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PREP ACE 

The g lobal sys tem of ear th ,  ocean , ice , and atmosphere 
that determines our cl imate is vas t ,  complex , and 
inf in i tely challeng ing to sc ience . In recen t year s , we 
have become increas ingly interes ted in the fluc tuat ions 
of cl imate on time scales of months , seasons , or several 
year s .  It has become clear that these involve not only 
the global atmosphere , but also the ocean-- indeed the 
entire c limate sys tem. Th is repor t outl ines a program of 
observations and research to advance our unders tand ing of 
the most power ful family of atmospher ic and oceanic 
var iat ions on these time scales--those assoc iated wi th 
the El Nino phenomenon and the southe�n Osc illat ion 
( jointly referred to in th is document as ENSO) . 

S tudy of phenomena such as these , spanning a major 
frac tion of the g lobe and several year s • duration , is 
c lear ly a formidable challenge , as well as an exc i t ing 
oppor tun i ty .  Thus , i t  is not surpr ising that the 
scientific planning for such an enterpr ise passes through 
a leng thy and complex gestat ion per iod . As the wor ld 
C l imate Research Program CWCRP) took shape in the late 
1970s , pred ic tion of seasonal and inter annual climate 
f luc tuations emerged as one of i ts major objectives .  In 
June 198 1 ,  the Cl imate Research Commi t tee CCRC ) --wh ich 
serves as the u . s .  national sc ien tif ic suppor ting body 
for the WCRP--reviewed a growing body of research 
point ing to connec tions between trop ical ocean events and 
subsequen t cl imate anomalies in midlati tudes . In July 
1981 at Boulder , Color ado , the CRC organ ized an informal 
discuss ion group in conj unc t ion with a meet ing of 
sc ientists assoc iated with the EPOCS (Equator ial Pacific 
Ocean Climate S tud ies ) program. Based on th is discuss ion , 
conceptual papers were draf ted by T . Barnett and J .  M. 
Wallace , both CRC members , with mos t welcome ass is tance 
f rom P .  Julian of the Na t ional Center for Atmospher ic 
Research (NCAR). Addi t ional informal discuss ions among 

ix 
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groups of meteorologists and oceanographers were held in 
September 198 1  at NCAR and at the Scripps Institution of 
Oceanography in La Jolla, California. 

In February 19 82, the CRC reviewed the results of 

these discussions--results that had begun to assume the 
form of embryonic plans for a major multiyear field 
observational program in the Pacific. By this time, many 

interested scientists and research groups in both the 
academic community and in government had become entrained 

in this process of exploratory planning. Indeed, planners 

in the National Oceanic and Atmospheric Administration 
(NOAA), the National Science Foundation, and other 

agencies were already discussing the organizational and 
logistical challenges of such a program, which would form 
a logical extension of a number of highly successful 
Pacific-oriented u. s. research programs. Thus, a 
significant national constituency was growing. In order 
to elicit,the contributions of this larger community to 
the evolving plan, the CRC organized a Study Conference 
at the Geophysical Fluid Dynamics Laboratory in 

Princeton, New Jersey, in October 1982 , at which the 
draft plans were intensively discussed and extensively 
revised. Subsequently, a follow-up workshop was convened 

in Miami, Florida, in May 1983  to discuss implementation 
possibilities. 

The CRC also realized that a fully developed ENSO 
program would require the support and participation of 
other nations and would, moreover, be an important 
component of the international WCRP. Indeed, the Joint 
Scientific Committee for the WCRP rapidly seized on ENSO 
as a major building block for an even more comprehensive 
program to study the interannual variability of the 
Tropical Ocean and Global Atmosphere (TOGA). The 
Committee on Climatic Changes and the Ocean (CCCO), 
sponsored by the Intergovernmental Oceanographic 
Commission and the Scientific Committee on Oceanic 
Research as the oceanic counterpart to the Joint 
Scientific Committee, defined subprograms of TOGA in the 

Atlantic, Indian, and Pacific Oceans, the last of these 
meshing with u. s. ENSO aspirations. These programs were 

also discussed favorably at the well-attended Joint 

Organizing Committee/Scientific Committee on Oceanic 

Research Conference on Large-Scale Ocean Experiments in 
Tokyo in the spring of 19 82 . At this writing, an 
international TOGA steering committee has been formed, 
and a TOGA study conference is expected to be organized 
in the relatively near future. 

X 
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A SC IENT IF IC PROSPECTUS 

The vagaries of global climate seem at first glance 
random, almost chaotic. However, there is a strong 
signal that stands out above the otherwise noisy 

background of short-term climate change. This signal is 
loosely called the southern Oscillation (SO). 
Traditionally, it has been regarded as primarily 
comprising a large-scale seesaw of at.ospheric mass 

between the Pacific and Indian Oceans in the tropics and 
subtropics. The oscillation is irregular, but its 

preferred period lies in the range of two to seven 

years. Studies over several decades have shown that the 
SO actually involves a •family• of oceanic and atmospheric 

climatic fluctuations around the globe involving many 
regions of both northern and southern hemispheres and 
operating on both seasonal and interannual time scales. 
It is associated with interannual variations of the 
monsoon over India, shifts in the Intertropical 
Convergence Zone ( ITCZ) and South Pacific Convergence 
Zone (SPCZ) over much of the equatorial Pacific Ocean, 
interannual variations of the monsoon over India, and 
•teleconnections• that link atmosphere and ocean 
conditions in the tropical Pacific to conditions in other 

parts of the tropics and to weather over North America 
and elsewhere. Related changes also occur in various 

other regions of the world's oceans. The most dramatic 
of these appears in the equatorial Pacific Ocean and is 
commonly termed El Nino (EN), an anomalously large 
warming of the coastal waters off South America, a 
phenomenon often damaging to the important local fishery 
industry. A brief description of the most recent such 
event, which ran its course during the development of 
this report, is presented in Appendix A. 

1 
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The so and related pbenaaena ca.pr ise tbe larges t 
s ignal in shor t- tera global c limate var iability .  Because 
of tbe involveaent of tbe ocean, tbe char ac ter istic t iae 
scale of tbe pbenoaenon is long enough so tbat var ious 
eleaents of i ts early evolut ion may be useful in 
predic ting subsequent changes in g lobal c limate . In tbe 
las t few years, statistical relationabips be tween var ious 
e le.ants of tbe SO and Nor tb Amer ican climatic anoaalies 
have been used as a basis for rudi.antary seasonal 
c l iaate pred ic tion .adele (Barnett, 1981) . Tbe physical 
concepts behind tbese models are assoc iated wi tb tbe 
shifts in plane tary wave systeaa noted above, which 
resul t  in changes in tbe 1e t s treu pos itions and hence 
changes in storm tracks, surface air te�rature, 
prec ipi tation, and otber climatic var iables . 

The f irst pred ic t ive models (Barne t t ,  1981)  have been 
purely statistical and have capi talized on tbe long tiae 
scale assoc iated witb so phenoaena , e . g . , models to 
predict surface air teaperature over Nor th �r ica 
several seasons in advance . Recent gains in explain ing 
tbe dynaaics of so pbenoaena give hope tbat it aay soon 
be poss ible to integrate physics into tbe forecast 
process to develop more reliable and sk illful abort-term 
cli.ate pred ic tion .adels. 

The progralll described in tbis report is designed to 
investigate this promising possibility. Its goals are to 
describe and to seek an understanding of the .achanisms 

tbat control tbe so , and to express tb is unders tanding i n  
a h ie rarchy of models aimed ultimately at improving tbe 
prediction of short-term, regional climate changes over 

Nor tb �r ica and otber impor tant agr icultural regions. 

1 . 1 THE SOOTBERN OSCILLATION FAMILY 

Around tbe turn of tbe century sc ientists began docu­

.anting fragments of tbe SO pbenoaenon .  However , i t  wa s 
lef t to S ir G ilber t Walker (Walker , 192 3 )  to descr ibe i t  
as a •swaying of pressure on a big scale backwards and 
forwards between tbe Pac if ic and Indian Oceans • • • •  • 
Diffe rences in station pressures reflect tbis moveaent i n  
m ass and have been used t o  ca.pute an •so Index.• 
Associated with tbis swaying of aass between the 
hem ispheres are remarkable changes in wind, te�rature, 
and rainfall in the monsoon regions, tbe central and 
western equatorial Pacific, and indeed throughout tbe 

tropics. While not simply per iodic , the phenomenon is 
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cer tainly a recur rent one , wi th the in terval be tween 
events rang ing from two to seven years .  Huge changes in 
the equator ial1 thermocline of the Pac i f ic Ocean 
accompany these at.ospher ic events . 

The global exten t of the SO phenomenon can be 
i llustrated by enumerat ing some fur ther members of the SO 
family . 

o El Nino is generally refer red to as an anomalous 
warming of ocean water temperature of f South Amer ica 
usually accompan ied by heavy rainfall in the coas tal 
reg ions of Per u  and Chile .  The result ing effec t on 
the local f ishery industry of Peru is of ten 
devastating . The warm sea sur face temperatures ex tend 
in the east-west direc t ion along the equator over a 
quar ter of the ear th ' s  c ircumference . Dur ing such an 
event ,  the ear th ' s  thermal equator , wh ich normally 
l ies at abou t 7 ° N ,  moves southwar d toward the 
geograph ic equator . The ITCZ is closely coupled to 
the thermal equator and also moves southward and 
intens ifies . Major changes of a s imilar nature occur 
in the SPCZ in the souther n  hemisphere . At the same 
t ime ,  the reg ion of concentrat ion of equator ial 
prec ip i tat ion moves eastward from Indones ia to the 
dateline . 

o Assoc iated with the changes from •warm• to •cold • sea 
sur face temperature anoaalies and the rear rangemen t of 
the ITCZ , SPC Z ,  and other convect ive areas are major 
changes in the at.ospher ic tropical c irculation . 
F irst inves t igated in the context of the EN and SO 
phenomena (Bjer knes , 1966 ) , these changes include 
pr inc ipally the zonal component of low- and h igh­
tropospher ic winds . The r esult ing c irculation cel l 
or iented in a ver tical zonally-or iented plane was 
termed by Bjerknes the Walker c irculation cell .  A 
scheaat ic version of the extremes in the posi t ion of 
the Walker cell is included in Figure 1 .  I t  has long 

1 In this document ,  the term • equator ial • is used to 
r efer to a nar row ocean ic zone ( approx imately 5°N to 5°S)  
centered on the equator where the un ique dynamics imposed 
by small values of the Cor iolis parame ter dominate . The 
term • tropical • refer s to the larger convent ional 
def ini tion of the tropics , taken for conven ience to be 
30°S to 30°N . 

Copyright © National Academy of Sciences. All rights reserved.

El Nino and the Southern Oscillation:  A Scientific Plan
http://www.nap.edu/catalog.php?record_id=19512

http://www.nap.edu/catalog.php?record_id=19512


-
r 

. 
... 
... 

... 

. 
r 

... 

... 

... 

- - - - .... -

J �-
"'L � 

..-" 

4 

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

v""" .... 
l\:f .... 

- , ... 

I 
, ... -

..... 
� '\� 

.A �� \ 

- ... ... ... 

-� v � -
� 

... 

r.� ' � . ... 
... ... . ,.. 

"' ' � v ,/ � / � �-
-·. 

... 

... 

-

<::: t\ V{ ":::J II � -
't 1--' fl". � ::::::::.: p.., 

r � f\ ' r-'"· ... .. 

( � ,/ .-
l. _,-� I � 1--" � 

... -

�· .... 

... 

-

-

. ... 

-. 
I? 

- -

- .... 

� �-
�'t: � 

�I?" 
... ... -

- -

- F - - r- -... 
- -

") 
. 

� -- .......... ' 
r 

.......... ..... 
><:: r--. � 

. 
' -'7Ift! ... 
.. .... , ... . ' 

� 
H 

"""""� 
-... --

�� 1'. /. 
... 

r--.... 1--. 

; If: - - ... ... -

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

I -� ,...--: �-
... 

� I \'"\ ) ... 
" • ...,. ' \ ( � � . ..-" - .. -

"' \ � / ;; � � 
. .. 

/ ./ 
. 

... 

./l , "0 ·.:; ;;......... """"' 1 ....... -
[) <::: � ( r:j f.. ,.__ - ...... . - - - r- f- """" r 

't �-fl". f� D: � - [.......: ll 
-....._ r-----.1'.. .... 1--1'-.. 

�."-.. 
... 

lr � f\ . \. r-. r:::.. ,....... .L' ... 

( 'l/ v "' �r \ I f"'L i'\. ... 
L _,-0 't-- � "' 'L v VL - - r--.. -. 

If: I? �I?· ; 
- ... - .... - - - - - ... - .... - - - - ... -

FIGURE 1 .  Schemat ic depic tion of the two phases of the 
Southern Osc illat ion cor responding to the •cold-phase• or 
normal cond i t ions ( top) and the •warm phase • or El Nino 
condi t ions ( bottom) . Sea leve l pressure is shown by the 
sol id con tours and the sur face wind flow by the solid 
ar rows . The locat ion of the Inter tropical Convergence 
Zone ( ITC Z )  and South Pac i f ic Convergence Zone (SPC Z )  ar e 
indicated by the heavy dashed lines . The full ar rows 
ind icate the r ising por t ion of the Walker C irculat ion . 
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been known that var iat ions in the monsoon system ove r 
I ndia cause great changes in the rainfall over that 
subcont inen t ,  as well as the Indonesian mar i t ime 
continent .  As descr ibed in S i r  Gi lber t Walker ' s  
def inition of the Southern Osci llat ion , the var iat ions 
in pressure and rainfall in these reg ions appear to be 
closely related to the SO cyc le . For example , there 
is a tendency for the EN events to precede relat ively 
dry Indian monsoon seasons but to follow a weak winter 
monsoon .  

o The connec tion i n  the atmosphere be tween the SO , EN, 
and the Walker C irculat ion in the tropics and 
assoc iated changes in the h igh lati tudes has recently 
been demonstrated both emp ir ically and theore t ically 
( Borel and Wallace , 198lr Hosk ins and Karoly , 1981) . 

Th is clear ly suggests that per tur bat ions in the 
pattern of atmospher ic heat ing over the equator ial 
Pac i f ic affec t the plane tary wave str ucture over much 
of the Nor th Pac if ic Ocean , Nor th Amer ica , and 
probably other par ts of the g lobe . An example of the 
latter type of result is schemat ically shown in Figure 
2 .  A number of stud ies have constructed forecast 
mode ls that attempt to pred ic t sur face temperatures 
over Nor th Amer ica using the empir ical cor relations 
be tween the SO and EN and subsequent seasonal 
temperature anomal ies (Barnett, 198 lr van Loon and 
Madden , 1981) . F igure 3 por trays the pattern of 
potent ial predic tability ow ing to the cor relation 
f ield .  Th is pattern closely matches the observed 
pat tern of sea sur face temperature anomal ies dur ing 
January and Febr uary 1983 . 

Because of i ts close relat ion wi th the at.osphere , the 
ocean appears to be a key element in stabiliz ing and/or 
dr iv ing the SO phenomenon . The ocean stores , rear ranges, 
and g ives up heat to fuel the atmospher ic c irculation 
system while the latter prov ides momentum to the ocean to 
help dr ive the ocean cur rent systeas and influences the 
f luxes of radiation and sensible/latent heat from the 
ocean sur face . The physics and dynamics of th is coupled 
system clear ly prov ide a r ich se t of sc ientif ic probleas. 

Recent invest igat ions show that the oceans and 
atmospher e  commun icate most effec tively in the tropics , 
where the thermodynamic t ime scale of ocean response is 
comparable wi th the corresponding atmospher ic t ime scales 
and the dynamic response of  the ocean ic mixed layer to 
the wind is stronger . At h igher lat i tudes th is ocean 
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FIGURE 2 .  SChematic illustration of hypothesized global 
pattern of middle and upper tropospher ic geopotent ial 
he igh t anomalies dur ing a nor thern hemisphere winte r  
dur ing a n  episode o f  warm sea sur face te�ratures i n  the 
equator ial Pac if ic .  The heavy ar rows reflec t the 
s treng then ing of the subtropical j e ts in both hemispheres 
and stronge r  easterlies near the equator . The l ighter 
arrows dep ic t  an ac tual streamline as distor ted by the 
anomaly pat tern , wi th pronounced trough ing over the 
central Nor th Pac if ic and r idg ing over western Canada . 
Shad ing ind icates enhanced cloud and rain ( from Borel and 
Wallace , 1981) . 
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FIGURE 3 .  The general relationsh ip between an 
objec tively def ined Southern Osc illat ion, El Nino index, 
and seasonal temperature anomalies over cont inental Nor th 
Amer ica the following winter season . Positive and 
negat ive cor relat ions of sign if ican t magni tude ex ist for 
the reg ions indicated and are par t icular ly strong in the 
hatched areas . The reg ion of no cor relat ion and no 
predictability is also shown (af ter studies by Barne t t ,  
1981J van Loon and Madden, 1981) . 
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responae is auch .ore sluggish, effecting aa.e degree of 
decoupling betwen the two Mdia. Thus, it appears that 
a key to understanding the global fluctuations of cli .. te 
associated with the SO lies in studying the interac tion 
be tween the oce•s and the atlllosphere in the tropics. 
Present knowledge clearly indicates that this coupling ia 
strongest in the equatorial Pacific OCean . This is 
partially due to the huge size of the Pacif ic (whose ti .. 
scales span several annual cycles) and also to the fac t  
that th e  western Pacific experiences atmospheric forcing 
fr011 both the .ansoon and the trade wind systeu, both 
key elements in the southern Oscillation .  

1. 2 PROGRAM JUSTIPICATION 

There are a number of co.pell ing reasons for initiating a 
so prograa now. They fall into three general c lasses , 
outlined below a  sc ientif ic, prac tical , and 
organizational . 

1. 2. 1 Scientific 

o The cumulat ive s tudies of the SO phenomenon have in 
the las t several year s been pulled together into the 
f ir s t  fragments of a theory for shor t-term g lobal 
cl imatic var iation . I n  v iew of the impor tance of 
c l imate var iations to soc iety and the g lobal economy, 
i t  seems that we should pur sue , wi thout delay , these 
encourag ing beg inn ing s .  

o The number o f  scientif ic invest igator s turn ing their 
attent ion to the study of shor t-term cl imate problema 
i s  alr eady subs tantial and rapidly increasing both in 
the Un i ted S tates and abroad . The recen t sc ientif ic 
r esults noted above g ive a sense of exc i tement and 
urgency to the f ield . Also, the recently organized 
Wor ld C liaate Research Prograa (WCRP) offers excellent 
opportun ity for an eff ic iently coordinated attack on 
the so problea. The subjec t area is c lear ly one r ipe 
with sc ien t i f ic oppor tun ity. 

o The so can be investigated as an atmospher ic and as an 
oceanogr aph ic problem separately . These simpler 
d isc ipl inary problems appear trac table as observational 
and model ing studies , and they are likely to yield 
impor tant, useful results in the ir own righ t ,  wh ile 
simultaneously contr ibuting to an understand ing of the 
wor k ings of the coupled atmospher ic-ocean ic sys tem . 
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1 . 2 . 2  Pr ac tical 

o There is lit tle doubt that the wor ld badly needs 
improved seasonal and inter annual climate predic tions . 
Socie ty today makes heavy demands on vital resources 
such as water , food , and energy , and we mus t therefor e 
e f fec tively manage these resources to ensure our 
continuing welfare . Foreknowledge of major climatic 
variations ( e . g . , drough t ,  severe winter s)  would be of 
great value in this effor t .  For example , in the 
winter of 1976-1977 heating oil supplies in the United 
States were vir tually annihilated by severe and 
extended cold wea ther . Major features of that winter 
temperature pattern were predic ted , bu t not in time 
nor with sufficient confidence to allow the necessary 
managemen t decisions to be made . Recen t research 
suggests that it may be possible to predict with 
useful skill such ex tremely cold win ter s several 
seasons in advance in cer tain regions of the United 
S tates ( see Figur e 3 ) . 

o S tudy of the SO phenomena also holds some promise of 
improving our ability to predic t weather at medium 
r anges , i . e . , seven to ten days . For example , there 
is evidence that cold air ou tbreaks over eas tern Asia 
tend to be followed , within several days , by an 
enhancemen t of convective ac tivity over par ts of the 
tropical Pacific . 

1 . 2 . 3  Organizationa l 

o Current research effor ts are at tacking some subelements 
of the SO problem . However , the progr ams do not have 
a framework for coordination and overall management 
commensurate with the g lobal nature of the problem 
they are addressing . Thus , it is not surprising to 
find that many impor tant practical areas of scientific 
endeavor are not being addressed . The present plan is 
in tended to help focus both current and future research 
on the SO problem to an efficient ,  satisfac tory 
conclusion . I t  will also serve as a mechanism for 
engendering a vigorous international program required 
to address the g lobal problem . 

o Required observations are to a considerable extent 
either in hand or within our grasp .  Ongoing observing 
programs such as the sur face-based components of the 
Wor ld Weather Watch and the already-planned satellite 
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programs of India , Japan , and the Uni ted States will 
provide essential informat ion . The observational and 
research programs of the pas t decade have lef t a r ich 
legacy of capabili ties . Por example , the Global 
weather Exper imen t demons trated that buoys can provide 
valuable observat ions over large expanses of ocean at 
low cos t .  Thus , a so program will not requ ire de novo 
development of an expens ive observ ing system. 

1.3 SC IEHTIPIC ISSUES 

In order to aake progress toward unders tanding the 
physics of the so and us ing th is knowledge to improve 
shor t-range c limate pred ic tability ,  i t  will be necessary 
to address an array of sc ien t if ic issues , wh ich can be 
g rouped into three rather general categor ies : 

o I ssues that concern the atmospher ic response to a 
prescr ibed sea sur face temper ature anomaly , 
irrespec t ive of how the anomaly came about .  Model ing 
s tudies indicate that the atmosphere adj us ts to the 
presence of such an anomaly on a time scale of a week 
or two , in a manner dependent in par t on the general 
charac ter of the ex tratropical circulation .  

o I ssues that concern the response o f  the tropical ocean 
bas in to a prescr ibed , time-dependent sur face wind 
s tress and air-sea energy exchange on t ime scales 
rang ing from months to seasons . 

o I ssues that can be addressed only in the context of 
the coupled ocean-atmosphere system . 

For each of these categor ies , we will br iefly rev iew 
ex ist ing knowledge , the work cur rently in progress , and 
the sc ientif ic problems that need to be addressed in 
future studies . Spec i f ic sc ientific objec t ives and 
research s trateg ies for ach iev ing them are discussed in 
later sec tions . 

1. 3.1 AtmospOer ic ResPOnse to a Prescr ibed sea-Sur face 
Te!p!rature Anomaly 

The fac t  that prec ipi tat ion anomalies in the cen tral 
equator ial Pac if ic per s i s t  for per iods of a year or 
longer and are strongly cor related wi th sea-surface 
temperature anomal ies on that t ime scale suggests tha t  
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par t of the low frequency variability of rainfall in this 
r egion may be viewed as a response to sea-surface 
temperature anomalies .  However ,  the relationship also 
depends on the background mean sea surface temperatures 
and seems to be primarily a func tion of the total field . 
Consequently , the correlation be tween sea sur face 
temperature and precipitation anomalies is not as strong 
in the eas tern Pacific , where background temperatures are 
lower . 

The atmosphere responds to regional changes in 
sea-surface temperatures through a complex sequence of 
processes involving ver tical f luxes of heat and moisture 
by random molecular motions at the air-sea interface , 
turbulent f luxes within the plane tary boundary layer , and 
deep cumulus convection through the depth of the 
equatorial troposphere . These processes have been the 
focus of a number of previous field experiments conduc ted 
in tropical oceanic regions . In the ENSO_program, the 
emphasis is not on the f luxes themselves ,  bu t on the 
large-scale circulations that develop in response to the 
sea-surface temperature anomalies . To the exten t that i t  
is possible t o  monitor these f luxes by remote sensing via 
satellites and from marine surface observations , every 
e ffor t will be made to do so. However , it is clear that ,  
bar ring major breakthroughs in measurement techniques ,  i t  
will not be possible to obtain direc t observations of 
ver tical fluxes over the entire equatorial Pacific , ove r 
a period long enough to sample several El Nino events . 
Hence , for purposes that require explicit knowledge of 
the fluxes , it will be necessary to infer them indirec tly 
on the basis of the dis tribution of sea-sur face tempera­
ture , sur face wind , temper ature and relative humidity , 
cloudiness , and rainfall , making use of such relation­
ships as the bulk aerodynamic foraulae . 

As par t of the readjus tmen t in the tropical circula­
tion and associated changes in heating , the low level 
wind convergence and upper leve l divergence fields 
change , thereby altering the generation of atmospheric 
vor ticity and the forcing of large-scale atmospheric 
waves . The latter , known as Rossby waves , may propagate 
into higher latitudes and appear to be responsible for 
the observed teleconnec tion pat terns . 

In order to lay the groundwork for a quantitative 
specification of the atmospheric response to a prescribed , 
regional sea sur face temperature anomaly , it will be 
necessary to extend our present knowledge and modeling 
capabil�ties in a number of areas . The related scientific 
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questions can be g rouped into three categor ies : (1) those 
that concern the local atmospher ic response to a 
prescr ibed , reg ional sea sur face temper ature anoaalyr 
( 2 )  those that concern the remote , d irec tly forced 
r esponse r and (3) those that concern poss ible add i tional 
effec ts related to interac tions with trans ient phenomena . 

The Local Response . Both observational and modeling 
ev idence sugges ts that ,  in a gross sense , the atmosphere 
r esponds to a chang ing pattern of sea-a ir heat f luxes in 
a thermally direc t  sense , so that deep cumulus convec tion 
tends to remain assoc iated with the large-scale •hot 
spots • on the underly ing ocean surface as they sh ift  from 
one par t of the tropical ocean to another . However , when 
one considers the observed assoc iat ion between equator ial 
convec t ion and prec ipi tat ion and the sea surface tempera­
ture patter n in some de tail,  there are some s ignif ican t 
d i fferences in space and t ime scales that are not well 
understood .  Even when the sea sur face temperature 
pattern is rather smooth on a reg ional scale , much of the 
observed convec t ive prec ipi tat ion over the equator ial 
Pacif ic tends to be concentrated in d iscre te mesoscale 
cloud bands : the ITCZ and SPCZ . Changes in the sea 
s ur face temperature f ield tend to sh ift the pos i tions of 
these features and to change the ir intens i ty .  

The general circulat ion models that have been used 
thus far for the inves t igation of these phenomena do no t 
have enough spatial resolu t ion to s imulate the mesoscale 
s truc ture in the prec ip i tat ion f ield and , therefore , i t  
i s  not yet known whe ther the present model parameter iza­
t ion& of boundary layer and mesoscale processes are 
suff ic iently accurate for est imat ing the local atmospher ic 
response to equator ial sea-air f lux anomalies . 

The response in the prec ipi tat ion f ield , through laten t 
heat ing of the atmosphere , ultimately determines the 
r emote climat ic response at h igher lati tudes . The 
sens i t iv i ty of cl ima tic f luc tuat ions over Nor th Amer ic a  
t o  the detailed s truc ture o f  local response has yet to be 
de termined r dynamical cons iderations would sugges t tha t  
m inor shi f ts in the pos i t ion o f  features such a s  the ITCZ 
may be less impor tan t than changes in the amount of 
prec ip i tation occurr ing on larger scales . In any case , 
i t  is clear that an improved unders tand ing of the local 
r esponse to a prescr ibed sea surface temperature anomaly 
is a prerequisite for improved climate pred ict ion in the 
equator ial belt and for quan t i tat ive est imates of the 
remote response at h igher lat i tudes . 
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An understanding of the local response in the sur face 
wind field is also an essential par t of any ca.plete 
theory of the so. The ocean is capable of responding to 
r ather small-scale features in the pattern of sur face 
wind s tress in the equatorial belt . A resolution of this 
s truc ture will require additional observations in this 
belt , as described in Chapter 2. Fur ther inves tigation 
of the near-equatorial sur face wind field will also 
require experimentation using models with high horizontal 
r esolu tion and careful treatment of atmospheric plane tary 
boundary layer processes . 

The Remote Respqnse . By set ting up anomalous forcing 
of the atmosphere through changes in precipitation and 
release of latent hea t ,  tropical sea sur face temper ature 
anomalies are capable of altering atmospheric plane tary 
wave patterns both at extratropical latitudes and in 
other par ts of the tropics . For example , a deepening of 
the Aleu tian low is associated with warm episodes in the 
equatorial Pacific . 

Recent developments in the theory of forced plane tary 
waves on a sphere provide a basis for understanding the 
extratropical response to equatorial sea sur face tempera­
ture anomalies ( for example , see Hoskins and Karoly , l98 l; 
Webs ter , l98 l) . In the presen t s tage of developmen t ,  the 
theory is helpful in in terpre ting the shape , ver tical 
s truc ture , and seasonal dependence of the observed 
response over the Pacific and Nor th America , bu t it doe s 
not explain why some warm episodes in the equator ial 
Pacific , such as the 1976-1977 event ,  produce a large 
r esponse over Nor th America, while other s ,  such as the 
1972-1973 event ,  produce a r a ther different response . 
Obviously ,  an understanding of individual events is a 
prerequisite for a s trong predic tive capability . 

The remote response in other par ts of the tropics and 
subtropics is also of considerable pr ac tical impor tance , 
since many of the agricultural regions within this belt 
are subjec t to recur rent drough t episodes that have 
f ar-reaching and sometimes tragic implications . There is 
some observational evidence of a weak bu t s tatis tically 
significant SO • signal• in rainfall s tatis tics throughout 
much of the tropics . I t  is possible that this signal is 
weak because it is obscured by other , unrelated , more 
local phenomena r in that case , the prospec ts for 
prediction of droughts are not very good . On the other 
hand , it is also possible tha t a s tronger , poten tially 
useful signal exists and that it migh t be resolved by 
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fur ther empir ical studies based on gu idance prov ided by 
the types of theoretical s tud ies descr ibed above . 

Interac t ions W i th Trans ient Phenomena . Much of the 
discuss ion in the previous two subsec t ions is based on 
the not ion of an equilibr ium , s teady s tate atmospher ic 
response to a prescr ibed equa tor ial sea surface tempera­
ture anomaly . I t  is also possible that the same sea 
sur face temperature anomalies produce changes in cer ta i n  
s tatis t ics of the h igh frequency transient f luc tuations 
that we assoc iate with •weather . •  Por example , the 
deepening of the Aleutian low in assoc iat ion wi th warm 
episodes in the equator ial Pac i f ic noted above is 
assoc iated with a sou thward sh ift in the •stormtrack• 
across the western and central Pac i f ic .  There is also a 
possibil i ty of s ignif icant changes in the frequency of 
• blocking • events over cer tain par ts of the hemisphere , 
i n  the frequency or tracks of hur r icanes , or in the t iming 
of seasonal events such as the onse t of the monsoon . 
Many of these quest ions can be readily addressed in 
coordinated ser ies of exper iments wi th general 
c irculation models . 

· 

1 . 3 . 2 Ocean Response to Atmospher ic Porcing 

The strongest ocean ic climate s ignal assoc iated wi th the 
so occur s in the tropical Pac i f ic .  The s ignal man ifests 
i tself as large changes in the eas t-wes t slope of sea 
level across the bas in , alterations of the Equator ial 
Cur rent sys tems , and assoc iated changes in thermocline 
depth over much of the ocean . Bu t the s ingle mos t 
impor tant climate-related oceanograph ic phenomenon in the 
tropical Pac i f ic is the gener ation ,  per sistence , and 
decay of sea sur face temperature ( SST) anomalies . As 
noted in the beg inn ing of th is chapter , these anomalies 
develop over a per iod of months and per sist  for a year or 
longer (Rasmusson and Carpenter , 1982 ) . They of ten ar e 
not assoc iated wi th changes in the local wind ( al though 
the cur rents are , of cour se , wind-dr iven) , bu t rathe r 
w i th large changes in the depth of the thermocl ine . For 
example , dur ing EN SST increases as the thermocl ine 
deepens by 50-100 m off the coast of Per u even though the 
along-shore winds remain favorable to upwelling (Enf ield ,  
1980 ) . 

The purely oceanic component of th is s tudy is des igned 
to gain unders tand ing of the dynamics and thermodynamics 
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of these anomal ies . Th is will require study of �e 
var ious e lements of the ocean ic heat budge t ,  a difficult 
task cons ider ing the different processes that appear 
impor tan t .  The SST anomalies are not only affec ted by 
local processes ( thermodynamics of mixed layer r response 
to local wind f ields) , but also by remote processes 
( advec t ions r propagation of equator ially trapped , interna l 
waves generated in remote reg ions) . They are , therefore , 
only the sur face express ions of much more fundaaental 
events and processes in the ocean . The problem i s 
rendered more complicated by the fact that the phys ical 
processes impor tant to the heat budget in one geographic 
reg ion of the Pac if ic uy not be impor tan t in another 
area. 

The pr incipal sc ientif ic issues assoc iated wi th 
reg ional equator ial heat budge t problems are discussed 
br iefly below. 

Eastern Tropical Pac i f ic .  The eastern tropical 
Pac i f ic can be char ac ter ized by three geograph ic 
subreg ions that inter ac t  strong ly dur ing BN events . The 
heat balance of each of these subreg ions appear s to be 
governed by a slightly different se t of phys ical 
processes . The interac t ions , key processes , and wha t 
needs to be known abou t them are discussed below. 

o A tongue of cool water extends from the Galapagos 
I slands (" 90°W) to the dateline along the equator . 
I t  exhibi ts a rather regular annual cycle , but i t  is 
also the area where the largest SST anoulies occur 
dur ing the BN occur rences . The tongue is probably 
produced by hor izontal advec tion of cool water from 
the waters off Per u and by equator ial upwelling , both 
of wh ich vary seasonally and inter annually in response 
to the winds ( Phi lander and Pacanowski ,  1981) . The 
relative contr ibution of these two processes is 
unknown , not only in the annual mean , but also in the 
annual cycle and in par ticular dur ing anomalous events . 

o The area sou th of the Galapagos Islands and extending 
to the coastal upwelling reg ions of f Per u is one of 
the least known in the entire tropical Pac i f ic , 
al though i t  forms the impor tant link between the Per u 
upwell ing area and the cool tongue . Dur ing anomalously 
cold epochs , the tongue is definitely connec ted to the 
Per uvian upwell ing as par t of the sou th Pac i f ic gyre 
circulation , and upwell ing is also strong . Bach year , 
dur ing the southern summer , th is connec tion seems to 
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be inter rupted by warmer water in the v ic in i ty of the 
Galapagos I slands and at the coas t .  Th is effec t migh t 
be due to a seasonal weaken ing of the gyre c irculation .  
Dur ing large SO events the weakening or d isplacement 
of the c irculation appear s to be a major contr ibutor 
to the warming . 

o The Galapagos Front s tretches from the coas t of Ecuador 
near s•s toward the Galapagos Islands and continues 
wes tward , slowly los ing s treng th .  I t  i s  a very 
s trongly developed boundary be tween the warm , low 
s al in i ty water of the eastern tropical Pac i f ic in the 
nor th and the cool water s  of h igher salin i ty coming 
f rom the Per u current in the south . The frontal 
dynamics cons ist of the usually souther ly winds 
between the coast and the Galapagos I slands balanc ing 
a southward-direc ted ocean ic pressure grad ien t .  When 
the winds decrease , the water nor th of the front can 
over f low the cooler waters south of i t  and form a thi n  
layer o f  warm water . Wh ile th is general s i tuation i s  
well known , the de tails o f  th e  response are unclear , 
e spec ially whe ther i t  is an annual event ,  ampl if ied 
only dur ing BN , or whe ther the s i tuat ion dur ing BN i s  
of an entirely d ifferent natur e .  The dynamics of 
overf low need to be s tud ied , s ince they have bear ing s 
on the format ion of the SST anomalies in the cr i t ical 
reg ion south of the Galapagos I slands . 

Centr al Pacif ic .  Sur face heat input ,  changes in the 
cur rents and in upwell ing (caused by changes in the 
w inds ) are possible causes of the observed temper ature 
changes in the Cen tral Pac i f ic ( see Figure 4 ) . A 
quan t i tative assessment of the magni tude of these 
processes would lead to an unders tanding of the format ion 
of the large sur face temper ature anomalies in th is area 
and of the ir spread ing . 

A key component of the cen tral ocean heat balance is 
wind- induced equator ial upwelling .  Divergen t Bkman f low 
in the sur face layer and convergent geos troph ic f low in 
the subsur face layer produce a circulat ion in the 
mer id ional plane , wh ich leads to upwelling . Us ing th is 
bas in balance , equator ial upwell ing in the Pacific has 
been est imated as 50xlo6m3;sec , a value compar able to 
the s tronges t ocean currents . The mer idional circulat ion 
assoc iated wi th equator ial upwell ing and with the 
equator ial undercur rent also needs to be measured to 
s tudy i ts response to wind f luc tuat ions and to ver ify 
ex ist ing mode l compu tat ions . A quantitative under -
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PIGURE 4 .  Schematic of the processes that contr ibute to 
the spatial and tempor al evolution of a cold water tongue 
in the equator ial Pac i f ic ( from Wyr tki , 1981) . 

s tanding of the upwell ing process is needed to assess i ts 
contr ibut ion to the cool tongue and to the developmen t of 
anomalous temperature cond i t ions . 

Equally impor tan t processes involve the maintenance of 
the tropical mixed layer and the magni tude of the coupling 
be tween the mixed layer and the deeper ocean . It is 
impor tant to under s tand the way in wh ich the SST pattern 
is se t up by the interac tion of mixed layer processes 
w i th s trong upwelling , ver tical diffus ion , and hor i zontal 
temperature advec t ion . 

Western Pac i f ic .  The upper layers of the western 
Pacif ic contain the greatest amoun t of heat per uni t  mas s 
of any par t of the wor ld1s oceans ( except for several 
small reg ions of the Medi terranean , Red Sea , e tc . ) . 
Thus , i t  has tremendous thermal iner tia to he lp s tabilize 
the ocean-atmosphere sys tem . It also has the potential 
to release large quanti ties of both thermal and potential 
energy that migh t be impor tan t to distant ocean areas and 
the over lying atmosphere . Wh ile the sur face temper ature 
in th is reg ion appear s to be less var iable than in the 
e astern Pac i f ic ,  the subsur face temper ature ( for example , 
the heat content of the mixed layer ) shows large 
f luc tuations that are well related to the so. 
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1 . 3 . 3  Ocean-Atmosphere Interac t ion--The Coupled Problem 

The key to unders tanding the SO appears to l ie in a 
de tailed knowledge of the phys ical processes that couple 
the tropical ocean and atmosphere.  The impor tance and 
intimacy of th is interac t ion has been alluded to above 
and at the beg inn ing of this chapter . In par ticular , we 
have noted above that the EN sequence of events appears 
to be ini tiated by changes in the atmospher ic forc ing by 
the wind f ield , imply ing that someth ing has already 
brough t about a change in the atmospher ic c irculation .  
Purther , we have noted that the spread and development o f  
SST anomalies into the central Pac i f ic are likely to 
result in modif ication of the atmospher ic circulat ion , 
w i th teleconnec tions to h igher lat i tudes . The separation 
of the latter effec t  from the normal atmospher ic dynamics 
will be a difficult task that can probably be ach ieved 
only with models that faithfully reproduce both the bas ic 
s tate and trans ient phenomena. 

Some of the key sc ientif ic issues assoc iated wi th 
understanding the •coupled problem• are : 

o What trigger s the whole sequence of events connec ted 
with an episode of warm SST in the f ir s t  place? I t  
has been noted that a weakening o f  the South Pacific 
H igh apparently precedes the other events in the 
cycle , but we can only speculate ( see below) why tha t 
weakening occurs in the f irst  place . We do not ye t 
have even a speculat ion as to why the nex t discernible 
change , the equator ial and eas tward shi f t  in the SPCZ 
and the eas tward sh ift  of the Indones ian Low into the 
Pac i f ic ,  should occur . Alternat ively , the tr igger may 
lie in the interannual var iations in the monsoon 
sys tem and i ts inter ac tion with the tropical ocean , 
thus conf ining the ini t iation to the tropics . 

o What sets the t ime scale of the SO? There is an EN 
even t and a concur rent peak in the SO every four to 
f ive years on the average , but the spec trum is broad 
near th is peak , with individual events spaced as close 
toge ther as two year s and as far apar t as ten year s .  
At present there is no tes table , plaus ible hypothesis 
for the tr igger ing or the timing , but two broad 
conceptual framewor ks have been suggested .  They migh t 
be termed the random and the quas i-per iodic . 

The r andom hypothesis suggests that the EN 
sequence is tr iggered when some stochas tic f luc tuation 
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of the ocean-atmosphere sys tem occurs in the proper 
conj unc tion ,  or at j us t  the r igh t t ime in relat ion to 
the annual cycle . One idea of th is type suggests tha t 
a proper ly t imed , but random, migration of the 
power ful Indones ian Low into the wes tern Pac i f ic wi ll  
ac t as  a tr igger . Another sugges ts that the changes 
in the South Pac i f ic High , wh ich appear to lead and 
tr igger all other changes in the tropics , are merely 
r andom fluc tuat ions . A number of other poss ibili t ies 
of th is kind have been sugges ted ( e . g . , waves in  the 
Antarctic C ircumpolar Cur ren t ,  convec tive over turning 
near the subtropical ocean ic front) . The r andom 
hypothes is explains the two- to- ten year time scale a s 
a consequence of the s tochas tic nature of the 
forc ing : s ince the cycle takes two years to wor k 
through , i t  cannot reoccur more of ten than every two 
year s r how much longer i t  will take is a matter of 
chance . 

The quas i-per iodic hypothes is maintains that the 
af termath of an EN sows the seeds for the nex t one : 
that all of the SO cycles are par t of a connected 
chain of events . In the quasi-per iodic hypothesis the 
ocean plays a key role because the atmosphere appear s 
to have too little inertia-- too shor t a memory-- to 
sustain an osc i llat ion with a per iod of up to f ive 
years .2 There is no d i f f iculty in f inding oceanic 
processes that involve such long t ime scales . A 
( lowes t  mode baroc linic )  Rossby wave takes 
approx imately seven mon ths to cross the Pac ific at the 
equator r by 15°N the cross ing time has increased to 
about two years ,  and by 30°N i t  is n ine year s .  Such a 
wave feature , spawned by one event , may be the tr igger 
for the subsequent event .  Recent numer ical model 
results lend some credence to the poss ibil i ty of such 
a mechan ism. 

o Why do mos t ,  but not all , El N ino events se t in ear ly 
in the calendar year , wi th the max imum warm anomaly at 
the coas t occur r ing a few months af ter the normal 

1 The quas i-bienn ial osc i llat ion ( QBO) in the equator ial 
s tratospher ic winds is an except ion ,  demonstrat ing that a 
purely atmospher ic mechan ism cannot be entirely ruled 
out.  However ,  the QBO is a largely s tratospher ic 
phenomenon that is governed by very differen t  dynamica l 
interac t ions from those govern ing the so.  

Copyr igh t  ©  Na t iona l  Academy o f  Sc iences .  A l l  r i gh ts  rese rved .

E l  N ino  and  the  Sou thern  Osc i l l a t i on :   A  Sc ien t i f i c  P lan
h t tp : / /www.nap .edu /ca ta log .php?record_ id=19512

http://www.nap.edu/catalog.php?record_id=19512


20 

February SST maximum? Does it offer any clues to th e 
nature of the coupling between the atmosphere and 
ocean? Then there are occurrences of an EN at an 

unexpected time of the year (e. g. , 1930 ) or durations 
longer than the typical two-year cycle ( 1976-1980 ) . 
Good case-by-case descriptions of the typical events , 
the •aaver icka , • and , perhaps as important , the 
• noraal• progression of the seasonal cycle are badly 
needed. 

o How is the ENSO signal transmitted from the western 
Pacific , where the weakening of the trade winds takes 
place , to the South American coast, where the moat 
dramatic changes in the depths of the thermocline are 
observed? It has been suggested that an oceanic 
equatorial Kelvin wave is generated in the west , 
propagates eastward , and causes the observed 
thermocline displacement at the coast of South America 
(MCCreary , 1976 r Hurlburt et al. , 1976 ) . The theory 

is unaabiguoua and the observed structure and timing 
of the coastal changes are as expected. Nevertheless, 
there is not yet consistent observational evidence 
s uggesting a sea level or SST signal propagating 
eastward across the central Pacific. Por some EN 
events, we are nearly in the situation of having the 
signal leaving and arriving , but see no trace of ita 
transit. 

o How do events in the tropical ocean and atmosphere 
communicate and interact with midlatitudea? Present 
knowledge in this area is limited. Por example, there 
are changes in the midlatitude Pacific SST patterns 
that follow an EN event , and it has been suggested 
that the midlatitude anomaly pattern will alter the 
weather over North America. The evidence from theory 
and numerical experiments supports the idea that the 
tropical SST anomalies are the important ones , but it 
is quite possible that the midlatitude SST anomalies 
play a role , especially if the standing waves generated 
by the tropical anomalies interact significantly with 
midlatitude transients. 

The midlatitude SST anomalies appear too soon 

after the equatorial ones for it to be likely that 
they are generated entirely by oceanic processes. It 
is quite possible that tropical SST anomalies alter 
the midlatitude atmospheric circulation, which then 
induces the midlatitude ocean anomalies. Current 
explanations for this coupling are not well defined 

and are the sub1ect of considerable scientific debate. 

Copyright © National Academy of Sciences. All rights reserved.

El Nino and the Southern Oscillation:  A Scientific Plan
http://www.nap.edu/catalog.php?record_id=19512

http://www.nap.edu/catalog.php?record_id=19512


21 

In summary, there has been relat ively little 
theoret ical wor k that cons iders the atmosphere and ocean 
as a coupled problem . I t  is clear that some aspects of 
the SO phenomena are r ipe for such an approach , while 
others will require a great leap of imag ination .  As 
always , imag inat ion will be aided enormously by fur ther 
data s tudies . The discuss ion points to a number of 
s tudies that could be car r ied out with the exist ing data 
base , but there are other quest ions that cannot be 
answered until that data base is  enhanced notably by 
global , synoptic f ields of sur face wind , pressure , and 
SST .  

1 . 4 CLIMATE PREDICTION 

We have seen that cer tain elements of the so family have 
l ife cycles of a year or longer , e . g . , the tropical SST 
anomalies . I t  also seems eviden t that there is a 
r easonably strong linkage be tween these events and 
subsequent events at midlati tude , par ticularly over the 
nor th Pacific Ocean and Nor th Amer ica . These presumed 
l inkages already have been used to develop shor t-term 
climate forecast models . 

The cur rent forecas t models are largely empir ical . 
They capi talize on the facts that usually EN events : 
( 1 ) are well developed dur ing the nor thern summer ,  
( 2 )  will per sist into the subsequen t winter , and ( 3 )  ar e 
of ten assoc iated with companion ocean temperature 
anomalies at midlati tude . Knowing that the comaunication 
be tween the tropics and h igh lat i tudes is s tronges t  
dur ing the cool seasons , the models then use var ious 
s tatistical techniques to forecas t cool season condi tions 
over Nor th Amer ica from an teceden t ( e . g . , summer ) ocean 
conditions . F igure 3 is one example of the cur rent 
forecas t sk ill attained by such models . I t  seems likely 
that th is approach to forecasting will be explored 
in-depth over the nex t f ive to ten year s as mor e 
information on the lead-lag s tr uc ture of the so 
phenomenon becomes available . The establishment of 
Exper imental Climate Forecast Centers under the Nat ional 
Climate Program should acceler ate th is  development and 
serve as a pract ical focal point for many of the results 
of the so study . 

The s tatistical models do not generally include any 
physics or dynamics and th is  is , perhaps , the ir major 
shor tcoming . As elements of the so dynamics are 
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uncovered, they will need to be incorporated into the 
forecast .adele. Gradual resolution of key scientific 
issues noted above will open the way for the incorpora­
tion of this combination of statistics and dynamics into 
a new class of cliaate prediction model. The inclusion 
of dynamics offers the promise of improving accuracy, 
forecast range , and, perhaps moat iJDPOrtant, reliability. 
A major problem is to determine how this should be done 
(see below) . It should be emphasized that these 

anticipated benefits will be closely linked to the rate 
of progress on the scientific issues raised above. 

The issues of highest scientific priority in the area 
of predictability are : 

o What levels of climate predictability might we 

ultimately expect to achieve? How do these estimate s 
depend on geographical location, season , etc. ? For 
instance, current statistical models show little or no 
forecast skill for temperature in the central regions 
of the United States. I s  this a real feature of the 
climate variations in this region? or, more likely, 
the result of an inadequate model? The answers to 
s uch questions are crucial to the development of 
forecasting models and to the direction of the 
scientific research called for above. For instance , 
for certain aspects of cliaate variability , a 
statistical-dynamical forecast modeling approach might 
be more appropriate than a totally deterministic 
forecast model. 

o A sound , quantitative description of the evolution of 
ocean-atmosphere events in the global so cycle is 
required. It is this sequence , with its inherent 
lead-lag relations, that useful forecast models must 
ultimately reproduce. These models must also be able 
to reproduce the observed differences between so 
events and their midlatitude consequences--e. g. , the 
19 72-1973 event was associated with relatively mild 
winter conditions over the eastern two-thirds of North 
America while the 1976-1977 event produced an extremely 
cold winter. 

o Substantial theoretical effort is required to discover 
how to blend statistical relationships and dynamics 
optimally into a unified forecast model. Both points 
of view have their strengths and weaknesses. Indeed, 
most current climate models are built exclusively on 
one or the other approach. Our current understanding 
of the climate problem suggests that significantly 
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i mproved climate predic tions will require the best of 
both approaches . Wor k now under way on how to combine 
these complementary approaches toward the forecas t 
problem is only at a rudimentary s tage . 

o Forecast models for lead t ime of one-to-two seasons , 
no matter what the ir nature , will ultimately need to 
cope with the coupled ocean-atmosphere system. The 
s trong interact ion between these two fluids , togethe r 
w i th the fact that the upper ocean can change 
s igni f icantly over the one-to- two season t ime scale , 
suggests that the use of a • s tatic •  ocean , permiss ible 
in shor t-range weather forecas ting , will be inadequate 
for climate predic tion .  

1 .  5 STRATEGY AND GENERAL OBJECTIVES 

We have descr ibed above the char ac ter of the so and i ts 
crucial role in developing a phys ical basis for 
understanding and predic t ing global climate change . Our 
current knowledge also allows us to def ine clearly a 
sc ientif ic program that will address the following 
objec t ives . 

o To develop an improved under standing of the � s i tu 
and remote atmospher ic forc ing of and response to 
fluctuations in equator ial Pac i f ic SST anomalies • 

o To identify the processes that control the developmen t 
and t ime evolution of the thermal anomalies assoc iated 
with the so and EN in the equator ial Pac if ic Ocean J and 

o To understand the large-scale ocean-atmosphere 
interac tions responsible for much of the shor t-ter m 
i nter annual fluc tuat ions of the coupled climate system 
and to de termine the predic tabili ty of the sys tem. Of 
par ticular interest are relat ionsh ips between the so 
phenomena and ( 1 )  climate fluc tuations in midlati tudes , 
par ticularly Nor th Amer ica , and ( 2 )  interannual 
var iations in the Asian monsoon , including both i t s  
r eg ional character istics and i �s relationship to the 
plane tary circulat ion . 

I n  addi tion to the sc ientific objec tives listed above , 
the program also includes the following , more 
operationally or iented objec t ives : 

o The developmen t of improved schemes for pred ict ion of 
shor t-term climate var iabili ty and 
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o Design of the optimum operational observing sys tem 
r equ ired to provide the data base for such predic tions . 

There already exists an impress ive ar ray of resources 
that prov ide a bas is for s tudies of the so a 

o A near-global atmospher ic observing system ( the World 
Weather Watch) operated on a rout ine bas is at no 
direc t  coa t to the sc ientif ic ca.muni ty.  

o An in-place skele ton ocean observing sys tem over 
approximately half of the tropical Pac ific ,  cons isting 
of island sea-level observ ing s tations and Expendable 
Bathyther.ograpba ( XBTs ) from sh ips-of-oppor tuni ty . 

o An extens ive collection of histor ical data from ships , 
islands , etc . , that allow us to def ine and study pas t 
behav ior of the so . 

o Analyses of synoptic observat ions and other by-products 
of operational weather forecast ing . 

o A se t of at.ospber ic and ocean ic models that have 
successfully s imulated some features of the so family . 

o A set of hypotheses , or at least chronolog ies ,  based 
on both data and theory descr ibing some of the key 
features of the so and bow they evolve in t ime .  

The scope and time scale of the so phenomena i tself 
and the scientific studies ske tched br iefly above dictate 
a progr am of decadal leng th . Our unders tanding of the 
phenomenon suggests that ocean-atmosphere interactions in 
the tropical Pacif ic and subsequen t • teleconnec tions• to 
o ther par ts of the globe , par ticularly Nor th Amer ica , 
should be emphas ized . The latter are among the stronges t 
and bes t  understood aspec ts of the so , and seem to have 
the mos t immediate payoff in terms of shor t-term climate 
prediction . The reg ional focus def ines a logis tically 
feas ible , geograph ically f ixed se t of observational 
problems . Indeed , cons ider able sc ientific interest 
already ex ists in tropical Pac ific investigation and many 
progr am  elements are already in place r however no coherent 
over all sc ientific fr amework baa been es tablished . The 
s ize of the reg ion and the strong interes t of many 
ne ighbor ing countr ies in climatic fluc tuations imply tha t  
the program should ultimately be incorporated a s  an 
elemen t of the World Climate Research Program. 
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THE PROGRAM PLAN 

The El Nino/Southern Osc i llat ion (ENSO) sc ientific 
program has three major components . 

( l ) An observational effor t to : 
( a) moni tor atmosphere-ocean inter actions 

assoc iated with the ENSO phenomenon over a 
per iod of a decade r 

(b )  provide a more de tailed descr iption of a 
fair ly representative El N ino (EN) episode 
spanning a 15-18 month per iod J  and 

( c )  provide de tai led informat ion concerning the 
processes that con trol the sea-sur face 
temper ature and the f luxes at the 
atmosphere/ocean surface . 

( 2 ) The upgrading and analys is of histor ical data seta 
that provide a par tial descr ipt ion of the ENSO 
phenomenon dur ing the pas t 30 year s and more 
limi ted but none theless valuable information 
concerning i ta behav ior over the past century.  

( 3 )  A modeling effor t devoted to test ing hypotheses 
concerning atmosphere-ocean interac tions relevant 
to the ENSO phenomenon and to developing a 
predic tive capability .  

The observational effor t i s  descr ibed from oceano­
g r aph ic and me teorolog ical per spec tives in the next two 
sec tions , followed by sections descr ibing the wor k 
r elated to histor ical data seta and the model ing effor t .  
Chapter 3 deals with management considerat ions : data 
management , relationsh ip to ex isting programs , and 
coordination with internat ional programs . 

2 5  
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2 . 1  OBSERVATIONS 1 AN OCBANOGRAPBIC PBBSPBCTIVB 

This sec t ion descr ibes in somewhat greater detail the 
observations required in order to address the 
oceanogr aphic questions relevant to the BRSO phenOIIlenon . 
I t  is d ivided into three subsec t ions . 

2 . 1 . 1  lists the observations required for .an i tor ing 
atmosphere-ocean interac t ions in the tropical Pac ific , 
w i th emphas is on those f ields that are essent ial for 
documenting oceanogr aph ic aspec ts of the BHSO phenomenon . 
The moni tor ing effor t encogpasses fluc tuations on time 
scales rang ing from weeks to year s and includes as one of 
i ts obj ec t ives a more detailed de termination of the 
climatolog ical mean annual cycle . Major emphas is is on 
phenOIIlena with large space scales , and therefore the 
moni tor ing ne twor k is th in but broad enough to encompas s  
the entire Pacific bas in . The moni tor ing activ i ty is 
planned to extend through the full ten-year duration of 
the BHSO program. 

2 . 1 . 2 descr ibes a more intens ive observational effor t 
des igned to be car r ied out in connection wi th one single 
EH event .  I t  will commence several .anths before 
sea-sur face temper ature r ises along the South Amer ican 
coas t are expec ted to beg in , and it  will continue for 
15-18 months . S ince the spec ial observat ions will be 
init iated with shor t lead time ,  in response to an early 
warn ing of an impending even t ,  th is component of the EHSO 
program is refer red to as the EH Rapid Respanse Projec t .  

Ne i ther the mon itor ing effor t nor the E H  Rapid Response 
Projec t  direc tly addresses the major gaps in existing 
knowledge of how the large sea-sur face temperature 
anomalies and the assoc iated anomalies in air-sea energy 
exchanges are created over a per iod of just a few months 
and sustained for a year or longer .  For this purpose a 
se t of three reg ional , process-or iented exper iments , 
descr ibed in 2 . 1 . 3 ,  will be car r ied out .  In order to 
minimize competit ion for sh ips and other resources ,  these 
exper iments will be car r ied out sequentially dur ing the 
ten-year EHSO program ,  with little or no overlap between 
thea. Bach exper imen t will be des igned so as to take 
maximum poss ible advan tage of the background mon itor ing 
ne twor k descr ibed in 2 . 1 . 1 . 

There is cons ider able overlap be tween the observationa� 
requirements for the oceanog raph ic par t of the BHSO 
program descr ibed in th is sec tion and those for the 
me teorolog ical par t descr ibed in sec tion 2 . 2 . 
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2 . 1 . 1  Pac ific Bas in Moni tor ing 

The objec t ive of the Pac i f ic Bas in mon i tor ing effor t 
dur ing the next decade is to descr ibe the large scale 
aspec ts of the ENSO phenomenon in the tropical Paci f ic 
Ocean . The program mus t be des igned to document all 
major large-scale changes in ocean c irculation , heat 
s torage , heat exchange , and wind forc ing dur ing the 
ten-year per iod . The mon i tor ing program encompasses the 
following elements : 

o The wind f ield , which is the dr iv ing force for the 
ocean circulation , will be est imated on the bas is 
of observat ions from sh ips and islands , toge ther 
wi th low level cloud mot ion vec tor s .  A satellite ­
borne scatterome ter would prov ide comple te areal 
cover age . 

o The thermal structur e ,  which determines the heat 
con ten t and the baroclin ic componen t of the 
geos troph ic flow , will be documented on the bas is 
of XBT sec tions from sh ips of oppor tuni ty and 
r esearch ships , and data from dr ifting buoys with 
thermis tor chains . 

o Sea sur face topogr aphy, which is needed for 
documenting sea-level changes and for infer r ing 
the barotropic component of the ocean c irculation , 
will be monitored us ing the ex isting ne twor k of 
sea level s tations , augmented by a few add itional 
stations in reg ions of spec ial impor tance . An 
altimetr ic satell i te would provide uniform 
coverage over impor tant data-spar se reg ions . 

o Sea sur face temperature , which serves as an 
indicator of oceanic heat stor age and is requ ired 
as a lower boundary condi tion for atmospher ic 
models , will be mapped on the basis of data from 
ships of oppor tun ity and satelli tes . The 
collec tion of ship weather repor ts needs to be 
improved , and the quali ty of satelli te-der ived sea 
sur face temper atures needs to be carefully 
de termined . 

· 

I t  will be necessary to mon i tor winds , sur face 
temper atures , and thermal s tr uc ture in dynamically 
i mpor tant reg ions not covered by shipping routes . For 
th is purpose f ixed buoys are needed in the core ·  reg ion of 
the southeast trade winds in the v ic inity of 20 ° S , 85°W 
and l0 °S , 10 5°W ( see F igure 5 ) . S ince the equator ial 
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FIGURE 5 .  Compos i te map showing the dens i ty d istr ibution of ship-of-oppor tuni ty 
me teorolog ical repor ts ( logar i thm ic scale ) and the locat ion of proposed buoy deploymen t to 

augment the sh ip repor ts . 
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undercur rent cannot be mon itored by ind irec t  me thods , 
moorings at appropriate long i tudes need to be maintained 
during the entire experimen t to mon i tor this impor tan t 
component of the ocean circulation . 

2 . 1 . 2  The El Nino Rapid Response Projec t 

The con tinuing basin-wide observations listed in the 
previous subsection will yield data that can be used to 
i dentify the poten tial for the occur rence of a strong 
swing in the indices of the Southern Oscillation ( SO) and 
the initiation of an EN event .  A scientific team will be 
established to monitor and predic t oceanic conditions 
associated with the occur r ence of EN , thereby providing a 
basis for signaling a ten tative star t-up of the Rapid 
Response Projec t .  The prediction methods will inc lude 
both statist ical and dynamical models with experimen tal 
predictions being made and verified at r egular intervals . 
The full implementation of the projec t will await 
verification that the event bas begun . 

The El Nino Rapid Response Projec t will be institu ted 
i n  two phases . 

Phase I : A de tailed operational plan will be 
developed . A pre liminary plan is already in hand , bu t 
i t  will need to be revised based on Ca )  the strong , 
somewhat unusual 1982 EN even t and ( b )  for thcoming 
information concern ing the array of instr uments that 
will ac tually be deployed in the Pac ific-wide 
monitor ing effor t descr ibed above . 
Phase I I : The rapid response projec t  will be 
inst ituted based on the forecast of an incipient El 
Nino even t .  The elements of this action can be 
conceptualized based on prel iminary planning conduc ted 
to date . The essential observ ing systems that could 
be employed are illustrated schematically in Figure 
6 .  They include : Current meter moorings deployed to 
fill in the long term current monitoring ar rayr 
hydrographic cruises in key areasr aircraf t fligh ts to 
augmen t mapping the thermal struc ture with AXBTs . 
These aircraf t  will also be available for me teoro­
logical missions . Satellite- tracked dr ifting buoys 
would augment the cur rent measur ing arrays and the 
mapping of the upper ocean thermal str uc ture . 
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FIGURE 6 .  Schematic depic tion of possible observ ing systems deployment for the E l  N ino Rapid 
Response Projec t .  Phase 1: winds , sea leve l, sea sur face temperaturer Phases 2, 3 ,  and 4 :  
cur rents , sea level ,  sea surface temperature ,  subsurface temper atur e ,  biolog ical-chemical 
samples , winds . 
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2 . 1 . 3  Process B!perimenta 

Elucidation of the essential physical processes 
responsible for the observed sea-surface te.perature and 
s ea-level changes in various regions of the equatorial 
Pacific will require a nuaber of specific process 
experiments. Since it now appears that the dynaaica and 
ther.adynaaica of the aixed layer exhibit large regional 
d ifferences, separate studies are planned for the 
eastern, central, and western ocean. 

Eastern Pacific Prograa. The eastern Pacific is 
characterized by a shallow aixed layer and strong 
horizontal contrasts in sea-surface te.perature. Studies 
o f  SST variability in this region have tended to focus on 
t he interaction of the ocean circulation with tbe coastal 
boundary and the large-scale .:we•nt of water .. aaes 
a long and across the equator during EN events. An 
intensive field prograa baa been in progress since 197 9  
aa a result o f  cooperative efforts between National 
OCeanic and At8ospberic Administration (NOAA) scientists 
f unded by tbe Equatorial Pacific OCean Cliaate Studies 
( EPOCS) program and scientists at Oregon State University. 

Although the intensive aeaaure .. nts were concluded in 
early 1983 , certain sea-level stations should be 
maintained, and XBT sections and drifter releases should 
be scheduled to continue at regular intervals as part of 
the basin-wide aonitoring prograa described in 2 . 1 . 1 . 
The analysis of observations taken during the intensive 
f ield phase is an essential part of the EHSO research 
prograa. 

Central Pacific Proaraa. The central Pacific prograa 

is concerned with sea-surface te.perature changes over a 
broad expanse of ocean where the thermocline is too deep 
to directly interact witb the surface waters and where 
horizontal gradients are weaker than in the eastern 
Pacific. Hence, it is not anticipated that the rather 
straightforward descriptive appr�b employed in tbe 
eastern Pacific program will be adequate for deteraining 

the nature and causes of sea surface temperature (SST) 
variability in the central Pacific. Thus, a rather 
different kind of program is envisioned. The proposed 
prograa is organized around the beat budget of the aixed 
l ayer ( see section 1 . 3 . 2 )  with emphasis on tbose processes 
that contribute to the variability of SST. It aay be 
viewed aa an outgrowth or expansion of tbe Tropic Heat 
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Progr am  sponsored by the National Sc ience Foundation 
( NSF) .  

The princ ipal terms in the heat budget are the surface 
fluxes of water vapor and sens ible hea t ,  the hor izontal 
temperature advec tion ,  and the ver tical f luxes of heat 
through the thermocl ine due to intermi tten t microacale 
turbulence . The sur face f luxes will be estimated on the 
basis of the bulk aerodynamic formulae based on sur face 
data der ived from dr ifting buoys that carry meteorolog ical 
ins trumentation , sh ips of oppor tun i ty ,  and remote 
satellite sensing . Moored ar r ays of cur rent me ter s ,  
ver tical prof i ler s ,  and dr ifter s drogued to var ious 
depths are the pr inc ipal existing tools avai lable for 
mon i tor ing the hor i zontal teaperature advec tion . The 
ver tical flux of heat through the thermocline will be 
infer red from in s i tu measurements of the rate of 
turbulent d iss ipation of aechan ical energy and the 
micros truc ture of the temperature f ield . In addit ion , 
the local heat s torage in the aixed layer will be 
estimated on the bas is of data der ived from moored or 
dr if ting thermistor chains and XBTs from sh ips of 
oppor tun ity .  

Apar t from the tur bulence aeasurements , which can be 
made only from oceanograph ic vessels , the program will 
r ely heav ily on oceanograph ic and me teorolog ical data 
from unattended ins tr uments on aoored and dr ifting buoys , 
interrogated by satell i tes . Inexpens ive , cal ibr ated , 
remotely located dr ifting buoys that follow the upper 
ocean water motion at var ious levels play an espec ially 
impor tant role . And i t  should be emphas i zed that 
satellite data are needed in order to prov ide a reg ional 
scale contex t for in terpret ing the isolated measurements 
of sea-air fluxes from the var ious ins trumented platforms . 
Improved techn iques ar e needed for inferr ing the ne t 
r ad iation budge t at the air-sea interface and the low­
leve l humidity f ield on the bas is of satelli te-based 
measurements . A schemat ic summary of the observ ing 
platforms required for the central Pac i f ic program i s  
shown i n  F igure 7 .  I t  i s  est imated that th is exper iment 
would run for a f ive-year per iod beg inn ing October 1983 . 

Wes tern Pac i f ic Program. Although the inter annual 
var iabil i ty of SST is smaller in the western Pac i f ic than 
in the cen tral and eas tern Pac i f ic ,  a number of recent 
model ing studies indicate that the atmospher ic c irculation 
might never theless be extremely sens i t ive to SST 
var iability in that reg ion .  From an oceanogr aph ic 
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· FIGURE 7 .  Schematic depict ion of the observat ional progr am elements proposed for the 
NSF-sponsored Tropic Heat Program. I t  is assumed that satell i te observat ions will also be 
available . The sur face temper ature is drawn for a typical June-September per iod when a •cold 
tongue • is well developed along the equator and when there is a large east-wes t temperature 
g radient south of the equator . 
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s tandpoint the western Pac ific is char acter ized by 
dramatic and widespread changes in sea-level and thermo­
cline depth that occur in assoc iation with the EN 
phenomenon fur ther to the eas t .  Fur thermore , there is 
cons iderable theoretical and modeling ev idence that 
suggests that in at leas t some cases,  EN events may be 
v iewed aa a re.ate response to sudden changes in wind 
s tress over the equator ial western Pac if ic .  A detailed 
program plan does not ye t ex ist for a process exper imen t 
in the wes tern Pac i f ic , although some oceanograph ic 
moni tor ing is be ing car r ied out as par t of the western 
Pac i f ic (WBSTPAC ) progr am. In v iew of the meteorolog ical 
and oceanograph ic impor tance of this reg ion ,  it is wor th 
cons ider ing whether a focused reg ional observ ing and data 
collection program migh t be needed . I t  is sugges ted tha t  
a spec ial international sympos ium on the western Pacif ic 
be held to ( 1 )  assess cur ren t  knowledge of the reg ion and 
( 2 ) to identify interested sc ientists who might form the 
nucleus of a new prograa. The WBSTPAC group migh t be a 
log ical focal point for organ i z ing these activities . 

2 .  2 OBSERVATIONS a A MB'l'BOROLOGICAL PERSPECTIVE 

The observations required for the meteorolog ical 
objectives of BNSO are somewhat more global in scope than 
those descr ibed in the previous sec tion ,  but there is 
cons ider able over lap be tween the two sets of requirements . 

2 . 2 . 1  Atmospher ic Mon i tor ing and the wor ld weather watch 

The meteorolog ical counterpar t of the moni tor ing effor t 
is baaed on the wor ld weather Watch (WNN) ne twor k , wh ich 
exists pr imar ily for the suppor t of operat ional weather 
forecasting . For the purposes of ENSO , requirements for 
spatial coverage over the nor thern hemisphere extratropics 
are not as s tr ingen t as for weather forecas ting , bu t 
year-to-year t ime continui ty of cer tain components of tbe 
observational sys tem , such aa me teorolog ical satell i tes 
and i solated island s tations , i s  more cr i tical , and a 
greater dens i ty of observations in cer tain key regions i s  
needed . 

I t  is assumed that the WWN will not only be maintained 
at i ts cur rent level , but will in fac t  be improved dur ing 
the lifetime of the ENSO progr aa. In i ts present 
conf igur ation ,  the ne twor k is adequate for many aspec t s  
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of the progru, but a modest enhanceMnt of observations 
f raa the equator ial Pac if ic ia c r i t ical in addressing tbe 
key issues related to the BNSO phenomenon . 

2 . 2 . 2  Augmentation of the Ground-Baaed world weather 
watch Networ k 

The r equirement for moni tor ing the at.oapher ic c irculation 
in the ne ighborhood of the equator can par tially be .a t  
by establishing o r  continuing t o  aaintain routine sur face 
and upper air observation stations on a saall nuaber of 
i slands located near the equator at s trateg ic long i tudes.  
These include the Galapagos , Chr ia taaa ,  Canton , Nauru , 
and Tawar a Islands . Automatic sur face observing stations 
are needed on a few other near-equator ial islands , such 
as Clipper ton and selected .amber s  of tbe L ine I slands , 
e . g . , Malden . In addi t ion to the routine meteorolog ical 
information collec ted , the oceanographic research vessels 
par tic ipating in BNSO should aake regular at.oapher ic 
soundings , on a non-inter ference bas is , and effor ts 
should be aade to upgr ade the collec tion and quali ty 
control of mar ine sur face observat ions froa ships of 
oppor tunity in the tropical Pac ific . 

In order to supplement the sur face observational 
ne twor k ,  par ticularly in the huge areas between ship 
tracks ( see F igure 5 ) , it will be necessary to aaintain a 
number of .a teorolog ical buoys dur ing the lifetime of the 
program. These systems will , of course ,  coaple .. nt tbe 
large-scale ocean moni tor ing progru descr ibed in 2 . 1 . 1 . 
Of h ighes t pr ior i ty are liaited ar r ays of buoys deployed 
in three s trateg ic areaa a 

o the southeast tropical Pac i f ic ,  in the reg ion of 
almos t nonexistent surface observations ( as an 
alternative to moored buoys , an automatic s tation 
on Pe ter and Paul I sland migh t be cons idered) r 

o the near-equator ial lati tude band , across the 
entire breadth of the Pac i f ie r  and 

o in the poor ly sampled reg ion of tbe Inter tropical 
Convergence Zone ( ITC Z ) . 

All buoys should be instr umented to provide measurements 
of sea sur face and air te�rature or temper ature 
d ifference and humidi ty sensor s ,  if practicable . Buoys 
in the equator ial belt should also be equipped to aeaaur e 
w ind speed and d irec tion ,  whi le wind speed and pressure 
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aeaaureaents are adequate a t  h igher lati tudes . The buoy 
networ k in the southeas t tropical Pacific mus t be adequate 
for resolving the aaj or var iat ions in the southeast trade 
winds and the large-scale var iations in the southeast 
Pac i f ic h igh , while the combined me teorolog ical/ 
oceanograph ic buoy ne twor k in the equator ial belt mus t 
r esolve the wind fluctuations of impor tance to the large 
scale ocean dynamics . The ne twor k in the v ic inity of the 
ITCZ must resolve the var iations in low level winds 
assoc iated with changes in Pos i t ion and intensi ty of the 
convergence zone . 

In addi tion ,  a fairly spar se networ k of dr ifting buoys 
is needed over the southern hemisphere ocean , including 
the remainder of the south Pac if ic Ocean as well as the 
Indian Ocean , and the South Atlantic Ocean and the 
Antarctic C ircumpolar Cur ren t .  S ince fluc tuations 6n tbe 
EHSO t ime-scale have much larger charac ter istic hor izontal 
scales than those on daily weather aaps , the network need 
not be as dense as the one that was in place dur ing the 
F irst  GARP Global Exper iment (PGGE) .  Since the planning 
and implementation of buoy programs require long lead 
t imes , i t  will be impor tant to def ine observational 
requirements clear ly at an ear ly s tage . 

2 . 2 . 3  Heed for Continuous Satell i te Cover age 

A v i tal par t of the WNW ,  as it s tands , is the remote 
sens ing of the atmosphere from apace . Measurements from 
satell i tes are the only feas ible approach for obtaining 
the truly global per spect ive required for .ani tor ing the 
a t.ospher ic par t of the so. Included at present are at 
leas t two u . s .  geostat ionary satelli tes and one or two 
polar orbiting sun-synchronous satelli tes . These systems 
prov ide vis ible and infrared imagery , infr ared and 
m icrowave soundings that can be used to infer tbe ver t ical 
distr ibution of atmospher ic temperature and mois ture , and 
cloud mot ion vec tor s that provide information on the wind 
f ield . The polar orbiters are also used to interrogate 
r emote sur face s tations , such as dr ifting buoys . 

Cont inual cover age by geos tationary satelli tes ove r 
the Pac i f ic Ocean , the Amer icas , and elsewhere in the 
trop ical belt is essen tial to ENSO . At leas t one polar 
orbiter is  r equired at all times , and that can best be 
guaranteed by the con tinual presence of two polar 
orbiter s .  Any breakdown i n  satellite cover age would 
place the en tire ENSO program in j eopardy . Continui ty i n 
cover age is essential . 
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2 . 2 . 4  Special Observat ion Heeds 

o A knowledge of sur face wind is essential for 
deteraining the exchanges of momen tua between the 
at.aspbere and oceana that dr ive the ocean 
c irculation ,  and for parame ter ization of air /se a 
exchange of beat and water vapor by the bulk 
aerodynuic aaethod . Th is information can .,. t  
r eadily be obtained by satelli te-borne 
acatterometer a .  

o Cloud Motion Vec tor s prov ide a large amoun t of 
potentially useful proxy low-level wind data ove r 
the large tr ade wind reg ions , although they are of 
more liai ted usefulness in zones at deep 
convec tion ,  i . e . , the ITC Z and the South Pac ific 
Convergence Zone (SPC Z ) . De teraination of these 
vector f ields requires process ing and aaseably of 
informat ion from the Indian and Japanese aa well 
aa the u . s .  geosynchronous satelli tes . The 
relationship be tween cloud level winds and sur face 
winds aay be a complex func tion of time and apace , 
par ticular ly near the equator . 

o A knowledge of the sea sur face te.per ature 
distr ibution ia essential for spec ifying the lowe r 
boundary condition in aany atmospher ic models . I t  
i s  one of the indicator s o f  oceanic beat storage , 
and i t  is required for the calculation of air-sea 
fluxes of .ais ture , sens ible beat and r adiation . 
Heeded are improved g lobal sea-sur face te.perature 
analyses , der ived from a more sophisticated 
blending of satell i te inforaation and sur face sh ip 
observations . 

o Routine quantitative estimates of prec ipi tation ,  
or an index o f  prec ipitation , aver aged over areas 
on the order of 2 •x2• are needed for the entire 
Pacif ic-Indian Ocean tropical region .  A produc t 
of this type does not ye t ex ist , but recent studies 
relating radar returns and satell i te radiance data 
f rom the GARP Atlantic Tropical Exper iment (GATE) 
A/B ar r ay ,  toge ther wi th the apparently successful 
use of infrared ( IR) data for descr ibing large­
scale var iations of prec ipitation in the tropical 
Pacific indicate that i t  might be feasible to 
develop one . Maps of total prec ipi table water 
would also be of consider able value r such mapa 
could be generated on the basis of satellite­
observed IR r adiance data . 
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o For development of improved methods of es timating 
prec ip i tation i t  would be h ighly desir able to have 
condensed arch ives of v is ible and infrared 
satellite imagery , including histograms of the 
f requency distr ibution of r ad iances . Because of 
the h igh volumes involved , full resolution images 
are v ir tually inaccess ible to r esearchers 
interested in phenomena with monthly time-scales 
or longer . 

o De tailed knowledge of the proper ties and extent of 
c louds is needed so as to be able to infer the 
r adiative f lux divergence for at.ospher ic columns . 
Some over lap exists be tween the requirements for 
BHSO and those for the International satellite 
Cloud Climatology Projec t ( ISCCP) , wh ich has been 
proposed for a f ive-year per iod dur ing the 1980 1 s . 

o The sur face energy fluxes be tween the at.ospher e 
and ocean are of v i tal impor tance for both the 
ocean and the at.osphere indiv idually , and 
e spec ially for the coupled problem. Algor i thms 
de teraining surface r adiative fluxes , based mainly 
on satell i te data , are under development and 
appear promis ing . sur face fluxes of sens ible and 
latent heat may be computed using bulk aerodynamic 
formulae , wh ich require a knowledge of the sur face 
wind ,  air-sea temper ature differences , sea-sur face 
temper ature , and sur face a tmospher ic humidi ty . 

Whi le there are a number of uncer tainties and 
difficulties in obtain ing these quantities with 
the desired accur acy at any instan t ,  the s i tuation 
is much more proais ing on the monthly t ime scale , 
wh ich is adequate for mos t purposes . Fur ther 
developmen t of techniques for obtaining these 
quantities or proxy var iables by remote sens ing 
and from the augmented WNW should be encouraged . 

2 . 3  HISTORICAL DATA SETS 

Many of the recen t advances in under standing of the BHSO 
phenomenon are direc t  or indirec t  results of analyses of 
h is tor ical data sets . Fur ther analys is of these data 
sets is necessary in order to prov ide a proper context in 
wh ich to interpret the new observations descr ibed in the 
prev ious sec tions . These analyses will also serve as a 
bas is for ini tializing , forc ing , and ver ifying numer ical 
models , for tes ting forecas t ing schemes , and for 
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.on i tor ing and tes ting new hypotheses concern ing physical 
mechanisms . Bence it is appropr iate to recognize this 
analys is ac tivity as an in tegral par t of the ENSO program 
plan and to recommend tha t a subs tantial fraction of the 
fund ing available to the program be devoted to broadening 
the scope and improv ing the quali ty of cer tain key 
histor ical data se ts available to researcher s wor k ing in  
th is f ield .  Spec if ic recommendations relating to the 
managemen t of histor ical data sets are presented in 3 . 1 . 

2 . 4 MODELING 

The goal of the model ing effec t  is to unders tand the 
dynamics of the ENSO phenomenon throughout a comple te 
cycle . Th is goal will require the development of coupled 
ocean-atmosphere models that are global in extent and 
that can be integr ated for long per iods of time ( at leas t 
15-20 year s ) . These .adele will range fraa dynamically 
s imple ones that i llustrate specific interaction 
mechan isms to ocean and at.asphere general circulation 
models that are capable of real istically s imulating the 
pheno .. non . In addi tion , atmospher ic .adele wi th 
prescr ibed SST distr ibutions , as well as oceanic models 
wi th prescr ibed wind s tress and heat flux distr ibut ions , 
will be useful . F inally , reg ional models that can focus 
on a par ticular aspec t of the c irculation ( e . g .  the 
tropical Pac if ic)  are needed . Wh i le much model ing 
research is already under way , it can be expec ted tha t 
the availability of new data of improved quali ty and 
coverage will s timulate addi tional ac tiv i ty . 

2 . 4 . 1  Atmospher ic Models ( Prescr ibed OCean) 

Present general c irculat ion models are capable of 
s imulating many observed features of the at.osphere • s 
general c irculation , both in the tropical and h igher 
lati tudes . These models s imulate well not only the mean 
c irculation but also trans ient features such as 
teleconnec tions and block ing . S imulations of the 
a tmospher e ' s  response to an imposed equator ial Pac if ic 
sea-sur face temper ature anomaly have been carr ied ou t 
over the pas t decade with cons ider able success .  

Future anomaly exper imen ts should be of suf f ic ien t 
leng th to allow s tatistically s ignif icant resul ts to be 
obtained for mos t of the major features both with in and 
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outs ide the tropics . Because of the non-l inear natur e of 
the response , the SST anoaaliea should be of a realistic 
aagni tude . Exper iments for a f ixed time of year are 
probably the moat econoaic in computer tiM ,  but the 
results should be conf irmed by exper iments including the 
seasonal var iation . 

The quali ty of the best a iaulations of the atmospher ic 
c irculation is gener ally very good .  The aiaulation of 
the rainfall distr ibution is of par ticular impor tance in 
the tropics r a good control a iaulation is essential i f  
predic tions o f  economically impor tant changes i n  tropical 
r ainfall are to be taken ser iously . The rainfall is 
sens i t ive to the s imulat ion of reg ion of ascent and to 
the parameter ization of boundary layer and convective 
processes and drople t condensation and evaporation .  
These therefore all deserve spec ial attention i n  the 
development of ataospher ic models . 

There is relatively l i t tle published aater ial on the 
qual i ty of s imulation of aspects of the atmospher ic 
models relevant to ocean-ataoaphere interaction .  The 
ocean mixed layer is par t icular ly sens i t ive to the 
surface wind because the aix ing energy is h ighly 
dependent on the wind speed . This and the realistic 
a iaulation of the stress cur l ,  wh ich is of great 
impor tance in determin ing the ocean c irculation ,  are 
likely to be par ticular ly diff icult probleaa in coupled 
models . There aay be a need for h igher nor th-south 
resolution in the ataoapher ic models in order to obtain 
suff ic iently accurate representat ion of the sur face 
stress cur l in the v icinity of the inter tropical 
convergence zone . 

There are large changes in the modeled latent heat 
flux due to SST anomalies in the eastern and central 
tropical Pac ific but the changes vary cons ider ably 
between exper iments , par tly because of the different SST 
anomaly patterns . Changes in sens ible heat f luxes can 
also be impor tant because upwind of the anomal ies in the 
east Pacif ic ,  boundary layer air is cross ing the SST 
gradien t in a reg ion where ne t condensation is saall , so 
that heat ing of the air aainly occur s through sensible 
heat fluxes . 

An area of much present concern in both atmospher ic 
and coupled models is the representation of clouds . In 
the tropics , cloud is a major fac tor in var iations of the 
ne t r adiation of the ocean sur face and so , in a coupled 
model,  is impor tant for the ocean thermodynamics.  The 
cloud amounts , he igh ts ,  and optical charac ter istics ar e 
all impor tant and all diff icul t to par ame ter i ze .  
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2 . 4 . 2  Ocean Models (Atmosphere Prescr ibed ) 

I n  the las t decade a wide var iety of ocean models have 
been used successfully to unders tand the response of the 
tropical ocean to both s teady and time-varying distr ibu­
t ions of sur face wind s tress . They range froa s imple , 
l inear , reduced-gr avity models to soph isticated , oceanic 
general circulation models , and s imulate many observed 
features of the circulation surpr is ingly well. Of 
par ticular impor tance to the present program is the 
existence of sever al models of EN . These models all 
indicate that changes in the remote winds are connected 
to EN events at the sou th Amer ican coast via the 
equator ial wave guide . Recen tly , a l inear reduced 
g r avity model dr iven by e ighteen year s of realistic winds 
has been used to simulate observed sea level var iations 
in the tropical Pac if ic ( F igure 8 ) . Model EN events are 
caused by a relaxation Cor rever s ing ) of the trades in 
the far western Pac if ic .  

A n  impor tant need for th is program i s  the development 
of models that produce realistic SST anomalies . Th is 
need requires the inclus ion of proper thermodynamics in 
the tropical mixed layer . (Models in wh ich thermocl ine 
d isplacements are interpre ted as SST changes are not 
adequate . In some par ts of the tropical Pac if ic large 
thermocline displacements are not accompanied by cor­
responding changes in SST , e . g . , wes tern Pac i f ic) .  The 
relationsh ip between barocl inic equator ial disturbances , 
thermocl ine displacements , upwell ing , hor izontal 
advec tion ,  heat f lux , and sea surface temperature mus t be 
unders tood and modeled . Moreover , the model results we 
do have are extremely sens i tive to s treng th and 
distr ibution of the ver tical mixing processes for hea t  
and momen tum. (Models wi thout s trong mix ing near the 
sur face aay develop unreal istically large sur face 
curren ts , and the degree of eddy development and other 
non-linear ef fec ts are sens i t ive func tions of the size of 
m ixing parameter s ) . Thus , mix ing processes mus t be 
proper ly par ame ter ized in the u�r layer thermodynamic 
models .  

Because of the necess i ty to include mixed-layer 
processes and other thermal phys ics in the models , they 
w ill be more ca.plex than those used in pas t s tudies of 
equator ial dynamics . Accurate modeling of the heat 
budge t and the c irculat ion in the eas tern Pacif ic will 
probably require fully non-linear , s tr atif ied , multi-leve l 
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PIGURB a .  !22_: Time ser ies of observed sea level a t  the 
Galapagos I slands from 196 1-197 7 ,  inclus ive . Data for 
1978  are not available . Per iods when the mean monthly 
sea level is higher than the long-term annual mean are 
shaded black . Bottom : Model pycnocline he igh t anomaly 
( PBA) at the Galapagos I slands . Per iods when the 

pycnocline is deeper than the 18-year mean are shaded 
black (Busalacc i e t  al . , 1983 ) . 
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numer ical models . S impler process models , though 
incapable of truly realistic s imulations , will be an 
impor tant aid in increas ing our understanding of the 
relevant phys ics as well as the interpre tation of GCM 
results . 

The major component of the circulation of the upper 
equator ial oceans is wind-dr iven . Modeling this 
c irculation requires a very good knowledge of the sur face 
wind f ield in order to make reasonable estimates of the 
wind s tress cur l .  (The prec ise accur acy and resolution 
needed depends on the problem of interest r for example , 
detailed modeling of the seasonal response calls for 
ten-day mean winds with a spatial resolution of a few 
degrees in long i tude and a degree or less in lati tude ) . 
The wind f ield over the tropical Pac ific exh ibi ts a ver y  
complex s tr ucture , mak ing i t  difficult to form rel iable 
estimates of wind cur l from a limi ted number of measure­
ments . Moreover , s ince the equator ial band cannot be 
separ ated from the tropical c irculation as a whole , 
models will require the wind f ield over ( at least)  the 
entire tropical Pacific .  EPOCS and the Pacific Equator ial 
Ocean Dynamics ( PEQUOD) programs are currently address ing 
this  problem . 

Although a prec ise knowledge of the sur face heat f lux 
may not be required for modeling the equator ial momentum 
budget ,  the sur face heating mus t be known in order to 
develop ocean models that generate SST anomalies . So , a 
g ood  knowledge of the distr ibut ion of sur face heating to 
the overall heat balance is cruc ial . The measurement of 
th is balance is an impor tant par t of the Tropic Beat 
program . 

Ver tical tur bulent processes are too small scale and 
too r apid to be s imulated . So , observations that lead to 
a parameter ization of ver tical mix ing in terms of large­
scale flow features ( such as the ver tical shear of the 
c ur rents , s tratif ication , e tc . ) will be of great value to 
modelers .  Measurements of turbulence near the sur face , 
in the thermostad ,  and in the vic inity of the undercur rent 
are espec ially des irable . Such a measurement program is 
also par t of tropic heat.  

2. 4. 3 Coupled ocean-Atmosphere Models 

As noted ear lier , models of the coupled ocean-atmosphere 
sys tem have a central role to play in the study of the 
ENSO phenomenon . Such models can be used to guide the 
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developmen t of observing and monitor ing systems , can 
guide the interpretation and diagnos is of data sets ( both 
observat ional and s imulated) , can provide evidence of the 
sens i tiv i ty of the phenomena to spec if ic processes 
through numer ical exper iments under controlled condi tions , 
and can exploit  the possibilities of prediction in a 
sys tematic manner . 

Jus t as there are a wide var iety of atmospher ic models 
for different purposes , it is  antic ipated that a hierarchy 
of coupled models will be useful for explor ing the range 
of space and time scales involved in EHSO . These range 
f rom s implif ied models of the upper ocean coupled with a 
h ighly s implif ied representat ion of the atmosphere , to 
f ully coupled comprehens ive general c irculation models .  
In carefully des igned exper iments , these models can be 
used to determine which phys ical processes are essential 
to the EHSO , and with what resolut ion they have to be 
por tr ayed . Of par ticular impor tance to the dr iving of 
the oceanic par t of the coupled model are the patterns of 
the sur face wind and sur face beat flux s imulated by the 
atmospher ic par t r  the successful par ame ter ization of 
these f luxes in the tropics may be the mos t cr i tical 
aspec t of a coupled model ' s  usefulness for EHSO research . 

From the applications of s implif ied coupled models 
that have already been made to por tions of the EHSO 
phenomenon , i t  is clear that the degree of de tail  and 
sophistication required to successfully por tray the 
behavior of the tropical ocean in response to a t.ospher ic 
forc ing needs to be explored . By progress ively add ing 
new features to such models , and by car rying out a 
sys tematic program of numer ical exper imentat ion , coupled 
ocean-atmosphere models can provide valuable ins ight into 
the mechan ics of EHSO , wh i le interac ting with the ongoing 
observational program. The EHSO provides a s trong 
motivation for the developmen t and application of coupled 
models , and th is oppor tun i ty should be vigorously pur sued . 
Such models , af ter all , are the form in wh ich we will 
ultimately seek to express our under standing of ENSOr it 
is  therefore impor tan t that exper ience in the design and 
applicat ion of coupled models be ini tiated as soon as 
possible and be car r ied on throughout the program. 
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�TA MANAGEMENT 

There are three types of data that mus t be accommodated 
in the EHSO program. The f ir s t  is histor ical data 
already arch ived in var ious locations . These data wi l l  
b e  processed and utilized in continuing research as 
descr ibed in sec tion 3 . 1 . The second type of data 
cons ists of that of a continuing nature created by , e . g . , 
the Rational Meteorolog ical Center ( HI«: )  and the Cl imate 
Analysis Center (CAC ) of the Rational Ocean ic and 
A tmospher ic Administration (NOAA) .  These data se ts 
cons ist of the conventional wor ld weather watch (WNW) 
data , the analyzed ( me teorolog ical) maps , and oceano­
g r aph ic data required for the El Nino (EH)  watch . These 
data will be termed the operational moni tor ing data and 
are descr ibed in sec tion 3 . 2 .  

The f inal type cons ists of the data collec ted by the 
f ield phase por tions of the EHSO exper iment components . 
These data require a data managemen t plan : the appro­
pr iate cons ider ations are g iven in the f inal sec tion 3 . 3 .  

3 . 1  HISTORICAL �TA SETS 

The recent advances in the descr ipt ion and under stand ing 
of the EHSO phenomenon have been made poss ible largely by 
the assembly of a small numbe r of key data sets.  These 
include : ( 1) the histor ical sh ip-of-oppor tun i ty sur face 
mar ine observat ions , mos tly s ince 1950 , but with some 
observations as ear ly as the mid-nine teenth century , ( 2 )  
the Pac i f ic island r ainfall data , pr imar ily dur ing the 
pas t 50 year s ,  ( 3 )  routine sur face observations , pr imar ily 
dur ing th is cen tury ,  ( 4 )  upper-air observations and 
operat ional gr id-point analyses ,  pr imar i ly s ince the 
1950s , and ( 5 )  gr idded g lobal satellite vis ible and 

4 5  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

E l  N i n o  a n d  t h e  S o u t h e r n  O s c i l l a t i o n :   A  S c i e n t i f i c  P l a n
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 5 1 2

http://www.nap.edu/catalog.php?record_id=19512


4 6  

infrared radiation data available s ince 197 3 and 
nephanalyaia for the per iod 1965-1974 . 

Atmospher ic data mus t address two basic scales of 
interes t ,  the g lobal scale , wh ich ref lec ts the scale of 
the Southern Osc illation ( SO)  i tself , and the reg ional 
scale , for phenomena over the tropical Pac ific .  Vigorous 
and coordinated effor ts to locate , acquire , and assemble 
key histor ical data mus t  rece ive a h igh pr ior i ty in the 
program. A number of tasks can be s ingled out as be ing 
of h ighest pr ior i ty.  

3 . 1 . 1  Upgrading of the Global Sur face Mar ine Data Base 

The emphasis on the large-scale sea-air inter action 
processes of the SO dic tates a central role for the 
h is tor ical ship-of-oppor tuni ty surface observations . 
There continues to be a huge amoun t of surface mar ine 
data in manuscr ipt form at var ious locations throughout 
the wor ld . Although the coa t of keypunching all these 
data is prohibi tive , there are undoubtedly subse ts that 
should be ass igned a h igh pr ior i ty for conversion to 
mach ine-readable form. The f ir s t  s tep in this process is 
to ass ign pr ior i t ies to the var ious data sets that migh t 
be keypunched . The poss ibil i ty of an international 
effor t under the Wor ld Climate Program representing a 
continuation of the Histor ical Sea-surface Temper ature 
Data Projec t  (HSSTDP) should be examined . 

H igh pr ior i ty should be attached to the upgrading , 
merg ing ,  and consolidation of the ex isting NMC mar ine 
decks through the international exchange of mach ine­
readable data , the application of qual i ty control 
procedures , and the introduc tion of more eff ic ient 
formatting . For some elements in the mar ine sur face 
data , the eliminat ion of duplicate observat ions is also a 
h igh pr ior i ty task . 

Sh ip-of-oppor tuni ty observations in the mar ine decks 
are randomly located in the apace/time domain . Some type 
of space/time summar ization is required if these data are 
to be used effec t ively . Two types of bas ic summar i zation 
are des irable . 

o A bas ic summar i zation of mean monthly s tatistics 
should be made on a 2•x2• gr id .  These gr idded data 
should include not only means but also var iances and 
covar iance& necessar y  to estimate fluxes from bulk 
aerodynamic relationsh ips . Key par ame ters inc lude 
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sur face wind and wind s tress , sea-leve l pressure , 
sea-sur face temperature ( SST) , and salini ty .  

o A separate summar ization o f  monthly data should be 
made for heavi ly tr aveled shipping lanes . There will 
be times and areas for wh ich the 2•x2• data are 
inadequate for construc t ing reliable t ime ser ies .  
Conversely ,  there are relatively heavily traveled 
shipping lanes for wh ich the data are uniformly dense 
in t ime . Reliable conclus ions can sometimes be drawn 
more eas i ly from de tailed analyses of these ship track 
data than from the less homogeneous 2•x2• full f ield 
analyses . The contents of the mar ine deck should be 
inventor ied on a f ine spatial resolution ( l0Xl0 ) to 
identify the t imes and locations of reg ions or lanes 
of dense observations . Data from these selec ted 
r eg ions should then be summar ized as an impor tant 
subse t to the basic 2•x2• data set .  The Pac ific and 
Indian Oceans should be g iven h ighest pr ior i ty for 
both these data sets . 

I n  these and other s imilar effor ts , i t  is impor tant to 
avoid duplication of effor t .  A small advisory coami ttee 
of exper ts should be establ ished to evaluate the cur rent 
s tatus of the surface mar ine data base and prepar e a 
c oordinated plan of ac t ion and review progress . 

3 . 1 . 2  Assembly of Sur face Me teorological T ime Ser ie s 

Observat ions of rainfall,  pressure , and other atmospher ic 
par ame ter s measured at tropical s tations should be 
consolidated into an so data se t .  Emphasis should be 
placed on obtaining all available observations at Pac ific 
i sland s tations and locat ing long , newly continuous 
records at selec ted stations around the g lobe . Such time 
ser ies should serve as useful indices of the interannual 
and interdecadal fluc tuations of the so . Data in 
manuscr ipt form now residing in var ious national 
me teorolog ical data centers should be inven tor ied for 
possible selective convers ion to mach ine-readable form. 
A program for routine updating of this data se t should 
also be establ ished . 
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3 . 1 . 3  Assembly of Oceanograph ic Data Sets 

Observations of sub-sur face temper ature and salin i ty are 
needed for studies of inter annual var iability of the 
tropical Pac ific . The frequency and regular i ty of these 
data are not suff ic ient for construc ting time-ser ies , bu t 
there are suff ic ient numbers of observat ions available 
for s tudying year-to-year changes and constr uc ting 
compos i tes . Data in the var ious oceanogr aph ic 
repos i tor ies need to be compiled and reformatted for each 
availability .  A great deal o f  useful data res ides a t  
ins t i tutions i n  other coun tr ies . These need to be 
c atalogued and made avai lable where poss ible . Th is 
activ i ty will require a national focal poin t ,  the 
plann ing for wh ich should be accompl ished in a 
centr alized data management func tion ( see section 3 . 3 ) . 

3 . 1 . 4  Assembly of Global Me teorolog ical Analysis Produc ts 

Operat ional analyses of me teorolog ical var iables 
developed by the u . s .  NMC ,  u . s .  Flee t Numer ical 
Oceanogr aph ic Center , and equivalen t agenc ies in other 
nations have provided in recent year s the bes t  available 
spatial cover age of the so . Arch iv ing of key operational 
produc ts ,  such as tropospher ic wind and he igh t ,  should be 
continued . Global analyses have been produced operation­
ally on a routine bas is  only dur ing the 1980 s .  However , 
i t  should be possible to cons truct g lobal data sets of 
he igh t ,  temper ature , and wind for much of the 1970s by 
consolidating the Nor thern Hemisphere , southern Hemisphere 
and tropical analyse s for each synoptic time into a 
s ingle g lobal analys i s .  Global analyses of sea-level 
pressure , 850 and 200 mb wind f ields , and 500 mb he igh t 
deserve h ighest pr ior i ty .  

3 . 1 . 5 Recovery of Cloud Motion Vec tors for the Pre-Fir s t  
GARP Global Exper imen t ( FGGE)  Per iod 

There exist arch ives of infr ared satelli te imagery on 
dig i tal tape tha t would be sui table for computing cloud 
motion vec tor (CMV) f ields for the per iod subsequen t to 
summer 1974 . In  the FGGE and pos t-FGGE per iod these data 
have had consider able impac t on the opera tional g lobal 
me teorolog ical analyses . However , dur ing the per iod 
1974-1978 the informat ion inherent in the cloud motions 
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was used in the analyses only to a very limi ted extent , 
and therefore i t  cons t i tutes a potentially valuable source 
of histor ical data that has not ye t been exploi ted . 
Recovery of comple te CMV f ields for th is entire per iod 
would be cos tly ,  and the utili ty of such data has ye t to 
be demonstr ated . Therefore , i t  might be useful to 
under take a pilot projec t for a l imi ted time per iod or 
per iods focused on the 1976 EN event ,  with emphas is on 
trade wind-level f ie lds in the tropical Pac ific . 

3 . 1 . 6  Coordination With Existing Effor ts 

I t  should be emphas ized that effor ts toward ach ieving the 
objec tives ou tlined in this sect ion are already under way 
a t  a number of ins titut ions ( e . g . , the BSSTDP) organized 
through the off ice of NOAA ' s  Environmental Research 
Laborator ies , the National Center for Atmospher ic Research 
( NCAR) Data Library,  and the Master Oceanograph ic 
Observation Data Set (MOODS )  Projec t at the u . s .  Navy 
Flee t Numer ical Oceanograph ic Center . The ENSO program 
promotes the cont inuation , expansion ,  and coordination of 
these effor ts and complementary effor ts at other 
ins t i tutions throughout the wor ld . 

3 . 2  OPERATIONAL MONITORING �TA 

The CAC of NOAA presen tly collec ts and examines var ious 
types of meteorolog ical data in the form of bi-monthly 
average statistics . Th is mater ial is used pr inc ipally in 
the EN watch por t ion of the ENSO program. The average 
s tatistics include g lobal meteorolog ical analyses and 
sea-sur face temperature analyses produced by the NMC r  
processed radiometry data produced by the National 
Environmental Satell i te Serv ice (NESS ) r and der ived 
tropical prec ipi tation and momentum and energy flux 
estimates . 

I t  is antic ipated that the CAC will con tinue to 
collec t th is mater ial . An arch iving and formatting 
scheme has been wor ked out .  The twice-daily me teoro­
log ical data rece ived over the Global Telecommunicat ions 
System of the WNW as well as the g lobal analyses produced 
at NMC are rou tinely arch ived at the National Cl imatic 
Center ( NCC ) and NCAR. In summary ,  no spec ial data 
managemen t cons iderations are needed for the data in th i s  
category.  
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3 . 3  MANAGEMENT OF FIELD PHASE DATA SETS 

The observ ing sub-sys tems recommended for ENSO are 
capable of produc ing a vas t amount of diver se da ta . 
There are fundamental differences in observ ing techn iques 
from differen t  platforms in space , on the ocean , and on 
i sland s tat ions . Never theless , the whole data f low mus t 
be cons idered wi thin a un if ied fr amewor k s ince the outpu t 
of the exper imen t should result in a data se t  as comple te 
and internally cons isten t as poss ible , readily access ible 
to all of the par tic ipants and to the interested sc ien­
t i f ic communi ty .  Bence , a data managemen t and process ing 
plan mus t  be an integral par t of the exper imen t .  

3 . 3 . 1 Centr alized Data Managemen t Func tion 

A data management and program off ice should be identif ied 
whose respons ibi l i t ies include : 

o Development of schedules for the process ing of the 
data sets for the EN watch r 

o Development of documen tation formats for the data 
collec ted by the exper imen t r  

o Identif icat ion of spec ialized process ing data cen ter s  
a s  required .  

3 . 3 . 2  Data Def in i t ions Modeled Af ter the G lobal weather 
Exeer imen t  

o Level I r aw data . Those general ins tr ument read ings 
that require conver s ion into meteorolog ical and 
oceanograph ic var iables spec if ied in the data 
requirements . The raw data records are to be reta ined 
by the par tic ipants and are not an tic ipa ted to be par t 
of the general data f low . 

o Level I I--me teorolog ical and oceanogr aph ic var iables 
obtained from many k inds of simple ins tr uments � 
der ived data from Level I data , i . e ,  average wind , sea 
level , SST , e tc .  These are div ided into two 
categor ies . 

o Level I I a data se t--www da ta and those required for a 
qu ick look and EN mon i tor ing . These should have a 
negotiated but f irm cutof f time .  

o Level I I b  data se t--The ENSO research data se t tha t i s  
d is tinguished from the I Ia by a delayed cutoff in 
order to acqu ire a comple te data se t .  
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o Leve l III  data se t--ENSO s tate par ame ter s .  An 
internally cons isten t data se t in gr id poin t form 
obtained from Level II data by an objec tive analys i s 
techn ique . 

3 . 3 . 3 Var iable Measurement 

Table 1 attempts to list  the meteorolog ical and 
oceanogr aph ic var iables required for ENSO toge ther with 
the means to acqu ire the measurements of that var iable . 

The matr ix shown is in tended to be a summary of wha t 
i s  planned in the measurement and/or f ield phase content 
of the program plan . I t  does not include those var iables 
that are measured as par t of the operational meteoro­
log ical and oceanogr aph ic observing systems , pr inc ipally 
the WNW . Thus , such impor tant quanti ties as atmospher ic 
temper ature and mois ture , wh ich are routinely measured by 
the operational satellites , do not appear explic i tly . 

Each en try in the matr ix can be identif ied with an 
existing or proposed ac tiv i ty or par tic ipant in the ENSO 
program.  The he terogeneous na ture of  the data and thei r  
point o f  or ig in is illus tr ated by the matr ix . 

Puture plann ing and cons iderat ion may indicate tha t 
vacant entr ies in the matr ix can be f illed in . 
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TABLE 1 The Me teorolog ical and Oceanograph ic var iables Requ ired by the ENSO Program 

Research Sh ips of ae.ote 
Var iable Sate l l i tes Sh ips Oppor tun i ty Buoys Stat ions 

Sea level A l t i me t r y  Hydrog r aphy XSToA T ide gauges 
Ocean beat 

c on ten t XBT XBT Thermis tor 
chains 

Ocean currents Cur ren t 
111e ter s  

Mois ture f lux ( su r f ace Bulk Bulk 
insola tion )  me thod me thod 

W ind stress Sca t terometer W i nd W ind W ind Wind 
(c loud dr i f t  

winds ) 
Sea-sur face Radiome try XBT The rmome try The rmome tr y  Thermometry 

temper ature 

Sea level Barome try Bar ome try 
pressure 

L iqu id water Mul t i-spec tr a l  
con ten t ,  microwave 
c olumn total r ad iome t r y  
wa te r vapor , 
and prec ipi-
tat ion r a te 

Uppe r  Cloud dr i f t  Sound ings 
atmospher ic winds 
f low 

1xsTD • Expandable sal in i ty ,  tempe r a ture , depth . 
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4 

COORDINATION WITH OTHER PROGRAMS 

4 . 1  NATIONAL PROGIWIS 

EHSO is v isuali zed as a u . s .  component of the recently 
def ined international program for s tudy of the 
interannual var iabil i ty of the Tropical Ocean and the 
Global Atmosphere (TOGA) , a component of the wor ld 
C l imate Research Program (11CRP) • EHSO, as def ined in 
th is repor t ,  is focused on oceanic processes in the 
tropical Pac i f ic and on a tmospher ic processes globally. 
TOGA is ye t to be planned in deta i l .  I t  will , however , 
h ave components that go beyond those of this EHSO plan , 
involving tropical ocean s tud ies in the Atlantic and 
I ndian Oceans . As EHSO evolves , i t  mus t be c losely t ied 
to the other components of TOGA .  

EHSO can prof i t  from cooper ation with other exper i­
ments in the 11CRP . Many of these programs [ e . g . , the 
Wor ld Ocean C irculation Exper iment (WOCE) , Cage , Inter­
nat ional Satell i te C loud Climatology Projec t C ISCCP) ] 
will have need for common facili ties that can be of 
benef i t  as well to EHSO and TOGA .  Examples are for 
satelli tes , ocean and atmosphere moni tor ing systems , 
mode ling fac i l i ties , and observational technique 
development .  Plans for the other 11CRP exper iments are 
still  be ing developed , so tha t  it is premature to spell 
out the details of cooperation with them. 

The Monsoon Cl imate Program (MCP) is directed at an 
under s tanding of the nature of long-per iod fluctuations 
of monsoons , the mechanisms that de termine the inter annua l 
var iabi l i ty of monsoons , the predic tability of the 
var iations , and the relation of the long-per iod fluc tua­
t ions to plane tary-scale c irculat ions . The close 
relat ion be tween Indian and Pac i f ic Ocean phenomena 
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wi thin the SO argues for close cooperation be tween ENSO 
and the MCP as related par ts of the WCRP. 

Two reg ional programs in the Pac i f ic are wor th spec ial 
a t tent ion in developing cooperative plans for ENSO. 
These are the western Pac i f ic CWESTPAC ) program in the 
wes tern Pac i f ic and the Estudio Reg ionale del Fenomino El 
Nino CERFEN ) progr am  in the eas tern Pac i f ic .  

WESTPAC i s  an internat ional sc ientif ic program 
involving the coun tr ies on the wes tern r im of  the Pac if ic 
C and the Uni ted S tates ) . One of the programs be ing 
sponsored by WESTPAC is the improvemen t of the data 
cover age on heat content currents and sea level in a 
large area of the wes tern Pac i f ic .  Th is involves the 
encouragement of member countr ies to contr ibute observ ing 
platforms and sensor s .  A number of countr ies have 
already established networ ks and more are planned . The 
Japanese Hydrograph ic Of f ice has been des ignated as the 
r epos i tory for the data . This data base is of g reat 
potent ial value to the ENSO s tudies of the ocean . 
Exchange of data between ENSO and WESTPAC will be of 
great benef i t . 

Four countr ies on the
· 

wes t  coas t of South Amer ica 
began in 1974 to cooper ate in the internat ional prog ram , 
ERFEN . Under the auspices of the Commiss ion Permanente 
del Pac if ico sur CCPPS ) , the Intergovernmental Oceano­
g r aph ic Commiss ion ( ICC ) , and the Wor ld Me teorolog ical 
Off ice (WMO) , th is progr am provides a mechanism for 
coord inat ion of mar ine research ac t ivities , upgr ading of 
oper at ions in suppor t of me teorolog ical serv ices , shar ing 
of data , and ident ifying training and techn ical needs . 
The long-range objec t ives of ERFEN reflec t  exactly the 
r eg ional manifestation of ENSO. C lose cooperat ion with 
sc ientific agenc ies in Per u  and Ecuador have already been 
initiated with in the EPOCS program, and will be increased 
for mutual benef i t .  

4 • 2 INTERNATIONAL PROGRAMS 

The phenomena to which ENSO is addressed are inherently 
g lobal . The SO has wor ld-wide oceanic and atmospher ic 
manifestat ions . Tropical sea-sur face temper ature 
anomal ies cor re late with var iat ions in the intens i ty of 
I ndian monsoon r a infall , wi th droughts in India and 
Ch ina , and with cold winters in Nor th Amer ica. The s tudy 
of such g lobal phenomena mus t be done internat ionally. 
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The Un i ted S tates needs the par tic ipat ion of othe r 
c ountr ies in the s tudy of the so . Th is par tic ipation 
should occur at many levels and for many components of 
the research wor k .  The prograa ele.enta on which BHSO is 
baaed are already international . 

Just as the benef i ts of prograas in prediction of the 
BHSO phenomena will accr ue to indiv iduals of all nations , 
so do the log istics and economics of sys teaatic large­
scale moni tor ing of the ocean and the at.osphere mandate 
that it mus t be under taken as an international enterpr ise . 
Several nations have already initiated or par tic ipate in 
activities that contr ibute s trongly to the BHSO progr am. 
Among these aay be noted the ac tiv i t ies of the WNW and 
the Integrated Global Ocean S tation Systea C IGOSS) , which 
provide regular sampling of the global atmosphere and 
some oceanograph ic data . Oceanogr aph ic moni tor ing 
ac tivities are generally less well ins t i tut ional ized . 
The pr inc ipal oceanograph ic moni tor ing ac t ivities are 
done by means of the internat ional sea-level networ k , and 
programs pr imar ily of the Un i ted S tates and Prance for 
regular collec tion of data from sh ips of oppor tun ity ,  
using merchant vessels o f  many countr ies .  

Modeling and theore t ical s tudies carr ied out i n  othe r 
countr ies have played an impor tan t  role in providing a 
sc ientific bas is for EHSO . Continued international 
cooperation will be needed in modeling for opt imum 
progress . As an example of the type of act iv i ty tha t 
should be s trongly suppor ted by EHSO , there are the 
cooperative SST sens i t iv i ty exper i.ents be ing carr ied ou t 
w i th atmospher ic general c irculation models . Th is 
ac tiv i ty is sponsored by the wor king Group for Numer ical 
Exper imentation of  the WCRP . The SST sensitiv i ty 
exper iments are intended to pinpoint those areas in the 
ocean where SST anomalies have the greatest effec t  on the 
large-scale atmospher ic flow .  At present s ix nations ar e 
par tic ipating in th is international under taking , 
commi t t ing a formidable arr ay of modeling exper ience and 
computer resources to th is cooperat ive ac tivity .  

Several spec ial sampl ing and research programs tha t 
w i ll be of par ticular value to EHSO have already been 
ini tiated by other countr ies . An outstanding data se t 
along 137 °E in the wes tern Pac i f ic exists as a resul t of 
a mon i tor ing progr am  ini tiated by Japan in 1967 . In the 
sou thwes tern Pac i f ic ,  s imilar moni tor ing was car r ied out 
by Pr ance between 196 5 and 197 3  along 170 °E and will be 
r eac tivated in 1984 . On the eastern s ide of the basin , 
Per u ,  in view of the great value of the coas tal fisher ies 
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and the economic impac t of varying environmental 
cond i t ions , of which the major manifestation is EN , has 
endeavored to sustain a research program on the EN . 
L ikewise , Equador is planning quar ter ly cruises in the 
reg ion be tween South Amer ica and the Galapagos I slands i n  
s uppor t o f  research on EN . 

Bas ic measurements , such as sea-level and te�rature 
data , will continue to be of great value in the ENSO 
r esearch program, and can be collec ted by many nations , 
includ ing developing countr ies . Por example ,  much of the 
quan t i tat ive histor ical informat ion on the ENSO phenomena 
der ives from many year s of collec ting data at coas tal 
s tat ions by Per uvian sc ientists . Implementation of these 
observat ions will usually require some technical 
ass i s tance and training , and can be used to help real ize 
sc ient i f ic aspirations in these countr ies . As these 
aspirations develop , it will become possible to have the 
programs evolve from s imple sur face sampling to more 
gener al oceanograph ic observations using reg ional vessels 
of oppor tun i ty .  Por example , sea-leve l data from the 
Indonesian arch ipelago would be of great value to ENSO in 
relating Ind ian Ocean and wes tern Pac i f ic phenomena . 
Because oceanogr aph ic programs are less well 
ins t i tutionalized than me teorolog ical progr ams in mos t of 
these countr ies , mechanisms mus t be developed to 
fac i l i tate the ir commi tmen t to the international effor t . 

u .  s .  par tic ipation in the WCRP should be coordinated 
through the Joint Sc ientif ic Committee CJSC ) for the WCRP 
and the Commi t tee on C l imatic Changes and the Ocean 
CCCCO) . The JSC )CCCO ar e developing the internationa l 
plans for s tudies of the interannual var iability of the 
TOGA .  ENSO , as a pr inc ipal u . s .  contr ibution to TOGA ,  
will likely influence i ts plann ing . 
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AXBT 
BASC 
CAC 
C age 

ccco 
CMV 
C PPS 
CBC 
EN 
ENSO 
EPOCS 
ERPBN 
ERL 
FGGE 
GARP 
GATB 
GCM 
HSSTDP 
IGOSS 
IOC 
IR 
I SCCP 

ITCZ 
JSC 
MCP 
MOODS 
NCAR 
HCC 
NESS 
HMC 
NOAA 

GLOSSARY 

Airborne Expendable Bathythermograph 
Board on Atmospher ic Sc iences and Climate 
Cliaate Analys is Center 
Large scale heat budget exper iment for the 
Nor th Atlantic Ocean reg ion 
Committee on C limatic Change and the Ocean 
C loud Motion Vector 
commiss ion Permanente del Pac if ico sur 
Climate Research Committee 
El Nino 
El Nino/Southern Osc i llat ion 
Equator ial Pacific Ocean C liaate S tudie s 
Bstudio Reg ionale del Penoaino El Nino 
Env ironmental Research Laborator ies 
Pirst GARP Global Exper iment 
Global Atmospher ic Research Program 
GARP Atlantic Tropical Exper i.ent 
General C irculat ion Model 
H istor ical sea-sur face Temperature Data Projec t  
Integrated Global Ocean S tation Sys tem 
Intergovernmental Oceanogr aph ic Ca.miss ion 
Infrared 
International Satell i te C loud Climatology 
Projec t 
Inter tropical Convergence zone 
Joint Sc ientif ic Coami t tee 
Monsoon Climate Program 
Mas ter Oceanograph ic Observat ion Data Se t 
National Center for Abaospher ic Research 
Na tional Cl imatic Center 
National Environmental Satellite Service 
Nat ional Me teorolog ical Center 
Nat ional Oceanic and A tmospher ic Administrat ion 
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NRC 
NSF 
PEQUOD 
PBA 
POlS 
QBO 
so 
SPCZ 
SST 
TOGA 
11CRP 
WESTPAC 
WMO 
WOCB 
1IWW 
XBT 
XSTD 
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Nat ional Research Counc i l  
Nat ional Sc ience Foundation 
Pac i f ic Equator ial Ocean Dynamic s 
Pycnocline He ight Anomaly 
P i lot Ocean Mon i tor ing S tudie s 
Quas i-B iennial Osc illat ion 
sou thern Osc illation 
South Pac i f ic convergence Zone 
Sea Surface Temperature 
Tropical Ocean and the Global Abaosphere 
Wor ld C l iaate Research Program 
Wes tern Pacif ic 
Wor ld Me teorolog ical Organization 
Wor ld Ocean C irculation Bxper i .. nt 
wor ld Weather Watch 
Expendable Bathythermograph 
Expendable salin i ty ,  temper ature , depth 
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APPENDIX A 

TBB 1982-1983 PACIFIC BPISODB 

As this sc ientif ic plan was be ing developed , a aajor 
waraing event unfolded in the Pac ific ,  wi th assoc iated 
weather anoaaliea on a g lobal scale . This phenomenon , by 
moat aeaaurea the .aat intense such event on record , was 
atypical in aany respects . The descr iption below serves 
both to provide a real istic context for the plana 
presented in this repor t and to reaind ua that natur e 
holds aany surpr ises in reserve . 

Conditione over the equator ial Pac ific dur ing ear ly 
1982 were not recognised , at the tiae ,  aa precur sors of 
an impend ing wara episode . There had been no •buildup 
phase • wi th abnoraally s trong trade winds , which has 
of ten preceded such events in the pas t .  Sea sur face 
temperatures along the south Amer ican coast were near 
noraal , and the sur face ant icyclone over the southeas t 
Pacific was near noraal s treng th . By June ,  however , 
there were indications of impor tan t and unusual change s 
taking place in both the ocean and at.aaphere of the 
tropical Pac ific .  Slowly , almos t imperceptibly , sea 
surface temperatures had been increas ing relative to the 
normal annual cycle along the equator since March , and 
the end of June found pos i t ive anomalies exceeding l°C 
across broad expanses of the equator ial Pac ific westwar d 
f roa the Ecuador-Peru coast to the Solomon Islands . 
Sea-level pressures fell slowly from Apr il to May at the 
i sland s tations of the eas tern and central Pac i f ic .  
Suddenly , from May to June , pressures i n  th i s  area fel l 
prec ipi tously, wh ile s tat ions in Austr alia and Indones ia 
observed equally spectacular pressure r ises . 

These changes s ignaled a rapid weakening of the Sou th 
Pac i f ic anticyclone and a major swing in what me teor ­
olog is ts refer to as the •southern Osc illation . • By late 
1982 , the •southern Osc illat ion Index , • wh ich is a 
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measure of the sea-level pressure difference be tween the 
South Pac i f ic High and the Indonesian-Aus tralian Monsoon 
Low ,  reached r ecord low levels . As sea-level pressures 
fell in the eastern Pac i f ic and rose in Indonesia and 
Aus tralia , the normal west-to-eas t pressure grad ient 
along the equator weakened and then reversed . In response 
to this rever sal , the eas ter ly tr ade winds , wh ich usually 
prevai l  throughout mos t of the tropical wes tern Pac i f ic , 
were replaced by equator ial wes terly winds , wh ich 
gradually spread eas tward ,  past the Line Islands , into 
the eastern equator ial Pac i f ic .  

These pressure and wind changes were assoc iated with 
d r amatic shifts in the large-scale prec ipitation patterns 
over the entire tropical Pac i f ic ,  wh ich resulted in major 
soc ioeconomic and ecolog ical disruptions . Month after 
month of subnormal prec ip i tat ion resulted in widespread 
drought over Austr alia , Indones ia , Southern Ind ia ,  Sr i  
Lanka , and large areas of the Afr ican cont inen t south of 
the equator dur ing the las t half of 1982 and ear ly 1983 . 
In contras t ,  the islands of the wes tern and central 
Pacif ic exper ienced day af ter day of tor rential r ainfall , 
with monthly totals several times the normal values . 
Chr istmas I sland CLine I s lands ) exper ienced f looding 
unknown in the memory of the inhabitan ts .  By Oc tober 
1982 , heavy rains and flood ing had reached Ecuador and 
nor thern Per u .  

The atmospher ic developments were accompanied by major 
ocean ic changes . Under normal conditions , the equator ial 
trade winds maintain a subs tantial gradient of sea-level 
along the equator , with h igher water toward the west . 
When the equator ial tr ade winds collapsed in mid-1982 , 
water surged eastward across the Pac i f ic bas in .  In the 
wes tern Pac i f ic ,  sea-levels dropped , expos ing frag i le 
tidelands to the atmosphere . Meanwh ile ,  r ises in 
sea-level in the eastern Pacif ic brought f looding to 
tidal estuar ies along the south Amer ican coas t .  The 
r ises in sea-level could be tracked as they spread 
eas tward across the Pac i f ic along the equator and then 
nor thward and southward along the coas t of the Amer icas , 
reach ing as far nor th as the coas t of Br i tish Columbia . 

In September , the slow and somewhat err atic warming of 
the sea sur face temperatures in the eas tern equator ial 
Pac i f ic suddenly acceler ated . The appear ance of warm 
water s ( locally refer red to as •Bl Nino• ) at th is t ime of 
the calendar year had not been observed in over 40 
year s .  Coinc ident with the sea sur face temperature r ise s  
i n  the eastern Pac i f ic ,  the thermocline , which d ivides 
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the relatively warm layer s o f  water near the ocean 
surface from the much colder water below, plunged to 
record depths , and upwe ll ing of cold , nutr ient-r ich 
water s from below the thermocline was suppressed over a 
wide area . The impac t on f isher ies and wildlife was 
severe and widespread . 

The dr amatic changes in the r ainfall distr ibut ions in 
the tropical Pac i f ic resulted in large heat ing anomalies 
tha t ,  in tur n ,  were accompan ied by anomalies in the 
plane tar y c irculation over much of the globe . The entire 
tropical troposphere warmed , and abnormally s trong 
je tstreams appeared in both hemispheres . The intens if i­
c ation and southward displacement of the jets tream and 
the Aleutian low in the nor th Pac i f ic were accompanied by 
the deve lopment of a success ion of unusually deep 
cyclonic s torms wi th central pressures below 9 50 mb .  The 
abnormal pattern in the Pac if ic per s is ted throughout the 
1982-1983 winter , and dur ing January through March i t  was 
accompanied by large and per sistent anomalies in 
c irculation pat terns over Nor th Amer ica , wh ich brough t a 
sequence of intense s torms ashore along the California 
coas t ,  ver y  heavy rainfall to the southeas tern Uni ted 
S tates , and mild temperatures to wes tern Canada and the 
nor thwestern Uni ted S tates . 

The me teorolog ical and ecolog ical ef fec ts assoc iated 
wi th the 1982-1983 El Nino/Southern Osc illation (ENSO) 
event direc tly affec ted the lives of hundreds of millions 
of people in diver se reg ions of the globe . I t  was 
c lear ly the s trongest of nine such events that have 
occurred dur ing the pas t 40 year s ,  and i t  may well have 
been the s trongest event of the century.  It  is perhaps 
equally s ignif ican t that th i s  was the first  such event to 
be perce ived by sc ientists not merely as a collec tion of 
diver se me teorolog ical and oceanogr aph ic events that tend 
to occur in a preferred sequence , but as a sing le entity 
in wh ich interact ions be tween the tropical Pacific Ocean 
and the g lobal atmospher ic c irculation can be interpre ted 
in terms of concepts . based on phys ical laws . I t  is th i s 
emerg ing phys ical under s tanding of the ENSO phenomenon 
that offer s hope of pred ic t ing year - to-year f luc tuat ions 
of the g lobal climate sys tem. 
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