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University of Washington
Abstract
Sub-seasonal wind variability and El Nifio
by Gabriel Andrés Vecchi
Chairperson of the Supervisory Committee

Affiliate Professor D.E. Harrison
School of Oceanography

The role of sub-seasonal western and central Pacific surface zonal wind variability
in the evolution of El Nifo sea surface temperature anomaly (SSTA) is examined. The
surtace wind structure and atmospheric convection variability of tropical Pacific westerly
wind events (WWEs) is described. The average tropical Pacific SSTA variability following
and in the absence of equatorial WWEs is examined over the period 1986-1998. The sur-
face wind structure of the Madden-Julian Oscillation is examined (MJO). along with rela-
tionships between the MJO and WWEs. The response of an ocean general circulation model
(OGCM) to composite MJO and WWE surface wind stress forcing is explored.

WWESs can be classified into eight types based on the location of the maximum
zonal wind anomalies. WWEs are found to be compact in space and time. exhibiting little
translation during their lifetime. Typical scales for WWEs are derived over the period 1986-
1995. It is found that certain WWE types exhibit significant seasonality. and some have a
significant correlation with the Troup Southern Oscillation Index.

In the absence of equatorial WWEs, tropical Pacific SSTA tends to remain at or
return towards climatology. Following equatorial WWEs, tropical Pacific SSTA warms to-
wards or remains at El Nifio type conditions.

WWE:s are significantly associated with atmospheric convection. The MJO surface
wind stress anomaly fields exhibit two regimes in the equatorial Pacific. In the western
equatorial Pacific there are both easterly and westerly anomalies with the westerlies domi-
nating, in the central and eastern equatorial Pacific the main anomalies are easterlies. The
WWESs which occur during the MJO are modulated by the convective variability of the
MJO. West-of-dateline WWEs exhibit a strong relationship to tropical cyclone activity.

Following a composite MJO, the tropical Pacific SSTA in the OGCM does not tend
to warm; the composite MJO does not provide a simple mechanism for El Nifio waveguide
warming. Idealized WWEs drove tropical Pacific SSTA warming in the OGCM: enhanced
WWE activity provides a mechanism for the onset of El Niiio.
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1
Chapter I:
Introduction and Summary

The tropical Pacific coupled ocean/atmosphere system exhibits large-scale variabil-
ity on both the seasonal and interannual timescales. The primary mode of tropical Pacific
interannual variability is related to the El Nifio/Southern Oscillation (ENSO) phenomenon
(Weare et al. 1976, Rasmusson and Carpenter 1982, Cane 1983, Harrison and Larkin 1996,
1998.a). The ENSO phenomenon is associated with large-scale changes on local biological
productivity (Barber and Chavez 1983, Chavez er al. 1998) and global weather patterns
(Donguy and Henin 1980, Rasmusson and Wallace 1983, Nicholls and Kariko 1993, Harrison
and Larkin 1998.b). The air-sea interactions that bring about El Nifio equatorial Pacific sea
surface temperature (SST) changes are the focus of much interest at present (See the special
issue of Journal of Geophysical Research (1998) for reviews on the range of recent El Nifio
rescarch); understanding of these coupled mechanisms is essential to improving our under-
standing and prediction of El Nifio. Ever since Wyrtki (1975) suggested that a collapse of
the easterly trade winds led to the onset of El Nifio warming, there has been interest in the
types of atmospheric forcing that can cause this warming. | here examine the roles of two
modes of sub-seasonal surface wind variability - the Madden-Julian Oscillation and west-
erly wind events - on the evolution of El Nifio SST anomalies (SSTA).

Since Bjerknes (1961, 1966, 1969) suggested that the atmospheric circulation changes
known as the Southern-Oscillation, and the central and eastern Pacific SST changes known
as El Nifio were fundamentally related, there has been much work in developing a dynami-
cal framework to understand the two phenomena and their coupling. At present there are
two main paradigms of the evolution of coupled ENSO system, one viewing the system as
deterministic the other as fundamentally stochastic. One paradigm involves deterministic

evolution of coupled ocean/atmosphere anomaly modes, as in the “Delayed-Oscillator”
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theory (e.g. Battisti 1988, Schopf and Suarez 1988 , Suarez and Schopf 1988, Battisti and
Hirst 1989, Neelin et al. 1998) or the model of Cane and Zebiak (1985). The view that
ENSO results from stochastic forcing in the tropical Pacific has been developed more re-
cently (Penland and Magorian 1993, Penland and Sardeshmukh 1995, Penland et al. 1995,
Thompson and Battisti 2000). There have been suggestions that seasonal and higher fre-
quency wind variability, particularly “sub-seasonal” wind variability, is fundamental to the
evolution of the ENSO cycle (Keen 1982, Lau and Chan 1986, 1988, Harrison and Giese
1988, Giese and Harrison 1990, 1991, Weickman 1991, Kessler er al. 1995, Harrison and
Vecchi 1999, Moore and Kleeman 1999, Vecchi and Harrison 2000)

The spectrum of western and central equatorial Pacific surface winds is distinctive,
with about half the zonal wind variability occurring in the sub-seasonal period band (Harrison
and Luther 1990). Within the sub-seasonal band close to two thirds the variance is in peri-
ods between 3 and 30 days and about one third in periods between 30 and 90 days (Harrison
and Luther 1990). At the high frequency end of the sub-seasonal band, pulses of equatorial
westerly wind anomaly (westerly wind events or WWEs; Luther et a/. 1983, Harrison and
Giese 1991, Hartten 1996, Harrison and Vecchi 1997) have been suggested as a mechanism
for the onset of El Nifio waveguide warm anomalies. Ocean general circulation model
(OGCM) experiments have suggested that equatorial WWEs can drive El Nifio eastern and
central equatorial Pacific SST changes (Harrison and Giese 1988, Giese and Harrison 1990,
1991).

Ithas also been suggested that 30-90 day surface wind variability in the western and
central Pacific, driven by the Madden-Julian Oscillation (MJO: see Madden and Julian
1994 for a review). may be important to the onset of waveguide SST warming during El
Nifo (Lau and Chan 1986, 1988, Lau and Shen 1988, Weickman 1991, Kessler et al. 1995,
Moore and Kleeman 1999). The MJO is the dominant mode of sub-seasonal tropospheric

wind variability over the tropical Indian and Pacific oceans. having a characteristic east-
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ward propagating signal in free-tropospheric winds and convection (e.g. Madden and Julian,
1972, 1994, Rui and Wang 1991, Hendon and Salby 1994, Maloney and Hartmann 1998).
Interestingly. no correlation has been found between MJO activity indicators and El Nifio
indices (Slingo et al. 1999, Hendon et al. 2000, Harrison and Vecchi 2000).

The air-sea interactions which bring about the termination of El Nifio are also of
interest. Prior to the return of SST to normal at the end of recent El Nifio events, there has
been a shoaling of the eastern equatorial Pacific thermocline to normal or shallower than
normal depths (Harrison et al. 1990, Kessler and McPhaden 1995, Harrison and Vecchi
1999, 2000, McPhaden 1999, McPhaden and Yu 1999). This thermocline shoaling might be
due to “delayed-oscillator” type mechanisms (see Suarez and Schopt 1988, Battisti and
Hirst 1989, Neelin et al. 1998), or to the interaction of the seasonal cycle with anomalous El
Nifio conditions (Harrison and Vecchi 1999), or a combined effect of the two. The shoaling
ol the thermocline at the end of recent El Nifio cvents pre-conditioned the termination of El
Nifio, by making cool water available to be upwelled into the surface layer by equatorial
casterly winds (Harrison et al. 1990, Kessler and McPhaden 1995, McPhaden 1999,
McPhaden and Yu 1999). In weak El Niiio events, such as 1986-8 and 1991-2, weakened
casterly trades were present through the event; these easterly winds quickly cool the surface
once the thermocline shoals and makes the cool water available (Kessler and McPhaden
1995). In strong El Nifio events, such as 1982-3 and 1997-8, the easterly trades completely
disappear; though the thermocline has shoaled for months, the surface does not cool until
the return of easterlies of enough strength to upwell the cool water (Harrison et al. 1990,
McPhaden 1999, McPhaden and Yu 1999, Takayabu et al. 1999). Takayabu et al. (1999)
suggest that easterly winds in the eastern and central Pacific, driven by the passage of an
MJO event in May 1998, resulted in the termination of the 1997-8 El Niiio event.

In the chapters that follow | examine the role of sub-seasonal wind variability in the

evolution of El Niiio. | develop the roles of WWEs and the MJO on the evolution of El Nifio
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SSTA changes by: examining the surface wind structure of the two phenomena, analyzing
statistical relationships to test recent suggestions that WWEs are the surface expression of
the MJO, exploring the relationships the phenomena exhibit with El Nifio waveguide warm-
ing, and finally by forcing an OGCM with the characteristic zonal stress fields of equatorial
WWESs and the MJO to determine mechanisms for their role in El Nifio.

In Chapter Il, | examine the surface wind (x,y,t) structure of WWEs using a
compositing technique, and the European Centre for Medium Range Weather Forecasts
(ECMWEF) 12-hourly gridded operational surface wind analysis (ECMWF 1989). | also
cxamine the seasonal and inter-annual distribution of WWEs, and some relationships of
WWEs to cach other. | am able to classify WWEs into eight types based on the location of
the maximum surface westerly wind anomalies, and derive a quantitative definition for a
WWE based on the classifying scheme. Using the classifying scheme, | generate compos-
ites of surface wind anomaly for each of the WWE types, and find that the zonal wind
anomalics of each type are compact in space and time, exhibiting little translation during
the lifetime of the event. | model the WWE zonal wind anomaly field using a Gaussian
structure in space and time, and derive characteristic scales for cach event. WWEs have an
average duration between 5.5 and 7 days, an average zonal width of roughly 30° longitude,
and an average meridional width close to 10°. Equatorial WWEs display a statistically
significant inter-annual correlation with the Troup Southern Oscillation Index (normalized
sea level pressure difference at Darwin minus Tahiti; Troup-SOl), adding to the suggestion
of a relationship between equatorial WWE types and El Niiio.

In Chapter [11, I build upon the WWE identification scheme developed in Chapter
1, and use a compositing technique to examine the evolution of SSTA following equatorial
WWEs. | begin by examining the evolution of SSTA in the absence of WWEs, and find that,
in the absence of equatorial WWEs, tropical Pacific SST tends towards climatology. I ex-

amine the evolution of SSTA following WWEs separately for periods of warm eastern equa-
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torial Pacific SST and periods of near-normal castern equatorial Pacific SST. Following
equatorial WWEs, the eastern equatorial Pacific SST tends to warm (when SST initially
close to climatology) or tends to remain warmer than normal (when ST initially warmer
than normal). These results suggest that equatorial WWEs are a fundamental mechanism
for El Nifio warming and maintenance.

in Chapter 1V, | explore the convective and surface wind anomaly fields associated
with WWEs and with the MJO. The composite wind anomaly fields associated with the
MJO do not much resemble the idealized structures generally used to discuss their role in
ENSO. The MJO surface wind anomaly field in the equatorial Pacific cxtend beyond the
convective regime over the western Pacific warm pool. Models of the role of the MJO in El
Nifio waveguide warming developed using anomalies confined to the western equatorial
Pacific arc not consistent with these composite results.

WWE:s tend to be convective featurcs, however they do not resemble any single
atmospheric mode of variability. WWEs of most types which occur during the MJO are
modulated by the convective variability associated with the MJO. Less than half of all
WWES occur during the westerly phases of the MJO, and many MJO events do not have
any WWESs associated with them. Tropical cyclones are strongly associated with west-of-
dateline WWEs: the westernmost WWE Types (those west of 150°E) are associated with
tropical cyclones over 90% of the time, the WWE Types occurring between the Dateline
and 150°W are associated with tropical cyclones over 60% of the time. WWEs are associ-
ated with a variety of large-scale circulation structures, and are not the surface expression
of any one mode of atmospheric variability.

In Chapter V, I use an OGCM to attempt to and reproduce the statistical associations
between sub-seasonal surface wind variability and tropical Pacific SSTA. The composite
MJO developed here does not provide a mechanism for equatorial Pacific waveguide warming

in the onset of El Nifio events. Because the MJO is associated with both easterlies and
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westerlies, it provides a potential mechanism for the return of normal SST at the end of
major El Nifio events (such as 1982-3 and 1997-8).

Experiments using the realistic zonal scales of WWEs qualitatively reproduce the
results of Harrison and Giese (1988) and Giese and Harrison (1990,1991). Multiple WWEs
reproduce much of the composite SSTA changes following WWEs; individual WWEs do
not reproduce the composite SSTA changes. Sequential equatorial WWEs provide a mecha-
nism for the onset and maintenance of El Nifio. The OGCM, without atmospheric coupling,
is unable to reproduce the aplitude of the composite SSTA changes following WWEs.

Sub-seasonal surtace zonal wind variability over the tropical Pacific is a component
of the ocean/atmosphere interactions which bring about El Nifio SSTA changes. Equatorial
WWES are been a mechanism for the onset and maintenance of warm El Niiio SST. Central
and eastern equatorial Pacific zonal wind variability related to the MJO provides a mecha-
nism for the return of SST to normal at the end of major El Nifio events. Improved under-
standing of the various modes of sub-seasonal wind variability, including WWEs, the MJO.
tropical cyclones. mid-latitude cold surges and convective super-clusters, and of the inter-
actions between these modes of sub-seasonal variability and the tropical Pacific circulation.

will lead to improved understanding and predictability of the ENSO cycle.
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Chapter I1:
Surface structure of westerly wind events.

IL.1. Introduction

In this chapter I explore the spatial and temporal characteristics of westerly wind
events (WWE:s) over the Western and Central Tropical Pacific Ocean, from 1986 through
1995. This work has been described in Harrison and Vecchi (1997), with Vecchi and Harrison
(1997) serving as a complementary Technical Memorandum containing a comprehensive
set of figures and tables which detail all the results. The results outlined here are the first
rigorous statistical analysis of the 3-D space-time evolution of WWEs. These results, espe-
cially the WWE classification and definition scheme, are the main foundation upon which
the rest of the work described in this Dissertation builds.

WWE: are a dominant mode of the sub-seasonal surface wind variability over the
tropical Pacific Ocean (Luther e al. 1983, Harrison and Luther 1990) characterized by
large amplitude (10-20 ms'l). short timescale (6-20 day) westerly wind anomalies in a sys-
tem where the main surface wind anomalies are weak easterlies throughout most of the time
(ie. the distribution of surface wind anomaly is skewed). There have been detailed descrip-
tions of the evolution of the wind fields during individual WWE periods (e.g. Keen 1982,
Love 1985a, Eldin et al. 1994, Chen and Houze 1995, Lin and Johnson 1996), however it is
important to develop a view of the mean characteristics of WWEs for any general discus-
sion. Harrison and Giese (1991) used 30 years of near-dateline island wind data to develop
a description of the meridional-time structure of WWEs which occur near the dateline. Due
to the limited zonal extent of the islands, Harrison and Giese (1991) were unable to describe
the zonal scales of the WWEs, nor determine whether these WWEs exhibited zonal transla-
tion during their lifetime. Hartten (1996) used the U.S. Navy NOGAPS operational surface
wind product to described the surface wind characteristics of west-of-dateline westerly wind
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bursts. Hartten (1996) developed a subjective classification scheme for westerly wind bursts
based on the circulation patterns of the westerly wind bursts; 90% of the westerly wind
bursts in the period 1985-1994 fit into the 9 categories. However, the subjective nature of
the classification scheme did not lend itself to rigorous statistical analysis of the data. It has
been noted that there is a significant tendency for near-Dateline WWEs to be associated
preferentially with warm El Nifio-Southern Oscillation (ENSO) periods and with particular
seasons (Luther et al. 1983, Harrison and Giese 1991, Hartten 1996).

The purpose of this work was to use the European Centre for Medium Range Weather
Forecasts (ECMWEF) operational surface wind analysis for the years 1986-1995 to develop
a 3-D (latitude, longitude and time) characterization of WWEs. Since the early-1980s, the
operational surface wind analysis product of the ECMWF has improved considerably; after
extensive analysis of the ECMWF data I consider it to be plausible enough after 1986 to use
as my surface wind dataset. Using the global gridded ECMWF operational wind data, the
structure and existence of WWEs beyond the dateline could be explored, and tendencies for
WWE:s to translate could be determined.

[ determined that it was possible to classify the WWEs into eight types based on the
location of the maximum zonal wind anomalies of the WWEs. Using this classification
scheme, an unambiguous WWE definition was developed, and intensity measures defined.
Using the WWE:s identified in the record, the composite surface wind fields were evaluated
for each type of WWE. Using the composite wind fields as a guide, I developed a simple
analytical model to further summarize the basic properties of each type of event. The TOGA-
COARE Intensive Observation Period (November 1992 through February 1993) was used
to test the applicability of the composite model to individual wind events. Finally, the tem-
poral distribution was studied on monthly and inter-annual time scales of both the fre-
quency and intensity of the WWEs.

In the following sections I describe the main results of the analysis of the surface
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wind strunture of WWEs for the period 1986-1995. Section II.2 describes the data sets
used; Section I1.3 describes the classification scheme and the compositing technique used
in this study. The composite results are presented and a simple mathematical model struc-
ture for these composite WWE:s is described in Section I1.4. The westerly wind variability
during the TOGA-COARE Intense Observation Period and the ability of the composite
events to characterize the IOP variability is presented in Section IL.5. Section I1.6 discusses
the seasonal and inter-annual distribution of WWEs and their correlation with the Southern
Oscillation Index, and describes the extent to which WWEs occur in particular sequences.

Section I1.7 offers some summary and discussion.

1.2. Data

The wind data set used is the ECMWF 10-m operational 12 hourly wind analysis,
on their 2.5°x2.5°global grid. Attention was on the region from 100°E to 100°W, by 30°S to
30°N and over the years 1986-1995. The ECMWEF analysis was significantly improved in
the middle 1980s, hence the choice of 1986 for the beginning of this analysis effort. A
monthly climatology was constructed from the 12-hourly ECMWF surface wind analysis
of the entire ten years of record (1986-1995), using a time axis centered on the mid-day of
each month. Anomalies were defined as the difference between the instantaneous wind and
the climatology, linearly interpolated in time.

In order to assess the utility of the ECMWF 10m wind field, two comparisons were
carried out. First the large time and space scale aspects of the circulation were determined
by comparing the ECMWF monthly climatology to the COADS monthly climatology of
ship observations from 1946 through 1993 (Woodruff et al. 1987). Then, to examine the
short time scale variability, ECMWF time series is compared with data from the TOGA-
TAO buoys (McPhaden 1993).

To summarize the results of comparing the ECMWF climatology with the COADS
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Figure I1.1. Contours of (a) March and (b) September 10-m climatological zonal wind from
ECMWF (1986-1995), (c) March and (d) September 10-m climatological zonal wind from
COADS (1946-93), and (¢) March and (f) September difference (ECMWF-COADS) 10-m
climatological zonal wind. Dashed contours indicate negative values. COADS climatology
data is smoothed using a five-point triangle filter in the zonal direction and a three-point
triangle filter in the meridional direction. Contour interval is 1.0 ms* for (a)-(d), and 0.5
ms"' for (e)-(f).

climatology, the wind data are shown for March and September (Figures II.1-.3). Contour
plots are shown for the ECMWF climatology from 1986 through 1995, for the COADS
climatology from 1946 through 1993 and for the difference ECMWF - COADS, for zonal
wind (Figure I1.1), meridional wind (Figure I1.2) and wind divergence (Figure I1.3). For all
these plots the COADS climatology is smoothed with a 5-point triangle filter (half power
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Figure I1.2. Same as Figure 1, except for 10-m meridional wind.

point at 18°) in the zonal direction and a 3-point triangle smoother (half power point at 11°)
in the meridional direction.

The ECMWF climatology reproduces the main aspects of the large scale circula-
tion appropriately (Figures II.1, .2). The zonal wind cores of the SE and NE trade winds are
clear in Figure II.1, and their magnitudes are comparable to the ship-based winds of COADS.
The small area of western Pacific equatorial westerlies in March, and the comparable band
of westerlies from SE Asia to 160°W along 10°N in September are present in the ECMWF
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Figure 11.3. Same as Figure 1, except for 10-m wind divergence. Contour interval is 10 s.

fields. The difference fields of zonal wind (Figure II.1-¢,f) show considerable spatial struc-
ture, but the large scale difference is seldom more than 1.5ms" and is typically closer to
Ims'. Near the equator ECMWF winds tend to be weaker (less easterly) than the COADS
winds west of 120°W and stronger (more easterly) east of 120°W. The SE trades tend to be
weaker (less easterly) in ECMWEF, but the NE trades are some places weaker and others
stronger in ECMWEF. The meridional wind comparisons of Figure I1.2 also show consider-

able large scale similarity. The strong seasonal variations between 10°S and 15°N east of
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Figure I1.4. Values of the rms difference (TAO-ECMWF) at selected TAO buoy locations

for daily (a) surface zonal wind and (b) surface meridional wind. Units are ms™'. The time

period over which TAO data are available varies for cach buoy. Supperimposed are the

outlines of the WWE classifying regions.
the Dateline are well reproduced, as is the broad area of southerly wind east of Australia.
However, there is much small space scale structure in ECMWF in the western tropical
Pacific that has no counterpart in the COADS climatology. This is particularly evident in
the meridional wind difference results (Figure II.2-e,f). The large scale meridional wind
differences are typically less than Ims", but NE of Australia they can exceed 1.5ms". The
ECMWEF climatology in general overestimates the meridional wind speed north of the Inter
Tropical Convergence Zone (ITCZ) and underestimates it to the south, compared to COADS.

It is possible that the generally weaker near-equatorial easterlies in ECMWF result
from their being a recent average, over a period in which ENSO conditions have been
prominent. [ have not pursued this possibility, because I judge the differences found here to

be small enough to be of little concemn for the topic of interest. WWEs typically have peak
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zonal wind anomalies in excess of 10 ms " over a large area, so a 2 ms difference is does
not significantly affect the analysis or its main conclusions.

Another measure of the large scale aspects of the ECMWF analysis is the monthly
mean divergence field. The March and September divergence patterns for the ECMWF and
COADS climatologies are compared in Figure II.3. The two climatologies have similar
divergence patterns, with maximum convergence in the ITCZ and the South Pacific Con-
vergence Zone (SPCZ). Generally the location and meridional scale of each convergence
zone are similar, but the ECMWF convergence is substantially weaker than COADS. The
divergence patterns along the equator are rather different in March, with ECMWF indicat-
ing a clear band of divergence from the Dateline to about 110°W, but with COADS indicat-
ing a broad area of weak equatorial convergence east of 140°W. There are no large scale
differences in the central and western tropical Pacific sufficient to merit concern.

The RMS difference between the daily averaged ECMWF wind analysis, interpo-
lated to each buoy location (when necessary), and the daily averaged TAO buoy winds were
computed. No trends were removed. Note that the period over which it was possible to
compute the RMS difference varies from buoy to buoy, so there can be significant change
from one buoy to another. The buoys along 110°W, 140°W and 165°E had the longest time
series; other buoys had data for as little as a year, because they were recently deployed. The
results for a large sampling of the buoys are presented in Figure I1.4. Overall, the zonal and
meridional wind results were comparable. Maximum RMS differences were about 2.5 ms”
and minimum differences about 1ms". The largest values tended to be in the ITCZ and
SPCZ regions, although the differences along 165°E were 2 ms" or more from 5°N to 9°S.
The smallest values tended to be in the eastern south-easterly trade winds.

The implication of these values comes following comparison with the magnitude of
the WWE signal (which I later shall show is 8 to 20 ms") and with the accuracy of the TAO

measurement. The wind sensors themselves are claimed to be accurate to about 0.2 ms"



15
pre-deployment and are estimated to drift by up to 0.5 ms’ during | year of activity (Mangum,

Freitag and McPhaden 1994). It should also be noted that the wind measurements on the
buoys are done at 4m from the surface, while the ECMWF winds are at 10m. According to
a stability correction algorithm developed by W.G. Large (Large and Pond 1981) to adjust
wind speed from a height z to a height of 10m., I found that the wind speed correction is
typically 10% or less. Thus without height adjustment I may expect errors of about 0.5 ms’
"onawind of 5ms” or 1 ms" for 10ms” wind. Since I cannot height-adjust the TAO winds
because the information required to make the stability correction is typically not available,
I'suggest a plausible expected mean error on the TAO datatobe 0.7 to 1.5 ms" under typical
moderate WWE conditions. Thus the disagreement between the TAO data and the ECMWF
data is similar to the uncertainty in the TAO data; and, since WWEs typically have maxi-
mum zonal winds in excess of lOms". use of the ECMWF analysis gives us an acceptable
signal to noise ratio.

I am unable to determine the accuaracy of the ECMWF high-frequency data outside
the region spanned by the TOGA/TAOQ array. Since the ECMWF incorporates TAO data
into its analysis, an agreement with TAO is not surprising. Since the main signals in the
analysis are in the regions covered by the TAO array, and the signals are large relative the
seasonal variance, I expect the ECMWF analysis to be satisfactory. The ECMWEF, because
of its grid-spacing and time sampling (2.5° and 12 hours) should be expected to deviate
from observed winds expecially in the region of the ITCZ. These differences could be large
instantaneously. In the TAO buoys nearest the ITCZ (bouys along 8°N, 180°-140°W), the
zonal wind rms difference between ECMWF and TAQ is not noticeably different from that
in other regions, however the meridional wind rms difference is. Because of this,  am most
cautious about subtle results in and near the ITCZ region, especially those relating to varia-
tions in meridional winds.

Ideally, the TAO array would be dense enough to permit characterization of the
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Figure [1.5. Classification regions supperimposed on the March (a) ECMWF climatological
winds (1986-95), (b) COADS climatological SST, (c) COADS cliamtological SLP-1000.
Scale vector is Sms’' for (a); contour intervals are 1°C for (b) and 2 mbar. for (c).

structure of WWE:s itself. However the area coverage and the spatial separation of buoys
significantly limit its ability to provide the needed spatial resolution. In its present configu-
ration the TAO array is useful in that it provides data to the wind analyses (and thus should
improve their realism) and it provides the information needed to define the likely errors in
the analysis. But the ECMWF wind analysis itself is required to carry out the work de-
scribed below.



Figure [1.6. Same as Figure 1.5 except for the month of September.
I1.3. Methods

This section describes how the WWEs are classified and how the composite WWEs
are computed. First how I came to define the different types of WWEs is described; then
the quantitative classification criteria used for each are described. The number of events of
different types that follow from the application of these classification criteria to the 1986-
1995 ECMWF wind anomaly fields is shown. Finally, the details of the WWE compositing
technique are discussed. Description of the analysis to determine the statistical significance

of the features of the composites is included in Appendix A.
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a. Classification

I began by looking at vector plots of the wind and wind anomalies over the tropical
Pacific, for every 12 hour analysis period in the data set. I then highlighted the vectors with
westerly anomaly and looked at all the anomaly plots again. I found that westerly wind
anomalies of substantial scale tended to occur in particular regions, and not to show major
translation during their lifetimes. This suggested that a good classification scheme could be
based upon the location of maximum westerly wind anomaly.

Based on the wind anomaly patterns I saw, I defined eight regions to serve as the
framework for the classification scheme. These regions, which cover most of the ocean
from 120°E to 150°W and 15°S to 15°N, were named according to their lccation relative to
each other. The zonal dimension of these regions is about 30° of longitude, and the meridi-
onal dimension is 10° of latitude. Each contains five ECMWF grid-points in the meridional
direction, and twelve to thirteen points in the zonal direction. To help place them in the
context of the large scale environment of the region, the regions are superimposed upon the
COADS climatological (1946-1995) mean winds, SST and SLP for March (Figure I1.5) and
for September (Figure I1.6). Note that there are substantial changes in the environment in
each region between March and September.

In order to systematically identify and analyze WWEs, it is useful to introduced a
quantitative definition for their existence, within the context of the classification scheme. A
WWE of type X is defined as any period of three or more days for which the 10-m zonal
wind anomaly, averaged over region X and smoothed by a three point triangle filter in time
(half-power point at 2.75 days), exceeded 2 ms". To label and organize the events, an event’s
center day was defined to be the day for which the zonal wind anomaly, averaged over the
region, was greatest. With these classification criteria all the westerly wind events identi-
fied, by region (type) and center date.

It is useful to describe the intensity of the WWEs according to their “duration”,
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“maximum averaged anomaly”, *“‘maximum point anomaly” and “wind measure”. The du-
ration of each WWE is defined to be the time span between when the identification criteria
are first met and when the identification criteria are no longer satisfied. The maximum
averaged anomaly is defined to be the zonal wind anomaly averaged over the classifying
region on the center day of the event. The maximum point anomaly is the maximum zonal
wind anomaly within the classifying region, on the center date. The wind measure is de-
fined as the time integral of the zonal wind anomaly, averaged within the classifying region
and smoothed by a three point triangle filter in time (half-power point at 2.75 days), over
the event duration.

Not every period of westerly wind anomalies fit perfectly into the classification
scheme. In particular, sometimes substantial westerly wind anomalies occurred in adjacent
regions at the same time. This led to an additional sub-classification of WWE:s into overlap-
ping and non-overlapping events. Overlapping events were defined to be events which were
identified in two regions which shared more than half an edge and whose center dates were
within three days of each other. For each pair of overlapping events, the maximum averaged
anomaly for each event was compared, and the event was classified as an event of the type
for which the maximum averaged anomaly was greatest. There were then two lists of dates,
one with all the events, which shall be referred to as the “complete event list”, and another
with all the non-overlapping events plus the overlapping events classified according to the
secondary classification scheme, which shall be referred to as the “non-overlapping event
list”. Table II.1 summarizes the number of events identified for each type of event in each

list.

Table I1.1: Number of WWEs identified duimg 1986-95, in each of the classifying regions,
for the complete event list and for the non-overlapping event list. (see Section 3.a)

List NW N NE w C E S SE

Complete event list 58 28 36 35 62 ¥ 39 51
Non-overlapping event list 51 25 28 28 49 34 29 43
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b. Compositing

The basis of the compositing is the identification of the center day (day (0)) for each
event of a type “X". The day(0) field for the composite type "X event is computed by
averaging together the wind or wind anomaly field for all the type “X" event days(0). Com-
posite day(1n) is computed similarly from each of the days(tn) for type “X" events. The
composites are evaluated for day(-9) through day(9) for each of the eight types of WWEs,
resulting in a 20 day composite event. The composites are evaluated using all the events
from each type of WWE.

For each type of event, then, the composite is evaluated according to:

N
} ZE(.\‘.)‘.I,, +T,)
U(_x,_y,[”)z =]

N

Where U is the composite vector wind anomaly, u is the instantaneous vector wind anomaly,
xis the zonal location, y is the meridional location, { r' J are the center days for the individual
events, te [-9,10] is the event day, and N is the number of events to be composited. To
study the effect of event overlap in the averaging process, two sets of composite westerly
wind events were generated: one using the dates in the complete event list, the other using
the dates in the non-overlapping event list. The two composites were not different in any
significant qualitative aspect, so I present only the composites generated from the complete

event list. The composite wind fields for each type of event weze similarly computed.

I1.4. Composite results

In this section I present the results of the composite analysis. I show vector wind
anomaly maps for selected days of each type of event. I also present vector maps of the
wind field on the center day (day(0)) for each type of event. I shall show that a simple model

structure provides a convenient way to define the zonal, meridional and temporal scales of
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Figure L1.7. Type NW composite wind anomalies for (a) Day (-2), (b) center day, and (c)

Day (2). Classifying region is indicated by thin lined box. Bold vectors (shading) indicate
the zonal (meridional) component is significant at the 95% level. Scale vector is 5§ ms*'.

the zonal wind anomalies for each of the composites and I present the scales of each event
from this perspective.
a. Vector maps

Daily wind anomaly vector maps for days (-9) through (+9) for each of the eight
types of WWESs were generated, the full set of maps is shown in Vecchi and Harrison (1997).
Here I present only selected maps to illustrate the patterns when the wind anomalies are

substantial. For each type of event I show the wind anomaly on day(-2), day(0) and day(+2)
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Figure I1.8. Same as Figure I1.7, except for type N composite.
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Figure I1.10. Same as Figure I1.7, except for type W composite.

to the north and west of the regions. All of these events also show a modest translation of
the area of maximum anomalies during the event. The type N and NW events show north-
westward displacement throughout the event, while the type NE event shows an eastward
displacement throughout the event.

The NW and N type events share additional common features. Both types of events
have periods of distinct weak to moderate cross-equatorial inflow from day(-3) until day(2)
for the type NW event, and from day(-3) until day(0) for the type N event. There is also well
defined inflow from west of the cyclonic feature from day(-2) to day(3) for the type NW
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Figure IL.11. Same as Figure IL.7, except for type C composite.
event, and from day(-2) to day(2) for the type N event. The circulation is more complicated
than a simple cyclonic flow.

The NW and NE type events share periods of weak to moderate equatorial westerly
anomalies. For the NW type events, there is a period of equatorial westerlies to the south of
the classifying region prior to the center day, lasting eight days, centered around day(-5),
when the maximum equatorial westerlies occur; there are also weak equatorial westerlies
from day (2) through day(5), to the southeast of the region. For the type NE events, equato-

rial westerlies to the south of the classifying region occur during the period of maximum
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Figure I1.12. Same as Figure 1.7, except for type E composite.

anomaly in the region, last for three days and have their peak amplitude on the center day of
the event.

ii) EQuaToriaL REGIONs: W, C AND E (Figures 110, .11 and .12):

For each of the equatorial WWEs the maximum anomalies are primarily zonal, with
periods of moderate meridional inflow to the western part of the regions. The equatorial
westerlies in all three events are meridionally contained within the defining region, but
their zonal extent can be substantially larger than the defining region. The meridional in-

flow typically can be found at least 20 degrees away from the equator, but can extend as far
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Figure [1.13. Same as Figure I1.7, except for type S composite.
as 30 degrees (the southerly inflow on day(0) of the type C event). For the type C compos-

ite event, the zonal wind anomalies are close to symmetric with respect to the Equator,
while for the types W and E event there is a pronounced asymmetry. The type W composite
event has symmetric anomalies in the early part of its evolution, while as day(0) is ap-
proached the anomalies become more pronounced to the north of the Equator. The type E
composite event has its largest anomalies to the south of the Equator.

For the type W event there is moderate southerly inflow during event days(-5) and (-
4) (Vecchi and Harrison 1997), followed by a moderate northerly inflow that begins on the
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Figure I1.14. Same as Figure I1.7, except for type SE composite.

center day and an anomalous cyclonic circulation subsequently develops. For the type C
event there is moderate northerly and southerly inflow beginning on day(-1) and ending
after day(1). For the type E event, there is moderate southerly inflow beginning on day(-2)
that continues until the center day. Both the type W and the type E events exhibit a transla-
tion of the area of maximum anomaly. The W type event has a translation towards the
northwest after the center day. The type E event has a westward translation after the center
day.
iii) SOUTHERN REGIONS: S AND SE (Figures I1.13 and .14 ):



29
Both of these composite events have a moderate to strong meridional component as

well as strong westerly anomalies near day(0). Although most of the significant anomalies
are westerly and northwesterly, there are also moderate to strong easterly and southerly
anomalies suggesting a pattern of anomalously cyclonic flow. The events also exhibit east-
ward translation of the area of maximum anomaly throughout the event.

Both of the composite events exhibit moderate cross-equatorial inflow on and im-
mediately preceding the center day. The cross-equatorial inflow for the type S event occurs
through the northwestern comer of the region as well as the eastern half of the northern
edge of the region, from day(-2) through day(0). For the type SE event, the cross-equatorial
flow is most persistent north of the eastern corner of the region, from day(-2) through day(0).
Both events exhibit strong inflow from the west on the days before and during the period of
maximum anomaly. The westerly inflow for the type S event, begins on day (-9) and ex-
tends as far west as the Indian Ocean. So the structure of the circulation of these events, like
that of the type N and NW events, is not just a simple cyclonic one.

The type SE event has persistent weak to moderate equatorial westerly anomalies
on the days surrounding the center day. The equatorial westerlies are stronger to the south
of the equator than to the north of it. The type SE event also has moderate southerly inflow
from higher latitudes on the days preceding and on the center day.

b. Center day wind maps

Figures II.15 through II.17 show vector plots of the center day of the total wind
composite, for each type of WWE. As before, it is helpful to discuss the composites by
grouping the events by northern, equatorial and southern regions. I shall refer to many of
the features described in the previous section; see Figures I1.7 through II.14 as needed.

i) NORTHERN REGIONS: NW, N anD NE (Figure 11.15):

The anomalously cyclonic circulations in the type NW and N anomaly composites

manifest themselves as cyclonic wind patterns in the wind composites. The type N wind



§

:

7410\

NS
. H
l"
a

!

7
L [
‘727,

/

7

-,.//2'/ /
{2011
1277

| W22z A
1728111\

v

77708 N B
A/hwny 1 L

LI AL L L A B

S

\\
A~

g
3
i1
g
i

—» 85.00

—
o
~—

!
/

1
J

{1},

s\ ¥/
N\ Y7

N
\
A

’
'

V1200
7fh .|

11777

W

S 1
S
f“\-._\ !

il
4
—
o] .—
e NN
20°S TN N N JUnIR SRR N
'\‘\\\‘. s T e T S ]
S—— N Ny e e Y ™ e ]
-— \\\l... .,_._-\\\\,“
30°S Tt —r———— e r—r—r—T
100°t 140°t 180° 140°W 100°w

—» 5.00 (C)

Figure I1.15. (a) Type NW, (b) type N, and (c) type NE composite WWE 10-m wind vector
map, for event center day. Scale vector is S ms!. Classifying region is indicated by the box.

pattern indicates a reversal of the north-easterly trades within the classifying region. The
situation differs for the type NE event, for which the wind composite indicates a trade wind
break, but not a cyclonic wind pattern, because of the strength of the north-easterly trades
in that region. The translation of the area of maximum anomaly noted in the anomaly plots,
is also apparent in the full sequence of wind composite figures (Vecchi and Harrison 1997).

The cross-equatorial inflow noted in the type NW and N event anomalies is also
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100°E

For the type W and C events, the primarily zonal westerly anomalies in the region

winds themselves. The equatorial westerly anomalies in the type NW event appear as actual
equatorial westerly winds to the south of the region. The equatorial westerly anomalies
ii) EQuaToriAL REGIONS: W, C, anp E (Figure 11.16):

apparent in the wind composites, but the anomaly inflow from the west is not clear in the

noted in the type NE events do not appear as equatorial westerly winds here.
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center day. Scale vector is 5 ms™'. Classifying region is indicated by the box.

appear as primarily zonal westerly winds. However, for the type E event, the wind field has
a noticeable meridional component. Also, while the anomalies for the type C event were
centered about the equator, the winds are asymmetrical with the greatest westerly ampli-
tudes south of the equator (this is due to the seasonality of the strong type C events (Section
6.a), which tend to occur in austral winter when the climatological winds south of the equa-
tor are westerly). The equatorial asymmetry of the type E zonal wind anomalies is also
noticeable in the wind composite.

The southerly inflow anomaly in the type W and C events appears as a strengthen-
ing of the already prominent south-easterly trade winds to the east of Australia. For the type
E event, southerly inflow in apparent, and is linked to a cyclonic circulation pattern to the
south-west of the region, which translates westward. For the type W event the northerly

inflow anomaly is discernible in the winds, so is the cyclonic anomaly circulation which
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tends to move north-westward. For the type C event the northerly inflow anomaly is over-

whelmed by the strong trade winds, but a cyclonic wind circulation forms, centered to the
south of the region, which does not propagate from day (-4) when it first appears to day (4)
when it dissipates.

iii) SOUTHERN REGIONS: SE AND S (Figure I1.17):

Both of these composite events display strong meridional winds, as well as zonal
winds in the classifying regions. The type SE composite winds shows a reversal of the
south-easterly trades. The winds also have a cyclonic pattern to them, which translates to
the east as it decays for the type S events, and decays quickly for the type SE event. The
cross equatorial inflow anomaly for the type S event produces cross-equatorial flow in the
winds. For the type SE event, there is no cross-equatorial flow in the area of cross-equato-
rial anomalies. For the SE type event the anomalously southerly inflow enhances the south-
easterly trade winds to the west of the trade wind reversal.

c. Scales

Now I turn to the problem of defining the scales of the composite WWEs. Table II.2
shows the duration, maximum averaged anomaly, wind measure and maximum point anomaly
for each of the composite WWEs (Section I1.3.a). The events have a duration in the range of
4.5-5.5 days, except the type NE event (4 days). The maximum averaged anomaly is in the

Table 11.2. Duration, maximum averaged anomaly, wind measure and maximum point
anomaly for each composite WWE. Quantities as defined in Section 3.a.

Maximum Maximum
averaged Wind point
Duration anomaly measure anomaly
Region (days) (ms™) (10°m) (ms'!)
NW 5 40 1.3 7.2
N 55 46 1.6 6.6
NE 4 42 1.1 6.3
w 45 39 1.1 69
C 5.5 44 14 6.4
E 4.5 4.1 1.2 55
S 5 44 1.4 6.4
SE 5 4.7 1.4 6.7
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bins, and the line graph indicates the cumulative percentage of events at each bin. Units are
days for duration, 10° m for wind measure, and ms" for maximum point anomaly and maxi-
mum averaged anomaly. Quantities as defined in Section 3.a.

range of 3.9 t0 4.7 ms ; the strongest events are type SE (4.7 ms") and type N (4.6 ms"),
and the weakest is type W (3.9 ms"). The wind measure for all the events is between 1.1 and
1.6 x 10° m; the strongest event is type N (1.6 x 10° m). The events have maximum point
anomaly between 6.3-7.2 ms”, except the type E event (5.5 ms").

Histograms for duration, maximum point anomaly, maximum averaged anomaly
and wind measure for all the events over the entire record are shown in Figure I1.18. The
frequency distributions for the individual events are similar to those for the entire record, so
I do not present distributions for each type of event; see Vecchi and Harrison (1997) for
breakdown by event type. From Figure I1.18 it can be seen that approximately 50% of the
WWESs in the record have a duration greater than 3 and less than 6 days (recall the compos-
itt WWE durations vary between 4 and 5.5 days). For maximum averaged anomaly, ap-
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proximately 50% of the events have values greater than 3.5 ms" and less than 5 ms ", and

the composite WWE values are between 3.9 and 4.7 ms" . For wind measure, approximately
40% of the events have wind measure between 1 x 10°mand 2 x 10° m (composite WWE
wind measures vary between 1.1 and 1.6 x 10’ m). Since the previous three quantities are
large space scale linearly averaged quantities, they are not affected a great deal by the
smoothing effects of compositing. For the maximum point anomaly the smoothing effects

of the averaging process are evident. The maximum point anomaly of the composite events
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varies between 5.5 and 7.2 ms". but fewer than 20% of the WWEs had maximum point

anomaly values which are that low; this is because much of the small scale structure of the
individual events has been smoothed out by the averaging.

To characterize the behavior of the zonal wind anomaly field as simply as possible,
I formulated a simple analytical model for it. I constructed x-t and y-t contour plots of the
zonal wind anomaly for each type of event (see Vecchi and Harrison (1997) for the full set
of these plots), and found the zonal wind anomaly to be sharply bounded in space and time.
Examples of Type C and SE composite suffice to illustrate the typical situation (Figure
I.19).

x—-X, 6 -c,t 2 y-Yo—Cyt ? [ t 2
U , V.1 =U —_— X ex ———— xex _)
(x,y.0=U,ex L P L P —' T

A Gaussian in (x,y,r) with translating center to is used define the scales of the events:

Where U is the model zonal wind anomaly field, Uo is the maximum point anomaly, (Xo,Yo)
is the geographic center, (cx,cv) is the translational velocity, (Lx.Lv) are the spatial e-folding
scales, T'is the temporal e-fol&ing scale, and x,y and tn areasin Se.ction I1.3.b. The scales for
the Gaussian model were computed as follows. The geographic center of the event is iden-
tified as the location of the maximum zonal wind anomaly on the center day. The spatial e-

folding scales were calculated as half the distance between the two closest e-folding points

Tablell. 3. Table of scales for the composite WWEs according to the simple Gaussian
model described in section 4.b.

U X, Y L L T <, [

(ms”) " (10'm) (f0'm) (days) (ms") (ms")

7.2 132.5°E 12.5°N 14 0.6 35 -38 26
6.6 I85°E  10°N 2.5 0.7 3 -5.1 0.3
6.3 165*W 125°N 1.6 1.1 2.5 1.3

6.9 142.5°E 0° 1.7 04 35 -1.3 1.3
6.4 170°E  0° 1.8 0.6 3

55 172.5°E 2.5°S 19 0.7 3 -1.3

64 170°E  10°S 2.2 0.7 2.5 2.5

6.7 167.5°W 10°S 1.6 0.7 35 38

mwwmm
SAEERH
8
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on either side of the center, along the axis in the direction of interest. Since the center of the
event generally moves in time through the region, the instantaneous center of the event is
defined as the point with the largest zonal wind anomaly within 50° in the zonal and 30°
degrees in the meridional direction from the geographic center. The temporal e-folding
scale was half the time between the two closest e-folding points on either side of the center
day. Using the instantaneous centers as ‘path’ data, the translational velocity is the mean
velocity with which the instantaneous center moved, during the time when the zonal wind
anomalies at the instantaneous centers were above the e-folding level.

The characteristics of the events are summarized in Table II.3, presented are the
maximum point anomaly, geographic center on day(0), spatial and temporal e-folding scales,
and translational velocities, for each composite WWE. Using the parameters in the table,
the maximum point anomaly (Ua) is between 6 and 7 ms" and the time scale (7) is close to
3 days for each type of event. All but two types of events have meridional length scale (L,,)
of about 700 km (NE has Ly ~ 1,100 km and W has Ly ~400 km) and zonal length scale (Lx)
between 1,400 and 1,900 km (NW has Lx ~ 2,500 km and S has Lx ~2,200 km). Note that
the atmospheric baroclinic Rossby radius of deformation varies from (assuming a wave
speed of 20-80 ms") 650 to 1300 km (Gill 1982), which is in general agreement with the
meridional length scales summarized in the table. All but one type of event (C) has zonal
translation of its center (values ranging from -5.1 for N and 3.8 for SE); only type NW, N
and W events have meridional translation (northward in each case). For the type of events
which appear clearly associated with northem hemisphere cyclonic circulation patterns (NW,
N and W) the translational direction is consistent with the direction expected of a northern
hemisphere tropical cyclone. (Lau and Lau 1992; Joint Typhoon Warning Center 1994a,b;
Tsutsui and Kasahara 1996, see Figure IV.4.a)



38
ILS. WWEs and the TOGA-COARE intensive observations period

So far I have concentrated on describing the composite WWEs (Section I1.4.a,b)
and have proposed a simple descriptive model for them (Section I1.4.c). A natural subse-
quent question is the extent to which the composite WWEs usefully describe the wind field
when particular WWEs are taking place. The TOGA-COARE Intensive Observations Pe-
riod (IOP) (Webster and Lukas 1992; Lukas er al. 1995) offers an example period (Novem-
ber 1992 - February 1993) when WWEs were the focus of a major oceanographic and
meteorological field program. The IOP occurred at the end of the warm phase of ENSO,
ISOs passed over the western pacific during the program (Chen and Houze 1996: Lin and
Johnson 1996), and there were some tropical cyclones as well (McBride er al 1995). So
conditions were very favorable for the appearance of WWEs.

Table 4 lists the WWEs that occurred during the IOP according to the classification

scheme. There were three type NE and C events, two type NW, N, E and SE events, and one

Table I1.4. List of WWEs occurring during the TOGA/COARE IOP (November 1992 through
February 1993). Quantities are as defined in Section 3.a. Events whose wind measure sta-
tistic exceeds 2.5x10° m are highlighted by bolding.

Maximum Maximum
point averaged Wind
anomaly Duration anomaly measure
Region Date (ms™") (days) (ms') (10°m)
N 31 October 1992 12.6 3 43 0.8
E 10 November 1992 11.9 4 45 1.2
NE 19 November 1992 14.4 4 5.6 1.2
NW 20 November 1992 12.1 10 44 30
NE 25 November 1992 13.0 3 54 0.9
E 29 November 1992 11.5 4 2.8 0.8
N 9 December 1992 15.7 3 39 0.8
S 1 January 1993 19.3 85 104 38
c 2 January 1993 14.8 11.5 6.4 4.2
SE 3 January 1993 14.0 7 44 2.5
NE 5 January 1993 14.8 9.5 4.0 2.5
NW 27 January 1993 15.3 4 35 0.9
w 29 January 1993 11.3 4.5 39 1.3
C 31 January 1993 110 10 5.0 25
SE 6 February 1993 15.1 12 6.2 4.0

C 10 February 1993 9.5 4.5 32 1.2
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type W and S events during the IOP. Maximum point anomalies are > 15 ms " in six events,

between 10 and 15 ms" in nine events and less that 10 ms” in one event. The maximum
averaged anomaly offers another indicator of the overall intensity of the event. By this
standard the 1-Jan-1993 type S (10.4 ms") and the 2-Jan-1993 type C (6.4 ms-') events are
the most intense of the IOP. The next most intense are the 19-Nov-1992 type NE and the 6-
Feb-1993 type SE events. The remaining events have maximum averaged anomalies of 5
ms" or less.

The final column of Table II.4 lists the wind measure of each event, as defined in
Section 3. Three “primary” events have wind measure values near 4x10° m, four “second-
ary” events have values between 2.5x10° m and 3x10° m, and the rest have values less than
or equal to 1.3x10° m. The three primary events are the type S and C events centered on 1
and 2-Jan-1993, and the type SE event centered on 6-Feb-1993. The secondary events are
the type NW event centered on 20-Nov.-1992, the type SE event centered on 3-Jan-1993,
the type NE event centered on 5-Jan-1993 and the type C event centered on 31-Jan-1993.
Late December 1992 and early January 1993 was the period of primary WWE activity
according to the wind measure. The next most active period was late January 1993 through
early February 1993.

These WWE statistics are consistent with westerly wind periods that have been
discussed elsewhere. Eldin er al.(1994) reported strong westerly winds and found large
eastward surface currents from their ship track along 156°E, during early January 1993 and
early February 1993. The large westerly wind activity during early January 1993 and during
early February 1993 coincided both times with the passage of the convectively active phase
of an ISO (Lin and Johnson 1996; Chen and Houze 1996). Three WWEs seem to be associ-
ated with named tropical cyclones: the 31-Oct-1992 type N event (cyclones Dan and Car-
rie), the 20-Nov-1992 type NW event (cyclone Hunt), the 6-Feb-1993 the SE event (cy-
clone Mick) (McBride et al 1995).
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Figure I1.20. Vector plots of the wind fields for the composite WWE modeled wind anomaly
field on (a) 9 Dec. 1992, (c) S Jan. 1993, and (e) 29 Jan. 1993; and ECMWF daily wind
anomaly field on (b) 9 Dec. 1992, (d) 5 Jan. 1993, and (f) 29 Jan. 1993. These are three
WWE periods occurring during the TOGA/COARE IOP that are well represented by the
composite WWE model. Bold wind anomaly vectors indicate zonal wind anomaly exceed-
ing 3 ms™*. Classifying regions are shown by the thin-lined boxes.

How well do the composite WWEs describe the periods of WWEs during the IOP?
I have compared the IOP anomaly fields with the wind anomaly fields obtained by simply
superimposing the composite anomaly WWE:s for the events listed in Table I1.4. Vecchi and
Harrison (1997) show the results of this comparison for the full IOP period. There are a
number of instances in which the simple composite anomaly field is a good first approxi-
mation to the real anomaly field, and several instances where the simple field is not so
satisfactory. In the interest of brevity I present here only three examples of each. These six
event center days are shown for both the modeled anomaly wind field and the daily wind
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Figure 11.21. Same as Figure 1.20, except for (a) and (b) 20 Nov. 1992, (c) and (d) 29 Nov.
1992, and (e) and (f) 6 Feb. 1993 These are the three WWE periods occurring during the
TOGA/COARE IOP that are most poorly represented by the composite WWE model.

anomaly field, with bold vectors indicating zonal component greater than 3 ms’ (Figures
1.20 and .21).

First, consider the three center days when the composite description is a reasonable
approximation to the actual anomaly field (9-Dec-92, N; 5-Jan-93, NE and SE; and 29-Jan-
93, Wand C). Figure I1.20 shows that generally the composite description is more diffuse
than the daily wind anomaly fields; amplitudes are somewhat reduced and length scales are
somewhat larger, even in the defining regions. Outside the defining regions there can be
substantial differences, but in these areas the wind anomalies are substantially smaller than
in the defining regions.

Now consider the three examples in which the composite fit is least satisfactory (20-
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Nov-92, NW and NE; 29-Nov-92, E; 6-Feb-93, SE), shown in Figure I1.21. The 29-Nov-92
type E event is quite weak and has substantial (23ms") westerly anomalies only in the
western third of the defining region; the composite type E event has westerlies over a much
greater zonal extent. This is the only situation in the IOP when the composite does not
reproduce the basic features of the wind within the defining region. This is also the weakest
event during the IOP, based on the wind measure, and its maximum averaged anomaly is
only barely over the identification threshold of 2ms . In the other two examples the sub-
stantial shortcoming of the composite fit concerns the winds outside the defining regions,
particularly near the equator. These IOP off-equatorial events have less equatorial westerly
wind than one would expect from the composite WWEs.

More than half the IOP WWE:s had a duration shorter than the composite events, so
the composite fit produces near equatorial westerly wind anomalies when they were not
present in the wind fields. During periods when the WWEs have a duration more like that of
the composite events, the fit is much better. This is because while the WWEs identified and
averaged to generate the composite WWEs have similar general characteristics, the differ-

ences in the details result in a smudged composite WWE.

I1.6. Temporal distribution

In this section I describe various temporal relationships for WWEs. I present the
climatological distribution of WWEs by month, and define seasonality for each WWE type
when applicable. I also show the year to year variation of WWE occurrence and intensity.
Finally, I offer some statistics on the extent to which WWEs occur in particular relation-
ships to each other.
a. Single event distributions

Consider first the climatological distribution by month. Figure I1.22 shows, for each
region, the ten year (1986-95) total number of WWEs that occurred during each calendar
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Figure 11.22. Monthly distribution of WWEs for type (a) NW, (b) N, (c) NE, (d) W, (e) C, (f)
E. (g) S, and (h) SE.

month. No striking variation is seen in the month-by-month comparison, but there is a clear
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seasonal preference for types NW, N and S, which is statistically significant to the 9%
level using the test described in Appendix 1. A seasonal description for the distribution of
the type NW WWEs is that of an “on” season from July through October, two transition
seasons (May-June and November-December) and an “off”" season from January through
April. For the type N and S WWE:s the simplest seasonal description is that of a six month
“‘on” season, and a six month “off”’ season. The “‘on" seasons are July through December for
the type N event, and December through May for the type S event. I cannot define an “on”
or “off” season for type NE, W, C, E or SE events that is statistically significant at the 90%
level.

The distribution of moderate or stronger WWEs is somewhat more striking; defin-
ing a moderate or stronger event as an event whose wind measure (see Section I1.3.a) ex-
ceeds 2x10° m, leads to Figure I1.23. Boreal summer and fall are the primary seasons for the
type NW (July-December) and N (July-October) events; November through January is the
primary season for type C events; and boreal winter and spring are the primary seasons for
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Figure [1.23. Monthly distribution of WWEs with mind measure in excess of 2.0x10° m for
type (a) NW, (b) N, (c) NE, (d) W, (e) C, (f) E, (g) S, and (h) SE.
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type S (December-April) and SE (December-March) events. While the type C events are
evenly distributed across the months, most of the events that occur between November and
February are of moderate or greater strength. All these seasonal distributions are significant
to the 97% level. No seasonal distribution, significant even at 70%, exists for the strong
type NE, W and E events.

Now consider the year-to-year distribution of WWEs. Figure I1.24 shows the num-
ber of each type event, year by year from 1986 through 1995. The mean number of events is
indicated by the thick horizontal line. It is also instructive to compare these distributions
with the Troup Southern Oscillation Index (SOI). The twelve month running mean of (-
1)xSOl is plotted along with the mean (-1)xSOI for the 10 year period 1986-95, as the lower
left hand panel of Figure I1.24. SOI values have been negative much of this period, indicat-
ing warm (ENSO) conditions for the tropical Pacific; the ten year average is -4.5.

The fewest number of events occurred in 1988 for every type of event, and in most
regions 1989 was also a year of few events. 1988-89 was the only period of persistently

positive SOI in this record. There is no comparably strong connection between years of
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Figure 11.25. Scatterplot of wind measure vs. center date of WWE, for all the WWEs in the
period 1986-199S. Wind measure is as defined in Section 3.a, and units are 10° m.

negative SOI and more than normal total number of WWEs. However lagged correlations
between the SOI and the number of events in each region revealed that some statistically
significant relationships exist. The strongest correlation (-0.85) exists for type C events at
zero lag, and is 99% significant. Zero lag correlations significant at the 95% level exist for
type NE(-0.69), E(-0.69) and SE(-0.68) events. Type NW and W regions have 90% signifi-
cance level correlation (-0.61 and -0.59 respectively) but they lead the SOI by one year.
Overall, WWE:s in the easternmost three regions and the C region are negatively correlated
with zero lag to SOI. WWE:s in the westernmost regions are negatively correlated at a one
year lead with SOL. Only type N and S events do not show a significant correlation with
SOL

There is another WWE-SOI relationship of interest, which is evident in Figure I1.25.
In this figure I have plotted a scatter plot of the wind measure of all the events in the10 year

record. It is clear that strong events (wind measure > 3x10° m) associate well with periods
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of most negative SOI, and that no strong events occur when SOI is positive (see Figure

1.24).
b. Multi-event distributions

I have implied an independence of WWEs throughout this study. Typically WWEs
form, develop and decay without any strong relationship with other events. I base this on a
study of the sequencing of events with center days within three days of each other, looking
to determine if there were any statistically significant patterns. In a few instances of sub-
stantial statistical significance (99%) different types of WWEs seem to be related. For ex-
ample, 18% of the time a type N event will evolve into a type NW event (S times), 17% of
the time a type W event will evolve into a type NW event (6 times) and 18% of the time a
type S event will evolve into a type SE event (7 times). These three relationships are
consistent with the translation speed of the original event. It must be noted that it is not
typical for the second event to form out of the first. Two other statistically significant rela-
tionships exist in the record, for which I cannot propose mechanisms. In the record 18% of
the time a type N event will precede a type SE event (5 times) and 14% of the time a type E
event precedes a type NE event (6 times). These last relationships might be coincidental, or
there might be some mechanism which accounts for their occurrence. Longer records, con-
taining additional WWEs are needed to determine the robustness of these relationships;
only a very few instances exist in the 10-year record.

Another aspect of interest in the frequency distribution of westerly winds was iden-
tified by computing the average zonal wind anomaly over the area spanned by all eight of
the WWE regions. Recall that a WWE is defined to exist in any one of the WWE regions
when the area average zonal wind anomaly exceeds 2ms’' for three days. Defining a *‘Mega"-
WWE (MWWE) to exist when the average over all eight regions meets the WWE criterion;
there are eleven MWWEs in the analysis period. Figure I1.26 provides a cartoon of the
spatial structure and wind measure of each MWWE,
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Figure [1.26. Cartoon description of the mega-WWEs (MWWE:s) in the record. The dates of
the MWWE:s appear on the top of each figure. Inside the regions involved in the MWWE is
listed the wind measure for the particular WWEs. Wind measure values are bolded if greater
than 2x10* m. Units for wind measure are 10° m.

The number of MWWE:s by year is: 2-86, 1-90, 1-91, 3-92, 2-93, 2-94; MWWEs
only occur during years when the annual average SOI was negative. Of the eleven MWWEs
one involves three regions, two involve four regions, six involve five regions and two in-
volve six regions. One MWWE does not involve any of the three equatorial regions, four
involve only one, five involve two and one involves all three equatorial regions. In the

MWWE:s the component WWE of largest wind measure occurs five times in a northem
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region, four times in an equatorial region and two times in a southern region. In none of the

MWWE:s does the W or NW region have the event of largest wind measure. Apart from
having events of strongest measure in the central or eastern regions, no clear geographical
patterns emerge for MWWEs.

There is a suggestion of seasonality in the meridional frequency of the component
WWEs in each MWWE. The five MWWESs for which the dominant component WWEs
were northern hemisphere WWEs occurred between the middle of August and the begin-
ning of November; the three MWWEs which had southen hemisphere WWEs as their
primary component WWE:s all occurred between January and May; the three MWWEs
which had equatorial WWE:s as their main component WWEs occurred between late No-
vember and late April. However there are too few MWWE:s for us to do meaningful statis-
tics.

The TOGA COARE IOP contained one MWWE, composed of WWEs with center
days between 1-Jan-1993 and 9-Jan-1993. Only this IOP MWWE and one other had each
type of WWE in it with wind measure greater than 2.0x10° m. Most MWWE:s have several
types of WWEs with wind measure less than 2.0x10° m. The TOGA-COARE [OP thus

represented an extreme period of westerly wind variability.

I1.7 Summary and discussion

I have examined ECMWF 10m surface wind analyses every 12 hours between 1986
and 1995, to characterize the space and time scales of westerly wind events (WWEs) in the
tropical Pacific ocean. I found that Pacific WWEs can be classified satisfactorily according
to the region in which they attain their maximum zonal wind anomalies, and that eight
adjoining regions are needed to describe the different WWEs in the wind fields. The events
are named by the region used to define their existence; regions are named according to their

position relative to each other and to the equator (Figures I1.5 and I1.6): NW, N and NE are
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north of the equator; W, C and E straddle the equator; S and SE are south of the equator.
With a quantitative measure to define the existence of a WWE, there were 351 events in this
period: 58- NW, 28-N, 36-E, 35-W, 62-C, 42-E, 39-S and 51-SE.

I generated a composite event for each type by averaging and find that the zonal
wind anomalies associated with each type of event are quite compact in space and time. The
structure of each event is modeled as a uniformly translating Gaussian in space and time
(Table I1.3). The typical amplitude is between 6 and 7 ms'l; the typical e-folding time scale
is about 3-days (duration is six days between the times of e amplitude). The time-scales
found by Harrison and Giese (1991) are longer (5-10 days), but the amplitudes obtained in
this study compare well to theirs. The meridional e-folding scale varies between event types
from 400 km to 1,100 km, but values are mostly in the 600-700 km range; these meridional
e-folding scales are slightly larger to those found by Harrison and Giese (1991). Zonal e-
folding scales vary from 1,400 km to 2,500 km, while the equatorial events have e-folding
scales of 1,700 to 1,900 km; Giese and Harrison (1991) estimated a zonal length scale of
20°, that is an e-folding scale of about 1,000 km, from the island wind data. Some events
translate slowly (largest speed is about 5 ms") and others show no significant translational
motion. In Section 2 four additional quantities to characterize WWE were defined: dura-
tion, maximum point anomaly, maximum averaged anomaly and wind measure; Table II.2
summarizes these characteristics for each type of composite WWE.

This classification method is similar to an extension of that used by Harrison and
Giese (1991), except that a two dimensional surface wind field that covers the entire west-
ern and central Pacific has been used, instead of a distribution of islands. The analysis can
be extended to the zonal scales and translation characteristics of WWEs throughout the
entire tropical Pacific. Hartten (1996) used a subjective classification scheme based on the
circulation patterns that are observed in association with westerly wind activity, which is

defined in terms of wind and not wind anomaly. Hartten’s analysis, which covers the area
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west of the Dateline, finds many of the circulation patterns seen in the composite WWE

analysis; such as cross-equatorial flow, cyclonic circulation patterns and inflow from the
west. However, where the trade winds are a strong and persistent feature of the tropical
atmospheric circulation, the strong anomalies that are seen in the studies will not usually
satisfy her westerly wind burst criterion of 5 ms" westerly winds. Also, west of the dateline,
climatological winds are westerly at 2-3 ms  inthe equatorial western Pacific from Novem-
ber through February, and in the northwestern tropical Pacific (120°E to 145°E, 5-15°N)
from July through September. So Hartten'’s definition identifies as westerly wind bursts
situations in which the winds are nearly climatological and does not identify all periods
where the wind anomalies are strongly westerly.

Composites like these are most useful when they reasonably well represent the char-
acteristics of typical events in their region. The TOGA-COARE Intensive Observing Pe-
riod (IOP) provided a four month period (November 1992-March 1993) which contained at
least one event of each of the types. The WWE:s of the IOP period are summarized in Table
I1.4. There were 16 WWEs during the IOP; the events with the largest wind measure values
occurred late December 1992, early January 1993 and toward the end of January 1993.
Another period of strong westerly wind activity was the third week of November 1992.
Nine IOP events had wind measure less than 1.3x10° m., and seven of the events had wind
measure greater than 2.5x 10 m. Most events had maximum point anomaly values between
11 and 16 ms"; one event had maximum point anomaly greater than 19 ms" and one less
than 10 ms . There was a MWWE in early January 1993, involving four different types of
WWE:s (S, C, SE and NE) in rapid sequence (center days between 1-Jan-1993 and 5-Jan-
1993); this was one of the most intense periods of westerly wind variability in the ten year
record. The strong WWESs occurring at the beginning of January 1993 and the beginning of
February 1993 were associated with the convectively active phase of an MJO (Lin and
Johnson 1996; Chen and Houze 1996). Three WWEs were associated with named tropical
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cyclones, two in the northern hemisphere and one in the southern hemisphere

The wind anomaly fields produced simply by superimposing the composite anoma-
lies in place of the particular WWEs of the IOP were compared with the actual wind anoma-
lies. In many cases the composite representation is reasonable. The most common short-
coming is that the weaker WWEs during the IOP typically were of shorter duration than the
composites, particularly near the equator. This means that the composite representation
tended to have more near-equatorial westerlies than the IOP wind anomalies indicate. It is
not simple to characterize the events that are not well modeled by the composites; some had
a small wind measure and others a large one, and there were no event types which were
dramatically better (or worse) represented by their composite.

Overall, the composite WWEs offer a useful first characterization of the structure of
substantial westerly wind anomalies in this region. The composite events are representative
of many WWEs, according to the intensity criteria (Figure II.18). However there are events
more extreme than the composite events. Because aspects of the oceanic response to WWEs
depend on the wind stress or some higher power of the wind stress magnitude, it may tun
out that these extreme events must be examined separately in order to understand the full
range of ocean response to WWEs. The idealized WWEs used in the response studies of
Harrison and Giese (1988) and Giese and Harrison (1991) in their WWE experiments were
conservative; indicating that WWEs might force the ocean more strongly than suggested by
their idealized experiments.

The distribution of WWEs by year, by climatological month and relative the Troup
Southern Oscillation Index (SOI) were also examined. Moderate to strong events (those
with wind measure greater than 2x10° m) show distinct seasonality for some WWE types
(see Section 1.6), with off equatorial events tending to favor local summer and fall seasons,
and type C events tending to favor boreal winter; while no seasonality is apparent in either

the type NE, W or E events. These seasonal distributions are consistent with those found by
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Harrison and Giese (1991) and by Hartten (1996). Correlation of annual distribution with
SOl is less simply summarized, in part because the SOI was predominantly negative during
the period of study - only mid 1988 through mid 1989 and late 1995 had SOI persistently
positive. Overall there is a 95% statistically significant negative correlation between SOI
and type C, NE, E and SE events at zero lag, and 90% significant negative correlation
between SOI and type NW and W events with the events leading the SOI by a year. The type
C event is the only event whose correlation with Troup SOI is significant to the 99% level.

The relationships between the existence, preferred location, and intensity of WWEs
and the large scale environment of the atmosphere remain to be uncovered. Because the
MIC is prominent in tropical convection and free atmosphere zonal wind anomalies (Mad-
den and Julian 1972,1994; Rui and Wang 1990), and because WWEs are often associated
with enhanced convection (Kiladis et al 1994; Meehl et al 1996), a relationship between
WWE:s and the MJO (particularly the convectively active phase of the MJO) has been sug-
gested (Lau er al 1989; Sui and Lau 1992). In particular, the two most intense periods of
surface westerly wind variability during the TOGA-COARE IOP occurred in association
with the convectively active phase of the MJO. In Chapter IV, I examine the relationships
that have been evident in the period 1986-1995 between WWEs, and the MJO and tropical
cyclones.

WWE:s are an unusual mode of tropical atmospheric variability. According to this
analysis the off-equatorial events appear associated with tropical cyclonic systems, but the
period in which substantial westerly wind anomalies exist over regions of any significant
extent is not characterized by strong translation of the cyclonic system. In this sense, it
would seem that these Pacific systems are rather different from their tropical Atlantic coun-
terparts, which usually propagate over large distances once they form. I found nothing simi-
lar to WWEs in the ECMWF analyses over the tropical Atlantic or tropical Indian Oceans.
In four of the off-equatorial composite WWEs (types NW, N, S and SE) I find moderate (2-
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4 ms'l) cross-equatorial inflow and as well as moderate (2-4 ms'l) inflow from the west
during the days surrounding the center day (see Section 4.a); Hartten (1996) also has iden-
tified cross equatorial circulations into her sort of westerly wind bursts north of the equator,
as well as inflow from the west. I are not able to identify a consistent source of alternate-
hemispheric flow; the tropical extra-tropical connection remains unclear.

The near-equatorial WWEs are sometimes associated with cyclonic circulations on
either (or both) hemisphere. In many instances events of these types appear to be simple
down-gradient pressure flows, with meridional scale determined by the atmospheric first
radius of deformation. The near equatorial events in the analysis seem also to have a mid-
latitude connection, with cross equatorial inflows similar to those described by Love(1985a),
Chu(1988), and Chu and Frederick(1990). An interesting feature is the moderate to strong
(>2 ms") meridional inflow generating poleward of 20° on the days preceding and on the
center day of the event (see Section I1.4.a).

The near-equatorial events are the primary events to force the ocean east of their
location, and it is most likely these events which help to cause warm water to be advected
eastward and downward by Kelvin-wave type surges during ENSO events. This type of
behavior has been modeled (Schopf and Harrison 1983, Harrison and Schopf 1984, Giese
and Harrison 1991) and observed (McPhaden et al 1992, Delcroix et al 1993) in the equato-
rial Pacific. Because the SST changes associated with the remote forcing of modest ampli-
tude WWEs is modest - typically 0.5°C over a couple of months, according to Giese and
Harrison (1991) - it is not simple to observe clearly in an ocean full of variability on many
frequencies. Chapter III deals with the analysis of the SSTA variability associated with each
equatorial WWE type, while Chapter V describes the observed eastern Pacific SST warm-

ing with an ocean general circulation model (OGCM).
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Chapter 111
Tropical Pacific SSTA and Equatorial
Westerly Wind Events

I1L.1 Introduction:

This chapter examines global statistical relationships between westerly wind events
(WWE:s) and sea surface temperature anomaly (SSTA) variability, using a compositing
technique for the period 1986-1998. I describe the extent to which equatorial WWEs are
associated with central and eastern equatorial Pacific waveguide warming and with local
SSTA changes under the WWE. The work described in this chapter will appear in a forth-
coming issue of the Joumnal of Climate (Vecchi and Harrison, 2000 - henceforth VH00), and
builds on the WWE identification scheme outlined in Chapter II. The goal is to quantify the
extent to which equatorial WWE:s are fundamental to the onset and maintenance of warm El
Nifio/Southern Oscillation (ENSO) conditions. In order to understand the effect of WWEs
on SSTA evolution, I begin by examining how SSTA changes in the absence of equatorial
WWE:s. I find that SSTA tends towards climatology in the absence of equatorial WWEs,
whether the eastern equatorial Pacific has close to normal SSTA or warmer than normal
SSTA.

There are significant SSTA changes under the main WWE wind anomalies for all
three equatorial WWE types. The two equatorial WWE types whose main surface wind
anomalies are west of the dateline (W and C) are associated with weak local surface cool-
ing. The equatorial WWE type that has equatorial westerly wind anomalies east of the
dateline (E) is associated with weak warming under those anomalies, when the eastern
equatorial Pacific SSTA is close to normal.

When the tropical Pacific has near normal eastern equatorial Pacific SST, each of

the equatorial WWE types are followed by substantial equatorial waveguide warming in the
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central and eastern Pacific (composite warming as large as 1.0°C); also more than 50% of
the large amplitude WWEs were followed by NINO3 SSTA warming in excess of 0.5°C.
These changes are of similar amplitude and spatial structure as those seen in the onset of El
Nifio, and are consistent with the predicted oceanic response to WWE forcing. When the
eastern equatorial Pacific is initially warmer than usual, the two westernmost equatorial
WWE types (W and C) are associated with the maintenance of warm El Nifio eastern and
central Pacific SSTA; these warm anomalies tend to disappear in the absence of those WWE
types. The main result of this work is that WWEs, or some mechanism strongly correlated
with WWEs, represent a fundamental process for waveguide warming in the onset of El
Nifio, and for eastern and central Pacific warm SSTA maintenance during El Niiio.

Linear theory predicts that equatorial westerly wind anomalies in the western and
central Pacific will drive current and temperature changes across the tropical Pacific through
the excitation of eastward propagating Kelvin pulses (Godfrey 1975, Anderson and Gill
1976, McCreary 1976, Moore and Philander 1977, Giese and Harrison 1990). These Kelvin
pulses will generally be associated with eastward surface currents, and warming of the
surface ocean through anomalous advection of the background zonal temperature gradient.
The first two vertical modes will generally lead to thermocline deepening, and subsequent
surface warming due to vertical advection of anomalously warm sub-surface water. The
details of the background ocean temperature and density field, and the structure of the wind
forcing determines the details of the expected response. Though the first baroclinic mode is
the one generally discussed, modes higher than the first are a significant part of the pre-
dicted linear response (Harrison and Giese 1989, Giese and Harrison 1990).

Modeling studies of the oceanic response to WWEs have shown that WWEs can
force large surface and sub-surface temperature changes by modifying the zonal current
structure in the central and eastern equatorial Pacific (Harrison and Giese 1988, Giese and
Harrison 1990, 1991, Harrison and Craig 1993, Kindle and Phoebus 1995). It has also been
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suggested that interaction between the WWE forced eastward propagating current pulse
and the tropical instability wave (TIW) field in the central and eastern tropical Pacific can
lead to enhanced waveguide warming (Harrison and Giese 1988, Giese and Harrison
1990,1991). In modeling studies the background state of the model oceans can greatly in-
fluence the response to anomalous forcing (Schopf and Harrison 1983, Harrison and Schopf
1984, Harrison and Giese 1990); it is important to consider the background state of the
ocean when determining the effect of anomalous forcing.

Case studies have found large amplitude local and remote changes to the oceanic
temperature, current and sea surface height fields, related to the WWEs. Local response to
WWE:s involves surface cooling and freshening, a deepening of the mixed layer and strength-
ening of the thermocline, along with an eastward surface and westward subsurface current
jet (McPhaden et al. 1988, McPhaden et al. 1992, Delcroix et al. 1993, Eldin et al. 1994,
Smyth et al. 1996.a-b, Cronin and McPhaden 1997, Ralph et al. 1997, Feng et al. 1998).
Remote changes observed to follow WWE:s include eastward propagating increase in sea
surface height, eastward surface current, net eastward equatorial transport, deepening of the
thermocline, an increase in SST and upper ocean heat content (Eriksen et al. 1983, McPhaden
etal. 1988, Kessler and McPhaden 1995, McPhaden 1999). There has been an indication of
a relation between eastern Pacific biological productivity and Kelvin pulses related the
westerly wind variability (Chavez et al. 1998). Analysis of the recent 1997-8 El Nifio event
has suggested that the genesis of the event can be traced to a series of periods of westerly
wind in the western and central Pacific (Yu and Rienecker 1998, McPhaden, 1999). Strong
westerly wind variability has occurred without leading to El Nifio warming: one of the
strongest periods of WWE activity in 1986-1998 occurred during the TOGA/COARE IOP
in January 1993 (HV97); in spring 1993 eastern equatorial SSTA increased and briefly
produced strong anomalies but SSTA then returned to normal and remained so for the rest

of the year (see Fig. I1l.1.a). According to the BEI index of Harrison and Larkin (1998),



58
1993 was not an El Niiio year.

Some statistical relationships between equatorial westerly wind variability and SSTA
changes across the tropical Pacific were examined to help assess the theoretical, modeling
and anecdotal evidence for a relationship between westerly wind variability and SSTA
changes. The analysis was performed separately for periods in which the eastern tropical
Pacific SSTA was initially close to normal and when it was warmer than normal. The
WWE associated SSTA variability was compared with the SSTA variability when no equa-
torial WWESs occurred, to determine which features were associated with the WWEs and
which showed no special relation to WWEs.This has been the first systematic statistical
analysis to suggest that WWE:s are a fundamental mechanism in the onset and maintenance
of El Nifio.

In the following sections I summarize the methods and results, and discuss some of
the implications of the results. Section III.2 describes the datasets used and the statistical
analysis method. The results of compositing SSTA for each WWE type are described in

Section II1.3. Section II1.4 offers a summary and discussion of the main results.

I11.2. Datasets and Methods

The European Centre for Medium Range Weather Forecasts (ECMWF) 12-hourly
2.5°¥2.5° gridded 10-meter wind operational analysis (European Centre for Medium Range
Weather Forecasts 1989), and the method described in Chapter II were used to identify all
the WWEs in the period 1986-1997. The SST analysis used the Reynolds/NCEP weekly
1°x1° gridded SST product (Reynolds and Smith 1994). A monthly climatology of SST was
generated using the weekly SST data from 1984 through 1996 (those years are chosen to
exclude the very anomalous periods of 1982-3 and 1997-8), SSTA was computed from this
monthly climatology. Note that the analysis was repeated using other SST climatologies,

and none of the principal results were affected.
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FiGure I11.1: (a) Weekly time-series of the NINO3 SSTA index used in this study, for the
period 1986-1998. Dashed lines indicate the cutoffs for the three ENSO regimes (as
defined in Section 2). Note how the El Nifio events of 1986-88, 1991-92 and 1997-98,
and the La Nifla event of 1988-89 are identified by the index. (b) Histogram of the
NINO3 SSTA index used in this study, for the period 1986-1998. The bin width is

0.25°C; the dashed lines indicate the cutoffs for the three ENSO regimes (as defined in
Section 2). Notice how there appear to be three distinct modes in this period.

To summarize the SSTA evolution following WWEs it is useful to consider sepa-
rately events that occurred in different ocean/atmosphere states. Ideally, one would exam-
ine the evolution of the ocean in different periods of the seasonal cycle and in different
phases of ENSO. Due to the limited data available (13 years), I only considered the differ-
ent phases of ENSO separately. A widely used quantity to categorize the ENSO state of the
ocean is the NINO3 SSTA index, defined as SSTA averaged over the region 150°W-90°W,
5°S-5°N. Figure II.1 shows the time-series and histogram of the NINO3 index used here;
the index identifies the El Nifio events of 1986-8, 1991-2 and 1997-8 clearly, and the La
Nifia of 1988-9 is also evident. The distribution of NINO3 SSTA, shown in figure HI.1.b,
can be described as having three main states (cold, normal and warm), with a long tail on
the warm side; this tail results from the large El Niiio of 1997-8.

For the analysis, I describe the ocean as having 3 main states: COLD (NINO3 < -
0.75°C), REG (-0.75°C < NINO3 < 0.75°C), and WARM (NINO3 > 0.75°C). Table III.1
shows the breakdown of WWEs by event type and NINO3 state 20 days before the WWE
center day. Note that no equatorial WWEs occurred when the system was initially in a

COLD state. Further discussion is limited to the REG and WARM states. The results de-
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scribed in this paper are qualitatively unaffected by using thresholds between WARM and
REG in the range 0.25°C to 1.25°C; nor are they affected by ignoring the separation be-
tween COLD and REG states. Testing against a binomial distribution with probabilities
determined by the total number of REG and WARM days, the Type C and E events have a
distribution which shows a preference for the WARM periods, significant at the 99% level.
This distribution is consistent with the interannual distribution of WWE:s relative the Troup-
SOI discussed in Chapter II, Section 6.a.

To examine the evolution of the SSTA field following the WWE:s a series of com-
posites were generated as in HV97. To quantify the composite SSTA evolution, I defined
the SSTA change (ASSTA) relative to the WWE:s as the difference between the SSTA at a
given time and the SSTA 20 days before the center day of the WWE ( Day (-20)). I gener-
ated both REG and WARM composites of SSTA and DSSTA for each WWE type from Day
(-30) (30 days before center day) to Day (120) (120 days after center day). Since the distri-
butions of the SSTA and DSSTA field are not normal, to test for statistical significance we
use a bootstrap method (Efron and Tibshirani 1991), using 1000 bootstraps samples. The
composite SSTA and ASSTA fields are tested at the 95% level, for difference from a mean

of zero.

TasLe II1.1: Number of WWEs identified in the period 1986-1998, broken down by
NINO3 SSTA condition 20 days before the WWE center day. The final row shows the
percentage of all days which fall into each of the NINO3 SSTA condition bins. WWE
types identified as in HV97, see Section 2 for a description of the NINO3 SSTA condi-
tions. Bolding indicates the NINO3 SSTA state with a singificant number of WWEs.

WWEType  Total (1986-1998) COLD REGULAR WARM
(NIRO3 < -0.75°C) (-0.75°C S NIN03 $0.75°C)  (NINO3 > 0.75°C)
w 4] K | 11
C 7 39 33
E 56 19 3
Percentage of 11.0 60.6 284

total days
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To correctly interpret the relationship between SSTA variability and WWEs, it is

necessary to understand how the evolution of SSTA following a WWE compares with the
evolution of SSTA when there are no WWE:s of that type. In order to interpret the SSTA/
WWE associations, for each WWE type I constructed a series of WWE non-event compos-
ites, using a bootstrap method. First, all the dates that were not within 10 days of a center
day for a particular WWE type were identified; those days were labeled as “non-event
center days™ for that particular WWE type. I then generated 1000 WARM and REG non-
event SSTA and ASSTA composites for each WWE type by randomly sampling (with re-
placement) the non-event center day list, the non-event composites go from Day (-30) through
Day (120). At each location, for each composite day, the SSTA and ASSTA non-event com-
posite value was taken as the mean of the 1000 random non-event composites. Also com-
puted were the percentage of non-event composites that had SSTA or ASSTA values as
large or larger than the corresponding event composite, which were used to compute the
significance of the event composite relative to the non-event composite.

To explore the evolution of the SSTA field following periods when no WWEs of
any of the three equatorial types occurred ALL/WARM and an ALL/REG non-event com-
posites were generated, by excluding all equatorial WWE periods. The ALL non-event com-
posites were computed from Day (-30) through Day (120) by using all days that were not
within 10 days of any WWE center day as the non-event center days. The composites were
computed using a bootstrap method (Efron and Tibshirani 1991), with 1000 bootstrap

samples, and tested against a mean of zero at the 95% level.

M1.3. Results
Here | summarize the results from compositing SSTA and ASSTA for each of the
three equatorial WWE types, both for events and non-events (see Section II1.2). Only those

features in the composites that are significant at the 95% level are discussed. I first describe
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the results of compositing SSTA and ASSTA for non-WWE periods; these composites are
viewed as the control experiments against which to compare the WWE event composites.
The results of compositing for the three equatorial WWE types (W, C and E) are then de-
scribed. The equatorial WWE event composites generally have SSTA changes significantly
different (at the 95% lével) from those in their respective non-event composites.
a. Non-WWE Composites:

The non-event composites for each individual WWE type had the same general
characteristics. The individual/REG non-event composites are characterized by sparse ar-

eas of significance in the SSTA and DSSTA fields. Most individual/REG non-event com-
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posites have only one significant SSTA feature; every individual/WARM non-event com-

posites, on the other hand, has large regions of significant SSTA and a strong ASSTA signal
along the Pacific equatorial waveguide. Both the ALL/REG and ALL/WARM non-event
composites have large-scale SSTA and ASSTA patterns throughout the tropical Pacific, but
the amplitude of the fields in the ALL/REG composite is much smaller than that of the
ALL/WARM composite (Figure II1.2). For both the ALL/WARM and individual/WARM
non-event composites, the principal ASSTA feature is cooling in the central and eastern
Pacific equatorial waveguide.

The main feature for each of the individual/REG non-event composite Day (~20)
SSTA field was weak warm (<0.25°C) values centered around 10°N, between 160°E and
160°W. The C/REG non-event composite also had weak cool (>-0.5°C) anomalies covering
most of the NINO-3 region (see Figure II1.4.b). None of the individual/REG non-event
composites had any large-scale significant anomalies outside the Tropical Pacific basin.
For none of individual/REG non-event composites were any ASSTA fields significant (even
at the 90% level).

Figure II1.2.a-c shows the Day (-20) SSTA and the Day (40) and (80) ASSTA field
for the ALL/REG non-event composites, the features significant at the 95% level are high-
lighted by shading. The SSTA for the ALL/REG non-event composite tends to be close to
normal across the basin, with slightly cooler than normal values in the central equatorial
Pacific. When no WWEs occurred in the period 1986-1998, and NINO3 SSTA was initially
close to zero, there was no tendency for eastern and central Pacific warming; none of the
SSTA changes exceed 0.25°C. In the absence of WWEs and NINO3 SSTA was close to
zero, tropical Pacific SST tended to remain near climatology.

The features of the individual/WARM non-event composite contrast sharply with
the individual/REG non-event composite: the Day (-20) SSTA amplitudes are large, there

are large-scale ASSTA values in the tropical Pacific as well as SSTA features outside the
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tropical Pacific region. The Day (~20) individual/WARM non-event composite SSTA field
is dominated by El Nifio type anomalies in the tropical Pacific, and weak warm (<0.5°C)
anomalies in the Indian and northern tropical Atlantic Oceans. The tropical Pacific has
strong (>1.5°C) composite anomalies between 5°S and 5°N east of the dateline, and along
the northwest coast of South America. There are weak cold anomalies poleward and west
of the warm El Nifio anomalies. The individual/WARM non-event composite ASSTA fields
for the individual WWE types are confined to the tropical Pacific, and are dominated by
moderate to strong cooling of the central and eastern equatorial waveguide. By Day (80),
the waveguide cooling exceeds —0.75°C in all the individual non-event composites. The
composites also show weak cooling in the southeast Pacific, and weak warming in the
southwest Pacific; the amplitude of these changes are all less than 0.5°C.

Figure I11.2.d-f shows the ALL/WARM non-event composite Day (~20) SSTA, and
the Day (40) and (80) DSSTA fields, highlighting significant values by shading. The fields
are all qualitatively similar to the individual/WARM non-event composites, however the
amplitude of the changes is larger in the ALL/WARM non-event composite. In the Day (-
20) SSTA field, the El Nifio type features are apparent, with strong warm eastern and central
equatorial Pacific anomalies, and weak cold anomalies poleward and west of these. The
warm anomalies in the Indian and northern tropical Atlantic Oceans are present in the ALL/
WARM non-event composite. The cooling of the central and eastern equatorial waveguide
is pronounced in the Day (40) and (80) ASSTA fields, as is the weak warming of the south-
western and cooling of the southeastern part of the basin. The changes by Day (40) are
generally of the opposite sign as the anomalies on Day (-20). For the period 1986-1998,
when NINO3 SSTA was initially warm and no WWEs occurred, the tropical Pacific tended
to return towards climatological SST.

b. Equatorial WWE Composites:
I now examine the SSTA composites for each of the three equatorial WWE types
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(W, C and E). The composite SSTA evolution for each of the equatorial WWE composites
are shown in Figures II1.3, IT1.5 and II1.6; the panels on the left (right) half of each figure
show the evolution of the REG (WARM) composite. Color shading indicates statistically
significant SSTA or ASSTA values. The contour interval is 0.25°C, positive (negative) val-
ues are indicated warm (cold) colors, and the dark contour indicates the zero line. The
upper panels (Fig. I11.3.a, I11.3.g) show composite SSTA on Day (-20). The lower panels
(Fig. O1.3.b-.3.f, [11.3.h-.3.1) show the evolution of the ASSTA in 20 day increments, from
the center day (Fig. I11.3.b) to Day (+80) (Fig. I11.3.f). For reference, in all the panels the
WWE classifying region is indicated by a blue box.

i) W/REG CoMposITE

The composite initial SSTA structure for the W/REG event composite (Fig. I11.3.a)
exhibits weak cold anomalies in the southeast tropical Pacific, weak warm anomalies ex-
tending to the northeast from the central equatorial Pacific and cold anomalies poleward
and westward of the warm anomalies. None of the anomalies exceed 0.75°C in the compos-
ite. Compared to the W/REG non-event composite, the W/REG event composite SSTA
field on Day (-20) is warmer in the region 160°E -120°W, 5°S-5°N by 0.5°C, and cooler
poleward and west of the warm waveguide deviations from the W/REG non-event compos-
ite. Outside the Pacific basin there are also anomalies and deviations from the non-event
anomalies. The eastern Indian ocean south of Indonesia is cool; and the anomaly is cooler
than that of the W/REG non-event composite by —0.25°C. There is also a broad region of
weakly cold water (cooler than the non-event composite as well) covering the southern
hemisphere tropical Atlantic Ocean. Both extra-Pacific Day (-20) SSTA patterns appear
when the anomalies are masked at the 99% level.

The composite ASSTA structure is characterized by cooling in the W region, warm-
ing along the equatorial waveguide and the northwest coast of South America, and warming

in the southeastern Pacific (Fig. III.3.b-II1.3.f). The cooling under the main WWE appears
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during the lifetime of the WWE and remains through Day (80); the cooling is less than

0.5°C. The equatorial wavegﬁide warming is apparent by Day (20), and it expands and
increases in amplitude through Day (80). The main warming is contained between 130°W
and the South American coast, and exceeds 0.75°C by Day (80); the warming leads to warm
anomalies along the equatorial waveguide and the South American coast by Day (60). There
is no conspicuous propagation to the ASSTA pattern, rather a general spreading and ampli-
fication. The warming in the southeast Pacific happens by Day (20) and expands through
the compositing period, the amplitude is between 0.25°C and 0.5°C. There is a minimum in
composite ASSTA amplitude between the waveguide warming and the southeast Pacific
warming. The cooling in the classifying region, the waveguide warming and the southeast
Pacific warming are all different from the changes in the W/REG non-event composite.

ii) W/WARM CoMposITE

The SSTA structure in Day (-20) of the W/WARM composite event is similar to that
seen in the ONSET and PEAK phases of ENSO (Rassmusson and Carpenter 1982, Harrison
and Larkin 1998). There is warm SSTA east of 160°E, along the northwest coast of South
America and in the southeastern Pacific (Fig. I1.3.g). There are weak cold anomalies in the
eastern Indian Ocean and the western Pacific Ocean. The cold anomalies do not exceed
0.25°C, while the equatorial warm anomalies exceed 1.0°C east of the dateline. There is an
area of minimum in the SSTA amplitude in the southeast Pacific between the warm coastal
and waveguide anomalies, and the southeast Pacific Ocean anomalies. The W/WARM event
SSTA field in the tropical Pacific basin is not different from the non-event SSTA field on
Day (-20), except for slightly warmer anomalies between 150°E and the dateline, and 5°S
and 5°N. On Day (-20) there are deviations from the W/WARM non-event composite out-
side the Pacific basin: the warm Indian Ocean anomalies are smaller and actually become
negative close to the maritime continent, and there are moderate (>0.5°C) cool anomalies in

the Gulf of Guinea in the Atlantic Ocean.
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Following the W/WARM WWE, there is very little structured ASSTA, the main

feature being cooling in the W region (Fig. II1.3.h-.3.1). The cooling under the main wind
anomalies is between 0.25°C and 0.5°C and persists through Day (80). There is weak cool-
ing in the southeast Pacific by the center day, which disappears by Day (20). There is some
warming near the Equator in the central Pacific, but it is not persistent nor does it exceed
0.25°C. The SSTA changes in the W/WARM event composite are seen to be primarily local
to the wind event region. When compared with the W/WARM non-event composite, an
interesting pattern emerges. While the waveguide ASSTA values in the composite are not
significantly different from zero, compared with the non-event composite there is large
amplitude reduced cooling. By Day (80), the waveguide DSSTA values in the event com-
posite exceed those in the non-event composite by over 0.5°C from the dateline to the coast
of South America. The cooling in the Type W classifying region is significantly larger than
that which appears in the non-event composite.

iii) C/REG CoMPOSITE

The Day (-20) composite SSTA field for the C/REG composite shows some large-
scale extra-tropical SSTA features similar to those in the W/REG composite. I show the
Day (-20) SSTA field for the C/REG event, non-event and the difference (event minus non-
event) in Figure II1.4.a-c to illustrate the features. The large-scale central Pacific warm
anomalies, and the western Pacific, eastern Indian and southern hemisphere Atlantic cold
SSTA is evident in figure I11.4.a. It is clear from figures II1.4.b and II1.4.c that these features
are quite different from those in the C/REG non-event composite. Figure II1.5.a focuses on
the Day (-20) tropical Pacific SSTA features of the C/REG event composite. The band of
warm water extending to the northeast of the warm water core just east of the classifying
region is clear, as is the cool water poleward and west of it.

The event ASSTA composite shows three main patterns: cooling under the main

WWE wind anomalies, warming along the equatorial waveguide and the northwest coast of
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Ficure [I1.4: C/REG Day (-20) SSTA for the (a) event composite and (b) non-event
composite, and (c) difference between the Day (-20) event composite SSTA and the Day
(-20) non-event composite SSTA. C/WARM Day (-20) SSTA for the (d) event composite
and (e) non-event composite, and (f) difference between the Day (-20) event composite
SSTA and the Day (-20) non-event composite SSTA. Units are degrees centigrade,
contour interval is 0.25°C, shading interval is 0.5°C. The classifying region is indicated
by the purple box in each figure

South America, and warming in the southeast Pacific (Fig. III.5.b-III.5.). The cooling un-
der the event happens during the period of maximum westerly anomalies and exceeds 0.25°C.
The warming in the southeast Pacific happens by Day (20) and remains through Day (80).
The equatorial waveguide and South American coastal warming is evident on Day (40), and
remains through Day (80) intensifying and expanding with time. The warming exceeds
0.5°C east of 160°W by Day (80), and close to the northwest coast of South America it
exceeds 1.0°C. The warming along the waveguide and the coast of South America leads to
warm anomalies by Day (60) east of 120°W. The waveguide and South American coast
warming exceeds that in the non-event composite by over 0.5°C by Day (80), the southeast
Pacific warming exceeds that in the non-event composite by 0.25°C from Day (20) on, and
the cooling under the WWE is significantly different from the non-event composite changes.
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Fioure [11.5: As in Figure [11.3, except for the C/REG (a)-(f) and C/WARM (g)-(1) event
composites.
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iv) C/WARM CoMmPosSITE

The Day (-20) SSTA field across all tropical oceans for the C/WARM event, non-
event and difference (event minus non-event) is shown in Figure 1I1.4.d-f. Figure II1.5.g
shows the Day (-20) C/WARM event composite SSTA field in the tropical Pacific. The
initial tropical Pacific SSTA structure for the C/WARM event composite is qualitatively
similar to the type C/WARM non-event composite, but there are areas of small amplitude
differences between the two. On Day (-20) the composite SSTA exceeds 1.0°C east of
170°W along the equator to the northwest coast of South America. The C/WARM event
composite SSTA on Day -20 is significantly cooler than the non-event composite along the
northwest coast of South America and in the South China Sea - the differences are all less
than 0.5°C. Extra-Pacific SSTA patterns, similar to those which appear in the W/WARM
event composite are evident in Figure II1.4: the SSTA in the Gulf of Guinea and in the
eastern Indian Ocean are both weakly cooler than zero and than the C/WARM non-event
composite.

The ASSTA event composite (Fig. I11.5.h-II1.5.1) has almost no large-scale features,
and the amplitude of the changes is generally less than 0.25°C. The main cooling pattern is
underneath the main WWE surface wind anomalies; it occurs during the period of maxi-
mum westerly anomalies, and disappears by Day (40). There is weak warming south of the
equatorial waveguide beginning Day (20), remaining there through Day (80). There is a
patch of warm water off the west coast of Mexico, which appears in Day (60). Even though
there are no equatorial waveguide changes in the C/WARM event composite, the ASSTA
values are different from those of the C/WARM non-event composite. Relative to the non-
event composite, the C/WARM composite is characterized by reduced waveguide cooling
that extends from the dateline to the coast of South America by Day (60), and exceeds 0.5°C
east of 140°W.
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v) E/REG CoMPOSITE:

The E/REG composite has an initial structure (Fig II1.6.a) similar to the W/REG and
C/REG event composites. On Day (-20) the western Pacific is cooler than in the EREG
non-event composite (by more than 0.25°C) and the central equatorial Pacific is warmer
than in the non-event composite by over 0.25°C from 160°E-120°W. There are also weak
extra-Pacific SSTA features which are less than zero and than the E/REG non-event com-
posite. The tropical Atlantic Day (-20) SSTA is less than zero (SSTA exceeds -0.5°C in
Gulf of Guinea) and than the non-event composite; the SSTA in the eastern Indian Ocean is
less than -0.25°C, and is cooler than the non-event composite SSTA. Both extra-Pacific
features are significant at the 99% level.

The ASSTA composite (Fig. I11.6.b-II1.6.f) exhibits an evolution similar to that seen
in the C/REG and W/REG composites, except the SSTA changes under the WWE are warm-
ing rather than cooling. There is warming in the classifying region, occurring during the
lifetime of the WWE, the warming remains through the compositing period and by Day
(20) exceeds 0.5°C. There is warming in the southeast Pacific, appearing by the center day,
and intensifying following Day (60). The equatorial waveguide warms following the event,
the warming slowly spreads east. There is some warming in the western Pacific, peaking
near Day (80) at 0.25°C. The waveguide, southeast Pacific and western Pacific warming are
all greater in the event composite than in the non-event composite.

vi) EEWARM COMPOSITE:

None of the SSTA or ASSTA patterns for the EFWARM composite are different from
the E/WARM non-event composite. The initial SSTA structure (Fig. I11.6.g) shows the
same El Nifio anomalies that were seen in all previous WARM composites. The main fea-
ture of the ASSTA field (Fig. II1.6.h-II1.6.1) is cooling along the eastern and central equato-
rial waveguide, which exceeds -0.5°C by Day (60). There is also weak warming in the

eastern Indian Ocean. The cooling in the central Pacific basin, while not distinguishable
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from that which is seen in the EEWARM non-event composite, is of smaller amplitude than

that of the ALL/WARM non-event composite.

HI1.4. Summary and Discussion

Using the WWE classification scheme of HV97 and the Reynolds/NCEP weekly
global SST analysis (Reynolds and Smith 1994), I have composited the SSTA changes
following the three equatorial types of WWEs (W, C and E), between 1986 and 1998. These
changes were compared with those occurring in the absence of WWEs. The focus is on the
tropical Pacific because of our interest in the role(s) of equatorial WWEs in the onset and
maintenance of ENSO warm SSTA. I argue that WWEs are a fundamental part of the ap-
pearance of warm conditions in the central and eastern equatorial Pacific, and for the main-
tenance of warm conditions during El Nifio events.

In this section I summarize the results of our compositing analysis, and discuss the
relation of these results to previous theoretical, modeling and observational studies. I first
summarize the SSTA evolution in the absence of equatorial WWEs, followed by a summary
of the local and remote SSTA evolution following different types of WWEs, and conclude
by connecting these results to the dynamical mechanisms proposed for WWE/ocean inter-
action.

a. SSTA Evolution in the Absence of WWEs:

In the absence of equatorial WWE:s, the tropical Pacific ocean SST field tended to
remain at or return toward climatological values (Section I11.3.a). When NINO3 SST is
initially close to climatology, tropical Pacific SST remains near climatology (see Fig. ITI.2.b-
c). When the NINO3 SSTA was initially warmer than normal, there was moderate to strong
cooling (as much as ~1.0°C in the composite) of the central and eastern equatorial Pacific
waveguide surface waters. This cooling tended to reduce the pre-exiting warm El Nifio type

anomalies (see Fig. II1.2.e-f).
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b. Local SSTA Changes following WWEs:

By local SSTA changes I mean those which occur under the composite WWE wind
anomalies, both inside the WWE identification region and adjacent to it. The second and
third columns of Table III.2 summarize the character of the local SSTA changes following
each of the WWE types and their departures from the non-event composite. Local changes
that were significantly different from zero were also significantly different from the non-
event composites.

The Type W and C WWEs exhibited local SSTA cooling during the lifetime of the
WWE. The composite cooling was generally less than 0.25°C, and everywhere less than
0.5°C; the cooling occurred irrespective of the initial eastern Pacific SSTA (see Figs. I11.3,.5).
Although small, this cooling was a significant feature of the composites at the 99% confi-
dence level.

The Type E WWEs have a different local SSTA change than that of the western
equatorial WWEs. Following Type E events, when NINO3 SST is initially close to clima-
tology, there is SSTA warming in the WWE defining region (see Fig. I11.6). When NINO3

TasLE 2: Summary of the principal ASSTA values and departures from the non-event com-
posites for each of the equatorial WWE types, for both REG and WARM event composites.
Plus signs (+) indicate that the ASSTA value or departure from the non-event composite
was significantly greater than zero. Minus signs (-) indicate that the SSTA change or depar-
ture from the non-event composite was significantly less than zero. Double plusses (++)
indicates that the dominant changes or departures had an amplitude greater than 0.5°C.

NINO-3 SSTA Event Type Local Central and Eastern SE Tropical Pacific
Pacific Waveguide
Value Departure  Value  Departure Value Departure

REGULAR w - - ++ ++ + +
(0.75°Cs and C - - ++ ++ + +
20.75°C) E + + ++ ++ + +
WARM w - - ++ -
(>0.75°C) C - - +-+ -

E + - -
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was warmer than normal there were no local SSTA changes; however the E/WARM event

SSTA change composite exhibits less cooling than is seen in the E'WARM the non-event
composite.
¢. Remote SSTA Changes following WWEs:

The period following some WWE types exhibited large-scale SSTA changes and
departures from the evolution of the non-event composites far from the main WWE wind
anomalies; these also are summarized in Table I1I.2. The remote SSTA changes depended
on the initial NINO3 SSTA. Generally the central and eastern Pacific equatorial SSTA field
warmed or remained warm.

When the NINO3 SST was initially close to climatology, the WWEs centered on the
equator were followed by large-scale remote SSTA changes. The main features were: warming
of the central and eastern equatorial Pacific along the equatorial waveguide and the north-
west coast of South America; cooling in the western Pacific; and warming in the southeast-
ern Pacific (see Figs. II1.3,.5,.6). The composite waveguide warming following the Type W
and C WWE:s exceeded 1.0°C 80 days after the event, while the western Pacific cooling and
southeast Pacific warming was of small amplitude (0.25-0.5°C). The amplitude of these
SSTA changes is of the same general structure as that seen in the onset of El Nifio, and the
amplitudes are large enough to account for a large part of the observed composite El Nifio
warming (see Rasmusson and Carpenter 1982, Harrison and Larkin 1998).

Therc is no waveguide warming associated with the WARM event composites for
any equatorial WWE type; nonetheless these represent significant departures from the non-
event composites (since the expected change in the absence of a WWE is for waveguide
cooling). The W/WARM and C/WARM event composites had no cooling of central and
eastern waveguide SSTA, which when compared with the non-event composite amounted
to maintenance of the warm waveguide SSTA values (recall that the departures from the

non-event composite exceeded 0.5°C). The timing of these departures is similar to the changes
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and departures seen in the W/REG and C/REG composites; however the departures are
much more pronounced in the central equatorial Pacific than in the eastern Pacific. Also, the
maximum amplitude of the deviations from the non-event composite in these two equato-
rial WARM composites is only 66% of the maximum deviation in the respective REG event
composites.
d. Discussion:

The local cooling seen in the Type C and W event composites is in agreement with
the available case studies of the evolution of local SST following WWEs in the western
Pacific warm pool (McPhaden et al. 1988, McPhaden et al. 1992, Delcroix et al. 1993,
Eldin et al. 1994, Smyth et al. 1996, Cronin and McPhaden 1997, Feng et al. 1998). The
range of the amplitude of the observed local cooling under individual WWEs has been
0.2°C-0.6°C over the period of a week (McPhaden et al. 1988, McPhaden et al. 1992, Delcroix
et al. 1993, Eldin et al. 1994); recall the composite amplitudes were between 0.25°C and
0.5°C. Observations of SST evolution under a series of WWEs which quickly follow each
other has shown larger cooling, between 0.8°C and 1.0°C, over a period of a few weeks
(Smyth et al. 1996.b, Cronin and McPhaden 1997); unsurprisingly, a sequence of WWEs in
succession impact the local ocean more strongly than individual WWEs. The agreement
between the various observations of local SST changes following individual WWEs, and
with the composite behavior over 13 years, suggests that the local changes observed in the
case studies were representative of the local SST evolution following WWEs.

There have been many mechanisms suggested for local SST cooling under strong
winds in the western equatorial Pacific. During the TOGA/COARE Intensive Observa-
tional Period, the evolution of the western equatorial Pacific during a series of WWEs was
observed more thoroughly than ever before; this allowed exploration of the factors control-
ling SST variability during the observed WWE periods. In a 1-D analysis of the heat bal-
ance at (156°E, 0°), Cronin and McPhaden (1997) argue that the local warm pool SST
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variability under WWE conditions was controlled by decreased incoming short-wave ra-

diation and increased latent heat-flux; they note that zonal advection also plays an impor-
tant role. Feng et al. (1998) did a 3-D heat and salinity budget in the western Pacific during
the same period, centered at (156°E, 2°S); and found that both zonal and meridional advec-
tion of heat and salt played an important in the budgets under WWE conditions, and acted
both to increase the surface salinity and to reduce surface temperature. According to Feng et
al. (1998), cooling through meridional advection dominated warming due to zonal advec-
tion during the January 1993 western Pacific WWE. Evidently there remains some uncer-
tainty about the processes responsible for local cooling under Type C and W WWEs; no
single process is expected to apply to every event.

I am not aware of any case studies of the local response to Type E WWE:s. I suggest
that the character of the local SSTA evolution following a Type E WWE is due to the Type
E classifying region being dominated by strong and persistent trade winds. These trade
winds lead to equatorial upwelling through Ekman divergence at the surface, as well as to a
generally strong westward surface current. Climatologically, both the upwelling and the
westward current act to cool the local SST by advection of cooler waters (the zonal tem-
perature gradient is generally negative, except during the most extreme of El Niiio events).
Westerly anomalies in this region would lead to reduced Ekman divergence and upwelling,
and reduced westward surface current; both of which would contribute to warm the surface
waters. The latent surface fluxes of heat would be reduced since the WWEs, in all but the
most extreme cases, result in reduction of the wind speed (HV97). Reductions in easterly
trade winds should be expected to lead to local SST warming, as is seen in the Type E
composite.

Only one case study of the remote changes in SST following WWE:s is known to
me: McPhaden er al. (1988) describe an eastward propagating current pulse generated by a

western Pacific WWE during May 1986. This pulse was associated with warming of 1°C at
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(110°W,0°N) in mid-June 1986 (30 days after the WWE); according to McPhaden er al.

(1988) the warming pulse following the WWE had little effect on the evolution of the sub-
sequent 1986-7 El Niiio event. Harrison and Giese (1989) offer a different interpretation of
the same event; they agree that the June-1986 warming at 110°W is the result of the first
baroclinic mode Kelvin pulse excited by the May WWE, and is short lived. However, using
current data from moorings on the Equator at 140°W and 110°W, they argue that a second
phase of warming occurring in mid-July 1986 was the result of the second baroclinic mode
Kelvin pulse forced by the WWE:; this pulse was related to SST warming of over 2.0°C at
the onset of the 1986-7 El Nifio. Both McPhaden et al. (1988) and Harrison and Giese
(1989) argue that zonal and meridional advection of heat played an important role in the
eastern Pacific SST warming forced by the WWE.

Though WWEs have been suggested as an important mechanism in the evolution of
ENSO, there have been no other observational attempts at describing the remote SST changes
following WWEs. Some observational studies have found eastern and central Pacific ther-
mocline (as defined by the depth of the 20°C isotherm) and sea surface height changes
following WWEs, and have suggested a relationship between ENSO warming and WWEs
(Eriksen er al. 1983, Hayes er al. 1991, Kessler and McPhaden 1995, Chavez et al. 1998, Yu
and Rienecker 1998, McPhaden 1999). This present study is the first to systematically de-
scribe the remote SSTA changes that occur following equatorial WWEs.

The composite remote SSTA changes reported here when NINO3 SST is close to
climatology are consistent with the results from ocean general circulation model (OGCM)
experiments described in the literature. Examining the response of the OGCM to idealized
WWE forcing, Harrison and Giese (1988), and Giese and Harrison (1990, 1991) found that
WWE:s drove warming in the eastern and central equatorial Pacific in excess of 0.5°C; the
warming appeared at 140°W within a month of the anomalous forcing and continued for

over three months. The SST warming in the OGCM was driven primarily by zonal advec-
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tion by equatorially trapped eastward propagating current pulses, and by meridional advec-
tion due to interaction of these pulses with the background tropical instability wave (TTW)
field. Note that the WWE forcing used in those model experiments had an estimated zonal
extent of 10° longitude, which is about 1/3 the average zonal extent of WWEs; the response
to a WWE of larger zonal extent would be more than that described in the mentioned ex-
periments. The large amplitude composite response relative to the OGCM experiments (1.0°C
vs. 0.5°C) could be the result of the underestimation of the WWE zonal extent by Harrison
and Giese (1988), and Giese and Harrison (1990,1991) or due to some ocean/atmosphere
coupling which would be absent in their model; the timing and structure of the SSTA com-
posite changes when NINO3 SST is initially close to climatology are consistent with those
of the OGCM experiments. Chapter V further explores the ability of the model to reproduce
the composite SSTA changes.

The composite remote changes to the SSTA fields when NINO3 SST is initially
warmer than climatology, for the Type W and C events, is not like that described in the
literature. The sensitivity of the SSTA associations with WWEs to initial state of the ocean/
atmosphere is not unexpected. Schopf and Harrison (1983) and Harrison and Schopf (1984)
found that the eastern Pacific temperature response following a period of westerly wind
anomaly was larger when the forcing was in the northern winter months than in the northern
summer months. The difference in response in the two cases was due the equatorial zonal
temperature gradients and the TIW activity being much stronger in boreal winter than in
boreal spring. The difference in amplitude of the maximum departures from non-event SSTA
changes between the WARM and REG events could be similarly explained.

The warming associated with El Nifio leads to a reduced magnitude of the equato-
rial zonal temperature gradients; in extreme cases such as the peak of the 1997-8 El Niiio
the zonal temperature gradient disappears or even reverses. For the period 1986-1998, when
the NINO3 SSTA index was close to normal (within 0.75°C of climatology) the mean zonal
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SST gradient on the equator was: -7.0x107 °C/m at 170°W, -5.5x10”? °C/m at 140°W, and -
5.7x107 °C/m at 110°W’ but for periods where the NINO3 SSTA index exceeded 0.75°C,
the equatorial zonal temperature gradient was: -1.6x107 °C/m at 170°W, -5.3x107 °C/m at
140°W, and —4.0x10”7 °C/m at 110°W. Even though the magnitude is reduced in warm
NINO3 periods, the average zonal SST gradient across the equator is negative both in peri-
ods of near normal and warm NINO3 SST. If the current response following the WWE were
comparable when the NINO3 SST is close to and warmer than climatology, the temperature
response due to zonal temperature advection when NINO3 was initially warm would be
smaller.

It has been suggested that that an important mechanism leading to eastern equatorial
Pacific SST warming following a WWE, is anomalous meridional advection of heat due to
interaction between the WWE forced Kelvin pulse and the tropical instability waves (Harrison
and Giese 1988, Giese and Harrison 1990,1991). In the absence of TIW's that process would
not be able to increase the equatorward surface heat flux, and the SST response would be
smaller than in the presence of TIWs. Decreased TIW activity during El Nifio is a possible
contributing factor to the decrease in eastern Pacific SSTA changes to following WWEs in
initially warm NINO3 conditions.

This compositing study describes the average SSTA changes that follow the various
WWE types, however the SSTA changes following any individual WWE may be different
from the composite. Figure II1.7 shows scatter plots of the NINO3 SSTA on Day (-20) vs.
the NINO3 DSSTA on Day (60) for the equatorial WWE types and for non-event periods,
the horizontal lines show the composite values for both eastern Pacific SSTA regimes. Fig-
ure II1.7 highlights those WWE:s of strong intensity by using red marks on the plots; we
define strong events to be those events whose wind measure statistic exceeds 1.5¥10°m
(wind measure is a time integral of the spatially averaged zonal wind anomaly of each

WWE: see Chapter I1, HV97). It is apparent in these scatter plots that the changes to eastern
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Ficure I11.7: Scatter plots of the NINO3 SSTA on Day(-20) vs. the NINO3 DSSTA on
Day(60) for (a) Type W, (b) Type C and (c) Type E WWEs, and (d) for periods without
WWESs. The units are °C, the vertical lines indicate the boundaries of the NINO3 SSTA
regimes (COLD, REG, WARM), and the horizontal green lines indicate the composite
values inside the REG and WARM regimes. Red marks highlight WWEs whose wind
measure exceeds 1.5x10°m.

equatorial Pacific SSTA in the absence of WWE:s are very different from those when WWEs
occur. Most notably, in the REG temperature regime there is a much greater likelihood for
warming following WWESs than in the absence of WWEs, and a corresponding decrease in
likelihood of eastern Pacific cooling.

Table ITI.3 summarizes the percentage of events in the REG SSTA regime which
were followed by Day (60) NINO3 SSTA changes in various ranges, for all three equatorial
WWE types, for equatorial WWE types of strong intensity (wind measure statistic in excess
of 1.5x10°m; HV97), and for non-event periods. Notice that the probability of extreme
NINO3 warming following WWEs (>1.0°C) is between 10 and 15 times that in the absence
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of WWEs; and there is a greater than 50% chance of moderate (>0.5°C) warming following

strong WWE:s. In addition, no strong equatorial WWEs were followed by cooling of more
than -0.5° (in Fig. 8 this relation is also evident), and a total of three weak WWEs (one Type
E and two Type C) WWEs were followed by moderate cooling.

This observational study provides support to the previous model and theoretical
suggestions that equatorial westerly wind events are a fundamental mechanism in the ap-
pearance and maintenance of warm eastern equatorial Pacific SST anomalies. In the ab-
sence of WWEs the tropical Pacific SST tends to return toward or remain at climatological
values, in the presence of WWEs the evolution is quite different. When the eastern equato-
rial Pacific SST is close to climatological values, equatorial WWEs are associated with
strong warming of the equatorial waveguide of similar amplitude and structure as that asso-
ciated with the onset of El Nifio conditions. When eastern equatorial Pacific SST was warmer
than climatology, some WWE types were associated with maintenance of the warm eastern
and central equatorial Pacific SSTA values. Given the agreement between these statistical
results and previous modeling and theoretical work on ocean response to WWE forcing, 1

TasLe 111.3: Percentage of WWEs.and non-event periods with Day (-20) NINO3 SSTA in

the range $0.75°C which have NINO3 SSTA change on Day (60) in the ranges indicated.

Strong events indicates WWEs whose wind measure (an indicator of WWE strength)

exceeded 1.5x10° m. Notice the considerable likelihood of NINO3 SSTA warming
following equatorial WWEs.

WWE Type  Number of events Percentage of REG events with Day(-60) NINO3 ASSTA in range:

<-0.5°C >0.25°C >0.5°C >1.0°C

w 30 50 47 30
Strong W 13 62 54 38
C 38 L] 63 39 32
Strong C 16 81 63 50
E 19 5 58 42 21
Strong E 5 80 80 40
In absence of 15 26 10 2

equatorial WWEs




84
suggest that WWE driven warming of the central and eastern equatorial waveguide is a

fundamental mechanism for the onset of warm El Nifio conditions in the equatorial Pacific
and in the maintenance of warm El Niifio conditions in the equatorial Pacific.

In Chapter V the mechanisms responsible for the SSTA changes following WWEs
are examined. The next chapter, Chapter IV, describes the relationship between WWEs and
atmospheric convection, and between WWEs and certain atmospheric circulation patterns
(tropical cyclones and the MJO), in order to further develop an understanding of the coupled

mechanisms involved in the evolution of WWEs.
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Chapter IV:

Tropical Pacific sub-seasonal convection

IV.1. Introduction

In this chapter I explore the relationship of westerly wind events (WWEs) to atmo-
spheric convection as described by satellite measured outgoing longwave radiation (OLR).
I compute the mean surface wind and convective structures associated with the Madden-
Julian Oscillation (MJO, see Madden and Julian 1994 for a review). I examine statistical
relationships that WWEs exhibit with the MJO and tropical cyclones. The work here builds
on the surface wind analysis described in Chapters II and II1, Harrison and Vecchi (1997,
henceforth HV97) and Vecchi and Harrison (2000, henceforth VHO00); and attempts to re-
solve the relationships that have been observed anecdotally between WWEs, the MJO and
tropical cyclones.

Observations of two MJO events during the TOGA-COARE IOP suggest enhanced
WWE variability associated with the MJO (Godfrey er al. 1998). A relationship between
tropical cyclone activity and WWEs has been discussed since the first descriptions of WWEs
(Keen 1982, Harrison and Giese 1991, Hartten 1996); I use the identification scheme de-
scribed in Chapter IT and HV97 to explore WWE relationships to the MJO and tropical
cyclone activity, for the period 1986-1997. Also shown in this chapter are the results of
compositing the surface wind anomaly and OLR anomaly fields for the MJO.

The Madden-Julian Oscillation (MJO; also referred to as the Intra-seasonal Oscilla-
tion or ISO) was first identified as a spectral peak in global tropical 850mb and 150mb
zonal wind and wind divergence (Madden and Julian 1972) in the 40-50 day range, and has
been the subject of much research by the atmospheric science community for the past 30
years. The spectral peak has been found to exist in a much broader range of 30-90 days, and
is associated with globally propagating (global wavenumber 1 or 2) variability of tropo-
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spheric wind and atmospheric convection (see Madden and Julian 1972, 1974, 1994, Rui

and Wang 1990, Hendon and Salby 1994, Maloney and Hartmann 1998). Atmospheric con-
vection related to the MJO is limited to the regions of warmest SST (SST>28°C) in the
Indo-Pacific warm pool region, and near the Pacific Intertropical Convergence Zone (ITCZ)
and South Pacific Convergence Zone (SPCZ) (see Rui and Wang 1990, Hendon and Salby
1994). The atmospheric convective structures associated with the MJO propagate eastward
from the Indian Ocean at 5-10 ms' (see Rui and Wang 1990, Hendon and Salby 1994,
Figures IV.5-.7); while the tropospheric zonal wind structures propagate eastward at a speed
between 10 and 20 ms™! (see Madden and Julian 1974,1994, Hendon and Salby 1994, Maloney
and Hartmann 1998). While the free-tropospheric wind and atmospheric convection vari-
ability associated with the MJO have been previously described, the global surface wind
and wind-stress anomalies associated with it merit further examination. Hendon et al. (1998)
found that equatorial zonal wind-stress anomalies associated with the MJO extend into the
central/eastern Pacific, away from the Pacific warm pool convective region.

Tropical atmospheric convection is generally associated with strong surface wind
convergence; near the Equator convection usually includes surface westerlies under the
convection. The period of WWE activity in Dec 1992-Jan 1993, during the TOGA/COARE
IOP, which was one of the most extreme in the period 1986-1995 (see Chapter II, HV97),
occurred with the passage of the convectively active phase of the MJO over the western
Pacific warm pool (Lin and Johnson 1996, Chen and Houze 1996). Some of the westerly
wind variability in the onset of the 1997-8 El Nifio event appeared related to the MJO
(McPhaden 1999). 1 use aquantitative definition for MJO variability developed by Maloney
and Hartmann (1998, heceforth MH98) to examine MJO related surface wind and atmo-
spheric convection variability.

There is little evidence for a systematic WWE/MJO connection in the WWE com-
posite results described in Chapter II and HV97. None of the equatorial WWEs shows a
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translation during its lifetime consistent with being a direct surface expression of the MJO
(whose tropospheric with phase translates eastward at 10-20 ms™', and atmospheric convec-
tion phase translates eastward at 5-10 ms™'). Even the southern hemisphere WWEs, which
display an average eastward propagation, translate more lowly at 3-4 ms"'. If there is a
connection between MJOs and WWE:s it is not clear in the average behavior of WWEs, and
must be explored carefully before any generalizations are drawn from a few observed con-
nections. Using the MH98 MJO definition, I also describe statistical relationships between
the MJO and WWEs.

L also explore the relationship between WWEs and tropical cyclone activity, which
has been made possible by the cataloguing of cyclone tracks. The suggestion that there is a
relationship between the cyclones and WWEs dates from the early exploration of westerly
wind activity in the central equatorial Pacific. Keen (1982) described the relationship be-
tween paired cyclones on either side of the equator and extreme periods of surface wester-
lies. The relationship was examined again by Harrison and Giese (1991) and the conclusion
was that for near-dateline WWEs the relationship is not as strong as originally suggested:
~60% of near-dateline WWEs were associated with tropical cyclone activity. The relation-
ship between cyclones and certain WWEs is suggested by the analysis of surface wind
structures of WWEs (Hartten 1996, HV97, Chapter II), where certain WWE types exhib-
ited cyclonic circulation patterns and translation consistent with the main cyclone tracks in
the respective hemispheres (towards the northwest in the northern hemisphere, towards the
cast-south-east in the southern hemisphere). This suggested relationship is reemphasized
by the OLR analysis shown in Section 3 of this chapter: the westernmost WWE types (NW
and W) displayed tight convective signals which propagate northwestward, and the south-
emn hemisphere WWE:s displayed some convective structures which translate eastward.

In the remainder of this chapter I will summarize the work into cataloguing the

general relationships between WWEs and tropical convection. Section 2 will describe the
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data and methods used. The results of compositing OLR anomaly and surface wind anomaly
for each WWE type and for the MJO are described in Section 3. Section 4 summarizes the
inter-WWE time spacing results, which indicate that the 40-80 day spacing one would ex-
pect from an MJO driven phenomenon is not prominent in most WWE types. Section 5
summarizes the co-occurrence between WWEs and the MJO. Section 6 examines relation-
ships between WWEs and tropical cyclones. Finally, Section 7 gives summarizes and dis-

cusses the results.

IV.2. Data and Methods.

The European Centre for Medium Range Weather Forecasts (ECMWF) 12-hourly
2.5°%2.5° gridded 10-meter wind operational analysis (European Centre for Medium Range
Weather Forecasts 1989), and the method described by HV97 and Chapter II were used to
identify all the WWE:s in the period 1986-1998 (see Table IV.1 for a summary of the iden-
tified WWEs). Daily NOAA Interpolated Outgoing Longwave Radiation (OLR), on a
2.5°x2.5° global grid from 1986-1998 was provided by the NOAA-CIRES Climate Diag-
nostics Center, Bolder, Colorado (available from their web site: http://www.cdc.noaa.gov).
The SST used in this analysis is the Reynolds/NCEP weekly 1°x1° gridded SST product
(Reynolds and Smith 1994).

Monthly climatologies of SST and OLR were generated using the weekly SST and
daily OLR, respectively, data from 1984 through 1996 (those years are chosen to exclude
the very anomalous periods of 1982-3 and 1997-8). Monthly climatology of 10-m wind (U)
was generated using the 12-hourly data from ECMWF for the period 1986-1995 (for con-
sistency with HV97). SST anomaly (SSTA), OLR anomaly (OLRA) and 10-m wind anomaly
(UA) were computed from the corresponding monthly climatology. The analysis was re-
peated using other climatologies, and none of the principal results were affected.

For reference, the climatological convection and SST fields for the months of March,
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Climatological OLR (Watts-m?)

Figure IV.1: Climatological OLR (shading) and SST (contours). Units are °C for SST and
Watts-m. Contour interval for SST is 1°C, shading interval for OLR is 10 Watts-m2.,

June, September and December are shown Figure IV.1; contoured is SST at 1°C intervals
and shaded is OLR values less than 230 Wm'. Notice the seasonal meridional migration of
the warm pool (waters warmer than 28°C) and western Pacific convection fields. Also evi-
dent is the seasonal cycle of the eastern Pacific cold tongue in SST, and the Pacific Inter-
tropical and south Pacific convergence zones.

In Chapter III, Section 2, and VHOO the NINO3 SSTA distribution was examined
over the period 1986-1998, and it was determined that an adequate description of the distri-
bution is of having three states: COOL (NINO3 < -0.75°C), REGULAR (NINO3| £ 0.75°C)
and WARM (NINO3 > 0.75°C). Table IV.1 summarizes the number of WWEs of each type
identified during the period 1986-1998, and breaks down their distribution based on the
NINO3 SSTA (SSTA averaged over 150°W-90°W, 5°8-5°N) 20 days prior to the WWE
center day.

The bootstrap compositing technique used in Chapter IIl and VHOO to explore the
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SSTA evolution associated with WWEs was applied to the OLR and 10-meter wind data.
Because of the large OLRA and UA associated with the ENSO phenomenon, the compositing
of OLRA and UA is performed separately for periods of initially near normal and warmer
than normal NINO3 SSTA (Cases REGULAR and WARM). The compositing analysis is
not performed for periods of initially cooler than normal NINO3 SSTA (case COOL), since
there are not enough WWEs in that state to perform reliable statistics (see Table IV.1). For
the period 1986-1998 ,composites of OLRA are generated for each WWE type, and for each
initial NINO3 state; the composites go from event Day(-20) to Day(20). As in Chapter ITI
and VHOO, I also generated NON-WWE composites, by bootstrap sampling all those dates
which are more than 10 days from a given WWE-type center day. Each WWE composite is
compared to the corresponding NON-WWE composite, to determine the composite OLRA
or UA deviation (OLRD, UD) from the expected mean. Statistical significance, against a
mean of zero, is determined for all composited quantities using a bootstrap method.

A quantitative definition of MJO events was developed by MH98 using the first two

empirical orthogonal functions (EOFs) of 30-100 day bandpassed 850 HPa zonal wind. The

Table IV.1: Number of WWEs and MJOs identified in the period Jan. 1986- May 1998. The
number of events for each type are listed, along with the breakdown based on NINO3 SSTA
state 20 days before the WWE center day (or on Phase 4 for the MJOs). The final row lists
the percentage of total time in each NINO3 SSTA case.

WWE Type All Time Case Warm Case Regular Case Cool
(NIN03>0.75°C)  (NIN03|s0.75°C) (NINO3 < -0.75°C)

NW 72 24% 68% 8%
N 37 2% 62% 54%
NE 4 39% 50% 9%
w 41 27% 73%

C 72 42% 58%

E 51 62% 37%

S 51 35% 55% 10%
SE 61 44% 48% 8%
MJO 70 29% 63% 8.6%
Percentage of Time 28% 61% 11%

in each NINO3 State
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global MJO definition and index derived by MH98, using the first two empirical orthogonal
functions (EOFs) of the intraseasonal filtered 850-mb zonal wind from the NCEP/NCAR
reanalysis wind product (Kalnay et al. 1996). The first EOF (which explains 32% of the
variance) has a maximum over the central Indian Ocean; the second EOF (which explains
23% of the variance) has a maximum over the Maritime Continent and the western Pacific
Ocean. Their principal component timeseries (PCs) are in quadrature,and together they de-
scribe and eastward propagating oscillation of 850-mb zonal winds. The MH98 MJO index
is generated by adding the first PC with the backward time-shifted second PC; the index has
maximum (minimum) values when Indian Ocean 850-mb westerlies (easterlies) are
followined by western Pacific westerlies (easterlies). MJO events are defined by identify-
ing times when the local maximum in the index exceeds one standard deviation and is
surrounded by local minima with negative index values. The maximum is labeled Phase 5
and the leading (trailing) minimum is labeled Phase 1 (9); Phases 3 and 7 are at the inter-
vening zero crossings of the index, and the “even” Phases (2,4,6,8) are at the midpoints
between the surrounding “odd” Phases. Using the different dates identified for each Phase,
composites for various quantities can be generated by averaging (as in MH98). The average
length of each Phase is close to five days. See Table IV.1 for a breakdown of the number of
MJO events identified. Notice that the distribution of MJO events within the three NINO3
SSTA states is not significantly different from a uniform distribution (even at the 85% con-
fidence level).

Defining as an index of MJO-activity the 240-day running count of MJO events, a
timeseries of MJO-activity can be generated using the MH98 MJO index (henceforth MH-
MIQI) from January 1979 through March 1998. The MJO-activity index is plotted along
with the NINO3 SSTA index in Figure IV.2 (Note that the results are unaffected if the MJO-
activity index is computed using anything from the 380 day to 150 day running count).

There is a lack of connection between the two indices, which is evident in the correlation
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Figure IV.2: Upper panel shows the time-series of MJO events and of NINO3 SSTA for the
period Jan. 1982-Mar. 1998. Lower panel shows the time-series of MJO activity and of
NINO3 SSTA for the same period. MJO activity is defined as the 240-day running count of
MJO events. Notice the lack of connection between the MJO-activity index and NINO3
SSTA.

coefficient of -0.16 at zero lag, which is not significant even at the 85% confidence level.

Figure IV.3 shows the 1982-1998 lagged correlation between NINO3 SSTA and the MJO
Activity Index, with the dashed lines indicating the 90% confidence interval (assuming 24
degrees of freedom and computed as in Appendix A), notice how the only statistically sig-
nificant correlation (and marginally so) between the quantities is approximately -0.4 at -18
months lag, with increased NINO3 SSTA leading reduced MJO activity.

Examining only extreme periods of MJO activity in Figure IV.2, three of the pri-
mary maxima of the activity index occur during cold or normal years (cold 1985 and 1988,
near-normal 1990), one during a mildly warm year (1994), and one maximum occurs in
early 1997 (coincident with the development of the 1997-8 El Niflo); the largest minimum
occurs during the warm event of 1982. These results are consistent with recent analyses of
other MJO indices, which found no significant relationship between increased MJO activ-
ity and common EI Niflo indices (Slingo et al. 1999, Hendon et al. 2000, Harrison and
Vecchi 2000). This should be contrasted with the significant correlations between Troup-
SOI and certain WWEs (see HV97 and Chapter II), and with the NINO3 SSTA warming
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Figure IV.3: Lagged correlation between MJO activity index and NIF!OS SSTA index. Lag
is in months, with positive lag indicating the MJO activity leads NINO3 SSTA). Dasshed
lines indicate the 90% confidence interval on the correlation.

which tends to follow equatorial WWEs (see VHOO and Chapter III).

Using the MH-MJOI from January 1986 through May 1998 I generated composites
of the MJO related atmospheric convection and surface wind fields, for each MJO phase
and for both initially WARM and REGULAR conditions. These composites represent the
average surface expression of the MJO, and are compared to the WWE OLRA and UA
composites (see Section 3). I also explore statistical relationships between the various WWE
types and MJO events as defined by the MH-MJOI (see Section IV.5).

Tropical cyclone best track data was used to compare tropical cyclone activity to
WWE activity, over the period 1986-1998. Eastern tropical Pacific northern hemisphere
data was compiled by Dr. Christopher Landsea at Colorado State University (available on-
line at: htp://weather.unisys.com/hurricane/). Southemn hemisphere and western Pacific
northern hemisphere cyclone best track data was compiled by the U.S. NAVPACMETOC
Center and the Joint Typhoon Waming Center, and can be found on the web at: hup://
www.npmoc.navy.mil/products/jtwc/best_tracks/. These hurricane data are used to examine
relationships between WWEs and Pacific Ocean tropical cyclones over the period 1986-
1998. Intensity groupings of the cyclones was done based on the Saffir-Simpson Scale. The
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(a) Northwest Pacific cyclone tracks (1987)

(b) Southwest Pacific cyclone tracks (1987)

Figure 1V.4: Tropical cyclone tracks in the western Pacific in 1987. (a) Tracks for north-
west Pacific cyclones, (b) for south-west Pacific cyclones. Data from the Global Tropical
and Extra-Tropical Cyclone Adas (GTECCA 1998).

classifications used here are: a Tropical Cyclone is any tropical cyclone catalogued in the

atlases regardless of intensity, a Hurricane is a tropical storm whose maximum hourly aver-

aged surface winds exceed 74 knots at any point, and a Category 2 Hurricane is a Hurricane

whose maximum hourly averaged surface winds exceed 96 knots. Tropical cyclone tracks

from the Global Tropical and Extratropical Cyclone Atlas (GTECCA 1998) in 1987 are

plotted in Figure IV.4. Notice how northern hemisphere western Pacific cyclones tend to

translate west-north-westward, while southern hemisphere cyclones tend to translate south-

eastward.
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WWE Type Northern Hemisphere Cyclones Soutbern Hemisphere Cyclones
NwW 130°E-155°E; 12°N-25°N

N 150°E-180°E; 12°N-25°N

NE 170°W-140°W; 20°N-30°N

w 135°E-160°E; 0°-15°N 145°E-160°E; 15°S-0°

C 150°E-175°E; 0°-15°N 1S0°E-175°W; 15°S-0°

E 180°-150°W; 0°-15°N 180°-150°W; 15°S-0°

S ISOPE-170°W; 20°S-10°S

SE 170°E-140°W; 25°S-12°S

Table IV.2: List of regions used to compare tropical cyclone activity to WWE activity.
These are referred to as “regions of interest” in the text. They are the places where one
might expect a relationship to exist between WWEs and tropical cyclones.

To explore the relationship between cyclones and WWEs methodically, cyclone
regions of interest for each WWE are defined. These regions of interest are where cyclone
activity might be expected to be related to WWE activity, based on the surface wind analy-
sis, the OLR composites and the structure of tropical cyclones (which have westerly circu-
lation equatorward of the eye). The regions of interest for each WWE type are listed in
Table IV.2. For off-equatorial WWE types, only cyclones in the corresponding hemisphere
are examined, for equatorial WWEs, cyclones on either side of the equator are examined.

In order to be able to discuss the various degrees of statistical association that WWEs
have to cyclones and to the MJO, the term “characteristic” will be used to denote a particu-
lar statistical relationship. A property X is defined to be characteristic of a phenomenon Y if
the conditional probability of X being true given Y has occurred is much greater than the
conditional probability of X being false given ¥ has occurred (X is defined as a characteris-
tic of Yif P(X|Y) >> P(~X|Y)). Since I will be dealing with simple systems where X and ¥
are exclusively true or false, P(~X|Y) = 1-P(X]Y). The definition of characteristic can be
simplified to having P(X|Y)> 1, where ¢ is some threshold. For the remainder of this discus-
sion, ¢ is chosen to be 85%. Note that characteristic as defined here is independent of statis-
tical significance, rather it refers to whether a particular feature is likely to be found associ-
ated with a phenomenon. A feature might be significant and not characteristic, or vice-

versa.



IV.3. OLR Composite results.

This section summarizes the results of compositing OLRA and UA for the MJO and
for each WWE type. Tropical Pacific atmospheric convection and surface wind have large
interannual variability associated with ENSO, which should be removed to observe only
the WWE or MJO related convective and wind signals. When examining the composite
OLR variability associated with each WWE type or the MJO separately for WARM and
REGULAR cases we will focus of the OLRA and UA departure from the expected mean in
the absence of the particular WWE type or MJO Phase (the quantity defined as OLRD and
UD in Section 2).

a. MJO Composites:

First I examine the evolution of the MJO related OLRA and UA fields for all MJO
events, regardless of NINO3 SSTA. The UA results are analogous to the WWE wind anomaly
composites described in Chapter [l and HV97. Figure IV.5 shows the 99% significant OLRA
and UA all time MJO composite; shaded are values of OLRA significant at the 99% level,
vectors indicate UA when either vector component is significant at the 99% confidence
level (significance determined using a bootstrap method). The expected anomalies when all
time is considered, are close to zero, so OLRD and UD are very similar to OLRA and UA in
the all event composite (Figure IV.5). Each Phase of the MJO is as defined in Maloney and
Hartmann (1998); the average duration of a Phase is five days.

Phase 1 of the MJO is associated with reduced convection north and south of the
equator over the eastern Indian Ocean; there are easterly anomalies west of the convection
anomalies. There is also enhanced convection north of the Equator over Central America
and northern South America, with weak westerly anomalies generally in the Pacific ITCZ
region. During Phase 2 there are no large-scale convection anomalies, but there are large
regions of easterly (westerly) in the off-equatorial tropical Indian Ocean (eastern tropical

north Pacific). In Phase 3, enhanced convection exists over the western equatorial Indian



“[PAI] 0UIPYUOD %,66 Y1 1
edyIudis st uduodwiod [euoIpUSL 1O [EUOZ I JHPID JI UMBIP B SI013IA (I[) ‘[FAI] DUPLIUOD &,66 M 18 edyuSis J1 popeys si (Y10 "uon
~39AUOD (PIONPAI) PIOURYU? NEIIPUI SIO(0D (WIEM) [00)) “SISEY OfIN UL 3Y) JO YIe3 J0§ (1) PUE TU'TO OFIN 1S0dwiod 1Ay :g'A] amSBty

(zwi- ) Alewiouy Y10 ansodwo)

A[ewouy puip ansodwo)
Sy




98
ocean with easterly anomalies north of it and southeast of it. There are southeasterly anomalies

from the Pacific ITCZ across Central American into the southern Caribbean, with no asso-
ciated convective anomalies.

Phase 4 exhibits enhanced convection over a large part of the eastern Indian Ocean,
and easterly anomalies across much of the western Pacific and southeastern Indian Oceans.
During Phase 5 (the Phase with maximum central Indian Ocean 850 hPa westerlies - MH98)
the Indian Ocean enhanced convection has grown in size and intensity, but its center has not
moved much; now there are westerly anomalies west of and within the convection region,
and easterly anomalies broadly across the central and western tropical Pacific. Phase 6 has
the region of enhanced convection over the Maritime Continent, with westerly anomalies
covering much of the tropical Indian Ocean, and easterly anomalies covering much of the
eastern and central tropical Pacific. During Phase 7 there is a convective anomaly couplet,
with enhanced convection still over the Maritime Continent and reduced convection in the
central and eastern equatorial Indian Ocean. Westerly anomalies continue north and south
of the region of reduced convection and, weakly, into the region of enhanced convection.
Easterly anomalies exist broadly in the central tropical Pacific between 10°N and 10°S.
Only during Phases 8 and 9 are the dominant Pacific wind anomalies westerly. In Phases 8
and 9, there is weakly enhanced convection over the central Pacific, and strongly reduced
convection over the central and eastern Indian Ocean. There are westerly anomalies gener-
ally over the western Pacific between 15°N and 15°S and the flow is generally divergent at
the surface, with a northerly (southerly) component north (south) of the equator and with
only a small area of equatorial westerly anomalies.

The periods of enhanced convection over the western Pacific are Phases 6 through
8, and there are corresponding periods of reduced convection in Phases 2 through 4. This
OLRA field is qualitatively consistent with the MJO OLRA evolution described in the lit-
erature (Rui and Wang 1991, Madden and Julian 1994). The convective anomalies propa-
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gate at an average speed of 5-10 ms’ (depending on whether the Phase length is between §
and 10 days).

A feature to notice, and contrast with the OLR evolution and recent models of the
MIJO surface wind field, is the asymmetry of the surface zonal wind circulation over the
tropical Pacific. A prominent surface wind feature are the easterlies across most of the
western and central Pacific during MJO Phases 4 through 7. There is no corresponding
Phase of strong westerlies across the basin, rather the westerlies tend to be confined to an
area west of the dateline. The amplitude of the wind anomalies over the central equatorial
Pacific is roughly half that over the western Pacific, but the easterly anomalies tend to
occur in a region of strong easterly trade winds, while the westerlies occur over a region of
weak climatological winds (see Figure II.3). Since wind stress is proportional to the square
of the wind speed, the momentum flux due to the central/eastern Pacific anomalies could be
comparable to that associated with the western Pacific anomalies. Notice also how the larg-
est amplitude wind anomalies tend to be far off equator (>5°), beyond the oceanic equato-
rial waveguide.

Since the interactions which couple the tropospheric MJO circulation with the at-
mospheric boundary layer circulation are generally a function of the background atmo-
spheric circulation and of SST, I now examine the MJO related surface circulation for peri-
ods of near normal NINO3 SSTA separately from periods of warm NINO3 SSTA. As with
the compositing of SSTA following WWEs in Chapter III, one would ideally like to per-
form the compositing for different seasons as well as for different NINO3 SSTA states;
however, since there are only 13 years of wind data available, the analysis is performed
only for different NINO3 SSTA states. This analysis will examine the statistically signifi-
cant OLRA and UA deviations from the expected anomalies (defined as OLRD and UD in
Section 2), for MJO phases when NINO3 SSTA is in the REGULAR state (Figure IV.6) and
in the WARM state (Figure IV.7). The deviations shown in Figure IV.6 are masked at the
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99% confidence level; the deviations shown in Figure IV.7 are masked at the 95% confi-

dence level because of the small number of realizations.

Figure IV.6 shows the evolution of the 99% significant OLRD and UD fields for the
case REGULAR MIJO composite. Notice how the fields are qualitatively similar to the
OLRA and UA fields for the all MJO composite (Figure IV.5). The wind asymmetry in the
tropical Pacific is still evident in this composite. Notice how the period of westerlies in the
Pacific is MJO phases 6 through 9. The character of the wind and convective deviations in
the Case REGULAR composite is essentially that of the convective and surface wind anoma-
lies in the all-event composite.

Figure IV.7 shows the evolution of the OLRD and UD fields for the case WARM
MJO composite. The evolution in Figure IV.7 is qualitatively similar to that in Figures IV.S
and IV.4, but the amplitude of the Indian ocean convection is smaller and the peak occurs in
Phase 4 rather than Phase 5. Here, again, the MJO phases with westerlies in Pacific are
Phases 7 through 9. The main difference between the WARM and REGULAR MIJO com-
posite is the more persistent westerlies which extend east past the Dateline. This eastward
expansion and persistence of the westerlies is likely due to the eastward migration of the
western Pacific warm pool east of the Dateline during El Nifio events.

b. WWE Composites:

Figure IV-8 shows the OLRA and UA fields from the ALL/NON-EVENT compos-
ites, for both case REGULAR and WARM. The NON-EVENT composites for each of the
individual WWE types do not differ in any appreciable way from the ALL/NON-EVENT
composite. Notice that when the NINO3 SSTA index is near normal and there are no WWEs
(Fig. IV.8.a) the main anomalies are enhancements of the climatological state, with en-
hanced convection over the Maritime Continent, reduced convection east of the dateline
and enhanced easterlies along the equatorial Pacific and westerlies over the Indian Ocean.

These patterns are due to the fact that there were more warm ENSO (El Nifio) events in the
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Figure IV.8: 99% significant OLRA and UA in the absence of any WWEs (a) when N INO3
SSTA is near normal (Case REGULAR), (b) when NINO3 SSTA is warmer than noemal
(Case WARM).

period 1984-1996 than cold ENSO (La Niila) events, so the climatology is slightly biased
towards the warm state of ENSO (When computing OLRD and UD the bias is removed).
When NINO3 SSTA is warmer than normal (Fig. IV.8.b), the convective patterns generally
associated with ENSO are evident, as are the surface wind anomaly patterns. The enhanced
convection east of the dateline is associated with the eastward migration of the warm pool

during ENSO, and the weak equatorial westerlies and meridional inflow to the equator have
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been described in previous analyses of the average evolution of ENSO (Rasmusson and
Carpenter 1982, Harrison and Larkin 1998). There is also reduced convection over the
Amazon basin and the northwestern tropical Pacific when NINO3 SST is warmer than
normal.

Let us now turn our discussion to the composite OLRD and UD evolution associ-
ated with the 8 WWE types. Generally, there is reduced OLRA (indicative of enhanced
atmospheric convection) in or near the main WWE surface wind anomalies near the WWE
center day; there is also enhanced OLRA (indicative of reduced atmospheric convection)
over the eastern Indian Ocean and Maritime Continent for many WWE types. The three
north-westernmost WWE types (NW, N and W) have propagating convective structures
suggestive of a WWE/tropical cyclone connection. The two southern hemisphere (Types S
and SE) WWEs have eastward propagating convective structures. The equatorial WWE
Type whose main westerly anomalies are just west (Type C) and east (Type E) of the date-
line are associated with enhanced convection over the main surface westerlies, with no
distinct propagation. The surface wind fields are similar to those described in HV97 and
Chapter II.

i) Tyre NW (FiGure IV.9):

The evolution of the OLRD and UD fields in both the WARM and REGULAR case
composites is similar. The surface wind evolution in both cases is as described in HV97 and
Chapter II, with a cyclonic structure developing and moving towards the northwest. Prior to
the formation of the cyclonic structure there are weak westerlies in the classifying region
and weakly enhanced equatorial convection. The OLR deviations grow in amplitude and
move towards the northwest as the surface winds develop a cyclonic structure and begin to
move with the convective anomalies. By Day (6) the convective and surface wind devia-
tions have disappeared. In both cases (REGULAR and WARM) there is some reduced con-
vection in the eastern Indian Ocean near Day (-3). In both cases there are weak equatorial
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westerlies on and following the center day near the dateline. The convective and surface
wind structures are suggestive of a link between tropical cyclone activity and the Type NW
WWE.

it) Type N (FiGure IV.10):

The case REGULAR and WARM composite OLRD and UD fields for the Type N
WWE have some qualitative differences, although many general features are the same. The
surface wind variability in and near the classifying region is similar in both cases. Both
composites have enhanced convection poleward of the main surface westerlies. The case
REGULAR composite OLRD does not develop the tight structure seen in the case WARM
composite. The case REGULAR composite surface wind deviation has weak equatorial
westerlies following the WWE center day, which are not present in the case WARM com-
posite. The case REGULAR composite has weak reduced convection over the Maritime
Continent through the lifetime of the WWE. The composite OLRD and UD fields are sug-
gestive of a link between Type N WWEs and tropical cyclone activity when the eastern
Pacific is warmer than normal.

ii1) Tyre NE (FiGure IV.11):

The convective and wind variability is qualitatively similar in the case REGULAR
and WARM Type NE composite WWE. In both cases the main convective structure is a
localized region of enhancement, centered near the Hawaiian islands. This convection is
evident through the center day, and quickly disappears after it. The wind deviations have a
cyclonic structure to them, but the climatological trade winds over the northeast tropical
Pacific are so strong that the wind deviations (and anomalies) actually represent near zero
winds. The Type NE composite winds are best described as a break in the trade winds.

iv) Tyre W (FiGURE IV.12):

The case REGULAR and WARM composites for the Type W WWE are different in
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many respects, but both composites are indicative of a relationship between Type W WWEs
and tropical cyclone activity. The differences between the two composites might be due to
the small number of Type W WWEs occurring during when the eastern Pacific SST is
warmer than normal; or it might be due to an actual difference in the evolution of the con-
vection and surface wind fields in either case.

In the case REGULAR composite (Fig IV.12.a-.f) there is weak enhanced convec-
tion on Day (-9) along with weak equatorial westerlies. The convection and westerlies in-
tensify as the winds develop a cyclonic structure. North of the Equator the cyclonic struc-
ture and enhanced convection concentrate and move towards the northwest (note that there
is also a concentration of the southern hemisphere convection to the southeast of the classi-
fying region on before the center day). Near the center day there is a reduction of the con-
vection over the Maritime Continent, which continues through Day (6).

The case WARM composite (Fig. IV.12.g-.1) displays more localized regions of sig-
nificance. On Day(-9) and Day(-6) there is some weak enhanced convection west of the
classifying region, with no significant equatorial westerlies. By Day(-3) a strong, tight
convectively enhanced feature off the northeastern comer of the classifying region has formed,
along with cyclonic winds surrounding it. There is also some weak convection to the south-
east of the classifying region. The northern hemisphere cyclonic circulation / convectively
enhanced feature propagates to the northwest and dissipates after Day (3). There is an indi-
cation of reduced convection over northern Australia following the center day.

v) Tyee C (FiGURre IV.13):

The case REGULAR and case WARM UD and OLRD composites for the Type C
WWE are similar to each other within the WWE classifying region, but there are some
striking differences over the Indian Ocean and in the far eastern Pacific off the equator. In
the classifying region, the composite for both cases has enhanced convection developing

with the equatorial westerlies up to the center day; and disappearing after the center day.
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Figure IV.11: Composite evolution of the Type NE OLRD and UD fields for (left column)
Case REGULAR, (right column) Case WARM. Composite goes from Day (-9) though Day
(6) by 3 day intervals. Shaded is OLRD, with cool (warm) colors indicating enhanced (re-
duced) convection, masked at the 99% confidence level. Wind deviation vectors are plotted
if either the zonal or meridional component is significant at the 99% confidence level.
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The case WARM composite has only scattered wind and OLR deviation patterns far from
the classifying region, the main feature is reduced convection over the Maritime Continent
beginning near the center day.

Apart from the main WWE anomalies, the case REGULAR composite has reduced
convection over the central Indian Ocean beginning on Day (-9) (see Fig. IV.13.a), which
appears to propagate east until it reaches the Maritime Continent on Day (-3) (see Fig.
IV.11.c), where it remains through Day (9) (not shown). Also evident in the Type C compos-
ite is some reduced OLRA over the southeastern Pacific Ocean, centered near 20°S; this
feature might not be representative of variability in atmospheric convection since this area
is generally covered by marine stratus clouds (Klein and Hartmann 1993). Evident in the
case REGULAR UD composite are two branches of weak to moderate westerlies centered
near 20°S and 20°N, between 160°W and 120°W; these off-equatorial westerlies have no
counterpart in the WARM event composite.

vi) Tyre E (FIGURE IV.14):

The case REGULAR and WARM Type E composite OLRD and UD fields are simi-
lar in and near the classifying region, but there are differences away from the classifying
region. The differences between the case REGULAR and WARM OLRD appears to be a
matter of amplitude and extent, while the surface wind deviation fields away from the clas-
sifying region are qualitatively different.

In the WWE classifying region, significant equatorial westerlies appear by Day (-6)
in both cases (see Fig. IV.14.b and IV.14.h), and weakly enhanced convection appears fol-
lowing the westerlies. Reduced convection over the Maritime Continent appears at the same
time as the enhanced convection in the classifying region. The reduced convection is of
larger extent and amplitude in the case REGULAR composite than in the case WARM
composite. In the case REGULAR composite there are moderate westerlies in the northern
hemisphere east of the dateline, which appear to propagate eastward beginning on Day (-9)
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and they appear to meld into the equatorial westerlies by the center day.

vii) TYPe S (FiGURE IV.15):

The case REGULAR and WARM Type S convection and surface wind deviation
composites are similar to each other, both having large-scale deviations of both enhanced
and reduced convection. The enhanced convection in the case WARM composite extends
further into the eastern Pacific and has its peak amplitude later than the case REGULAR
composite. In both composites, the reduced convection occurs over the Maritime Continent
and peaks in the days following the center day. The surface wind and enhanced convection
deviations in both cases are similar, showing an eastward translation somewhere between 5
and 8 ms*'. This translation speed is larger than that discussed in Chapter II, who found a
translation between 3-4 ms™' for the Type S WWE. The Chapter II composite analysis did
not treat the case REGULAR and WARM composites separately. In the case REGULAR
composite, the enhanced convection is evident on Day (-9) in the equatorial western Pa-
cific, and reaches the dateline by the center day, with the enhancement concentrated south
of the equator. In the case WARM composite, the enhanced convection is evident as early as
Day (-6), increasing in amplitude and extent through Day (3) by when it extends far past the
dateline in the southern hemisphere.

viii) Type SE (FiGure IV.16):

The case REGULAR and WARM Type SE composites are similar to each other. The
main difference between the two is that the case REGULAR Type SE composite has wind
deviations throughout the basin, while the case WARM composite has sparser areas of
significance. The main convective patterns in both composites are enhanced convection
near the main surface wind deviations in the classifying region, and a region of reduced
convection extending to the southeast from the Maritime Continent to the dateline near
30°s.

The surface wind deviations in the case REGULAR composite are evident in the
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northern hemisphere western Pacific (near the Type NW classifying region) by Day (-9).
The surface westerlies appear in the Type SE classifying region following Day (-6); devel-
oping a cyclonic circulation structure near the center day. There are equatorial westerlies in
the case REGULAR composite. It appears that both the co-occurrence between the Type
NW and SE events and the composite equatorial westerlies associated with the Type SE
WWE mentioned in HV97 and Chapter II, result from the evolution of the Type SE events
when NINO3 SST is near normal.

The surface wind deviations in the case WARM composite appear west of the Type
SE classifying region by Day (-9) and intensify. By the center day the winds have devel-
oped a cyclonic circulation structure. By Day (6) the only large-scale deviations remaining
are reduced convection north of New Guinea and to the south of the classifying region.

iX) SUMMARY:

The convective variability associated with each WWE type is complex, and not
generally suggestive of a tight association between the WWE types and particular atmo-
spheric circulation phenomena (ie. the MJO, tropical cyclones, convective superclusters,
etc.). The composites of the Type NW and W WWEs are suggestive of an association be-
tween these WWE types and tropical cyclone activity. The eastward propagation seen in the
Type S and SE composites, is consistent of a relationship between these event types and
both the MJO and tropical cyclone activity (since tropical cyclones in that part of the world
generally translate southeastward at ~3-5 ms"). The propagation speed of these southern
hemisphere WWE:s is consistent with both the typical translation of southern hemisphere
tropical cyclones and with the phase speed MJO convective variability (although not with
the phase speed of MJO tropospheric wind variability).

The connection between convection in general and surface westerlies is clear from
these composites; yet further analysis is necessary to understand the relationship between

WWESs and circulation structures such as the MJO or cyclones. The fact that individual
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WWE:s have been observed with a variety of atmospheric circulation phenomena (mid-
latitude cold surges, paired tropical cyclones, individual tropical cyclones, the convectively
active phase of the MJO, convective superclusters, etc.) is consistent with the fact that no
single circulation phenomenon appears clearly in the WWE composites. A general relation-
ship between WWEs and any single mode of atmospheric variability cannot be developed
from these results. In the next section I examine the “inter-WWE" spacing to explore rela-
tionships between WWEs, and between WWEs and the MJO. In sections 5 and 6, I exam-
ine relationships between WWEs and these two particular circulation structures: the MJO

(in Sections 5) and tropical cyclones (in Section 6).

IVA4. Inter-WWE Spacing:

Exploring the inter-WWE spacing gives an opportunity to understand the “random-
ness” of WWE occurrence and to explore suggestions of a tight coupling between WWEs
and 40-80 day variability. The distribution of inter-WWE spacing can be tested for signifi-
cant difference from an exponential distribution. If there are no significant departures, WWEs
can be thought of as Poisson distributed random phenomena. If there are significant depar-
tures, the location of the departures can include hints as to the preferred timescale WWEs.

One of the fundamental features of the MJO, in fact the feature leading to its identi-
fication, is its strong spectral peak between 40 and 80 days. A phenomenon strongly associ-
ated with the MJO might be expected to have a spectral peak in the 40-80 day range. The
duration of WWE:s (typically 3-20 days, see Chapter I and HV97) is not consistent with the
timescales of the MJO; yet it is possible that the MJO drives episodic variability with WWE
timescales, with a typical spacing on the order of the MJO period. In this section, the spac-
ing between successive WWE:s of each type is examined to determine whether a suggestion
for a relationship between the MJO and WWEs is evidenced in the inter-WWE spacing.

Figure IV.17 shows histograms for the spacing between successive WWEs of each
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type for the period 1986-1998. The large bin size is 40 days, and the narrower bins are 10

days wide. Indicated on each 40 day bin is the 95% significant range expected from an
exponential distribution with scale parameter fit to each WWE type. An exponential distri-
bution has a probability density function given by:

And the maximum likelihood estimator for the exponential factor is the population average
(Rice 1995, Zwillinger 1996). For each WWE type the exponential factor is approximated
as the average days between WWEs, and a Montecarlo method is used to compute statisti-
cal significance (Rice 1995). The 95% confidence interval for the estimated exponential

distribution is indicated by the vertical lines at the center of each bin. When the distribution

Ae ™ x20

f(x)z{ 0 x<0

is outside the 95% confidence interval in any bin, the distribution is significantly different
from an exponential with the calculated factor at the 95% confidence interval.

All the WWEs have a peak in inter-event spacing in the <40 day range, roughly
consistent with an exponential distribution. However, three WWE types (N, C and E) have
significantly more WWEs occurring within 40 days of each other than expected from ran-
dom. This spacing is consistent with the spectral character of the zonal wind near the date-
line which has its largest sub-seasonal peak in the 6-30 day range (Luther et al. 1982, Harrison
and Luther 1990). None of the event types deviate by having too many (or few) events in
the 40-80 day bin.

Limiting the analysis to strong WWESs, the distribution of inter-event spacing is
different for some event types. The inter-WWE spacing histograms for the events with
zonal wind anomaly averaged over the classifying region exceeding 4 ms* is shown in
Figure IV.18, with bins of 10 and 40 days width. It is clear from Figure IV.18, that the
strongest southern hemisphere WWESs tended to be 40-80 days apart from each other. For
the Type C and E strong WWE:s, the strong event spacing is significantly different (at the
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Figure IV.17: Histograms of the spacing between successive WWEs for each of the eight
WWE types. Narrow bins are 10 days wide, wide bins are 40 days wide. Notice how no
WWE type has a peak inter WWE spacing in the “intra-seasonal” 40-80 days band. Vertical
lines indicate the 95% confidence interval for the distribution.

95% confidence level) from an exponential distribution. All other strong WWE types are
indistinguishable from Poisson random phenomena.

The histograms shown in Figure IV.17 do not suggest a general relationship be-
tween WWEs and 40-80 day forcing. There are secondary peaks in that range for some
WWE types, but the main inter-event spacing peak is <40 days for all WWE types. The
event spacing is for the Type C and E events is consistent with the spectral character of
tropical Pacific zonal winds, which have about twice as much energy in the 6-30 day band
as in the 30-90 day band (Harrison and Luther 1990). When only strong events are consid-
ered (Figure V.18), southern hemisphere WWEs (Types S and SE) have a prominent peak in
the 40-80 day period. This spacing, along with the OLR and surface wind composites, is
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suggestive that the strongest southern hemisphere WWEs on record might be related to the
MIO. In the next section, I use the MH98-MJOI to explore relationships between WWEs
(as identified here) and the MJO (as defined by the MH98-MJOI).

IV.5. WWE/MJO co-occurrence.

In the previous section the inter-event spacing was explored to look for a suggestion
of a systematic WWE/MJO relationship. In this section the search for WWE/MJO relation-
ships is carried out using the MH98 MJO Index (MH-MJOI) and the WWE center day list.
The MH-MJOl is an index derived independently from the WWE definitions, which uniquely
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defines MJO events. These events are divided into 9 Phases, of which Phases 6-9 are the
ones with enhanced western and central Pacific convection and surface westerlies (see
Maloney and Hartmann 1998, Section 3). According to the MH-MJOI there were 70 MJO
events in the period Jan 1986 through May 1998. If we use the NINO3 SSTA at the begin-
ning of Phase 4 to separate the MJOs, we find that 20 (29%) occurred in case WARM, 44
(63%) occurred in case REGULAR and 6 (9%) occurred in case COOL; this distribution is
not significantly different than a uniform distribution even at an 85% confidence level (see
Table IV.1).

In this section, I first examine the distribution of WWE:s relative to the Phases of the
MIO, and perform two distinct tests of the distribution of WWEs into the MJO Phases. The
first test examines whether the number of WWEs occurring when no MJO is present is
significantly different from a binomial distribution, with probability given by (1-p(MJO)).
This first test will determine whether a WWE is likelier to occur when an MJO is present
than when it is not. The second test is whether, for the WWEs occurring inside the MJO, 1
am able to identify a sequence of Phases within which occur a preferential number of WWEs.
If I am able to identify these Phases, they will then be referred to as the “WWE-rich”
Phases of the MJO. Two combinations of the results occur in these data, and I interpret them
as:

- MJO modulation of WWE occurrence: If a given WWE type has a distribution
such that the number of WWEs occurring with the MJO is indistinguishable from random,
but the events occurring within the MJO exhibit a preference for particular Phases of the
MJO; then the MJO can be thought of as modulating the occurrence of WWEs. That is,
WWE:s are as likely to occur with an MJO as without, but if they happen with an MJO they
tend to happen within certain Phases.

- MJO driving of WWE occurrence: If a given WWE type has a distribution that
shows both a preference for the MJO and for particular Phases of the MJO, the distribution
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is consistent with the WWEs occurring during the WWE-rich Phases of the MJO being
driven by the MJO. This statistical relationship does not imply causality, but it is consistent
with it.

Histograms of the MJO Phase at the beginning of the WWE for each WWE type are
shown in Figure IV.19 (IV.19.a-.f, .h and .i), along with the distribution of the MJO phases
over all time (IV.19.g). Notice, in Fig. IV.19.g, that about 34% of the time there are no
MIJOs present and the rest of the time is split pretty evenly among each MJO Phase; Phases
1 and 9 have less time in each of them because some MJOs occur in succession. Identifica-
tion of the MJO Phases with an increased number of WWEs in them presents a problem in
the easternmost regions, since the expected Phases roll over past Phase 9. For the eastern-
most WWE Types (NE, E and SE), histograms of the MJO Phase 5 days prior to the WWE
beginning are shown in Figure IV.19 (shifting by 5 days was chosen because the average
length of a Phase was 5 days; note that varying the shift between 5 and 10 days does not
alter the principal results). Bars in the non-MJO bin of each WWE type indicate the limits
of the 95% confidence interval for a binomial distribution with p = 0.66.

None of the WWE types has a statistically significant preference for MJO periods at
the 95% confidence level. For the type W WWE, there is significant preference at the 90%
level. For none of the other event types is the distribution distinguishable from a binomial
even at the 85% confidence level.

The distribution for the various WWEs shows a peak in frequency of occurrence for
most WWE types between Phases 6 through 9. This peak tends to move later in the MJO
from the westernmost to the easternmost regions (notice the peak for Type W is Phases 6-8,
and for Type C it 7-9), this is consistent with the MJO’s eastward propagation of 40° longi-
tude per Phase. (360° longitude / 9 Phases). By examining the distribution of MJO Phases
for each WWE and performing bootstrap significance analysis on the co-occurrence statis-
tics, a statistically significant “WWE-rich” Phases of the MJO can be defined for each
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WWE type, where the number of WWEs occurring in the Phases is significantly different

from a uniform distribution.

In Table I'V.3 are listed, for each WWE type: the WWE-rich Phases of the MJO, and
for all time and for each NINO3 SSTA state, the percentage of WWEs in the WWE-rich
phases of the MJO. Highlighted by bolding are the statistics for which at least 50% of the
WWE:s occur in the WWE-rich phases of the MJO. For all time, only the Type W WWE has
more than half its events occurring during the WWE-rich phases of the MJO, for the rest of
the WWE types the values are between 36% and 45%. For none of the WWE Types is the

percentage of WWEs occurring in any NINO3 SSTA state significantly different from the

Figure IV.19: Distribution of the MJO Phase in which a WWE begins, for each of the eight
WWE types. Phases | through 9 refer to the Maloney and Hartman (1998) MJO definition,
Phase 0 indicates that the WWE began when no MJO was identified. Bottom left panel
shows the all time distribution of MJO phases. Notice how there are “WWE-rich” phases
for most WWESs, coincident with the westerly phase of the MJO over the tropical Pacific.
Stars indicate the lower limit of the 95% confidence interval of a binomial distribution for
the non-MJO periods.
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all-event case at the 95% confidence level.

Table I'V.4 lists for each WWE type and for each NINO3 SSTA case: the percentage
of MJOs which had a WWE occurring during the corresponding WWE-rich Phase. Also
listed are the collective statistics for the northern hemisphere WWEs, equatorial WWEs,
southern hemisphere WWEs, all WWEs, and for Type W and C WWEs (these particular
WWE:s are those most strongly associated with the onset and maintenance of warm El Nifio
SST anomaly changes; see VHOO and Chapter III). Percentages higher than 50% are high-
lighted by bolding.

The number of MJOs with any particular WWE occurring in the corresponding
WWE-rich Phases is larger than what would be expected from random, yet over all time
there is no individual WWE type which occurs in more than 50% of the MJO events. The
highest percentage is for the Type NW WWE, which occurs in 39% of all MJO events.
When WWEs are grouped together, the percentages increase, and when all WWEs are con-
sidered the percentage of MJOs with a WWE is close to 75%. It is common for MJO events
to have a WWE during the corresponding WWE-rich Phases of the MJO, however it is not

characteristic (as defined in Section IV.2) of the MJO.

Table IV.3: Percentage of westerly wind events beginning during the WWE-rich phases of
the MJO, for the period Jan 1986 - May 1998. The statistics are computed for all time, and
also separately for each NINO3 SSTA state (as defined in Section 2). The second column
lists the WWE-rich phases of the MJO which correspond to each WWE type:; for the east-
ernmost WWE types the 5 day shifted statistics are computed (see text for discussion).

WWE Type WWE-Rich Percentage of WWEs beginning during WWE-rich phases
MIJO Phases
All Time CaseWarm Case Regular Case Cool
(NIN03 >0.75°C) _(ININ03| £0.75°C) (NINO3 < -0.75°C)
NW 789 40% 35% 4% 29%
N 7,89 38% 33% 39% S0%
NE 1.8,9 (SHF) 36% 24% 0% 20%
w 6,78 51% 36% 57%
C 7.89 40% 1% 43%
E 1.8,9 (SHF) 41% 37% 48%
S 789 45% 4% 46%

40%
SE 189 (SHF) __ 41% 2% 40% 40%
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Examining the distribution of MJOs with WWE:s separately for each NINO3 SSTA

state, a case REGULAR MIJO is likelier to have a Type NW or N wind event than a case
WARM MJO (at the 95% confidence level). For none of the other event types is the distri-
bution within NINO3 SSTA states of WWE/MJO co-occurrence distinguishable from the
distribution of the WWEs within NINO3 SSTA states.

MIO events have a significant co-occurrence with WWEs, when all WWEs are
considered, 74% of MJO events have a WWE occurring during the WWE-rich phases.
When only those events most strongly associated with the onset and maintenance of ENSO
(Types W and C) are considered: between 47% and 60% of MJO events have WWEs of
those types, and between 37% and 57% of those WWEs occur during the WWE-rich phases
of the MJO.

Figure V.20 shows a scatter plot of the NINO3 SSTA changes following an MJO,

color coded by whether the MJO had an equatorial WWE during its “WWE-rich” phases.

Table IV.4: Percentage of MJO events with a westerly wind event beginning during the
WWE-rich phases of the MJO, for the period Jan 1986 - May 1998. The statistics are com-
puted for all time, and also separately based NINO3 SSTA state at the beginning of Phase 4
of the MJO. Percentages higher than 50% are hightlighted by bolding.

WWE Type Percentage of MJOs with 8 WWE beginning during the WWE-rich phases

All Time Case Warm Case Regular Case Cool
(NIN03>0.75°C)  (ININO3| £0.75°C) (NINO3 < -0.75°C)

NW 9% 25% 43% 50%
N 17% 15% 40%
NE 21% 15% 25% 17%
w 23% 20% 27%
C 37% 60% 2%
E 29% 55% 20%
S 3% 45% 30% 17%
SE 34% 0% 30% 17%
Northern
Hemisphere 54% 45% 57% 1%
TypeCor W 47% 60% 48%
Equatorial 54% 5% 2%
Southern
Hemisphere 4% 0% 40% 17%

Any Type 74% 0% 73% 7%
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Figure 1V.20: Scatter-plot of NINO3 SSTA Changes following MJO events. MJO events

with equatorial WWEs during their “WWE-rich” Phases are hightlighted by pink squares.

Note that the MJOs occurring with equatorial WWEs tend to be followed by warming,

while those without WWEs tend not to be.

The NINO3 SSTA changes following MJOs in the absence of equatorial WWEs are not
significantly different from the population as a whole. However, the SSTA changes follow-
ing MJO events with an equatorial WWE in them is for significant warming when NINO3
SSTA is close to normal and for warm SSTA maintenance when NINO3 SSTA is warmer
than normal. These expected changes are similar to those following equatorial WWEs. The
expected NINO3 SSTA changes following MJOs are related to the presence (or absence) of
equatorial WWEs.

I'now examine the NINO3 SSTA changes following the equatorial WWEs, to deter-
mine if there is a significant difference between the changes following MJO related WWEs
and other WWEs. One of the primary motivations for the study of WWEs has been their
potential impact on the evolution of the El Nifio cycle. In fact, in Chapter ITI and VHOO, I
show equatorial WWEs to be a fundamental mechanism in eastern Pacific SST warming
prior to, and of warm SST maintenance during, El Niiio. Figure IV.21 shows, for each
equatorial WWE, scatter plots of NINO3 SSTA 20 days before the WWE center day vs.
NINO3 SSTA change 60 days after the WWE center day (SSTA change is computed from
Day(-20) SSTA), highlighting those WWEs which occurred during the WWE-rich phases
of the MJO as stars. Vertical lines indicate the separation between the three NINO3 states
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Figure IV.21: NINO3 SSTA Change 60 Days after a WWE vs. NINO3 SSTA 20 Days prior
to the WWE for each of the three equatorial WWE Types. Data for those WWEs which
occurred in the “WWE-rich” phase of an MJO are highlighted as stars. Vertical lines indi-
cate the separation between the three NINO3 SSTA states (COLD, REGULAR and WARM).
Red horizontal line indicates the mean for the MJO-related WWEs, blue horizontal line
indicates the mean for the non-MJO-related WWEs. The means are not significantly differ-
ent from each other.

(COOL, REGULAR and WARM), the red line indicates the mean NINO3 SSTA change
within each state considering only those WWEs associated with the MJO, and the blue
horizontal line in each of the states indicates the mean NINO3 SSTA change within each
state considering only those WWEs not associated with the MJO.

Testing for significance using a Normal-z test at the 95% confidence level, I find
that there is no significant difference in the mean SSTA change whether the event happened
in association with the MJO or not, for any of the equatorial WWE types. When the eastern
equatorial Pacific SST is warmer than normal, the mean SSTA change following MJO re-
lated WWESs is nominally larger than that following non-MJO WWEs, yet the difference is
not significant (The difference in the Type W scatter plot appears large, but is not significant
due to the small number of realizations). When the eastern equatorial Pacific SST is close to
normal the mean SSTA change following non-MJO WWE:s is nominally larger than that
following MJO related WWESs, yet the difference is not significantly different from zero at
the 95% confidence level. As far as warming of SST and maintenance of warm SST in the

eastern Pacific during El Nifio, MJO related WWE:s are no different than non-MJO WWEs.
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IV.6. WWE/Tropical Cyclone co-occurrence.

In this section, relationships between tropical cyclone activity and WWEs are ex-
plored. The co-occurrence statistics between WWEs and tropical cyclones in the respective
regions of interest (as defined in Section 2 and Table IV.2) are summarized in Tables IV.5
and IV.6. Table IV.5 lists, for each WWE type, and for each NINO3 SSTA state: the percent-
age of WWE:s for which a tropical cyclone is in the region of interest during the lifetime of
the WWE, and the number of tropical cyclones in each region of interest. Table IV.6 lists,
for each WWE type, and for each NINO3 SSTA state, the percentage of those cyclones
which occurred during the lifetime of a WWE.

From the all event statistics in Table IV.5, one can see that this relationship between
tropical cyclones and WWEs is strongest for the westernmost WWE types (NW and W),
and weakest for the easternmost WWE types (NE, E and SE). Moreover, for the Type NE
WWE the co-occurrence with tropical cyclones is not statistically significant even at the
90% confidence level. The relationship is characteristic (as defined in Section 2) for
westernmost WWE types (NW and W); these statistics are consistent with the strong evi-
dence for such a relationship in the surface wind and OLR composites. A majority (>60%)
of the WWE:s of each of the three types which are just west of the dateline (N, C and S) have

Table 5: Percentage of WWESs with a tropical cyclone in their respective region ofl interest

during the lifetime of the WWE. The regions of interest are defined in Table 2. The statistics
are broken down by NINO3 SSTA state on Day(-20) of the WWE.

WWE Type Percentage of WWESs co-occurring with a Tropical Cyclone
All Time Case Warm Case Regular Case Cool
(NINO3 > 0.75°C) (ININO3|<0.75°C) (NINO3 < -0.75°C)
NW 86% 94% 88% 50%
N 62% 67% 65%
NE 5% 9%
w 90% 91% 90% N/A
C 61% 62% 61% N/A
E 26% 10% 5% N/A
S 60% 68% 50% 80%
SE 38% 53% 21% 40%
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a tropical cyclone occurring during the event lifetime. Even though the Type E and SE
WWE: s have a statistically significant relationship with tropical cyclones (at the 95% level),
neither of these types has more WWEs occurring with cyclones than without.

Examining each NINO3 SSTA state separately in Table IV.5 and testing at the 95%
confidence level, the percentage of WWEs associated with cyclones when NINO3 SST is
close to normal is not significantly different than that when NINO3 SST is warmer than
normal for the Type NW, N, W and C WWEs. For Types S and SE, there is a significantly
greater number of WWE:s associated with cyclones when NINO3 SST is warmer than nor-
mal than when it is close to normal. The WARM state enhanced relationship between cy-
clones and WWE:s is especially prominent for the Type SE WWE, where a majority of case
WARM events are associated with cyclones. For the Type E WWE more events occur when
NINO3 SST is close to normal than when it is warmer than normal; despite the fact that
most cyclones in the Type E region of interest occur when NINO3 SSTA is warmer than
normal. Again, due to the small number of realizations when the eastern Pacific is cooler
than normal, the statistics are not significant.

[ now examine the number of tropical cyclones which have a WWE related to them.
These statistics indicate that, while WWE:s are associated with cyclones, the converse is not
true. Table IV.6 shows that generally only 34-37% of tropical cyclones occur during a WWE
(Type W has 20% and Type S has 43%; the Type NE statistics are not significant at the 95%
level). These statistics are all significant at the 95% confidence level (except for Type NE),
but in no region do a majority of cyclones co-occur with WWEs. When only cyclones of
larger intensity are considered, the statistics for some WWE types become stronger: 54% of
Typhoons (out of 46) and 58% of Category 2 Typhoons (out of 26) in the Type C region of
interest occur during the lifetime of a Type C WWE, and 50% of Category 2 Hurricanes
(out of 12) in the Type SE region of interest occur during the lifetime of a Type SE WWE.

However, neither of these statistics gives an overwhelming percentage of cyclones (or ty-
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phoons/hurricanes) co-occurring with WWEs. When the different NINO3 states are exam-

ined separately one finds that most WWE types have a higher cyclones/WWE co-occur-
rence when the eastern Pacific is warmer than normal that when it is cooler than normal; the
exception being Type W event.

Occurring with a cyclone is a characteristic feature of the Type NW and W WWEs.
However, most cyclones in the Type NW and W regions of interest are not associated with
a WWE. Most west-of-dateline WWEs are associated with cyclone formation, and very few
east-of-dateline WWEs are associated with cyclone formation. The WWE-cyclone associa-
tion for west-of-dateline WWEs is stronger than the WWE-MJO association. For east-of-
dateline WWEs the WWE-MJO association is as strong or stronger than the WWE-cyclone

association.

IV.7. Summary and Discussion.

In this chapter I computed the surface wind and convective structures associated
with the MJO (Section IV.3.a) and WWEs (Section IV.3.b), described statistical relation-
ships which WWESs exhibit with the MJO and tropical cyclones, and examined the inter-
WWE spacing statistics for the period 1986-1998. WWEs are generally convective events

Table 6: Characteristics of the cyclones which occurr in the regions of interest of each
WWE type. Columns 2 through 5 list the percentage of tropical cyclones in each region of
interest which co-occurr with the respective WWE type.

WWE Type Percentage of Tropical Cyclones co-occurring with a WWE
All Time Case Warm Case Regular Case Cool
(NIN03>0.75°C)  (ININ03|$0.75°C) (NINO3 < -0.75°C)
NW 37% 47% 36% 13%
N 5% 58% 25%
NE 13% 17%
w 20% 20% 21% 15%
C 4% 51% 27%
E U% 53% 10%
S 43% 43% 2% 5%
SE 37% 57% 21% 25%
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which do not show much similarity to any individual convective mode of variability. The

northwestern-most WWE Types (NW, N and W) are associated with tight convective struc-
tures suggestive of a tropical cyclone. Southern hemisphere WWEs are associated with
eastward propagating convection near the main wind anomalies. Type C and E WWEs are
associated with enhanced convection near the main equatorial westerly anomlies. The MJO
is associated with equatorial surface wind anomalies across the entire tropical Pacific. WWEs
appear to be modulated by the MJO; west-of-dateline WWEs show a stronger association
with tropical cyclone activity than with the MJO.

I computed the convective and surface wind anomaly fields associated with the
MJO using a compositing technique based on the Maloney and Hartmann (1998, MH98)
MIO identification scheme (see Section IV.3.a). The convective structures identified by this
compositing technique very much resemble those previously described in the literature in
association with the MJO (e.g. Madden and Julian 1994, Rui and Wang 1994, Hendon and
Salby 1994): there is an eastward propagating couplet of reduced and enhanced convection
over the Indian Ocean and the western Pacific warm pool region. The convective structures
propagate eastward at an average speed of ~5 ms’ (based on the mean 5 day Phase length),
which is in agreement with previous estimates (Madden and Julian 1994, Rui and Wang
1994, Hendon and Salby 1994). The agreement of the tropospheric circulation patterns
described by MH98 and the convective structures described here, with the circulation and
convective structures described in previous work gives confidence that the surface wind
structures evaluated in the composite are representative of the MJO related surface wind
variability.

The surface wind anomaly fields in the MJO composite (Figures IV.3-.5) do not
much resemble recent idealizations of the MJO related surface wind variability over the
tropical Pacific (Kessler er al. 1995, Kessler and Kleeman 2000). Kessler et al. (1995) and
Kessler and Kleeman (2000) idealize the MJO surface expression based on the observed
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convective variability associated with the MJO, which tends to be confined to the warm
pool of the western Pacific Ocean. I find that near-equatorial Pacific surface wind anoma-
lies extend beyond the western Pacific warm pool into the central and eastern Pacific. The
amplitude of the eastern Pacific variability is smaller than that in the western Pacific, but
since the eastern/central equatorial Pacific is dominated by strong and persistent easterly
trade winds, the central/eastern Pacific momentum flux (surface stress) might not be negli-
gible. I explore the equatorial Pacific SSTA variability driven by the composite MJO in an
OGCM in Chapter V.

The relationship between most WWEs and the MJO appears to be that of the MJO
modulating the occurrence of the WWEs within an MJO. For each WWE Type there I am
able to define “WWE-rich” phases of the MJO, wherein the number of WWEs occurring is
statistically significant, for only one WWE type do the majority of events occur in the
“WWE-rich” Phases of the MJO (51% for the Type W WWE). However, one can also
define a set of “WWE-poor”’ Phases of the MJO within which the number of WWEs occur-
ring is significantly lower than expected, these Phases correspond to the convectively sup-
pressed Phases of the MJO. These relationships are not surprising, since WWEs are associ-
ated with atmospheric convection (Section 3, Meehl et al., 1995, Kiladis et al. 1994), the
reduction and enhancement of convection associated with the MJO should be expected to
modify WWE distribution. For most WWE Types the convective variability related to the
MIO redistributes the probability distribution of WWEs towards the convectively active
Phases and away from the convectively suppressed Phases.

There is a weakly significant idication (at the 90% level only) that relationship be-
tween Type W WWEs and the MJO is such that MJOs appear to enhance the occurrence of
WWEs. This relationship might be due to the enhanced tropical cyclone activity related to
the MJO (Licbmann et al. 1994), due to an enhancement of westerly wind variability re-

lated to the MJO directly, or is might be spurious. Note that the statistical significance of the
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relationship between the MJO and Type W WWEs is not robust due to the small number of

WWESs, having one more event occurring in the absence of the MJO would reduce the
confidence below the 90% level. As the datasets expand in the future, the nature of the
statistical relationship should be re-examined.

In examining the NINO3 SSTA changes following the MJO, I find that in the ab-
sence of equatorial WWE:s there is no significant warming (or warm SSTA maintenance)
following the MJO (see Figure IV.20). Following MJO events with equatorial WWEs, there
is a tendency for NINO3 SSTA warming (or warm SSTA maintenance) of a similar charac-
ter to that following equatorial WWE:s (see Figure IV.21). Also, the expected NINO3 SSTA
changes following equatorial WWE:s are independent of their relationship to the MJO (see
Figure IV.21). In Chapter V I examine OGCM response to composite MJO and WWE forc-
ing to explore the dynamical aspects of Pacific waveguide SSTA changes following the
MIJO and WWEs.

In Chapter III and VHOO, it was shown that equatorial WWEs are associated with
the onset and maintenance of El Nifio warming; the global MJO has no significant relation-
ship with El Nifio (see Figure IV.2, Table IV.1, Slingo et al. 1999, Hendon et al. 2000,
Harrison and Vecchi 2000). The expected NINO3 SSTA changes following equatorial WWEs
are independent of whether the WWEs occurred with an MJO or not (see Figure IV.19).
Since WWE:s are strongly associated with El Nifio warming and mechanisms based on the
observed surface wind structure of WWEs have been suggested to explain that link (Harrison
and Giese 1988, Giese and Harrison 1990,1991, Chapter V), since the MJO shows no sig-
nificant relation to El Niilo, and since WWEs are related to NINO3 SSTA warming inde-
pendent of the relation to the MJO: the connection between surface warming and WWEs
seems stronger than with the MJO.

Examining the convective structures associated with WWEs (Section IV.3.b), I find

that WWESs are generally associated with convection during the lifetime of the event. The
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convective and wind structures of the western-most WWE Types (NW and W) are sugges-

tive of a strong link between these events Types and tropical cyclone activity. This sug-
gested association is confirmed in the WWE/cyclone co-occurrence statistics described in
Section IV.6. Over 90% of Type NW and W WWE:s are associated with tropical cyclone
activity. Further, the relationship between west-of-dateline WWEs and tropical cyclone ac-
tivity is always stronger than that between the MJO of WWEs.

WWE:s and MJOs represent different aspects of tropical Pacific atmospheric vari-
ability, both with strong signals in atmospheric convection. The MJO appears to modulate
the occurrence of WWEs in the intra-seasonal time-scale; however, the eastern Pacific SSTA
changes following equatorial WWEs are independent of their relation to the MJO. Because
WWESs are not related to any single atmospheric circulation phenomenon, and because
WWE:s are strongly linked with El Nifio warming and maintenance, improved understand-
ing and prediction of El Nifio SSTA changes likely depends on better understanding and
prediction of the entire range of atmospheric variability which brings about WWEs. This
variability includes paired and individual tropical cyclones, the MJO, mid-latitude cold

surges and convective superclusters.
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Chapter V

Ocean response to sub-seasonal wind forcing

V.1 Introduction:

In this chapter, I use an OGCM to explore dynamical aspects of the ocean response
to sub-seasonal surface wind variability. I examine the response of the central and eastern
equatorial Pacific to the Type C WWE and to composite MJO forcing. I use these analyses
to understand the dynamical connections which are the source of the statistical associations
between SST variability and sub-seasonal wind variability.

In the previous chapters I described the typical surface wind structures associated
with WWEs (Chapter II) and with the MJO (Chapter IV). I argued that WWEs and the MJO
were distinct modes of variability (Chapter IV); and examined statistical relationships of
the MJO and WWEs to El Nifio. Equatorial WWE:s are associated with warming at the
onset of El Nifio and warm anomaly maintenance during El Nifio (Chapter II); there is no
correlation between the MJO and El Nifio indicators (Slingo et al. 1999, Hendon et al.
2000, Harrison and Vecchi 2000, Vecchi and Harrison 2000.b, Chapter IV).

I here attempt to reproduce the statistical associations of the MJO and WWEs to
eastern Pacific SSTA, using an OGCM; I also examine the mechanisms responsible for
those changes. I find that the composite MJO zonal stress anomalies do not drive central/
eastern equatorial Pacific waveguide warming in the model; the composite MJO does not
provide a mechanism for waveguide warming during the onset of El Nifio. I find that equa-
torial WWESs force eastern and central equatorial Pacific SSTA changes which resemble
those observed in the composite (see Chapter IIT); WWEs are a mechanism for the onset of
El Niiio. I find that superimposing a composite Type C WWE on a composite MJO leads to
eastern Pacific SST warming of a similar structure to that following the WWE.

Analyses of OGCM response to idealized WWE zonal wind anomalies have found
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that WWE-driven circulation changes produce SST warming in the eastern and central Pa-
cific equatorial waveguide (Harrison and Giese 1988, Giese and Harrison 1990, 1991), with
SST changes as large as 0.5°C from a single WWE. Those experiments were performed
using idealized WWEs with realistic meridional and time-scales, but the zonal scale was
hypothetical; the experiments described in this chapter are done with realistic (x,y,t) scales.

Harrison and Giese (1988) found that while changes in the zonal surface current
field tended to coincide with the first baroclinic Kelvin pulse, the SST changes in the east-
ern equatorial Pacific were dominated by the second baroclinic mode. An unexpected find-
ing of Harrison and Giese (1988) was that anomalous meridional advection of heat has a
dominant term in the eastern Pacific SST warming. It was suggested that modulation of the
tropical instability wave (TIW) field by the WWE driven Kelvin pulses was a mechanism
for the anomalous meridional advection.

It has been suggested that intra-seasonal surface wind variability in the western and
central Pacific, driven by the MJO, may be important to the onset of waveguide SST warm-
ing during El Niiio (Lau and Chan 1986, 1988, Lau and Shen 1988, Weickman 1991, Kessler
et al. 1995, Moore and Kleeman 1999). Analysis of the potential role of the MJO on tropical
Pacific SST have idealized the MJO surface wind variability as a sinusoid confined to the
western equatorial Pacific (Kessler er al. 1995, Kessler and Kleeman 2000). In the previous
Chapter, I argued that the surface wind variability associated with the MJO does not much
resemble those idealized models; the near-equatorial surface wind anomalies extend across
much of the central and eastern Pacific (see Section IV.3.a). In a recent description of the
abrupt termination of the 1997-98 El Nifio event, Takayabu er al. (1999) argue that easterly
stresses driven by the MJO were responsible for the retumn to normal SST. I explore the
potential role of the composite MJO in El Niflo using the composite zonal stress anomaly
fields and the OGCM.

In the following sections I describe the modeling work done to explore the role of



138
sub-seasonal variability in El Nifio. Section 2 describes the model and the different experi-
ments run. Section 3 discusses the results for the MJO experiments. Section 4 shows the

results for the MJO experiment. Finally, Section 5 gives a summary and conclusions.

2. Data and Methods:

To explore to oceanic response to the composite zonal wind stress pattern, I use the
NOAA primitive equation OGCM, which has been used in many studies of the tropical
Pacific (Philander and Seigel 1985, Harrison and Giese 1988, Philander et al. 1987, Philan-
der et al. 1989, Giese and Harrison 1991) and is the basis of NOAA's operational tropical
Pacific Ocean analysis program (Ji er al. 1995). The model grid is an Arakawa-B grid,
which spans the tropical Pacific from 130°E to 90°W (by 1° longitude) and 30°S to SO°N
(by 1/3° from 10°S to 10°N, stretching to 2.3° at 30°S and 2.9° at S0°N); there are 27 levels
in the vertical, with 10 m resolution in the upper 100 meters and stretching to 650m at
3800m depth. The model timestep is 3600 seconds (1 hour). The model topography in-
cludes realistic coastlines, but no bottom topography. Vertical mixing is parametrized using
the Richardson number dependent scheme of Pacanowski and Philander (1981), with the
background wind mixing parameter set at 10 cm?s’’, the maximum friction coefficient at S0
cm’s’, the background mixing and diffusion are set at 1.0 cms* and 0.1 cm?s™, respec-
tively. Horizontal mixing is parametrized as eddy diffusion, with momentum mixed using
A, of 1.0x10” cm?s™, and heat diffused using A, of 2.0x10” cm?s™.

The model is spun up for five years using the annual mean climatological wind
stress field of Harrison (1989), a sixth year is run as the control experiment. Surface heat
flux is parametrized as in Harrison (1989), using the annual mean air temperature from the
COADS climatology (Woodruff et al. 1987). Sea surface salinity is restored to the annual
mean Levitus climatology using a 50 day restoring timescale. Figure V.1 shows the SST
and wind-stress fields for the spin-up run, along with the annual mean SST from COADS.
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Figure V.2: All-event MJO composite surface wind stress and OLR anomalies for each of
the 9 Phases defined by Maloney and Hartman (1998). Vectors show the compositestress
values for which eitther the zonal or meridional component is significant at the 99% level.
Shading indicates values of OLRA significant at the 99% confidence level.

Notice that the near equatorial SST in the central Pacific between 180° and 110°W is well

reproduced by the model; while the negative zonal SST gradient between 160°E and 180°
and the positive zonal SST gradient between 100°W and the coast are both too large in the
model (Figure V.1.d). However, the SST gradients and current fields across most of the
central and eastern Pacific, giving a realistic enough background state for these experi-
ments.

The MJO experiments are forced by adding the 99% statistically significant all-
event composite zonal stress anomaly field to the climatological stress field. The composite
is evaluated as in Chapter IV, using the MJO list as defined using the Maloney and Hartmann
(1998) MJO index, and the European Centre for Medium Range Weather Forecasts
(ECMWF) 2.5°x2.5° gridded 12-hourly operational surface wind-stress analysis from 1986-
1998 (ECMWF 1989). Anomalies were computed from a monthly climatology, 1986-1996.
Figure V.2 shows a vector map of the 99% significant surface wind-stress fields associated
with the MJO, and Figure V.3 shows a shaded plot of the evolution of the 99% significant
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Figure V.3: Shaded plots of the evolution of the 99% significant all-event MJO composite
zonal stress anomaly field. Only values for which the zonal stress anomaly is significantly
different from zero at the 99% confidence level are shown.

zonal stress fields. Notice how, as in the MJO surface wind fields, the composite is domi-
nated by easterly stress anomalies over the eastern and central Pacific. Through the lifetime
of an MJO event, the western Pacific stress anomalies exhibit periods of both easterly and
westerly stress.

Five MJO forcing experiments were performed (M1-MS), and are summarized in
Table V.1; three examine the effect of a single MJO period on the tropical Pacific, and the

fourth examines the effect of four sequential MJOs. The fifth experiment removes the mean
Table V.1: List of MJO experiments used in this Chapter.

Experiment # Anomalous surface zonal stress forcing used

Ml 1 Period of 99% significant composite zonal stress anomaly.

M2 1 Period of 99% significant composite zonal stress anomaly
west of 165°E, zero east of 165°E.

M3 1 Period of 99% significant composite zonal stress anomaly
east of 165°E, zero west of 165°E.

M4 4 Periods of 9% significant composite zonal stress anomaly.

M5 4 Periods of 99% signficant composite zonal stress anomaly,

with the mean over one MJO period removed.
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stresses associated with the MJO and examines the ocean response. For the experiments

shown here each MJO Phase was taken to be 5 days long (using Phase lengths 7 and 10
days, or using 3 consecutive MJOs, did not affect the main results). To minimize transients,
I begin each MJO on Phase 3 and run through Phase 2 - the Phases with smallest equatorial
Pacific zonal stress associations (see Figure V.2 and V.3; starting the MJO on Phase 1 does
not alter the main results).

To examine the response to the OGCM to Type C WWE:s, I run a series of experi-
ments using the Gaussian zonal stress anomaly model, with the scales described in Chapter
II. The zonal e-folding scale is 18°, the meridional e-folding scale is 5° and the temporal e-
folding scale is 3.5 days (see Table II.3). The composite Type C WWE stress has an ampli-
tude near 0.06 N-m, I use three different amplitude WWEs to test the amplitude depen-
dence of the solutions: 0.06 N-m2, 0.1 N-m? and 0.2 N-m. Table V.2 summarizes the
experiments run. Experiments C1 through C3 examine the effect of a single Type C WWE
on the annual mean ocean; Experiments C4 through C6 examine the effect of multiple
WWE:s. Experiment CM explores the response of the Tropical Pacific to a Type C WWE

superimposed on a composite MJO.
Table V.2: List of the Type C WWE experiments discussed in this Chapter.

Experiment # Anomalous surface zonal stress forcing used

Cl One Gaussian Type C WWE (0.06 N-m?), centered on Jan-15.

c2 One Gaussian Type C WWE (0.1 N-m?), centered on Jan-15.

C3 One Gaussian Type C WWE (0.2 N-m*), centered on Jan-15.

Cc4 Three Gaussian Type C WWEs (0.06 N-m?), centered on Jan-15,
Feb-4, and Feb-24.

Cs Three Gaussian Type C WWEs (0.1 N-m), centered on Jan-15,
Feb-4, and Feb 24.

Cc6 Three Gaussian Type C WWEs (0.2 N-m*), centered on Jan-15,
Feb-4 and Feb-24.

c7 Type C WWEs (0.1 N-m?), every 20 days starting on Jan-15 and
continuing through run.

CM One Composite MJO + | Type C (0.06 N-m?) WWE centered on

Phase 6 of the MJO.
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Figure V.4: (a) Zonal stress anomaly at the equator from Experiment M1. Contour interval
is 0.25x10? NEm (b) MJO-driven SSTA along the equator, from Experiment M1. Notice
how the composite MJO drives central and eastern Pacific surface cooling during and fol-
lowing the wind anomalies. SSTA is zonally smoothed with an 11° cosine filter in longitude
to remove TIWs. Contour interval is 0.05°C.

3. Ocean Response to the MJO:

Because easterly stress anomalies are very effective at cooling local SST by hori-
zontal and vertical advection, and because the MJO-related easterly stress anomalies ex-
ceed the westerly stress anomalies in space and intensity, one should expect the MJO com-
posite zonal wind-stress anomaly to cool the equatorial Pacific. The OGCM results confirm
that expectation. The response of the equatorial Pacific SSTA to a single period of compos-
ite MJO zonal stress anomaly (Experiment M1) is shown in Figure V.4. As expected from
the composite zonal stress fields, the surface of the eastern and central Pacific weakly cools
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wind stress forcing (Experiment M2). SSTA is zonally smoothed with an 1 1° cosine filter
in longitude to remove TIWs. Contour interval is 0.05°C.

during the lifetime of the MJO. There is also weak warming following the event, which
does not exceed 0.1°C. The cooling occurs during the MJO Phases with easterly stress
anomalies over the eastern and central Pacific (Phases 5-7) under the stress anomalies. The
cooling enhances in the eastern Pacific (between 140°W and 100°W) in the month that
follows the anomalous forcing, and then begins to disappear.

To parse the effects of the near-sinusoidal western Pacific stress anomaly fields, and
the easterly stress surge in the central and eastern Pacific, I ran experiments M2 and M3.
Experiment M2 is run with only the western Pacific zonal stress anomaly field (west of
170°E), while M3 is run with only the eastern Pacific zonal stress anomaly field (east of
170°W). The SST changes driven by the western Pacific part of the MJO anomalies are
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shown in Figure V.5, and Figure V.6 shows the response to the central and eastern Pacific
part of the MJO. The response to the entire MJO forcing resembles a superposition of the
response to the western Pacific forcing and the eastern Pacific forcing, since the magnitude
of the stress anomalies is small, the linear character of the response is not unexpected.

The western Pacific part of the MJO zonal stress anomaly forcing drives weak east-
emn Pacific SST cooling (Figure V.5). The cooling in the far eastern Pacific is weak (less
than 0.1°C) and begins about 30 days after the beginning of the anomalous zonal stress in
the western Pacific. The SSTA cooling driven by the western Pacific zonal stress anomalies
accounts for approximately one third the far eastern Pacific cooling; the western Pacific
zonal stress anomalies have little effect on the central Pacific SST. It must be noted that the
zonal SST gradients in the region of largest west-Pacific-MJO SST response (the far-east-
ern Pacific) are overestimated in the background state when compared with COADS clima-
tology (see Figure V.1). The response of the model ocean to the western Pacific part of the
MIO is likely overestimated due to this.

The equatorial SSTA driven by the central and eastern Pacific part of the MJO zonal
stress anomaly field is dominated by cooling through the event (Figure V.6). There is very
little western Pacific SSTA associated with the stress anomalies from Experiment M3, the
main changes occur underneath and to the east of the easterly surge. The cooling begins
across the central and eastern part of the basin upon the arrival of the easterly stress anoma-
lies, A front develops and moves east over the months following the forcing, with cooled
SST to the east of it, and normal SST to the west of it. The front reaches the far eastern
Pacific by mid-April, about two and a half months after the end of the easterly anomalies.
The central and eastern Pacific part of the MJO forcing is responsible for practically all the
cooling in the central part of the basin (between 165°E and 140°W), and about two thirds of
the surface cooling east of 140°W,

Because the effect of one MJO event is to cool the eastern Pacific SST with weak
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Figure V.6: (a) zonal stress anomalies used in Exp M3. Contour interval is 0.25x10? NEm
(b) SSTA deiven by the central and eastern Pacific part of the MJO zonal wind stress forc-
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remove TIWs. Contour interval is 0.05°C.

warming following the event, I expect a sequence of MJO events to lead to cooling of the
eastern equatorial Pacific. The OGCM confirms this expectation, Figure V.7 shows the
SSTA result of forcing with four consecutive cycles of the MJO composite zonal wind
stress anomalies (smoothed in longitude with an 11° cosine filter to remove tropical insta-
bility waves). Cooling prevails over the central and eastern equatorial Pacific during the
period in which MJO forcing was imposed. Subsequent to the MJO forcing interval very
weak central or eastern Pacific warming occurs which does not extend across any large
band of the Pacific. Rather than warm the eastern equatorial Pacific, as has been suggested

recently, the effect of a sequence of composite MJO events is to weakly cool the surface of
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Figure V.7: (a) Four periods of composite MJO surface zonal stress anomaly forcing (Ex-

periment M4). Contour interval is 0.25x102 NAEm (b) SSTA response to the four periods of

composite MJO surface zonal stress anomaly forcing. SSTA is zonally smoothed with an

11° cosine filter in longitude to remove TIWs.
the eastern equatorial Pacific.

The mean equatorial easterlies in the central and eastern Pacific, which appear in
the MJO composite are possibly an artifact of the MJO compositing technique or the
climatoloy used. It is important to consider the effect of the MJO composite zonal stress
fields which do not have a net momentum flux into the eastern and central equatorial Pa-
cific. Experiment M5 examines the effect of driving the OGCM with four cycles of the
MJO composite zonal stress, with its mean subtracted. Figure V.8 shows the SSTA and the
zonal stress anomalies from experiment MS5. These should be contrasted with those shown
in Figure V.7. Notice how the SSTA changes in the eastern and central Pacific in the pres-
ence of the MJO anomalies is still not for warming; there is very weak cooling in the eastern

and central equatorial Pacific. Following the MJO forcing there is some weak warming in
the central Pacific. This warming is localized, and is associated with the termination of the
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MIO forcing. Even with the mean eastern and central equatorial Pacific easterlies removed,
the composite MJO suraface zonal stress anomalies do not drive warming in the model.
Figure V.9 shows the thermocline anomalies, approximated as the depth of the 20°C
isotherm, driven by the four period composite MJO zonal stress anomalies (Experiment
M4). Notice how during the period of anomalous forcing (January through June) the west-
emn and central Pacific thermocline anomaly evolution is dominated by a series of eastward
propagating pulses of altemating shoaling and deepening. Meanwhile, the eastern Pacific
thermocline is dominated by a shoaling through the forcing period, with slight variability at
the period of the MJO. West of 140°W, the SSTA changes driven by the MJO are not a direct
representation of the MJO driven thermocline changes; while the MJO driven thermocline
changes are primarily oscillatory, the SSTA is dominated by cooling with a superimposed

oscillation. In the eastern Pacific, the SSTA and thermocline depth anomaly patterns corre-
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Figure V.9: (a) Time-longitude contour plot of the 15° cosine smoothed (in longitude - to
remove TIWs) equatorial thermocline depth anomaly driven by four consecutive MJOs
(Experiment M4). Contour interval is 2 meters. (b) Time-series of the 15° cosine smoothed
thermocline depth anomalies at (165°E,0°) and (110°W,0°),

spond more closely. Following the final MJO event in the series there is a pulse of ther-
mocline deepening which propagates east across the basin. These relationships between
SSTA and thermocline depth anomalies are consistent with the long-term SSTA/thermocline
depth anomaly correlations, which show that only in the eastern Pacific there are statisti-
cally significant correlations between SSTA and thermocline depth anomaly (see Harrison
and Vecchi 2000). The arrival of the pulse of downwelling corresponds with the return of
SST to normal in the eastern Pacific.
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4. Ocean Response to Type C WWEs:

I now examine the response of the OGCM to the Type C WWE forcing experiments.
First ] attempt to reproduce the SSTA changes which appear in the Type C WWE composite
(see Section II1.3). I then examine the mechanisms responsible for the SSTA changes in the
model.

a. Comparison to Data:

The composite SSTA changes following Type C WWEs were dominated by warm-
ing of the eastern and central equatorial Pacific, and by weak cooling along the western
edge of the WWE (see Chapter III). The OGCM forced with the idealized (using realistic
scales) zonal stress anomaly fields for the Type C WWE reproduce many of the character-
istics of the composite SSTA change fields. Figure V.10 shows the composite SSTA change
60 days after the WWE center date for Experiments C1,C2 and C3, and from the Case
REGULAR Type C composite. Model data are smoothed with a 30-day boxcar filter to
remove TIWs.

The structure of the model SST changes agree with the composite structures in the
region 160°W to 100°W, with the amplitude being best reproduced by Experiment C3. The
model warming in the central Pacific is concentrated east of 160°W, as in the composite.
The model gives weak warming in the far eastern Pacific and along the coast of South
America, consistent with the compositing results.

The main qualitative differences are west of the Dateline and east of 100°W, where
the initial model SST gradients were larger than climatology. The model zonal SST gradient
between 160°E and the Dateline is about twice climatology; if the anomalous zonal advec-
tion term in that area is halved (after the model is run) and the temperature tendency is
recomputed, there is no equatorial warming west of the Dateline. Similarly, if the zonal SST

gradient east of 100°W is artificially reduced after the model is run, the warming in the far-
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Figure V.10: SSTA Change 60 days after a Type C WWE from: (a) the 95% signficant
ASSTA composite (contour interval 0.2°C), (b) Experiment C1 (countour interval 0.05°C),
(c) Experiment C2 (contour interval 0.05°C), and (d) Experiment C3 (contour interval
0.05°C). Notice that the composite structure and the model structure are qualitatively simi-
lar in the region 165°W-100°W, where the initial conditions have a realistic zonal SST

eastern g::;;;: is increased to levels comparable to that near 110°W. The model reproduces
the characteristics of the composite warming, within the limits of the model initial condi-
tions.

A process which the model lacks, and could help explain some of the differences
from observations, is coupling between the WWE driven SSTA response and the eastern
and central Pacific surface stress fields and responsive clouds. ENSO is a coupled phenom-

enon characterized be wind and temperature changes across the basin (Rasmusson and Car-
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Figure V.11: SSTA Changes 60 Days after the seond event in a series of three events, for (a)

Experiment C4, and (b) Experiment CS. Contour interval is 0.1°C. Notice how the warming

along the coast of South America is more prominent, and the amplitude of the changes has

increased, relative the single-WWE experiments. (Figure V.9)
penter 1982, Harrison and Larkin 1996, 1998.a), as well as changes in incoming solar radia-
tion due to changes in stratus clous (Klein and Hartmann 1993). These experiments, with
their prescribed eastern Pacific winds and clouds, will be unable to capture any coupling.
This coupling would tend to produce enhancement of the of the warming through reduction
of the intensity of the easterly equatorial trade winds, and the upwelling and vertical mixing
driven by them. Also reduced by warming of the eastern equatorial Pacific is the stratus
cloud coverage (Klein and Hartmann 1993), which would tend to enhance warming by
allowing more incoming solar radiation to reach the far eastern Pacific.

In Section IV.4, it was noted that WWEs often occurred less than 40 days apart.
Experiments C4-7 examine the effect of sequencing WWEs. The result is increased warm-
ing following each WWE. Also, for each WWE after the first, the warming along the coast
of South America is enhanced relative the single event results. Figure V.10 shows the SSTA
changes 60 days after the second of three WWE:s for Experiments C4 and CS.

Sequencing the WWEs increases the anomalies changes after each WWE, and

changes the structure of the anomalies after the second and third events to resemble the
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Figure V.12: Composite NINO3 SSTA Change (from Day (-20)) for the Type C all-event
(solid line), and Case REGULAR (dashed line) composites. Units are °C.

composite more closely. Notice how the amplitude and structure of the east-of-dateline
SSTA 60 days after the second and third events (Figure V.11.a-.b) is qualitatively similar to
that of the composite (Figure V.10.a). The composite is still more diffuse in the meridional,
a feature due to the smudging effects of averaging. The west of dateline anomalies are still
stronger than expected from the composite; this additional warming is due to the incorrect
SST gradient in the model. A sequence of three average amplitude WWEs (Experiment C4,
Figure V.11.a) produces central Pacific equatorial warming of about a third the amplitude as '
that in the composite (Figure V.10.c); three stronger than average WWEs (Experiment C5,
Figure V.11.b) produce central Pacific SSTA changes on the order of the composite.

A quantity of interest in the study of El Nifio is the NINO3 SSTA index (SSTA
averaged over the region 150°W-90°W, 5°S-5°N), and Type C WWE:s are associated with
warming of the NINO3 index (see Section II1.4). Figure V.12 shows the Type C WWE
composite change of the NINO3 SSTA index (from Day(-20)) for all events (solid line) and
for Case REGULAR events (see Chapter III, dashed line). In both composites the index
warms quickly following the WWE center day, reaching its maximum value somewhere
between Day(40) and Day(60) for the all-event composite, and between Day(80) and
Day(100) for the Case REGULAR composite. In the Case REGULAR composite the warm-
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Figure V.13: NINO3 SSTA Change following (a) the single WWE experiments (C1-3), (b)

the first event of the three WWE experiments (C4-6), and (c) the first event of the ten WWE

experiment. In panels (a) and (b) the solid lines denote the 0.06 N-m experiments, the

dashed line denotes the 0.1 N-m™ experiments, and the dotted line denotes the 0.2 N-m?

experiments. Units are °C.
ing remains through Day(125).

Figure V.13 shows the NINO3 SSTA Index evolution for the single WWE cases
(Experiments C1-3; upper panel), the three WWE cases (Experiments C4-6; middle panel),
and for the ten WWE case (Experiment C7; lower panel). Notice how the amplitude of the
NINO3 SSTA changes following the single WWE:s (Figure V.13.a) appears to be relatively
proportional to the WWE amplitude, with a 0.11°C maximum warming following the 0.1

N-m? burst and a 0.22°C maximum warming following the 0.2 N-m burst. In the single
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burst experiments, the timing of the maximum more closely resembles that of the all-event
composite, occurring near Day(70); the warming disappears by Day(100). In the Experi-
ments C1 and C2, the warming is fastest between Day(20) and Day (40) and slows, until the
maximum is reached. In Experiment C3, a larger proportion of the warming happens before
Day(40) than in the two weaker experiments.

For the three event experiments (Figure V.13.b), the amplitude of the maximum is
increased, occurs later and lasts longer than for the single event experiments. The amplitude
of the warming still appears to be somewhat linear, with a 0.25°C warming following the
0.1 N-m? bursts and a 0.5°C maximum warming following the 0.2 N-m bursts. The effect
of multiple WWE:s is to raise and maintain NINO3 SSTA. The maximum in the three WWE
experiments (Figure V.13.b), occurs near Day (90) and in the continued WWE experiment,
the maximum occurs near Day(100). The continued WWE:s in Experiment C7 maintain the
NINO3 SSTA anomaly through Day(120), similar to the Case REGULAR composite.

In Chapter IV it was shown that the expected NINO3 SSTA changes following equa-
torial WWESs were independent to their association to the MJO (see Figure IV.21), and that
the NINO3 SSTA changes following an MJO with an associated equatorial WWE were
towards warming (see Figure IV.20). Experiment CM examines the SSTA changes follow-
ing an MJO with a Type C event superimposed on it, in an attempt to reproduce the statisti-
cal relationships. Figure V.14 shows the equatorial SSTA in experiment CM. Notice how, as
opposed to the MJO experiments (Exps. M1-4), the central and eastern equatorial Pacific
warm following the termination of the MJO. The structure of the SSTA changes is similar to
that following the Type C WWE (see Figure V.15,V.16). The character of the response is
dominated by the WWE part, since the surface stress anomalies associated with the WWE
are impulsive and much larger than those associated with the MJO. The model comfirms
that the SSTA changes following an MJO with an equatorial WWE are similar to those
following an equatorial WWE.
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Notice how the central equatorial Pacific warms following the WWE embedded in the MJO.
b. Mechanisms for SST Change:

In this section I examine the mechanisms which led to the WWE-driven equatorial
SST changes in the OGCM. From Experiment C2, figure V.15 shows the time-longitude
evolution of the 3-day-sampled equatorial: (a) Sea level height anomaly field, (b) SST
anomaly field, (c) the thermocline depth field, and (d) the surface current anomaly field.
The background shading indicates the expected 1* baroclinic and 2™ baroclinic Kelvin mode
envelopes forced by the WWE; darker shading indicates the overlap between the two enve-
lopes. Notice how the deepening of the thermocline, the raising of sea level height and the
initial surface eastward acceleration coincide with the passage of the 1* baroclinic Kelvin
pulse. Coincident with the 2™ baroclinic mode is a modification of the TIW field, and the
largest amplitude SST anomalies. The modification of the TIW field leads to large ampli-
tude meridional velocity anomalies, which overwhelm the WWE-forced signal, and pro-
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Figure V.15: East-of-dateline evolution of the 3-day sampled WWE driven anomalies along
the equator, from experiment C2. (a) Sea level height anomalies in centimeters, (b) S-meter
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meters, and (d) S-meter current anomalies in cm/s. Shading in the background indicates
first and second baroclinic mode envelopes, darker shading indicates the overlap between
the two envelopes.
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duce large amplitude anomalies in all the plotted quantities.

To understand the evolution following the WWE it more useful to examine the 30-
day boxcar smoothed evolution of the same anomalies.; these are shown in Figure V.16.
Notice how the sea level height and thermocline depth anomalies appear with the 1* baroclinic
mode, and retumn to zero as the 2™ mode passes. The surface current anomaly field is largely
zonal, with eastward acceleration following the 1* baroclinic mode, but continuing into the
2. The maximum eastward currents correspond to the overlap between the 1* and 2™ mode
envelopes, and in the far eastern Pacific where the two modes separate there appear to be
two zonal current maxima. In the central Pacific sea level rising, thermocline deepening,
zonal acceleration and SST warming reach a maximum at the overlap between the 1* and
2™ mode. While the 1* baroclinic mode propagates at ~2.8 ms" and the 2 mode propa-
gates at ~1.8 ms", the maximum anomalies propagate at ~2.4 ms". This propagation speed
is the speed of the overlap between the two baroclinic modes.

The relative timing of the various quantities in the surface layer are more clearly
seen in timeseries across the basin. Figure V.17 shows timeseries of the evolution of the
uppermost layer of the model in Experiment C1-3. Each column is a separate location along
the equator, from 155°W to 95°W (corresponding to the location of the TAO buoys). The
rows show the 30-day boxcar smoothed evolution of anomalies in SST, thermocline depth,
surface zonal current, surface meridional current, and 20-m vertical velocity. As in Figures
V.15 and V.16, the envelopes of the 1* and 2™ baroclinic Kelvin pulses are shown by the
background shading, with the dark shading indicating the overlap between the two modes.
The solid line is for experiment C1, the dashed line is for experiment C2, and the dotted line
is for experiment C3.

Notice, in Figure V.17, that the initial thermocline deepening and zonal current ac-
celeration is coincident with the arrival of the 1* baroclinic mode, while the main surface

warming generally occurs with both the 1* and 2* baroclinic mode. The surface current is
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accelerated eastward and thermocline is deepened by the first and second baroclinic mode
passes,with the maximum anomalies in the overlap of the first two modes. Notice how even
with the 30-day boxcar smoother, between 140°W and 110°W the main meridional and
vertical velocity anomalies have a period similar to the TIWs, and resuit due to differences
in the TIW fields. It would be difficult to measure differences such as these, because they
result from differences between two instability wave fields. At 95°W the vertical velocity
field is dominated by downwelling begining with the arrival of the 1* baroclinic mode and
continuing with the 2™ baroclinic mode.

Timeseries of the 30-day boxcar smoothed anomalous balance of terms for tem-
perature averaged over the top 20 meters across the equator is shown in Figure V.17, for
Experiments C1-C3. The first column shows the temperature tendency term (9T/at), the
second column shows the negative advection of temperature, and the third column shows
the diffusive including the surface heat flux anomaly. Notice how the warming is generally
related to anomalous temperature advection, and after there has been some warming, there
begins to be diffusive and heat-flux anomalies. The diffusive anomalies in most locations
(except in February at 140°W and 125°W) are dominated by the tendency of the surface
heat-flux to oppose the anomalous warming, thus the term appears as a cooling term.

Figure V.19 parses the advective term into its components, at each location I show:
the total negative advection anomaly, the negative zonal advection anomaly, the negative
meridional advection anomaly and the negaiive vertical advection anomaly. The intial domi-
nant advective term in the heat balance varies with location: zonal advection dominates in
the central basin (155°W and 140°W), vertical advection dominate in the eastern basin
(125°W and 110°W), and in the far west warming due to vertical advection is opposed by
cooling due to zonal advection (95°W). Between 155°W and 110°W meridional advection
is an important term following the initial warming; this is a region with TIW activity in the

model. There is warming due to meridional advection at 155°W and 110°W,cooling due to
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anomalous meridinal advection at 140°W and 125°W.

Anomalous advection of temperature has three components: advection of the back-
ground temperature gradient by the anomalous currents (u’-VT), advection of the anoma-
lous temperature gradient by the background currents (u-VT?), and advection of the anoma-
lous temperature gradient by the anomalous currents (w’-VT’). At none of the locations is
the third term (u’-VT’) dominant to the anomalous SST. In most locations the main SST
warming is initiated by advection by anomalous currents (u’-VT); a notable exception is
95°W where vertical advection of the anomalous temperature gradient leads to the main
surface warming. In the central Pacific, the SST warming is dominated by (u’-VT), since
the termocline is generally deeper than the background meridional upwelling cell (~50 m).
In the eastern Pacific, since the thermocline is often shallower than the meridional up-
welling cell,vertical advection of anomalously warm water becomes an important term (a
dominant one at 95°W). Except in the far eastern Pacific, thermocline deepening occurs
prior the SST warming forced by WWEs (see Figure V.15-V.17), however this thermocline
deepening is not driving the warming. Rather, the surface warming is being driven by anoma-

lous currents, whose convergence causes the thermocline to deepen.

S. Summary and Conclusions:

I have attempted to reproduce the SSTA changes statistically associated with the
MIJO and WWE:s in the eastern and central Pacific using an OGCM. I also examined the
mechanisms responsible for those changes. The composite MJO zonal stress anomalies do
not drive eastern Pacific waveguide warming during the lifetime of the event. Equatorial
WWE:s drive circulation changes which result in eastern and central equatorial Pacific SST
warming resembling that observed in the SSTA composites (see Chapter III). WWEs pro-
vide a mechanism for the onset of El Nifio SSTA, through advection of the backgroud SST

gradient.



165

MJO-driven surface wind variability over the western and central Pacific has been
suggested as an important mechanism for waveguide SST warming during El Nifio (Lau
and Chan 1986, 1988, Lau and Shen 1988, Weickman 1991, Kessler et al. 1995, Moore and
Kleeman 1999). The surface wind structure of the MJO has been idealized as a sinusoid
confined to the western Pacific warm pool (Kessler et al. 1995, Kessler and Kleeman 2000).
These idealizations are inconsistent with the composite surface wind structure of the MJO
using the Maloney and Hartmann (1998) MJO index (see Chapter IV), and with the MJO-
related equatorial surface zonal stress described by Hendon et al. (1998).

The absence of correlation between El Nifio waveguide warming and enhanced MJO
activity is consistent with the results of forcing the OGCM with composite MJO surface
wind stress. There is no correlation between enhanced MJO activity and El Nifio waveguide
warming (Slingo e al. 1999, Hendon er al. 1999, Harrison and Vecchi 2000, Figure IV.2).
Certain MJO events, which co-occur with equatorial WWEs, tend to be followed by equa-
torial waveguide warming (see Figure IV.19), yet this warming is not significantly different
from that which follows equatorial WWEs which occur without the MJO. The warming is a
feature of the WWEs, not of the MJO.

A significant feature of the surface wind and wind-stress field associated with the
MIO is periods of easterly and westerly flow across most of the equatorial Pacific (Figure
V.2-.3). When the model is forced with the statistically significant MJO zonal stress anoma-
lies, the eastern and central equatorial Pacific SST cools. The central Pacific cooling is
driven by the central Pacific easterlies which dominate the composite, while the eastern
Pacific cooling is forced by both the central Pacific and western Pacific wind stress anoma-
lies (Section V.3). A sequence of MJOs produces cooling in excess of 0.3°C across most of
the castern and central equatorial Pacific, during and in the month following the MJOs
(Figure V.11). When the mean over the period of an MJO is removed from the zonal stress
anomaly field, the effect of the MJO on the model is to produce very small cooling during
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the forcing period. The composite MJO zonal stress field is not suggestive of the MJO

driving eastern and central Pacific waveguide warming during the onset of El Nifio. These
experiments lack coupling of the ocean and atmosphere, which has been suggested as an
important mechanism for the evolution of the SSTA field following the MJO (Kessler et al.
1995, Kessler and Kleeman 2000), their results idicate that there is a coupling between the
MJO driven SSTA changes and the location of the maximum westerlies in the surccessive
MIJO events. It would be of interest to repeat the coupled experiments of Kessler et al.
(1995) and Kessler and Kleeman (2000) with the MJO forcing derived using the MH98
MIJO index, which exhibits zonal stress anomalies far beyond the eastern edge of the warm
pool.

Prior to the return of SST to normal at the end of recent El Nifio events, there has
been a shoaling of the eastern equatorial Pacific thermocline to normal or shallower than
normal depths; this thermocline shoaling makes cool water available to be upwelled by
equatorial easterly winds (Harrison er al. 1990, Kessler and McPhaden 1995, Harrison and
Vecchi 1999, 2000, McPhaden 1999, McPhaden and Yu 1999). This thermocline shoaling
might be due to “delayed-oscillator” type mechanisms (see Suarez and Schopf 1988, Battisti
and Hirst 1989, Neelin er al. 1998), or to the interaction of the seasonal cycle with anoma-
lous El Niilo conditions (Harrison and Vecchi 1999), or a combined effect of the two. Dur-
ing weak or moderate El Nifio events, such as 1986-7 or 1991-2, when easterly trade winds
remain present to some degree through the event, the shoaling thermocline makes cool
subsurface water available to the shallow upwelling circulation and returns eastern Pacific
SST towards climatology. In extreme El Nifio events - such as 1982-3 or 1997-8 - during
which the easterly trade winds weaken and even disappear across the Pacific, the cool sub-
surface waters, brought close to the surface by the thermocline shoaling, do not break through
to the surface until equatorial easterlies return. The presence of equatorial easterlies in the

MJO-composite, when NINO3 SST is warmer than normal (see Section IV.3.a), suggests
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the MJO as a potential mechanism for eastern Pacific SST cooling at the end of major El
Niilo events.

Takayabu er al. (1999) have suggested that the abrupt termination of the 1997-8 El
Nifio event was related to central equatorial Pacific easterly winds associated with an MJO
in May 1998. Figure IV.2 shows that MJO events passed across the tropical Pacific in June
1983 and May 1998, coincident with the rapid cooling to normal SST at the end of these to
major El Nifio events (during which the easterly trade winds became extremely weak and
even disappeared; see Harrison et al. 1990, McPhaden 1999, McPhaden and Yu 1999). As
the thermocline shoaled at the end of these major El Nifio events, horizontal surface tem-
perature gradients were weak and there was little evidence for equatorial upwelling. Once
the thermocline shoaled, a large vertical temperature gradient was set up in the central/
eastern equatorial Pacific; and since the entire equatorial Pacific had SST in excess of 28°C
the MJO-related stresses over the entire Pacific should be in the convective regime. The
convective regime is characterized by a quasi-oscillatory propagating zonal stress variabil-
ity (see Figures 4,5,7). Westerly stress anomalies over the equatorial Pacific tend to lead to
warming, primarily through advective processes; in the absence of horizontal gradients and
background upwelling one would expect the effects to be small. Easterly stress anomalies
over the equatorial Pacific tend to drive surface cooling through advective, heat-flux and
mixing processes; since the vertical temperature gradient is the dominant temperature gra-
dient across the equatorial Pacific, one would expect the effect of the casterly Phases of the
MIJO to be cooling of the eastern and central equatorial Pacific. Thus, the MJO provides a
mechanism for the return of SSTA to normal when the background easterly trades are weak.

Equatorial WWEs have been suggested as a mechanism for the onset of El Nifio
waveguide warm anomalies. WWEs are observed to precede El Nifio (Keen 1982, Luther et
al. 1983, Harrison and Giese 1989,1990, Harrison and Vecchi 1997) and are linked with the

onset and maintenance of warm conditions (Vecchi and Harrison 2000, Chapter III). Ocean
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general circulation model (OGCM) experiments have suggested that equatorial WWEs can

drive El Nifio eastern and central equatorial Pacific SST changes (Harrison and Giese 1988,
Giese and Harrison 1990,1991, Kindle and Phoebus 1995). WWEs with realistic (x,y,t)
scales drive SSTA changes consistent with the observed associations (Chapter III).

The central equatorial Pacific SSTA driven by individual WWEs is similar to that in
the associations, however the amplitude for average amplitude WWEs is much smaller than
the associated changes. However, when WWE:s are placed in succession, they reproduce
the amplitude and the structure of the composite SSTA changes. Since WWEs often occur
within 40 days of each other (see Figures IV.15-.16), the composites represent the effect of
more than one WWE. The OGCM is unable to reproduce any ocean/atmosphere coupling in
the eastern and central Pacific; this coupling would strengthen the warming response of the
system.

Following the WWE, theermocline deepens, sea level height rises, surface zonal
current accelerates and SST warms in association with both the first and the second baroclinic
modes. The maxima in zonal current, thermocline depth and sea level height anomaly oc-
curs at the overlap between the first and second baroclinic wave envelopes. The maximum
propagates eastward at the speed of the overlap of the first and second mode (~2.4ms™),
which does not correspond to the speed of the first or second mode envelopes (~2.8ms"',
and ~1.8ms™!, respectively). In the far eastern Pacific (95°W), there is almost no SST signal
until the expected arrival of the second baroclinic mode. However, most of the warming in
the far eastern Pacific is not driven directly by the pulse, but rather results from thermocline
deepening associated with the current pulse.

The warming following the WWE is initially driven by SST advection, after which
vertical mixing and anomalous heat flux become important terms. There are three regimes
in the eastern and eastern-central Pacific, based on which advective term which initiates the

warming. In the central Pacific (155°W and 140°W) zonal advection by the WWE driven



169
pulses drive the initial warming. Near 125°W and 110°W zonal and vertical advection are

important for the initial warming. In the far eastern Pacific (~95°W) warming is dominated
by vertical advection, and opposed by zonal advection of the background positive aSS7/ox;
the warming is associated both with advection of the background temperature gradient by
the anomalous vertical currents and advection of the anomalous temperature gradient by
the background upwelling circulation. Between 155°W and 110°W meridional advection is
a significant term following the initial warming, this is a region of strong TIW activity.

The results for the WWE experiments using realistic zonal scales are consistent
with those of Harrison and Giese (1988) and Giese and Harrison (1990, 1991). The charac-
ter of the SSTA changes following WWEs with a zonal length scale of ~30° and with a
zonal length scale of ~20° is similar. Both suggest that WWEs drive eastern and central
Pacific SST warming similar to that seen during El Nifio.

Equatorial WWEs, with duration typically in the 6-20 day range, have been strongly
associated with equatorial SSTA warming (if the initial state of the ocean was normal or
cooler than normal) and with the maintenance of warm SSTA (if the ocean was already
significantly warmer than normal). OGCM experiments have established mechanisms by
which WWEs cause SSTA to increase or maintain warm SSTA. WWEs are a fundamental
mechanism in El Nifio waveguide SST warming and warm anomaly maintenance. The sur-
face wind anomaly field associated with the MJO is dominated by eastern and central Pa-
cific easterlies, providing a potential mechanism for the return to normal SST at the end of
extreme El Nifio events and for cooling during La Nifia events. Equatorial SSTA changes
following an MJO with a superimposed equatorial WWE are of similar character to those
following an equatorial WWE (Figure V.13). The surface stress anomaly associated with an
average WWE (0.06 N-m?) overwhelms the surface stress anomaly associated with the
average MJO (0.01 N-m*).

The importance of sub-seasonal atmospheric variability in ENSO is apparent: WWEs



170

are a fundamental mechanism for the onset and maintenance of El Nifio warming, and the
MJO may be important in the termination of certain extreme El Nifio events. Because there
is so much energy in the sub-seasonal band, and because westerly wind events have been
strongly connected with the onset and maintenance of El Niiio, further study of the sub-
seasonal band is important for understanding the life-cycle of El Nifio. In particular, im-
provement in our ability to predict the onset and amplitude of El Nifio warming is likely to
come from improved understanding of the entire sub-seasonal band of tropical Pacific wind
variability. Improved forecasts of the onset, amplitude and termination of El Niiio events
will likely depend on improved understanding and prediction of WWEs, the MJO, cy-

clones, cold surges and convective superclusters, and their interconnections.
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Appendix:
Statistical Significance Methods

In Chapter I1, I used various methods to compute the significance of the statistically
derived quantities. In this Appendix I describe the methods used to derive these signifi-
cance statistics. For the computation of the significance of the composite anomaly winds
and the significance of the correlation coefficients between SOI and number of events, 1
used standard statistical tests that assume our populations are normally distributed. To test

the significance of the monthly distribution of the WWEs I used a bootstrap method.

A.1. Composite wind anomaly significance test

I use a Students-t test to estimate the statistical significance of the composite resuits,
so | require the standard deviation of the zonal and meridional wind anomalies that make up
each composite. In particular, I needed to know these standard deviations for every 12 hour
period during the 19 days of the composite . These standard deviations were computed as

follows: b

N )
Y [OCeyr) —icxy.t, +1,)]
G(x.y.L,) = |

N

where @ is the standard deviation vector, U, u, x, y, t , and {t} and N are the same as in

3 e _ &?)
(az] =5 '(&:

I performed a Student’s-t test (Bickel and Docksun, 1977, p.210-215) on each com-

Section 1.2, and 1 define a vector power to be:

3

ponent of our composite vector wind anomaly field. to determine whether the true mean
was distinguishable from zero, to the 99% confidence limit. | use a double sided signifi-

cance test, since I are interested in wind components that are statistically significant, re-
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gardless of the sign. I set the number of degrees of freedom in our test to be the number of

individual events that went into generating the composite minus 1, using previous notation:
N-1. According to the Student’s-t test, our averages were significant to the 99% level if the

following inequélity was satisfied:

Loosan

JN-1

3(x..1,) €,
Where U0, x,y,t and N are as before; e‘ is the unit vector in the zonal (j=1) or meridional
(7=2) direction; 1y, is the double sided Student’s-t coefficient at the 99% significance
level for N degrees of freedom; and indicates the vector dot product operation. The values
fort,,, . arctabulated in most statistics or mathematical table handbooks, ¢.g. Speigel (1994),

Zwillinger (1996).

A.2. Correlation coefficient significance test

I performed a Student’s-t (Bickel and Docksun, 1977, p.220) test on our sample
correlation coefficients, r, to evaluate whether the true correlation coefficient, r, approxi-
mated r was distinguishable from zero, to a prescribed significance level, 1. 1use a double
sided significance test because | are interested in significant correlations regardless of the

sign of the correlation. The following inequality had to be satisfied in this test:

2
2 Iin-2

r' >———|—2-—
N=2+t;y,

where t

.z 18 the double sided Student’s-t coefficient for ! significance level and for N-2

degrees of freedom. Sinceinour case N =10, the threshold for 95% significance is |r|>0.63,
and the threshold for 99% significance is {r|>0.77, for the zero lag correlation tests; while
for the one year lagged case N=9, so the threshold for 90% significance is |r>0.5 8, and for
95% significance [r[>0.67. The values fort,, , are tabulated in most statistics or mathemati-

cal table handbooks, e.g. Speigel (1994), Zwillinger (1996).
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A.3. Monthly distribution significance test

[ performed a bootstrap test (Efron and Tibshirani, 1991) on the monthly distribu-
tion data to find the probability, P, the “on” season I observed for each event had of occur-
ring randomly. I then took the significance level of the seasonal distribution to be 100x(1-
P) %. The probability was computed using a bootstrap method, with 100,000 bootstrap
samples.

The procedure to determine the probability of N__ events being distributed over a
continuous L__ month period on a random distribution of N events is as follows. | sample
100,000 times; at each sampling I randomly distribute the N events for the particular event
type, into twelve equally likely months. I then test whether there exists a continuous period
of L, months for which the total number of events randomly placed is cqual to or greater
o N_,. Icount the number of times the test tums out true in our bootstrap procedure, and
define the bootstrap probability to be P = E/B; where E is the number of positive tests, and
B is the number of bootstrap samples. The bootstrap probability converged for B > 1,000,

but I took B = 100,000 for good measure.

A.4. Event sequencing significance test

I performed a bootstrap test (Efron and Tibshirani, 1991) to find the probability, P,
the sequencing pattern | observed for cach event pair had of occurring randomly. 1 then
took the significance level of the event sequencing to be 100x(1-P) %. The probability was
computed using a bootstrap method, with 10,000 bootstrap samples.

I determined the probability of distributing N, center days of type 1 and N, center
days of type 2 on a ten year time axis semi-randomly, so that no two center days of the same

type were within seven days of each other, and having M or more ordered pairs of events
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(n,,n,) within three days of each other in the following manner. | sample 10,000 times, at
each sampling step semi-randomly distributing N, and N, events as just described. [ then

test to see how many ordered pairs (n,,n,) are within 3 days of each other. [ count the
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