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[1] Two aspects of the onset of a warm event in the Southern
Oscillation are 1) the subtropical South Pacific High is
weakened in early southern winter which weakens
subtropical sea level pressure (SLP) gradients, and thus
reduces the trade winds and upwelling along the equator, and
2) in the months that follow, and particularly during the
mature phase of the warm event during southern summer, the
negative SST anomalies in the equatorial cold-water tongue
are displaced by positive anomalies and the water along the
tropical Peruvian coast usually warms. To highlight the role of
Southern Hemisphere subtropical processes in warm events,
we focus on the first half of the 1990s. That period has been
viewed as a five year warm event, but actually two warm
events developed during this period according to the criteria
in 1) and 2): in 1991 and 1994. This study emphasizes the
importance of interactions between the subtropical and
equatorial Pacific in warm events. INDEX TERMS: 3339
Meteorology and Atmospheric Dynamics: Ocean/atmosphere
interactions (0312, 4504); 1620 Global Change: Climate dynamics
(3309); 3374 Meteorology and Atmospheric Dynamics: Tropical
meteorology; 3309 Meteorology and Atmospheric Dynamics:
Climatology (1620). Citation: van Loon, H., G. A. Meehl, and
R. F. Milliff, The Southern Oscillation in the Early 1990s, Geophys.
Res. Lett., 30(9), 1478, doi:10.1029/2002GL016307, 2003.

1. Introduction

[2] Forecasts of the development of warm and cold
extremes of the Southern Oscillation are now operational,
emphasizing equatorial Pacific SST [Landsea and Knaff,
2000; Wang et al., 2002]. The onset of a warm extreme
(often referred to as El Nifio though the meaning of this
term makes its application in this context ambiguous, see
Glantz, 1996; we use “warm event”) is a highly scrutinized
part of the forecast [Kerr, 2002]. Processes in the subtropics
play an important role in development of warm events [e.g.
van Loon and Shea, 1985], and taking into account these
processes should help to quantify the frequency and ampli-
tude of warm events for the evaluation of possible climate
change effects, as well as to contribute to predictability of
onset and evolution of warm events.

[3] Various definitions have been used to denote its warm
extremes (El Nifio/Southern Oscillation [ENSO] events, or
warm events). Most use some combination of the Southern
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Oscillation Index, sea level pressure from certain locations,
equatorial Pacific SST, or tropical Pacific precipitation [e.g.,
Rasmusson and Carpenter, 1982; van Loon and Madden,
1981; Harrison and Larkin, 1996; Trenberth, 1997; Wolter
and Timlin, 1998; Smith and Sardeshmukh, 2000]. There is
general agreement about the onset year (yry) of most warm
events, though there is disagreement whether some of the
lower amplitude warmings qualify as warm events. There
can be intervals as long as 11 years and as short as 2 years
between warm events.

[4] The longest duration of a warm event has, since the
mid-1800s, not been much more than about two years. But
near the Date Line, in the Nino4 region (5 Nto 5 S, 160 E to
150 W), the SSTs stayed above normal much of the time
during the first half of the 1990s [Trenberth and Hoar,
1996, 1997]. There is one generally recognized warm event
onset in 1991 [e.g., Harrison and Larkin, 1996]. The
question has been raised if the period 1991-95 should be
regarded as one five-year warm event beginning in 1991
[Trenberth and Hoar, 1996], a sequence of three warm
events [Goddard and Graham, 1997], or some manifesta-
tion of decadal variability or climate change [Folland et al.,
2001; Stocker et al., 2001]. Such a determination is impor-
tant with regards to assessing the potential impact of global
change scenarios on the frequency and amplitude of warm
events [Cubasch et al., 2001]. The goal of this paper, then,
is to elucidate the role of Southern Hemisphere subtropical
processes in warm events insomuch as they involve funda-
mental interactions between the southern subtropics and
equatorial Pacific, and to use the early 1990s as a case study
to evaluate these processes in defining warm events.

[s] Here we use the definition of a warm event in the
Southern Oscillation given, for example, by van Loon and
Madden [1981], Rasmusson and Carpenter [1982], van
Loon and Shea [1987], Kiladis and Diaz [1989], and
Harrison and Larkin [1996]. Equatorial Pacific SSTs most
often begin rising in southern fall and culminate with
maximum positive SST anomalies during the mature phase
at the end of year zero and the beginning of year,,. By then
the equatorial upwelling in the cold-water tongue of the
equatorial Pacific, and usually also the cold-water region
along the Peruvian coast, are suppressed. A warm event is
thus characterized by a positive SST anomaly on the equator
and negative anomalies to the south and north.

[6] It has been shown that an important aspect of onset
and development of a warm event is the weakening of the
South Pacific subtropical high in southern late fall and
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winter [van Loon, 1984; van Loon and Shea, 1985, 1987;
Harrison and Larkin, 1996; Larkin and Harrison, 2002;
Kidson and Renwick, 2002]. Negative SLP anomalies
spread across the South Pacific over the region 5 S to 45
S from southern fall to southern spring. This results in a
slackening of the usual SLP gradient in the tropical south
Pacific and a weakening of the trade winds with associated
reduced upwelling [van Loon and Shea, 1985, 1987].

[7] Since many of the definitions of warm events noted
above are somewhat subjective, and because we intend to
combine subtropical SLP gradients along with equatorial
Pacific SSTs for evaluating the early 1990s period, we
define warm events as a combination of two criteria.
Namely, Nino3.4 (120 W—-170 W, 5 N-5 S) SSTs in the
mature phase November—December—January—February
(yeary to yeary;) greater than 0.5 standard deviations of
the time series from 1957-2001, and anomalous SLP
gradients for 35 S minus 5 S, 155 W-105 W, with
magnitudes greater than —0.5 standard deviations averaged
for the months May—June—July of year, over that same
time period. We prefer to avoid introducing new indices for
warm events since, as we shall see below, indices can
sometimes be misleading in a world where no two warm
events are alike. However, these criteria for evaluating
warm events in the early 1990s quantify the interaction
between subtropical and equatorial processes important for
warm events. The Southern Oscillation is a large-scale
phenomenon and point-to-point indices can sometimes fail
to capture the essential variability. An evaluation of warm
and cold events for the entire second half of the 20th
century is beyond the scope of this paper, but will be the
subject of a subsequent study.

[8] Sea level pressure data are from the NCEP/NCAR
reanalyses [Kalnay et al., 1996], and SST data are from the
Reynolds reconstructed SST dataset [Reynolds and Smith,
1994].

2. Sea Level Pressure

[o] Figure la shows the May—June—July (MJJ) compo-
site of SLP anomalies for year zero of nine warm events
from the mean for 1957—2001. This pattern is the same as
that shown by van Loon and Shea [1985, 1987], Kiladis and
van Loon [1988], Harrison and Larkin [1996] and others.
Note the negative anomalies of over 3 mb near 35—-40S
stretching across the entire Pacific basin with positive
anomalies of over 8 mb centered at 60S.

[10] The statistical significance of these SLP anomalies is
difficult to quantify because of an unknown, non-uniformly
distributed, spatial dependence in the SLP fields. If the SLP
fields did not contain this spatial dependence, then signifi-
cance would be quantifiable by means of a student t-
statistic. Following Madden et al. [1999] we make note of
this distinction by defining a #* statistic.

[11] We let

_ SLP(x,y) — SLP

2
OsLp
N,

where SLP is the MJJ average SLP map for non-warm event
onset years (37 years) from 1957-2002 (considered a
conservative estimate to eliminate contributions from large-
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MEEHL ET AL.: THE SOUTHERN OSCILLATION IN THE EARLY 1990S

composite minus
climatology

MJJ 1991

165W  150W  135W  120W

MJJ 1992

Sea Level Pressure (mb)

MJJ 1993

MJJ 1994

165€

Figure 1. Warm event SLP anomaly differences for MJJ
from 1957-2002, a) composite minus climatology, warm
event years zero are 1957, 1963, 1965, 1972, 1976, 1982,
1986, 1991, 1997; hatching indicates areas that are probably
statistically significant near the 5% significance level; b)
MJJ 1991; ¢) MJJ 1992; d) MJJ 1993; e) MIJJ 1994.

amplitude anomalies associated with warm events), G§LP is
the corresponding variance map, and N, is the number of
SLP grid points in the analysis. Since the spatial
dependence remains unquantifiable, #* serves as a qualita-
tive measure indicative of large departures in SLP anomaly
from typical year-to-year SLP deviations we can expect for
the study period.

[12] The hatching in Figure la depicts areas where the
quantity £*/1.96 is greater than +1.0 which would indicate
significance of the SLP differences exceeding the 5%
significance limit if we could ignore the differences between
t* and a true t statistic for the 9 warm event onset years.
Largest amplitudes of #*/1.96 exceed —4.0 near 30 S, and
are greater than +3.0 near 60 S (not shown). Even given the
inherent spatial dependence, the magnitudes and large
regional scales of the hatched areas denoting */1.96
exceeding the 5% significance limit in Figure la indicate
that the SLP anomalies in the warm even onset years are
statistically different from the background SLP variance in
the region. The analysis was repeated for random collec-
tions of 9 years within the study period that are not warm or
cold event onset years. In those cases (not shown), the *
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analysis did not suggest significant departures with respect
to the regional standard deviations.

[13] Therefore, the SLP differences in Figure 1a represent
a statistically significant weakening of the gradients around
the South Pacific subtropical high during the onset of warm
events. van Loon and Shea [1987] and Kiladis and van
Loon [1988] showed that positive SST anomalies in the
South Pacific Convergence Zone (SPCZ), through cyclonic
development, give rise to these negative SLP anomalies,
and this was confirmed with a numerical experiment by von
Storch et al. [1988)]. Kidson and Renwick [2002] likewise
have shown that the negative SLP anomalies are associated
with frequent cyclones forming over the warmer water in
the South Pacific Convergence Zone (SPCZ). Such pro-
cesses arise from coupled interactions in previous seasons
[van Loon and Shea, 1985, 1987; Meehl, 1987, 1997;
Kiladis and van Loon, 1988; von Storch et al., 1988; Meehl
and Arblaster, 2002]. The pattern is consistent with a
reduction of the trade winds with less equatorward transport
of cold water and air in the subtropical gyre, and reduced
upwelling in the equatorial Pacific and tropical coast of
Peru.

[14] The SLP anomalies in Figure 1b for MJJ 1991, a
warm event onset, is similar to the composite in Figure 1la,
with the anomalous subtropical SLP gradient, defined ear-
lier, greater than minus one standard deviation. In contrast,
MJJ 1992 in Figure 1c shows negative SLP anomalies of as
much as 5 mb in the southwest Pacific, and positive
anomalies in the southeast Pacific reaching to 25 S with
an anomalous SLP gradient of opposite sign to that in 1991,
and a positive value of 0.75 standard deviations. The pattern
is almost opposite in MJJ 1993 (Figure 1d) with positive
SLP anomalies in the southwest Pacific and negative
anomalies in the southeast Pacific, and an even greater
positive anomalous SLP gradient value of almost one
standard deviation. In both instances the SLP anomalies
and the anomalous positive SLP gradient values are asso-
ciated with stronger than normal trade winds over parts of
the equatorial Pacific (not shown). In MJJ 1994, there were
strong negative SLP anomalies stretching right across the
South Pacific with negative values reaching north to the
equator and maximum values over —6 mb near 40S, with a
negative SLP gradient value of 0.5 standard deviations,
denoting weakened trade winds. Positive anomalies lie
south of about 55S. The MJJ 1994 pattern of SLP anomalies
resembles the composite pattern in Figure 1a since both had
anomalously negative SLP gradients, while 1992 and 1993
have anomalously positive subtropical SLP gradients.

3. Sea Surface Temperatures

[15] Figure 2a shows composite SST anomalies for the
mature phase of warm events (November to February, yry to
yr; ) for the same events as the SLP composite in Figure 1a.
The familiar pattern of positive equatorial Pacific SST
anomalies is evident, with positive anomalies extending
from west of the Date Line to the South American coast
and maximum values of over 2°C (standard deviations
around 1°C, not shown; see also Kiladis and Mo [1998]).

[16] In the mature phase of the 1991 event, the SST
anomalies in Figure 2b were similar to those in Figure 2a,
with Nino3.4 SST anomalies for NDJF of 1.5 standard
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Figure 2. Warm event SST anomalies for the months
November (yry) to February (yri;), a) composite minus
climatology from 1957-2002, same warm events as in
Figure 1; b) Nov.—Feb. 1991-92; c¢) Nov.—Feb. 1992-93;
d) Nov.—Feb. 1993-94; ¢) Nov.—Feb. 1994-95.

deviations. However, in the next two southern summers
(Nov—Feb 1992-93 and 1993-94, Figures 2c and 2d,
respectively), there is no resemblance to the composite
SST anomaly pattern in Figure 2a, with lower anomalies
on the equator than to the north and south, and Nino3.4 SST
anomalies of only 0.3 and 0.1 standard deviations, respec-
tively. This pattern resembles that commonly associated
with longer timescale variability in the tropical Pacific SSTs
in observations and global coupled models [e.g., Zhang et
al., 1997; Meehl et al., 1998; Folland et al., 1999]. Such
decadal variability (the Pacific Decadal Oscillation or Inter-
decadal Pacific Oscillation, see Folland et al., 2001), has
been shown to modulate ENSO and associated interannual
teleconnections to various parts of the Pacific [Power et al.,
1999; Folland et al., 2002], and is associated with signifi-
cant climate impacts [Mantua et al., 1997].

[17] Thus, neither year exhibits warm event character-
istics of the mature phase. In contrast, in Nov.—Feb. 1994—
95 [Figure 2e] there is an SST anomaly pattern closely
resembling the warm event composite in Figure 2a, with
positive anomalies in the equatorial Pacific extending from
west of the Date Line to the coast of South America
surrounded by negative anomalies to the north and south.
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There are maximum values greater than +1.5°C (compared
to standard deviations there of around 1°C), and a Nino3.4
SST anomaly of 0.9 standard deviations. This pattern of
SST anomalies, combined with the MJJ subtropical SLP
gradient weakening, qualifies as a warm event as defined
above.

[18] It is interesting to note that the SLP anomalies were
negative near Tahiti (Figures lc and 1d) and those over
northern Australia were positive (not shown) in MJJ of both
1992 and 1993. The Southern Oscillation Index (SOI, Tahiti
minus Darwin) was thus negative and should indicate a
warm event. But the index was misleading in this instance,
because a warm event, as indicated by the SST anomalies
along the equatorial eastern Pacific in the mature phase, and
the SLP anomalies in the South Pacific in the onset months,
were not evident in Figures 2¢ and 2d, and Figures lc and
1d. The SOI, which is a point-to-point difference, was not
indicative of a warm event. The Climate Prediction Center
“OLR index” (a measure of convective activity between
160 E and 110 W), also does not show continuous warm
event conditions in the early 1990s, especially not in 1993.

[19] Acknowledgments. We thank George Kiladis for constructive
comments on the text. Portions of this study were supported by: the Office
of Biological and Environmental Research, U.S. Department of Energy, as
part of its Climate Change Prediction Program; and by the Ocean Vector
Winds Science Team, Earth Science Enterprise at NASA. The NCEP/
NCAR and SST data used in this paper were obtained from a website
www.cdc.noaa.gov) from the Climate Diagnostics Center, NOAA, Boulder,
created and maintained by Catherine A. Smith. We have additionally
benefited from comments by J. Alexander (CoRA), R. Madden (NCAR),
and E. Rasmusson (Univ. of Maryland). We thank Julie Arblaster (NCAR)
for preparing the figures. The National Center for Atmospheric Research is
sponsored by the National Science Foundation.

References

Cubasch, U., et al., Projections of future climate change, in Climate Change
2001: The Scientific Basis. Contribution of Working Group I to the Third
Assessment Report of the Intergovernmental Panel on Climate Change,
edited by J. T. Houghton, Y. Ding, D. J. Griggs, M. Noguer, P. van der
Linden, X. Dai, K. Maskell, and C. I. Johnson, Cambridge University
Press, 525-582, 2001.

Folland, C. K., D. E. Parker, A. Colman, and R. Washington, Large scale
modes of ocean surface temperature since the late nineteenth century.
Beyond El Niiio: Decadal and Interdecadal Climate Variability, edited
by A. Navarra, Springer-Verlag, Berlin, 73—107, 1999.

Folland, C. K., et al., Observed climate variability and change, in Climate
Change 2001: The Scientific Basis. Contribution of Working Group I to
the Third Assessment Report of the Intergovernmental Panel on Climate
Change, edited by J. T. Houghton, Y. Ding, D. J. Griggs, M. Noguer,
P. van der Linden, X. Dai, K. Maskell, C. I. Johnson, Cambridge Uni-
versity Press, 99—181, 2001.

Folland, C. K., J. A. Renwick, M. J. Salinger, and A. B. Mullan, Relative
influences of the Interdecadal Pacific Oscillation and ENSO on the South
Pacific Convergence Zone, Geophys. Res. Lett., 29(13), 10.1029/
2001GL014201, 2002.

Glantz, M., (Ed.), Currents of Change: El Nifio'’s Impact on Climate and
Society, 194 pp., Cambridge University Press, 1996.

Goddard, L., and N. E. Graham, El Nino in the 1990s, J. Geophys. Res.,
102, 10,423-10,436, 1997.

Harrison, D. E., and N. K. Larkin, The COADS sea level pressure signal: A
near-global El Niflo composite and time series view, 1946—1993,
J. Climate, 9, 3025-3055, 1996.

Kalnay, E., et al., The NCEP/NCAR Reanalysis Project, Bull. Amer. Me-
teorol. Soc., 77, 437-471, 1996.

Kerr, R. A., Signs of success in forecasting El Nifo, Science, 297, 497—
499, 2002.

Kidson, J. W., and J. A. Renwick, The Southern Hemisphere evolution of
ENSO during 1981-99, J. Climate, 15, 847—863, 2002.

Kiladis, G. N., and H. F. Diaz, Global climatic anomalies associated with
extremes in the Southern Oscillation, J. Climate, 2, 1069—1090, 1989.
Kiladis, G. N., and K. C. Mo, Interannual and intraseasonal variability in

the Southern Hemisphere, in Meteorology of the Southern Hemisphere,

MEEHL ET AL.: THE SOUTHERN OSCILLATION IN THE EARLY 1990S

edited by D. J. Karoly and D. Vincent, American Meteorological Society,
Boston, Massachusetts, 307—336, 1998.

Kiladis, G. N., and H. van Loon, The Southern Oscillation. Part VII: Me-
teorological anomalies over the Indian and Pacific sectors associated with
the extremes of the oscillation, Mon. Wea. Rev., 116, 120—136, 1988.

Landsea, C. W., and J. A. Knaff, How much skill was there in forecasting
the very strong 1997-98 El Nifo?, Bull. Amer. Meteorol. Soc., 81,
2107-2120, 2000.

Larkin, N. K., and D. E. Harrison, ENSO warm (El Nifio) and cold (La
Nifia) event life cycles: Ocean surface anomaly patterns, their symme-
tries, asymmetries, and implications, J. Climate, 15, 1118—1140, 2002.

Madden, R. A., T. J. Hoar, and R. F. Milliff, Scatterometer winds compos-
ited according to the phase of tropical intraseasonal oscillations, Tellus,
514, 263-272, 1999.

Mantua, N. J., S. R. Hare, Y. Zhang, J. M. Wallace, and R. C. Francis, A
Pacific interdecadal climate oscillation with impacts on salmon produc-
tion, Bull. Amer. Meteor. Soc., 78, 1069—1079, 1997.

Meehl, G. A., The annual cycle and interannual variability in the tropical
Pacific and Indian Ocean regions, Mon. Wea. Rev., 115, 27-50, 1987.
Meehl, G. A., The south Asian monsoon and the tropospheric biennial

oscillation, J. Climate, 10, 1921—-1943, 1997.

Meehl, G. A., and J. M. Arblaster, The tropospheric biennial oscillation and
Asian-Australian monsoon rainfall, J. Climate, 15, 722—744, 2002.

Meehl, G. A., J. M. Arblaster, and W. G. Strand Jr., Global scale decadal
climate variability, Geophys. Res. Lett., 25, 3983-3986, 1998.

Power, S., T. Casey, C. K. Folland, A. Colman, and V. Mehta, Inter-decadal
modulation of the impact of ENSO on Australia, Climate Dyn., 15, 319—
323, 1999.

Rasmusson, E. M., and T. H. Carpenter, Variations in tropical sea surface
temperature and surface wind fields associated with the Southern Oscilla-
tion/El Nifio, Mon. Wea. Rev., 110, 354—384, 1982.

Reynolds, R. W., and T. M. Smith, Improved global sea temperature ana-
lyses using optimum interpolation, J. Climate, 7, 929—-948, 1994.

Smith, C. A., and P. D. Sardeshmukh, The effect of ENSO on the intrasea-
sonal variance of surface temperatures in winter, Int. J. Climatol., 20,
1543-1557, 2000.

Stocker, T. F., et al., Physical climate processes and feedbacks, in Climate
Change 2001: The Scientific Basis. Contribution of Working Group I to
the Third Assessment Report of the Intergovernmental Panel on Climate
Change, edited by J. T. Houghton, Y. Ding, D. J. Griggs, M. Noguer,
P. van der Linden, X. Dai, K. Maskell, and C. I. Johnson, Cambridge
University Press, 417—470, 2001.

Trenberth, K. E., The definition of El Nino, Bull. Am. Meteorol. Soc., 78,
2771-2777, 1997.

Trenberth, K. E., and T. J. Hoar, The 1990—1995 El Nifio-Southern Oscil-
lation event: Longest on record, Geophys. Res. Lett., 23, 57—60, 1996.

Trenberth, K. E., and T. J. Hoar, El Nifio and climate change, Geophys. Res.
Lett., 24, 3057-3060, 1997.

van Loon, H., The Southern Oscillation. Part III: Associations with the
trades and with the trough in the westerlies of the South Pacific Ocean,
Mon. Wea. Rev., 112, 947—954, 1984.

van Loon, H., and R. A. Madden, The Southern Oscillation. Part I: Global
associations with pressure and temperature in northern winter, Mon. Wea.
Rev., 109, 1150—1162, 1981.

van Loon, H., and D. J. Shea, The Southern Oscillation. Part IV: The
precursors south of 15S to the extremes of the oscillation, Mon. Wea.
Rev,, 113, 2063-2074, 1985.

van Loon, H., and D. J. Shea, The Southern Oscillation. Part VI: Anomalies
of sea level pressure on the Southern Hemisphere and of Pacific sea
surface temperature during the development of a warm event, Mon.
Wea. Rev., 115, 370-379, 1987.

von Storch, H., H. van Loon, and G. N. Kiladis, The Southern Oscillation.
Part VIII: Model sensitivity to SST anomalies in the tropical and sub-
tropical regions of the South Pacific Convergence Zone, J. Climate, 1,
325-331, 1988.

Wang, G., R. Kleeman, N. Smith, and F. Tseitkin, The BMRC coupled
general circulation model ENSO forecast system, Mon. Wea. Rev., 130,
975-991, 2002.

Wolter, K., and M. S. Timlin, Measuring the strength of ENSO-how does
199798 rank?, Weather, 53, 315-324, 1998.

Zhang, Y., J. M. Wallace, and D. S. Battisti, ENSO-like decade-to-century
scale variability: 1900—93, J. Climate, 10, 1004—1020, 1997.

G. A. Meehl, National Center for Atmospheric Research, P.O. Box 3000,
Boulder, CO 80307-3000, USA. (meehl@ucar.edu)

H. van Loon and R. F. Milliff, Colorado Research Associates, 3380
Mitchell Lane, Boulder, CO 80301, USA. (vanloon@colorado-research.
com; milliffi@colorado-research.com)



