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Major stationary ridges and troughs at 500 mb

INGOLF KANESTR@M, KAARE PEDERSEN & HELGE SKATUN _ ~
Institute of Geophysics, University of Oslo

Kanestrgm, I, Pedersen K. & Skitun, H. Ma]or statlonary ndges and troughs at
500 mb. Geophysica Norvegica, Vol. 33, No. 1, pp. 1-40, 1985. -

Daily 500 mb geopotential heights at 12Z for the period January 1, 1946 through May )
-31, 1980 are analysed. A Fourier expansion is made along the latitude circles, retaining -
only the first four wavenumbers. From the height field made up of these four waves,
the large scale quasi-stationary ridges and troughs in middle latitudes are determined,
The distributions of these ridges and troughs with respect to position, time of the year
and duration are discussed. '

The troughs may be grouped in two preferred sectors, the Atlantic and the Pacific
regions. The ridges are found in three different sectors, the Pacific; the Atlantic—
European and the Asian regions. While 82% of the troughs are located in the Pacific
region, most of the ridges (67%) are Jocated in the Atlantic—Européan region. The
events are most frequent in winter-time, November through March, for the Atlantic
and Pacific regions. In the Asian region, however, there is 2 maximum occurrence of
ridges in April-May and November. The duration probability for the events’ may be
estimated from first order Markov chain.

A wave descnptlon indicates that the events are associated with an amplification of
the wave amplitudes near the normal position. In addition the analysis shows that
relatively small phase shifts may intensify the ridge or trough. The wave number four
is of relative great importance in summer season and also for the ndge events in the

* Asian region in the spring and fall seasons.
L. Kanestrpm, Institute of Geophysics, University of Oslo, P.Q. Box 1022, Blindern,
0315 Oslo 3, Norway :

1. INTRODUCTION

The phenomenon termed blocking has been
studied since it was first noted by Garriot
(1904), and since then there have been vari-
ous subjective and objective definitions of

-blocking. However, the main definition

from the synoptic point of view has been a
quasi-stationary high pressure cell persisting
in a region where westerly winds are nor-
mally found. More precise definitions are
given by Rex (1950), Namias (1964), Austin
(1980) and Lejenis & Pkland (1983).

The flow pattern with a quasi-stationary
high pressure cell can be described in three
ways, the ‘synoptic’ description, the ‘wave’
description and the ‘local index’ description.

The first two have been discussed by Austin
(1980). The ‘local index’ definition is based
upon the splitting of the jet stream, and in
the blocked area the mean zonal velocity

(index) vanishes, or the zonal wind is

easterly. This description has been discussed
by Lejenis & @kland (1983).
In later theoretical Studies by Dole (1978,

1983), Charney et al. (1981) and Frederiksen .

(1982), the blocking phenomenon has been
associated with persistent large height anom-
alies in the 560 mb flow. By this definition,
also situations with strong zonal flows may be
defined as blocking if the positive anomalies
happen to be in the positions where the large
troughs are normally found, '
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In this paper we have studied large-scale
persistent quasi-stationary ridges and
troughs in the Northern Hemispheric 500 mb
flow. The term ‘blocking’ is normally associ-
ated with the ridges, but also the troughs
have the effect of blocking the westerly flow
in the middle latitudes. :

These large-scale ridges and troughs will
be referred to as Major Stationary Ridge
(MSR)-events and Major Stationary Trough
(MST)-events, respectively. The term’
‘event” will generally refer to any of these
cases. In section 3 our definition of MSR-

and MST-events is given and compared with .

definitions of blockmg given. by other
authors.

In section 4 we will study the occurrence
of these events. The distribution with respect
to position, time of the year and duration

will be discussed. In section 5 the anomaly

patterns. associated with these events are
considered, and in scctlon 6 a wave descrlp-
tion IS given.

2. THE DATA

The data set used in this study has been
supplied by NCAR, and. contains daily
500 mb geopotential heights at 00Z and 122
on grid form. The grid used is the NMC
47 x S1pts. octagonal grid (Jenne 1975},
and the data set covers the period from Jan-
uary 1, 1946 through May 31, 1980. We
have used only the 127 (15Z for one period)
observations, because the heights at 00Z
were missing during some periods. Only 179
days-(out of 12,570) were missing at 127Z.

The data were first interpolated from the
NMC-gridto a5° X 5°latitude-longitude grid
from 25° N to 90° N, using a 16-point Bessel
interpolation scheme. From these data a
Fourier expansion was made along the lati-
tude circles, retaining only the first 4 wave-
numbers. The coefficients were found using”
the simple formulas

72

2a(9) = 36 2 200 )

X cos(nd;) n - 0,1, 2, 3,4
. @
ba(@)) = 3g 2 Z(hi, 1)
X s1n(nkl) n=1,2,3,4.

In this manner the height field becomes
zonally smoothed, and the smoothed height
value at some longltude A; and latitude ¢, is
given by:

205 0) = 2 4 3 ay(g)

X cos n; + b,(@;) sin nk; (2)
“where _
¢ =[20+5i'N  j=1,14
A=[5-G-DI’E i=1,72.

This study is part of a project which
attempts to give an objective numerical

-description of different types of large scale
flow patterns in the northern hemisphere. In

order to use as few parameters as possible in
this description, we have chosen to retain

only four wavenumbers at each latitude.

Also the synoptic and theoretical studies of

the major stationary ridges and troughs indi-

cate that at least in the winter season station-

ary waves of wavenumber 5 and larger do not

occur north of 45°N. This has been shown

theoretically by e.g. Hoskins & Karoly

(1981) for a barotropic atmosphere.

From the z*-field we have found the daily.
minima and maxima along latitude circles.
This has been done for the latitudes 40°N
50°N and 60°N. The positions and devi-
ations from the zonal average for these
extrema have been plotted in a time-longi-
tude diagram (Hovmeller diagram) for each
of these latitudes. The resolution in longi-

. tude is 3 degrees, and 1 m in the heights.
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From this diagram (see Fig. 1) the stationary
ridges and troughs are easily found.

3. DEFINITION OF MSR/MST-EVENTS

In this study we will use the synoptic blocking
description approach to describe a MSR or
MST event. Such an event is defined as a
large, positive or negative, geopotential
height deviation from the zonal mean at the
latitudes 40° N, 50°N and 60° N, where we
normally find the westerlies. The deviation
must fulfil certain criteria on amplitude, per-
sistence and stationarity to be defined as an
event. _

- Our criteria are that a major ridge or
major trough with an amplitude of two stan-
dard deviations or greater shall persist for
10 days or more. The amplitude must also

_ exceed 3 standard deviations at least one day

in this period.

~ Fig. 2. The standard deviation for the height deviation

from the zonal mean field.

The criteria on stationarity are given both
as a limit on the total displacement (in the

longitudinal direction) of the extremum -

point during the period and on the dis-
placement from one day to the next. The
peak point is not allowed to move more than
36 degrees during the whole period and 18
degrees in one day. i

Relating the amplitude threshold to the
standard deviation, which varies over the
year, will give stronger conditions on ampli-
tude when the amplitudes normally are large
(e.g. winter) than when we normally have
small amplitudes (summer). A constant
threshold value would have preferred winter
events and neglected summer events. Figure
2 shows the standard deviations used -at
40°N, 50°N and 60°N. '

These standard deviations are found in the
following manner. Let z* denote the Fourier
expansion of z around a latitude circle and
let z, denote the zonal mean. The standard
deviation o is then given by

o*(g) = 51:,; f Var(z*(2, ) (3)
0 .
— zo(@)) dA.

By the properties of the Fourier éxpansion,'
this can be written

4

i
o* (@) = 5 1§1 Var(a,) + Var(by). 4)
The variances are given by |
Var(x) = (x — %)%= (5

The quantity % is referred to as the cli-

* matological mean of x, and is here defined as

the average of x over the years 1946 through
1979 for a particular day of the year. This
definition will be used in later chapters. In
order to get more observations for each sam-
ple we have 5-days means of the variances. In

‘Fig. 2 the standard deviations are computed




from moving averages of the variances over
30 days (6 pentades).

The limit on stationarity of 18 degrees

movement during one day might seem rather
large. The values 18 and 36 degrees are
chosen rather arbitrarily, but we have com-
pared with Charney et al. (1981) and used
criteria that are weak enough to include all
the episodes with sufficient amplitude found
by them (see their tables 2 and 3). We have
seen from our case studies that the ridges
and troughs having these rapid changes in

the position of the extremum are broad fea-.

tures. The ridge or trough is stationary itself;
but the values of the deviation from the zonal
mean are close to the extreme value also at
longitudes somewhat away from the
extremum. When one of these values

Stationary ridges and troughs 5

exceeds the former extremum, it shows up
as a rapid movement of the peak position.

" 4. FREQUENCY OF BLOCKING AS A FUNCTION

OF SPACE AND TIME

Grouping of the events inlongitudinal regions
In this section we examine the frequcr'icy_ of
MSR and MST events at 500 mb as a function

of space and time. The criteria given in sec- |
tion 3 are used, and the events are identified

from the Hovmglier diagrams. The z*-fields

averaged over the duration of each event are

computed. These fields are denoted z*(A, ¢).

The amplitude of z* for each event is cal-
culated. This is the maximum deviation from
the zonal mean of the z*-field. We have also
found it convenient to have a climatological
reference level, so we have computed the

Table 1a -
Ridges in the Atlantic-European region (30° W-30° E), winter season in the years 1946-1980.

Extreme

Period. : Days 8A,A Position of Amplitude Position of

ridges anomaly - value
460114460128 - 15 9,33 15E,60 379 20E,60 257 -~
460209460222 14 9,15 15W,50 - 369 20Ws5 - 234
461206-461215 10 15,30 36E,70 381 40E,70 325
-461229-470112 15 9,27 35E,65 340 35E,65 280
470118-470127 10 9,12 5W,65 385 10W,65 286
471210471225 16 9,21 15W,55 n 20W,60 239
480214480229 16 6,15 SW.,60 365 SW.60 221
481201481211 11 6,12 15E,55 3006 - 20E,55 208
481217481228 12 15,21 SE,60 377 5E,60 248
490108-490118 11 6,21 20W,50 394 30W,50 270
450120490207 19 1227 0 )55 347 0 55 198
490213-490223 11 9,30 SE,50 361 10E,50 - 243
500118-500128 11 9,24 10E,60 416 15E,65 295
511212-511224 13 6,24 6 ,50 281 15E,55 133
520218-520301 13 9,18 15W,55 349 20W,55 212
521201-521210 10 6,27 15W,60 336 25W,65 263
.530117-530208 23 6,27 15W.50 303 - 20WS55 175
530212-530228 17 6,27 5W,55 322 5W,55 175
531205-531217 13 9,36 “20E,65 402 20E,65 310
531218-540111 - 25 15,33 10W,55 318 15W,55 171
541217541227 10 6.9 20W,50 3N 30W,50 256

560202-560211 10 12,30

10W,60 343

5W.,60 210
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Table 1c

Ridges in the Atlantic-European region, summer season in the years 1946-1979. -

671114671208

Period Days dA,AA Position of Amplitude Position of Extreme
ridges anomaly value .
470621470702 13 12,21 25E,60 188 20E,60 148
470820-470830 11 12,18 15E,65 236 5E,65 _ 192
530617-530630 14 9,33 20E,70 259 15E,70 238
550809-550828 20 9,21 20E,60 228 15E,60 180
560606-560616 1 15,30 35E,60 239 -35E,65 178
590812-590822 11 0,24 25E,65 210 25E,65 155
630528630608 12 12,27 3E,65 256 SE,65 212
710706-710715 10 18,21 5W,50 184 10W,55 180
760624760703 10 6,15 5E,55 207 - 5E,55 168
: Table 1d
Ridges in the Atlantic-European region, autumn season in the years 1946-1979.
Period Days SA, AL Position of Amplitude Position-of Extreme
ridges anomfa‘lf(‘ value
461007461022 16 15,36 10W,65 336 _ 259
481123-481203 11 9,30 5E,60 349 / 240
491008491017 10 9,27 10E,60 244 10E;55; 104
. 510929-511017 19 9,27 15E,60 352 20E,60 231
" 521103521113 11 9,15 25W.55 298 25W,55 227
530928-531014 17 9,36 SE,55 250 .SE,55 129
531011-531107 28 15,27 25E,60 323 3f‘>E‘;'('55‘i 208
531104-531122 19 6,18 5E,50 285 - 5E,50 183
551116-551209 24 12,27 10W,55 314 10W,55 172
561122-561209 18 9,27 15W,50 310 20W,50 149
571110571206 27 12,27 0 ,60 327 0 60 217
580828-580907 11 9,36 15E,65 246 10E, 65 203
580910580920 11 9,30 5E,60 200 5E,65 149
581015-581029 15 6,21 SW,55 269 10W,55 144
581116-581204 19 9,33 0 ,60 348 SE,60 231
590929-591009 = 11 6,12 - 5E,65 310 SE,65 220
610928611011 . 14 6,15 25E,65 310 - J0E.65 234
620925-621009 15 927 25E,60 308 30E,60 221
621010-621027 18 6,30 5W,55 290 10W,55 167
621124621206 13 12,27 0 ,55 358 5E,55 226
630912630923 12 12,24 10E,55 230 10E,55 160
631019631030 12 15,36 15E,60 282 15E,60 143
641027-641110 15 12,36 0 ,60 337 SW,60 226
641117641126 10 6,15 10w .50 325 10W,50 180
651016-651026 11 6,15 5E,60 327 5E,60 194
660913-660927 15 6,18 10W,55 205 20W .55 162
661023-661102 11 12,30 20W,60 282 30W,60 241
25 15,33 15W,50 311 20W.55 168




Table 1d—continued

Stationary ridges and troughs 9

Period Days O4,A4 Position of Amplitude Position of Extreme -

ridges anomaly value
681113681127 15 12,33 20E,60 304 20E,60 205
690922-691004 13 12,24 5W,50 167 10W,50 %6
691013-691022 10 12,18 15E,55 277 15E,55 147
691023-691103 12 9,15 10W,50 330 1ow,s0 . 215
701008-701017 10 12,36 10E,60 254 SE,a0 118
721014721023 10 6,12 20W,55 339 25W.55 286
721631-721109 10 6,6 5W,50 300 0 ,50 201
731107-731208 32 - 12,21 15W,50 289 15W,50 147
741017-741029 13 6,15 25W .50 262 30W,50 200
751019-751104 17 9,27 10E,60 291 15E,60 153
761115~761124 = 10 6,21 10W,55 325 16W,55 188
771015-771027 13 6,9 10E,60 261 10E,60 126
781015-781103 20 12,36 10W,50 241 15W,50 133
781104-781118 15 9,21 10E,55 285

15E,50 189

the maximum value of this amplitude is given
in column four. In the last two columns we
give the maximum or minimum values of the

anomaly associated with the MSR or MST_

events, respectively, and the positions of
these local extrema.

The events are distributed in groups .

according to the sector in which they occur

(see Tables 9 and 10). Most of the major

stationary troughs are located in two sectors
around 160°E and 65°W, respectively. In
the tables these sectors are named as Pacific

and Atlantic region. For the ridges, the clas-
sification is more complex. However, we
have found that a distribution of the ridges
into three sectors is sufficient, namely the
Atlantic-European region (30° W-30°E),
the Asian region (35°E-80°E) and the
Pacific region (100° W-170° W). Two ridges
at 125 and 130° E are included in the Asian
group. Charney et al. (1981) state that some
of the blocking events for the winter seasons
they studied may be explained as an ampli-
fication of the normal patterns. We will here

: Table 2a
Ridges in the Asian region (35° E-80° E), winter season in the years 1946-1980.

Period Days OA, AL Position of Amplitude Position of Extreme
ridges anomaly valee
460220-460305 14 18,36 65E,55 215 70E,60 139
501213-501224 12 12,12 55E,55 n 55E,60 265
350112-550122 11 12,18 80E,S5 314 - 85E,60 237
590106-590115 10 6,6 70E,55 350 70E,55 - 268
601226-610112 18 12,18 S5E,55 264 55E,55 176
651124-651208 15 6,15 65E,50 259 65E,50 149
691125-691208 14 9,12 65E,55 394 65E,60 301
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Table 2b

Ridges in the Asian region, spring season in the years 1946-1980.

Period Days A, AL Paosition of Amplitude Position of  Extreme
ridges anomaly '~ value
510325-510408 15 6,12 55E,55 342 55E,55 242
520518-520602 14 6,30 70E,55 278 70E,60 221
530513-530522 10 9,36 40E,55 286 40E,55 _ 171
540223-540311 17 9,36 S0E,60 27 55E .60 198
540501-540511 i1 12,24 35E,60 256 35E,65 151
570411-570422 12 15,33 55E,55 201 45E,70 150
570505-570515 11 9,30 50E,60 272 60E 65 196
580520-580602 13 9,21 40E,55 208 40E,50 124
600406-600417 12 9,30 50E,60 271 ~ 45E,60 175
610519-610529 11 9,18 75E,50 180 80E,50 .87
620314~-620325 12 6,15 75E,55 269 90E,65 215
630504-630517 14 18,24 35E,60 229 35E,65 125
660327660408 13 9,27 55E,60 304 55E,60 222
680402-680411 10 12,30 60E,55 237 60E,55 118
680501680512 12 9,12 55E,55 246 60E,55 130
690423650503, 11 18,33 50E,50 167 40E,50 75
700304-700315 12 9,15 - 55E,60 308 55E,60 248
700331700413 14 12,18 65E,55 L 222 70E,55 109
720419-720502 - 14 6,15 75E,50 255 80E,50 149 -
730406730419 14 6,15 65E,55 280 65E,55 163
740502740514 13 12,24 60E,55 220 . 65E,55 S111
750328-750412 16 12,27 60E.,50 251 60E,50 138
770402-770411 10 6,27 65E,50 257 60E,50 136
770424-770503 10 18,36 - 55E,55 272 65E,60 160
780318780402 16 9,27 65E,55 240 65E,55 152
790429-790510 12 6,6 60E,55 322 60E,55 C 206
_ Table 2¢
Ridges in the Asian region, summer season in the years 1946-1979.
Period Days SA,AA Position of Amplitude Position of Extreme
ridges anomaly value
510807-510905 30 12,24 45E,60 237 - 50E,60 176
540611540620 10 12,24 40E,55 247 40E,55 173
570823570908 17 9,12 60E,60 233 65E,60 197
580617580626 10 9,30 60E,60 187 65E,60 134
630801-630810 10 9,12 125E,65 209 125E,60 - 158
640601-640613 13 15,27 40E,55 173 - 40E,50 94
700703700714 12 9,18 130E,60 204- 130E,;60 167
710718-710729 12 9,30 "55E,55 200 55E,55 171
720705-720716 12 6,12 40E,65 281 40E,65 233
770526770609 15 6,27 T0E,60 208 75E,60 181
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Table 2d

Ridges in the Asian region, autumn season in the years 1946-1979.

-Stationary ridges and troughs 11

791104791115

266

Pericd Days OA, AL Position of Amplitude Position of Extreme

ridges anomaly value
491105-491114 10 9,27 45E,65 322 50E,65 230
491114491125 12 9,15 40E,65 350 45E .65 280
541120-541204 15 12,21 45E,65 360 50E.65 290
581104-581115 12 9,30 40E,60 319 40E .65 208
591106-591115 10 12,24 50E,70 417 5SE,70 358
601101-601111 11 9,12 55E,50 240 55E,50 145
630828-630908 12 6,12 45E,60 - 234 45E,60 170
671026-671111 17 9,36 55E,55 337 35E,55 254
740929-741021 23 6,15 60E,35 247 60E,55" 206
791110-791123 14 12,12 60E,50 344 60E,55 233

: Tabie 3
Ridges in the Pacific region in the years 1946-1980.

Period Days dA, AL Position c},f Amplitude Position of  Extreme

ridges : ‘anomaly value
Winter season — , _
480114-480124 1 9,15 130W,50 338 135W,50 249
480202-480211 10 15,24 150W,60 329 155E,60 276
500103-500112 - 10 9,15 165W,50 312 170W,50 - 311
500113-500203 - 22 9,15 165W,60 441 170W 60 392
540112-540126 15 9,30 160W,60 306 170W,55 252
551214-551224 11 15,30 175W,60 389 180W,55 435
570107-570206 3 12,30 155W,60 362 155W,55 - 289
610118-610128 11 9,25 140W,65 357 130W,65 289 B
620107620121 15 15,27 150W,60 363 T50W,60 286
630112-630130 19 6,9 145W,60 394 145W,60 305
671224-680109 17 9,27 140W,50 323 - 145W,50 237
680206-680216 11 6,12 130W,60 36T 130W,60 301
721201-721214 14 9,27 " 155W,60 340 155W,60 347
731231-740111 12 6,21 150W,60 444 155W,60 372
770116-770215. 31 9,20 120W,50 187 115W,55 113.
781230-790109. 11 9,15 150W,70 415 145W,70 350
Spring season: - ' : ,
630304630313 10 9,24 145W,50 292 150w ,50 235
650303-650315 13 9,30 130W,55 286 130W,55 236
670302-670312 11 12,30 155W,50 289 160W,50 - 266"
Summer season: 7 . - ' -
630810-630819 10 6,15 135W,60 - 198 135W,60 154
690607-690618 - 12 9,18 135W,65 194 135W,55 ' 160
Autumn season: ) ' _ - o
561119-561202 14 9,15 125W,50 309 C125W,55 0 264
631011-631020 10 6,15 100W,55 241 95W,55 214"
701117-701201 15 9,24 165W,50 318 170W,50 394

12 12,12 135W,55 140W,55

i
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Table 4a
Troughs in the Pacific region, winter season for the years 1946-1980.

Period . Days =~ SA,AA Position of  Amplitude  Position of ~ Extreme
troughs anomaly value
461130-461210 11 6,18 125E,45 -272 110E,50 —146
461211-461220* 10 24,24 150E,40 —-241 155E,35 ~97
470123470207 16 18,36 150E,40 -232 165E,30 - -88
480201-480212 12 12,18 145E,50 -221 145E,60 -86
490104490130 27 9,27 155E,55 ~217  170E,60 -111
491215-500114 31 12,30 140E,50 -339 140E,50 ~118
501230-510109 11 6,21 155E,45 ~315 170E.,45 ~111
510120-510209 21 9,36 155E,45 —255 170E,35 -53
511222-520101 11 9,18 140E,55 —269 145E,60 —103
520102-520123 21 15,30 135E,55 —308 135E,60 -155
520209520312 33 18,27 150E,50 -292 145E,55 —-94
521217-521228* 12 21,33 140E,50 -338 135E,40 —84
530114-530209* 27 21,36 160E,40 —-292 170E,40 - ~105.
530214-530305 20 15,24 155E,50 -27 155E,50 ~70
531202531214 13 15,30 165E,50 —253 170E,55 -129
540111-540128 i8 9,15 140E,50 -319 130E,55 -147
540129540212 15 15,27 175E,40 ~269 170E,40 ~168 -
541222-550112 2 12,27 150E,40 —282 160E,40 - - —107
550114-550129 16 12,21 155E,50 -319 170E,55 - -160
550209-550225 . = 17 15,30 145E,45 -250 120E,55 -50
560102-560116 15 6,6 130E,50 —273 115E,50 ~121
560122-560213 23 12,36 140E,45 ~305 135E,40 -107
560215-560226 12 12,27 135E,45 —245 125E,,40 -90 -
561203-561220 . 18 - 12,24 140,45 -287 160E,35 = —136
561221-570102 . 13 12,21 170E,45 —350 180E,40 ~228
570103-570113 11 9,15 145E,50 —-317 . 140E,65 -148
570119-570128 10 12,30 . 150E,45 -213 . 165E,25 -50
570208-570223 16 15,36 145E,45 ~255 115E,40 ~80
571213-571224 12 12,33 130E,40 - =170 120E,35 -53
571228-580106 10 18,33 150E,50 -291 165W,55 ~168
580110-580119 10 15,24 180E,45 272 165W,45  —186
580214-580225 12 12,30 170W,45 . —293 160W,45  —264
581206-581217 = 12 3,15 175E,45 —303 175W 45 -201
581230-590117 19 6,15 130E,50 -328 120E,50 ~  —165
590119-590129 11 9,15 165E,45 -290 175W,45 ~ —105
591215591225 . 11 6,21 150E,55 -300 = 125E,40 ~51
591226600104 10 12,21 155E,50 —347 165E,50 - —138
600105-600114 10 6,18 140E,50 -304 120E,50 -96
600117-600129 13 12,36 155E,45 —340 155E,45 ~104
| 600209-600305 26 12,30 150E,50 ~275 150E,55 - —104
601214601224 11 15,21 170E,50 -318 175W 45 -185
610117610129 13 12,36 175E,45 -337 170W 45 = 216
610208-610304 . 25 12,36 150E,45 —283 150E,40 -72
611219620118 . 28 15,30 160E,40 —268 165E,35 -127
620123-620209 . 18 15,36 170E,40 —306 175W,40 ~ —172

620211-620314 31 15,24 145E,50 —347 145E,50 - —149
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Table 4a—continted

Period ‘Days 0A,AA - Position of Amplitude Position of Extreme -
troughs anomaly value A

621214-621224 11 9,15 140E,55 —336 145E,55 - = ~146
621231630128 29 9,30 155E,40 —-365 - 160EA40 ~171
630201-630223 ~ 23 12,36 170E,40 —310 175W.40 —203
640117-640126 10 9,33 155E,50 —246 176E,65 - -125
640127-640210 15 18,33 175E 45 —260 170W,75 -=239
640211640226 16 12,21 155E,45 =301 165E,50 -9
641206-641221 16 12,33 135E,50 —306 130E,55 =121
641226-650107 13 6,18 130E,55 —-316 120E,60 - —166
650110-650119 10 9,33 . 180E,45 —312 175W 45 —205
651204651219 16 9,27 135E,50 -311 120E,60 —147
651228-660112 16 12,36 140E 45 —249 135E,40 —49
660113-660221 39 12,36 150E,50 —-335 150E,50 = -132
661124-661210 17 12,30 130E,50 —287 120E,50 -~ —147
661226-670110 16 18,27 155E.45 —-317 175W,55 -171
670114670125 12 15,24 - 150E,50 —320 150E,65 —194
670130-670211 13 12,27 165E,45 -383 . 175E,45 —212
671129-671211 13 12,30 130E, 45 —240 120E.,40 - -114

- 671224-680118 = 26 15,18 140E,45 —306 130E,45 -93
680119680214 27 18,33 155E,40 -312 170E,35 -119
680215-680307 22 15,18 - 180E,40 —297 170w,40 - 259
681219-690106 19 9,18 125E,45 —-313 115E,50 - -158
690109-690130 22 9,21 145E,50 =375 145E,55 - = —167
690206690217 - 12 6,12 115E,60 - =341 110E,60 - -~ -281
691205-691216 12 9,18 150E,55 —292 180E,55 —144 -
691225-700112 19 12,27 - 155E,45 —352 165E,45 .—141
700126700222 28 18,33 175E,45 o302 170W .50 —182 -
701123-701211 .19 12,33 140E,45 —303 135E 45 - =13
701214-701225 . 12 9,18 145E,50 =360 145E,50 =142
710131-710214 15 12,33 165E,40 —309 165E,35 - =145
711124711225 32 12,21 140E 45 —295 140E 45 —108
711226-720105 10 15,21 160E,55 —344 170E,55 - —186
720110-720123 14 9,18 165E,45 =190 - 175E,35 -3
721230-730108 10 15,33 150E,60 -269 . 155E,65 . —153
730131-730218 19 15,36 165E,45 —259 180E,50 —105
731228740112 - 16 12,24 155E,45 —270 170E,35 =125
740115-740206 23 12,36 155E,40 © =301 155E,40 =99 .
740221-740307 15 15,36 130E,50 -197 165E,45 —41 -
741219-750103 - 16 15,27 155E,50 =275 170E,50 =757
750104-750113 10 12,21 145E 45 —250 150E,35 -53
750124-750203 - 11 6,9 140E,50 ~315 150E,65 —190
750209-750302 22 9,27 150E,45 —275 145E,40 . —85
751204-751214 11 6,33 140E,50 —263 - 120E45 76
751215-751224 10 15,27 175E,50 —313 175W,50 ~206
751225-760103 - - 14 9,18 160E,45 - —316 170E,40 - —133
760105760115 - 11 6,33 145E,45 -—318 .145E 45 —84 .
760119-760224 27 9,36 160E,45 —293 170E,40 N

761128-761211 - 14 15,33 165E,45 - —268 - 170E45 . —141
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Table 4a—continued

Period Days oA,AR Position of Amplitude Position of Extreme  _
troughs anomaly - value )
761229-770214* 48 21,33 170E,45 —376 180W 45 =222
770206-770220 15 12,27 175E,45 —343 170wW,45 . 215
770221-770305 - 13 9,18 150E,50 —344 170W,55 -159
771203-771214 12 9,27 175E,40 . —243 175wW,40 - —196
771217771226 10 9,36 150E,50 ~287 155E,65 —164
771227-780107 12 15,18 155E,50 —305 170W,45 ~125
780108-780118 1 15,27 170E,45 —323 170W 45 —-210
780121-780203 14 6,15 160E. 45 —332 180E,40 —148
780219-780309 19 18,36 170E,40 —309 170W,40 —230
790102-790111 10 9,15 120E,60 ~287 165W,40 -208
790112-790127 16 12,18 155E,50 —-325 180W,60 -213
800114-800126 13 - 18,36 ‘160E,45 —296 175W,60 -129
800206800225 = 20 15,36 165E,45 —326 - 170W,40 —206
Table 4b

Troughs in the Pacific region, spring season in the years 1946-1980.

Period - Days oA, AL Position of Amplitude Position of Extreme

troughs anomaly " value
479310470319 - 10 15,36 160E,45 -234 175W,40 - - —164
470501470511 11 15,27 175E,50 -191 175E,50 - =92
490227490316 - 18 18,36 155E,55 —-279 165E,55 —=136:
490315490330 16 12,27 160E,50 —262 170E,50 —-109 -
500516-500525 10 18,33 175E,50 —223 170E,50 ~113
510227-510309 - 11 12,24 130E,55 —278 125E,60 —166
510322-510406 16 9,24 175E,55 -224  170W,55 —138
510512-510521 10 18,36 180E,50 —210 170E 45 =97
- 530414530429 16 18,33 180E,50 —-278 180W,50 —197
530526-530605- 11 9,21 180E,50 - —-183 160E,45 —60
540429-540511 © 13 12,33 165E,55 =275 160E,60 ~206
550310-550319 10 12,30 135E,55 —245 125E,60 - -152
550510-550520 11 15,36 170W,55 —208 165W,55 -100
560331-560409 " 10 9,24 . 185E,50 =279 160E,55 —159
560513-560529- 17 12,27 175W,55 -222 175W,55 -100
570306-570329 24 9,27 150E,45 -275 145E,40 = -101
570508-570518 11 15,36 175W,50 —-263 - 175W45 = —163
580226-580311 .14 9,15 150E,50 -322 155E,55° —-138
580325-580403* 10 21,33 150E,50 —287 160E,55 —136
580503-580516™ 14 30,48 170E,50 -210 170E,50 ~  —107
580518580605 19 9,15 175E,50 =227 175E,50 -108
590223-590306 - 12 9,21 165E,45 —285 175E 45 —135
590310-590326 - 17 12,15 155E,40 -190 170E,40 - =79
620315-620329 15 12,24 140E,45 —227 125E,40 —-141
620503-620520 - 18 9,18 145E,45 —155 145E,45 -78
630225-630315 - 19 15,18 150E, 40 =257 '155E,40' ' —88

650222650413 51 12,33 150E,45 - 284 "155E40  —135
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Table 4db—continued

Period Days oA, AL Position of Amplitude Position of Extreme

troughs anomaly value
650427-650506 " 10 9,21 140E 45 —220 140E 45 © -=106
660302-660322 21 15,30 130E,50 —259 115E;55 T -155
660403-660413 11 12,33 145E,50 =275 180E,40 - —182
660413-660424 T 12 6,27 160E,45 ~224 160E,45 - =~ —137
670301670406 3 15,27 145E.50 —255. 140E,55 -106
690303690327 23 15,30 155E,50 -271 165E,50 —-98.
700305-700316 . 12 12,30 175E,45 —345 170W,45 =277
700317-700402 17 9,27 160E,45 ~320 160E,40 - —-173
710301-710319 19 18,33 150E,45 —-241 155W,60 —170
710517-710610 25 9,21 175W,55 —225 175W,60 —132
720301-720319 . 19 12,36 170E,40 —-268 180E, 40 ~195
730221-730329 37 -~ 9,36 145E,45 . —287 145E,45 —94
740314-740327 . 14 18,33 170E 45 —341 180W .40 —268 -
750302-750312 11 6,15 160E,50 -299 165E,55. —157
760319-760411 = 24 12,27 175W,55 —234 170W,60 - .. —165" :
760501-760511 11 12,24 170W,50 . —242 170W.50 - . —144 :
770518-770604 18 - 6,33 - 155W.,55 - —-191 145W,55 - . —-118
780310-780325 16 15,27 145E,40 . —209 125E,35 —68
780328-780413 17 12,18 155E .45 . —~238 155E,40 - - - —140 ‘
790311-790324 14 15,27 155E,45 —268 170E,50 -111
790325-790403 10 9,18 155E 45 —245 160E,45 - =94
790412-790428 17 9,36 140E,45 -201 140E,45- - =94 _ ‘
790511-790525 15 18,30 180E,50 —215 180E,50 -98 ; i
800310-800329 20 0 12,33 160E,50 —278 170E,50 ~-127
800414-800424 11 92,9 165W,55 —299 160W,50. . - —234 |
800425-800512 18 15,33 175W,50 —-260 I75W,55 ~-119 - |

Table 4c —

Troughs in the Pacific region, summer season for the years 1946-1980. -

Period Days 81,A% Position of Amplitude Position of - Extreme
: ' troughs anomaly ~ value
490612490621 10 18,24 155E,40 —121 170E,35 =72
490622490703 12 9,33 150E,40 -103 160E,35 -40
500813-500823 11 9,18 175E,55 - =177 170W.45 —-150
510607-510617 11 9,12 170W,55 212 165W,55 —-110
510618-510702 15 12,15 - 165E,50 —-154 160E,50 —-95
520527-520615 20 18,30 175E,55 —174 155E,60 - =93
540528-540614 18 15,30 170W,50 —242 < 160W,50 - -119
540625-540709 - 15 12,18 170W,50 —-183 170W,50 - =133
-550822-550901 11 12,36 175W,60 -175 175W,65 -132
560610-560622 ~ 13 . 18,27 165W,55 —185 160W,55 -106
560630-560711 12 9,15 125E,40 ~104 . 115E,40 - —49

. 570528-570607 11 18,27 170E,45 =150 145E,40 ~66
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Table dc——continued

Period Days 6A,AL Position of Amplitude:  Position of Extreme - '
troughs ' anomaly value
570608-570617 10 15,30 180W 45 -190 160W 45 —98
570620-570629 10 12,21 165E,45 -202 165E,45 -128
580614-580624 11 6,15 180E,50 - -172 175W .45 . —89
630528-630608 12 15,27 170E,45 =215 170E 45 -108
650523650612 21 12,36 175E,50 —307 170E,50 -187
650630650713 14 12,27 155E,45 —123 160E,45 - - =74
660615-660701 17 15,36 155W,50 —195 150W,50. —-152
670606-670626* 21 21,27 175E,50 —145 165E,50 =53
680629680712 14 12,18 160E,45 -168 165E,45 —120
690602-690613 12 12,18 180E,50 —-239 170]3,55 ~124
690813-690828 16 9,24 125E,45 -139 125E 45 =110 -
700528-700610 14 12,36 170W .45 —195 160W 45 ~101
720611-720625 15 15,30 175E,55' -179 175E,55 —105
720708-720719 S12 9,30 175E,50 —153 -170E,50 h =114
730528-730606 - 10 12,21 170W,55 -215 170W,60 —108 -
730607-730617 - 11 12,30 155W,50° -192 140W,50 -128 "
760714760725 12 15,33 165W,50 - —156 160W,50 -~ —129
770608-770625 18 9,36 175W,50 ~160 170W,50 —-62
790703-790717 15 9,24 130E,40 -119 135E,45 —60
Table 4d

Troughs in the Pacific region, autumn season for the years 1946-1979.

Period ' Days SA,AA Position of Amplitude — Position of Extreme
troughs anomaly value
471108471120 13 18,36 150E,45 —-246 160E,40 —123
491121-491202 12 9,12 170W,50 —-305 165W,50 =227
501120-501129 10 9,21 120E,50 —227 110E,50 —~129
511014-511025* 12 21,36 160E,50 =222 155E,50 - 126
511026-511108 14 12,33 170E,50 —284 170E,50 —147
531004-531019* 16 . 30,33 170W,55 =261 165W,55 - ~154
531109-531124 16 9,33 155E,50 -302 155E,50 -129
541004541013 10 15,27 145E 45 —166 ~ 140E,45 ~96
541015-541024 10 12,33 165W,50 -224 160W,50 - =116
541104-541114 . 11 15,36 155E,50 -269 180E,45 -125
541115-541124 10 6,12 175W 45 -352 170w, 45 270
561116-561128 13 9.33 165E,50 -312 175E.45 -183
570831-570912 13 12,36 175W,50 ~-181 175W,50 —124
571025-571103 10 9,18 180E,50 -216 175W,50 -119
591006-591024 19 18,27 175E,45 —231 175E,40 - =174
591111591202 S22 12,27 170E,50 -312 175E,50 —180 -
601126-601205 10 12,36 140E,55 =352 145E,55 -203

. 621022621104 - - 14 9,15 175W,50 —267 175W,45 - =180
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Table 4d—continued

Period Days OA,AL Position of Amplitude Position of Extreme -
troughs anomaly - value
621113-621125 13 15,27 175E,50 -322 175W,50 —196
630904-630913 10 39 175W,50 -241 180W A5 -179
630914-630927 14 12,36 145E 45 -141 140E,40 —83
641118-641128 11 9,33 145E,45 —246 150E,40 - =110
651105651118 14 12,24 145E,55 —337 140E,55 ~185
661110661121 12 -9,27 125E,55 —305 120E,55 = —183
670908-670929 22 15,30 170W,50 —241 165W,50 .. -173
671023671103 12 12,30 175E,50 —256 175E,50 =126
671111671126 16 18,30 160E,50 —299 160E45 - —149
681028-681108 - 12 9,30 165W,50 —296 160W 45 =19
691123-691207 15 . 9,21 175W,50 —356 170W,50 - 278
710915-710925 11 12,36 170E,55 —115 140E,70 . —98
711111-711122 12 15,15 170E,55 —269 175E,55 —133
721101-721113 13 9,27 150E,50 -271 145E,55 =126
721124-721204 11 9.36 150E,45 —200 155E,46. = = -83
731109731217 39 9,33 140E 45 —273 135E,45 . -109
781118781127 10 9,36 160E 45 —246 165E 45 . —104
790921-791017 27 15,30 180E,50 —262 180E,50 —169
791028-791109 13- 12,21 ~ 155E,50 —285 155E,50 —153
791111-791123 13 6,9 125E,50 -237 115E,45 -122
Table 5a

Troughs in the Atlantic region, winter season for the years 1946-1980.

Period Days OA,AL Position of Amplitude Position of Extreme

troughs —anomaly value
480204480216 13 15,24 T0W,60 T =365 35W,60 —252
531225-540103 10 3,18 85W,65 . —435 85W,65 —323
560129-560211 14 9,21 T0W,65 —356 65W,65 -232
570110-570121 12 9,36 75W,60 —361 80W,60 —-220
570124-570202 10 12,36 60W,60 —-385 35W,60 —-303
580123590227 36 15,33 65W,60 —-327 60W .60 —196
610118610201 15 6,12 65W,50 -358 60W,50 ~-251
620127-620205 10 6,12 T0W,55 ~-363 TOW,55 -199
630112-630201 21 12,30 80W,60 =370 - 85W,55 —228
650130-650213 15 15,15 80W,60 =312 85W,60 -173
680214680223 10 6,9 70W,50 —409 65W,50 T —295
700214700228 15 9,21 75W,60 —325 75W,60 - —180
721130-721209 10 18,36 85W,60 -368 WE,L6- - —311
721211-721220 10 9,12 55W,55 -336~ - 45W,50 —283
730109-730118 10 9,21 55W,55 —347 C45WLS5 0 - =279
770127-770205 10 12,27 T0W,50 ~335 - 70W 45 -213
790128-790208 12 9,36 T0W,40 - =227 . 60W,40 -203

790209-790219 11 6,12 50wW,50 -221 . -40W,50 .- —304
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Table 5b

Troughs in the Atlantic région, spring season for the years 1946-1980.

Period Days A, AL Position of ~ Amplitude  Position of  Extreme
troughs anomaly value
540326-540404 10 12,27 80W,55 ~-342 85W,55 —283
540406-540415 10 6,15 60W .60 -267 60W,60 —-211
610330-610414 16 6,15 65W,45 =217 65W A0 —-161
620418-620429 12 9,21 65W,55 —257 60W,60 —204
630220-630310 - 19 9,30 65W,55 ~333 55W,55 =227 -
630405630415 11 9,33 55W 45 —223 - 45W 40 - —205
640222-640310 18 6,18 85W,65 —449 B5W,65 -331
640227640327 30 - 9,27 80W,65 —315 85W,70 —-222
640403640413 11 9,36 15E,35 -130 - 10E,40 -82
660327-660407 12 6,15 TOW 45 =273 70W,40 -205
670502670512 11 12,30 95W,55 —154 100W,55 —175
680516680528 13 6,30 55W,50 =179 55W 45 -166
690306690317 12 9,33 60W,40 —268. 55W,40 —242
700325700405 12 6,15 80W,50 ~256 85W,55 —191
700522-700605 15 9,30 55W,60 ~-228 40W,65 '-183
740318-740330 - 13 9,33 75W,60 —337 T5W,60 - —256
760313760323 11 9,15 70W,65 —425 T0W 65 —332
Table 5c
Troughs in the Atlantic region, summer season, for the years 1946-1979.
Period Days SA,AN Position of Amplitude Position of Extreme
: - -troughs anomaly value
470821470901 12 12,15 60W,60 —190 - 60W,60 -107
500804-500813 10 9,18 35W,60 -172 35W,60 -107
510707-510717 11 9,15 80W,65 —211 85W,60 —142
550629-550713 15 12,24 50W,65 —214 = 50W,65 —141
580606580620 15 6,18 T0W,55 -228 70W,50 —176
640526-640609* 15 27,33 50W,50 -173 45W,50 ~141
660530660610 12 12,36 50W,60 —166 40W,65 =107
660603660614 12 18,24 50W,60 =216 45W,65 -155
680730680812 14 6,12 T5W,60 —272 75W,60 -199
690623690706 14 9,30 60W,60 —228 60W,60 —149
690720690805 17 9,18 35W,60 -196 35W,60 —141
720821-720830 10 9,15 60W,65 —242 60W,70 - —167
780531-780613 14 12,30 TOW 65 —270 65W 65 —-191
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Table 5d
Troughs in the Atlantic region, autumn season for the years 1946-1980.

Period ~ Days  SAAX

Position of Amplitude Position of Extreme
troughs anomaly . value
491024491104 12 18,27 70W,60 -227 T0W,60 ~182
620922621002 11 12,36 35W,60 -201 30W,60 —-165
691015-691029 15 12,30 65W,60. ~285 TOW,60 -212
721010-721020 11 12,18 T5W.60 —284 80W,60 —240
740909-740919 11 18,27 65W,60 —290 70W,60 -179

* In addition to the events that fulfil the criteria mentioned in Chapter 3, ten more troughs (marked with * in Tables 4 and 5)
are included. These events have a shift in the position of maximum amplitude by more than 18 degrees longitude per day. Otherwise
-two of these events could be divided in two events each, a third one would be shortened by three days (from 21 to 18 days). For
all of the ten events, the trough at 10° north or south of the actual latitude, even though it does not fulfil the amplitude criteria,

has a shift in the position of less than 18 days per day.

Table 6
Average ratio (A) between amplitude given relative to climatological and zonal average field, respectively. The
standard deviation of A is given by ¢. The results are given for MST events. s : ’

Region
Pacific Atlantic
Season A o A _ _ -
Winter 0.49 0.17 0.74 _ 0.12
Spring 0.57 0.15 0.78 : -0.13
Summer 0.66 0.18 0.73 - 6.09
Autumn - 0.59 0.15 : —0.79 _ 0.06

compare the posifzions found for the MSR
and MST events throughout the year with
the normal positions of ridges and troughs.

Figure 2 shows that the standard deviation

of o{q@) given in eq. (4) varies slowly with

time, with a maximum in January and a

minimum in July. Thus we may characterize
-the main features of these seasons by show-
ing the conditions for one month, for
instance January and July. It is interesting
to note that the decrease in the standard
deviation during the spring season is slower
than the increase of the same quantity during
the fall season. But even with these rather

large changes in the standard deviation dur-
ing the spring and fall season, we may still
characterize some features of these seasons
by giving the conditions for April and
October, respéctivelz.

- In Fig. 3a—d, the difference between the
climatological field and the zonally averaged
climatological field for January, April, July
and October is shown. A comparison
between theSe deviation patterns and the
tabulated positions of ridges and troughs
shows that the positions of the events
coincide by and large with the normal pos-
ition of ridges and troughs. This may also be

B
s
g
5
B
B
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Fig. 3. The difference between the monthly climatological mean field and the monthly zonal mean field for the
period 1946-1979. Contour interval 40 m. The zero and positive contours are solid, and negative ones are dashed.
a) January; b) April; ¢) July; d) October. Stereographic map. Latitudes and longftudes are drawn every 30°. The
line from the pole pointing to the right is the Greenwich Meridian.

manifested by computing the ratio between
the amplitudes given in columns seven and
five in Tables 1-5. In all cases except four,
these ratios are less than unity. Both the
MSR and MST events (Table 6) may thus be

characterized as being largely an ampli-
fication of the normal pattern. .

To illustrate the type of Z*(A, @) field
obtained, a typical MSR -event for each
season is shown in Fig. 4a-d. It turns out
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Table 7
The number of days and MSR events for the period 1946-1980 together with the average positions.

Season Year Winter Spring Summer Autumn
Number of days 3270 1354 816 275 825
Number of MSR events 229 91 61 o2 56
Number of days pr. event 143 149 13.4 13.1 | 14.7
Number of days pr. season = 95.1 39.1 23.3 _ 8.1 - 24.3

- Relative number of days (%). 26.0 43.3 + 253 8.8 26.7
Number of events pi. season 6.7 2.6 1.7 0.6 1.6
Relative number of events in the Pacific 10 17.6 4.9 N 9.5 7.1
Relative number of events in the Atlantic—Europe 66.9 74.7 52.5 42.9 75 |
Relative number of events in Asia 231 7.7 42.6 4715 17.9
Average pogition in the Pacific ("W) | 137.5 147.8 140.0 132.5 1313
Average position in the Atlantic-Europe (°E) 0 -39 2.3 18.9 1.4
Average position in Asia (°E) 60.2 67.1 59.0 68.0 50.5

or on the average 220.8 days per year. How-
ever, as may be seen by comparing Tables 1-
5, there is to some extent an overlap between
ridges and troughs. Taking all degrees of
overlap (even only one day) into account,
we have found 1391 days with overlap. As
regards the number of events, there is partly
overlap between 136 MSR and 156 MST
events. Consequently, the real number of
days included in the events may be reduced
from 7593 to 6202 days, which on the average
corresponds to 180.3 days per year.

Seasonal and longitudinal variation

The distributions of the events as function of
the month and longitude are given in Tables
9 and 10. The occurrence of MSR events
(Table 9, right hand column) varies con-

siderably through the year. They are most
frequent in winter (December and January),
and relatively few in the summer and early
autumn (June-September). However, if we
look at the Asian region separately, we find
a quite different distribution. A marked
maximum is found in spring (April and
May), and also a maximum in late autumn
(November). - '

Most of the MSR events are located in
the Atlantic-European region. The average
position of these events is at 0° longitude.
In the Pacific region the average position of
the events is found to be at 138° W.

Annual distribution
In Figs. 5 and 6 the annual distributions of
MSR and MST events are shown. Regarding
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Table 8
The number of days and MST -events for the period 1946-80 together with the average positions.

Season Year Winter Spring Summer Autumn
Number of days 4323 | 2024 1109 565 595
Number of MST events . 281 124 70 44 43
Number of days pr. event ' 15.4 16;3 ' 15.8 13.5 13.8
Number of days pr. season 1257 58.4 31.7 175 7.5
~ Relative number of days (%) 34.4 64.7 319 19.0 19.2
Number of events pr. season ' 8.2 3.6 2.0 1.3 1.3
Relative number of events in the Pacific 81.8 85.5 75.7 70.5 88.4
Relative number of eve_nts-i'n the Atlantic 18.2 —14.5 ©24.3 29.5 11.6
Average positipn in the Pacific (°E) 158.8 151.8 161.4 170.5 165.4
Average position in the Atlantic (W) 64.0 678  66.7 57.5 57.4

Total
12F M B
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Fig. 5. Annual frequencies of MSR events. Fig. 6. Annual frequencies of MST events.
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Fig. 7. Annual frequencies of MSR events for each
season in the Atlantic-European region.

the troughs, the number of events each year

increases during the first nine years from
1946, having a maximum occurrence in the
late fifties. This trend is most pronounced
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Fig. 8. As Fig. 7 for MST events in the Pacific region.

for the Pacific region. For the MSR events, .
the trend is much weaker,

The number of MSR events in the Atlan-
tic-European region and of MST events in
the Pacific region is so large that it may
be of some interest to study the seasonal
variation of these events (Figs. 7 and 8). As
seen from these figures, MST events are
observed in all winter seasons. For the Atlan-
tic-European region, however, we find five
winter seasons without MSR events. Taking
the MSR events observed in the two other -
sectors into account, only one winter season
(1957-58) is lacking MSR events.

Major stationary events as function of the
latitude =

Figure 9 gives the distribution as a function
of latitude of maximum amplitude. The lati-
tude is found by searching for maximum
deviation between the average field for the
events and the climatological zonal average

- field. As mentioned above, the events are

localized from Hovmgller diagrams at 50 and
60°N, and at 40, 50 and 60°N for ridges
and troughs, respectively. A study of the
500 mb field indicates that a few more events
could be found by analysing the Hovmgller
diagrams at 70°N.

As seen from Fig. 9, the variation in lati-

‘tude is greater for events in the Atlantic than

in the Pacific region. The average values for
the latitudes are about 56° N for all regions
except for the MST events in the Pacific
region, being situated at about 48° N.

The duration of the events and variation in
the amplitude

In Fig. 10 the distribution of the amplitudes

for all 4 seasons is given. For the MST events,
the spread in amplitude is larger for the
Atlantic than for the Pacific region, but the
opposite is the case for the ridges. Con-

' cerning the troughs, the average amplitude
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Fig. 9. The distribution of a}) MSR and b) MST events as function of latitude.

is largest in the Atlantic region. In the case

of ridges, however, the mean amplitude is

greatest in the Pacific region and smallest
-in the Asian region. Except for the Asian
region, the mean amplitude for the ridges is
larger than for the troughs.

The distribution of the duration of the
events is given in Fig. 11, The distribution
for ridges and troughs is very similar, and
the average lengths of the events are cal-
culated to 14.3 and 15.4 days for ridges and
troughs, respectively. Using first order Mar-
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The length of the interval for grouping the events according to the amplitude is

ri
chosen equal to 50 m.

. Fig. 10. The dist
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kov chain the conditional probability, Py,
for having an event when it occurred the day
before, is given by

ED = =P,
where ED is the-ave'rage length of the events.
The probability P for an event to last for n
days is given by

P=Pi'(1-Py).

As seen from Fig. 11, the distribution can
approximately be reproduced by first order
Markov chain with P;; =0.811 and P, =
0.843 for ridges and troughs, respectively.

This result is rather disappointing, since it.

causes difficulties in estimating the duration
of the events in advance. As seen from Fig.
11, a possible preferred persistence of MST
events is from 13 to 16 days. However, tests
show that this is of no statistical significance.
The level of significance for having a flat
curve from 13 to 16 days is as high as 13%.

5.SOME TYPICAL ANOMALY PATTERNS
ASSOCIATED WITH THE MSR EVENTS

The phenomena of blocking have lately been
linked with the existence of large persistent
positive anomalies of the 500 mb winter cir-
culation, Dole (1983) and Charney et al.
(1981). But persistence of an anomaly by
itself does not guarantee the persistence of
a ridge. However, Charney et al. examined
each of the 14 anomaly events found in their
data, and in each case a pronounced ridge
was indeed present.

We have computed the anomaly pattern
associated with each MSR and MST event.
In Tables 1-3 the extreme values of the

anomaly associated with the MSR events are .

given. For the winter season we usually find

anomalies exceeding 200 m. In the Atlantic—
European region, Table 1a, only 3 out of 68

events have an anomaly less than 150 m. In
the Pacific region, Table 3, 1 of 16 winter
events has an anomaly less than 200 m. ~

The anomaly patterns found show a rather
large variety. However, some patterns are -
typical for each season. We will here focus on
a few examples from the Atlantic-European
and the Asian region. For the winter season -
the event occurring from February 1 to Feb-
ruary 15, 1965 is shown in Fig. 4a as a typical
example. The MSR is located at 20° west of
the ‘normal’ position. The anomaly pattern
for this event, given in Fig. 12a, is rather
similar to the Eastern Atlantic anomaly
which Wallace and Gutzler (1981) called
positive pattern.index. "

An example of the anomaly pattern for an
'MSR event localized about 10° to the east of -
the “norimal’ position is given in Fig. 12b.
‘This anomaly resembles more the Eastern
Atlantic anomaly with a negative pattern
index. For the MSR events having a ‘normal’
position about Greenwich, the anomalies are
usually somewhat smaller in value.

A typical MSR event in the spring season,
April 6 to April 19, 1973, is shown in Fig.
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Fig. 12. Some examples of typical deviation (anomaly) between the average field for MSR events and the
corresponding month climatological mean field. Contour interval 40 m. The zero and positive contours are solid,
and the negative ones are dashed. a) Feb. 1-15, 1965; b} Jan. 26-Feb. 15, 1959; c) Apr. 6-19, 1973; d) June 24~

July 3, 1976; €) Sept. 29-Oct. 17, 1951.

4b, and the anomaly pattern for this event is
shown in Fig. 12c. The anomaly maximum
associated with the MSR is localized at 65° E.
We also find a rather large anomaly at about
30°W. As shown in the next chapter, the
winter MSR events are in general dominated
by larger amplitudes on wavenumbers 2 or

-

3, rather than on wavenumber 4. In the
spring (and summer) we usually find that
wavenumber 4 has a larger amplitude than
wavenumbers 2 and 3. For the event.shown
in Fig. 12c, the amplitudes for the wave-
numbers 1 to 4 were 147 m, 71 m, 66 m and
117 m, respectively. '
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During the summer season the MSR
events are rather rare. The event shown in
Fig. 4c has its MSR at about 10°E. As in
the spring, wave number 4 .is seen to be
important. The anomaly pattern for this case
is shown in Fig. 12d, showing three rather
strong anomalies close to 60° N

A typical MSR event during the fall season
is shown in Fig. 4d. The anomaly pattern for
this event is given in Fig. 12e. It is seen to
have only one area with large amplitude
close to the normal position of the ridge in
October, given in Fig. 3d. _

The variety in the anomaly patterns indi-
cates that there may be several physical
causes for the formation and maintenance of
the MSR (and MST') events. Some may be
due to mountain effects as suggested by

~ Charney et al. (1981) and Hoskins & Karoly
(1981). Others may be due to heat sources as
suggested by Bjerknes (1962) and Hoskins &
: Karoly (1981) A third cause may be baro-

January

February

100Hm)

% w85 85 2

)

25 45 65 T 65 85
Latitude

clinic effects as advocated by Frederiksen
(1982) and Green (1977). It is the intention
of the authors to investigate the anommaly
patterns associated with the MSR and MST
events more thoroughly in a later paper.

6. WAVE DESCRIPTION OF MSR AND MST
EVENTS -

Even though a MSR or MST event may
be .considered as a local phenomenon, the
circulation in large areas is affected. There-
fore, an analysis of the amplitudes and
phases for the Fourier field will be a useful
tool for classifying the events. Also the
relation between these events and the
stationary forcings in middle latitudes like
mountains and heat sources will be eluci-
dated from a wave analysis.

A description of the climatology of zonal
wavenumbers 1-6 has earlier been given by
e.g. Reiter & Westhoff (1981). However,
we will here briefly point out some of the
characteristics of the first four wavenumbers
as they appear from our data. In Figs. 13 and

R e T S
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Fig. 13. Amplitudes for wavenumbers 1-4 for the monthly mean fields as functions of the latitude.
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Fig. 14. Phases for wavenumbers 1-4 for the monthly
mean fields as functions of the latitude.
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14 the amplitudes and phases, respectively,
for first four wavenumbers for the monthly
mean fields are given as functions of latitude -

As seen from these figures, the amplitudes
remain small from June to September. In
autumn the longest waves start growing first,
and they decay latest in springtime. We find
also a rapid shift in the phase at latitudes
where the amplitude is small. The further

~ discussion will be based on meridionaliy

averaged fields.

In Fig. 15 the monthly climatic mean z*-
field for January is meridionally averaged
over the latitude band 40°N-60°N and
decomposed onto wavenumbers 1-4. In Fig,

- 16 the April values are given. January is

typical for the winter period November—
March. We find the strongest ridge slightly
west of Greenwich and the deepest trough
in the Pacific near 150° E. This is consistent
with Tables ¢ and 10, showing that the MSR
and MST events .in wintertime are mostly
found in these two regions, respectively.

~

3
(m) 0Py
F\
~50F N\
- N
-100 5
-150
- :11|||l|I||||1!11511114111||||I|||||
200l'J 60 120 180 240 300 360
Longitude -

Fig. 15. The mean January amplitudes for wavenumber 1-4 and the total amplitude -
as a function of the longitude. Thick solid curve, the total amplitude. Thin solid
curve, wavenumber 1. Dashed curve wavenumber 2. Dash-dotted curve wave-

number 3. Dotted curve wavenumber 4.
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In April the picture is changed. The ridge
at 70°E grows up and is now the strongest.
'The MSR events are also most frequént near
60°E in April and May. The deepest trough
is located about 150° E, and most of the MST
events in this period are found in the region
140-190° E _ _ _
The winter MSR events in the Atlantic—
European region will be investigated in some
detail. For this purpose the three sectors 30—
20° W, 5° W-5°E and 20-30° E are selected.
For each sector we have computed the ampli-
tude, the amplitude ratio relative to January
- climatic mean and the phase deviation from
January climatic mean for wavenumbers 1-
4. The relative amplitude and phase shift
averaged over all events in each sector are
found to be:

-Sector 20°-30° W: 1.86, 10°W; 0, 85, 10°W;
1.84, 7°W and 4.46, 7°W

Sector 5°W-5°E: 1.38, 14°E; 1.65, 12°W
2.07, 10°E and 2.28, 18°E

Sector 20°-30°E: 2.56, 36°E 1.80, 0°; 1. 82,
32°E and 8.64, 27°E '

The high value (8.64) of the relative ampli-
tude for wavenumber 4 is due to two excep-
tionally high values. However, these values
are of minor importance since the normal
amplitudes are small for these cases. Exclud-
ing these two numbers, the average relative
amplitude used in Figs. 17-19 is reduced to
4.1.

The relative importance of each wave-
number is different for each sector. The sec-
tor 20-30 E is close to a climatological ridge
for wavenumber 2, and here wavenumber 2
has a larger amplitude than wavenumber 3.
The mean amplitudes for these waves are
161 and 67 m, respectively. However, for the
sector 30-20° W, where wavenumber 3 has a
climatological ridge (Fig. 15), this wave-
number has a larger amplitude than wave-
number 2 for 12 of 14 events in this sector.
The mean amplitudes for the 14 events are
114 and 72 m, for the wavenumbers 3 and 2
respectively. This result differs from what
was found by Austin (1980). ,

For all three sectors the increase in the
partial amplitudes is ~of importance.
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" deviation if the four amplitudes are multiplied by the
relative amplitudes given in the text. c¢) The height
deviation if also the phase shift is taken into account.

However, the phase shift acts differently in
the three sectors, as seen from the figures.
‘The effect is mainly a shift in position for the
20-30° W sector. In the Greenwich sector it
causes an increased amplitude, and for the
20-30° sector it influences both the amplitude
and position.

As seen from Fig. 16, the field has a secon-

. dary minimum at about 20° E. Therefore the

probability of finding MSR events in this
sector is reduced. However, as seen from
Table 9, 6 MSR events are found in the sector
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Degrees east

1 1
-50 -30

Fig. 18. The same as Fig. 17 for the 5° W-5° E sector.

20-30° E. Therefore, the relative amplitude
and phase shift are calculated for two sectors:
Sector 26-30° E; 2.90,20° E; 2.42,2° E 3.04,
29°E and 2.78, 22°E. '

- Sector 50-70° E; 1.63, 14°E; 1. 74 12° E
1.82,30°W and 3.14, 7°W '

The resulting amphtudes are shown in
Figs. 20 and 21. As seen, both the increased
amplitudes and phase shift are. of
importance.

In the Pacific region a large amplitude on

wavenumber 1 will reduce the chances of

MSR-event¥if it is in normal position. Never-
theless, 8 of 16 winter MSR-events are found
in the Pacific when wavenumber 1 is greater
than normal. In one case (January 1947) the
amplitude ratio is as large as 6.5. In these
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500

[ Winter 20-30°E

400
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(75

[=]
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T

Amplitude (m)
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- 1001

L 1 1 i B i
-30 -10 10 30 50 70
Degrees east

-
-50
Fig. 19. The same as Fig. 17 for the 20-30° E sector.

cases, however, the phase of wavenumber 1

is shifted up to 150° in either direction. Also

this result differs from that of Austin (1980).
- It may be of some interest to compare the
phases of wavenumbers 1-4 with the phases
of the topography. The topographical data
given by Berkofsky Bertoni (1955) are
Fourier analyzed and the Fourier com-
ponents are given in Table 11 for wave-
numbers 1-4.

In Table 12 the phase differences between
the zonal waves in the 500 mb heights and
the corresponding ‘waves’ in the topography
are calculated in units of half wavelengths.
For wavenumber 1 a value of +0.5 means
that the ridge in the 500 mb wave is 90° east of
the corresponding ridge of the topography.

For simplicity, we have avéraged the top-

300 -

250+

Amplitude (m)

Spring 20-30°E
100+

50

il J
-40 -20 0

£ 1 . |. t
20 40 60 80 100
Degrees east

Fig. 20. The same as Fig. 17 for the 20-30° E sector at
spring time. ' '

ography meridionally from 25°N to 60°N,
and compared the phase of the topography

~and the 500 mb height fields in Figs. 15 and

16. For the four wavenumbers the first ridge
of the topography is localized near 85°E,
80°E, 105°E and 0°E, respectively. From
this comparison we find that for wave-
numbers 1 and 2, the 500mb ridge is a
quarter of a wavelength upstream of the

topographical ridge, whereas wavenumbers =

3 and 4 are in phase with the topography.
This indicates that the waves behave as in a
barotropic fluid and that the critical wave-
number K (Held 1983) lies between 2 and 3.

7. CONCLUDING REMARKS

In this paper the 500 mb data for the period
1946-1980 are analysed in order to identify
major quasistationary ridges and troughs. In
all, 510 such events are found, and they
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Fig. 21. The same as Fig. 17 for the 50-70° E sector at
spring time.

are most frequent in wintertime, November
through March. The duration of the events
may be estimated from first order Markov
chain.

As expected, there are two preferred
regions for the stationary troughs, the Atlan-
tic and Pacific regions. The ridges, however,
may be divided into three groups, located at
the Pacific, the Atlantic-European and the
Asian region. While 82% of the troughs are
found in the Pacific region, only 10% of the
ridges are localized in that region. Most of
the ridges (67%) are found in the Atlantic-
European region.

Several papers concerning blocking
phenomena in wintertime have been
published. In spite of using different criteria,
most of the winter blocking events published

Table 11

The amplitudes A and phases B obtained by Fourier expansion of the topography.

Latitude

25

30

35

40

45

50

55

60

65

Stationary ridges and troughs 37

1521 1170 504
1026 866 316
80 79 66
222

1182
476
71

733 876
222 269
104 78

555
167
142

626
249
-170

750
164
-169

216 384 391 661 1089 , 781

—86
223

112

147
~26

80
204

84
552
-28

81
592
-32

76
193

84
355

90
274

39
214

75
—18

233

586

692

252

310

167

71

210

272

34

44

45
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by Charney et al. (1981) and Dole (1978)

- may be identified as major ridges in this-

paper.

A comparison with the early published
survey of blocking events by Rex (1950)
reveals some deviation. The conformity is
best for blocking events in the Atlantic
region in wintertime, The discrepancy may
be due to different definitions and data. This
assumption seems plausible since many of
Rex’s physical reasonings are in agreement
with our results.

The anomaly patterns found show a large
variety. However, some patterns are found
to be typical for each season. The anomaly
patterns and the wave description indicate
clearly that wavenumber 4 is relatively most
important in the sprlng and summer. The
wave description indicates also that the
events are associated with an amplification
of the wave amplitudes near the normal posi-
tion. In addition the analyses show that a
relatively small phase shift for the shorter
waves may intensify the ridge or trough and
shift the position of the anomaly patterns
away from the normal position. Wave-

numbers 1 and 3 have a trough in the Pacific

and European region, respectively. Conse-
quently no ridges in these regions are
expected if the amplitudes of the mentioned
waves are large. Nevertheless, stationary
ridges are found in these regions, illustrating
the effect of the phase shift, as pointed out
in section 6.
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A unified theory of interhemispheric electron transpoft

and energy degradation
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Stamnes, K. A unified theory of interhemispheric electron transport and encrgy
degradation. Geophysica Noruegzca Vol. 33, No. 1, pp. 41-51, 1985.

A unified theory of interhemispheric electron transport and_thm;rmalization based on

the electron transport equation derivable for the electron continuity equation is

provided. Except for wave-particle interactions, this equation adequately describes all

other relevant plasma and neutral gas collision proces'ses ‘occurring in the entire

geomagnetic field tube connecting conjugate hemispheres. This approach avoids the

tedious book-keeping procedures used in previous approaches thiat combined a Fokker-

Planck approach in the plasmasphere with a transport equation formulation in both’
hemispheres. Detailed solutions to the electron transport equations are presented in

the two-stream approximation. The theory can be used to compute. production rates
of various excited states and to predict ambient electron gas heatmg for solar EUV

produoed photoelectrons as well as for auroral electrons

K. Stamnes, The Auroral Obséruatmy, Ingstitute of Mathematical and Physical Sciences,
University of Tromsg, P.O. Box 953, N-9001 Tromsg, Norway. :

1. INTRODUCTION

Problems involving electron impact exci-
“tation of aurora, airglow and electron heat-
ing of planetary ionospheres require solu-
tions of the equation describing transport
and thermalization of energetic electrons
constrained to move along magnetic field
lines in the ionosphere-magnetosphere. For
applications to the ionosphere it has been
customary to utilize some form of a transport
equation derivable from the Boltzmann
equation to describe the electron behaviour
(e.g. Nisbet 1968, Banks & Nagy 1970,
Nagy & Banks 1970, Stolarski 1972, Mantas

1975, Swartz 1972, 1976, Strickland et al.

1976, Oran & Strickland 1978, Swartz &
Stamnes 1977, - Stamnes 1977, 1980,
1981a, b). All these papers and many others
dealt with ionospheric effects of electron

energy deposition in only one hemisphere;
ignoring the coupling with the plasmasphere
and the conjugate -ionosphere. The first
attempt at a comprehensive description of
energetic_ electron interaction with the
plasma inside a magnetic field tube con-
necting conjugate hemispheres, is due to
Lejeune & Wormser (1976). Rather than

using a transport formulation, Lejeune &
Wormser used a Fokker-Planck approach to
describe the collisional interactions between
the energetic electrons and the ambient

magnetospheric plasma, and no attempts

were made to take into account the adjacent
ionospheres.Mantas et al. (1978) combined

solutions to the electron transport equation.. . .

(Mantas 1975) in both ionospheres with the
results of Lejeune & Wormser for the
plasmasphere to obtain a solution for the
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entire field tube. This solution was arrived
at in an iterative fashion in which results for
the separate regions were matched at the
boundaries. A somewhat similar procedure
had previously been utilized by Swartz et al.
(1975) and was subsequently employed by
Lejeune (1979b). Although there is nothing
wrong- in principle with such a hybrid
approach, it does involve tedious book-keep-
ing procedures which would be avoided by a
formulation that treats the entire ﬁeld tube
- as'a single unit,

The primary purpose of the present paper
is to provide a unified theoretical description
of interhemispheric electron transport and
thermalization. It will be shown that the
electron transport equation provides an

adequate description of all the relevant

plasma and neutral gas collision processes

(except for wave-particle interactions) occur-

ring inside a field tube connecting conjugate
hemispheres. Thus, there is no need to use

a different formulation in the plasmasphere -

than in the ionosphere. A unified treatment
is not only conceptually appealing; it also
considerably simplifies the practical numeri-
cal implementation of the solutions. Detailed
solutions to the electron transport equation,
including the magnetic mirroring term, are
provided in the two-stream approximation.

A secondary purpose of this paper is to
review and compare the transport and
Fokker-Planck equations and discuss their
validity with respect to the particular prob-
lem at hand: namely, energetic electron
energy deposition and transport in a partially
ionized gas. From this discussion we con-
clude that while the transport equation pro-
vides a suitable description of electron inter-
action in a neutral or weakly ionized gas, as
well as a fully ionized plasma: (which makes
a unified treatment possible), the Fokker-

Planck aproach does not provide an

adequate description of electron transport

and thermalization in a neutral (or weakly
ionized) gas for two reasons: Both the small-
angle scattering assumption and the con-
tinuous slowing down approximation
(under-lying the Fokker-Planck approach)
break down at low electron energies (below
about 1keV and 100 eV respectively).

2. TRANSPORT AND FOKKER-PLANCK

'EQUATIONS

The interaction of suprathermal electrons
with the partially ionized gas in the iono-
sphere—-plasmasphere is described by the

electron continuity equation

of(r, v, t)

at +v- V(r,v t)

+ V[Vi(r, v, )] = Q(r, v, t) (1.)

where f (in units cm™® s*) is the distribution
function, r is the position vector, v the
velocity vector, and Q (in units cm%s?)
a source (sink) term due to scattering and
production of electrons (e.g., due to solar
EUV radiation). For conservative systems

- (for which V,¥= 0)-eq. (1) reduces to the

Boltzmann equation-

of(r, v, t)
ot

+v- Vf(r v, t) Q(r v,t)

+v- V. i(r,v,t)
2)
which, ‘when no sources or sinks are present,

is commonly referred to as L10uv1lle s
theorem or the Vlasov equation.

Tmnsport equatzon

Starting with eq. (1), one can derive a trans-
port equation describing the steady-state
behaviour of suprathermal electrons in a flux
tube in the ionosphe.rérmagnetosphere




- including production of

(Stamnes 1980, Stamnes & Rees 1983).
dI(z,E, « 8 : '
2D 02 55 LB E, )
= -2 o““(E)I(z E, @)
j
+ ; nj(z)ofl(E)

XEJ' pi (e, &)I(E, z, a")smaf' do/

+ f dE'Zn,(z)o-m(E B
E'>E i

X %f pi"(&, @)z, E', &)sine’ do’
0

+P(z,E, o). 3

The first term on the left side is the change -

in the intensity (in units cm 2 s ster 1 eV 1)
per unit path length, dy, along the electron
trajectory. z denotes altitude, E energy, and
« pitch angle. The second term on the left

side stems from the third term on the left

side of eq. (1). It describes the continuous
slowing down of the suprathermal electrons
due to collisions with the ambient .electron
gas, It is arrived at by assuming that there is
a frictional force acting on the fast electrons
defined by

. ' v
mv = —n,L(E) v 4)
where n, is the electron density, and L(E)
the stopping cross section (cf. Stamnes &
Rees 1983 for a detailed derivation). The
terms on the right side of eq. (3) are the
changes'in the electron intensity caused by
1) scattering out of the beam (to other direc-
tions and energies), 2) elastic scattering into
the beam, 3) cascading from higher energies
secondaries,
tertiaries etc., and 4) production of primary

~ electrons. ny(z) is the density and_ o(E) the .
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sum of the total elastic, of'(E), and inelastic,
o*(E), cross sections of species j. pj(a, o)
is the azimuthally-averaged angular cross-
section or phase. function which is nor-
malized so that ip(a, &’) gives the prob-
ability of scattering from pitch angle & into
o -

While the summation in- the first -and
second terms on the right side of eq.-(3)
extends over neutral species and ions {for
ions o =.0, the {elastic) Coulomb cross
section), only neutral species are included in
the third term on the right side of eq. (3).
This treatment is. consistent with the con-

- tinuous slowing down approximation (eq.

(4)) which is based on the premise that Cou--
lomb collisions with the ambient. electrons '
lead to energy loss (descnbed by the second
term on the left side) but no deflections,
whereas Coulomb collisions with the much
heavier ions lead to angular SCatteriﬁg_.,dnly.
Conservation of the first adiabatic
invariant (i.e. magnetic, moment) 1mp]1es
(Lejeune & Wormser 1976, Prather et al,
1978) _ . T

dr_ a

dr 1-4*)18Bal
dy  Pas”™

2‘Basay

je

where ds = dz/sin 8, denotes path length
along the magnetic field line, u = cose, &y is
the geomagnetic dip angle at altitude z, and
B is the geomagnetic field strength. Thus,
eq. (3) may be rewritten as

l(z, B, ) (1 -#*)1dBdl(z,E, )
K 98 2 Bds o

- n.(2) = [LE)I(z, E; )
= - 20,0 B)IG B, )

+ 2008 ()
]
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i . o
X 3 j P, 1)z, E, 1) dg’
-1
+ j dE’ 3 n;(z)o(E, E')
E'>E . '

1 R
X 3 f - pit(p, p)(z, E', p)y dp’

-1 )
+P(z, E, p). | (62)

Equation (6a) is valid under the following
assumptions: 1) the gyroperiod is much less
than the average collision time so that
azimuthal symmetry prevails, 2) particle
acceleration caused by external electric fields
is neglected, and 3) no collective or non-
linear effects are included. Prather- et al.
(1978) derived a:transport equation similar

to-eq. (6a), but considered only isotropic.

elastic scattering. In Section 4 we show how
to include anisotropic elastic scattering by
neutrals as well as ions. For applications to
realistic situations this extension is essential.

To. facilitate a comparison with the

Fokker-Planck equation given below, we

note that for a fully ionized proton/electron
gas embedded in a constant, vertical mag-
netic field (i.e. sin 6, = 1), eq. (6a) reduces
to

&ZEIEE,_M)' = ne(;){% [LE)(z, E, p)]

1
+ %E—) f [pe(, ')
-1

~ 28(u— )z, B, )y | (6b)

where d(u — p') is the Dirac delta-function,
o.(E) is the screened Coulomb cross section
and p, the corresponding phase function
(expressions for ¢; and p, are given in Sect.
4). The first term on the right side of (6b)

describes ‘slowing-down’ due to collisions .

with ambient electrons and the second term

clastic scattering in angle. Equation (6b)
applies also to electron penetration in a neu-
tral gas if n (z) is replaced by the neutral gas
density, L(F) is interpreted as the neutral
gas stopping cross section including losses
due to excitations and ionizations, and o,(E)
and p.(u, p') are replaced by the appropriate
elastic cross section and phase function
describing electron interaction with the neu-
tral gas under consideration. Note, however,
that for electron penetration in a neutral gas
eq. (6b) will provide accurate results only
for energies above about 100 eV, since the
continuous slowing down approximation
breaks down at lower energies.

Fokker—Planck Equation _

The Fokker-Planck equation for the electron
transport and energy degradation problem
can be obtained from the Boltzmann
equation, eq. (2), (Bethe et al. 1938, Rosen-

~- bluth et al.- 1957, Montgomery & Tidman

1964, Shkarofsky- et al. 1966, Walt et al.
1969) or from the following. transport
equation derivable from eq. (2), assuming a
constant and vertical magnetic field

b = 1@ o)1z, B, 1
- f dE’ o(E, E)
1 | .
X} f p(u, W' )(z, E, p') du’} Y
-1 : . _

where for simplicity and clarity of exposition
summation over species and the primary pro-
duction term have been omitted.

- By expanding the intensity in a Taylor
series to first order in E and second order in
u, the following Fokker-Planck equation is
obtained (Walt et al. 1969, Strickland &




Bernstein 1976, Strickland et al. 1976)

py=n(2){ 35 LB

+ B él]} ®

2 ap E

where Q(E) is the momentum transfer cross
section and L(E) the stopping cross section.
The second term on the right side of eq. (8)
represents scattering (or diffusion) in angle,
while the first term describes energy loss
(continuous slowing down approximation).
Comparing eqgs. (6b) and (8), one observes
that for transport of electrons in a fully ion-
ized or neutral-gas the transport equation
(in the continuous slowing down approxi-
mation) and the Fokker-Planck equation dif-
fer only in their treatment of the angular
scattering. Thus, it is seen that starting from
the continuity equation (1), and invoking the
continuous slowing down approximation,
eq. (4), one is led to exactly the same slowing
down term as is obtained by departing from
the Boltzmann equation (2), and using the
first-order Fokker-Planck approximation.
Strickland et al. (1976). have compared
solutions to the transport equation (6b)-and
the Fokker-Planck equation [eq. (8)] for
electron penetration in a neutral gas (mole-
cular nitrogen). They found that the two
equations give very similar results for high
electron energies where the elastic scattering
cross section is strongly peaked in the for-
ward direction. However, for energies below
about 1keV, eq. (8) becomes inadequate
because the small-angle scattering assump-
tion (on which it is based), is no longer valid.
This means that while the Fokker-Planck
equation provides an adequate description
of electron interaction in the plasmasphere
where small-angle Coulomb scattering pre-
vails, it will lead to erroneous results if
applied to electron transport in the iono-
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sphere. Another limitation of the Fokker-
Planck approach is that it treats all losses
as continuous processes. This approximation-
works well if the fractional energy loss per
collision is small, but it becomes invalid for
applications to the ionosphere, since. below
about 100 eV an electron can lose an appreci-
able fraction of its energy in a single colilision.
Thus it is seen that the Fokker-Planck -
equation cannot be used as a universal tool
to describe the interaction of electrons in the
ionosphere-magnetosphere system.
Fortunately, the transport equation (6a)
does not suffer from these limitations. It
treats inelastic excitation and ionization

collisions in a discrete rather than a con--

tinuous manner and applies:equally well in
a fully ionized plasma as in a weakly ionized
gas. This observation implies that a unified
treatment of electron transport and ther-
malization based on eq. (6a) is possible that
properly describes all relevant collisional
interactions (except for wave-particle inter-
actions) with the plasma inside a magnetic
field tube connecting conjugate hemis-~
pheres. The virtue of this fransport equation
formulation to the ionosphere/magnefo- -
sphere coupling problem is that it includes
the essential physical processes but entirely

- avoids the tedious book-keeping procedures

inherent in previous hybrid approaches by
Mantas et al. (1978) and Lejeune (1979b) in
which a transport equation formulation for
the ionospheres is combined with results
from a Fokker-Planck formulation for the
plasmasphere. =

3. METHOD QF SOLUTION

Prior to seeking solutions to eq. (6a), it is
convenient to introduce the dimensionless
scattering depth, ©(E, z), to replace the geo-
metric altitude, z, as the independent vari-
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and (23b) to yield a second-order differential
equation for I~ which is then solved subject
to suitable boundary conditions at the top
and the bottom of the atmosphere and with
appropriate internal sources (e.g. solar EUV

produced photoelectrons). The upward.

intensity is subsequently obtained by solving
eq. (23b) for I*.

For the 1nterhemlspher1c coupling prob-
lem it is awkward to apply boundary con-
ditions in terms of either I* or I". It is better
to rewrite eq. (23) in terms-of the flux and
- mean intensity defined previously, egs. (25)
and (26), as follows:

dF - .
T-X(1-ol-2XF-XQ  (1a)
dI
P X(1-w+ Zwﬁ)F/,u
+1X(C, — Cl/i — XQp/? (31b)
where

Q=Q"+Q7;Qr=a(Q* - Q™).

Elimination of I from (31) leads to a
second-order differential equation for the
flux, F, which is solved subject to homo-
geneous boundary conditions at the bottom
of the atmosphere in both hemispheres.
Physically this zero flux condition implies
that there is no net flow of energy through a
cross sectional area perpendicular to the flux
tube at both ends of the field line. Once a
solution to F is determined, the mean inten-
sity is obtained by solving eq. (31a) for I.
The pumerical aspects of the solution to
equations like (23) or (31) are discussed in
-detail by Stamnes (1981b) and will not be
repeated here.

4. PHASE FUNCTION. AND BACKSCATTER
RATIO |

From an analogy w1th X—ray interaction with
matter, the elastic cross section for scattering

of electrons by atoms may be written (Mott

1930) as
o.(6) = If(9)l2

where 6 is the scattering angle and the scat-
tering amplitude, £(8), is

(32

87°m,
h2

* sin yr

0

f(0) =

V(r) dr. (33)

h is Planck’s constant, m, the electron mass,
y=4msin(6/2)/A, and A is the de Broglie
wavelength of the electron. Born’s assump-

‘tion that the incident wave is only slightly
- disturbed inside the atom, has been invoked

to arrive-at eq. (33). The well-known diver-
gence of eq. (33) for long-range potentlals
V(r) ~ 1/ can be avoided by usmg

R e
viy - E oo, G0
where the exponential factor accounts for
the fact that the atomic nucleus is effectively
screened by its surrounding electron cloud so
that beyond a distance, r;, the atom appears
essentially neutral to an approaching fast
electron. For a neutral gas the appropriate
screening distance is about one Bohr radius,
while fot a plasma 1, ~ A, where Ap is the
Debye length. Using egs. (34) and (33) one

finds o2
e ,
t(6) = pv[l +2e6—cos 8] (35)
and consequently
o,(E, ) = [£(6)|*
724
° (36)

2v2(1 4 2 — cos 6)2

which is a screened Coulomb or Rutherford
cross section. In the limit of no screening
(i.e. as €= 0 or r;— =) eq. (36) reduces to
Rutherford’s formula, which can be obtained
either from classical mechanics or from quan-

tum mechanics in the Born approximation.



The screening parameter, &, is given by

A \2 1
2e= (an) =§

where S = (27r,)/A is the ratio of the. ‘cir-
cumference’ of the atom to the incoming
electron wavelength and may be referred to
as the ‘size parameter’ in analogy with light
scattering by particulate matter. For elec-
trons in the keV range, this size parameter
is large and it increases with increasing
energy. As in the case of light scattering by
particulate matter, this increase of the size
parameter with energy qualitatively explains

(7)

why for electron scattering by atoms the

‘scattering cross section becomes increasingly
peaked in the forward direction with increas-
ing energy. | '

The total elastic cross section is obtained
from eq. (26) as

o, (B) = f o.(E, 8)dcos &
0

_ (Ze2)2 1
“\vp/ 4e(1+ 9
and the corresponding phase function
becomes
pc(cos 8) = o, (E, 8)/0.(E)

B 4e(1 + €)
T [1+2e—cos 8]*

(38)

(39)

For electron scattering with neutrals, the
screening parameter varies smoothly with
energy from 102 at 1 keV to 10™* at 100 ke V.
For energies below 1keV, £ may be deter-
- mined by comparing the probability for scat-
tering more than 90° based on eq. (39) with
the more accurate value given by Wedde and
Strand (1974) (cf.-Stamnes 1981a for details).

In order to use eq. (39) also for Coulomb
collisions with ions it is necessary to relate
the screening parameter, g, to appropriate

plasma parameters. This can be done by
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requiring -

® do
L (1 +2g —cos 8)%

[F 48 40
mL_(l—cosB)z- (40)
where 0, is the minimum s-cattering a—l_;l_gk:
given by (Longmire 1963, Montgomery &
Tidman 1964, Krall & Trivelpiece 1973)

Oruin = 2/A (41)

and A= 3(kT,)**/e*(4mm, )/ is the argu-
ment of the so-called Coulomb logarithm. T,
is the plasma temperature and n, its density."

Evaluating both sides of eq. (40) we find -

F - de
o (1+2¢& —cos 8)?

g1+ &) /e (42)
n do
L (1 —cos ) "
2 2.71: =
Thus,
Omia -

may be used to evaluate the screening pai-
ameter for electron-plasma interactions.
Finally, the phase function obtained from
eq. (39) is (Strickland et al. 1976, Stamnes
1980) ' -

1 2n
plu, 1) =5~ f pc(cos 6) d¢
- "0

- 4e(1+ )(1 + 2 — p')
A+ 2y - Q- - EL
- (45)
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and the backscatter ratio becomes simply
(Stamnes 1981a)

1 1 1
=3 f dy’ f dup(p, —u')
0

o

=[e(l + g)]? ~ . - (46)

5. CONCLUSION

A unified theory of interhemispheric elec-
tron transport
developed. It is shown that all relevant neu-
tral gas and plasma collisional interactions
with energetic electrons as well as magnetic
mirroring effects taking place in a geo-
- magnetic field tube connecting conjugate

hemispheres can be adequately described by

an electron transport equation derivable

from the electron continuity equation.

Suprathermal electron collisions with ambi-
ent electrons are assumed to result in energy
loss (treated in the continuous slowing down
approximation) but no deflections, whereas
collisions with the much heavier ions are
assumed to lead to scattering in angle only
(i.e. no energy loss). The scattering in angle
is described by a screened Rutherford cross

“section and the screening parameter, g, for
electron-ion collisions is estimated as g = 1/
A, where A is the argument of the so-called
Coulomb logarithm.

A detailed solution to the transport
equation including the magnetic mirroring
term is provided in the two-stream approxi-
mation. These two coupled equations are
written in terms of the electron flux and
mean intensity and must be solved subject
to a zero flux (i.e. no net energy flow) con-

dition at the end of the field line in both

ionospheres.
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