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ABSTRACT

We introduce the Northern Oscillation Index (NOI), anew index of climate variability
based on the difference in sealevel pressure (SLP) anomalies at the North Pacific High (NPH) in
the northeast Pacific (NEP) and near Darwin, Austrdia, in a climatologically low SLP region. These
two locations are centers of action for the north Pacific Hadley-Walker atmospheric circulation.
SLPs at these sites have a strong negative correlation that reflects their rolesin this circulation.
Global atmospheric circulation anomaly patterns indicate that the NEP is linked to the western
tropical Pacific and southeast Asia via atmospheric wave trains associated with fluctuationsin this
circulation. Thusthe NOI represents awide range of tropical and extratropical climate events
impacting the north Pacific on intraseasonal, interannual, and decadal scales. The NOI isroughly
the north Pacific equivalent of the Southern Oscillation Index (SOI), but extends between the
tropics and extratropics. Because the NOI is partidly based in the NEP, it provides amore direct
indication of the mechanisms by which global-scale climate events affect the north Pacific and
North America

The NOI isdominated by interannual variations associated with El Nifio and La Nifia
(EN/LN) events. Large positive (negative) index vaues are usually associated with LN (EN) and
negative (positive) upper ocean temperature anomalies in the NEP, particularly along the North
American west coast. The NOI and SOl are highly correlated, but are clearly different in severa
respects. EN/LN variations tend to be represented by larger swingsin the NOI. Forty percent of the
interannual moderate and strong interannual NOI events are seen by the SOI as events that are
either weak or oppositein sign. The NOI appears to be a better index of environmental variability in
the NEP than the SOI, and than NPH SLP alone, suggesting the NOI is more effective at
incorporating the influences of regional and remotely teleconnected climate processes.

The NOI contains aternating decadal-scale periods dominated by positive and negative
values, suggesting substantial climate shifts on aroughly 14-year “cycle’. The NOI was
predominantly positive prior to 1965, during 1970-76 and 1984-91, and since 1998. Negative
values predominated in 1965-70, 1977-83, and 1991-98. In the NEP, interannual and decadal-scale
negative NOI periods (e.g., EN events) are generally associated with weaker trade winds, weaker
coastal upwelling-favorable winds, warmer upper ocean temperatures, lower Pacific Northwest
salmon catch, higher Alaska salmon catch, and generally decreased macrozoopl ankton biomass of f
southern California. The opposite physical and biological patterns generally occur when the index



is positive. Simultaneous correlations of the NOI with north Pacific upper ocean temperature
anomalies are greatest during the boreal winter and spring. Lagged correlations of the winter and
spring NOI with subsequent upper ocean temperatures are high for several seasons. The
relationships between the NOI and atmospheric and physical and biological oceanic anomaliesin
the NEP indicate thisindex is auseful diagnostic of climate change in the NEP, and suggest
mechanisms linking variationsin the physical environment to marine resources on interannual to
decadal climate scales. The NOI time seriesis available online at: http://www.pfeg.noaa.gov.



1. INTRODUCTION

Climate change processes act on many time scales, from El Nifio/LaNifia (EN/LN) cycles
to decada and longer. They aso act on arange of spatial scaes, from globa down to local
ecosystems. Climate change in the northeast Pacific (NEP) is linked to major ecological
fluctuations, including changes in salmon populations (Beamish, 1993; Francis & Hare, 1994;
Mantua, Hare, Zhang, Wallace, & Francis, 1997; Pulwarty & Redmond, 1997; Finney, Gregory-
Eaves, Sweetman, Douglas, & Smol, 2000) and other marine organisms (Brodeur & Ware, 1992;
Polovina, Mitchum, Graham, Craig, DeMartini, & Flint, 1994; Roemmich & McGowan, 1995;
McFarlane, King, & Beamish, 2000; Schwing, Moore, Ralston, & Sakuma, 2000).

Many climate variations occur via atmospheric and oceanic teleconnections (Hordl &
Wallace, 1981; Nitta, 1987; Schwing, Murphree, deWitt, & Green, 2001). The cause and effect
rel ationshi ps between teleconnections in the atmosphere and ocean are not well understood (e.g.,
Mantua et a., 1997; Pulwarty & Redmond, 1997). However the anomaly patterns for many
intraseasonal to decadal events are consistent with anomalous atmospheric forcing of the ocean
(e.g., Simpson, 1992; Miller, Cayan, Barnett, Graham, & Oberhuber, 1994; Parrish, Schwing, &
Mendel ssohn, 2000). Atmospheric teleconnections extend from the troposphere to the surface and
include distinct fluctuationsin sealevel pressure (SLP) (Schwing et a., 2001). SLP changes are
closaly linked to changesin surface winds, and thereby to changes in sea surface temperature
(SST), upper ocean temperature and heat content, mixed layer depth, and thermocline depth (e.g.,
Gill, 1982; Cayan, 1992; Miller et al., 1994; Schwing et a., 2001). Through these links, SLP plays
an important rolein influencing and defining ocean climate change. It isaso relatively well
observed and analyzed. Thus SLP can be used to construct useful indices for assessing climate
changes in the atmosphere and ocean.

Totrack EN, LN, and other climate events, a number of SLP-based indices have been
created; for example, the Southern Oscillation Index (SOI) (Trenberth & Shea, 1987), the North
Atlantic Oscillation (NAO) Index (Barnston & Livezey, 1987; Hurrdll, 1995), and the North Pacific
(NP) Index (Trenberth & Hurrell, 1994). The best known of these isthe SOI, which is based on the
SLP anomaly (SLPA) difference between a site in the tropical or subtropical southeast Pacific,
usualy Tahiti, and onein the western tropical Pacific, usually Darwin, Australia (Chen, 1982;
Chelliah, 1990). These locations are used because the oscillation described by them representsor is
correlated with anumber of climate variations occurring in and well beyond the tropical Pacific
(Walker, 1924; Trenberth and Shea, 1987; Horel and Wallace, 1981). Tahiti and Darwin are
commonly used in part because they have fairly reliable SLP data that extends back for several
decades, ararity in thisregion.



The sites used in computing the SOI are near the tropical and subtropical centers of action
for the south Pacific Hadley-Walker (H-W) circulation (Bjerknes, 1966, 1969), a major
atmospheric pathway for the transport of mass, momentum, and energy between the tropics and
extratropics (Piexoto and Oort, 1992). The H-W circulation, which extends throughout the
troposphere, has ameridional component (the Hadley circulation, after Hadley, 1735) and a zondl
component (the Walker circulation, after Walker, 1924). Figure 1 shows schematically the Pacific
portion of the mean H-W circulation. The major features are alarge region of low SLP in the
western tropical Pacific—southeast Asian region coupled by lower and upper tropospheric winds to
two areas of high SLP in the extratropics; the North Pacific High (NPH) in the NEP and the South
Pacific High (SPH) in the southeast Pacific. Through this circulation, the NPH and SPH participate
in climate variations of southeast Asiaand the tropical Indo—Pacific region. On intraseasonal to
interannual scales, SLP variations at the NPH and SPH tend to be out of phase with the western
tropical Pacific—southeast Asia (Figure 2a).

Variationsin SLP at these locations, and in the winds that link these regions, reflect avariety
of climate processes (cf. Schwing et a., 2001). Through these processes, the NEP is strongly
linked to atmospheric and oceanic changes occurring outside the north Pacific region; for example,
intraseasonal and interannual changesin east Asiaand the tropical Pacific (e.g., Knutson and
Weickmann, 1987; Nitta, 1987; Horel and Wallace, 1981). The NEP isinvolved in and influenced
by awide range of large-scae climate changes (e.g., EN/LN events, variations of the Asian
monsoon) through fluctuations in the north Pacific H-W circulation (e.g., Bjerknes, 1966, 1969;
Ford, 2000; Schwing et al., 2001). These are teleconnected to and reflected in the NEP as changes
in SLP, surface winds, and other atmospheric and oceanic variables.

To identify the areas that have the most impact on climate variationsin the NEP, SLP at the
center of the NPH’ s climatological mean position (35°N, 135°W) was correlated with SLP globally
(Figure 2a). As expected, NPH SLP is positively correlated with SLP in most of the NEP. Thereis
an almost equally strong but negative correlation with SLP covering most of the tropical Indian
Ocean, southeast Asia, and western tropical Pacific. An area of positive correlation occursin the
tropical and subtropical southeast Pacific. The positively correlated regions in the northeast and
southeast Pacific, dong with the area of negative correlation in the western tropical Pecific, reflect
mass transfer and pressure variations in the Pacific H-W circulation (Figure 1).

Figure 2aindicates that climate variationsin the NEP are linked to those in awide range of
remote |ocations, especially the western tropical Pacific. Correlating SLP in the SPH with SLP
globally yieldsasimilar pattern (not shown; cf. Trenberth and Shea, 1987). These initia findings
led usto develop aclimate index for the north Pacific-North American region based on SLP in the



NEP and the western tropical Pacific. Thisindex, the Northern Oscillation Index (NOI),
incorporates both tropical and extratropical atmospheric variations which combine to impact much
of the northern hemisphere. Thus the NOI has the potential to capture a number of climate
variations and their effects on the NEP, and the broader north Pacific-North American region.

In this report, we describe how the NOI is derived, compare it to the SOI, and discussits
valuein analyzing climate variations, especialy in the NEP. We highlight the principal features of
the NOI time series, relate it to globa atmospheric and oceanic parameters, and compare this index
to representative physical and biological time series from the NEP. Our objectives are to
demonstrate that variability in the north Pacific (H-W) circulation, as measured by the NOI, isa
useful indicator of: 1) climate fluctuations in the NEP; 2) global climate teleconnectionsto the NEP,
and 3) mechanisms linking the physical environment to marine resource variability in the NEP.

1.1. Why a New Index?

There are many climate indices that help explain climate variationsin the north
Pacific-North American region. The SOI in particular iswell correlated with awide range of
extratropical climate variations, including many in the NEP (e.g., Philander, 1990; Redmond &
Koch, 1991; Peixoto & Oort, 1992; Pulwarty & Redmond, 1997). So why isanew climate index
for the NEP needed?

The SOI isagood measure of tropical Pecific climate variations, especialy EN/LN
variations (Chen, 1982; Trenberth and Shea, 1987). But since it is based entirely in the tropics, the
SOI hasonly a dtatistical relationship with extratropical climate variations. Tropical SLP variations
described by the SOI are linked indirectly to extratropical climate fluctuations viathe Pacific H-W
circulation (Fig. 2; also see Bjerknes 1966, 1969; Philander 1990). The absence of aphysical link
between the SOI and the extratropics makesit difficult to identify the mechanisms of extratropical
climate variations based on the SOI. Also, on some occasions, extratropical anomaly patterns are
inconsistent with those in the tropics, and the magnitude and/or sign of the SOI. For example, north
Pacific anomalies during the 1995-97 LN differed significantly from those typically seen during
LN events (Schwing et a., 2001).

A number of extratropically based indices give relatively good descriptions of atmospheric
variations that occur primarily within the extratropics (e.g., NPI, NAO, East Pacific Index, Arctic
Oscillation). However theseindices are only indirectly linked to the tropics, amajor source of
globd climate variability (Peixoto and Oort, 1992). In particular, they are limited in their ability to
represent trangports of mass, momentum, and energy between the tropics and extratropics.



In analyzing extratropical climate variations and their linksto the tropics, it makes senseto
consider an index that captures the major tropical variations that affect the extratropics (e.g., EN/LN
variations represented by the SOI), but also has aclear physical connection to the extratropical
region being analyzed. Because the NOI is based on the difference in SLPAsin the NEP and
western tropical Pacific, it gives agood indication of both tropical and extratropical variations, and
the meridional and zonal teleconnections that link these regions (Figures 1, 2a). The NOI is
partialy based in the NEP, so it includes information about atmospheric factors that directly impact
the NEP (e.g., Miller et d., 1994; Parrish et a., 2000; Schwing et d., 2001). Becauseit is partialy
based in the western tropical Pacific, it also containsinformation about a number of major climate
variations with global impacts, including EN/LN events, Madden-Julian oscillations, and
intraseasonal to decadal variations of the Asian—Australian monsoon system (e.g., Knutson and
Weickmann, 1987; Nitta, 1987; Meehl, 1997; Ford, 2000).Thus the NOI may provide arelatively
direct meansfor identifying the regional and remote processes that drive climate change in the NEP.

1.2. The 1997-1998 EI Nifio Event

The widespread impacts of variationsin the Pacific H-W circulation are especialy clear
during EN/LN events (Bjerknes, 1966, 1969; Gill, 1982; Philander, 1990). Many mgjor tropica and
extratropical atmospheric and oceanic anomaly patterns are associated with EN/LN, and correlated
with the SOI. Climate anomalies during the onset of amajor EN in 1997-98 illustrate the potential
value of the NOI in identifying the impacts of atmospheric anomalies on the NEP.

In February 1997, an anticyclonic (clockwise) surface wind stress anomaly associated with
higher than normal NPH SLP covered the NEP (Figure 3a). By May 1997, a cyclonic surface wind
stress anomaly indicative of weaker than normal SLP had developed over thisregion (Figure 3b).
The centers of the anomalous February anticyclone and May cyclone were near the annual mean
position of the NPH (the open circle at 35°N, 130°W). In both February and May 1997, the trade
wind anomalies over the southeast Pacific were smilar to, but weaker than, the NEP anomalies.

February marked the end of the 1995-97 LN (Schwing et a., 2001). May wind anomalies,
in the early stage of the 1997-98 EN, were similar to those in the early stages of past EN events but
much stronger (Murphree and Schwing, 2001). The impressive magnitude of the north Pacific
anomalies during these times, and the rapid transition from one anomaly pattern to the other,
indicates a strong tel econnection between the tropics and extratropics. Upper tropospheric
circulation and surface stress anomaly patterns were equivalent barotropic (i.e., the anomalies were
qualitatively similar) at these times, and may have been related to the unusua upper ocean anomaly
patterns observed in early 1997 (Schwing et a., 2001).



The anomaly fields shown in Figures 3a and 3b are representative of those seen during
much of the 1995-97 LN and 1997-98 EN, respectively, and are linked to the evolution of EN
conditionsin the tropical Pacific (Schwing et a., 2001). These wind stress anomalies are also
representative of those seen during the onset of previous EN/LN events (Murphree and Schwing,
2001) and during decada climate regimes (Parrish et a., 1999). The February and May 1997
patterns also illustrate anomaly patterns when the NOI is positive and negative, respectively, as
discussed in sections 2 and 3.3. These wind patterns suggest that an index based on SLPsin the
NPH and western tropical Pacific would be a good indicator of the regional and remote atmospheric
mechanisms that together influence oceanic anomaliesin the NEP.

2. DATA AND METHODS

Our primary data sets were the globa atmospheric and oceanic reanalysis fields for 1948-
2001 from the National Centers for Environmental Prediction (NCEP) described by Kalnay et a.
(1996). These fields were obtained from, and partially processed at, the NOAA-CIRES Climate
Diagnostics Center (CDC) web site (http://www.cdc.noaa.gov/). The main fields were gridded
(roughly 2° x 2°) monthly anomaly fields of SLP, SST, and surface wind velocity (used to calculate
surface wind stress anomalies). The base period for computing the NCEP reanaysisfield
anomaliesis 1968-96. Correlation maps were developed using the CDC web site.

Subsurface (150-m) temperature anomaly time series were developed for two west coast
areas, southern California (32-33°N, 117-118°W) and Washington (47-49°N, 126-128°W), from
the World Ocean Database 1998 (WOA 98) data base (L evitus, Boyer, Conkright, O’ Brien,
Antonov, Stephens, et d., 1998).These temperature series were detrended after removing the
monthly climatologies. The base period for computing these anomalies was 1951-1993. The
comparisons made here involve avariety of data sets and types with different base periods. Our
results and relationships are not significantly altered by changing the base period. We use the
climatol ogies created by the groupsthat provide the individual data sets.

We computed the NOI from the NCEP reanalysis monthly SLPA time series for January
1948-May 2001 at the climatological mean position of the center of the NPH (35°N, 130°W)
minus the SLPA series near Darwin, Australia (10°S, 130°E). We aso calculated an analogous
Southern Oscillation Index (SOI*) from the SLPA at the climatological annual mean center of the
SPH (30°S, 95°W) minus Darwin SLPA. We compared these to the most commonly used SO,
one based on Tahiti SLPA (18°S, 150°W) minus Darwin SLPA (cf. Chelliah, 1990). For these
indices, the SLPAs were computed by subtracting the 1948-97 climatol ogies from the monthly
averaged SL P observations. These anomalies were then used to construct the following series:



NOI = SLPA (NPH) - SLPA (Darwin) (1a)
SOI* = SLPA (SPH) - SLPA (Darwin) (1b)
SOl = SLPA (Tahiti) - SLPA (Darwin) (10)

where SLPA () = actual monthly SLP () - climatological monthly SLP ().

Each of theseindicesis calculated so that LN (EN) events are represented by extended periods
when the indices are positive (negétive).

We compared four normalized and non-normalized versions of these three indices.

1) The serieswere normalized twice. First, the SLP anomaly time series were normalized by their
standard deviation. Then the indices, computed as the difference of the normalized series, were
normalized by the standard deviation of the difference of the anomalies (the common derivation of
the SOI used by Chelliah, 1990).

2) The SLP anomaly series were normalized by the standard deviation of the series, then the indices
were computed as the difference of the normalized series.

3) The SLP anomaly series were normalized by the monthly standard deviation, then the indices
were computed as the difference of the normalized series.

4) The indices were computed from the SLP anomaly series with no normalizing of the SLP or
indices.

We selected the non-normalized form (version 4) for this study for several reasons. First,
the non-normalized versions more clearly describe the relative contributions of theindividual SLP
series and their impacts on surface wind (e.g., trade wind) anomalies. Second, subtle shiftsin the
timing of SLP anomalies, which can reved details on the evolution of climate anomalies, are better
represented by the non-normalized indices. Finaly, the mgor tempora variations of the normalized
and non-normalized indices (Egn. 1a-C) are very smilar. So the simplest version, based on the non-
normalized anomalies, was used to generate the indices described here. The resulting indices were
then smoothed with afive-month running average. The non-normalized NOI, SOI, and SOI*
described here are available online at: http://www.pfeg.noaa.gov.
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3. RESULTS

3.1. Comparison of index time series

The five-month smoothed time series of the NOI, SOI, and SOI* are shown in Figure 4.
The dominant variability in these seriesis on the interannual scale generally identified with EN/LN
events. Large positive (negative) index vaues are usualy associated with LN (EN) events and cool
(warm) upper ocean temperature anomaliesin the NEP, particularly along the North American west
coast (Figure 2c). A 53-year (1948-2001) chronology of the magnitude of the positive and negative
eventsfor thethreeindicesisgivenin Table 1. The dates of moderate/strong eventsin the NOI and
SOl seriesare shown in Table 2.

The similarity of the three series on interannual scales reflects the tendency of the NPH,
SPH, and Tahiti to vary together, and out of phase with the low near Indonesia (cf. Figure 2a).
Darwin and the NPH are both important contributors to most major interannual eventsin the NOI
(Figure5; eg., 1971-72, 1982-83, 1997-98). However there are other events when the NOI values
are due amost exclusively to the NPH anomaly (e.g., 1957-58, 1985-86). NPH SLP has a higher
amplitude than Darwin and is more variable on interannual and intra-annual scales, particularly
during winter. The NOI has a strong positive correlation with the NPH series (r =.92) and a
weaker negative correlation with Darwin SLP (r = -.77). The correlation between the NPH and
Darwinisr =-.45.

The NOI and SOI are highly correlated (r = .77) and have asimilar overall appearance, but
feature differences that may reflect distinct climate patterns and adifferent set of individua climate
events. The NOI has alarger amplitude and is more variable (NOI sd= 1.92 mb; SOI sd=1.38 mb).
While the SOI is more often associated with EN events, through its negative anomalies, positive
(21) and negative (19) events occurred nearly equally (Figure 6, Table 3). In contrast, the NOI had
nearly twice as many positive (32) as negative (17) events. The NOI identified 16 moderate/strong
positive events and 14 moderate/strong negative events since 1948 (Figures 4a, 6, Table 2). Thus
positive events were more likely than negative events to be categorized as weak. A biennial
oscillation between EN and LN statesis not evident in these indices. Just 8% (25%) of the past 53
years are classified by the NOI (SOI) as neutral (neither positive nor negative; Table 3).

Only nine (56%) positive and nine (64%) negative moderate/strong NOI events (open
trianglesin Figure 4a) are classified likewise by the SOI (Table 3). The very strong 1957-58 EN is
an example of an important difference between the NOI and the SOI. This event had major impacts
on the NEP (cf. Sette & Isaacs, 1960) and helped lead to the redlization that EN/LN events have
global impacts. It is clearly indicated by the NOI but is only a minor feature in the SOI. Another
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notable difference occurred in 1984-85, when the NOI was strongly positive but the SOI was
neutral. At that time, strong atmospheric and oceanic anomalies like those typical of LN occurred in
the NEP, while tropica Pacific anomalies were weak. Even when the sign and magnitude of these
indices agreed, the timing of peaks in the events often differed by several months (e.g. 1955-56,
1994-95).

Negative and positive events in the indices often occurred in multi-year clusters, suggesting
decadal-scale regimes. A well-documented decadal climate shift in 1977 (cf. Nitta & Yamada, 1989;
Trenberth, 1990; Ebbesmeyer, Cayan, McLain, Nichols, Peterson, & Redmond. 1991; Trenberth &
Hurrell, 1994) is seen in the NOI as a change from predominantly positive to negative values
(Figure 4). Other decadal shifts are evident. Following an extended period dominated by positive
values, a brief negative period occurred in 1965-70. A seven-year sequence of moderate to strong
positive events began in 1970. Strong negative events dominated after 1977, culminating in the
strongest event in the record, in conjunction with the 1982-83 EN. From 1984 to 1991, the NOI
was biased toward positive vaues. The period after 1991 was dominated by moderate to strong
negative events, until mainly positive values returned in 1998. Thus the NOI indicates substantia
shiftsin climatein 1965, 1970, 1977, 1984, 1991, and 1998, aroughly 14-year “cycle’. The
atmospheric and oceanic signals associated with these decada periods of positive and negative NOI
are described in section 3.3.

3.2. Global Correlation Maps

Maps of the correlation of the NOI with SLP and SST globally are shown in Figures 2b
and 2c, respectively. The NOI is positively correlated with SLP over the northeast and southeast
Pacific (yellow-red areasin Figure 2b) and negatively correlated with SLP over the western tropical
Pacific and Indian Ocean (blue areas). These patternsillustrate that the north and south Pacific
components of the H-W circulation tend to vary together on interannual time scales, and are related
to the mechanisms by which upper ocean anomalies develop in the tropical and extratropical Pecific.
The SLP correlations (Figures 2a-b) indicate shifts in atmospheric mass between the extratropical
eastern Pacific and the southeast Asian—-Australian region. These shifts correspond to a stronger H-
W circulation when the NOI and SOl are positive, when SLP islow near Indonesiaand high in the
NPH and SPH, and vice versa (cf. Figure 2). The aternating low—high- ow-high SLP correlation
patterns in the northern and southern hemispheres (Figures 2a-b; e.g., southeast Asia—north
Pacific-North America—north Atlantic) reflect atmospheric wave trains linking the tropics and
extratropics and, in particular, linking the NPH and SPH to the tropical Pacific and the southeast
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Asian-Australian region (Nitta, 1987; Ford, 2000; Reynolds, Gelaro, and Murphree, 1996; Schwing
et al; 2001).

The NOI is positively correlated with SSTsin the central north and south Pacific (yellow-
red areas in Figure 2¢) and negatively correlated along the west coast of the Americasand in the
eastern tropical Pacific and Indian Ocean (blue areas). Thetypical pattern of negative and positive
SLPand SST anomaliesduring LN (EN) issimilar (opposite) to the pattern of positive and
negative correlations in Figures 2b and 2c (Schwing et a., 2001). This confirmsthat a positive
(negative) NOI istypicaly associated with LN (EN) events.

To illugtrate the seasonality of thisrelationship, and help identify the mechanisms that
produce interannual variability to the north Pacific Ocean, we examined the correlation between the
NOI and SST by season (Figure 7). The NOI is more highly correlated with interannual SST
variability in the extratropical north Pacific during the boreal winter and spring than in the boreal
summer and autumn. Thereisaso arelatively high correlation between winter and spring NOI and
north Pacific SST during the subsequent four seasons (not shown).

These results may reflect seasona variations in the strength of atmospheric anomalies
represented by the NOI (especially north Pacific surface wind stress) and the relatively long
memory of the ocean. The magnitude of the NOI tends to be greatest during the winter and spring
(Figure 4). These winter extremes represent strong wind anomaliesin the north Pecific that can
establish temperature anomaliesin the upper ocean that remain for several seasons. Winter wind
stress anomalies can affect the upper ocean through a variety of processes, including Ekman
processes, geostrophic advection, surface heat fluxes, and mixing (cf. section 4.2; Cayan, 1992,
Miller et d., 1994; Miller & Schneider, 2000; Schwing et a., 2001). Winter ocean anomalies often
persist into the summer when atmospheric anomalies tend to be weakest (Schwing et al., 2001).
Thus the longer memory of the ocean compared to the atmosphere makes the s multaneous
correlation of the NOI with the extratropical north Pacific SSTsweakest during summer, while the
lagged correlation of winter and spring NOI with subsequent SSTsis strong throughout the year.
In contrast, the simultaneous correlations of the NOI with tropical Indian and Pacific SSTs are
strong at al seasons (Fig. 7). Thismay be due to aweaker seasonal cycle in the tropics and a faster
ocean internal wave response to atmospheric forcing (Gill, 1982).

The applicability of the NOI is further documented by comparing the correlation of SSTsin
the NEP to the NOI, the individual NOI components (i.e., SLPA at the NPH and Darwin), and the
SOI (Figure 8). The focus hereis on the boreal spring (March-May), when biological production in
the north Pacific is high, but ssimilar results were found for all seasons. Overal, NEP SST is better
correlated with the NOI (Figure 8a) than with the NPH SLP anomaly series aone, the SOI, or



13

Darwin SLP. The NOI isasuperior indicator of SST variability in the areas where the correlation
between SST and the indices is greatest, specificaly in the biologically important regions of the
Cdlifornia Current System aong the North American west coast, and the North Pacific Transition
Zone north of Hawaii.

3.3. Pacific Basin Anomaly Fields

Composite maps showing the SLP, surface wind, and SST anomaliesin the Pecific are
presented for seven-year periods of predominantly positive NOI values (1970-1976, Figures 9a,
10a) and predominantly negative NOI values (1991-1997, Figures 9b, 10b). In 1970-76, SLP was
anomaloudly high over the northeast and southeast Pacific, in the vicinity of the NPH and SPH (red
areasin Figure 9a). These positive SLPA centers were associated with anomaloudy anticyclonic
surface wind stress, including more upwelling-favorable stressin the California and Peru—Chile
Current Systems and enhanced trade winds. Negative SLPAs (blue areas) occurred over the
southeast Asian—Australian region, and the Asian and North and South American continents. The
aternating SLP anomalies across the extratropical northern and southern hemispheresindicate an
atmospheric wave train linking the tropics and extratropics. Tropical Pacific surface wind anomalies
were westward and convergent in the central tropical Pacific (cf. Schwing et a, 2001). During this
period of positive NOI, positive SSTAs occurred in the central north and south Pecific (red areasin
Figure 104). Negative SSTAS (blue areas) were seen in the eastern boundary currents along the
west coast of North and South America, the eastern tropical Pacific Ocean, and the Indian Ocean.
The Pacific SSTA pattern is strikingly similar to the correlation with the NOI (Figure 2c).

SLP and surface wind stress anomalies during the 1991-97 period of negative NOI (Figure
9b) are anear-mirror image to those when the NOI is positive. Important features include weaker
than normal SLP over the northeast and southeast Pacific, weaker coastal upwelling favorable wind
stress off North and South America, and reduced trade winds. SSTAs in this negative NOI period
(Figure 10b) are roughly opposite to those seen under positive NOI conditions. In both the positive
and negative periods, SLP, surface wind, and SST anomalies are roughly symmetric about the
equator. The anomaly patterns when the NOI is negative (positive) resemble the typical EN (LN)
patterns shown by Schwing et al. (2001), who also discuss the mechanisms by which these
atmospheric anomalies may produce the corresponding SSTA patterns.

3.4. Correlation With Northeast Pacific Ocean Time Series
SST appearsto be linked to variations in the NOI on interannual and decadal scales
(Figures 2c, 7, 9, 10). Subsurface temperatures a so fluctuate in response to atmospheric forcing
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through processes that affect pycnocline and mixed layer depths. This concept is supported by
Figure 11, which compares the NOI (inverted for comparison) to the detrended 150-m temperature
anomaly time series off southern California and Washington. Episodes of cooler and warmer
subsurface temperatures tend to correspond closely to positive and negative eventsin the NOI,
respectively. Fluctuations in surface wind stress modify cross-shelf Ekman transport and coastal
upwelling, and fluctuations in surface wind stress curl ater Ekman pumping. Both processes are
closaly coupled with regional SLP anomaliesin the NEP, and thus are likely mechanisms for the
correspondence between the NOI and temperature (cf. Miller & Schneider, 2000; Schwing et al.,
2001). However remote processes that generate coastal internal waves probably contribute to this
variability aswell (cf. Pares-Sierra& O’ Brien, 1989; Schwing et a., 2001; Strub & James, 2001).

A further example of the relative effectiveness of the NOI as an index of ocean variability is
demonstrated by these series. The NOI explains more variability in the southern California (r = -
.65) and Washington (r = -.59) temperature series than the NPH SLP aone (r = -.56 for both). The
SOI ismarginally better correlated than the NOI with southern California (r = -.68), but weakly
correlated with Washington (r = -.36). Thusthe NOI is similar to or better than the SOI as an index
of interannual variability in the California Current System, but has a more direct physical
connection to this region. The latitudinal difference in these correlations may be related to the
relative importance of oceanic teleconnections. Interannual variations in the thermocline are
associated with coastal-trapped waves, whose source may be fluctuations in equatoria wave activity
(cf. Clarke & Lebedev, 1999; Strub & James, 2001) and ultimately SLP in the western tropical
Pacific. Coastal-trapped waves propagate | ess effectively at the more northern latitudes, and hence
may have lessinfluence on temperature variability (McAlpin, 1995).

Figure 12 shows the demeaned and detrended annual catch of western Alaska sockeye
salmon and coho salmon for the Pacific Northwest for the ocean entry years 1970-96 (after Mantua
et a., 1997). The detrended series highlight an out-of-phase decadal oscillation in the Alaska and
Pacific Northwest stocks between relatively high and variable returns, and low and steady returns.
The detrended landings, lagged one year, are significantly correlated with the NOI (cohor = .79;
sockeyer = -.75) and reflect the climate shiftsindicated by the NOI. For example, relatively higher
coho landings were associated with positive NOI values during 1970-76 and 1984-91, while
relatively higher sockeye catches during 1978-84 and 1993-96 corresponded to a negative NOI.
These resultsindicate the NOI may be avauableindex of fishery variability in the NEP.

The normalized Ca COFI 40-year time series of maximum annua macrozooplankton
volume off southern California (adapted from Roemmich & McGowan, 1995) is shown in Figure
13. The biomass series is weakly correlated with the NOI (r = .21 after detrending). However
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similaritiesin the interannual variations of these series suggest that changes in biomass may be
explained in part by physical variability described by the NOI. All of the sharp declinesin the NOI
(upward-pointing triangles) are reflected as declines in macrozooplankton biomass. But biomass
increases do not accompany all shiftstoward positive or higher NOI values, nor are they
guantitatively consistent (e.g., the increases in the NOI in 1975 and 1988). Solid (open) downward-
pointing triangles denote shifts to positive NOI when biomass does (does not) rebound. Thusa
negative NOI may correspond to poor conditions for zooplankton (e.g., greater coastal upwelling),
which result in population declines. But populations do not necessarily expand given the good
conditions presumably associated with positive NOI. The NOI probably represents only some of
the factors driving zooplankton population dynamics. Neverthel ess has been shown to be a useful
index for investigating the rel ationships between climate and plankton variability off British
Columbia (Mackas, Thomson & Galbraith, 2001).

4. DISCUSSION

Many studies have shown that the SOI iswell correlated with variations in north Pacific
winds, SST, and many other fields (e.g., Horel & Wallace, 1981; Pulwarty & Redmond, 1997).
Whilethe NOI and SOI have asimilar overall appearance, they also have important differences
which suggest that the NOI represents climatic extremes that are not well represented by the
tropically based SOI. These are most likely due to differences between tropical and extratropical
variability on these time scales. The indices therefore reflect latitudinal variationsin the forcing and
response of the climate system.

Similarities between the NOI and SOI suggest the latter has been a useful indicator of
climate variations in the NEP because of its links to teleconnection processes. The mgor
differences between the NOI and SOI support the conclusion that the NOI may be amore
appropriate indicator of NEP variability. Since the NOI is based in both the tropical Pacific and the
NEP, it probably provides a better measure of those teleconnections. The NOI isalso likely to bea
more revealing monitor of climate change over the north Pacific-North American region, and a
better indicator of the mechanisms that produce those changes.

4.1. El Nifio, La Nifia, and Teleconnections

Interannual changesin the north Pacific atmosphere and ocean, which areidentified by
extremain the NOI, are closely tied to tropical Pacific anomalies such asEN/LN (e.g., Wooster &
Fluharty, 1985; Mysak, 1986; Schwing et a., 2001). During EN events, surface wind anomalies
over the extratropical north Pacific tend to produce negative SSTAs in the central north Pacific and
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positive SSTAsin the NEP, initiated in large part by Ekman processes (Schwing et ., 2001). The
reverseistrue during LN events.

Throughout the year, wind anomalies are often part of organized and extensive tropospheric
circulation anomaliesthat are part of Rossby wave trainsinitiated remotely by convective anomalies
(Nitta, 1987; Ford, 2000; Schwing et a., 2001). The sources of these wave trains are the tropical
Pacific, especially during boreal winter, and south and east Asia, especialy during boredl late
summer-winter. Since the NOI islinked to and expresses these circulation anomalies (e.g., Figures
2b, 9), thisindex isadiagnostic of environmental anomalies throughout the year and from many
source regions. However it appears that winter and spring values of the NOI represent mechanisms
that have the greatest and most lasting effect in the NEP (e.g., Figure 7). The strongest and most
persistent wind anomalies tend to occur from late boreal autumn through early spring, resulting in
SST and other upper ocean anomalies that can last for several months to several seasons. Summer
and autumn wind anomalies are generaly difficult to link directly to EN or LN anomaliesin the
tropical Pacific. More often they are the result of atmospheric convection anomaliesin the western
tropical Pacific—southeast Asian region (e.g., Asian summer monsoon anomalies) (Nitta, 1987;
Ford, 2000).

Atmospheric teleconnections occur not only on the interannual scale of EN/LN but also on
other time scales (e.g., intraseasonal Madden-Julian oscillations and Asian monsoon fluctuations;
biennial Asian monsoon fluctuations; decadal tropical Indo—Pacific variations,; see Knutson &
Weickmann, 1987; Nitta, 1987; Meehl, 1997; Ford, 2000; Schwing et a., 2001). Teleconnections
are dynamically smilar regardless of time scale (cf. Hoskins & Karoly, 1981; Nitta, 1987,
Murphree & Reynolds, 1995; Reynolds et d., 1996). Thus arelatively small number of
mechanisms may underlie many of the climate variations that occur in the north Pacific—-North
Americaregion. Periods when strong atmospheric teleconnections to this region develop, during
EN/LN for example, can reveal agreat deal about how longer term climate changes of significance
to ocean and ecosystem processes occur.

Oceanic teleconnections, most notably coastal-trapped waves that propagate poleward along
the eastern Pacific boundary, represent another source of interannual variability. Eastward-
propagating equatorial Kelvin waves are a possi ble source of these coastal waves (Jacobs, Hurlburt,
Kindle, Metzger, Mitchell, Teague, et d., 1994; McPhaden & Yu, 1999; Schwing et d., 2001).
Intraseasonal equatorial Kelvin waves, acommon signal during EN events, are linked to SLP
anomaliesin the western tropical Pacific and anomaliesin tropical and trade winds. These are
incorporated in the NOI through Darwin SLP and the NPH-Darwin SLP gradient. The NOI
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represents regiona wind anomalies in the NEP and atmospheric and oceanic teleconnections, which
combine to produce much of the EN/LN signal in the extratropical Pacific.

4.2. The NOI as an Index of Physical and Biological Variability

The NOI issignificantly correlated with SST over much of the globa ocean (Figures 2c,
10) and subsurface temperature along the US west coast (Figure 11). Mgor climate changes are
characterized by strong and distinct anomaly patternsin SST and other upper ocean measures,
particularly in the extratropica north Pacific (Mantua et a., 1997; Miller et d., 1994; Deser,
Alexander, & Timlin, 1996; Miller & Schneider, 2000; Parrish et a., 2000; Schwing et al., 2001).
The immediate causes of these oceanic anomaliesinclude: 1) air-sea heat fluxes; 2) latera Ekman
trangport of near-surface waters; 3) vertical transport by Ekman pumping, due to divergence in the
surface Ekman layer; 4) vertical mixing, primarily imparted by wind-induced turbulence; 5)
geostrophic advection, generally due to adjustments of horizontal pressure and temperature
gradients by Ekman transport; 6) the displacement of internal structure by low-frequency interna
ocean waves, and 7) changesin upper ocean stability due to these other processes. All of these
processes are driven by atmospheric forcing, with surface wind stress being the principal forcing
factor.

Process 1 isthought to be especially important in creating the basic SST response to many
wind anomalies (Cayan, 1992). Through processes 2-5, these wind variations may be an important
mechanism for creating upper ocean anomalies in the NEP on seasona as well as interannual and
decadal scales (Miller et d., 1994; Deser et d., 1996; Miller & Schneider, 2000; Schwing et d.,
2001). For example, uniformly positive or negative upper ocean temperature and sea surface height
anomalies are often found in the region marked by Vancouver Idand, Hawaii, and Cabo San Lucas
(Schwing et al., 2001; cf. Figure 10). Changes in the magnitude and position of the NPH induce
shiftsin the strength and location of these oceanic anomalies (e.g., Knutson & Manabe, 1998;
Schwing et al., 2001) through a combination of the wind-driven processes 1-5 described above.

Process 6 introduces oceanically-teleconnected climate change from asfar away asthe
tropical Pacific (Jacobs et al., 1994; Strub & James, 2001). These variations are ultimately linked to
changesin the NOI; for example, through the connection of Darwin SLP to tropical Pacific wind
anomalies and the generation of equatorial Kelvin waves. Coastal oceanic anomalies extend along
most of the North American west coast, and are the combined effect of the seven processes (Miller
et a., 1994; Miller & Schneider, 2000; Schwing et a., 2001). Thusall of these regional and remote
processes that drive SST and, more generally, upper ocean variability in the NEP have adynamical
connection with the NOI.
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We have aso shown two examples of the NOI as a potential index of biological variability
in the NEP. The NOI, aso referred to as the NOIx in some citations, has been used in recent
studies as an effective environmental predictor for temporal changesin biological time series
(Kahru & Mitchell, 2000; Mackas et al., 2001). We anticipate its utility as an ecological index will
continue to be examined in future research.

5. Conclusions

The NOI and SOI time series are generally similar, but provide distinct perspectiveson a
range of climate variations. Their disparities are due mainly to differences between tropical and
northern hemisphere extratropical variability on interannua scales, which are the result of such
things as differences in the proximity and strength of mgor energy sources for climatic variations
(e.g., western tropical Pacific warm pool, Asian monsoon region, subtropical jets, NEP ocean
temperature anomalies). A number of studies have shown that the SOI is strongly correlated with
many environmental and biological parametersin the NEP. This correspondence may be due more
to the genera correlation of SLP in the Asia—Pacific region to the NEP (cf. Figure 2a) rather than to
adirect physical link. Both the NOI and the SOI have merit, but for the NEP, the NOI appears to be
equal or superior interms of statistical correlations, and a more relevant index of the physical
mechanisms responsible for environmental variability.

The NPH isamajor link between the atmosphere and ocean in the NEP. Because of therole
of the NPH in the H-W circulation, its variations are a good indicator of the impacts of large-scale
climate change on the NEP. NPH variations a so summarize the regional mechanisms responsible
for oceanic anomaiesin the NEP, since they are linked closely to the surface winds that drive
oceanic processes. Thus an index based on the NPH islikely to be well correlated with climate
change events over the north Pacific-North American region, including awide range of upper ocean
changesin the NEP.

Because the ocean in the NEP responds to regional atmospheric forcing aswell asto
teleconnections from the tropical Pecific, the NOI embodies both local and remote forcing
mechanisms, and therefore represents more sources of variation in the NEP than atropically or
extratropically based index (e.g., the SOI or NPH aone). Climate processes known to have large
physical and biological impacts on the NEP are well represented by the NOI. The encouraging
relationships between the NOI and a variety of physical and biological data series suggests this
index may be areliable indicator of climate fluctuationsin the NEP, and providesinsights on the
mechanisms linking the physical environment to marine resources.
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FIGURE LEGENDS

Figurel. A schematic illustration of the mean Hadley-Walker (H-W) circulation in the Pacific
region. Trade winds in the lower troposphere transport air from the North Pacific High (NPH) and
South Pecific High (SPH) into an area of low sealevel pressure in the western tropical
Pacific—southeast Asian region. Air risesin tropical convective systems and then flows poleward
and eastward as upper tropospheric winds. It then descends over the NPH and SPH. The
meridional component of the H-W circulation isthe Hadley circulation, and the zonal component is
the Walker circulation. Through the H-W circulation, the northeast Pacific is linked to remote
regions.

Figure 2. (a) Correlation of annual mean sealevel pressure (SLP) at the North Pacific High (NPH,
35°N, 130°W) with SLP globally. The two regions of positive correlation (yellow-red) in the
northeast and southeast Pacific, and the large region of negative correlation (blue) in the western
tropical Pacific show that interannual changesin the NPH are strongly coupled with variationsin
the Hadley-Walker circulation (cf. Fig. 1). (b) Correlation of annual Northern Oscillation Index
(NOI) with annual SLP globally. Yelow-red (blue) shades denote positively (negatively) correlated
SLPand NOI. (c) Correlation of annual NOI with annual SST globally. Y ellow-red (blue) shades
denote positively (negatively) correlated SST and NOI. Period of data used in correlationsis 1950-
99. Contour interval is0.1. Significant correlations (|r| > .3) are shaded. Figures based on data
provided by the NOAA-CIRES Climate Diagnostics Center, Boulder, Colorado from their Web site
a http://ww.cdc.noaa.gov/.

Figure 3. Monthly mean wind stress anomalies for (a) February 1997 and (b) May 1997. Open
circles mark the annual mean positions of the locations used in the computation of the NOI, SOI*,
and SOI (Egn. 1); the North Pacific High (NPH, 35°N, 130°W), South Pacific High (SPH, 30°S,
95°W), Darwin (10°S, 130°E), and Tahiti (18°S, 150°W). The annual mean NPH position was near
the center of the mgjor northeast Pacific wind stress anomaly patterns for both months. Scaling
vector shown in lower |eft.

Figure4. Monthly time series for January 1948-May 2001 of (a) the Northern Oscillation Index
(NOI; solid grey line) and the Southern Oscillation Index (SOI; dashed line); and (b) the NOI
(solid grey line) and an alternate Southern Oscillation Index (SOI*; dashed line). The 1948-1997
monthly mean SLPs at each location were removed prior to computing the three indices, per Egn. 1.
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The series were smoothed with a five-month running filter. Moderate/strong positive (negative)
eventsin the NOI areidentified by downward (upward) pointing triangles. Open (solid) triangles
indicate events that are (are not) classified by the SOI as moderate to strong events. Time periods
dominated by negative values of the NOI are shaded.

Figure 5. Monthly time series of NOI (solid grey line), and NPH (solid black line) and Darwin
(dashed line) SLP anomaly, for 1948-2000. The 1948-1997 monthly mean SLPs at each location
were removed prior to computing the three indices. The series were smoothed with a five-month
running filter.

Figure 6. The number of positive and negative events, by intensity, for NOI and SOI, based on
time seriesin Figure 4. Intensity was determined objectively by comparing maxima/minimavalues
in ayear to the standard deviation (s.d.) of each monthly index series. Periods with index values
that are within 0.5 s.d. of the mean are classed as neutral periods (denoted by —); 0.5-1 s.d. from
the mean are classed as weak (W) events, 1.0-2.0 s.d. are moderate (M), 2.0-3.0 s.d. are strong (S),
>3.0 s.d. are very strong (St).

Figure7. Correation of NOI with SST globally, by season; (a) spring (March-May), (b) summer
(June-August), (c) fall (September-November), and (d) winter (December-February). Y ellow-red
(blue) shades denote significant positive (negative) correations (Jr] > .3). Contour interval is0.1.
Period of data used in correlationsis 1950-99. Figures show highest correlations in winter and

spring.

Figure 8. Correation of spring (March-May) SST in the northeast Pacific (NEP) with (a) NOI,
(b) NPH SLPA, (c) SOI, and (d) Darwin SLPA. Y elow-red (blue) shades denote significant
positive (negative) correlations (|r| > .3). Contour interval is0.1. Period of data used in correlations
is 1950-99. Figures show that NEP SST is correlated more strongly with the NOI than with the
other three indices.

Figure 9. Anomaliesof SLP (colors) and surface wind (arrows) over the Pacific during (a) 1970-
76, aperiod of predominantly positive NOI values, and (b) 1991-97, a period of predominantly
negative NOI values. Y ellow-red (blue) shades denote positive (negative) SLP anomalies. Contour
interval is 0.2 mb; scaling arrow shown in lower left. White circles mark the climatological annual
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mean positions of the NPH, (35°N, 130°W), SPH (30°S, 95°W), Darwin (10°S, 130°E), and Tahiti
(18°S, 150°W).

Figure 10. SST anomaliesin the Pacific during () 1970-76 and (b) 1991-97. Y elow-red (blue)
shades denote positive (negative) SST anomalies. Contour interval is0.2°C.

Figure 11. The monthly NOI (solid grey line; inverted for comparison) and seasonally adjusted
temperature anomalies at 150 meters off southern California (32-33°N, 117-118°W; dashed line)
and Washington (47-49°N, 126-128°W; dotted line) for 1951-93. Series were detrended and
smoothed with a 12-month running filter. Series trends were +0.15/decade off southern California
and +0.09/decade off Washington. Correlations with the NOI arer = -0.65 and -0.59 for the
southern Caifornia and Washington temperature series, respectively. Correlation between
temperature seriesisr = 0.64. Downward (Upward) pointing triangles denote strong negative
(positive) NOI events.

Figure 12. The annua NOI (solid line) and the annual catch (in millions of fish) of western
Alaska sockeye salmon (dashed line) and Pacific Northwest coho salmon (dotted line) for 1970-96.
Series were demeaned, detrended and smoothed with a 3-year average. The sockeye (coho) mean
and trend are about 16.7 and 1.4 million fish/yr (about 1.5 and 0.1 million fish/yr), respectively.
The correlation of the sockeye (coho) serieswith the NOI isr = .-.75 (r =.79). Correlation between
salmon seriesisr = -. 69. Shading indicates periods dominated by relatively higher sockeye (lower
coho) catch.

Figure 13. Three-year smoothed NOI (solid grey line) and maximum annual macrozooplankton
volume aong CaCOFI Line 90 off southern California (adapted from Roemmich and McGowan
1995) for 1951-92. Shaded circles connected by broken lines denote volume for individua years,
fine solid line is the three-year smoothed volume. The correlation between the seriesisr = .44 (.21
after both series are detrended). Shiftstoward positive (negative) NOI values noted by downward
(upward) pointing triangles. Solid (open) triangles denote NOI events where biomass does (does
not) appear to respond to a shift in the NOI.
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Table1l. Rank of positive and negative eventsin NOI, SOI, and SOI*, by year (defined as July
year(n-1) — June year(n)). Intensity was determined objectively by comparing maxima/minima
valuesin ayear to the standard deviation (s.d.) of each monthly index series. Periods with index
valuesthat are: within 0.5 s.d. of the mean are classed as neutral periods (denoted by 0); 0.5-1 s.d.
from the mean are classed as weak (1) events; 1.0-2.0 s.d. are moderate (+2); 2.0-3.0 s.d. are
strong (£3); >3.0 s.d. are very strong (+4). ** /[## denotes the strongest positive/negative event in
each series; * /# denotes the five strongest positive/negative eventsin each series.
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Negative Positive
S+ S M W — W M S S+
NOI 2 6 6 3 4 16 11 5 0

SOl
Neg. S+ 1 1
S 2 1 1
M 6 4 2
W 10 1 3 3 1 2
— 13 1 2 6 4
Pos. W 8 1 4 2 1
M 9 2 4 3
S 4 2 1 1
S+ 0

Table3. Number of positive and negative eventsin the NOI and SOI by intensity, for 1947-48
through 2000-01 (n=53). Intensity was determined objectively by comparing maxima/minima
valuesin ayear to the standard deviation (s.d.) of each monthly index series. Table 1 explainsthe
classification system. Events designated in Tables 1 and 2 as weak, moderate, strong, and very
strong are designated hereas W, M, S, and S+, respectively. Neutral periods are designated here
with adash (—). Horizontal and vertical sets of values outside matrix denote total number of
occurrences of each type of event in the NOI and SO, respectively. There were 32 positive and 17
negative NOI events, and 21 positive and 19 negative SOl events. Valuesin matrix denote number
of each type of event identified in each index. If series corresponded perfectly, all valueswould lie
on diagonal of matrix. Bold numbers refer to moderate-strong events. The NOI identifiesl6
positive and 14 negative examples of moderate-strong events, while the SOI identifies 13 positive
and 9 negative. Italicized numbers refer to neutral periods. The NOI identified 4 neutral periods,
while the SOI identified 13.
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POSITIVE EVENTS NEGATIVE EVENTS
NOI SOl NOI SOl
1948-49 2 1 1957-58 -3 -2
1949-50 2 3* 1965-66 -2 -2
1950-51 1 3* 1968-69 -2 -1
1952-53 2 0 1969-70 -2 -1
1954-55 3* 1 1972-73 -2 -1
1955-56 1 2 1977-78 -3 -2
1956-57 2 1 1979-80 -3 -1
1961-62 2 2 1982-83 AR A
1963-64 3* 2 1985-86 -2 0
1970-71 3* 2* 1986-87 -2 -24
1971-72 2 2 1991-92 -3 -3H#
1973-74 1 3* 1992-93 -3 -24
1974-75 2 0 1994-95 -3 -2
1975-76 3* 3** 1997-98 A# -3
1976-77 2 0
1984-85 2 0 Total 14 9
1988-89 2 2
1998-99 3** 2
1999-00 1 2
2000-01 2 2
Total 16 13

Table2. List of moderate, strong, and very strong positive and negative events in the NOI and/or
the SOI. Rank of Cold (>0) and Warm (<0) Eventsin NOI and SOI, by year. Intensity was
determined objectively by comparing maxima/minimavaluesin ayear to the standard deviation
(s.d.) of each monthly index series. Periods with index valuesthat are: within 0.5 s.d. of the mean
are classed as neutral periods (denoted by 0); 0.5-1 s.d. from the mean are classed as weak (x1)
events; 1.0-2.0 s.d. are moderate (£2); 2.0-3.0 s.d. are strong (£3); >3.0 s.d. are very strong (+4).
** [## denotes the strongest positive/negative event in each series; * /# denotes the five strongest
positive/negative eventsin series. Totals refer to number of moderate/strong events for each index.
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