex. As shown by Reed 

(1962), eed, Wolfe, and Nishimoto (1 963), Miyakoda (1 963), and by 

Muench 1964) the major polar vortex breakdown is associated with 4 
ant transfer of energy from the zonal current and wave number 

wave numbers. The "minor breakdown" case investigated 

similar characteristics. Furthermore, the time period 

the "minor breakdown" is roughly the same a s  for a major 

the dominant feature of the major breakdown is what 

termed the "sudden warming" phenomenon. At the 

very large local warmings a re  observed. This 

strong enough on the planetary scale to produce 

the hemispheric mean north-south temperature 

of about five days (Mahlman, 1966). However, 

inor breakdown" case under investigation no significant warm- 

on the planetary scale (Fig. 3). 



An ther significant difference between the two types of break- d 
downs is that the major breakdown marks  the end of the strong polar 

night ci ' culation, while the circulation becomes even more intense T 
followin the "minor breakdown". Also, the total kinetic energy of t 
the flow decreased drastically in the major breakdown case (Miyakoda, 

1963; S kiguchi, 1963; Muench, 1964; Murakami, 1965), while for this i 
case th total kinetic energy increased over the polar cap from the e 
beginni g to the end of the chosen period (Boville, 1962). 

0 t h  r noticeable differences a re  that in the "minor breakdown" 'b 
structure of the polar vortex itself remains relatively 

d. These major differences rather strongly suggest that 

olling dynamics of the two phenomena a r e  completely different. 

that a study of these differences may prove to be instru- 

mental n developing a more adequate knowledge of the dynamics of the 4 
and indirectly, a fuller understanding of the t race  

In e previous paper (Mahlman, 1966) a linear stability analysis 9 
was per ormed for  a combined barotropic-baroclinic model circulation 

similar  to the polar night vortex. This analysis showed that a necessary f 
for  instability is that the meridional g r a d i ~ n t  of mean potential 

must vanish on isentropic ( e ) surfaces 

This r e  ult was similar to those obtained in previous analyses by charney 4 
and Stern 

revealec. 

the January 

that the 

eventual 

is only E. 

flow wil:. 

tial 

gradient 

not breqk 

(1 962) and by Pedlosky (1 964a, b). Evaluation of this criterion 

that the necessary condition fo r  instability was satisfied prior  to 

1958 polar night vortex breakdown. This analysis also showed 

radiational properties of the Arctic polar night stratosphere led to 

fulfillment of this instability condition. However, since the above 

necessary condition for  instability, there is no guarantee that the 

break down when the meridional gradient of the zonal mean poten- I 
4 

vorticity vanishes. However, i f  the meridional potential vorticity 

is everywhere positive, the flow is absolutely stable and can 

down. 



In view of the above results  obtained fo r  the major breakdown case, 
I 

1 I i t  is of i$terest to measure the stability criterion fo r  the minor break- 
I 

and compare the results  with the previous case. This 

in crude fashion by computing the static stability between 

averaging the horizontal shear of the mean wind at the 

the potential vorticity. The approximation is valid 

for  this eriod since the inclination of the mean 8 surface relative to 4) 
the mea p surface is very small and the shear of the zonal mean wind ri 

to the Coriolis parameter. The results  of this calcu- 

Fig. 8. This figure suggests that relative to geographic 

is absolutely stable up until 15 December. At 

that tim the meridional gradient of P vanishes in high latitudes, thus ei 
fulfilling the necessary condition for  instability. At the time of the 
I l minor reakdown" seen in Fig. 2, however, the sufficient condition b 
for stabi it is satisfied. Consequently, it would appear that the "minor CI 
breakdo n" cannot be readily explained a s  an instability phenomenon. .i 

of the rather large displacement of the polar vortex from 

pole (Fig. l), the calculation of P was repeated, but 

this time relative to the polar vortex oriented coordinate system intro- 

duced in the las t  section of Chapter 111. Fig. 9 gives the resul ts  of this 

and shows that on 15 November the necessary condition for  

is satisfied. The 25 November profile shows that the originally 

gradient within the polar vortex has  nearly vanished. This 

ent is in agreement with the onset time of the "minor break- 

on 21 November (Fig. 2). By 5 December the negative 

and becomes even more  intense by 

~ h e i e  P profiles relative to the polar vortex (Fig. 9) a r e  considerably 

different than the latitudinal P profiles of Fig. 8. The results  relative to I 
the polar vortex (Fig. 9) imply that the minor breakdown may be due to 

an instabblity phenomenon while Fig. 8 suggests that this is not the case. 
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I 
In view of the modeling assumptions employed in developing the theory, 

it would appear that the P profile relative to the polar vortex itself is 

relevant. It still must be emphasized, however, that 

instability condition does not guarantee that disturb- 

This points to the need for  finding mathematically 

for  instability for  the combined barotropic-baroclinic 

Synoptic Considerations 

As oted by Miyakoda (1963) the major breakdown of January 1958 

was a s s  ciated with an extremely pronounced blocking anticyclone in 

the Nor Atlantic region. Also, Muench (1964) measured a large increase 

in the up ard energy flux into the stratosphere just prior  to the breakdown. 

This su ! gests  that the apparent onset of instability in this  major breakdown 

depended directly upon an upward energy flux f rom the troposphere. At 

pears  to contradict observations by previous investigators 

t of the breakdown initiates at higher elevations and propogates 

owever, the visible response to such tropospheric forcing 

ly seen at the higher levels. It is thus of interest to deter- 

o r  not similar such evidence is present for  this  "minor 

atospheric flow disturbance in this  present case has  

1 5 November (Fig. 1) in the form of a warm trough 

ada and a developing cold ridge over western Europe. 

s for the same period show that western Canada and 

e r e  dominated by formation of an intense tropospheric 

cold cyclone while western Europe was experiencing strong blocking action. 

With the onset of the "minor breakdown" on 22 November a warm strato- 

formed in north central Canada and became well-pronounced 

(Fig. 1). This disturbance was associated with formation 

anticyclone over Alaska and a very large cyclone over 



than the p riod of a major breakdown. I 

north centaal Canada. As a consequence of this the qualitative evi- 

dence fo r  

to be str0r.g. 

seen in tho 

over Canatla 

cold. This 

ing height 

This 

is easier  

prior  to the 

stratospheric 

The above 

be accepted 

computation 

1 1  a tropospheric forcing of the minor breakdown" appears 

Substantiating evidence for  this hypothesis may be 

25 November chart in Fig. 1 which shows that the low 

has  a warm core while the core of the polar vortex is 

indicates that the Canadian low will weaken with increas- 

while the polar vortex w i l l  intensify. 
I I Lypothesis of tropospheric forcing of the minor breakdown" 

to reconcile physically than for  the major breakdown, since 

establishment of the strong polar night circulation, the 

waves strongly resemble those of the upper troposphere. 

hypothesis needs to be tested quantitatively before it can 

with complete confidence. This would involve careful 

of the vertical energy fluxes at the tropopause and their 

effects on (the energy budget of the stratosphere in a manner similar  

formed by Muench (1964) but for  t imes  of the year  other 



11 the factors acting to initiate the minor breakdown'' a r e  

I I A peAiod encompassing a minor breakdown" of the winter strato- 

reviewej. By calculating the stability criterion derived previously 

spheric 

and 

port 

spheric 

of debris, 

a major 

The 

was obtained 

found to 

time period. 

5 December 

(~ah lma / l ,  1966), the flow relative to a geographical coordinate system 

circulation was investigated for i ts  thermodynamic, dynamic, 

radioactivity transport characteristics. Computation of eddy trans- 

quantities revealed that such a "minor breakdown" of the strato- 

c:.rculation is favorable for northward and downward transport 

but by about a factor of five less  than for a period following 

breakdown of the polar night vortex. 

sense and magnitude of the mean meridional circulation period 

by employing a heat budget method. This mean cell was 

he thermodynamically direct in the polar regions over the entire 

However, the sense of the mean cell reverses after 

1958 at the same time that the north-south temperature 

is absol tely stable. However, when the stability criterion is evaluated li 

gradient keverses. A computation is also performed on the sense and 

magnitudk of the mean cell relative to a polar vortex oriented coordinate 

reveals that the mean circulation in this system is thermo- 

The difference in the sense of the mean cells 

systems suggests that the mechanisms 

and zonal mean circulations differ 

relative /to the polar vortex, the necessary condition for instability is 

satisfied. In view of the suggestion that the polar vortex oriented 

coordinate system is the more logical one relative to the theoretical 

modeling assumptions, it appears that the "minor breakdown1' may be 
I 

an insta ility phenomenon. Synoptic evidence is presented which suggests i 
forcing may provide the energy source for this "minor 
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