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GEOPRYS ICAL PREDICTIONS: SUN-WEATHER

by

John N. Wilcox
Institute for Plasma Research

Stanford University
Stanford , C~iljfornia 94305

I .  Summary

Much of the flavor of sun-weather investigations at the present

time is caught in an exchange that occurred at a meeting of the Royal

Astronomical Society at Exeter in March 1975 (Royal Astronomical Society,

1975):

D.R . Davies : ‘jam very sceptical of this Sun—weather business .
One needs to be very care fu l  in the interpretat ion
of the sort of statistics used by King . It is no
good saying there are correlations without suggesting
realistic mechanisms.’

J.W. King : ‘That is just the sort of reaction I have come to
expect from some professional meteorologists. There
is little doubt that the correlations are real . Even
if meteorologists refuse to research possible mech-
anisms , geophysicists surely will .’

For well over one hundred years some geophysicists have been

attempting to convince meteorologists that the changing sun may cause

changes in our weather and climate . We must define what we mean by
“changing sun”. Everyone agrees that the almost—constant radiant energy

at visible wave lengths drives the weather machine , and indeed is the

ultimate energy source for almost all activities on earth . On the other

hand , the possibility that changes in the sun may cause changes in weather

and climate has been a controversial and sometimes emotional issue .

L
Several decades ago the “changing sun” in this context would have

H • meant small changes in the radiant energy output of the sun (the so-called

solar constant). Charles Greeley Abbot , the former secretary of theL 
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Smithsonian Institution , devoted m uch of his life to this question . He
lived to the age of 101 years , and a few months before h is  death In 1974

he addressed a Symposium on this subject at Goddard Space Flight (‘enter

Nowadays , we can consider some other aspects of the ‘changing sun”

that may influence weather and climate . A solar wind flows out away from

the sun in all directions , carrying with it the sum ’s magnetic field and

taking about four days to reach the earth. Large solar flares can send

shock waves out into the solar wind that reach the earth in one or two

days . These shock waves , and also some quasi-stationary structures in

the solar wind considerably influence the intensity at Earth of cosmic

rays from the galaxy and of high energy protons and electrons from the

sun .

The rotation per iod of the sun as seen from the earth is about
27 days . Observations show that at least in certain wave lengths, such as

the ultraviolet ,the intensity of the solar radiation received at earth

varies with a 27—day period , corresponding to the presence of quasi-

stationary large—scale structures on the sun . These solar structures are
the source of s imilar  structures in the solar wind which are known to
i n f l u e nce several terrestrial effects , such as radio communication outages ,
power l ine outages , and high radiation levels at airplanes and spacecraft .

The subject of this chapter is the question of whether one (or
perhaps several)  of these aspects of the ”changing sun ” may influence weather

and c l imate  on Earth . The si ze of such an influence , if indeed one exists ,
could be anywhere from a real but very small influence whose practical
importance might lie mainly  in improving our understanding of meteorological
processes , to a substantial influence that  might have direct significance
fo r forecasting . Much additional work will  be needed to establish a f i rm
answer to these questions .

LI

1 1 .

2



I I .  The Scientific Problem

The principa l scientific problem at the present t ime is to
es tablish the reality, or lack the reof, of sun-weather influences . As

the reality becomes more likely increasing numbers of scientis ts  and
increasing amounts of support are involved with the investigations .

A comprehensive description of observational and theoretical

investigations is available in the Proceedings of a Symposium on Possible

Relationships Between Solar Activity and Meteorological Phenomena held

at Goddard Space Flight Center in November 1973 (Bandeen and Maran, 1975)
and in two recent reviews by King (1975 ) and by Wil cox ( 1975) . I wi l l

not attempt a further review of these reviews and symposium proceedings ,
but rather refer the interested reader to them for technical details . I
will concentrate on a discussion of the reali ty of the sun—weather in-
vestigation with which I am most familiar , and will supplement this dis-

cussion with some recent results that became available af ter  the reviews
and proceedings were published .

A. Some Recent Work
I wi l l  f i rst describe (excerpted from Wilcox , 1976 ) some recent work

involving the cooperative ef for t s  of several scientists at several inst i tu—

t ions . For a decade or more W .O , Roberts at the National  Center for Atmospher ic

Research and the Univers i ty  of Colorado in Boulder has been a leading American

worker on the subject of sun—weather interactions . Some recent work by Roberts

and Ol son (1973a , b) studied days on which geomagnetic ac t iv i ty  had a sizeable

increase , which was assumed to have a solar cause . They also studied the

his tory of low—pressure troughs (cyclones ) from the Gulf of Alaska as they

h I moved across the continental United States , and found the troughs associated
$ with geomagnetic act ivi ty  were significantly larger on the average than

troughs associated wi th  intervals of quiet geomagnetic conditions . The

vort ic i ty  area index , a measure of the size of low-pressure troughs devised

by Roberts and Olson , has been used in several subsequent investigations .

3
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A low—p ressure t rough is a large rotary wind system , havi ng a

diameter of a few thousand kilometers , that is usually associated w i t h

clouds , rain , or snow . Although the formation and structure of low—

pressure troughs have been studied in some detail , it is not possible in

general to predict the t ime and place at which a trough will form . This

is one reason why the skill in short—range weather prediction becomes small

(that is, little better than a prediction of average properties) within two

or three days (Leith, 1975). The vorticity area index devised by Roberts

and Olson can be computed from maps of the height of constant-pressure

(300—mbar) surfaces by using the geost~ophic wind approx imation . These

maps are prepared twice a day , at 0 and at 12 universal time (U.T.), by

the National Weather Service . The circulation of the air mass in a trough

is defined as the line integral of the velocity of the air around a closed

path. Vorticity is defined as the circulation per unit area . In our use of

the vorticity area index , it is computed for the portion of the Northern

Hemisphere north of 20°!4. The index is now defined as the sum of all areas

in which the vorticity exceeds a certain threshold , which is chosen so that

all well-formed troughs are included . Once the threshold level (2OxlO
5sec ’

in our work) has been chosen , the computation of the vorticity area index is

completely objective.

The results of the investigations to be described in this chapter

will be presented in terms of graphs in which the meteorological input to

the investigation is plotted on the ordinate and the solar input is plotted

on the abscissa . The meteorological i nput is the vorticity area index just

described . Now we must consider what the solar input will be.

Roberts and Olson (l973a , b) assumed that the increase in geomagnetic

act ivi ty  used in their anal ysis were caused by the changing sun . This

assumption was challenged by Hines (1973) , who suggested that some geo-

magnetic activity may be caused by current systems induced by motions of

the lower atmosphere. To the extent that this assumption is correct , the

assumed chain “sun ..—, geomagnetic increase _,weather change” would be replaced

by a “weather change _~geomagnetic activity.—~weather change
’.~ In my opinion

such an influence on the investigations of Roberts and Olson (1973a ,b) can

4
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probably be neglected . Nevertheless , it is clearly an ath’antage in th is

situation if a structure that is clearly of solar origin can be used for  the

solar input in the investigation .

For this purpose we consider the solar sector structure , which is a

fundamental large—scale property of the sun . A description of several solar ,

interplanetary , and terrestrial properties of this structure is available
(Wilcox, 1968). The structure is readily perceived in observations by space-

craf t  magnetometers of the interplanetary  magnet ic f ield that  is swept past

the earth by the solar wind . For several consecutive days this interplanetary

field will be observed to have a polarity directed away from the sun . For the

next several days it will be observed to have a polarity directed toward the

sun . These two sectors are separated by a thin boundary that typically is

swept past the earth during an interval measured in tens of minutes .

In the investigations described here , the t ime at which a sector

boundary is observed to sweep past the earth is used as a zero phase

reference . This sharply defined time is very convenient for the analys is ,

but it must be emphasized that the sector boundary itself is probably not
an important influence on the weather . Furthermore , the large-scale sector

pattern of~~~ interplanetary magnet ic f ield (and assoc iated st ruc tu res in the

solar wind) is not necessarily a physical influence on the weather. The solar

influence (if there is one) described in this chapter could be related to

variations in the solar ultraviolet emission in the solar “constant ’,~ in

some manifestation of the changing solar magnetic field such as energetic

particle emission , in an influence of the extended solar magnetic field on

galact ic cosmic rays inc ident at the earth , or In some other unknown factor.

In any event , the extended solar sector structure as observed with spacecraft

in the interplanetary magnetic field near the earth is clearly a solar

structure that is not influenced by terrestrial weather. We now cons ider

further the possibility that some aspect of the solar structure may influence

the weather.

5
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B . Ex tens ion of Ear l ier I nvestigat ions

Our group at Stanford joined forces with Roberts and Olson to extend

their or ig inal invest igations . The firs t results (Wih’~ x et al ., 1973 , P171)

of this collaboration are shown in Figure 1, where the

average change in the vorticity area index is plett”d

against days from sector boundary as the sector structure Is swept past the

ear th  by the solar wind . Day zero represents the time at which a sector

boundary passed the earth . We see in Figure 1 that on the average the

vorticity area index reaches a minimum approximately one day after the

boundary passage . ‘t -
~ ampl itude of the effect  from the minim um to the

adjacent maximum is about 10 percent . When we consider that weather

usually consists of relatively small changes about climate (the average

propert ies) , this represents a sizeable and important change . I repeat

the warn ing that the sector boundary passage , although very convenient as

a precise t iming mark , almost surely does not have an important physical

influence on the weather . The large-scale sector in the interplanetary

magnetic field also may not have a direct causal influence on the weather ,

but may me rely delineate some solar structure that does. Figure 1 is com-

puted for 300 mbar , but similar results are found for 200, 500, and 700 mbar.

The result shown in FIgure 1 is prominent only during the winter

months (Wilcox et al ., 1975). This may be related to the

fact that this is the season in which the equator—to—pole temperature

difference are the largest , produc ing the largest stresses on the ear th ’s

atmospher ic circulat ion .

C. Significance and Reality of the Results

The original work shown in Figure 1 used 54 sector boundary

crossing times observed with spacecraft orbiting the earth . The evidence

for the significance and reality of the claimed effect rested on the size

of the standard error of the mean (the error bar shown in Figure 1) and

on the result shown in Figure 2 that the effect persisted when the list of

boundaries used in Figure 1. was divided into two parts according to (a)

the magnetic polarity change at the boundary , (b) the first or last half} of the winter , and (c) the yearly intervals 1964 to 1966 and 1967 to 1970.

6
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There has been some discussion of the appropriate way to compu te  the

error bar In Figure 1 We feel that the correct methxI was used , but

in any  case we describe some independent tests of reality .

A further test of significance is to inquire if the effect persi!~s

in new observations (Wilcox et al ., 1976). Figure 3a

shows our or iginal analys is , while Figure 3b shows the same analysis performed

with a l ist of 81 new boundary passage t imes , none of which are included in

the analysis of Figure 3a. The new boundary passage times used in Figure 3b

were obtained by increasing the interval examined to 1963 to 1973, and by
supplementing spacecraft observations of the interplanetary magnetic field

polarity with inferred polarities of the interplanetary f ield obta ined from
analys is of polar geomagnetic variations (Svalgaard 1972, 1973 , 1975; Wilcox 1972).

The most important test of the signif icance of the resu l ts claimed
in Figure 1 was made by Hines and Halevy (1975), who stated , “Reports of

short-term Sun-weather correlations have been greeted with skepticism by

many’: They subjected the data used in preparing Figure 1 to a variety of

statistical tests and requested the analysis of new data shown in Figure 3.

They concluded that “We f ind ourselves obl iged , however , to accept the

validity of the claim by Wilcox et al., and to seek a physical explanation’:

What does one conclude from all of the above? The results of the

past century suggest that a certain caution would be very appropriate .

The one statement that I would make with complete conviction is that this

appears to be an interesting subject that should be vigorously pursued .

I f l . Societal Concerns , Need for Predictions and Prospects for Improvement

An understand ing of the physical mechanism(s) of an influence of

the changing sun on weather could well yield an improvement in the fore-

casting of climate , to the extent that  the factors  inf luenc ing cl imate

represent longer—term averages of the transient factors influencing weather .

We may come first to an understanding of the factors influencing weather

since in a given interval , say ten years , there are many more repetitions

of weather changes than of climate changes .

7

_ _ _ _ _ _ _  _ _ _  - ~~~~~~~~~~~~ -
— ~~-

-
_ - - -~~~~ --.—- .~~, -— - - ~~

. 
—w

~~ _ _ _



The needs of society for improved forecasting of weathe r and of

cl imate are obvious and do not need to  be examined in d ulil here . The

su ffering and deaths caused by recen t drou ghts in the Sahel and the lar~
international purch~~is of wheat following crop failures in the Suvict in j u

are recent examples.

We cannot quantify possible societal benefits from the understanding

of sun-weather effects until we are sure that such effects exist and we

underst and the magn itude of the effects . If sun—weather c’ffects turn out

to be rea l bu t of very sma ll magn i tude , the result ing inc rease in our

understand ing of meteorological processes may st ill improve fo recast ing of

weather and climate with the resulting societal benefits. If sun—weather

effects shouid turn out to have a significant magnitude then they may

become a direct part of such forecasting .

A . Comparison of Sun —_.~ Weather and Sun .—p Geomagnetic Activity

In trying to assess the status of sun-weather investigations at th

present time it is usefu l to compare with investigations of the influence

of the changing sun on geomagnetic activity, i.e. changes in the earth ’s

magnetic field on a time scale of tens of minutes . For about 100 ~- ear~
some geophysicists have been claiming that variations in

the earth ’s magnet ic field are caused by the changing sun .

In the early years this vie.vpoint was quite controversial . In his famous

Presidential Address in 1892 to the Royal Society , Lord Kelv in had some

f irm comments for such geophys icists . He cons idered the amount  of energy
involved in geomagnetic activity and concluded “Th is resu lt , it seems to

me , is absolutely conclusive against the supposition that terrestrial

magnetic storms are due to magnetic action of the sun ; or to any kind of

dynamical action taking place within the sun , or In connec tion with
hurricanes in his atmosphere , or anywhere near the sun outside .” (Kelvin ,
1892). In spite of these strictures some geophysicists and astronomers

proceeded with their investigations , and today it is universally accepted
that the changing sun is the cause of many variations in the earth ’s mag—

netic field . 

8
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B. Evaluation -i Sun —---, Weather at the Present Time

What  a re  the prospects fo r  improvement of our under s t and i ng of the

sun—weather situation in comparison to this description of the sun-geomagnetic

a c t i v i ty  s i t u a t i o n ?  Sun—weather inves t igat ions  are at  an ea r ly  point on the

t ine  scale of sun—geomagnetic a c t i v i ty  invest igat ions , perhaps not  long a f t e r

Lord Kelvin admonished the geophysicists afld astronomers . Does t h i s  then

mean that we will have to wait for 75 years unt il we can give a fairly

complete and concise summary of the physical conditions related to sun—

weather?  Almost  surely not , because spacecraft  and modern observat ional

and computat ional  tools have given us a much more powerful  handle on the

problem.

The meteorological system is much more complex than the geomagnetic

f ie ld . In meteorology we have to deal w i t h  many complex in te rna l  processes

and wi th  exchanges of energy wi th  large reservoirs such as the oceans . I f

t h i s  comp lex i ty  of the meteorological system prevents or at least delays

an understanding comparable to what we flow have of the s impler  geomagnetic

fie ld , ~t may s t i l l  be possible to u t i l i z e  correlat ions between the changing

sun and meteorolog ical phenomena on an empirical  basis , if such corre la t ions

can be shown to be real and of su f f i c i en t  magnitude . Of course an

understanding of the basic physical processes would be much more s a t i s f y i n g

from both the practical and the intellectual viewpoints .

A fu r ther important  po int to cons ider in the ana logy  between sun—

geomagnetic activity and sun-weather investigations is the quantitative way

in which the terrestrial system (the geomagnetic field or meteorological

processes) is described . The concise description of geomagnetic activity

became possible only when the classical and widely used index of geomagnetic

act i v i ty (Barteth index Kp) was set as ide and a newer and more descr ipt ive

index (Mayaud ’s index am) was used . There is no way in which this concise

description could have been obtained using the older index . Simi llrly,

it is not at all clear that present investigations of sun—weather effects

have used an optimum quantitative description a meteorological processes .

• Indeed , it is very l ikely tha t they have not . The search for the optimum

quantitative description of meteorological processes is one of the most

important parts of future sun-Weather investigations . Here we can take

heart in the improved possibilities offered by spacecraf t an d by mod ern
observational and computational techniques .

9

- -- ---- ------ .

~~~~~~~ 
.~~~~ ~~~~~~~~~~ . .‘



An important element in the prospects for improvement of sun-

weather investigations is the increasing number of s c ie nt i s t s  who ha’.’t’
become interested in this subject. This is both a cause and a result of

several recent symposia and organizational activities . A landm ark was
the sympos ium on “Possible Relationships Between Solar Activity and

Meteorological Phenomena ” held at Goddard Space Fligh t Center In

November 1973 (Bandeen and Maran, 1975). A joint meet ing on th is
subject was held by the American Meteorological Society and the Solar

Physics Division of the American Astronomical Society in January 1975

in Denver . A workshop “The Solar Constant and the Earth’s Atmosphere”

was held at Big Bear Solar Observatory in May 1975 (Zirin and Walter,

1975). A symposium on the subject was held at the General Assembly of

the International Union of Geodesy and Geophysics in Grenoble in August

1975.

The Special Committee for Solar Terrestrial Physics of the

In terna t iona l Counc il of Scient if ic Un ions has establ ished a work ing

group on Solar-Terrestrial Physics and Meteorology . A publ icat ion

“Solar-Terrestrial Physics and Meteorology : A Working Document”

including a selected bibliography, an address l ist of recent authors ,

selected k~.y dates and data , and selected contemporary reviews is avail-

able from the Special Committee for Solar—Terrestrial Physics, c o National

Acade my of Sciences , 2101 Constitution Avenue , Wash ington , D.C 20418. A

joint USA USSR Working Group on Influence of Solar Activity on Climate has

held several meet ings in the U .S.A . and U .S.S.R . The Nation~~ Aeronaut ics

and Space Administration has established an Advisory Committee on Sun—

Weather Investigations .

S.
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V.
IV. Recommendations

Since the view of an inter—discip linary committee may carry

greater weight than the view of an individual , this section is excerpted

from the Report (Sturrock et al., 1976) of a Committee to advise NAS~\

Headquarters on the Relationship Between Solar Activity and Terrestrial

Weather:

1. We have studied the literature and we conclude that there is a

pr ima fa cie case for in fluence of the sun on terrestrial weather on a
time scale of a few days .

2. We advocate a careful and extended statistical study of selected

ind icators of solar and terrestrial phenomena with a v iew of (a)  confir m ing

or disproving the present apparent relationship; (b) determining the reality

or otherwise of proposed 11-yea r and 22-year associations ; and (c) searching

for a causal chain responsible for any such association .

3. We advocate a program of theoretical research with a view io

searching for possible causal chains between the sun and the earth ’s

lower atmosphere and examining proposals in terms of physical processes
and meteorological models .

Concerning recommendation 2(a) above , we suggest that there be a
stud y of the morphology of the apparent influence of the solar and inter-

planetary sector structure on the vorticity area index , tropospheric vari-

at ions , the zonal index and other meteorological variables . In addition ,

high priority should be given to completely new studies (hopefully involving

different variables and different methods of analysis and possibly di f f e ren t
scientists) which may either confirm or negate the results of recent studies .

The composition of the Committee is as follows : Guenter E . Brueckner ,

Naval Research Laboratory ; Robert E. Dickinson , National Center for
a.

Atmospheric Research ; Norihiko Fukuta , University of Denver; Louis J.

Lanzerotti , Bell Laboratories; Richard S. Lindzen , Harvard University ;

Chung G . Park, Stanford University ; Peter A . Sturrock , Stanford University,
• • Chairman ; and John M. Wilcox , Stanford Universi ty .

11
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Concerning item 2(c) above , the Commit tee recommends searchi ng

for correlations between pairs of variables listed in Table 1, as

exemplified by the questions listed in Table 2. Some of the questions

listed in Table 2 are susceptible also to theoretical analysis and to

model anal ys is , and are therefore specific examples of the general point

made in recommendation 3 above .

TAILL 1

VANIA NI.I~S Pi ll S IFiI.Y $U1.EVN~T TO CAUSAL CUAIN

—— • ________ - -.  I&I..ATI~~ NI SUN TO TERRESTRIAL WEANER 
_______ _______

INTUPI.ANETAIY
SUN MEDIUM $fr.G~SETOS PH E RZ I ONOSPI IRE GROUND LEVEL

SOLAR WIND SPUD, TRAPPW PAIT IQ.E SIZE OF MJP.ORAL RA I NFALL
DENSITY . TEMPERA- DISTRIIuT IONS ELECTROJIT
TUNE . CONPOSITION (A1 I~~~IZ)

SUN SPOT RUNNE R M~~~ctIC FIELDS ii (h) WINDS . GR(~3I~~
W INDS ~OO .b

• I1.ARE ACTIVITY PARTICLE ?LW TOTAL ELECTRON PRESSURE
(Im.A*. GALADYIC) CONTENT

— 
LARGE SCALE THUNDER STOPIS

MAGI
~~

TIC FIELDS (CL0IAL )

10 c. RADIO ELECTRIC FIELDS
Dfl$$I~~ MAGNETIC ?ILL DS

CL~~~ OUVU

OZONE CONTENT

___________________ __________________ __________________ __________________ ThEE II~~ ~ TRTOIY
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4 .

I
TAILS 2

OUTITAIPI INC QUESTIONS

A PRIOSITY

I .  RELATION OF IOIPIS PW ER I C AND GROUND-LEVEl. ELECTRIC YIELDS (0, T)

2. IONIZATION OF STRATOSPNERE ‘ALACTIC COSMIC RAYS (s, T)

3. OSANGE OF COImUCTIVITY CF ATNOSPISEIZ VS COSMIC RAT ftuZ (D , T)

I.. EFFECT Of ULTRAVIOLET Aim CNA~~C)-PA1TICtE FWXES ON OZONE AND
NITRIC OXIDE (0. N)

5. EFFECT Of OZONE AND NITRIC OXIDE ON CL IMATE ImOILS (T , K)
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Figure 1 Average response of the vorticity area index (the area of

all the low pressure troughs in the northern hemisphere)

about times when solar magnetic sector boundaries were

carried past the earth by the solar wind . Sector boundaries

were carried pest the earth by the solar wind on day 0. The

analysis includes 54 boundaries during the winter months

November to March in the years 1964 to 1970. The standard

error of the mean (error bar) was calculated after sub-

tracting a 27—day mean centered on each sector boundary ,

to remove long-term trends. The deviations corresponding

to the individual boundaries are consistent with a normal

distribution about the mean.

Figure 2 Same format as Figure 1; the list of boundaries used in
Figure 1 was divided into two parts according to (a) the
magnetic polarity change at the boundary , (b) the first
or 1kst }talf~of the-w inter , and (c) the yearly intervals

1984 to 1966 and 1967 to 1970 (a)  The dotted curve re-
presents 24 boundaries in which the interplanetary mag-

• netic field polarity changed from toward the sun to away
and the dashed curve 29 boundaries in which the polarity
changed from away to toward . (b) The dotted curve re-
presents 31 boundaries in the interval 1 November to 15
January, and the dashed curve 22 boundaries in the inter-
val 16 January to 31 March . (c) The dotted curve repre-
sents 26 boundaries in the interval 1964 to 1966, and the
dashed curve 27 boundaries in the interval 1967 to 1970.
The curves have been arbitrar il y displaced in the vertical
direction , but the scale of the ordinate is the same as In
Figure 1~ tha t is , each interval ii 5 x lO5km 2.
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Figure 3 Same format as Figure 1; for (a) 50 of the boundaries
used in the original work , and (b) 81 new boundary
passages not included in the original analysis .
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