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ABSTRACT. The v a r i a b i l i t y in the e a r t h ' s r o t a t i o n r a t e no t due to known 
s o l i d body t i d e s i s dominated on time s c a l e s o f about four years and 
l e s s by v a r i a t i o n s in g l o b a l atmospheric angular momentum (Μ), as 
d e r i v e d from the zona l wind d i s t r i b u t i o n . Among fea tu res seen in the 
l eng th o f day ( A l . o . d . ) r e c o r d produced by a tmospher ic f o r c i n g are the 
s t rong seasona l c y c l e , q u a s i - p e r i o d i c f l u c t u a t i o n s around 40-50 days, 
and an in terannual s i g n a l f o r c e d by a s t rong P a c i f i c warming event , 
known as the El Nino. Momentum v a r i a t i o n s a s s o c i a t e d wi th these time 
s c a l e s a r i s e i n d i f f e r e n t l a t i t u d i n a l r e g i o n s . Furthermore, winds in 
the s t r a t o s p h e r e make a p a r t i c u l a r l y important c o n t r i b u t i o n to seasonal 
v a r i a b i l i t y . 

Other r e l a t e d t o p i c s d i s c u s s e d here are ( i ) comparisons o f the M 
s e r i e s from wind f i e l d s produced a t d i f f e r e n t weather c e n t e r s , ( i i ) the 
to rques that dynamical ly l i n k the atmosphere and ear th , and 
( i i i ) l onge r - t e rm non-atmospheric e f f e c t s that can be seen upon removal 
o f the atmospheric s i g n a l . An i n t e r e s t i n g a p p l i c a t i o n f o r 
c l i m a t o l o g i c a l purposes i s the use o f h i s t o r i c a l ear th r o t a t i o n s e r i e s 
as a p roxy f o r atmospheric wind v a r i a b i l i t y p r i o r to the era o f upper-
a i r da ta . L a s t l y , r e s u l t s p e r t a i n i n g to the r o l e o f atmospheric 
p res su re systems in e x c i t i n g rap id p o l a r motion are p resen ted . 

1. INTRODUCTION 

The e a r t h ' s v a r i a b l e r o t a t i o n ra te and p o l a r motion have been measured 
a c c u r a t e l y in r ecen t years by a number o f t echn iques , i n c l u d i n g VLBI. 
Such o b s e r v a t i o n s have been accompanied by renewed i n t e r e s t in the 
g e o p h y s i c a l causes o f these v a r i a t i o n s , i n c l u d i n g those o r i g i n a t i n g 
w i t h i n atmospheric winds and pressure systems. E a r l i e r reviews o f the 
s u b j e c t by Münk and Macdonald (1960) and Lambeck (1980) p o i n t e d to the 
atmosphere f o r exp lana t ions o f the observed seasona l v a r i a b i l i t y in 
ear th r o t a t i o n . With the advent o f modern atmospheric data in 
combina t ion wi th new g e o d e t i c data s e t s , s t u d i e s o f the earth/atmosphere 
momentum budget have become p o s s i b l e on a much f i n e r time s c a l e . At 
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o p e r a t i o n a l agenc ies such as the U.S. Nat ional M e t e o r o l o g i c a l Center 
(NMC) and the European Centre f o r Medium Range Weather Forecas t s (ECMWF) 
r e g u l a r l y g r idded atmospheric ana ly s i s f i e l d s are produced on a tw ice -
d a i l y b a s i s as a by -p roduc t o f t h e i r weather f o r e c a s t i n g mis s ion ; 
fur thermore, these f i e l d s have been determined t o be s u f f i c i e n t l y 
accura t e f o r g e o d e t i c a p p l i c a t i o n s . 

Recent s t ud i e s have demonstrated that the expec ted p r o p o r t i o n a l i t y 
between changes, i n the l eng th o f day ( A l . o . d . ) no t due to known t i d e s 
and changes in g l o b a l atmospheric angular momentum (M) e x i s t s on time 
s c a l e s o f l e s s than a few years (Hide e t a l . , 1980; Rosen and S a l s t e i n , 
1 9 8 3 ) . Thus many o f the v a r i a t i o n s found in the e a r t h ' s r o t a t i o n are 
due t o phenomena o f m e t e o r o l o g i c a l o r i g i n . In a d d i t i o n , the atmosphere 
appears to p l ay a r o l e in the e x c i t a t i o n o f p o l a r mot ion , due l a r g e l y to 
s h i f t s o f mass a s s o c i a t e d with pressure systems. 

M 2 " 
2 

[u] c o s φ άφ dp 

where a i s the mean radius o f the ear th ( 6 . 3 7 χ lO^m), g i s the 
a c c e l e r a t i o n due to g r a v i t y ( 9 . 8 1 m s" ) , φ i s l a t i t u d e , ρ i s pressure 
and [u] the zona l mean zona l (eastward) wind. In c a l c u l a t i o n s o f M, the 
v e r t i c a l ex t en t o f the pressure i n t e g r a t i o n has v a r i e d in d i f f e r e n t data 
s e t s . The most complete data s e t has i n c o r p o r a t e d l e v e l s between the 
the 1000 and the 1 mb l e v e l , o r 99.9% o f the atmosphere. Since [u] 
va lues are no t r o u t i n e l y a v a i l a b l e h igher than 100 or 50 mb, winds at 
the h igh s t r a t o s p h e r i c l e v e l s r equ i r ed s p e c i a l p r o c e s s i n g . 

Figure 1 shows the s t r i k i n g agreement between M and A l . o . d . s e r i e s 
f o r a f ou r -yea r p e r i o d . Evident in bo th s e r i e s i s the s t rong seasonal 
c y c l e ; indeed the angular momentum o f the atmosphere v a r i e s by nea r ly a 
f a c t o r o f two between i t s minimum in July/August and i t s maximum in 
January/February. The annual s i g n a l i s l a r g e l y d r iven by a summer to 
win te r c o n t r a s t i n t r o p o s p h e r i c zona l winds which are g rea t e r in the 
Northern Hemisphere than in the Southern Hemisphere. A semiannual 
s i g n a l i s a l s o p re sen t , r e l a t e d in par t to the p resence o f that 
f requency in the t r o p i c a l s t r a tosphe re (Rosen and S a l s t e i n , 1 9 8 5 ) . 

whole atmosphere 

2 . TEMPORAL VARIABILITY IN M AND AL.O.D. 

I f the s o l i d ear th and the atmosphere form a two-body c l o s e d dynamical 
system, then changes in the momentum about the p o l a r a x i s o f one 
component must be matched by equa l , but o p p o s i t e changes in the momentum 
o f the o t h e r . Based on t h i s s imple model , Rosen and S a l s t e i n (1983) 
d e r i v e d the f o l l o w i n g l i n e a r r e l a t i o n s h i p between ΔΜ and A l . o . d . : 

2 -1 
where A l . o . d . i s i n un i t s o f seconds and ΔΜ i s in kg m s . The 
quan t i ty M i s g iven by the f o l l o w i n g e x p r e s s i o n : 
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A T M O S P H E R I C A N G U L A R M O M E N T U M V S . L E N G T H O F D A Y 

τ j T T 1 1 j 1 1 1 j 1.2 

I« 1980 >\< 1981 H« 1982 H< 1983 • ! 

Fig. 1 Time s e r i e s o f d a i l y va lues o f atmospheric angular momentum 
between 1000 and 1 mb ( s o l i d l i n e ; s c a l e on l e f t ) and three-day means o f 
changes i n A l . o . d . , minus t i d a l terms. The atmospheric s e r i e s i s based 
on NMC ana lyses f o r 1000-100 mb PLUS those ob ta ined f o r 100-1 mb as 
d e s c r i b e d by Rosen and S a l s t e i n ( 1 9 8 5 ) . The A l . o . d . s e r i e s was produced 
by Morgan e t a l . ( 1 9 8 5 ) . The mean va lue o f each s e r i e s has been 
removed. 

A T M O S P H E R I C A N G U L A R M O M E N T U M , N M C - E C 

Fig. 2 The d i f f e r e n c e between time s e r i e s o f d a i l y va lues o f M from the 
NMC and ECMWF ana lyses . Values are i n t e g r a t e d between 1000 and 50 mb. 
The dashed l i n e i n d i c a t e s the r . m . s . d i f f e r e n c e between the two s e r i e s . 
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Another p e r v a s i v e fea tu re in the curves o f F ig . 1 a r i s e s from the 
q u a s i - p e r i o d i c f l u c t u a t i o n s in the atmosphere wi th p e r i o d s o f around 40-
50 days (Langley e t a l . , 1 9 8 1 ) . These f l u c t u a t i o n s are the t o p i c o f 
c o n s i d e r a b l e m e t e o r o l o g i c a l study and appear t o a r i s e in the t r o p i c a l 
band, p o s s i b l y r e l a t e d t o c o n v e c t i v e a c t i v i t y (Madden and Ju l i an , 
1 9 7 2 ) . Furthermore, ev idence e x i s t s f o r the p ropaga t ion o f these 
f ea tu res i n t o mid l a t i t ude r e g i o n s (Anderson and Rosen, 1 9 8 3 ) . 

A t h i r d fea tu re o f i n t e r e s t i s the in terannual v a r i a b i l i t y in M and 
A l . o . d . , and in p a r t i c u l a r the peak during e a r l y 1983 that was r e l a t e d 
by Rosen e t a l . (1984) to the s t rong P a c i f i c Ocean warming event known 
as the El Nino. Such events are par t o f one phase o f the l a r g e - s c a l e 
Southern O s c i l l a t i o n , a s h i f t i n g o f atmospheric mass a c r o s s the breadth 
o f the P a c i f i c Ocean wi th an i r r e g u l a r p e r i o d o f s e v e r a l y e a r s . During 
the 1983 El Nino the w e s t e r l y winds in m i d - l a t i t u d e s were observed to be 
e x c e p t i o n a l l y s t rong and the t r o p i c a l e a s t e r l i e s weaker than normal; the 
s t rong peak in M was the r e s u l t . A c o r r e l a t i o n between El Nino/Southern 
O s c i l l a t i o n (ENSO) events and the e a r t h ' s r o t a t i o n ra te has been 
obse rved bo th over the pas t three decades by Chao (1984) and over a 
cen tury and a quar ter us ing h i s t o r i c a l data by S a l s t e i n and Rosen 
( 1 9 8 6 ) . 

3. CALCULATION AND COMPARISON OF M SERIES FROM THE WEATHER CENTERS 

The complex system in p l a c e a t the NMC (Dey and Morone, 1985) i s s imi l a r 
t o that found a t o the r major weather c e n t e r s . M e t e o r o l o g i c a l f i e l d s are 
produced on a 2 - 1 / 2 ° χ 2 - 1 / 2 ° l a t i t u d e - l o n g i t u d e g r i d a t 12 l e v e l s in 
the v e r t i c a l by a s s i m i l a t i n g a l a rge c o l l e c t i o n o f unequal ly spaced 
weather o b s e r v a t i o n s every 12 hours . This a n a l y s i s procedure can a l s o 
i n c o r p o r a t e va lues f o r e c a s t e d by the numerical p r e d i c t i o n model and i t 
weights them h e a v i l y in da ta-sparse a reas . The analyzed f i e l d s are 
fu r ther p r o c e s s e d t o reduce n o i s e o f n o n - m e t e o r o l o g i c a l o r i g i n . 

Because the systems r equ i r e a number o f complex s t eps to produce 
the zona l wind f i e l d , used to c a l c u l a t e M, an es t imate o f the e r r o r in M 
can be ach ieved by comparing the s e r i e s from a number o f weather cen te r s 
(Rosen and S a l s t e i n , 1 9 8 7 ) . A s i x - y e a r M d i f f e r e n c e p l o t between the 
NMC and the ECMWF i s shown in F ig . 2; the r o o t mean square ( r . m . s . ) 
d i f f e r e n c e between the two s e r i e s i s 5.4 χ 10 kg m s" , equ iva l en t to 
0 .091 ms in A l . o . d . u n i t s . This r e l a t i v e l y small e r r o r in the ana lys i s 
o f M i s comparable t o that be ing ach ieved in r e l a t i n g M to measurements 
o f A l . o . d . 

4 . DISTRIBUTION OF ANGULAR MOMENTUM VARIABILITY WITHIN THE ATMOSPHERE 

To study r e g i o n a l c o n t r i b u t i o n s to the t o t a l v a r i a b i l i t y in angular 
momentum, we have subd iv ided the atmosphere i n t o a s e t o f 46 equal -area 
l a t i t u d i n a l b e l t s . In each b e l t the 10 year s e r i e s o f angular momentum 
was c a l c u l a t e d from zona l winds and separa ted i n t o three broad frequency 
bands: in te rannual , s ea sona l , and h igh f requency . The cova r i ance o f 
these s e r i e s wi th the g l o b a l M s e r i e s , a l s o s i m i l a r l y separa ted in 
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f requency , was c a l c u l a t e d , so that a t each f requency the sum o f the 46 
c o v a r i a n c e va lues y i e l d s the t o t a l va r i ance in M. The r e s u l t s are 
d i s p l a y e d in F ig . 3. 

This f i g u r e d e p i c t s the s t rong o u t - o f - p h a s e seasona l s i g n a l o f the 
s u b t r o p i c a l j e t streams o f the two hemispheres , wi th a s t ronge r c y c l e in 
the Northern Hemisphere. Both the h igh f requency and interannual 
s i g n a l s are r e l a t i v e l y even ly c o n t r i b u t e d by the whole r e g i o n between 
30°S and 30°N. 

5. TORQUES THAT LINK THE EARTH AND ATMOSPHERE 

Angular momentum has been demonstrated to be conse rved in the ear th-
atmosphere system by comparing the M and A l . o . d . s e r i e s k i n e m a t i c a l l y . 
However, the p h y s i c a l mechanism, i . e . the torque that dynamical ly 
c o u p l e s the ear th and atmosphere i s beg inn ing t o be s t ud i ed a l s o , though 
t h i s problem i s l e s s s t r a igh t fo rward t o fo rmula te . This torque has been 
computed as the c o n t r i b u t i o n from two separa te p r o c e s s e s : that from 
su r f ace f r i c t i o n and the more macroscop ic i n t e r a c t i o n c a l l e d "mountain 
t o r q u e . " The f r i c t i o n torque has been modeled by the use o f drag 
c o e f f i c i e n t s a t the e a r t h ' s su r face whi l e the mountain torque i n v o l v e s 
knowledge o f the atmospheric p ressure d i s t r i b u t i o n around topograph ic 
f e a t u r e s , as w e l l as t h e i r e l e v a t i o n . 

Recent es t imates o f the torques remain somewhat i n c o n c l u s i v e . On 
monthly time s c a l e s , Wahr and Oort (1984) have found the f r i c t i o n torque 
t o be the more dominant, though they d i s c u s s the l a r g e u n c e r t a i n t i e s 
i n v o l v e d in t h e i r computat ion. On l e s s than monthly time s c a l e s , 
r e s u l t s by Swinbank (1985) and Wolf and Smith (1987) have i s o l a t e d 
mountain torques as be ing the dominant mechanism f o r r ap id t r ans fe r o f 
momentum between ear th and atmosphere. 

6. HISTORICAL EARTH ROTATION DATA 
AS A PROXY FOR ATMOSPHERIC BEHAVIOR 

The r e s u l t that changes in M and A l . o . d . are w e l l c o r r e l a t e d on time 
s c a l e s o f up t o s e v e r a l years enabled S a l s t e i n and Rosen (1986) to 
examine the f e a s i b i l i t y o f us ing a h i s t o r i c a l r e c o r d o f the e a r t h ' s 
r o t a t i o n as a proxy f o r y e a r - t o - y e a r changes in the g l o b a l zona l wind 
f i e l d . Such an ear th r o t a t i o n s e r i e s has been prepared by Morr ison 
(1979) and fur ther analyzed by McCarthy and Babcock ( 1 9 8 6 ) , and i s based 
mainly on t e l e s c o p i c o b s e r v a t i o n s o f the o c c u l t a t i o n o f s t a r s by the 
moon. 

The time s e r i e s o f f l u c t u a t i o n s in l . o . d . con t a in s small enough 
e r r o r s t o r e l a t e t o the atmosphere s i n c e 1860, and was f i l t e r e d to 
remove the l a r g e v a r i a t i o n s on decadal time s c a l e s no t o f m e t e o r o l o g i c a l 
o r i g i n . The r e s u l t i n g f i l t e r e d time s e r i e s i s shown in F ig . 4 ; a l s o 
marked are the years in which a w e l l - d e f i n e d ENSO warm event occu r r ed , 
a c c o r d i n g to a c o m p i l a t i o n by van Loon and Shea ( 1 9 8 5 ) . A s t u d e n t ' s 
t - t e s t conf i rms ( a t the 95% l e v e l ) that win te r s in years f o l l o w i n g ENSO 
events have " longe r days" than o the rw i se . S ince t h i s c o n n e c t i o n was 
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F R A C T I O N A L C O V A R I A N C E 
1977 - 1986 

- I N T E R A N N U A L 

S E A S O N A L 

•HIGH FREQUENCY 

F i g . 3 F r a c t i o n a l pa r t o f the va r i ance in the NMC M s e r i e s f o r 1977-86 
e x p l a i n e d by each o f 46 equa l -a rea b e l t s f o r th ree f requency bands, 
g i v e n by cova r i ance (m^, M) + v a r i a n c e (Μ) , where m^ i s the b e l t angular 
momentum. Each b e l t ' s c e n t r a l l a t i t u d e i s a t the do t s on the h igh 
f requency c u r v e . 

1.0 
F I L T E R E D L E N G T H OF D A Y 

ι 1 Γ 
1960 1980 

F i g . 4 High-pass f i l t e r e d va lues o f A l . o . d . f o r nor thern win te r s during 
1860-1985. S o l i d do t s mark those win te r s tha t f o l l o w a year con ta in ing 
a w e l l - d e f i n e d ENSO warm even t ; open do t s i n d i c a t e d weak ENS0 even t s . 
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expec ted , we have a t l e a s t p a r t i a l l y j u s t i f i e d the use o f t h i s 
h i s t o r i c a l l . o . d . s e r i e s in m e t e o r o l o g i c a l s t u d i e s . We then used the 
r e s u l t s in F ig . 4 t o examine the i n t r a - d e c a d a l v a r i a b i l i t y o f the 
impl ied nor thern win te r g l o b a l M v a l u e s . A l a r g e c o n t r a s t was found, 
f o r example, between h igh v a r i a b i l i t y during the 1920s and low 
v a r i a b i l i t y o f the 1940s, p o s s i b l y a s s o c i a t e d wi th d i f f e r e n t temperature 
regimes during these decades . Based on the in terannual curve in F ig . 3, 
these c i r c u l a t i o n changes apparent ly r e s u l t from zona l wind anomalies in 
the r e g i o n between 30°S and 30°N. 

7. ATMOSPHERIC EXCITATION OF POLAR MOTIONS 

As in the model whereby M and A l . o . d . are c l o s e l y connec ted , changes in 
the e q u a t o r i a l component o f a tmospheric angular momentum can be r e l a t e d 
to e q u a t o r i a l changes in the ear th r o t a t i o n v e c t o r , that i s , the wobble 
o f the p o l a r a x i s . In t h i s c a s e , however, c a l c u l a t i o n s have i n d i c a t e d 
that more than the atmosphere needs t o be accounted f o r to produce the 
observed p o l a r mot ion . 

The l a r g e s t s i g n a l s in the p o l a r motion time s e r i e s are a s s o c i a t e d 
with the (approx imate ly ) 14-month resonant Chandler wobble and an annual 
wobb le . For q u i t e some t ime, the annual wobble has been assumed to be 
l a r g e l y e x c i t e d by seasonal f l u c t u a t i o n s in the a tmosphere ' s mass (Münk 
and Macdonald, 1960) ; however, the f o r c i n g mechanism o f the Chandler 
wobble has no t been d i s c o v e r e d y e t , but may a l s o d e r i v e some o f i t s 
power from the atmosphere (Eubanks, pe r sona l communica t ion) . 

Rapid p o l a r motions on the time s c a l e o f 15 to 45 days , wi th 
smal le r ampli tudes than the Chandler and seasona l wobb le s , have been 
obse rved from r ecen t h igh p r e c i s i o n data (Rober t son e t a l . , 1 9 8 5 ) . 
Using d a i l y NMC analyses and a fo rmula t ion f o r computing the atmospheric 
e x c i t a t i o n func t ions by Barnes e t a l . ( 1 9 8 3 ) , Eubanks e t a l . (1987) 
demonstrated that these rap id p o l a r motions are l a r g e l y d r iven by 
su r face a i r p ressure changes, as p a r t l y mod i f i ed by the response o f sea 
l e v e l t o atmospheric l o a d i n g . Hide (1984) a l s o conc luded from the use 
o f ECMWF atmospheric analyses that an o v e r a l l a tmospheric f o r c i n g o f 
p o l a r motions was o c c u r r i n g . I t should be added here that the Barnes e t 
a l . development comprises the e f f e c t s on p o l a r mot ion o f bo th the winds 
and the atmospheric su r face pressure d i s t r i b u t i o n mod i f i ed by the 
e l a s t i c r o t a t i o n a l and sur face l oad ing deformat ions o f the ea r th . 

We have separa ted the atmospheric su r face p ressure e x c i t a t i o n 
va lue s from NMC i n t o a number o f equa l -a rea s e c t o r s in o rder to 
determine which r eg ions are most r e s p o n s i b l e f o r behav io r on h igh 
f r equenc i e s o f the g l o b a l e x c i t a t i o n . To do so we have c a l c u l a t e d the 
c o v a r i a n c e between the r e g i o n a l s e r i e s and the g l o b a l s e r i e s f i l t e r e d in 
the 15-45 day h igh frequency band, and the r e s u l t s are d i s p l a y e d in the 
map in F ig . 5 ( S a l s t e i n and Rosen, 1 9 8 7 ) . As shown in the f i g u r e , the 
main r e g i o n s c o n t r i b u t i n g to the e x c i t a t i o n o f r ap id p o l a r motions are 
l o c a t e d over the o c e a n i c storm t rack r e g i o n s o f the North P a c i f i c and 
North A t l a n t i c and the mid la t i t udes o f the Southern Hemisphere. 
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B A N D - P A S S E D ( 1 5 - 4 5 D A Y ) C O V A R I A N C E , XP ( 1 9 8 1 - 1 9 8 5 ) 

90N 

90E 180 90W 

F i g . 5 Covar iance between the g l o b a l a tmospheric e x c i t a t i o n func t ion 
f o r p o l a r mot ion a s s o c i a t e d wi th sur face p ressure f l u c t u a t i o n s (χ ) 
between - 1 5 - 4 5 days and the c o n t r i b u t i o n made t o χ i n each o f 108 
equa l - a r ea s e c t o r s , bounded by the dashed l i n e s . R e s u l t s ^ g r e based on 
NMC ana lyses f o r 1981-85, i n non-dimensional u n i t s o f 10" . 

L E N G T H OF D A Y - A T M O S P H E R I C A N G U L A R M O M E N T U M 

1 . 2 -

ί976 I 1977 I 1978 I 1979 I 1980 I 1981 I 1982 I 1983 I 1984 I 1985 I 1986 I 

F i g . 6 D i f f e r e n c e between l . o . d . va lues and M v a l u e s , i n e q u i v a l e n t 
l . o . d . u n i t s , f o r 1976 through e a r l y 1986, minus a mean. The 
a tmospher ic s e r i e s was based on NMC analyses between 1000 and 100 mb, 
and the l . o . d . s e r i e s p r i m a r i l y on one p rov ided by T.M. Eubanks o f JPL. 
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8. AFTERWORD 

I have focused here on a number o f r e c e n t i s s u e s and r e s u l t s regarding 
the r o l e o f the atmosphere in bo th ear th r o t a t i o n and p o l a r mot ion . The 
modern atmospheric and g e o d e t i c data s e t s have enabled these s tud ie s to 
p rog re s s r a p i d l y . 

Knowledge o f the atmospheric s i g n a l i n ear th r o t a t i o n a l lows a more 
r e l i a b l e c a l c u l a t i o n o f the r o l e o f non-atmospher ic mechanisms, and in 
p a r t i c u l a r , the i n f l u e n c e o f the e a r t h ' s c o r e . For example, sub t r ac t i on 
o f the e q u i v a l e n t M s e r i e s from the A l . o . d . s e r i e s f o r the 1976-86 
p e r i o d shows a long p e r i o d s i g n a l which may be modeled by the 
a l t e r n a t i o n o f r e l a t i v e l y r ap id dec reases wi th p l a t eau p e r i o d s 
( F i g . 6 ) . From such r e s u l t s , a b e t t e r understanding o f the core-mant le 
i n t e r a c t i o n may emerge. 

A number o f o the r cha l l enges in t h i s f i e l d l i e ahead i n c l u d i n g 
b e t t e r de te rmina t ion o f the Chandler wobble e x c i t a t i o n , o f the r o l e o f 
the oceans and the h y d r o l o g i c a l c y c l e , and improved c a l c u l a t i o n s o f 
ear th-atmosphere t o rques . Advances in bo th data q u a l i t y and t h e o r e t i c a l 
fo rmula t ions w i l l undoubtedly he lp p r o v i d e more answers. 
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