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ABSTRACT 
The 1991-93 El Niiio and 1988-89 La Niiia events 

had substantial effects throughout the tropical Pacific 
Ocean and atmosphere. These events also greatly affected 
the extratropics, especially the northeastern Pacific region. 
A mechanism which appears to have been important in 
producing these effects was tropical atmospheric forcing 
of the mid-latitude atmosphere. This process caused shifts 
in the mid-latitude storm track over the North Pacific. 
These shifts led to marked changes in the wind forcing 
of the ocean, which apparently caused substantial ocean 
anomalies. Evidence for an additional teleconnection 
mechanism involving ocean Kelvin waves was found in 
the equatorial Pacific. 

1. INTRODUCTION 
Many studies have linked El Niiio conditions in the 

tropical Pacific to low-frequency variations in the north- 
east Pacific atmosphere and ocean (e.g., Bjerknes 1972; 
Horel and Wallace 1981; Haney et al. 1983; Emery and 
Hamilton 1985; Mysak 1986; Namias 1986; Simpson 
1992). The northeast Pacific variations that have received 
the greatest attention are anomalous seasonal-to-inter- 
annual fluctuations in atmospheric pressures, winds, and 
precipitation; in oceanic near-surface temperatures, salin- 
ities, and currents; and in sea levels. Most attention has 
been directed to fluctuations that occurred during and 
soon after the mature phase of El Niiio events 
(Rassmusson and Carpenter 1982). These fluctuations 
are also thought to have large effects on many marine 
organisms. Such effects have created a great deal of in- 
terest in unravelling the physical processes by which El 
Niiio events affect the extratropical northeast Pacific 
atmosphere and ocean (e.g., Glantz et al. 1991). 

We review in this paper some of the major large-scale 
ocean and atmosphere processes that occurred during 
the 1991-93 El Niiio and 1988-89 La Niiia events, in- 
cluding their apparent effects on the extratropical north- 
east Pacific region. La Niiia events, sometimes called 
anti-El Niiio or cold events, produce effects in the north- 
east Pacific that tend to be the reverse of those during 
El Niiio events. Comparisons of the 1991-93 El Niiio 
and 1988-89 La Niiia events provide useful insights into 
how the tropical ocean and atmosphere may affect the 
northeast Pacific region. The major features of these two 
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events and their extratropical effects are good examples 
of what is typically observed during El Niiio and La 
Niiia events. 

In the following sections, the 1991-93 event is pre- 
sented primarily in terms of oceanic and atmospheric 
phenomena from January to June 1992, because the 
events during h s  period were representative of the major 
features and effects throughout the event. 

2. DATA AND METHODS 

for this study. The main data and their sources are: 
We have used a variety of data from several sources 

1. daily mean equatorial Pacific Ocean temperatures, 
currents, and surface winds from the Tropical 
Ocean-Global Atmosphere (TOGA) moored buoy 
array in the equatorial Pacific (McPhaden 1993); 

2. weekly mean sea-surface temperature (SST) analy- 
ses from the Climate Analysis Center of the 
National Meteorological Center'; 

3. monthly mean outgoing longwave radiation analy- 
ses from the Climate Analysis Center of the 
National Meteorological Center; and 

4. daily mean global atmospheric geopotential height 
and wind analyses from the European Centre for 
Medium-range Weather Forecasts (ECMWF). 

The ocean temperatures from the TOGA buoys were 
missing for a number of days. Also, the temperatures 
were not recorded at the same depths at all longitudes 
across the Pacific. Thus, we did some averaging and lin- 
ear interpolation to fill in data gaps and produce time 
series at common depths. 

We used the outgoing longwave radation (OLR) data 
to estimate the location and intensity of tropical con- 
vective storms, and the latent heat released in those 
storms. The relationship of OLR to convective storms 
and latent heating of the atmosphere is based on the fol- 
lowing reasoning. OLR represents the infrared radiation 
emitted to outer space by Earth. Thus OLR depends 
very strongly on the temperature of the region of Earth 
&om which the emission occurs (Hartmann 1994). Areas 

'Reynolds, R. W., and T. M. Smith. A high-resolution sea surface temperature 
climatology. MS submitted to J. Climate. 
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of strong tropical atmospheric convection (i.e., deep trop- 
ical storm systems) have tall clouds, with tops about 
14-18 km above sea level. At these levels, cloud tops are 
quite cold, and OLR amounts from these convective 
systems are low. 

Conversely, in tropical areas without strong convec- 
tion, the levels that most effectively radiate to outer space 
are low lying and relatively warm (e.g., ocean, land, or 
low cloud tops). So the OLR from these surfaces is high. 
Since large amounts of latent heat are released in trop- 
ical convective systems, low OLR values indicate high la- 
tent heating of the tropical atmosphere, and vice versa. 
Latent heating in tropical convective systems is a very 
important process for driving the tropical and global 
atmosphere. So OLR is very useful for understanding 
the climate system and for diagnosing climate variations 
such as El Niiio and La Nifia events. 

We used the geopotential height of the 200 mb sur- 
face to represent the atmosphere's dynamic topography 
near the top of the troposphere (8-18 km above sea level). 
Since horizontal variations in pressure force atmospheric 
motions, this topography can be used to infer upper- 
tropospheric winds. 

Most of the data presented in this study are in the 
form of anomaly fields. We define an anomaly as the de- 
viation of an individual time mean value from a multi- 
year mean value. For example, a wind anomaly for April 
1992 is the mean wind for April 1992 minus the mean 
April wind of the past 14 years. The multiyear means 
used for the anomaly calculations varied with the data: 

1. for SST, a blend of multiyear periods spanning 
1950-93, with the exact period varying with the 
location and type of data2 

2. for OLR, 1974-93 
3. for geopotential heights and winds, 1980-93. 

3. TROPICAL PROCESSES 

a. El Niiio and La Niiia Events 
El Niiio and La Niiia events are characterized by a 

complex set of anomalous physical conditions in the 
tropical Pacific Ocean and atmosphere. These anomalies 
occur on basinwide space scales and on seasonal to inter- 
annual time scales. Two anomalies of particular interest 
are those in tropical Pacific sea-surface temperature (SST) 
and OLR. These anomahes describe changes in the tem- 
poral and spatial distribution of thermal energy in the 
tropical ocean and atmosphere. These changes are im- 
portant because the thermal energy of the tropics plays 
a major role in driving the climate system. 

21bid. 

The thermal-energy disturbances that occur during 
El Niiio and La Niiia events are large, second only to 
normal seasonal changes (Peixoto and Oort 1992). Thus 
El Niiio and La Niiia thermal-energy changes may gen- 
erate large hsturbances around the globe. SST and OLR 
anomalies concisely represent these changes in the ther- 
mal energy of the tropical ocean and atmosphere. SST 
and OLR anomalies are also convenient to work with 
because there are extensive satellite observations from 
which SST and OLR can be readily calculated. 

During El Niiio events, the central and eastern trop- 
ical Pacific SST is higher than normal, and the OLR is 
lower than normal for several months or longer. During 
La Niiia events, the SST and OLR anomaly patterns are 
similar but with opposite signs. Figure 1 shows repre- 
sentative examples of these a n o d e s  during the 1991-93 
El Niiio and 1988-89 La Niiia events. These anomalies 
are shown for the January-February-March (JFM) sea- 
sons of 1992 and 1989, when both the tropical anom- 
alies and the extratropical responses to these anomalies 
tended to be largest. Note the general reversal between 
the El Niiio and La Niiia events of (a) the tropical Pacific 
SST and OLR anomalies, and (b) the extratropical North 
Pacific SST anomalies. 

Good summaries of basic El Niiio and La Niiia 
processes and their relationship to other phenomena, 
such as the Southern Oscillation, are given by several 
authors (e.g., Philander 1990; Peixoto and Oort 1992). 

b. Thermal Anomalies in the Tropical Ocean 
SST anomalies (SSTAs) are an important and very 

commonly used indicator of anomalous ocean processes 
and air-sea heat exchange. But for processes and ex- 
changes occurring on intraseasonal to interannual time 
scales, anomalies in the temperature or heat content of 
the upper ocean (i.e., the layer above the main ther- 
mocline) may be more useful. Both of these anomalies 
are based on information about the vertical distribu- 
tion of temperature between the surface and the main 
thermocline. Unfortunately, this information is only oc- 
casionally available for most parts of the ocean. However, 
in the equatorial Pacific, there is an array of moored 
buoys designed to monitor upper-ocean and surface- 
atmosphere conditions (McPhaden 1993). 

Upper-ocean temperatures from this array during the 
1991-93 El Niiio event are shown in figure 2. The sub- 
surface temperatures from the buoy at O'N, 155"W (fig- 
ure 2a) had an especially distinct signal during October 
1991-April 1992. At about 125-150 m (the approxi- 
mate thermocline depth), the temperatures at this buoy 
underwent large fluctuations of 5"-10"C over periods 
of about 40-60 days. Note that the onset of these large 
fluctuations coincided with a large rise in SST during 
October-December 1991 (figure 2a). The period of large 
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Figure 2. Ocean temperatures in the equatorial Pacific during the 1991-93 El Niiio event. a, Temperatures at the equator and 
155'W, 1 August 1991-31 July 1992, and from the surface to 500 m. Depths are indicated by the letters on the time series 
curves (key at the bottom of figure). b, Temperatures at 125 m along the equator at seven different longitudes, 1 January 
1991-31 December 1993. For each longitude, the temperature scale range is 12"-30'C, marked by the vertical lines to the left 
and right of each time series. 
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subsurface fluctuations was also a time of warm SSTs 
(28"-30"C) and positive SSTAs (1"-2"C; figures la, 2a). 
Similar subsurface and surface temperature variations oc- 
curred at other central and eastern equatorial Pacific lo- 
cations during October 1991-April 1992 and October 
1992-April 1993 (figure 2b; McPhaden 1993). 

The temporal and spatial patterns of these intrasea- 
sonal variations in upper-ocean temperature, along with 
current-velocity data (not shown), indicate internal equa- 
torial ocean Kelvin waves ( Ind le  and Phoebus 1995; 
Murphree et Coriolis effects cause these waves to 
be confined within a few degrees of the equator and to 
propagate eastward along the equator (Gill 1982). The 
oscillatory motions within the waves produce horizon- 
tal convergence and divergence along the equator, which 
lead to downwelling and upwelling. The periods of es- 
pecially warm subsurface temperatures in figure 2 indi- 
cate the passage of a downwelling Kelvin wave pulse. 
Note, as an example, the strong warming in the 125-200 
m layer that occurred in late January-arly February 1992 
at O"N, 155"W (figure 2a). The periods of especially 
cool subsurface temperatures represent the passage of up- 
welhng pulses. 

The eastward propagation of the 1991-93 Kelvin 
waves is indicated by the eastward shifts with time of the 
downwelling and upwelling phases, as shown in figure 
2b. These shifb indicate eastward phase velocities of about 
2.5 ms-l, similar to those found in theoretical and mod- 
eling studies (e.g., Gill 1982; Geise and Harrison 1990; 
Kindle and Phoebus 1995). Correlations of the tem- 
perature time series in figure 2b with equatorial surface 
winds indicate that these Kelvin waves were initiated by 
eastward surface-wind anomalies, especially those asso- 
ciated with tropical cyclone winds, in the western Pac~iic.~ 
Figure 2b shows that the major Kelvin wave activity oc- 
curred in October 1991-April 1992 and October 1992- 
April 1993. The SST and OLR anomalies were especially 
strong in the central and eastern tropical Pacific during 
these two periods (figure l), indicating that these were 
the two mature phases of the 1991-93 El Niiio event 
(Rassmusson and Carpenter 1982). 

Ocean Kelvin waves are part of the process by which 
the tropical Pacific Ocean and atmosphere redistribute 
thermal energy and create anomalous SST and OLR 
patterns (Philander 1990). During El Niiio events, equa- 
torial ocean Kelvin waves play an important role in 
creating positive upper-ocean heat content anomalies in 
the central and eastern tropical Pacific (e.g., Graham and 
White 1988). These ocean anomalies, in turn, help cre- 

3Murphree, T., J. Kent, and R. Gelaro. Interactions of equatorial ocean Kelvin 
waves and tropical cyclones during the 1991-1993 El Ni~io event. MS submitted 
to J.  Geophys. Res. 
41bid. 

ate anomalies in tropical atmospheric convective activ- 
ity-which may, in turn, enhance the ocean anomalies 
(e.g., Graham and White 1988; Philander 1992). 

Equatorial ocean Kelvin waves may also play a role in 
producing some of the extratropical effects of El Niiio 
and La Niiia events. This may happen when the waves 
strike the coast of Ecuador and some of their energy 
propagates poleward, as coastal Kelvin waves, into the 
extratropics (Gill 1982). The changes in ocean temper- 
ature, salinity, flow, and sea level that occur during the 
passage of these waves may explain some of the anom- 
alies observed in the extratropical northeast Pacific, es- 
pecially very close to the west coast of North America 
(e.g., Enfield and Allen 1980; Chelton and Davis 1982; 
Clarke and Van Gorder 1994). This possibility is dis- 
cussed further in section 7. 

c. Thermal Anomalies in the Tropical Atmosphere 
Thermal energy anomalies in the tropical atmosphere 

may be estimated from OLR anomalies (OLRAs). In 
JFM 1992, the central and eastern tropical Pacific OLRAs 
were negative and were located approximately over pos- 
itive SSTAs (figures la, b). In JFM 1989, the OLRAs 
were positive and occurred over negative SSTAs (figure 
IC, d). Persistent positive (negative) SSTAs during El 
Niiio (La Niiia) events tend to be associated with per- 
sistent positive (negative) tropospheric-heating anom- 
alies. These associations occur because positive SSTAs 
tend to initiate and maintain atmospheric convection, 
whereas negative SSTAs suppress convection. 

Tropospheric heating anomalies are thought to play 
a major role in producing the extratropical responses to 
El Niiio and La Niiia (Tribbia 1991). The anomalous 
tropical heating causes anomalies in the speed, direction, 
and convergence of lower-tropospheric tropical winds 
(e.g., the trade winds). These heating anomalies also 
cause anomalies in upward tropical convective winds and 
the divergence of upper-tropospheric tropical winds (Gd 
1980). Anomalies in these tropical winds are linked to 
anomalies in extratropical winds through, in part, the 
anomalous advection of momentum and propagation of 
low-frequency atmospheric wave energy. This, in turn, 
leads to anomalies in the sea surface beneath these ex- 
tratropical wind anomalies. These linkages are discussed 
further in sections 4 and 5. 

4. EXTRATROPICAL EFFECTS 
The extratropical effects of El NSo  and La NGa events 

are generally easier to identift. in the atmosphere than 
in the ocean. This is mainly because the atmosphere is 
much better observed and modeled than the ocean. Thus 
there is a relatively clear picture of how the extratropical 
atmosphere has responded in past events and might be 
expected to respond in future events. 
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a. Anomalies in the Extratropical Atmosphere 
Some of the clearest and most immediate of these ef- 

fects are in the mid-latitude upper troposphere, at about 
9-14 km above the surface, where the major jets affect- 
ing mid-latitude weather occur. The atmospheric pres- 
sure in this region is roughly 200 mb. So a map of the 
200 mb height gives a good indication of the dynamic 
topography of the upper troposphere, and, by inference, 
the upper-tropospheric winds. The heating from trop- 
ical Pacific convective regions is especially important to 
the dynamic topography and winds over the North 
Pacific-North America (NPNA) region. Thus the shifts 
in the tropical convective heating that occur during El 
Niiio and La Niiia events tend to have large effects in 
the NPNA region (cf. Tribbia 1991; Hartmann 1994). 

These effects are most easily seen in maps of the anom- 
alous height of the 200 mb surface. Figure 3 shows the 
200 mb height anomalies and the corresponding wind 
anomalies during the JFM seasons'of 1992 and 1989. 
The H and L symbols in the height panels indicate high 
and low height anomahes. In JFM 1992, there was a high 
anomaly over Hawaii, a low over the mid-latitude north- 
east Pacific, a high over Canada, and a low near the 
east coast of the United States (figure 3a). In JFM 1989, 
there was a low centered southeast of Hawaii, a high 
centered just south of the Aleutians, a low over most of 
Canada and southern Greenland, and a high centered 
over the eastern United States (figure 3b). In both years, 
there were four main height-anomaly centers in the 
NPNA region, in roughly similar locations but with the 
anomaly signs during the El Niiio year opposite to those 
during the La Niiia year. 

During JFM of 1992 and 1989, the center of the main 
tropical Pacific OLRA (figure lb, d) occurred about 
3000 km to the southwest of the simultaneous high in 
the 200 mb height anomaly near Hawaii (figure 3a, b). 
This is a typical relationship during El Niiio and La Niiia 
events. This relationship-along with the typical coin- 
cidence of the tropical Pacific SSTAs and OLRAs (fig- 
ure 1) and the typical four-centers pattern of the NPNA 
height anomalies (figure 3)-indicates the dependence 
of the extratropical upper-tropospheric height anomahes 
on tropical heating anomalies. El Niiio and La Niiia 200 
mb height anomalies are often interpreted as parts of a 
single phenomenon-a Rossby wave train-that was ini- 
tiated by the tropical heating anomalies (e.g., Lau and 
Lim 1984; Chelhah et al. 1988; Tribbia 1991). This wave 
train represents the propagation of low-frequency wave 
energy out of the tropics and into the extratropics. In 
this interpretation, the El Niiio-La Nifia reversal of the 
extratropical 200 mb height-anomaly signs is due to the 
reversal in the tropical Pacific forcing (e.g., the reversals 
indicated by figure 1). 

Both El Niiio and La Niiia events vary in their ex- 

tratropical influence. But certain regions show charac- 
teristic El Niiio and La Niiia effects (Horel and Wallace 
1981). One of the regions with relatively consistent ef- 
fects is the NPNA area; the height anomalies in figure 
3 are good examples of these effects. The pattern of 
high-low-high-low anomaly centers in the Hawaii-north- 
east Pacific-Canada-western North Atlantic locations is 
typical during the mature phase of El Niiio events. The 
pattern of NPNA highs and lows shown in figure 3a is 
similar to the Pacific-North American (PNA) telecon- 
nection pattern described by Wallace and Gutzler (1981). 

The wind anomalies associated with the height anom- 
alies in figure 3 are shown schematically by the arrows 
in that figure. The climatologic flow at 200 mb over the 
northeast Pacific is generally eastward (Peixoto and Oort 
1992). The wind anomalies in this region during JFM 
1992 (figure 3a) reveal that this eastward flow was un- 
usually weak at about 45ON-55"N and unusually strong 
at about 2ODN-35"N. This corresponds to an anomalous 
southward shift of the eastward upper-tropospheric jets. 
The reverse was true during JFM 1989 (figure 3b). 

Such anomalies in jet flow are dynamically linked to 
anomalies in mid-latitude storms and their associated 
winds. In particular, periods and locations with anom- 
alously strong northeast Pacific jets indicate more or 
stronger surface wind events of the type associated with 
large-scale mid-latitude storms (e.g., the typical winter 
and spring storms of the western United States). The 
surface winds in these storms are cyclonic (i.e., counter- 
clockwise in the Northern Hemisphere). 

The jet anomalies shown in figure 3 imply that cy- 
clonic wind events occurred farther south than normal 
during JFM 1992, and farther north than normal dur- 
ing JFM 1989. During JFM 1992, this led to surface 
wind anomalies that were cyclonic over almost all of the 
extratropical North Pacific (figure 4a). This pattern was 
especially clear in the northeast Pacific, where, along 
most of the west coast of North America, the along- 
shore component was poleward. In JFM 1989, the anom- 
alous winds were anticyclonic (i.e., clockwise in the 
Northern Hemisphere) across most of the extratropical 
North Pacific (figure 4b). Along the west coast of North 
America, between about 30"N and 60"N, the alongshore 
component was equatonvard. The northeast Pacific sur- 
face wind anomalies shown in figure 4 are typical during 
El Niiio and La Niiia events (cf. Horel and Wallace 1981). 
This means that the actual surface winds along most 
of the U.S. west coast tend to have a weaker (stronger) 
than normal equatonvard component during El Niiio 
(La Niiia) winters. 

Figure 4 also shows the equatorial western and cen- 
tral Pacific surface wind anomalies discussed in section 
3. The eastward anomalies during JFM 1992 and the 
westward anomahes in JFM 1989 played key roles in the 
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development of the tropical SST and convective storm 
activity anomalies shown in figure 1. 

b. Anomalies in the Extratropical Ocean 
The extratropical surface wind anomaly patterns shown 

in figure 4 may have important effects on the extra- 
tropical ocean. Along the coast of California, the north- 
ward wind anomaly that is typical during an El Niiio 
event has a poleward alongshore component that tends 
to produce anomalous decreases in offshore Ekman trans- 
port and upwelling. This produces anomalous increases 
in coastal sea level, SST, thermocline depth, and near- 
surface temperatures, plus anomalous decreases in equator- 
ward flow. The long-term mean water-mass characteristics 
for the West Coast (Lynn et al. 1982) indicate that such 
coastal ocean circulation anomalies would also lead to 
anomalous decreases in salinities and increases in dis- 
solved oxygen. These circulation, salinity, and oxygen 
anomalies, along with nutrient and biological anomalies, 
have been observed during past El Niiio events (e.g., 
Wooster and Fluharty 1985; Mysak 1986; Breaker 1989; 
Simpson 1992; Lynn et al. 1995). For the 1991-93 event, 
Lynn et al. (1995) provide a detailed analysis of physical 
anomalies along the coast of California. 

Ocean anomalies similar to those during El Niiio 
events, but with opposite signs, tend to occur during La 
Niiia events. For example, SST and sea-level anomalies 
along the west coast of North America have been ob- 
served to be positive (negative) during El Niiio (La Niiia) 
events (figure 1; Wyrtki 1989, 1992, 1993; Lynn et al. 
1995). These ocean anomaly reversals are apparently 
linked to surface wind anomaly reversals such as those 
shown in figure 4. 

5. VARIABILITY OF EXTRATROPICAL EFFECTS 
A great deal of variability is embedded within the 

characteristic anomaly patterns described in sections 3 
and 4. The duration and recurrence of El Niiio and La 
Niiia events shows some of this variability. Events tend 
to last about one year and recur at intervals of about 
three to seven years (Peixoto and Oort 1992). However, 
very dfferent durations and intervals have been observed 
(e.g., Quinn et al. 1978; Diaz and Markgraf 1992). The 
1991-93 event and its extratropical effects lasted about 
two years. Many tropical and extratropical aspects of the 
1983-84 and 1988-89 La Niiia events persisted into 1985 
and 1990, respectively (e.g., Climate Analysis Center 
1984,1985; Kousky 1989, 1990; Bell and Halpert 1995). 

The persistence of the 1991-93 event was somewhat 
unexpected, because the positive SSTAs and near-surface 
heat a n o d e s  in the central and eastern equatorial Pacific 
had begun to decline by April 1992, and large areas of 
negative SSTAs occurred in that region throughout 
July-September 1992 (not shown). But in October 1992, 

the SSTAs there began to warm and continued to do 
so through about May 1993 (not shown). 

Interseasonal variability during El Niiio and La Niiia 
events can be large. Such variability during the winter- 
to-spring transition can be especially important in the 
evolution of physical and biological anomalies in the 
northeast Pacific. Figure 5 shows the SST and surface 
wind anomalies for the April-May-June (AMJ) seasons 
of 1992 and 1989. A comparison of figure l a  with fig- 
ure 5a shows that, from JFM to AMJ 1992, the nega- 
tive SSTA in the central North Pacific and the positive 
SSTA along the west coast of North America intensi- 
fied, except at about 45"N-50°N, where the positive 
SSTA weakened. Over the same period, the cyclonic 
surface wind anomaly in the northeast Pacific moved 
to the southwest, and the poleward wind anomalies along 
most of the west coast decreased (figures 4a and 5b). 

The January-June 1989 changes over the North Pacific 
were dramatic. The positive SSTA in the western and 
central North Pacific weakened considerably, and the 
negative West Coast SSTA was replaced by a positive 
SSTA at about 2O0N-60"N (figures I C  and 5c). The 
strong anticyclonic surface wind anomaly over south- 
west Alaska during JFM 1989 was drastically weakened 
and shifted eastward to the Gulf of Alaska (figures 4b 
and 5d). 

The winter-to-spring changes in the SST and wind 
anomalies during 1991-93 and 1988-89 (figures 1 ,4 ,5)  
are representative of the wide range of interseasonal vari- 
ability seen during individual El Niiio and La Niiia events. 
This range is similar to that seen at intraseasonal (e.g., 
month-to-month) scales (not shown). 

6. PREDICTABILITY OF EXTRATROPICAL EFFECTS 
Such variability from one event to the next and dur- 

ing an event makes predicting the extratropical effects 
difficult. Even small variations in key anomaly patterns 
may be significant. For example, relatively small changes 
in the location, orientation, and strength of the 200 
mb height anomalies (section 4a) may lead to marked 
changes in the anomalies for the storm-track latitude, 
the speed of storms along the track, the angle between 
the track and the coast, the speed of the winds within 
the storms, and the location and amount of precipita- 
tion from the storms. These, in turn, may cause signif- 
icant changes in mid-latitude air-sea interactions and 
ocean anomalies. 

This sensitivity to small changes makes specific pre- 
dictions of El Niiio and La Niiia events and their ef- 
fects very problematic. For example, predictions of the 
location of the mid-latitude jet over the northeast Pacific 
for a particular week one month into the future are not 
reliable. This is due, in part, to the large internal vari- 
ability of the mid-latitude atmosphere on such time scales. 
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However, useful predictions may be made of the very 
large-scale and slowly varying anomalies related to El 
Niiio and La Niiia events (e.g., predictions of the broad- 
scale, seasonal 200 mb height-anomaly patterns, such 
as those shown in figure 3). Experimental predictions of 
El Niiio and La Niiia events and their effects are cur- 
rently being made by several groups (e.g., Barnston 1994; 
Kumar and Hoerling 1995). 

7. TELECONNECTION MECHANISMS 
The El Niiio and La Niiia-driven interactions between 

the tropical Pacific and the extratropical northeast Pacific 
are examples of teleconnections, or interactions between 
widely separated parts of the environment. Most of the 
evidence for teleconnections forced by El Niiio and La 
Niiia events comes from observational time series cor- 
relation studies (e.g., Enfield and Allen 1980; Horel and 
Wallace 1981) and from modeling studies (e.g., Chelliah 
et al. 1988; Pares-Sierra and O’Brien 1989; Alexander 
1992a, b; Clarke and Van Gorder 1994). The observa- 
tional studies have established that there are a number 
of statistically significant teleconnections associated with 
El Niiio and La Niiia events. Both the observational and 
modeling studies have pointed toward two basic mech- 
anisms that may explain how events in the tropics affect 
the extratropics. These mechanisms are, in essence: 

1. the propagation of signals through the atmosphere, 
from the tropics into the extratropics, and then into 
the extratropical ocean 

2. the propagation of signals through the ocean, from 
the tropics into the extratropics. 

For both mechanisms, the primary propagating sig- 
nal is the wave energy associated with large-scale, low- 
frequency waves-primarily Kelvin and Rossby waves 
(Gdl 1982; Philander 1990). These waves play a key role 
in the adjustment of the ocean and atmosphere to El 
Niiio and La Niiia disturbances. As the thermal energy 
anomalies associated with El Niiio and La Niiia events 
evolve, the ocean and atmosphere adjust to the new dis- 
tribution of thermal forcing by propagating wave energy 
away from the tropical Pacific disturbances. 

Mechanism 1 involves the propagation of Rossby wave 
energy through the atmosphere (cf. section 4a). The ob- 
servational and modeling evidence for this mechanism 
is, in general, good (e.g., Horel and Wallace 1981; Tribbia 
1991). This is especially true for the broad-scale features 
of the atmospheric anomalies observed during El Niiio 
or La Niiia events. For example, the basic atmospheric 
anomaly patterns discussed in section 4a (e.g., the four 
upper-tropospheric height anomaly centers, the jet and 
storm-track shifts, the cyclonic and anticyclonic sur- 
face wind anomalies over the northeast Pacific) are ex- 
plained by mechanism 1. This mechanism also explains 

the near-surface ocean anomalies that are driven by sur- 
face wind anomalies (see section 4). 

But good support for this mechanism during individ- 
ual El Niiio or La Niiia events has been more problem- 
atic (e.g., Chelliah et al. 1988). The primary reason is 
that Rossby waves are generated and affected by many 
processes other than El Niiio or La Niiia disturbances in 
the tropical Pacific. Thus, distinguishing the waves due 
to these other processes from those due to El Niiio or 
La Niiia effects is difhult. These other processes have 
also made it difficult to clearly identifj the role of mech- 
anism 1 in producing particular anomalies in an extra- 
tropical region. 

However, as indicated in section 4, many regional 
anomalies are consistent with mechanism 1. The coastal 
sea-level and SST anomalies observed in the northeast 
Pacific are at least broadly consistent with the observed 
surface wind anomalies (section 4; Mysak 1986; Cayan 
1992; Simpson 1992). These surface wind anomalies are 
linked to upper-tropospheric height anomalies that are 
consistent with a Rossby wave train emanating fiom a 
tropical Pacific heating anomaly (e.g., section 4a; Horel 
and Wallace 1981; Palmer and Mansfield 1986). 

Mechanism 2 involves the propagation of ocean Kelvin 
waves eastward through the equatorial Pacific, and then 
poleward along the coasts of North America and South 
America (cf. section 3b). This mechanism also includes 
the possibility that westward-propagating ocean Rossby 
waves may be generated as the equatorial Kelvin waves 
strike the South American coast, and as the coastal Kelvin 
waves propagate along a coast with sharp changes in ori- 
entation (e.g., Gill 1982; White et al. 1989). 

The equatorial Kelvin wave portion of mechanism 2 
is well supported by observations, theory, and modeling 
(e.g., section 3b; Matsuno 1966; Gill 1980; Philander 
1992). The poleward coastal Kelvin wave component of 
mechanism 2 is supported by some observations (espe- 
cially coastal sea-level data; e.g., Enfield and Allen 1980; 
Chelton and Davis 1982) and by several modeling stud- 
ies (e.g., Clarke and Van Gorder 1994; Jacobs et al. 1994). 
The TOGA array of moored buoys in the equatorial 
Pacific (McPhaden 1993) has provided much of the 
observational evidence for the equatorial part of mech- 
anism 2. However, there is no comparable observation 
network for the eastern boundaries of the extratropical 
Pacific. That is, the relatively closely spaced (e.g., 2 de- 
grees of latitude, 15 degrees of longitude) and frequent 
(e.g., hourly, daily) observations of the upper ocean 
and surface atmosphere that are available for the equa- 
torial Pacific are missing for the coastal eastern Pacific. 
Thus the role of coastal Kelvin waves and associated 
Rossby waves in producing El Niiio and La Niiia tele- 
connections has been difficult to determine. 

However, several aspects of the ocean anomalies dis- 
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cussed in section 4b are at least broadly consistent with 
mechanism 2. The northeast Pacific sea-level, current, 
and near-surface temperature anomalies associated with 
El Niiio and La Niiia events provide some evidence of 
poleward-propagating coastal Kelvin waves and west- 
ward-propagating Rossby waves (e.g., Enfield and Allen 
1980; Chelton and Davis 1982; Jacobs et al. 1994; Norton 
and McClain 1994; Lynn et al. 1995). 

Mechanisms 1 and 2 are not, of course, mutually 
exclusive. Both may be involved in producing the ex- 
tratropical responses to El Niiio and La Niiia events, and 
the two mechanisms may interact with each other. For 
example, the extratropical surface wind anomalies that 
are part of mechanism 1 may well initiate coastal Kelvin 
waves and Rossby waves in the extratropical northeast 
Pacific (cf. Gill 1982). The extratropical near-surface 
ocean temperature anomalies that are part of mechanism 
2 may influence the development of the overlying ex- 
tratropical atmospheric pressures and winds that are part 
of mechanism 1. 

8. DISCUSSION 
We have examined the broad-scale features and ef- 

fects of the 1991-93 El Niiio and the 1988-89 La Niiia 
events. These were relatively typical events in both their 
equatorial Pacific features and their extratropical effects 
(cf. Rassmusson and Carpenter 1982). 

We have relied heavily in this study on monthly and 
seasonal anomalies. But such anomalies can be produced 
by several distinctly different series of events during the 
averaging period. For example, a number of mild storms 
off southern California during some March might cause 
a cyclonic surface wind anomaly for the month. But 
a couple of strong storms during a few days of the 
month, combined with otherwise weak winds could also 
cause such a cyclonic wind anomaly. Such differences in 
the actual wind events could, of course, lead to distinctly 
different monthly anomahes in ocean temperature, salin- 
ity, and flow-despite the similar monthly wind anom- 
aly patterns. 

Thus, although monthly and seasonal anomalies con- 
tain interesting patterns that reveal much about the work- 
ings of El Niiio and La Niiia events, they do not tell the 
whole story. In particular, they do not adequately ad- 
dress processes that occur at space and time scales that 
are smaller than those for which the monthly and sea- 
sonal anomalies were calculated. These unaddressed 
processes will be especially problematic in the study of 
ocean phenomena that have much smaller scales than 
the atmospheric anomalies. For example, attempting to 
interpret the variations of coastal eddies or comparably 
sized patches of marine organisms in terms of atmo- 
spheric anomalies may be very difficult because of scale 
mismatches. 

These and other difficulties (see sections 6 and 7) 
would be well addressed by a more complete observa- 
tional network (e.g., of moored buoys) in the northeast 
Pacific, especially along the eastern boundary. High- 
resolution satellite observations of SST, surface wind 
speeds, sea level, ocean color, and other ocean fields 
are available but have not been used much in exploring 
the effects of El Niiio and La Niiia on the northeast 
Pacific. The recent work by Strub and James (1995) gives 
an indication of how satellite-derived estimates of sea 
level might be used in concert with other satellite ob- 
servations and on-site observations. Such satellite data 
should be very useful in resolving many of the present 
uncertainties about El Niiio and La Niiia effects. 
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