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ABSTRACT

OBSERVATIONS OF CONVECTIVELY COUPLED KELVIN WAVES

Convectively coupled Kelvin waves are large-scale, eastward-propagating tropical 

convective disturbances with the dispersion characteristics of equatorially trapped 

shallow water Kelvin modes. Convection in these waves propagates eastward at 15-20 

ms*1, with a horizontal scale of approximately 3000 km, and is accompanied by large- 

scale dynamical perturbations in the troposphere and lower stratosphere that are broadly 

consistent with linear equatorial wave theory.

Observations of convectively coupled Kelvin waves are presented based on 

statistical composites of global reanalysis and radiosonde data and a case study from the 

1997 Tropical Eastern Pacific Process Study (TEPPS). These observations address 

several important issues regarding the horizontal and vertical structure of Kelvin waves, 

the mechanisms for their initiation, and their modulation by intraseasonal variability.

The TEPPS case study provides detailed information about the small-scale 

structure observed during the passage of a convectively coupled Kelvin wave in the 

eastern Pacific intertropical convergence zone (ITCZ). Convection is organized within 

the eastward-propagating envelope into smaller-scale westward-propagating cloud 

clusters, in which stratiform precipitation represents a significant fraction of the total
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precipitating area. The observed temperature, wind, and moisture fields in the TEPPS 

case study as well as in statistical composites of radiosonde and global reanalysis data 

suggest that the stratiform component plays an essential role in the dynamics of 

convectively coupled Kelvin waves. Several idealized theories of coupled wave 

instability are compared with these observed structures.

A new mechanism for the initiation of convectively coupled Kelvin waves is 

presented in this study. During austral winter (boreal summer), a baroclinic Rossby wave 

packet excited in the Southern Hemisphere subtropical jet is associated with the initiation 

of a convectively coupled Kelvin wave in the central Pacific ITCZ. These results 

demonstrate that Kelvin waves can be forced from the extratropics even in regions of 

tropical easterlies.

Finally, convectively coupled Kelvin wave activity is shown to be modulated by 

the boreal summer intraseasonal oscillation (ISO). ISO convective anomalies force low- 

frequency oscillations in the strength. location, and wave activity of the Southern 

Hemisphere subtropical jet. which modulates tropical Kelvin wave activity through 

changes in the extratropical forcing of these waves.

Katherine H. Straub 
Department of Atmospheric Science 
Colorado State University 
Fort Collins. CO 80523 
Summer 2002
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I INTRODUCTION

This dissertation consists of four separate manuscripts, presented in Chapters 2-5. 

Chapter 2 was published in the Journal o f the Atmospheric Sciences in January 2002, and 

Chapter 3 was submitted for publication in March 2002.1 The material in Chapters 4 and 

5 is planned for submission in the near future. Each chapter therefore reads as a stand­

alone paper, with its own introduction and conclusions. The material in the present 

chapter provides a short background and introduction to the four papers. A discussion of 

overall conclusions and additional research suggestions is presented in Chapter 6.

The subject of convectively coupled equatorial waves has gained renewed interest 

and recognition in the field of tropical meteorology through the recent studies of 

Takayabu (1994) and Wheeler and Kiladis (1999). These two studies conclusively 

demonstrate the existence of tropical convective disturbances whose space-time spectral 

characteristics match the equatorially trapped wave modes predicted by Matsuno (1966), 

including Kelvin, mixed Rossby-gravity. n = 1 Rossby, and several classes of inertio- 

gravity waves. Further analysis of these modes by Wheeler et al. (2000) shows that the 

dynamical structures associated with each of these wave types are broadly consistent with 

linear equatorial wave theory, thus providing evidence of the convective-dynamical

1 Therefore, when referenced in Chapters 4 and 5, the material in Chapters 2 and 3 is 
cited as Straub and Kiladis (2002b) and Straub and Kiladis (2002a), respectively, as 
indicated in the bibliography.
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coupling of these modes. The implied equivalent depths of the coupled modes are much 

shallower than those associated with dry equatorial waves, however, such that the 

coupled modes propagate at much slower phase speeds than their dry counterparts. The 

mechanism for the reduction in phase speed from dry to moist equatorial waves remains 

one of the fundamental issues yet to be resolved in the field of tropical meteorology.

Observations of convectively coupled equatorial waves are at present limited in 

scope, and are often based upon global reanalysis and general circulation model data that 

are highly influenced by convective parameterizations. The present study seeks to 

provide a detailed set of observations of one particular type of convectively coupled 

equatorial wave, the Kelvin wave, based on both in situ and model-derived data. These 

observations will assist future theoretical and modeling efforts by providing information 

on the convective organization, phase relationships, and forcing mechanisms specific to 

convectively coupled Kelvin waves.

The four papers presented in Chapters 2-5 address several important issues 

involving observations of convectively coupled Kelvin waves that have not been 

investigated in previous studies. These issues are listed below, each followed by a short 

discussion that includes the motivation for examining the particular topic addressed.

I) How accurate are the horizontal and vertical structures o f convectively coupled Kelvin 

waves as represented in global reanalysis data?

Previous studies such as Takayabu and Murakami (1991) and Wheeler et al. 

(2000) illustrated the horizontal and vertical structures of convectively coupled Kelvin 

waves in global reanalysis datasets, as determined through linear regression or composite

2
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analyses based on many years of data. Since model reanalysis data are highly 

constrained by convective parameterizations in the tropics, where in situ observations are 

scarce, it is possible that the model-derived fields may not accurately reflect the true 

wave structures. In order to assess the accuracy of reanalysis-based convectively coupled 

Kelvin wave structures, high resolution measurements of a single convectively coupled 

Kelvin wave are presented in Chapter 2. as observed in the eastern Pacific Intertropical 

Convergence Zone (ITCZ) during the Tropical Eastern Pacific Process Study (TEPPS). 

which took place during August 1997. These observations not only provide real-time 

data with which to compare reanalysis-based wave structures, but also represent much 

higher resolution data than have previously been available. The wide variety of data 

collected during TEPPS allows a detailed look into numerous small-scale processes 

operating within the larger-scale Kelvin wave envelope. In addition, radiosonde data 

from fixed tropical stations are also analyzed in Chapter 4.

2) How are convectively coupled Kelvin waves initiated?

The initiation of convectively coupled Kelvin waves was suggested by Wheeler et 

al. (2000) to result from the transitioning of a preexisting dry Kelvin wave, propagating 

eastward at approximately 45 m s '1, into a moist Kelvin wave, which slows to 15 m s'1. 

Results from coupled wave modeling studies such as Mapes (2000) and Majda and 

Shefter (2001) suggest that convectively coupled Kelvin waves are inherently unstable 

modes of the moist atmosphere, and thus may spontaneously self-organize at the correct 

spatial and temporal scales to promote wave growth. In Chapter 3, a new initiation 

mechanism for convectively coupled Kelvin waves is presented. Regression analysis

3
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demonstrates that equatorward-propagating extratropical Rossby waves excited in the 

Southern Hemisphere subtropical jet during austral winter may also force the initiation of 

convectively coupled Kelvin waves in the central Pacific.

3) What are the phase relationships between temperature and heating in observed 

convectively coupled Kelvin waves, and do these relationships support previously 

formulated theories o f coupled wave instability?

Atmospheric waves may grow in amplitude if there exists a positive correlation 

between temperature and heating, through the production of eddy available potential 

energy (EAPE). Previous theories of coupled wave growth have identified several 

mechanisms by which this positive correlation between temperature and heating may 

arise, including wave-CISK (Conditional Instability of the Second Kind), WISHE 

(Wind-Induced Surface Heat Exchange), and stratiform instability. In Chapter 4. the 

observed horizontal and vertical structures of convectively coupled Kelvin waves in the 

central Pacific during boreal summer are examined, based on both reanalysis and 

radiosonde data. The phase relationships between temperature, vertical motion, and deep 

convection in observed waves are discussed in the context of the above theories of 

coupled equatorial wave instability.

4) Is convectively coupled Kelvin wave activity or other short timescale convective 

activity modulated by the 30-60 day intraseasonal oscillation?

Nakazawa (1988) suggests that 30-60 day intraseasonal oscillations (ISO) are 

primarily composed of eastward-propagating “super clusters,” which are similar if not

4
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identical to convectively coupled Kelvin waves. Hendon and Liebmann (1994). on the 

other hand, suggest that intraseasonal oscillations consist of an enhancement of 

westward-propagating, shorter timescale variability. In Chapter 5. the statistical 

relationships between two types of higher-frequency convectively coupled waves, Kelvin 

and mixed Rossby-gravity/tropical depression-type (MRG/TD) waves, and the boreal 

summer ISO are discussed. The results indicate an enhancement of MRG/TD activity 

within the convectively active ISO envelope, and an enhancement of Kelvin wave 

activity to the east of the envelope.

The observations of convectively coupled Kelvin waves presented in this study 

provide a target for future modeling studies of convectively coupled equatorial waves and 

their interactions with the large-scale environment. The following observational 

diagnosis of the phase relationships and small-scale structure internal to these waves, as 

well as their initiation mechanisms and longer timescale modulation, are intended to 

stimulate future observational and modeling studies by raising additional questions 

regarding the dynamics of convectively coupled equatorial waves.

5
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2 OBSERVATIONS OF A CONVECTIVELY COUPLED

KELVIN WAVE IN THE EASTERN PACIFIC ITCZ

2.1 Introduction

Zonally propagating convective activity represents a significant component of the 

total variability in the eastern Pacific intertropical convergence zone (ITCZ). Although 

this region is generally dominated by westward-propagating convective disturbances, 

observations often reveal the presence of eastward-propagating convective activity, 

especially during Northern Hemisphere summer and fall. The most frequently observed 

eastward-propagating disturbances in this region have phase speeds of approximately 17 

m s '1, and propagate along the mean convective axis of the ITCZ. The spatial and 

temporal scales of these disturbances suggest that they can be classified as convectively 

coupled Kelvin waves (Takayabu 1994; Wheeler and Kiladis 1999. hereafter WK99). In 

this paper, we present a case study of a particular convectively coupled Kelvin wave in 

the eastern Pacific ITCZ. and then document the more general statistical structure of 

convectively coupled Kelvin waves in this region.

Convectively coupled Kelvin waves are eastward-propagating tropical convective 

disturbances with the dispersion characteristics of equatorially trapped shallow water 

Kelvin modes (Takayabu 1994; WK99). The convection in these waves is coherently 

coupled to significant dynamical perturbations in the upper troposphere and lower

6
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stratosphere, which are consistent with linear Kelvin wave theory (Takayabu and 

Murakami 1991: Wheeler et al. 2000, hereafter WKW00).

Previous studies of convectively coupled Kelvin waves have focused on 

disturbances in the Indian Ocean and western Pacific regions (Takayabu and Murakami 

1991: Dunkerton and Crum 1995; WKWOO). In these regions, both the convective and 

dynamical fields comprising convectively coupled Kelvin waves are fairly symmetric 

with respect to the equator, as would be expected from linear theory (WKWOO). In the 

eastern Pacific, on the other hand, we will show that the observed eastward-propagating 

convective signals with Kelvin-like phase speeds and spatial scales exist primarily within 

the Northern Hemisphere, such that the convection is asymmetric with respect to the 

equator. Nevertheless, these eastern Pacific disturbances possess similar dynamical 

structures and dynamical symmetry with respect to the equator as the convectively 

coupled Kelvin waves in the Indian Ocean and western Pacific, especially in the upper 

troposphere and lower stratosphere. Since the convection in these eastern Pacific waves 

exists exclusively to the north of the equator, though, a somewhat different relationship 

between convection and dynamics is involved.

In order to more completely understand the detailed structure of a convectively 

coupled Kelvin wave in the eastern Pacific ITCZ. we present a case study of a single 

Kelvin wave passage based on data collected during the 1997 Pan American Climate 

Studies (PACS) Tropical Eastern Pacific Process Study (TEPPS; Yuter and Houze 2000). 

During TEPPS, an eastward-propagating Kelvin wave convective envelope passed 

directly over the program's observational platform, the National Oceanic and 

Atmospheric Administration (NOAA) R/V Ronald H. Brown, which was stationed in the

7
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eastern Pacific ITCZ at 7.8°N. 125°W. Instrumentation aboard the Ronald H. Brown 

included a C-band Doppler radar, two vertical wind profilers, an upper-air sounding 

system, an optical disdrometer and rain gauge, and surface meteorological sensors. 

NOAA polar-orbiting and GOES-9 geostationary satellites also collected outgoing 

longwave radiation (OLR) and infrared (IR) measurements over the region. The 

extensive dataset collected during TEPPS thus provides an unprecedented view of the 

multiscale convective and dynamical fields comprising a convectively coupled Kelvin 

wave in the eastern Pacific ITCZ.

Prior to this study, observations of the dynamical fields of convectively coupled 

Kelvin waves had been based on model analysis or reanalysis data of rather coarse 

horizontal resolution (Takayabu and Murakami 1991; WKWOO). The case study 

presented here includes data of a much finer temporal and spatial resolution, and is the 

first analysis based purely on direct field observations. These observations will provide a 

benchmark for assessing Kelvin wave structures in model datasets, to evaluate the 

models' utility for further analysis of these waves.

This chapter is organized as follows. Section 2.2 provides a brief background on 

convectively coupled waves. In Section 2.3. observations of the convectively coupled 

Kelvin wave observed during TEPPS are presented. The convective and dynamical 

structure of this wave are analyzed using observations of global OLR, GOES-9 IR data, 

and the radar, profiler, rain rate, surface meteorology, and radiosonde data collected 

aboard the Ronald H. Brown during TEPPS. The radiosonde data are compared with the 

time-height structure of a “composite” Kelvin wave disturbance calculated from 

European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis data.

8
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These composite results are then extended in Section 2.4 to include all global reanalysis 

grid points, and the temporal and spatial evolution of a three-dimensional composite 

Kelvin wave disturbance in the eastern Pacific is discussed. Finally, a summary and 

conclusions are presented in Section 2.5.

2.2 Background

The existence of convectively coupled equatorial waves has been known for some 

time (e.g., Sikdar et al. 1972: Gruber 1974; Zangvil 1975; Zangvil and Yanai 1980, 1981; 

Takayabu 1994; WK99). Kelvin and mixed Rossby-gravity waves are the most well- 

documented of all the wave types affecting the equatorial region (Nakazawa 1988; 

Hayashi and Nakazawa 1989; Liebmann and Hendon 1990; Hendon and Liebmann 1991: 

Lau et al. 1991: Takayabu and Murakami 1991; Dunkerton and Baldwin 1995; 

Dunkerton and Crum 1995; WKWOO). Inertio-gravity and equatorial Rossby waves have 

also been studied (Kiladis and Wheeler 1995; Takayabu et al. 19%; Haertel and Johnson 

1998; WKWOO).

Convectively coupled equatorial waves can be identified in a power spectrum of 

many years of tropical cloudiness data (Takayabu 1994; WK99). Presented in Fig. 2.1 is 

an updated version of the symmetric outgoing longwave radiation (OLR) power spectrum 

shown in WK99 (see their Fig. 3b), for the years 1979-99. A smoothed red background 

spectrum has been removed from the raw power spectrum such that the contours in Fig.

2.1 represent statistically significant spectral peaks at greater than the 95% level (see 

WK99 for more details). These peaks fall along the dispersion curves for several of the 

equatorially trapped shallow water waves discussed by Matsuno (1966), including

9
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Figure 2.1: Wavenumber-frequency power spectrum of the symmetric component of 
OLR for 1979-99. summed from 15°N to 15°S, and plotted as the ratio of the raw OLR 
power to the power in a smoothed red noise background spectrum (see WK.99 for 
details). Contour interval is 0.1. from 1.1 to 1.4. Shading begins at 1.1. where the signal 
is significant at greater than the 95% level. Dispersion curves for the Kelvin, n = 1 
equatorial Rossby (ER). and n = 1 westward inertio-gravity (WIG) waves are plotted for 
equivalent depths of 8. 12. 25. 50. and 90 m. Heavy solid box represents region of 
Kelvin wave filtering.

Kelvin, equatorial Rossby. mixed Rossby-gravity, and inertio-gravity waves. The 

implied equivalent depth of these waves is within the range of 10-100 m. Note the 

Kelvin wave spectral peak in the OLR spectrum, and the spectral gap separating it from 

the Madden-Julian Oscillation (MJO) spectral peak directly beneath it (wavenumbers 

0-5. period 30-70 days). This spectral gap suggests that Kelvin waves can be considered 

to be distinguishable from the MJO.
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WKWOO calculated the composite dynamical structures corresponding to each of 

these OLR modes, based on reanalysis data, and found remarkable similarities to the 

theoretical shallow water wave structures predicted by Matsuno (1966) and linear Kelvin 

wave theory (including vertical structure; e.g.. Andrews et al. 1987), particularly in the 

upper troposphere and lower stratosphere, above the heating associated with deep 

convection. The coherence between convection and circulation in these equatorial 

waves, together with their resemblance to the linear shallow water modes, suggests a 

coupling between deep convection and the linear, dry (or "free”) dynamical modes of the 

shallow water system. The shallow equivalent depths implied by the OLR power 

spectrum in Fig. 2.1 suggest an interplay between tropical convection and dynamics 

which may be responsible for slowing the phase speed of these waves from that of their 

dry counterparts (WKWOO).

23  Observations of the TEPPS Kelvin wave

The majority of this study is devoted to observations of the convectively coupled 

Kelvin wave that propagated across the eastern Pacific ITCZ during TEPPS. Our 

analysis begins with observations of the cloudiness field associated with this eastward- 

propagating wave. In Section 2.3.1. a spectral decomposition of global OLR data 

demonstrates that this particular disturbance is in fact consistent with a convectively 

coupled Kelvin wave, as defined by the methodology developed in WK99 and WKWOO. 

In Section 2.3.2. the spatial and temporal evolution of the small-scale cloud structures 

during this Kelvin wave event are analyzed using GOES-9 IR data. The radar and 

vertical profiler data collected aboard the Ronald H. Brown during TEPPS are presented

11
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in Section 2.3.3. The surface meteorology data are then used in Section 2.3.4 to assess 

the local effects of convection on the boundary layer, and also to determine any lower- 

frequency variability that may be associated with the large-scale wave structure. Finally, 

in Section 2.3.5. the vertical structure of the dynamical and moisture fields associated 

with the TEPPS Kelvin wave are illustrated using radiosonde data from the Ronald H. 

Brown. These fields help to confirm that the wave observed during TEPPS is in fact a 

convectively coupled Kelvin wave.

2.3.1 Outgoing longwave radiation

OLR has been used successfully in many previous studies to identify large-scale 

convective disturbances with timescales of several days or longer (e.g., Kiladis and 

Weickmann 1992a, 1997: WK99). In this section, the OLR signature of the eastward- 

propagating wave observed during TEPPS will be shown to fall into the space-time 

region of the convectively coupled Kelvin waves (hereafter referred to as simply “Kelvin 

waves'*) pictured in Fig. 2.1. Kelvin waves are identified using a filtered version of the 

interpolated. 2.5° gridded, global NOAA polar-orbiting satellite OLR dataset described 

by Liebmann and Smith (19%).

The technique used to isolate the OLR variability associated with Kelvin waves is 

fully detailed in WK99. In summary, the OLR data are filtered in 

wavenumber-frequency space such that only the variability on space and time scales 

represented by the Kelvin wave “box” shown in Fig. 2.1 is retained. The resultant 

filtered OLR dataset is then used to identify specific Kelvin wave episodes in the raw 

OLR data. In this study, the Kelvin wave box drawn in WK99 is slightly modified by
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shifting the lower boundary upward in frequency from 1/30 cycles per day (cpd) to 1/17 

cpd. as reflected in Fig. 2.1. This change provides a more distinct separation between 

Kelvin waves and the MJO, and is based on the pronounced spectral gap at a period of 17 

days. It does not affect the phase speed of the filtered waves.

In WK.99 and WKWOO, this filtering was performed only on the symmetric 

component of the OLR field, since Kelvin waves are defined in the symmetric portion of 

the OLR power spectrum. In this study, however, we take a slightly different approach 

and instead filter the data without first separating into symmetric and antisymmetric 

components. The motivation for this change is as follows. In the eastern Pacific, where 

this study is focused, convective disturbances tend to propagate along the latitude of the 

ITCZ. which for the majority of the year lies between approximately 5°N and 15°N. Fast 

eastward-propagating convective signals with similar spatial scales and phase speeds to 

WK99's symmetric Kelvin waves are often observed within this latitude band. These 

disturbances, with significant amplitudes present only in the Northern Hemisphere, will 

project onto both the symmetric and antisy mmetric components of the OLR field. Thus 

the total OLR field is necessary to resolve these disturbances accurately. Correlation 

coefficients between the Kelvin wave filtered OLR and the total OLR are higher in the 

eastern Pacific with this filtering method than when only the symmetric data are used (not 

shown).

The average variance of the Kelvin wave filtered OLR for Northern Hemisphere 

summer (JJA) from 1979-99 is shown in Fig. 2.2. The maximum variance tends to 

follow the latitude of the climatological ITCZ, with an equatorial maximum in the Indian 

Ocean region, and a maximum significantly to the north of the equator in the central and
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



V ariance, Kelvin f i l te r e d  OLR

Figure 2.2: Average variance of Kelvin filtered OLR band during Northern Hemisphere 
summer (JJA) from 1979-99. Contours from 60-180 W2 m*4 by 60 W2 m"4. Light (dark) 
shading represents values greater than 120 (180) W2 m*4. The location of the Ronald H. 
Brown during TEPPS is indicated by an ~x.”

eastern Pacific and Atlantic regions. Fig. 2.2 also illustrates the concentration of high 

Kelvin wave variance to the north of the equator in the central Pacific during JJA. with a 

maximum near 7.5°N. 180°.

The behavior of the tropical OLR field is now examined for the period 

encompassing the TEPPS cruise, during July and August 1997. Fig. 2.3 is a Hovmoller 

diagram of the twice-daily total OLR (shading) and the Kelvin wave filtered OLR 

(contours, only negative values shown, representing enhanced deep convection in the 

Kelvin filtered band), averaged between 2.5°N and 15°N. from I July to 31 August 1997. 

A number of strong eastward-propagating disturbances are visible in the eastern Pacific 

during this time period, the most noteworthy crossing 120‘W on 13 July, 25 July, and 20 

August. The Kelvin wave filtered OLR captures the timing and phase speed of these 

disturbances remarkably well.

The solid vertical line in Fig. 2.3 represents the time and location of TEPPS data 

collection while the Ronald H. Brown remained stationary in the ITCZ at 7.8°N, 125°W, 

from 8 to 23 August 1997. The location of the Ronald H. Brown is also marked on the 

Kelvin wave variance map in Fig. 2.2. Based on the Kelvin wave filtered OLR in Fig.

2.3. it can be seen that the eastward-propagating disturbance which passed over the ship
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Figure 2.3: Hovmoller diagram of twice-daily total OLR (shading, scale at bottom) and 
Kelvin wave filtered OLR (contours at -10 and -30 W m'2), averaged from 2.5°-15°N. 
from 1 July to 31 August 1997. Solid vertical line represents time and location of TEPPS 
radiosonde data collection aboard the Ronald H. Brown.

during this period was in fact a convectively coupled Kelvin wave. The dynamical fields, 

to be shown in Section 2.3.5. confirm this. This disturbance is traceable in the OLR field 

from 160°E to 100°W. over a period of 9 days, giving an average phase speed of about 15 

m s'1. While the total OLR field suggests that the deepest convection associated with the 

Kelvin wave occurred as it passed over the Ronald H. Brown, the Kelvin wave filtered 

OLR shows that this component actually peaked to the west of the ship. The minimum 

OLR over the Ronald H. Brown on 18-19 August reflects both Kelvin wave variability 

and OLR variability unrelated to the Kelvin wave disturbance.
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2.3.2 GOES-9 imagery

GOES-9 infrared (IR. 10.7pm) data provide a much higher resolution (3 hourly. 

0.1°) view of the cloudiness field associated with the Kelvin wave during TEPPS. An 

overview of the eastward propagation of the convective disturbance is presented in Fig.

2.4. Six IR images are shown, spanning a roughly 5-day period from 1500 UTC 14 

August to 0000 UTC 20 August. The location of the Ronald H. Brown is indicated by an 

"x” in each image.

On 14 August, the deepest convection is located at the western edge of the 

domain, centered at approximately 10°N. 180°. By 15 August, this convective envelope 

has shifted eastward and southward to approximately 5°N, 160°W. At this stage, the 

overall envelope measures roughly 20° in longitude by 10° in latitude, or approximately 

2000 km by 1000 km. The envelope continues to shift eastward over the next 4 days, 

passing almost directly over the ship on 18 August, and is centered around 10*N. 120’W 

on 20 August. The average phase speed over the period is approximately 15m s'1, which 

agrees with the speed determined from the more coarsely gridded OLR data in the 

previous section.

Within the larger eastward-propagating envelope of convection in Fig. 2.4, many 

smaller-scale features are evident. Although the large-scale cloudiness field appears to 

propagate to the east, higher temporal resolution images show distinct convective 

elements, with spatial scales on the order of 100-500 km. moving westward within this 

envelope. To illustrate the westward movement of these smaller-scale features, Fig. 2.5 

is a Hovmoller diagram of the 3-hourly GOES-9 data, averaged from 2°-12°N, from 

13-22 August. Many westward-moving features are apparent within the eastward-
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Figure 2.4: GOES-9 IR images for 14-20 August 1997. Gray scale is at right, in K. The 
location of the Ronald H. Brown is indicated by an “x” in each panel.

propagating envelope of convection, most notably on 16-17 August near 140°W and on 

20 August near 120°W. Of course, since this convective signal is averaged over a 10° 

latitude band, it illustrates only the largest and most intense of the westward-moving 

features, which appear to have widely varying westward phase speeds. Additional
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Figure 2.5: Hovmoller diagram of three-hourly GOES-9 IR data, averaged from 2° to 
12°N, for 13-22 August 1997. Contours from 225 K to 255 K by 10 K. Dark shading 
denotes temperatures less than 245 K. light shading between 245 and 255 K. Missing 
data were filled in by a linear interpolation in time if only one or two sequential 
observations were missing.

evidence of the westward movement of the smaller-scale embedded features is apparent 

in the 3-houriy maps of the GOES-9 data (not shown) as well as the radar data discussed 

in the next section. The hierarchical structure of convection shown here for the TEPPS 

Kelvin wave is also observed within other eastern Pacific Kelvin waves we have 

examined.

Nakazawa (1988) first detailed this hierarchy of convection in eastward- 

propagating “super clusters” within the MJO in the western Pacific, using OLR and GMS 

infrared data. Super clusters propagate eastward at 10-15 m s '1, and consist of smaller- 

scale “cloud clusters” which move westward within the envelope, in a similar manner to 

the observations presented in Fig. 2.5. In fact, the specific examples of super clusters
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illustrated in Nakazawa (1988) are identified in our Kelvin wave filtered OLR dataset as 

clear examples of convectively coupled Kelvin waves (not shown). Thus it is suggested 

in both Nakazawa (1988) and the present study that an eastward-propagating 

convectively coupled Kelvin wave envelope consists primarily of smaller-scale. 

westward-moving convective features.

2.3.3 Radar and vertical profiler

To further examine the small-scale structure of convection in the eastward- 

propagating Kelvin wave convective envelope during TEPPS. data are presented from the 

C-band Doppler radar and the 2835 MHz vertical profiler located aboard the Ronald H. 

Brown. These measurements provide a more complete picture of local convection in the 

vicinity of the ship during the Kelvin wave passage.

2.3.3.1 Radar

The Massachusetts Institute of Technology (MIT) C-band Doppler radar collected 

three-dimensional reflectivity and velocity measurements every 15 minutes while the ship 

was on station in the eastern Pacific ITCZ. Maps of reflectivity at 0.5-km altitude will be 

analyzed in this section. To provide a broader context for these data, simultaneous 

GOES-9 IR images will also be presented.

At 0000 UTC on 18 August (1700 LST). the Kelvin wave convective envelope is 

centered about 1000 km to the southwest of the ship, at approximately 3°N, 132°W (Fig. 

2.6a). Convection in the vicinity of the ship, as observed by radar, is widely scattered, 

fairly small scale, and generally shallow, with most cells on the order of 5-10 km across
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Figure 2.6: GOES-9 IR images (left, in K) and MIT C-band Doppler radar reflectivity 
maps at 0.5-km elevation (right, in dBZ), for (a), (b) 0000 UTC 18 August; (c), (d) 1300 
UTC 18 August; (e), (f) 2200 UTC 18 August; and (g), (h) 2300 UTC 19 August Radar 
reflectivity maps are superimposed onto GOES-9 images; red icons represent locations of 
TAO buoys. Range rings in reflectivity maps are at 30-km intervals.
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(Fig. 2.6b). The low clouds in the area are noted in the ship's cloud log as cumulus 

mediocris and humilis. with altocumulus the predominant cloud type at midlevels. These 

small convective cells generally move to the northwest, consistent with the mean flow in 

the lowest 3 km (3.9 m s’1 from 112°. as calculated from radiosonde data), similar to 

observations by Wu and LeMone (1999) during TOGA CO ARE easterly wind periods. 

This relatively "suppressed" convective environment had been in place for at least the 

past 48 hours. We note, however, that this suppressed environment does not preclude the 

development of isolated deep convective events, as can be inferred from occasional 40+ 

dBZ radar reflectivities and a waterspout sighting noted in the cloud log at 1900 UTC 17 

August.

By 1300 UTC (0600 LST) 18 August, convection around the ship has increased in 

areal coverage and in intensity, as well as in its scale of organization (Fig. 2.6d). This 

general intensification of convection is associated with the eastward propagation of the 

large-scale Kelvin wave convective envelope toward the ship, as is evidenced by the 

eastward shift of the coldest cloud tops to 125°-130°W (Fig. 2.6c). Several linear 

features are apparent in the radar data, oriented from southwest to northeast and on the 

order of 50-100 km in horizontal extent with maximum reflectivities at the 0.5 km level 

of 45 dBZ. These features generally move to the northwest and have lifetimes on the 

order of several hours. Cloud observations at the ship over the time period from 0000 

UTC to 1300 UTC confirm the deepening of convection from cumulus to cumulonimbus. 

Lightning to the northwest of the ship is noted at 1100 UTC, suggesting that convection 

is deep and vigorous enough at this time to electrify through ice-phase processes (e.g.,
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Williams 1988; Houze 1993). Observations of lightning are rare in the tropical eastern 

Pacific (Zipser 1994).

By 2200 UTC 18 August (1500 LST). the coldest cloud tops in the large-scale 

region are located to the southeast of the ship (Fig. 2.6e), with deep convection extending 

in a northwesterly direction into the southwestern quadrant of the radar coverage (Fig. 

2.60- These cells are organized on an even larger scale than at 1300 UTC. extending 

over 100 km in the horizontal. Less linear organization is apparent than at 1300 UTC, 

with larger regions of stratiform precipitation surrounding the expanding convective 

cores. These systems move westward and southward. The predominant cloud types 

observed at the ship during this period are towering cumulus and altocumulus. Rain 

begins to fall at the ship at 1800 UTC. and lasts until 0200 UTC 19 August, as is 

discussed further in the following section.

The large-scale convective envelope continues to shift eastward over the next 24 

hours. At 2300 UTC on 19 August (1600 LST). the coldest cloud tops are located to the 

northeast of the ship, centered at approximately 10°N. 120°W (Fig. 2.6g). The ship is 

located at the western edge of the Kelvin wave envelope. A large percentage of the radar 

domain is now covered by lower reflectivities, signifying stratiform rainfall (Fig. 2.6h), 

with smaller embedded deep convective cores. To the southwest is a vigorous convective 

line, oriented from northwest to southeast and moving slowly to the northeast. The 

change in orientation and direction of motion of this line from that observed on 18 

August may be related to the observed shift in the low-level wind direction, from 

southeasterly to southwesterly. As will be discussed further in Section 2.3.4, the low- 

level wind field of a theoretical Kelvin wave is expected to shift from easterly to westerly
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at a fixed point as enhanced convergence (and in the moist case, precipitation) propagates 

past.

Convection in the vicinity of the ship dissipates as rapidly as it initially grew, 

declining from widespread stratiform precipitation to very few scattered radar echoes 

within just 2-3 hours on 20 August. The speed at which convection intensifies and 

dissipates suggests the presence of strong large-scale forcing in the vertical motion and/or 

stability fields, which effectively turns deep convection on and off.

In summary, the radar data collected aboard the Ronald H. Brown suggest a rapid 

buildup of convection as the Kelvin wave convective envelope approaches from the west 

Initially, convection consists of small, isolated cells that move to the northwest, in the 

direction of the mean low-level wind. Linear features build from these small cells, and 

convective elements in general become more interconnected. Large stratiform regions 

then develop, while deep convection continues to consolidate into larger systems. As the 

large-scale envelope moves to the east stratiform features become progressively more 

predominant and finally, all convection rapidly dissipates within just a few hours. The 

total duration of convection observed at the Ronald H. Brown during this Kelvin wave 

event is approximately 48 hours.

2.3.3.2 Vertical profiler

Two NOAA Aeronomy Laboratory vertical profilers (915 and 2835 MHz) 

collected data on the vertical structure of convection directly above the Ronald H. Brown. 

The 2835 MHz (or "S-band”) data are analyzed here, because of this instrument's higher 

sensitivity to rain compared to the 915-MHz profiler. However, the qualitative aspects of
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the data from the two profilers are very similar. The data have a temporal resolution of 

approximately 1 minute.

Measurements of rain rate taken at the ship are presented with the profiler data. 

Rain rates were calculated based on measurements from the Institut fuer Meereskunde 

(IfM) optical disdrometer located aboard the Ronald H. Brown. Measurements were also 

generally taken every minute.

Figures 2.7a and 2.7b show the S-band profiler data and the IfM rain rate data for 

the 48-hour period from 1200 UTC 18 August to 1200 UTC 20 August, which covers the 

period of significant rainfall at the ship associated with the Kelvin wave passage. In 

general, the timing of the reflectivity signal in the profiler data and the rain rate signal 

match very well.

As was shown in the radar data in Fig. 2.6. convection in the vicinity of the 

Ronald H. Brown builds rapidly on 18 August. The first rain signal at the ship associated 

with the Kelvin wave passage occurs as convection is just beginning to intensify, at 0500 

UTC on 18 August, and is associated with a very isolated, shallow convective event (not 

shown). By 1500 UTC. convection near the Ronald H. Brown has intensified 

substantially, and the first deep convective signal is observed by the profiler, with echo 

top heights reaching at least 13 km. The most intense rainfall event of the 3-day period 

from 18 to 20 August then begins at 1800 UTC 18 August. This event is primarily 

convective in nature, with little evidence of a stratiform bright band. Rain rates reach a 

maximum of 35 mm hr'1 at 1818 UTC. The cumulative rainfall total for the 12-hour 

period from 1500 UTC on 18 August to 0300 UTC on 19 August is 23.77 mm.
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Figure 2.7: (a) Time-height plot of 2835 MHz vertical profiler reflectivity (dBZ). from 
1200 UTC 18 August 1997 to 1200 UTC 20 August 1997. for 500-m pulse mode and 
315-m range gate spacing, (b) Rain rate (mm hr*1) for same time period, plotted on a 
logarithmic scale. Graph courtesy of Christopher Williams. NOAA Aeronomy 
Laboratory.

After this initial convective event, the remainder of the rainfall signal at the ship 

appears to be primarily stratiform in nature, as identified by the prominent bright band in 

the reflectivity data at 4.5 km. Rain rates during this stratiform precipitation are very 

light, generally less than 0.2 mm hr'1, and the total accumulation at the ship is 0.44 mm. 

The initial deep convective precipitation event thus accounts for the majority of the 

rainfall measured at the Ronald H. Brown (92% of the total) during the Kelvin wave

passage.
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Figure 2.8: Ratio of radar echo classified as stratiform precipitation (Steiner et al. 1995; 
Yuter and Houze 1997) to total precipitating echo area in the 83-km range region 
surrounding the Ronald H. Brown for the period from 0000 UTC 18 August 1997 to 0600 
UTC 20 August 1997. The three curves represent high (dashed), medium (solid), and 
low (dotted) estimates based on uncertainty in the radar calibration. Graph courtesy of 
Sandra Yuter. University of Washington.

The disdrometer rainfall data collected aboard the Ronald H. Brown, however, 

represent only one point measurement of rainfall, and thus may not accurately portray the 

large-scale environment surrounding the ship. Presented in Fig. 2.8 is a time series of the 

stratiform fraction of the total precipitation area as observed by the C-band Doppler 

radar, from 0000 UTC 18 August to 0600 UTC 20 August. [For details on the analysis 

procedure, see Steiner et al. (1995) and Yuter and Houze (1997).] As convection initially 

intensifies on 18 August (see Fig. 2.6), the stratiform area fraction decreases rapidly, 

corresponding to an increase in deep convective rainfall. The total area covered by 

precipitating echo also increases during this period (not shown), again suggesting the 

rapid growth of deep convection in the vicinity of the ship. As the cloud systems
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organize onto larger scales, during the latter half of 18 August and into 19 August, the 

stratiform fraction steadily increases, reaching a value of 1.0 at approximately 0800 UTC 

19 August. The stratiform fraction then decreases again between approximately 1300 

UTC and 2100 UTC 19 August, corresponding to the deep convective signal observed by 

the vertical profiler at the ship at 2000 UTC 19 August (Fig. 2.7). Finally, as the Kelvin 

wave envelope departs to the east on 20 August the stratiform fraction increases once 

again to values approaching 1.0. Interestingly, during the entire TEPPS ITCZ cruise 

(8-23 August 1997). the stratiform fractional area remains higher than 0.5 at all times 

(not shown). This suggests that stratiform rainfall is predominant during active periods in 

the eastern Pacific ITCZ region.

In summary, during the Kelvin wave passage, the stratiform fractional area 

initially decreases rapidly, then generally increases as a function of time, punctuated by 

several distinct periods of more active deep convection. Based on both the vertical 

profiler data and the stratiform area fraction data, it appears that the highest rainfall rates 

and the largest deep convective fraction occur in the initial stages of this Kelvin wave 

passage. As the envelope propagates eastward across the observational domain, the 

stratiform area fraction increases, associated with smaller rain rates over a proportionally 

larger area.

2.3.3.3 Discussion

The radar and profiler data imply a clear sequence of events at a fixed point as the 

Kelvin wave convective envelope passes by. As the large-scale envelope approaches the 

ship from the west the rainfall has a substantial convective component with echo top
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heights generally above 10 km. These convective cells increase in intensity, size, and 

organization with time as the large-scale envelope approaches, beginning with small- 

scale, unorganized cells and progressing to larger-scale. more intense features. These 

features generally move with the mean low-level wind. As the convective envelope 

propagates to the east of the ship, the convective portion of the rainfall gradually 

decreases and the stratiform component increases. The cloud systems that produce the 

stratiform rainfall tend to be large in horizontal extent, covering a larger portion of the 

total domain, and the rainfall at a single point lasts for a significant time period. While 

the interpretation of the disdrometer rainfall data might suggest that the total rainfall 

accumulation during the Kelvin wave passage is dominated by its deep convective 

component, the area-averaged radar data in Fig. 2.8 show that it is instead dominated by 

the stratiform component.

These measurements suggest that the Kelvin wave envelope consists of deeper 

convection on its eastern side, and predominantly stratiform precipitation to the west. 

This is consistent with observations of large-scale features within the envelope moving 

westward with time, as shown in Fig. 2.5. New convection appears to be initiated to the 

east of the existing envelope, and is organized into deep, intense convective cells. These 

cells then mature into stratiform-dominated systems as they move westward.

2.3.4 Surface meteorology

Surface meteorology and sea surface temperature (SST) measurements were 

continuously recorded aboard the Ronald H. Brown during the Kelvin wave passage. 

Presented in Fig. 2.9 are time series of total shortwave radiation; anomalous temperature,
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Figure 2.9: Hourly-averaged surface meteorological data from the Ronald H. Brown, for 
16-22 August 1997. (a) Shortwave radiation (W m*2). (b) air temperature anomaly (dark 
line. left scale. K) and SST anomaly (light line, right scale. K), (c) specific humidity 
anomaly (dark line, left scale, g kg*1) and pressure anomaly (light line, right scale, hPa), 
(d) total wind direction (dark line, left scale, degrees) and total wind speed (light line, 
right scale, m s*1).

SST. specific humidity, and pressure; and total wind speed and direction, for 16-22 

August. Data were reported at 1-second intervals and averaged to 1-hour intervals. 

Anomaly time series were created by subtracting the 16-day average daily cycle (8-23 

August 1997, at hourly resolution). A slight warming trend (0.042° day*1) was removed
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TABLE 1. Average surface observations at the Ronald H. Brown for 8-23 August 1997.

Shortwave radiation (daytime) 406 W m*2

Air temperature 27.4°C

Sea surface temperature (SST) 29.0°C

Specific humidity 17.8 g kg '

Pressure 1008.8 hPa

Wind speed 3.4 m s'1

Wind direction 157°

from the SST time series by a least squares fit. The mean values of the surface variables 

are shown in Table 1.

Evidence of the cloudiness signal associated with the Kelvin wave passage can be 

seen in the shortwave radiation time series (Fig. 2.9a). Prior to and subsequent to the 

disturbance passage, the daily cycle of shortwave radiation is quite evident, with a 

maximum insolation of approximately 1050 W m'2. During the Kelvin wave passage, 

however, the shortwave radiation at the ship is very low, with an average daytime value 

of approximately 150 W m‘2 (calculated from 1200 UTC 18 August to 1200 UTC 20 

August). One day before the Kelvin wave begins to affect conditions in the vicinity of 

the ship, on 17 August, there is cloud over the ship in early afternoon, around 1900 UTC 

(1200 LST). However, the profiler and rain rate data for this time period show no 

associated rainfall. On the two most convectively active days, 18 and 19 August, there 

appears to be little cloudiness over the ship for the first 3-4 hours after sunrise, followed 

by a sharp drop in shortwave radiation as cloudiness builds. The maximum drop occurs
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at approximately 1800-2000 UTC each day (1100-1300 LST). The lowest overall 

insolation occurs on 18 August, when the deepest convective signal and highest rain rates 

are observed at the ship.

Figure 2.9b shows the surface temperature and SST anomaly time series at the 

ship. Corresponding to the large rain events seen in the profiler and rain rate data are 

sharp drops in surface temperature (e.g., 1900 UTC 18 August: 0000 UTC 19 August; 

2000 UTC 19 August), presumably associated with the evaporative cooling of rainfall in 

convective downdrafts. Typically, the surface temperature drops 1°-2°C during a strong 

rain event. This is consistent with observations in the western Pacific of a 1.1 °C surface 

temperature difference between convectively disturbed and undisturbed periods (Young 

etal. 1992).

The SST anomaly time series generally follows the surface temperature series, 

with a maximum correlation between the two series of 0.67 when SST lags air 

temperature by 3 hours. Prior to the Kelvin wave passage, the SST is anomalously warm. 

As the convection passes over the ship, SST gradually decreases, reaching its lowest 

value at approximately 0000 UTC 20 August, during the last stratiform rainfall event of 

the wave passage. After the Kelvin wave convection ends, the SST rises to as high as 

0.7’C above average, most notably at 0000 UTC 21 August. This sharp rise in SST, 

combined with the coincident increase in shortwave radiation, suggests a quiescent, 

cloud-free, subsident environment following the Kelvin wave passage. Cloud photos 

taken from the ship on 21 August show only widely scattered shallow cumuli and thin 

cirrus clouds at this time.
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Figure 2.9c illustrates the surface specific humidity and pressure anomalies at the 

ship. Prior to the Kelvin wave passage, specific humidity increases to a maximum of 

approximately 1.5 g kg'1 above the mean. This maximum occurs at 1000 UTC 18 

August as convection is rapidly building near the ship. As convection becomes more 

widespread, specific humidity generally decreases, with two intense negative anomalies 

apparent at 0900 UTC 19 August and 0100 UTC 20 August. These rapid drops in 

specific humidity are coincident with sharp increases in temperature, suggesting the 

presence of unsaturated downdrafts in the wake of organized mesoscale convective 

systems (Zipser 1977). Specific humidity finally climbs back to its average value on 22 

August, just prior to the outbreak of the next convective event.

In a theoretical Kelvin wave, pressure and zonal wind should be positively 

correlated: that is. low pressure should occur during easterlies and high pressure during 

westerlies, with convergence (and perhaps precipitation, if this structure is observed in 

the boundary layer of a moist atmosphere) between the easterlies and westerlies (see Fig. 

6 in WKW00). The surface observations recorded during the TEPPS Kelvin wave 

passage are consistent with this theoretical model. Initially, pressure is anomalously low 

and winds are easterly (Figs. 2.9c, d). As convection begins to build, on 18 August, 

pressure rises rapidly, and winds veer to southwesterly. This wind shift can also be 

detected in the direction of motion of large convective elements, as described in Section 

2.3.3.1. Wind speed and direction become more variable during the deep convective 

events, as might be expected. Subsequent to the Kelvin wave convection, pressure falls 

rapidly (3 hPa drop on 20 August), and winds return to easterly.
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In summary, the surface meteorological data collected aboard the Ronald H. 

Brown during the Kelvin wave passage agree well with the expected structure of a large- 

scale. eastward-propagating convective disturbance. Temperature. SST. and specific 

humidity exhibit positively correlated low-frequency variations tied to the development 

and decay of deep convection. Surface pressure and winds agree well with the theoretical 

structure of a linear Kelvin wave disturbance. These observations suggest that large- 

scale Kelvin wave dynamics play a role in constraining the shorter-timescale fluctuations 

at the surface.

2.3.5 Radiosondes and ECMWF reanalysis

In this section, the 4-hourly radiosonde data collected aboard the Ronald H. 

Brown during the TEPPS Kelvin wave passage are analyzed. These data provide a high- 

resolution time series describing the upper-air dynamical features of the passing Kelvin 

wave.

The radiosonde data have been linearly interpolated in pressure to regular 10 hPa 

intervals. Single missing points in time (4%-8% of data) were then filled in by a 

subsequent linear interpolation. Anomalies were created by subtracting from each 

individual interpolated sounding the average value at each vertical level for the entire 

ITCZ portion of TEPPS (8-23 August 1997).

For comparison purposes, vertical structure plots based on ECMWF reanalysis 

dynamical fields are also presented. Rather than directly comparing the vertical 

structures for the TEPPS time period, however, we instead create a statistical composite 

Kelvin wave disturbance from the ECMWF reanalysis data to compare with the TEPPS
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radiosonde data. This is done to reduce the impact of any inherent model bias or random 

errors that would be apparent in the comparison of a single episode from the reanalysis 

with simultaneous radiosonde measurements. In addition, since the ECMWF reanalysis 

dataset extends only from 1979 to 1993, a comparison with the 1997 TEPPS data 

preserves the independence of the two samples.

The "composite" Kelvin wave fields are calculated by linearly correlating and 

regressing the reanalysis dynamical fields (e.g.. temperature, wind) against the Kelvin 

wave filtered OLR at the closest grid point to the location of the Ronald H. Brown during 

TEPPS (7.5°N, 125°W). for the 15 Northern Hemisphere summers (JJA) from 1979 to 

1993. This technique is more thoroughly described in WKWOO. The daily ECMWF 

reanalysis fields include 16 pressure levels in the vertical, from 1000 to 10 hPa. The 

regressions are calculated at successive temporal lags, such that time-height vertical 

sections at the TEPPS basepoint can be created to compare with the TEPPS radiosonde 

data.

2.3.5.1 Temperature

Time-height plots of temperature from the TEPPS radiosonde data and the 

ECMWF reanalysis regression are presented in this section. Figure 2.10a shows the 

TEPPS radiosonde temperature anomalies from 16-21 August 1997. The plot includes a 

total of 6 days of data (37 soundings), centered around 1800 UTC 18 August, when the 

OLR at the grid point closest to the ship (7.5°N, 125°W) reached its minimum value. The 

data series has been smoothed 3 times each in time and height with a 1-2-1 filter.
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Figure 2.10: (a) TEPPS 4-hourly radiosonde temperature anomalies for 16-21 August 
1997. from 1000 to 50 hPa. (b) Regressed daily ECMWF temperatures from day -3 to 
day +3. based on a -125 W m'2 anomaly in OLR at the TEPPS basepoint on day 0. 
Contour interval in both plots is 0.3 K. with zero contour omitted. Dark shading 
represents positive anomalies.

Figure 2.10b is the corresponding regressed temperature plot from the ECMWF 

reanalysis. The regressed values are scaled to a -125 W m‘2 anomaly in OLR on Day 0, 

which represents the lowest observed value of OLR (110 W m'2) during the TEPPS 

Kelvin wave passage relative to the long-term mean at that gridpoint (235 W m*2). This 

OLR anomaly represents both the Kelvin and non-Kelvin components of convection 

observed at the Ronald H. Brown during TEPPS. The regressions are scaled to this value 

so as to provide a realistic comparison with the radiosonde data, in which the temperature
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anomalies are presumably influenced by the total convection, not just that associated with 

the Kelvin wave.2

The regressed temperature plot extends from Day -3 to Day +3, spanning the 

same time interval as the radiosonde plot (6 days). In a similar manner to the radiosonde 

plot, the reanalysis plot is centered around the time of lowest OLR at the basepoint 

(which is defined as Day 0 in the regression). Because of the statistical reduction of 

noise achieved by including many events in the regression, there is no need to smooth 

this plot.

The radiosonde and reanalysis plots have many important features in common. 

As will be discussed throughout the remainder of this paper, a number of these features 

resemble the theoretical structure of a linear, dry, vertically-propagating Kelvin wave 

(Andrews et al. 1987). Beginning in the stratosphere and upper troposphere, above about 

250 hPa. there is a downward phase propagation of temperature in both plots, with 

alternating warm and cold anomalies in the vertical. This structure is predicted by linear 

theory for a vertically propagating Kelvin wave, where phase lines tilt upward and 

eastward, parallel to the direction of energy dispersion (Andrews et al. 1987). At a fixed 

point then, one would expect a downward propagation of phase with time as a Kelvin 

wave propagated past which is seen in Figs. 2.10a and 2.10b. This suggests that the 

upper troposphere and lower stratosphere are responding in a linear, dry dynamical

The amplitude of the regressed temperature anomalies would be reduced by a factor o f 2.5 if they were 

scaled to the observed Kelvin wave filtered OLR anomaly (50 W m'*) instead of the total OLR anomaly 

(125 W m': ). In this case, the amplitudes of the reanalysis and radiosonde data in Figs. 9 and 10 would not 

agree quite as favorably. However, considering that there are no regularly reported radiosonde data near 

the location of the Ronald H. Brown which are assimilated into the ECMWF reanalysis, we feel that even 

an agreement within a factor of 2.5 is noteworthy.
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fashion to the presumed upper tropospheric heat source associated with the Kelvin wave 

convection. The observed vertical wavelength of temperature perturbations in the 

stratosphere during the TEPPS Kelvin wave is approximately 4-5 km. which is consistent 

with the theoretical 3-6 km vertical wavelength for dry Kelvin waves of equivalent depth 

12-50 m. based on typical stratospheric values of scale height (6.1 km) and lapse rate 

(+2.5 K km'1), as discussed in WKW00. The close correspondence of the radiosonde and 

reanalysis plots to one another in this region further suggests that the ECMWF global 

model is realistically capturing both the heating associated with these fast-moving Kelvin 

waves and the dynamical response associated with this heating.

A significant warm anomaly is centered at approximately 250 hPa in both the 

radiosonde and reanalysis plots, around the time of minimum OLR. This timing strongly 

suggests that the warm anomaly is caused by upper tropospheric latent heating in the 

Kelvin wave convective envelope. In the radiosonde data (Fig. 2.10a), the warm 

anomaly stretches from approximately 0000 UTC 18 August to 0400 UTC 20 August, the 

same time period when convection is active near the Ronald H. Brown. The maximum 

anomaly occurs around 0000 UTC 19 August, during the strongest convective rain event 

of the Kelvin wave passage (see Fig. 2.7).

The overall warm anomaly lasts for approximately two days in both the 

radiosonde and reanalysis data, with a peak amplitude of at least 1.2 K. However, the 

warm anomaly is centered about a day later in the reanalysis than in the radiosonde data. 

This result is somewhat surprising, since the regressed vertical motion (not shown) is 

maximized in the upward direction on Day 0, coincident with the minimum OLR. This
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suggests that an additional diabadc or dynamical mechanism is contributing to the upper 

tropospheric warming in the composite ECMWF Kelvin wave.

In the lower troposphere, the observed vertical structure of temperature is not as 

clearly related to the predicted linear response as in the upper troposphere and 

stratosphere. This is most likely caused by interactions between the Kelvin wave 

convective heating and dynamics. However, there is still a good correspondence between 

the radiosonde and reanalysis temperature structures in the lower troposphere, with warm 

anomalies preceding the convective maximum, and cold anomalies following it. This 

agreement suggests that the reanalysis is realistically capturing the large-scale structure 

resulting from these interactions.

23.5.2 Zonal Wind

Figures 2.1 la and 2.1 lb show the zonal wind anomaly for the TEPPS radiosonde 

data and the ECMWF reanalysis composite, respectively. As in the temperature analyses, 

the correspondence between the two structures is excellent In the stratosphere and upper 

troposphere, an easterly zonal wind anomaly propagates downward over the 6-day period 

from 50 to 200 hPa. In the reanalysis composite, this easterly anomaly is sandwiched 

between westerly anomalies, which also propagate downward in time. The upper 

westerly anomaly in the reanalysis appears to correspond to the westerlies centered at 

about 100 hPa on 20-22 August in the radiosonde data. In both figures, the stratospheric 

and upper tropospheric zonal wind anomalies are in quadrature with the corresponding 

temperature anomalies in Fig. 2.10, as is expected based on the theoretical structure of a 

linear Kelvin wave.
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Figure 2.11: As in Fig. 2.10 except for zonal wind. Contour interval is 1.0 m s'1.

The downward-propagating anomalies in the stratosphere and upper troposphere 

intersect at about 200 hPa with upward-propagating anomalies in the lower troposphere, 

in both the radiosonde and reanalysis plots. These two features lead to a "boomerang*'- 

like shape in the wind anomalies, as was also noted in the Kelvin wave temperature field 

in WKW00.

At approximately 200 hPa, there is a pronounced shift from westerly to easterly 

anomalies just after Day 0 in the reanalysis, and just after the maximum convective 

anomaly in the radiosonde data (at about 1200 UTC 19 August). This shift reflects the 

zonal component of the upper tropospheric divergence associated with the large-scale 

convective outflow. At the surface, on the other hand, the wind shifts from easterly to 

westerly approximately 12-24 hours prior to the upper tropospheric wind shift. The 

difference in the timing of the wind shift is due to the tilted structure of the wind and
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temperature anomalies in a Kelvin wave forced by upper tropospheric heating (Holton 

1972). This structure allows convergence at the surface to precede the convective 

anomaly, facilitating the eastward propagation of the convective envelope and the wave 

structure as a whole.

TAO buoy data

To further analyze the zonal wind structure associated with the Kelvin wave 

passage during TEPPS. data from Tropical Atmosphere Ocean (TAO) buoys in the 

central and eastern Pacific are presented in this section. A map of TAO buoy locations 

can be found in Kessler and McPhaden (1995). Hourly data were obtained for buoys 

from 0°-8°N. 155°E-95°W. for 8-23 August 1997. All available data for each longitude 

were averaged at each time. Anomalies were then created by subtracting the 8-23 

August mean at each longitude.

Figure 2.12 is a Hovmdller diagram of zonal wind anomalies from the TAO array 

during the TEPPS Kelvin wave passage. The dark solid contours represent the Kelvin 

wave filtered OLR. also shown in Fig. 2.3. Note the changeover from easterly anomalies 

prior to the OLR minimum to westerly anomalies during and after the convection. These 

wind anomalies propagate eastward with the same phase speed as the convection. 

However, the zoned wind anomalies do not appear to be smoothly eastward-propagating 

features: instead, they are more localized in space and time. When the location and 

timing of the westerly wind maxima in Fig. 2.12 are compared with the total OLR 

minima in Fig. 2.3. the correspondence is good, suggesting a strong relationship between 

the deepest convection and anomalous surface westerlies.
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TAO zonal wind anom alies and Kelvin OLR

Longitude

Figure 2.12: Hourly TAO zonal wind anomalies, averaged from 0°-8°N, for 8-23 August 
1997. Values have been smoothed with one pass of a 1-2-1 filter in time. Contour 
interval is 2 m s '1, starting at ±1 m s'1. Dark shading represents positive anomalies. Dark 
solid lines represent twice-daily Kelvin wave filtered OLR. averaged from 0°-10°N, 
contoured at -10 and -30 W m'2.

For comparison. Fig. 2.13 is a Hovmdller diagram of 1000-hPa zonal wind from 

the ECMWF composite Kelvin wave. This composite structure was calculated in the 

same manner as in Fig. 2.1 lb, by regressing zonal wind at all ECMWF reanalysis grid 

points against the Kelvin wave filtered OLR at the TEPPS basepoint, again for the 15 

Northern Hemisphere summers (JJA) from 1979 to 1993. Fig. 2.13 shows the 1000-hPa 

zonal wind averaged from 0°-10°N. from Day -11 to Day +5 and 155°E to 95°W. Since 

the regression is calculated such that the minimum OLR occurs on Day 0, the timing of 

this minimum is plotted so as to correspond with the minimum OLR at the ship on 19 

August in the TAO plot (Fig. 2.12). The solid contours in Fig. 2.13 represent the 

regressed total OLR anomaly, calculated in the same manner as the zonal wind. Note the
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ECMWF regressed zonal wind and OLR

Longitude

Figure 2.13: Hovmoller diagram of regressed ECMWF daily 1000-hPa zonal wind and 
OLR from day -11 to day +5. averaged from 0°-10°N, based on a -125 W m'2 anomaly 
in OLR at the TEPPS basepoint on day 0. Contour interval for wind is 1 m s '1, with zero 
contour omitted. Dark shading represents positive anomalies. Heavy contours represent 
regressed OLR, contoured from -40 to -80 W m'2 in 20 W m'2 intervals.

clear eastward propagation of both OLR and 1000 hPa zonal wind in the regressed fields, 

at a slightly faster speed than in the TAO data, about 17 m s 1. In a similar manner to Fig. 

2.12, easterlies precede the convective signal. As the convective anomaly intensifies in 

time, the 1000-hPa wind anomaly shifts to westerly, and remains westerly while the 

convection peaks and then dissipates.

2.3.5.3 Specific Humidity

We now return to a comparison of the TEPPS radiosonde data with the time- 

height reanalysis composite for the specific humidity field. Relative humidity data were
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a) TEPPS Radiosonde Specific Humidity Anomaly
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Figure 2.14: As in Fig. 2.10 except for specific humidity. Contour interval is 0.3 g kg '.

converted to specific humidity so that the large temperature changes associated with the 

Kelvin wave (see Fig. 2.10a) do not mask changes in total moisture.

Figures 2.14a and 2.14b show the radiosonde and reanalysis specific humidity, 

respectively, for the 6-day period surrounding the Kelvin wave passage (shown only to 

300 hPa). In the radiosonde data (Fig. 2.14a), there appears to be a quasi-periodicity in 

the specific humidity variations of around 4 days, which is apparent throughout the entire 

16-day radiosonde dataset, as also shown by Serra and Houze (2002). These variations 

are not seen in the reanalysis plot (Fig. 2.14b), most likely because they are due to modes 

that are not present in the Kelvin filtered dataset

In the radiosonde data, specific humidity increases in the lower troposphere, 

below 700 hPa, for about 24 hours prior to the OLR minimum. This moistening of the 

lower troposphere occurs concurrently with the deepening cumulus observed in the radar
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and profiler data on 18 August. The maximum specific humidity anomaly of 2.3 g kg'1 

occurs near 850 hPa at 2000 UTC 18 August, during the deepest convective event of the 

Kelvin wave passage. After this event starting at approximately 0400 UTC 19 August 

there is a pronounced shift in the specific humidity profile, with a sharp decrease in low- 

level humidity and a more gradual increase in humidity above 700 hPa. The lower 

tropospheric specific humidity anomaly reaches its minimum value, a -3.3 g kg'1 

anomaly at 930 hPa. at 1200 UTC 20 August after all convection associated with the 

Kelvin wave convective envelope has dissipated, and conditions have returned to a 

suppressed regime. The specific humidity in the mid-troposphere (at approximately 450 

hPa). on the other hand, reaches its maximum value (a +1.2 g kg'1 anomaly) just prior to 

this low-level minimum, at approximately 0400 UTC 20 August This suggests that the 

mid-tropospheric moist anomaly arises either locally, as a result of the pervasive 

stratiform convection in the region on 19 and 20 August or else is advected westward 

from convection developing to the east of the ship by the mid-level easterlies.

The ECMWF reanalysis composite captures only the grossest features of the 

specific humidity changes apparent in the radiosonde data. In the lower troposphere, the 

composite shows a weak moist anomaly beginning three days prior to the peak in 

convection, and lasting until after the OLR minimum on Day 0. This differs sharply from 

the rapid buildup of specific humidity in the lower troposphere in the radiosonde data. 

The reanalysis composite does, however, capture the upward propagation of positive 

specific humidity anomalies after the peak in convection, and the development of 

negative anomalies in the lower troposphere several days after this peak.
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CAPE. 1 6 - 2 3  A ugust  1997

Figure 2.15: CAPE (J kg'1) at the Ronald H. Brown from 16 to 23 August 1997. 
calculated from 4-hourly radiosonde data.

2.3.5.4 CAPE

The radiosonde temperature and humidity profiles allow a calculation of the 

convective available potential energy (CAPE) as a function of time. In this study, CAPE 

is defined as the net positive area on a thermodynamic diagram, between the observed 

temperature sounding and the temperature of a parcel lifted moist pseudoadiabatically 

from the lifting condensation level to the level of neutral buoyancy (Emanuel 1994).

Figure 2.15 is a time series of CAPE at the ship from 16-23 August Prior to the 

Kelvin wave passage, on 16-17 August CAPE fluctuates around its cruise mean of 650 J 

kg '. CAPE then increases dramatically on 18 August reaching a maximum of nearly 

2300 J kg'1 at 1200 UTC. This buildup of CAPE coincides with the rapid intensification 

of deep convection on 18 August as observed in the radar data (Fig. 2.6). The maximum 

CAPE at 1200 UTC precedes by approximately 3 hours the outbreak of deep convection 

at the ship as observed by the vertical profiler (Fig. 2.7). The radiosonde data in Figs. 

2.10a and 2.14a suggest that this increase in CAPE is due to a substantial warming and 

moistening of the boundary layer air, and not a cooling aloft.
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CAPE decreases rapidly after 1200 UTC 18 August then reintensifies to another 

maximum at 0400 UTC 19 August. By 0000 UTC 20 August when stratiform rainfall is 

dominant near the ship. CAPE has fallen to nearly zero. This gradual decline can be 

attributed to a cooling and drying at the surface, as observed in Figs. 2.10a and 2.14a.

The time series of CAPE at the Ronald H. Brown illustrates the local effect of the 

Kelvin wave passage on the potential for deep convection. CAPE builds rapidly as 

warm, moist boundary layer air is advected westward toward the ship by the low-level 

easterlies. Deep convection is able to quickly decrease CAPE by both transporting 

moisture upward and also cooling the boundary layer air via convective downdrafts. In 

addition, the lower-frequency decline in CAPE can be attributed to the advection of 

cooler, drier boundary layer air from the west as the Kelvin wave propagates eastward.

2.4 Large-scale wave structure

The similarities between the ECMWF reanalysis Kelvin wave structures and the 

TEPPS radiosonde data in Figs. 2.10. 2.11. and 2.14 give us confidence that the 

reanalysis is realistically capturing the dynamics of convectiveiy coupled Kelvin waves. 

To further investigate these dynamics, the ECMWF regressions are expanded to include 

all grid points on the globe and all vertical levels. In this manner, the three-dimensional 

structure of a typical Kelvin wave in the eastern Pacific ITCZ can be assessed.

To give a general overview of the eastward propagation of the Kelvin wave fields, 

Fig. 2.16 shows the regressed OLR (shading) and 150-hPa temperature (contours) and 

winds (vectors) on Days -3, 0, and +3, based on a -50 W m'2 anomaly in OLR on Day 0 

at the TEPPS base point. This OLR anomaly corresponds to a typical perturbation during
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Figure 2.16: Regressed OLR (shading, dark negative. ±10 and 30 W m'2) and 150-hPa 
temperature (contours, solid positive, contour interval 0.1 K. zero contour omitted) and 
winds (vectors, maximum 10 m s*\ shown only where 95% significant) for (a) day -3, (b) 
day 0. and (c) day +3. based on a -50 W m*2 OLR anomaly at the TEPPS base point on 
day 0.

a strong Kelvin wave event, and represents only the Kelvin wave filtered portion of the 

total OLR anomaly. As shown in Fig. 2.16, the regressed OLR, temperature, and wind 

signals propagate together to the east at approximately 17 m s 1, which is quite close to 

the phase speed of the TEPPS Kelvin wave (15 m s'1).

The 150-hPa temperature perturbations are fairly symmetric with respect to the 

equator in the vicinity of the OLR signal. The zonal component of the wind perturbations 

is also quite symmetric near the equator at this level (Fig. 2.16; note that winds are 

plotted as vectors only at a significance level of 95% or greater), although significant off- 

equatorial, asymmetric wind signals can also be seen. The symmetry in the temperature 

and zonal wind fields, as well as the geopotential height field, becomes much more 

pronounced in the lower stratosphere (not shown). The symmetry above 150 hPa is
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consistent with the structure of a dry. linear, upward-propagating Kelvin wave, as might 

be forced by an upper tropospheric heat source (Holton 1972). We consider this signal to 

be the coherent Kelvin wave response to the upper tropospheric heating associated with 

the eastward-propagating convective envelope. The temperature response propagates 

eastward at approximately the same phase speed as the OLR signal most likely because it 

is being continually forced by the convection. Faster vertically-propagating Kelvin 

waves may also be excited by this convective heat source (Salby and Garcia 1987); 

however, these waves are filtered out by the technique used to produce Fig. 2.16, since 

they radiate away at faster phase speeds and thus are not coherent with the Kelvin filtered 

OLR signal.

While the regressed 150-hPa winds are predominantly zonal near the equator, 

they do include a non-negligible meridional component, especially in the vicinity of the 

enhanced deep convection, e.g., at 10°N. 160°W in Fig. 2.16a. Although a theoretical 

Kelvin wave is comprised of purely zonal flow, one might expect a moist Kelvin wave in 

the real atmosphere to contain Rossby-like components associated with the mass 

circulation due to deep convection. These meridional winds are primarily associated with 

the off-equatorial location of the divergence signal at 150 hPa, which is collocated with 

the lowest OLR (not shown). The fact that the winds at 150 hPa do contain these 

signatures supports the hypothesized coupling between convection and circulation in this 

wave.

The near symmetry of the upper tropospheric and lower stratospheric 

perturbations associated with the eastward-propagating deep convection agrees well with 

linear equatorial Kelvin wave theory. The structure in the lower troposphere, on the other
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hand, is not as well accounted for by simple dry linear dynamics, since active convection 

most likely interacts with the low-level circulation. Interestingly, though, the dynamical 

symmetry observed above ISO hPa is also apparent throughout the majority of the 

troposphere, above 850 hPa. The near symmetry of these regressed dynamical fields in 

the troposphere is somewhat surprising, considering that the convective portion of the 

wave (as signified by the OLR perturbations) is significantly off-equatorial, especially 

eastward of 140°W.

At 1000 hPa. however, the temperature and zonal wind fields are centered to the 

north of the equator, between 5° and 10°N (not shown). As can be inferred from Figs. 

2.10 and 2.11. the warmest temperatures and strongest easterly winds are located directly 

to the east of the lowest OLR signal. Moisture convergence is also strongest to the east 

of the existing convection. This is consistent with the fact that the OLR signal propagates 

eastward with time, as new convection is preferentially initiated to the east of existing 

convection, in the region of strongest low-level moisture convergence. This region of 

convergence to the east of the heating may simply be the low-level Kelvin response to the 

tropospheric heat source, as illustrated by Mapes (1998) in a linear vertical spectral band 

model. Thus it appears that both convection and dynamics play a role in setting the phase 

speed of the wave structure as a whole.

We note here that the asymmetry in the convective field is not dependent on either 

the Northern Hemisphere location of the OLR basepoint or the choice of OLR as the 

filtered variable. Additional regressions were calculated using a basepoint on the equator 

(0°N, 125°W). based on both Kelvin filtered OLR and Kelvin filtered 100-hPa zonal wind 

(not shown). Both regressions depict a similar evolution of the OLR signal to Fig. 2.16,
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with low OLR propagating eastward at 17 m s '1 along the ITCZ, consistent with the 

maximum in Kelvin wave OLR variability to the north o f the equator in the eastern 

Pacific, as shown in Fig. 2.2.

These results illustrate that the free tropospheric dynamical structure of a Kelvin 

wave in the eastern Pacific ITCZ may be largely symmetric about the equator, as 

predicted by theory, while the convection and boundary layer signals maximize to the 

north of the equator. The off-equatorial location of convection is most likely due to the 

warm SSTs to the north of the equator in this region, which provide the necessary 

boundary layer moist static energy to fuel deep convection. Near the equator itself, 

climatologically cold SSTs in the eastern Pacific cold tongue prevent deep convection 

from occurring.

While the relationship between convection and dynamics in Fig. 2.16 may be 

surprising in light of the theoretical Kelvin wave structure, it must be remembered that 

the theoretical shallow water modes are dry modes of the atmosphere; these modes 

account for the structure of the divergence field without moisture, but not necessarily the 

associated precipitation field. Given equatorially asymmetric lower boundary conditions 

(i.e.. SST), it seems reasonable that equatorially symmetric dynamical forcing (e.g., 

upward motion, wind, or pressure fields) may result in an equatorially asymmetric OLR 

distribution. We suggest that this is the case in the eastern Pacific ITCZ. This hypothesis 

is further supported by observations of a systematic shift in Kelvin wave convection 

toward the equator during warm ENSO events, when the eastern Pacific equatorial cold 

tongue is significantly weakened (not shown).
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Figure 2.17: Longitude-height cross-section of regressed temperature along the equator 
on day 0 (bottom), and regressed OLR along 7.5°N (top), based on a -50 W m*2 OLR 
anomaly at the TEPPS basepoint on day 0. Contour interval is 0.2 K. with zero contour 
omitted. Regions of 95% or greater statistical significance are shaded, with dark shading 
denoting positive correlations.

The vertical structure of the eastern Pacific composite Kelvin wave also shows 

many similarities to the theoretically predicted Kelvin wave structure, particularly in the 

upper troposphere and lower stratosphere, above the heating associated with deep 

convection. Shown in Fig. 2.17 is a longitude-height cross-section of temperature along 

the equator on Day 0 (bottom), and an OLR cross-section along 7.5°N (top), where the 

convective signal is maximized. The temperature phase lines tilt eastward with height in 

the stratosphere and upper troposphere, and westward with height below about 250 hPa. 

Note that the stratospheric temperature structure in Fig. 2.17 is similar to that in Fig. 

2.10b. but with the x-axis reversed, consistent with a propagating structure. The 

stratospheric signals are consistent with a vertically propagating Kelvin wave, where 

energy travels upward and eastward, parallel to lines of constant phase. The phase lines
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themselves propagate downward and eastward with time. This structure is consistent 

with forcing by an upper tropospheric convective energy source, namely the deep 

convective heating associated with the Kelvin wave.

The Kelvin wave horizontal and vertical structures in the eastern Pacific ITCZ 

shown in Figs. 2.16 and 2.17 are similar to those calculated for a Kelvin wave in the 

Indian Ocean region by WKWOO (see their Figs. 5 and 7). This suggests that the Kelvin 

wave dynamical structures are not strongly affected by differences in basic state winds 

between the Indian Ocean and eastern Pacific. The horizontal distribution of convection 

changes from region to region, however, most likely due to changes in the underlying 

thermal boundary conditions.

2.5 Summary and conclusions

In this study, observations are presented of a convectively coupled Kelvin wave 

that propagated eastward within the eastern Pacific ITCZ during the 1997 TEPPS field 

program. These observations represent a unique high-resolution, in situ, multiparameter 

dataset detailing the convective and dynamical structure of this type of convectively 

coupled wave.

The large-scale convective envelope of the TEPPS Kelvin wave moves eastward 

at approximately 15 m s'1, and consists of smaller-scale westward-moving convective 

elements, similar to observations of “super clusters” within the MJO by Nakazawa 

(1988). Radar and vertical profiler data show that the large-scale Kelvin wave envelope 

significantly affects local convection. Convective activity increases rapidly from small- 

scale, shallow cumulus to deep cumulonimbus within 24 hours, organizing into linear
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features that move with the mean low-level wind. Much larger-scale convective and 

stratiform regions then develop, with stratiform rainfall becoming predominant within the 

next 24 hours. Convection then dissipates rapidly, within 2-3 hours. The evolution of 

convection as observed at the Ronald H. Brown suggests that a Kelvin wave envelope is 

much more convectively active on its eastern side, with widespread stratiform 

precipitation composing the trailing western region.

The dynamical properties of the TEPPS Kelvin wave in the upper troposphere and 

lower stratosphere are largely consistent with linear equatorial Kelvin wave theory. 

Locally downward-propagating temperature and zonal wind signals are observed, as 

would be expected for an upward-propagating Kelvin wave forced by upper tropospheric 

latent heating. At the surface, there is a significant wind shift from easterly to westerly 

anomalies at the time of deepest convection, which is also observed as a coincident shift 

in the direction of movement of convective elements.

The TEPPS radiosonde data compare very well with a composite Kelvin wave 

disturbance calculated from 15 years of ECMWF reanalysis data, suggesting that the 

reanalysis is accurately capturing Kelvin wave convective variability and its dynamical 

manifestations. When this composite Kelvin wave structure is expanded to three 

dimensions, its dynamical structure looks similar to the Kelvin waves in the Indian Ocean 

studied by WKWOO. with wind and temperature anomalies fairly symmetric with respect 

to the equator. However, the OLR signal in the eastern Pacific Kelvin wave is strongly 

asymmetric, existing only in the Northern Hemisphere, where SSTs are warm enough to 

support deep convection. It is thus hypothesized that the dry dynamical structure of 

Kelvin waves remains intact as these waves propagate eastward into the eastern Pacific
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ITCZ, but that their convective signal shifts latitudinally into the region of warmest SSTs. 

Apparently the maximum in latent heating to the north of the equator is still able to 

project onto the equatorially symmetric Kelvin wave dynamical mode as the entire 

structure propagates eastward.

The reanalysis data used in constructing the composite Kelvin wave should 

continue to be very useful in further diagnosing the full three-dimensional structure of 

Kelvin waves in the eastern Pacific ITCZ. In addition, we plan to incorporate data from 

several other field programs in which convectively coupled Kelvin waves were observed 

[e.g.. South China Sea Monsoon Experiment (SCSMEX) and Nauru99] to determine 

whether the structure we observe in the eastern Pacific ITCZ is truly a global signature. 

In addition, reanalysis and in situ data will allow the analysis of other equatorially 

trapped waves, such as mixed Rossby-gravity and equatorial Rossby waves, as well as 

the modulation of these waves by longer-timescale variability such as the MJO and 

ENSO.
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3 EXTRATROPICAL FORCING OF CONVECTIVELY 

COUPLED KELVIN WAVES DURING AUSTRAL 

WINTER

3.1 Introduction

Convectively coupled Kelvin waves are large-scale, eastward-propagating tropical 

convective disturbances whose spectral characteristics in the deep cloudiness field lie 

along the theoretical dispersion curves for dry Kelvin waves of shallow equivalent depth 

(Takayabu 1994; Wheeler and Kiladis 1999; Wheeler et al. 2000. hereafter WKW00; 

Straub and Kiladis 2002b. hereafter SK02b). Deep convection in these waves propagates 

eastward at approximately 17 m s'1, and is accompanied by large-scale kinematic and 

thermodynamic perturbations in the troposphere and lower stratosphere that are broadly 

consistent with the theoretical internal Kelvin wave response to an eastward-propagating 

upper tropospheric heat source (Holton 1972; WKW00). Convectively coupled Kelvin 

waves are thus thought to arise from the interaction between a dry Kelvin mode and 

moist convective processes. The observed phase speed of convectively coupled Kelvin 

waves of 17 m s '1 is slower than that of dry Kelvin waves observed in the atmosphere, 

which propagate eastward at 40-50 m s'1 (Andrews et al. 1987; MillifF and Madden
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1996). and is faster than that of the Madden-Julian Oscillation (MJO), which propagates 

eastward at 5-10 m s '1 (Madden and Julian 1971, 1994).

Previous studies of convectively coupled Kelvin waves have illustrated the 

observed horizontal and vertical structures of these waves in their developed stage 

(Takayabu 1994; WKWOO: SK02b), but have not addressed the mechanisms by which 

Kelvin waves might be initially excited. In this paper, we argue that a substantial fraction 

of convectively coupled Kelvin waves are excited through a distinct forcing from the 

extratropics.

Convectively coupled Kelvin waves are observed most frequently in the central 

Pacific intertropical convergence zone (ITCZ) during austral winter (June-July-August, 

or JJA). During this season, the subtropical jet in the Southern Hemisphere attains its 

largest amplitude and northernmost position in the vicinity of Australia (see Fig. 3.1), and 

Rossby waves excited in the jet propagate eastward and equatorward from this region, as 

shown by Chang (1999) and discussed in more detail in Section 3.4. In the current study, 

we present observations that link these equatorward-propagating Southern Hemisphere 

subtropical jet disturbances with the initiation of tropical Kelvin wave activity in the 

Pacific ITCZ. and suggest a possible dynamical mechanism for this interaction.

This paper is organized as follows. A literature review is presented in Section 

3.2. In Section 3.3. the datasets and methodology used in this study are detailed. A 

climatology of the parameters relevant to Kelvin wave activity during austral winter is 

presented in Section 3.4. Sections 3.5 and 3.6 discuss the typical horizontal and vertical 

structures of the circulation anomalies associated with a convectively coupled Kelvin 

wave in the tropical Pacific. In Section 3.7, the longer timescale relationship between
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Kelvin wave activity in the Pacific and the variability of the Southern Hemisphere 

subtropical jet is described. In Section 3.8. a case study is presented which illustrates the 

relationship between the extratropical circulation and Kelvin wave activity during two 

contrasting months. Finally, a summary and conclusions are given in Section 3.9.

3.2 Background

A number of previous observational and modeling studies have explored the 

relationship between the extratropical circulation and the initiation of tropical convection 

and equatorially trapped waves. Observations suggest that tropical convection can be 

forced from the extratropics via pressure surges from strong midlatitude systems in the 

winter hemisphere (Lau 1982: Love 1985a. b: Hsu et al. 1990; Meehl et al. 1996; Compo 

et al. 1999). or by an upper tropospheric trough propagating equatorward through the 

tropics during boreal winter, in a region of equatorial upper tropospheric mean westerlies 

(Liebmann and Hartmann 1984; Kiladis and Weickmann 1992b. 1997; Kiladis 1998; 

Liebmann et al. 1999). Williams (1981) and Lau (1982) present case studies of 

northeasterly cold surges off the Asian continent during boreal winter that are followed 

by the initiation of equatorially symmetric, eastward-propagating convective anomalies 

near Borneo. Both authors suggest that these convective anomalies are related to Kelvin 

waves. Kiladis (1998) presents observations of lower tropospheric equatorially trapped 

Rossby wave structures initiated following a deep convective outbreak in the eastern 

Pacific, which itself is initiated by an equatorward-propagating extratropical Rossby 

wavetrain. Finally, Magana and Yanai (1995) document a correlation between Southern 

Hemisphere westward-propagating extratropical circulation anomalies and the initiation
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of equatorially trapped mixed Rossby-gravity waves in the central Pacific during boreal 

summer and fall. In summary, observations suggest that extratropical circulation features 

may be responsible for forcing some large-scale regions of deep tropical convection, and 

may also play a role in initiating equatorial waves.

Theoretical and modeling studies have also addressed the topic of the 

extratropical forcing of equatorially trapped waves and tropical convection. For example, 

Mak (1969) demonstrates that stochastic forcing at the latitudinal boundaries of a two- 

level model can excite tropical waves with mixed Rossby-gravity and equatorial Rossby 

mode characteristics. Lamb (1973) presents solutions to a more complex model, which 

show that lateral forcing from the extratropics can excite equatorially trapped waves 

whose structures are then modified by the presence of condensational heating. Lim and 

Chang (1981) illustrate in a shallow water model that extratropical mass forcing 

analogous to a lower tropospheric pressure surge excites a spectrum of equatorially 

trapped waves including Kelvin, mixed Rossby-gravity, and n=l equatorial Rossby 

waves. Matthews and Kiladis (2000) excite equatorward-propagating Rossby waves in 

the eastern Pacific in a baroclinic model by perturbing the climatological boreal winter 

east Asian jet. and show that lower tropospheric n = 1 equatorial Rossby wave structures 

can be excited through the addition of diabatic forcing. These studies and others have 

provided evidence suggesting that equatorially trapped waves can theoretically be forced 

from the extratropics.

Two additional studies that are particularly relevant to the present work are those 

of Zhang (1993) and Hoskins and Yang (2000). Both studies find that a propagating 

extratropical vorticity source can force a spectrum of equatorially trapped waves in the
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tropics, including Kelvin waves, even in regions of mean tropical easterlies. Previously, 

it had been thought that such tropical-extratropical interaction would be suppressed in 

regions of tropical easterlies, based on the Rossby wave propagation theories of Chamey 

(1969) and Webster and Holton (1982). These theories predict that Rossby waves 

become evanescent at their critical line, where their zonal phase speed equals that of the 

background zonal wind. However. Zhang (1993) demonstrates that Kelvin wave 

amplitudes should actually be larger in the presence of equatorial easterlies, for eastward- 

propagating forcing with periods greater than 6 days. Similarly. Hoskins and Yang 

(2000) show that the strongest Kelvin wave response to eastward-propagating forcing 

occurs in tropical easterlies, for low zonal wavenumbers. In general, the equatorial 

Kelvin wave response is shown to maximize when the Doppler-shifted forcing frequency 

approaches the modal eigenfrequency. that is, when the local forcing speed matches the 

theoretical Kelvin wave phase speed for a given basic state flow. These results allow for 

the possibility of the remote forcing of Kelvin waves from the extratropics even when the 

equatorial winds are easterly, as is the case in the tropical Pacific during austral winter.

The question then arises as to which Kelvin wave eigenfrequencies (i.e., phase 

speeds) can be forced from the extratropics in the Earth’s atmosphere. Observations 

show that dry Kelvin waves exist in the tropics over a wide range of frequencies and 

phase speeds (see Salby and Garcia 1987), but that moist (or convectively coupled) 

Kelvin waves are constrained to Doppler-shifted phase speeds between 15-20 m s '1 

(Takayabu 1994; WK99). If. then, convectively coupled Kelvin waves do represent an 

intrinsic mode of the moist atmosphere, it appears that they could potentially be forced by 

extratropical vorticity perturbations that also propagate eastward at 15-20 m s'1. We thus
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hypothesize that extratropical vorticity forcing in the form of eastward-propagating 

perturbations in the subtropical jet might be able to force equatorial Kelvin waves, even 

in the presence of equatorial easterlies. The remainder of this study seeks to show that 

this is indeed the case in the Pacific during austral winter.

3 3  Data and methodology

Two primary datasets are utilized in this study. NOAA outgoing longwave 

radiation (OLR) data are used to represent large-scale deep tropical convection, and 

European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis fields are 

used to represent the atmospheric circulation. Both datasets are available globally, on a 

regular 2.5° horizontal grid, and are averaged to daily time resolution. The reanalysis 

data are available on 16 pressure levels in the vertical, from 1000 hPa to 10 hPa, and 

extend from 1979-1993. The OLR data extend from 1979-2001 (Liebmann and Smith 

1996).

The relationship between Kelvin wave convection and the tropical and 

extratropical circulation is determined through a linear regression technique, in a similar 

manner to many previous studies of this type (Kiladis and Weickmann 1992b, 1997; 

Kiladis 1998; WKW00; SK02b). The majority of the results in the present study are 

obtained by linearly regressing daily ECMWF reanalysis fields (horizontal and vertical 

winds, temperature, geopotential height, and specific humidity) and total OLR against an 

index of Kelvin wave OLR, for the 15 austral winters (JJA) from 1979-1993, as a 

function of temporal lag. The Kelvin wave OLR index is constructed by filtering the 

total OLR data in wavenumber-frequency space such that the output includes only
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variability in the region surrounding the climatological Kelvin wave spectral peak (see 

WKWOO for more details). The filter spans periods of 2.5-17 days and wavenumbers 

1-14. specifically isolating disturbances with eastward phase speeds from 8-30 m s'1 [see 

Wheeler and Kiladis (1999). WKWOO, or SK02b (Fig. 2.1 in Chapter 2) for an 

illustration]. A reverse transform in space and time then results in a filtered dataset that 

includes only variability on these preferred Kelvin wave space and time scales. The 

Kelvin wave index used in this study is the daily value of the Kelvin wave filtered OLR 

at the point of its climatological variance maximum in austral winter, which is at 7.5°N, 

172.5°W (see Fig. 3.1). The linear regression results based on this index are then scaled 

to a -40 W m‘2 anomaly in OLR at the basepoint on day 0, a typical value for a strong 

Kelvin wave event. The statistical significance of these results is calculated based on a 

local two-sided significance test, which takes into account the correlation coefficients and 

a reduced number of degrees of freedom based on the decorrelation timescale, as in 

Livezey and Chen (1983). Results are considered significant at the 95% level or greater.

To assess the robustness of the relationship between convection and circulation 

determined from the Kelvin wave filtered OLR. regressions were also calculated based 

on several other indices of tropical convection and the extratropical circulation. These 

results show strong similarities with those based on the Kelvin wave OLR, and are 

discussed in Section 3.5.1. In addition, we have calculated composite disturbances based 

on strong Kelvin wave events. The composite results are also very similar to those 

calculated in the regressions, based on both positive and negative OLR perturbations. 

This suggests a strong linearity in the observed Kelvin wave dynamical fields, and 

supports the use of the linear regression technique.
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In Section 3.7. 200-hPa NCEP/NCAR reanalysis data are used in place of the 

ECMWF reanalysis data in constructing composites of monthly averaged circulation 

parameters related to Kelvin wave activity in the Pacific, because of the longer data 

record, which extends from 1979-2001. The analysis presented in Section 3.7 has been 

carried out using the overlapping periods of 1979-1993 in both the ECMWF and 

NCEP/NCAR datasets, and the results are nearly identical, as are the case study results 

presented in Section 3.8. Finally, monthly-averaged Reynolds sea surface temperature 

(SST) data are utilized in Section 3.8. These data were obtained from the NOAA-CIRES 

Climate Diagnostics Center on a 1° grid, and interpolated to a 2.5° grid to match the 

resolution of the OLR and reanalysis data.

3.4 Climatology

Before discussing the regression results, we first review the climatological 

background fields from which disturbances originate, and through which they propagate. 

Figure 3.1 shows the JJA climatological values of total OLR (dark shading), 200-hPa 

zonal wind (light contours). Kelvin wave filtered OLR variance (dark contours), 200-hPa 

<30 day filtered meridional wind variance (light shading), and 200-hPa <30 day filtered 

E-vectors. The E-vectors are defined as:

£ 1 '2 fZ / A=  I V — u ,-u V j

(Hoskins et al. 1983). where u and v are the zonal and meridional wind, respectively, the 

primes represent <30 day filtered fluctuations and the bars represent a climatological 

average over the JJA season from 1979-1993. The <30 day filtered meridional wind 

variance and <30 day E-vectors are intended to provide a qualitative measure of the
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Figure 3.1: Austral winter (JJA) climatological values of total OLR (dark shading), 
Kelvin wave filtered OLR variance (dark contours), 200-hPa zonal wind (light contours), 
<30 day filtered 200-hPa meridional wind variance (light shading), and <30 day filtered 
E-vectors, based on the years 1979-1993. OLR is shaded at 200. 220, and 240 W m \  
and is set to zero outside the range 20°S-30°N for plotting purposes. Kelvin OLR 
variance is contoured from 120 to 210 W2 m"4 by 30 W2 m"4. Zonal wind is contoured 
every 10 m s '1. Meridional wind variance is shaded at 160 and 200 m2 s'2. Longest E- 
vectors are 150 m2 s'2; vectors are not plotted below 10 m2 s '.

amplitude and direction of propagation of upper tropospheric extratropical wave activity. 

In a quasigeostrophic framework, the E-vectors point in the approximate direction of the 

group velocity of a wave packet (Hoskins et al. 1983). The studies of Zhang (1993) and 

Hoskins and Yang (2000) motivate the selection of these parameters, as both studies have 

shown in model simulations that equatorial Kelvin waves can be excited by a transient 

vorticity source in the extratropics. The <30-day time scale was chosen to represent a 

broad band of submonthly fluctuations, while also removing intraseasonal and 

interannual variability.

The total OLR field in Fig. 3.1 (dark shading) is dominated by convection in the 

Asian monsoon region. Low OLR extends across the Pacific ITCZ, from the Maritime 

Continent to the coast of Central America, along 5°-10°N. The distribution of 

subseasonal convective variance closely follows the distribution of OLR, with greater 

subseasonal variance in regions of lower OLR (not shown). In the central Pacific,
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between the two centers of intense convective activity in the Asian and North American 

monsoon regions, lies the maximum in Kelvin wave activity, as represented by the 

variance of the Kelvin wave filtered OLR (dark contours). The maximum variance lies to 

the north of the equator, just to the east of the Dateline, with high variance extending 

along the latitude of maximum total convection (minimum OLR). Note that the 

maximum in Kelvin wave activity is collocated with a relative minimum in total 

convection along the ITCZ. A similar overall relationship emerges between Kelvin wave 

OLR variance and a variety of parameters representing overall convection and the large- 

scale moist environment in the Pacific, including total OLR variance. SST. and boundary 

layer equivalent potential temperature (not shown). These relationships suggest that 

while tropical Kelvin wave activity is modulated by the large-scale lower boundary 

conditions (that is. activity exists only in regions satisfying certain threshold conditions 

on low-level moisture. SST. etc.), other factors are involved in determining the 

distribution of this activity within the ITCZ.

Figure 3.1 also shows the 200-hPa zonal wind Held (light contours) during austral 

winter. The extratropical wind field is dominated by the Southern Hemisphere 

subtropical jet, which maximizes to the east of Australia along 30*S. Extending along the 

jet core is a distinct maximum in submonthly meridional wind variance (light shading), 

which stretches from Australia eastward to approximately 120°W. The meridional wind 

variance is chosen as a proxy for extratropical Rossby wave activity. A similar 

distribution of activity is also found using streamfunction or vorticity variance. The 

preferred direction of energy propagation of these submonthly jet perturbations can be 

estimated by the direction of the E-vectors, which point northeastward. It thus appears
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that during austral winter, submonthly Rossby wave perturbations in the subtropical jet 

tend to propagate eastward and equatorward in the vicinity of Australia. The 

equatorward propagation of individual Rossby wavetrains should theoretically be 

facilitated by the existence of westerlies at relatively low latitudes in the central Pacific, 

allowing Rossby waves to propagate quite close to the equator before they are influenced 

by their critical line (Webster and Holton 1982).

Observations by Chang (1999) show that the dominant wave propagation pattern 

in this region during austral winter is consistent with the above conclusions. A wavetrain 

of zonal wavenumber 6 propagates eastward over the south Indian Ocean at 

approximately 8-12 m s'1. When this wavetrain reaches Australia, it splits into two 

branches. The stronger northern branch propagates northeastward, toward the equator, 

and the weaker southern branch continues to propagate eastward along 50°-60°S. This 

preferred wave pattern will be shown in Section 3.5 to be associated with the initiation of 

convectively coupled Kelvin waves in the central Pacific.

3.5 Horizontal structure

In this section, results are presented that link equatorward-propagating transient 

wave activity over Australia to the initiation of a convectively coupled Kelvin wave in 

the Pacific. The results are based on linear regressions of ECMWF reanalysis data 

against the Kelvin filtered OLR index at the basepoint 7.5°N, 172.5°W, for the 15 austral 

winters from 1979-1993. as described in Section 3.3.
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Figure 3.2: Regressed values of OLR (shading) and 200-hPa streamfiinction (contours) 
and winds (vectors), based on a -40 W m'2 anomaly in Kelvin wave filtered OLR at the 
basepoint on day 0. for (a) day -9, (b) day -5, (c) day 0, and (d) day +3. OLR is shaded 
at ±6 and 15 W m'“; dark shading represents negative OLR anomalies. Streamfunction 
contour interval is 7.5 x 105 m2 s ' ; the zero contour has been omitted. The longest wind 
vectors correspond to a 10 m s '1 wind, and are plotted only where either the u or v 
component is significant at the 95% level or greater.
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3.5.1 200 hPa

Figure 3.2 shows the regressed values of OLR (shading) and 200-hPa 

streamfunction (contours) and winds (vectors, plotted only where significant at the 95% 

level or greater), for days -9. -5. 0. and +3. On day -9  (Fig. 3.2a), a highly statistically 

significant wavetrain in the Southern Hemisphere stretches eastward from South America 

to the east of Australia, near the Dateline. This wave packet propagates eastward in time, 

with new circulation centers forming to the east of existing centers, due to the eastward 

dispersion of energy. The wavetrain splits into two branches to the east of Australia, as 

seen on day -5 in Fig. 3.2b. with the stronger northern branch first propagating 

equatorward and then eastward along 20°S. and the weaker southern branch propagating 

eastward along approximately 50‘S. This wavetrain pattern represents the preferred 

dispersion path for energy in the Southern Hemisphere subtropical jet during austral 

winter (Chang 1999), as discussed in Section 3.4. The positive tilt of the anomalies in the 

northern wavetrain. from northwest to southeast, implies an equatorward transport of 

wave energy and a poleward transport of westerly momentum. The structure, tilt, and 

spatial scale (zonal wavenumber 6) of the circulation anomalies on day -5 are 

reminiscent of the LC1 baroclinic wave life cycle of Thomcroft et al. (1993, their Fig. 7), 

suggesting that these disturbances may represent the most unstable baroclinic mode of the 

subtropical jet.

Low (high) OLR, indicating enhanced (suppressed) deep convection in the tropics 

(or upper-level cirrus in the subtropics) and represented by the dark (light) shading, forms 

to the northwest of the high (low) pressure center in the northern branch of the wave 

packet by day -5 (Fig. 3.2b), and is linked with poleward (equatorward) 200-hPa flow to
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Figure 3.3: As in Fig. 3.2b except that OLR is represented by hatching (cross-hatching 
negative, single hatching positive), and shading represents 400-hPa vertical motion (dark 
positive: shading at 0.2 cm s '1).

its south in the Southern Hemisphere subtropics. The horizontal scale of the tropical 

OLR anomalies is similar to the scale of the subtropical circulation anomalies, with a 

zonal wavelength of approximately 60°. Anomalous 200-hPa divergence (convergence) 

exists in the poleward (equatorward) subtropical flow as the wavetrain propagates 

equatorward (not shown), as might be expected based on quasigeostrophic Rossby wave 

vorticity arguments. The upper tropospheric divergence fields and their associated 

vertical motion fields spread northward and eastward as the wavetrain approaches the 

equator. Figure 3.3 illustrates the 400-hPa vertical motion field on day -5 (shading), 

along with the OLR (hatching) and 200-hPa streamfunction (contours) and winds 

(vectors). Low (high) OLR on the equator is collocated with 400-hPa upward 

(downward) motion, which has propagated into the tropics from the subtropics. Since the 

extratropical wavetrain exists for several days before the tropical and subtropical Pacific
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convective anomalies appear, it is suggested that the circulation forces the vertical motion 

and cloudiness signals at this time.

In the following days, the tropical and subtropical OLR anomalies propagate 

eastward in tandem with the subtropical circulation centers at a phase speed of 

approximately 17 m s '1. By day 0 (Fig. 3.2c), low (high) OLR is located almost directly 

to the north of the subtropical high (low) pressure cell. It is unclear at this developed 

stage the extent to which the circulation is forcing the convection, or the convection is 

forcing the circulation, since upper tropospheric divergence associated with deep 

convection would be expected to spin up anticydonic circulations in the subtropics, with 

the stronger circulation in the winter hemisphere, as observed. In the tropics, the winds 

diverge from the center of low OLR, suggesting that a substantial portion of the upper 

tropospheric divergence at this time is due to the deep convection itself.

The deepest convection on day 0. as represented by the negative OLR anomalies 

in Fig. 3.2c, is centered to the north of the equator, at approximately 7.5°N. Convection 

continues to maximize in the Northern Hemisphere as it propagates eastward into the 

eastern Pacific at positive lags (Fig. 3.2d). This off-equatorial shift of convection is 

believed to be a consequence of the asymmetric SST distribution in the eastern Pacific, 

where cold SSTs lie along the equator and warm SSTs exist farther to the north (SK02b).

Several additional regressions were calculated to assess the robustness of the 

above results. First. <30 day filtered OLR was used as the independent variable instead 

of the Kelvin wave filtered OLR. The results from this regression are similar to those 

shown in Fig. 3.2, demonstrating that eastward-propagating Kelvin wave OLR anomalies 

represent the dominant submonthly convective variability in the central Pacific ITCZ
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during austral winter. A second regression was then calculated to determine whether an 

eastward-propagating tropical OLR signal could be detected in a regression in which the 

independent variable was based purely on an extratropical dynamical field. A regression 

was calculated using the 200-hPa meridional wind as the independent variable, which 

was filtered in the same space-time region as the Kelvin wave OLR. This isolates 

disturbances with eastward phase speeds between 8 and 30 m s'1. The basepoint for this 

regression was the point of the maximum JJA filtered meridional wind variance, at 

27.5°S. 127.5°E. The results using this circulation index are similar to those using 

tropical Kelvin wave OLR, with an upper tropospheric wavetrain propagating eastward 

and equatorward over Australia (not shown). The tropical OLR signal is weaker, but still 

retains the same phase relationship with the circulation anomalies as in the original 

Kelvin OLR regression. These results clearly demonstrate that Kelvin waves are 

associated with perturbations in the subtropical jet, and suggest that Kelvin waves might 

be initiated as a response to the eastward-propagating forcing of the subtropical Rossby 

wave dynamical fields.

Based on the regressed fields shown in Fig. 3.2 and those discussed in the 

preceding paragraph, we hypothesize that enhanced (suppressed) convection, as 

represented by low (high) OLR, is forced at least partially as a response to the upper 

tropospheric divergence (convergence) field and upward (downward) motion induced by 

the equatorward-propagating Rossby wavetrain. Of course, the initiation of deep tropical 

convection depends not only on large-scale vertical motion, but also on the convergence 

of warm, humid air in the boundary layer. This topic is addressed in Sections 3.5.3 and 

3.6.
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Figure 3.4: As in Fig. 3.2b except at 850 hPa. Streamfunction contour interval is 4.0 x 
10 m‘ s '1, and longest vectors correspond to a 5 m s*1 wind.

3.5.2 850 hPa

Figure 3.4 shows the 850-hPa circulation anomalies on day -5. Only the southern 

branch of the 200-hPa wavetrain shown in Fig. 3.2b extends into the lower troposphere, 

with anomalies at 850 hPa centered along approximately 40°S. As the upper tropospheric 

wavetrain splits into two branches prior to day -5. its equatorward-propagating branch 

largely decouples from the lower troposphere, while its poleward branch retains a 

baroclinic structure, with circulation anomalies displaying poleward and westward tilts 

with height The northern wavetrain becomes progressively shallower in the vertical as it 

approaches the equator, due to the influence of the lower tropospheric equatorial 

easterlies, in a similar manner to the equatorward-propagating Rossby waves in the 

eastern Pacific studied by Kiladis (1998).

A strong cyclone is centered to the south of Australia near 140°E on day -5, 

directly to the south of the emerging low OLR anomaly on the equator. It will be shown 

in the following section that this cyclone affects the low-level tropical wind and pressure 

fields so as to promote convergence and the initiation of deep convection to its north. 

Throughout the evolution of the tropical Kelvin wave fields, the southern branch of the
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wavetrain remains remarkably coherent both in the vertical and horizontally with respect 

to the Kelvin wave OLR anomaly.

3.5.3 1000 hPa

The large-scale extratropical circulation features associated with the growth and 

decay of the tropical Kelvin wave OLR signal are similar between 850 hPa and 1000 hPa. 

An interesting feature of the 1000-hPa maps, however, is the existence of Kelvin wave­

like height and temperature anomalies in the tropics, which appear to originate as a 

response to the extratropical baroclinic waves, and which precede the development of the 

initial convective anomalies.

Figure 3.5 shows the 1000-hPa geopotential height field (Fig. 3.5a) and 

temperature field (Fig. 3.5b) on day -5. corresponding to the 200- and 850-hPa maps 

shown in Figs. 3.2b and 3.4. To the east of the high OLR anomaly (single hatching, 

representing suppressed deep convection) is a region of high heights and low 

temperatures at 1000 hPa. which has a fairly symmetric distribution with respect to the 

equator, suggesting a Kelvin wave-like structure. These height and temperature 

anomalies reached the tropics on day -8 (not shown), having propagated northward from 

a high pressure system centered to the southeast of Australia, in a surge-like manner 

similar to that documented by Love (1985a) and analogous to the surges often seen 

propagating southeastward from Asia in boreal winter (Compo et al. 1999, and references 

therein). The surge propagates northward at a phase speed of at least 25 m s'1, and is 

constrained to the lowest 2 km of the atmosphere. Regressions using radiosonde data 

from Darwin and Alice Springs, Australia for the years 1979-2000 confirm the existence
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Figure 3.5: As in Fig. 3.3 except at 1000 hPa, for (a) geopotential height and (b) 
temperature on day -5. Geopotential height contour interval is 5 m from 5 to 20 m, then 
40 m: temperature contour interval is 0.05 K from 0.05 to 0.1 K. then 0.2 K. Longest 
vectors correspond to a 5 m s'1 wind.

of the surge, it shallowness, and its timing relative to the initiation of deep convection in 

the tropics (not shown). The subtropical high responsible for this pressure surge has 

since propagated eastward to 180° by day -5, and remains connected to the eastward- 

propagating height anomaly along the equator.

Between the tropical high OLR anomaly at approximately 165°E and the 

developing low OLR anomaly to its west on day -5 is a similar height and temperature 

signal of the opposite sign. Low heights and warm temperatures are centered on the
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equator, symmetric with respect to the equator, and are linked to extratropical 

perturbations of the same sign associated with the developing low pressure system 

centered at 40°S. 145°E. These tropical height and temperature anomalies appear first on 

day -5 . and then propagate eastward in tandem with the tropical convection and 

extratropical circulation. Note that high (low) 1000-hPa geopotential heights lead high 

(low) OLR by a quarter wavelength, a relationship consistent with linear Kelvin wave 

theory if high (low) OLR is considered a proxy for divergence (convergence), as might 

be expected for the lower troposphere.

The equatorial pressure gradient on day -5 between 150°E and 170°W is followed 

by the appearance of easterly winds flowing from high to low heights on day -4 between 

10°S and 10°N (not shown). The rapid development of tropical wind anomalies in 

response to an extratropically forced equatorial pressure gradient is also documented by 

Chu (1988). These easterlies produce a region of low-level zonal wind convergence to 

the east of the developing low OLR anomaly, which converges moisture and increases 

the convective available potential energy (CAPE) in this region (not shown). This 

relationship, of low-level convergence leading low OLR, is retained throughout the 

evolution of the wave, as shown in Fig. 3.6, a longitude-time diagram of the regressed 

OLR (shading) and 1000-hPa convergence (contours), averaged from 5°S-10°N. Note 

that the maximum 1000-hPa convergence leads the minimum OLR by approximately 15° 

longitude, or less than a quarter wavelength, throughout the wave’s life cycle. The 

regressed 1000-hPa specific humidity, CAPE, and 700-hPa upward motion fields are all 

in phase with the 1000-hPa convergence (not shown), and thus also lead the minimum 

OLR by less than a quarter wavelength. The low OLR anomaly is itself in phase with
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Figure 3.6: Longitude-time diagram of regressed OLR (shading) and 1000-hPa 
convergence (contours), averaged from 5°S-10°N, from day -11 to day 8. OLR is shaded 
at intervals of ±5 W m'2. with dark shading representing negative anomalies. Contour 
interval for 1000-hPa convergence is 2.5 x 10‘7 s '1, with solid contours representing 
convergence. The zero contour has been omitted.

400-hPa upward motion. From these relationships we conclude that the deepest 

convection develops only after a period of lower tropospheric convergence and upward 

motion, which gradually moistens the lower troposphere over a time span of 

approximately one day. This idea is consistent with results from a case study of a 

developed Kelvin wave in the eastern Pacific by SK02b, which show that shallow 

convection moistens the lower troposphere (below 700 hPa) for approximately 24 hours 

prior to the lowest OLR anomaly.

Based on the results in this section, it appears that the initial convective anomaly 

associated with the Kelvin wave is forced by the upper tropospheric upward motion
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anomaly that propagates equatorward from the extratropics. The lower tropospheric 

fields then converge boundary layer moisture to the east of this initial OLR anomaly, 

creating a region favorable for subsequent deep convection. The wave propagates 

eastward in tandem with the eastward-propagating subtropical circulation anomalies, but 

presumably also provides its own internal dynamical and moisture feedbacks that 

modulate the influence of the extratropical anomalies.

3.6 Vertical structure

In this section, the vertical structures of the extratropical and tropical circulations 

associated with convectively coupled Kelvin wave OLR signals are examined. The focus 

in the current study is primarily on the circulations coincident with the development of 

the tropical OLR anomalies. The developed wave circulations associated with a 

convectively coupled Kelvin wave in the Indian Ocean region are discussed in WKWOO, 

and Kelvin waves in the Pacific ITCZ are more thoroughly described in Chapter 4.

Figure 3.7a is a longitude-height cross-section along 20°S of the regressed 

meridional wind (contours), vertical motion (shading), and zonal-vertical circulation 

(vectors) on day -5. The northern branch of the subtropical Rossby wavetrain (see Fig. 

3.2b) is clearly visible in Fig. 3.7a, as evidenced by the vertically coherent positive and 

negative meridional wind anomalies (contours), which alternate in sign in the horizontal 

and maximize at 200 hPa. Vertical motion anomalies (shading) are in phase with the 

meridional wind maxima, with upward (downward) motion below 200 hPa in the regions 

of northerly (southerly) flow. Opposite signed anomalies occur above 200 hPa. 

Temperature anomalies along 20°S (not shown) are consistent with the expected structure
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Figure 3.7: Longitude-height cross-sections of regressed (a) meridional wind (contours) 
and vertical motion (shading) along 20°S (lower plot), and OLR along equator (upper 
plot), (b) temperature (contours), vertical motion (shading), and OLR along equator, and 
(c) temperature (contours), vertical motion (shading), and OLR along 7.5°N. Contour 
interval in (a) is 0.5 m s '1, and in (b) and (c) is 0.1 1C, and all zero contours have been 
omitted. Regressed vertical motion is shaded at ±0.1 and ±0.3 cm s'* in (a) and (b), and 
at +0.1. +0.6. -0.1. and -0.3 cm s'1 in (c). Zonal-vertical circulation is shown by vectors, 
where the vertical component has been multiplied by 700 to account for the small aspect 
ratio of the plot The longest vectors represent winds of (a) 5.0 m s*1, (b) 3.5 m s'1, and 
(c) 9.0 m s '1.
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of upper tropospheric potential vorticity anomalies, with warm (cold) air above and cold 

(warm) air below the centers of cyclonic (anticyclonic) vorticity.

The vertical motion anomalies centered at 130°E and 160°E in Fig. 3.7a extend 

northward to the equator in the upper troposphere, as shown in Fig. 3.3 and as also seen 

in latitude-height cross-sections along these longitudes (not shown). The circulations in 

the equatorial plane are shown in Fig. 3.7b. a longitude-height cross-section along the 

equator showing the regressed temperature (contours), vertical motion (shading) and 

zonal-vertical circulation (vectors) on day -5. Vertical motion anomalies are centered at 

135°E and 160°E, directly to the north of those pictured in Fig. 3.7a. with maxima 

centered at approximately 300 hPa. OLR anomalies (top plot) are consistent with the 

vertical motion anomalies, with low (high) OLR corresponding to regions of upper 

tropospheric upward (downward) motion. A zonal-vertical circulation cell is present 

between 120°E and 180°. Note also that the upward motion field extends eastward below 

600 hPa. such that upward motion in the lower troposphere is positioned approximately 

15" to the east of that in the upper troposphere. This lower tropospheric upward motion 

anomaly is horizontally collocated with the maximum 1000-hPa convergence on day -5 

(not shown). This relationship suggests that lower tropospheric upward motion is forced 

to the east of the developing OLR anomaly by the convergence of surface easterlies, 

which themselves develop in response to the geopotential height fields forced from the 

extratropics, as discussed in Section 3.5.3.

Also shown in Fig. 3.7b is the regressed temperature field on day -5  (contours). 

The temperature signals are weak throughout the troposphere at this time, and their 

relationship to the vertical motion fields no longer resembles the upper tropospheric
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potential vorticity anomaly structures at 20°S, where temperature and vertical motion 

anomalies are in quadrature. Instead, upward (downward) motion in the tropics is 

collocated with a very weak warm (cold) anomaly in the upper troposphere and a cold 

(warm) anomaly in the lower troposphere, suggesting the presence of diabatic processes. 

The weak tropical temperature anomalies also suggest that upper tropospheric cold 

advection is not a primary factor in the initiation of deep convection in the Kelvin wave. 

These results contrast with those of Kiladis (1998). who documented strong upper 

tropospheric cold advection prior to the initiation of deep convection in eastern Pacific 

equatorward-propagating Rossby waves during boreal winter. Instead, convection in the 

present study appears to be initiated in regions of upper tropospheric upward motion and 

low-level moisture convergence forced from the extratropics.

As the coupled convective and dynamical fields of the Kelvin wave propagate 

eastward, the vertical motion anomalies strengthen and extend throughout the depth of 

the troposphere. Fig. 3.7c is a longitude-height cross section of temperature (contours), 

vertical motion (shading), and the zonal-vertical circulation (vectors) along 7.5°N on day 

0. when the Kelvin wave OLR has reached its minimum value at the basepoint 7.5°N, 

172.5°W (see Figs. 3.2c and 3.4). The vertical motion field retains a westward tilt with 

height below 600 hPa. such that surface convergence continues to precede the lowest 

OLR anomaly by approximately 15°. In the region of negative OLR anomalies, between 

180° and 160°W, the troposphere is warm above 500 hPa and cold below, and the 

tropopause is cold (near 100 hPa). This temperature structure is consistent with other 

studies of convectively coupled tropical waves (Reed and Recker 1971; Dunkerton 1993; 

Takayabu and Nitta 1993; Haertel and Johnson 1998; WKWOO), and suggests the
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presence of a tropospheric heat source that includes both deep convective heating and a 

second baroclinic mode heating over cooling structure which arises from stratiform 

precipitation. A case study of a convectively coupled Kelvin wave in the eastern Pacific 

by SK02b shows that both deep convective and stratiform precipitation signals do exist 

within a developed wave, with stratiform precipitation dominating after an initial 

convective period.

In the region of positive OLR anomalies in Fig. 3.7c. where deep convection is 

suppressed, the temperature signal is opposite in sign to that associated with enhanced 

deep convection. The upper troposphere is cold, and the lower troposphere and 

tropopause regions are warm. The temperature response of the atmosphere to the 

convectively coupled Kelvin wave heating fields thus appears to be quite linear, as also 

documented in composite fields (not shown). In the stratosphere, above 100 hPa, the 

temperature anomalies tilt eastward with height, as expected for an upward propagating 

dry Kelvin wave forced from below (Andrews et al. 1987). The vertical wavelength of 

these temperature anomalies is approximately 6 km. which is consistent with the 

expected structure of an upward-propagating dry Kelvin wave of equivalent depth 40 m.

3.7 Longer timescale relationships

In this section, the relationship between jet variability and Kelvin wave variance 

on longer timescales is examined through the calculation of composite, or averaged 

fields. Monthly averages are used as a simple means of measuring the variability of 

tropical convection and the extratropical circulation on timescales longer than one typical 

Kelvin wave event which lasts approximately 10 days from initiation to dissipation.
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Figure 3.8: Time series of monthly-averaged Kelvin wave variance (in W2 m*4) at 7.5°N, 
172.5°W from January 1979 to December 2000.

A time series of monthly averaged Kelvin wave variance in a 5°x 5° box around 

the Kelvin wave OLR basepoint (5°-10°N. 170°-175°W) is shown in Fig. 3.8, for the 

period 1979-2000. Note the highly skewed variability over this 22-year period, with a 

number of months standing out as containing extremely high Kelvin wave variance. A 

majority of these months falls within the JJA period: for example. 13 of the 20 months 

with highest variance occur during JJA. A composite for these high variance events is 

calculated by averaging months within the JJA season that have a variance greater than 

one standard deviation above the JJA climatological mean (above 301 W2 m*4). There 

are 11 such months. A composite approach is chosen in this context instead of a linear 

regression approach because, as can be seen in Fig. 3.8, there is no corresponding set of 

months with anomalously low variance to provide the necessary linearity for such a 

technique. Instead, a composite of low variance events is calculated based on the 11
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Figure 3.9: Monthly averaged Kelvin wave filtered OLR variance (contours), 200-hPa 
Kelvin filtered meridional wind variance anomalies (shading), and total Kelvin filtered 
200-hPa E-vectors for (a) high and (b) low variance composites, based on the 11 months 
during the JJA season with highest or lowest monthly averaged Kelvin filtered OLR 
variance in a 5° x 5° box centered at 7.5°N. 172.5°W. Kelvin OLR variance is contoured 
from 25 W2 m"4 by 50 W2 m"4. Meridional wind variance is shaded at ±3 and 10 m2 s'2; 
dark shading represents positive values. Longest E-vectors are 40 m2 s'2; vectors are not 
plotted below 2 m2 s'2.

months during the JJA season with lowest variance. The composites are constrained to 

include months within the JJA period to remove any effects due to the seasonal cycle.

Shown in Figs. 3.9a and 3.9b are the high and low variance composites. Each 

plot includes anomalous Kelvin wave variance (contours), 200-hPa Kelvin wave filtered 

meridional wind variance (shading), and 200-hPa Kelvin wave filtered E-vectors. The
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Kelvin wave filtered meridional wind variance and E-vectors were created by first 

filtering the daily 200-hPa zonal and meridional wind fields to the same 

wavenumber-frequency region as the Kelvin wave filtered OLR. as described in Section 

3.3. This constrains the filtered disturbances to be eastward propagating with phase 

speeds of 8-30 m s '1. The wind fields were filtered in this manner to limit them to the 

same spatial scales and phase speeds as the tropical Kelvin wave OLR signals, since 

variability on these time and space scales is dominant in the regressions. Monthly 

averaged fields were then calculated from the daily data. Finally, monthly anomalies 

were calculated by subtracting the average annual cycle at each gridpoint from the raw 

monthly data.

When monthly averaged Kelvin wave variance is anomalously high in the 5° x 5° 

box in the central Pacific, it is also anomalously high across the Pacific ITCZ, from 

140°E to 80°W (Fig. 3.9a). Meridional wind variance at 200 hPa is anomalously high 

over Australia and to its east, in the same region as the climatological subtropical jet 

maximum in austral winter (see Fig. 3.1). This result illustrates that enhanced eastward- 

propagating wave activity within the subtropical jet is associated with enhanced Kelvin 

wave activity in the Pacific. These relationships are also observed in individual months 

(not shown). The composite E-vector anomalies give an indication of the change in the 

direction of energy propagation of the disturbances from the mean seasonal values (which 

are similar in direction to the <30 day filtered E-vectors shown in Fig. 3.1, but smaller in 

magnitude due to the additional constraints of the Kelvin wave filtering). In the region of 

enhanced meridonal wind variance, the E-vectors primarily point northeastward to
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eastward, signaling the enhanced eastward propagation of disturbance energy in the 

Kelvin filtered band.

On the other hand, when monthly averaged Kelvin wave variance is anomalously 

low in the central Pacific, it is also anomalously low across the Pacific ITCZ (Fig. 3.9b). 

At the same time, meridional wind variance is decreased over Australia and to its west, 

signaling a decrease in eastward-propagating wave activity in the subtropical jet entering 

the region from the Indian Ocean. The anomalous E-vectors in this region of low 

meridional wind variance point southwestward. signaling that the disturbances which are 

present during these months have a group velocity with a smaller eastward component 

than the more typical disturbances in the jet.

These results, coupled with the regression results presented in Fig. 3.2, suggest 

that Kelvin wave activity in the central Pacific is sensitive to the amplitude and character 

of wave activity within the subtropical jet during austral winter. When disturbances in 

the jet are strong and move eastward with zonal phase speeds between 8-30 m s’1, Kelvin 

wave activity in the Pacific is enhanced. A decrease in eastward-propagating wave 

activity in the subtropical jet is associated with reduced Kelvin wave activity in the 

tropical Pacific.

One might argue that the enhanced subtropical wind variance in the high variance 

composite (Fig. 3.9a) can be accounted for by circulations forced by the Kelvin wave 

OLR perturbations in the tropics, instead of the reverse, as is suggested above. While it 

is certainly the case that enhanced Kelvin wave activity in the tropics should lead to 

enhanced circulation variability in the subtropics, the regressions shown in Fig. 3.2 

confirm that the circulation anomalies occur prior to the initiation of the convective
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anomalies. In addition, the negative composite shows a decrease in wave activity to the 

west o f the Kelvin wave OLR variance minimum, in the region in which the 

equatorward-propagating Rossby wave packets originate. This, again coupled with the 

regressions shown in Fig. 3.2. suggests that a decrease in extratropical wave activity over 

Australia leads to a decrease in Kelvin wave activity in the Pacific.

Plots of individual months (not shown) suggest that the magnitude of Kelvin wave 

activity in the central Pacific depends not only on the wave activity in the subtropical jet. 

but. as might be expected, also on the underlying thermal and moisture boundary 

conditions in the Pacific. When SSTs in the central Pacific are anomalously low. Kelvin 

wave activity is suppressed even when the subtropical jet is very active. On the other 

hand. Kelvin wave activity can be suppressed even when the thermal boundary 

conditions are favorable, as will be shown in the following section. These relationships 

suggest that an enhancement of Kelvin wave activity in the central Pacific depends on 

both warm SSTs and an influx of extratropical wave energy.

3.8 Case study: July 1986 vs. July 1987

The conclusions reached in the previous section can be illustrated even more 

dramatically by considering a case study. The months of July 1986 and July 1987 

provide an interesting juxtaposition, and will be examined in this section.

In Fig. 3.10, monthly averaged maps of total SST (hatching), total Kelvin wave 

OLR variance (dark contours), anomalous 200-hPa Kelvin wave filtered meridional wind 

variance (shading), and total E-vectors are shown for a) July 1986 and b) July 1987. SST 

in the western and central Pacific is quite warm during both months, consistent with the
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a) July 1986

b) July 1987
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Figure 3.10: Monthly averaged total SST (hatching and light contours), Kelvin wave 
filtered OLR variance (dark contours). Kelvin wave filtered 200-hPa meridional wind 
variance anomalies (shading), total zonal wind (light contours), and Kelvin wave filtered 
200-hPa total E-vectors, for (a) July 1986 and (b) July 1987. SST is contoured at 28°, 
29°. and 29.5°C. with single hatching* at 29°C and cross-hatching at 29.5°C. Kelvin OLR 
variance is contoured from 150 W“ m’4 by 100 W2 m*4. Meridional wind variance 
anomalies are shaded at ±5 m2 s'2; dark shading denotes positive anomalies. Longest E- 
vectors are 150 m2 s'2, and are not plotted below 5 m2 s'2.

fact that both months fall within the 1986/87 warm El Nino-Southern Oscillation 

(ENSO) event. The warm event was in its initial stages in July 1986 and near its peak in 

July 1987. as measured by Nino 3.4 SST anomaly values of +0.33 and +1.78, 

respectively (see Trenberth 1997). Between 160°E and 140°W, SSTs are significantly 

warmer in July 1987 than in July 1986, with a distinct maximum in SST just south of the 

equator near the Dateline in July 1987. Total OLR variance follows this SST pattern, 

with higher variance in the central Pacific during July 1987 (not shown). Based on these
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SST and OLR distributions alone, one might predict that Kelvin waves should be more 

active in the Pacific during July 1987 than during July 1986.

However, as shown by the dark contours in Figs. 3.10a and 3.10b. Kelvin wave 

activity is unusually intense during July 1986, and very weak during July 1987. The peak 

Kelvin wave variance in July 1986 exceeds 400 W2 m-4, while in July 1987. values 

maximize at 100 W2 m*4. a difference of a factor of 4. Consistent with the hypothesis that 

extratropical wave activity is associated with the initiation of Kelvin waves, the 

anomalous 200-hPa meridional wind variance distribution also shows substantial 

differences between July 1986 and July 1987. During July 1986 (Fig. 3.10a), meridional 

wind variance is anomalously strong eastward of 120°E. most notably in the region to the 

northeast of Australia, in the climatologically preferred region for equatorward- 

propagating wavetrains in austral winter. Total E-vectors point northeastward toward the 

tropics in this region. The 200-hPa jet core lies over southeastern Australia during July 

1986. centered at approximately 150°E (not shown).

Contrast this situation with that in July 1987 (Fig 3.10b). The meridional wind 

variance is anomalously weak between the subtropical Indian Ocean and eastern Pacific, 

signifying a decrease in eastward-propagating subtropical wave activity in the jet region. 

The total E-vectors in this region point to the northwest The jet core during July 1987 is 

located much farther to the east than during July 1986, centered at approximately 160°W 

(not shown), which is consistent with the eastward displacement of the local Hadley 

circulation during a warm ENSO event

Daily maps of submonthly circulation anomalies for the months of July 1986 and 

July 1987 illustrate two quite different flow regimes (not shown), as might be expected
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based on the difference in the 200-hPa meridional wind variance maps. During July 

1986. wave packets flow freely to the east, often propagating northeastward over 

Australia as in Fig. 3.2. On the other hand, during July 1987, a blocking episode over 

Australia from 9-15 July disrupts the eastward propagation of waves. The difference 

between these two cases suggests the important role of fluctuations in the subtropical 

circulation on Kelvin wave variability in the tropics.

3.9 Summary and conclusions

A linear regression technique is used to determine the preferred circulation and 

convection patterns associated with the initiation and development of a convectively 

coupled Kelvin wave in the Pacific ITCZ during austral winter. A baroclinically 

developing wave packet in the Southern Hemisphere subtropical jet propagates eastward 

and equatorward over Australia, with a phase speed of approximately 15 m s'1. The 

upper tropospheric divergence/convergence pair associated with the subtropical ridge and 

trough induces vertical motion anomalies that spread toward the tropics and acquire 

equatorially trapped. Kelvin wave-like characteristics. The zonal phase speed and 

wavelength of the developing Kelvin wave anomalies are similar to those in the 

extratropical perturbations, suggesting that the extratropical circulation anomalies are of 

the necessary spatial scale and frequency to excite a convectively coupled Kelvin wave. 

As the upper tropospheric vertical motion anomalies develop, a lower tropospheric 

pressure surge excited by the baroclinically-developing extratropical wavetrain also 

produces Kelvin-like temperature and height anomalies in the equatorial region. An 

easterly trade surge forms as mass flows from high to low pressure at the surface, causing
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moisture convergence and upward motion in the lower troposphere ahead of the 

developing low OLR anomaly. The initiation of deep convection in the Kelvin wave 

appears to be due to a combination of the upper tropospheric vertical motion forced by 

the upper tropospheric Rossby wavetrain, and lower tropospheric moisture convergence 

and upward motion due to the extratropically generated pressure surge.

Once a convectively coupled Kelvin wave is established, it appears that it can be 

self-sustaining: that is, in many individual cases, eastward-propagating convective 

anomalies persist even after the initial subtropical circulation anomalies dissipate. This 

observation is consistent with the results of Lamb (1973). who suggested that equatorial 

waves may be initially excited by extratropical forcing, but that condensational heating 

provides the energy for the disturbances to continue propagating once they are excited. 

Primitive equation model simulations show that an eastward-propagating, Kelvin wave­

like thermal forcing can induce a low-level convergence signal which propagates 

eastward out ahead of the forcing, further promoting the eastward propagation of 

convection and the Kelvin wave structure as a whole (M. Wheeler, personal 

communication). Furthermore. Haertel and Johnson (2000) show in a dry linear model 

that a moving thermal forcing creates a stronger gravity mode response in its direction of 

motion. Thus an eastward-propagating Kelvin wave thermal forcing should affect the 

boundary layer Helds more strongly to its east, and through convergence and upward 

motion it may precondition the atmosphere for deep convection in this region. Mapes 

(2000) and Majda and Shefter (2001) suggest that convectively coupled Kelvin waves 

can be viewed as a result of “stratiform instability,” which requires only two vertical 

modes: a deep convective heating and a stratiform heating over cooling. These studies
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suggest that convectively coupled Kelvin waves, once initiated, may provide the 

necessary internal feedbacks to maintain their convective-dynamical structure as they 

propagate eastward.

On timescales longer than one individual wave, Kelvin wave variability in the 

Pacific is modulated by the strength of eastward-propagating extratropical wave activity 

in the subtropical jet. Increased Kelvin wave activity in the Pacific is associated with 

enhanced eastward-propagating wave activity in the jet, which typically propagates with 

a more equatorward group velocity than typical jet perturbations. Suppressed Kelvin 

wave activity, on the other hand, is associated with suppressed jet activity, and a weaker 

equatorward group velocity.

Two contrasting months during the 1986/87 warm ENSO event are compared, 

illustrating that Kelvin wave activity can be more strongly modulated by the strength of 

eastward-propagating subtropical wave activity than by changes in local SST. During 

July 1986. SSTs in the Pacific were marginally warm and extratropical wave activity was 

quite strong. Kelvin wave activity was anomalously strong during this time period. On 

the other hand, during July 1987, SSTs in the Pacific were very warm, but extratropical 

wave activity was weak. Kelvin wave activity during this period was suppressed. These 

two months provide an interesting comparison and support our theory that extratropical 

wave activity may be a precursor to Kelvin wave activity in the Pacific. An interesting 

sidenote to this case study is that while July 1987 was largely devoid of Kelvin wave 

activity in the Pacific, a strong convectively coupled mixed Rossby-gravity wave packet 

was observed in this region during this time (Dickinson and Molinari 2002). This 

observation suggests that the equatorial modes into which tropical convection is

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



organized may be dependent on the space-time characteristics of wave energy impinging 

on the tropical atmosphere from the extratropics.
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4 THE OBSERVED STRUCTURE OF CONVECTIVELY 

COUPLED KELVIN WAVES: COMPARISON WITH 

SIMPLE MODELS OF COUPLED WAVE 

INSTABILITY

4.! Introduction

Observations by Takayabu (1994). Wheeler and Kiladis (1999. hereafter WK99). 

and Wheeler et al. (2000. hereafter WKW00) demonstrate the existence of large-scale, 

zonally propagating variations in tropical cloudiness that are dynamically coupled to 

equatorially trapped wave structures in the troposphere and lower stratosphere. 

Space-time spectra of deep convective cloudiness data reveal spectral peaks which lie 

along the dispersion curves for the equatorially trapped shallow water waves discussed by 

Matsuno (1966). such as Kelvin, n = 1 Rossby, mixed Rossby-gravity, and 

inertio-gravity waves. The observed spectral peaks correspond to equatorial waves with 

small implied equivalent depths, typically 10-100 m, consistent with the fact that these 

convectively coupled, or moist, equatorial waves propagate at phase speeds much slower 

than their dry counterparts. For example, convectively coupled Kelvin waves are 

observed to propagate eastward at 15-20 m s '1, whereas dry Kelvin waves in the lower 

stratosphere propagate eastward at 30-40 m s'1 (WKW00). Presumably, the reduction in
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phase speed from dry to moist waves involves the interaction between tropical convection 

and the large-scale dynamical structure of the waves. The exact nature of this interaction, 

however, is not yet frilly understood.

Several theories have been proposed to explain the existence of convectively 

coupled equatorial waves and the dynamics governing their behavior, including 

wave-CISK (Hayashi 1970: Lindzen 1974). WISHE (Wind-Induced Surface Heat 

Exchange: Emanuel 1987: Neelin et al. 1987). and more recently, stratiform instability 

(Mapes 2000: Majda and Shefter 2001). While all of these theories predict the existence 

of convectively coupled wave instabilities of some form, the true test of each theory lies 

in its ability to reproduce the observed structures of convectively coupled waves. 

However, there are few observational studies available presently with which to compare 

model results. An important step in improving our understanding of convectively 

coupled waves thus lies in an accurate observational diagnosis of the structures and phase 

relationships in these waves.

The present study provides detailed observations o f one particular type of 

convectively coupled equatorial wave, the Kelvin wave. Convectively coupled Kelvin 

waves are perhaps the simplest form of an equatorially trapped wave, since their structure 

near the equator is essentially that of an eastward-propagating gravity wave. 

Observations of convectively coupled Kelvin waves may therefore provide a basis upon 

which theories of convectively coupled gravity waves, derived in relatively simple 

nonrotating two-dimensional frameworks, may be tested. Once a theory has successfully 

reproduced the observations in this simple case, it can be expanded to include rotation 

and other dynamical interactions. It may then become possible to understand the more
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complex three-dimensional structures of convectively coupled Kelvin, mixed Rossby- 

gravity. and n = 1 Rossby waves, as well as the Madden-Julian Oscillation (MJO). The 

observed structures of convectively coupled Kelvin waves thus provide a simple test case 

through which the interaction between tropical deep convection and atmospheric wave 

circulations can initially be studied.

The observations presented in this study emphasize the tropospheric structure of 

convectively coupled Kelvin waves. The lower stratospheric structure of Kelvin and 

other equatorially trapped waves has been explained by WKWOO in terms of upward- 

propagating dry waves forced by a tropospheric heat source with a vertical structure 

similar to observations [see also Andrews et al. (1987)]. The tropospheric structure, on 

the other hand, is not as easily understood through these dry vertically propagating wave 

arguments. The approach taken here relies on “vertical mode” thinking rather than 

“vertically propagating wave” thinking, as has been similarly applied in observational 

and modeling studies such as Mapes (1993). Haertel and Johnson (1998), Mapes (2000) 

and Majda and Shefter (2001).

The remainder of this chapter is organized as follows. In Section 4.2, theories and 

models of convective coupling in equatorial waves are described in more detail. The 

datasets and methodology used in analyzing observed convectively coupled Kelvin waves 

in the present study are described in Section 4.3. In Section 4.4, the horizontal and 

vertical structures of Kelvin waves in the equatorial Pacific are presented, based on 

global reanalysis datasets, and are compared with radiosonde observations. Finally, in 

Section 4.5. a discussion of these observations in the context of the theories described in 

Section 4.2 is presented.
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4.2 Theories o f coupled wave instability

The interaction between deep convection and large-scale wave circulations in the 

tropical atmosphere has remained a subject of discussion for many years. At present, no 

theory is generally accepted as both 1) providing a complete conceptual picture of this 

interaction and 2) capable of reproducing observed features through numerical 

simulations based on such conceptualizations. Several proposed theories will be 

introduced and discussed in this section: in Section 4.5. these conceptual models will be 

compared with the observations of convectively coupled Kelvin waves to be presented in 

Section 4.4.

4.2.1 Wave-CISK

One of the first widely known theories describing the interaction between 

convection and the large-scale circulation in the tropics is CISK (Cooperative Interaction 

of the Second Kind). A broad interpretation of CISK theory states that instabilities in the 

large-scale circulation can be driven by the cooperative interaction between small-scale 

convective heating and the large-scale circulation [see Stevens et al. (1997) for other 

interpretations of CISK]. Namely, if deep convection is excited in a region of large- 

scale. low-level convergence, its associated latent heating will induce dynamical 

circulations that promote additional large-scale convergence (via a column-integrated 

warm anomaly), leading to more deep convection and further heating. When the initial 

large-scale convergence is supplied by a wave, the theory is known as wave-CISK 

(Hayashi 1970; Lindzen 1974). A schematic diagram of a first baroclinic Kelvin mode 

amplifying through the wave-CISK mechanism is presented in Fig. 4.1a. A positive

95

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a) Wave-CISK b) WISHE 
< -

Mlh l f w l
LHflux

c) Stratiform instability

Figure 4.1: Schematic longitude-height diagrams illustrating the (a) wave-CISK, (b) 
WISHE. and (c) stratiform instability mechanisms of coupled wave instability. The 
wave-CISK and WISHE mechanisms in (a) and (b) are illustrated for a first baroclinic 
mode Kelvin wave. Vectors represent anomalous winds [except for vectors at right in 
(b), which represent easterly basic state winds], and cloud illustrations represent 
populations of cloud systems of the indicated type (convective or stratiform). W (C) 
represents warm (cold) anomalies. Upward arrows crossing the lower boundary represent 
surface fluxes.

correlation between latent heating (i.e.. deep convection) and warm temperatures in the 

wave generates eddy available potential energy (EAPE). which induces wave growth. 

Observations of equatorial waves that display a positive correlation between heating and 

temperature are provided in studies such as Reed and Recker (1971), Stevens et al. 

(1997). Haertel and Johnson (1998), WKWOO, and Yanai et al. (2000).
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Although wave-CISK remains a reasonable conceptual picture of certain wave­

like convection-circuiation interactions in the tropics, modeling studies based on various 

wave-CISK parameterizations have not yet been able to avoid the “ultraviolet 

catastrophe." in which growth rates are largest on the smallest resolvable scales (Crum 

and Dunkerton 1992: Matthews and Lander 1999). Despite these numerical difficulties, 

modeled wave-CISK modes do provide simple structures with which to compare 

observations. Typically, the unstable modes produced in wave-CISK simulations have 

phase speeds between 15-30 m s '1, which are too fast to account for the slow phase speed 

of the MJO. which propagates at 5-10 m s'1 (Madden and Julian 1994). but may be 

relevant to the convectively coupled Kelvin waves described in this study, which 

propagate eastward at 15-20 m s '1. The structure of modeled Kelvin wave-CISK modes 

will be discussed in relation to observed Kelvin wave structures in Section 4.5.1.

The mechanism for the reduction in phase speed in wave-ClSK-driven Kelvin 

waves involves an interaction between multiple vertical modes (Lau and Peng 1987; 

Chang and Lim 1988; Matthews and Lander 1999). A slower mode, with a higher 

vertical wavenumber, provides stronger boundary layer convergence and controls the 

speed of the wave. A faster, lower wavenumber mode dominates the vertical structure of 

the wave (Matthews and Lander 1999). Realistic convectively coupled Kelvin wave 

phase speeds are produced when heating maximizes in the upper troposphere, as 

observed.
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4.2.2 WISHE

An alternative theory to explain the existence of convectively coupled waves is 

WISHE (Wind-Induced Surface Heat Exchange, or air-sea interaction; Emanuel 1987; 

Neelin et al. 1987). The application of WISHE theory to equatorial waves was 

introduced in the context of quasi-equilibrium (QE) theory (Arakawa and Schubert 1974). 

The QE closure implies that the convective available potential energy (CAPE) generated 

by adiabatic cooling and low-level moisture convergence in the rising branch of a large- 

scale wave circulation will be quickly consumed by convection, such that the cooling is 

nearly balanced by latent heating (Emanuel et al. 1994). Observations generally support 

QE theory, since the actual temperature changes associated with strong upward motion 

and large convective heating rates in equatorial waves are very small compared to the 

values that might be expected if convection were not present (Stevens et al. 1997).

A strict interpretation of QE theory states that convective heating will be exactly 

in phase with large-scale upward motion in an equatorial wave (Emanuel et al. 1994). A 

first baroclinic mode Kelvin wave propagating eastward in a strict QE system will 

display temperature and heating fields that are exactly in quadrature, with warm 

temperatures leading the upward motion and convective heating by a quarter cycle. In 

this system, moist unstable waves cannot grow through the interaction between 

convection and circulation alone, since the temperature and heating fields are always in 

quadrature. Emanuel et al. (1994) argue that large-scale coupled waves can thus only be 

neutral (i.e., neither amplifying nor decaying), or “moist convectively damped,” if 

convection slightly lags vertical motion and the heating is shifted toward the cold 

temperature anomaly.
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WISHE theory provides a mechanism by which amplifying convectively coupled 

wave modes can be generated in the strict QE system, by incorporating the effects of 

surface heat fluxes.3 The role of convection in WISHE is not to act as a heat source, as in 

wave-CISK. but instead to rapidly redistribute boundary layer temperature changes 

throughout the vertical column. Boundary layer temperature fluctuations can be induced 

either by convection itself, in the form of convective downdrafts, or by interactions with 

the surface, through wind speed-dependent latent heat fluxes from the ocean (Emanuel et 

al. 1994). A first baroclinic mode Kelvin wave can thus amplify in the WISHE system in 

the presence of mean surface easterly winds, since the surface fluxes will be larger ahead 

of the rising branch of the wave (Fig. 4.1b). Convection will redistribute this surface 

warming throughout the troposphere, such that heating will be shifted into the warm 

phase of the wave, generating EAPE through the positive correlation between heating and 

temperature.

A weakness in WISHE theory is its assumption of nonzero basic state winds, 

specifically basic state easterlies for the case of eastward-propagating waves such as 

Kelvin waves and the MJO. Although surface winds in the tropics are generally easterly 

over the Pacific, monsoon westerlies exist in the Indian Ocean region during both austral 

and boreal summer, and can extend eastward into the Pacific during strong El 

Nino/Southern Oscillation (ENSO) events. WISHE theory cannot explain the 

intensification of eastward-propagating waves during periods of surface westerlies, or at 

times when the total surface fluxes are stronger to the west of the convection rather than

3 The WISHE mechanism is discussed here only in terms of its ability to promote wave 
amplification, and is not suggested to influence the direction of propagation of the wave 
itself. It is assumed that the direction of propagation of a coupled wave can be explained 
by equatorial wave dynamics alone.
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to its east Examples of such instances were observed during the TOGA COARE period, 

when an MJO propagated eastward in the western Pacific during a period of basic state 

surface westerlies, and surface fluxes were strongest to the west of the deepest convection 

(Lin and Johnson 1996).

The reduced phase speed of WISHE modes, as compared to the dry speeds of 

uncoupled modes, is attributed to a reduction in static stability throughout the convecting 

column (Emanuel et al. 1994). Negative temperature fluctuations in the boundary layer 

induced by convective downdrafts are redistributed throughout the column such that the 

greatest cooling occurs at upper levels, thus reducing the static stability of the column. 

The “effective" static stability' is argued by Emanuel et al. (1994) to be approximately 

one-tenth the value of the dry static stability.

4.2.3 Stratiform instability

The increase in direct observations of tropical convection in recent years has led 

to new ideas about how convection is triggered, how it is organized on the mesoscale, 

and how these mesoscale features evolve in time. Observations by Rickenbach and 

Rutledge (1998) suggest that approximately 80% of rainfall in some tropical regions may 

be associated with organized, mesoscale precipitation regions, of which 30-40% falls as 

stratiform precipitation. Such observations suggest the important role of stratiform 

precipitation in the large-scale moisture, momentum, and thermodynamic budgets of the 

tropical atmosphere. Stratiform regions are generally more horizontally extensive than 

the convective regions that precede them; they also persist for long time periods after
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convection has dissipated, and thus may have a large impact on the potential for 

subsequent convective outbreaks.

Two recent studies, by Mapes (2000) and Majda and Shefter (2001), propose that 

the effects of stratiform precipitation are essential to the existence and structure of 

convectively coupled gravity or Kelvin waves. A “stratiform instability" mechanism of 

coupled wave instability is developed in the context of dynamically simple models that 

include only two vertical modes: a first baroclinic “convective" mode, and a second 

baroclinic “stratiform" mode.

The stratiform instability mode is generated through a positive correlation 

between a second mode temperature wave and the second mode stratiform heating 

profile. In the Mapes (2000) formulation, large-scale convectively coupled gravity waves 

organize from initial random noise when fluctuations in the convective inhibition (CIN) 

are parameterized to be dominant over fluctuations in CAPE. The second mode 

instability is activated when deep convection is triggered by a reduction in CIN. via a 

second mode warm over cold temperature anomaly, and is followed at lag by a stratiform 

(second mode) heating over cooling profile. The lower tropospheric cooling then further 

decreases CIN. which reinitializes deep convection, leading to further stratiform heating 

and a positive correlation between the second mode heating and temperature profiles. 

Fig. 4.1c illustrates the phase relationships between convective and stratiform heating and 

temperature for the stratiform instability mechanism of wave amplification. Circulation 

and temperature anomalies tilt westward with height, and temperature anomalies have a 

strong second baroclinic mode structure. No basic state winds are required for this mode 

to exist.
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Stratiform instability waves propagate at phase speeds near the dry wave speed of 

the second internal mode. The reduction in phase speed in stratiform waves is attributed 

to the effects of the second vertical mode, as in wave-CISK. rather than the effect of 

moisture on the first vertical mode, as in WISHE (Mapes 2000).

4 3  Data and methodology

The observed relationships between tropical convection and the kinematic, 

thermodynamic, and moisture fields in convectively coupled Kelvin waves will be 

presented in Section 4.4. These relationships are analyzed through the use of a linear 

regression technique applied to many years of data, as in previous studies (WK99; 

WKW00; Straub and Kiladis 2002a. hereafter SK02a; Straub and Kiladis 2002b, 

hereafter SK02b). Deep tropical convection associated with convectively coupled Kelvin 

waves is isolated using a filtered version of the 2.5° resolution NOAA outgoing longwave 

radiation (OLR) dataset (Liebmann and Smith 1996). As described thoroughly in WK99 

and WKW00, OLR fluctuations associated with convectively coupled Kelvin waves are 

separated from the raw OLR data by filtering the data in wavenumber-frequency space 

such that only fluctuations in the region of the climatological Kelvin wave OLR spectral 

peak are retained. The Kelvin wave filter retains OLR variability with periods between 

2.5 and 17 days, and eastward phase speeds of 8-30 m s '1 (see Fig. 2.1). As in SK02a 

and SK02b. both symmetric and antisymmetric components of OLR with respect to the 

equator are allowed to pass through the filter. Data have been averaged to daily temporal 

resolution from twice-daily resolution.
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European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis 

data are used to represent the global atmospheric circulation. The reanalysis data are 

available on the same 2.S° grid as the OLR data, at 16 pressure levels between 1000 and 

10 hPa. for the years 1979-1993. Data are averaged to daily resolution from four-times 

daily resolution. Temperature, horizontal wind, vertical motion, geopotential height, and 

specific humidity data at all grid points are linearly regressed at lag against the Kelvin 

wave filtered OLR extracted at specific grid points of interest. The resulting regressed 

fields are then scaled to a -30 W m'2 anomaly in Kelvin wave OLR. which represents a 

moderate Kelvin wave event.

Composites have also been calculated based on both negative and positive OLR 

perturbations at the same base points as used in the linear regressions. The composite 

results are very similar to those calculated in the regressions, for both positive and 

negative OLR anomalies, suggesting a strong linearity in the Kelvin wave dynamical 

fields and justifying the use of the linear regression technique.

Radiosonde data from the National Climatic Data Center’s (NCDC) 

Comprehensive Aerological Reference Data Set (CARDS) are also utilized in this study, 

to provide a validation of the reanalysis-based results. Data were extracted at either 15 

mandatory levels or 29 mandatory and significant levels, depending on data resolution. 

The data have been averaged to daily temporal resolution, and extend from 1979-1999. 

The radiosonde data are subjected to the same linear regression procedure as the 

reanalysis data, based on the Kelvin wave filtered OLR at the nearest grid point to each 

radiosonde station, for the period 1979-1999.
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4.4 Observed Kelvin wave structure

The Kelvin wave observations presented in this section are based on regressions 

of ECMWF reanalysis data and total OLR against the Kelvin wave filtered OLR at the 

point 7.5°N. 187.5°E. in the central Pacific. This base point is the location of the 

maximum climatological Kelvin wave OLR variance during the boreal summer season 

(June-July-August, or JJA). as illustrated in Figs. 2.2 and 3.1. and lies along the axis of 

the boreal summer climatological intertropical convergence zone (ITCZ). The 

regressions are calculated over the 15 JJA periods from 1979-1993. The results can thus 

be considered to be typical of Kelvin waves in the central Pacific during boreal summer. 

In Section 4.4.4. the reanalysis regressions are compared with regressions based on 

radiosonde data from Majuro, Marshall Islands, in the central Pacific.

Reanalysis- and radiosonde-based regressions have also been calculated for base 

points over equatorial Africa during boreal spring (MAM) and in the Indian Ocean region 

during JJA. both of which represent local Kelvin wave OLR variance maxima. The 

results for Kelvin waves over Africa and the Indian Ocean are not presented here, 

however, as the structures are similar to those in the central Pacific. The boreal summer 

central Pacific case is presented here because 1) the annual maximum in Kelvin wave 

activity occurs in this location and at this time of year, and 2) the open ocean location of 

the central Pacific eliminates complications due to land effects. Kelvin waves 

propagating over Africa appear to be disrupted by the elevated topography of eastern 

Africa, and in the Indian Ocean region, waves tend to dissipate when they reach the 

Maritime Continent
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Figure 4.2: Regressed OLR (shading) and ECMWF reanalysis 1000-hPa geopotential 
height (contours) and winds (vectors) for days (a) -2, (b) 0, and (c) +2. based on a -30 W 
m'2 anomaly in Kelvin wave filtered OLR on day 0 at the base point 7.5°N. 187.5°E. 
Wind vectors are plotted only where significant at the 95% level or greater.

4.4.1 Horizontal structure

Figure 4.2 illustrates the regressed horizontal structure of OLR (shading) and 

reanalysis 1000-hPa geopotential height (contours) and winds (vectors) for a Kelvin wave 

in the central Pacific, on days -2, 0, and +2. The OLR anomalies move eastward at 

approximately 17 m s '1, maximizing to the north of the equator at the latitude of the 

climatological ITCZ, where sea surface temperatures (SSTs) maximize during boreal 

summer (SK02b). Easterlies exist to the east of the low OLR signal, while westerlies 

exist both in-phase with the low OLR and to its west. Low (high) geopotential height 

anomalies maximize to the east (west) of the lowest OLR, and are symmetric with respect
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to the equator throughout the life cycle of the Kelvin wave. As discussed in SK02b, the 

observed Kelvin wave dynamical fields throughout the troposphere and lower 

stratosphere are primarily symmetric with respect to the equator, even though the OLR 

signal maximizes in the Northern Hemisphere in the central and eastern Pacific. The 

phasing of OLR. wind, and height anomalies shown in Fig. 4.2 for the central Pacific 

Kelvin wave is similar to that for Kelvin waves over Africa during MAM and in the 

Indian Ocean during JJA (not shown). In these other locations, however, the OLR signal 

maximizes on the equator instead of in the Northern Hemisphere, due to the fact that the 

lower boundary conditions are more symmetric with respect to the equator.

The eastward-propagating region of low OLR in Fig. 4.2 represents an envelope 

of enhanced deep cloudiness, which was shown by SK02b to consist primarily of smaller 

spatial scale, shorter time scale convective activity. Much of this activity is organized 

into westward-propagating mesoscale systems of horizontal scale 100-500 km, which 

include both convective and stratiform precipitation regions. It is important to recognize 

that the large-scale dynamical structures illustrated in this study represent the net effect of 

these numerous smaller-scale events that occur within the eastward-propagating 

cloudiness envelope.

The maximum convergence of 1000-hPa wind anomalies lies to the east of the 

low OLR anomaly, as might be inferred from the wind vectors on day 0 in Fig. 4.2. Fig. 

4.3a quantitatively illustrates this relationship throughout the wave's lifetime in a 

time-longitude diagram of regressed OLR (shading) and 1000-hPa divergence (contours),
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a) Regressed OLR (shading) and 1000-hPa divergence (contours)
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Figure 4.3: Time-longitude diagram of regressed OLR (shading at ±5 W m'2 intervals, 
dark negative) and divergence (contours, solid positive, zero contour omitted) at (a) 1000 
hPa (contour interval 0.2 x 10-6 s'1), and (b) 150 hPa (contour interval 0.4 x 10-6 s'1). All 
fields have been averaged from 0°-10°N.
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from day -10 to day +10. Both fields have been averaged from 0-10°N.4 Maximum 

1000-hPa convergence precedes the lowest OLR anomalies by approximately 10-15° of 

longitude, or approximately one-eighth of a cycle, based on a zonal wavelength of 80°.

The maximum upper tropospheric divergence in the Kelvin wave is located at 

approximately 150 hPa. and is collocated with low OLR. as shown in Fig. 4.3b. Figures 

4.3a and 4.3b suggest the presence of a tilted structure in the vertical, with maximum 

lower tropospheric convergence located ahead of the maximum deep convection, and 

upper tropospheric divergence collocated with the low OLR itself. As will be shown in 

the following section, the 1000-hPa convergence anomaly illustrated in Fig. 4.3a is in 

phase with low-level moist, rising air. suggesting a buildup of shallow convection 

preceding deep convection in the wave.

4.4.2 Vertical structure

The vertical structure of temperature and winds associated with the Kelvin wave 

on day 0 is shown in Fig. 4.4a. a longitude-height cross-section along 7.5°N. OLR 

perturbations maximize at 7.5°N on day 0. and thus the dynamical anomalies should be 

most directly coupled to the convection at this latitude. Although the reanalysis 

temperature and vertical motion fields are highly constrained by the model’s convective 

parameterization scheme, and thus may be not be regarded with as much confidence as 

the wind fields, comparisons with radiosonde data in Section 4.4.4 show that the large- 

scale temperature structures are actually quite similar.

4 The results are similar for the latitude band from 5°S-5°N. except that in this case, the 
OLR signal appears to weaken over the eastern Pacific. This is because the convection 
associated with the Kelvin wave propagates along the latitude of the ITCZ, which shifts 
northward from the equator in the western Pacific to 5°-10°N in the eastern Pacific.
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a) Regressed temperature (contours), vertical motion (shading), 
zonal-vertical circulation (vectors), and OLR (top plot)
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Figure 4.4: (a) Longitude-height cross-section along 7.5°N of regressed temperature 
(contours, interval 0.075 K), vertical motion (shading, at 0.15 and 0.5 cm s '1), and 
zonal-vertical circulation (vectors). OLR cross-section at 7.5°N is shown in upper plot 
The vertical component of the vectors has been multiplied by 700 to account for the small 
aspect ratio of the plot. The longest vectors represent winds of 5.0 m s*1. (b) Same as (a) 
except for specific humidity (contours, interval 0.05 g kg'1) shown only to 300 hPa.

Figure 4.4a illustrates the regressed ECMWF temperature (contours), vertical 

motion (shading), and zonal-vertical circulation (vectors), as well as the regressed OLR 

(top panel), along 7.5°N on day 0. The strongest vertical motion anomalies are found in
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the upper troposphere between 180°-200°E. and are collocated with the lowest OLR. 

These large-scale, low-amplitude (order mm s'1) vertical motion anomalies represent an 

average over the numerous smaller-scale, higher amplitude convective updrafts within 

the eastward-propagating envelope of convection. Downward motion anomalies are 

weaker, more horizontally extensive, and are located primarily to the east of the low OLR 

on day 0. The zonal component of the low-level convergence and upper-level divergence 

signals in Figs. 4.3a and 4.3b can be seen in the vector winds of Fig. 4.4a, with low-level 

convergence and upward motion leading the low OLR and upper tropospheric upward 

motion by approximately 15° of longitude. Upper tropospheric divergence is located 

directly above the maximum upward motion. Outflow between 100 and 200 hPa spreads 

both east and west in the upper troposphere, but the sinking motion that completes the 

zonal-vertical circulation cell is stronger to the east at this time. At later lags, the 

western cell becomes the stronger of the two.

The tropospheric temperature anomalies project strongly onto a second baroclinic 

mode structure, with warm over cold anomalies in the region of large-scale upward 

motion and low OLR, and cold over warm anomalies to the east. The existence of a 

second baroclinic mode temperature structure in the troposphere, with a node at 

approximately 500 hPa. suggests that stratiform precipitation processes play a role in 

determining the large-scale wave structure. It is well known that regions of stratiform 

precipitation are marked by an overall signature of latent heating and rising motion above 

500 hPa, and evaporative cooling and sinking motion below 500 hPa (Houze 1997). In a 

case study of a convectively coupled Kelvin wave presented in SK02b, stratiform
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precipitation is shown to comprise greater than 50% of the total precipitating echo area 

throughout the wave's passage.

The observed tropospheric temperature structure in Fig. 4.4a is not purely second 

mode, however. Additional low-level temperature perturbations exist between 

approximately 750 hPa and 1000 hPa. Warm low-level air slightly leads low-level 

convergence and upward motion anomalies (Fig. 4.4a), as well as positive specific 

humidity perturbations (Fig. 4.4b). Throughout the evolution of the wave, an in-phase 

relationship persists between temperature, moisture, upward motion, and convergence 

anomalies in the 850-1000 hPa layer (not shown). These signals suggest the presence of 

enhanced shallow convection to the east of deep convection. The upward transport of 

moisture due to deep convection can be detected in the upper tropospheric moist 

anomalies between 300 and 600 hPa in Fig. 4.4b. which lag the strongest upper 

tropospheric upward motion anomalies and low OLR.

The case study of a Kelvin wave in the eastern Pacific by SK02b is consistent 

with the idea that on the large scale, shallow convection tends to precede deep convection 

and stratiform precipitation in the Kelvin wave as it propagates eastward. As viewed 

from the NOAA ship Ronald H. Brown, which was stationed in the eastern Pacific ITCZ 

during a Kelvin wave passage, an overall progression of shallow convection to deep 

convection to stratiform precipitation was observed over a period of 2 days. The same 

wave viewed in high-resolution satellite imagery showed that the large-scale convective 

envelope consisted of smaller-scale, westward-propagating cloud clusters. The envelope 

of cloudiness moved eastward in time as new convection was initiated to the east of the 

existing convective envelope, intensifying and developing stratiform regions as it moved
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westward within the envelope. In the western portion of the envelope, stratiform 

precipitation was dominant. In this manner, the large-scale temperature and moisture 

fields averaged over many Kelvin wave events can show systematic signals 

representative of the effects of shallow convection to the east of the deepest convection, 

and stratiform precipitation to the west. The tropospheric temperature, wind, and 

moisture anomalies detected in radiosonde data from the Ronald H. Brown (Figs. 2.10a.

2.1 la. and 2.14a) are also consistent with the regressed reanalysis fields presented in 

Figs. 4.3 and 4.4. Warm lower tropospheric temperatures precede convection, while a 

warm-over-cold second vertical mode structure was observed during the deepest 

convection and thereafter. Moisture anomalies were strong and positive below 700 hPa 

prior to the lowest OLR, and from 700 to 300 hPa afterward.

4.4.3 Phase relationships between temperature and vertical motion

The temperature anomalies in the layer between approximately 200-500 hPa are 

highly correlated with vertical motion anomalies throughout the wave's life cycle. 

Shown in Fig. 4.5a is a time-longitude diagram of regressed 300-hPa vertical motion 

(shading) and temperature (contours), averaged from 0°-10°N. These two fields are also 

highly correlated with OLR and 150-hPa vertical motion (compare with Fig. 4.3b). such 

that upper tropospheric warm anomalies, upward vertical motion, 150-hPa divergence, 

and low OLR are all spatially and temporally phase-locked. These relationships suggest 

a generation of EAPE by the Kelvin wave, through the positive correlation between 

temperature and heating (as inferred by low OLR). The correlation between heating, 

upward motion, and 150-hPa divergence suggests the conversion of EAPE to eddy
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Figure 4.5: Time-longitude diagram of vertical motion (shading, dark negative) and 
temperature (contours, solid positive, contour interval 0.05 K, zero contour omitted), 
averaged from 0°-10°N. at (a) 300 hPa, and (b) 700 hPa. Shading in (a) is at ±0.15 cm s '1 
intervals and in (b) is at ±0.05 cm s'1 intervals.
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kinetic energy (EKE). Similar temperature structures and phase relationships with 

respect to heating and OLR are shown by Haertel and Johnson (1998) for 2-day waves in 

the Pacific.

In the lower troposphere, between about 500 and 850 hPa. temperature and 

vertical motion anomalies in the Kelvin wave exhibit a near quadrature relationship, quite 

different from the in-phase relationship in the upper troposphere. As shown in Fig. 4.5b. 

downward motion anomalies at 700 hPa (light shading) lead warm temperatures (solid 

contours), which lead upward motion (dark shading) and cold temperatures (dashed 

contours). The near quadrature relationship of temperature and vertical motion in the 

lower troposphere suggests the presence of either 1) free (unforced or uncoupled) Kelvin 

wave-like circulations or 2) coupled circulations obeying strict QE, as discussed in 

Section 4.2.2. Evidence of this quadrature relationship between temperature and vertical 

motion in cross-sections similar to Fig. 4.4a becomes more pronounced at latitudes 

farther removed from the strongest deep convective signal, for example, on the equator 

on day 0 (not shown), suggesting a dry Kelvin wave circulation. In the immediate 

vicinity of the deepest convection, on the other hand, there is a stronger out-of-phase 

relationship between temperature and vertical motion, such that upward (downward) 

motion anomalies at 700 hPa are correlated with cold (warm) temperatures (Fig. 4.4a). 

When a latitudinal average is constructed as in Fig. 4.5b, upward (downward) motion 

appears to lead cold (warm) temperatures by slightly less than a quarter cycle.
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4.4.4 Radiosonde comparisons

A similar regression technique was applied to radiosonde data from Majuro. 

Marshall Islands (7.1°N. 171.4°E). to determine the local temperature, humidity, and 

wind changes associated with the passage of a Kelvin wave OLR signal. Figures 4.6a-d 

show the regressed OLR. temperature, specific humidity, and zonal wind anomalies 

associated with a -30 W m': anomaly in Kelvin wave filtered OLR at the closest grid 

point to Majuro (7.5°N. 172.5°E) on day 0. A primarily second baroclinic mode 

temperature structure can be seen in the troposphere (Fig. 4.6b), as in the reanalysis 

regressions, with a strong warm anomaly in the upper troposphere peaking on day 0. 

coincident with the lowest OLR. A warm anomaly in the lower troposphere, centered at 

700 hPa. precedes the low OLR. maximizing between days -2 and -1. while a lower 

tropospheric cold anomaly follows the low OLR. with a peak between days +1 and +2. 

These signals extend down to the surface with no apparent change in phase, in contrast to 

the reanalysis data in Fig. 4.4a, where surface temperature anomalies lag the lower 

tropospheric anomalies. The difference in the structure of the lower tropospheric 

temperature anomalies between the reanalysis and radiosonde regressions suggests that 

the shallow convective heating in the reanalysis may be too strong. Since the ECMWF 

reanalysis convective parameterization includes separate schemes for shallow and deep 

convective heating, these results suggest that the partitioning of energy between the two 

schemes may not be accurate for Kelvin waves (A. Tompkins, personal communication). 

Overall, however, the ECMWF reanalysis does appear to quite successfully resolve the 

vertical temperature structure of convectively coupled Kelvin waves.
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Figure 4.6: Regressed (a) OLR. time-height plots of radiosonde (b) temperature (contour 
interval 0.1 K). (c) specific humidity (contour interval 0.05 g kg '; shown only to 300 
hPa). and (d) zonal wind (contour interval 0.25 m s*1), and time evolution of (e) CAPE at 
Majuro (7.1°N. 171.4°E), based on a -30 W m'2 anomaly in Kelvin filtered OLR at the 
closest grid point (7.5°N. 172.5°E) on day 0. Time progresses from right to left, so that 
time-height structures in (b) and (c) can be compared with longitude-height structures in 
Figs. 4.4a and 4.4b. Twenty-seven levels of data are represented in (b) and (d), and 15 
levels in (c). Shading represents regions of statistical significance at the 95% level or 
greater, with dark shading representing positive correlations.

Evidence of the effects of shallow convection, deep convection, and stratiform 

precipitation can be seen in the time-height diagram of regressed specific humidity at 

Majuro. in Fig. 4.6c. Prior to the lowest OLR on day 0, there is a rapid increase in lower 

tropospheric moisture, with moist anomalies maximizing between approximately 850 and 

950 hPa on day -1. The significant depth of the moisture increase, to 700 hPa, suggests 

that shallow convection plays a role in transporting moisture upward. On day 0, when
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deep convection occurs at Majuro. positive specific humidity anomalies extend through 

the troposphere to 300 hPa. suggesting the vertical transport of moisture by deep 

convection. There is an abrupt change from moist to dry air below 700 hPa on day 0, 

while moist anomalies linger in the upper troposphere for several more days. The moist 

over dry anomalies observed on days +1 and +2 suggest the presence of both deep 

convection and stratiform precipitation. The radiosonde humidity signals in Fig. 4.6c are 

consistent with those in the reanalysis regressions in Fig. 4.4b. where enhanced lower 

tropospheric moisture exists to the east of the low OLR and enhanced upper tropospheric 

moisture maximizes between 400-500 hPa to the west of the low OLR.

Figure 4.6d shows the regressed zonal wind anomalies at Majuro. Surface 

easterlies precede the deep convection, maximizing between days -2 and -1. and 

westerlies follow, maximizing on day +1. The magnitude of the easterlies preceding 

deep convection is larger than the magnitude of the westerlies following i t  suggesting a 

stronger latent heat flux from the ocean ahead of the deep convection, especially since the 

basic state winds are easterly in this region. Surface zonal wind convergence can be 

estimated from the zonal wind gradient to be strongest between days -1 and 0, peaking 

before the lowest OLR signal as in the reanalysis regression in Fig. 4.3a. Between 300 

and 100 hPa. strong westerly anomalies change over to easterly anomalies on day 0, 

signaling a maximum in divergent outflow occurring in phase with deep convection in 

the Kelvin wave, in a similar manner to the reanalysis regression in Fig. 4.3b.

The regressed CAPE anomalies at Majuro are shown in Fig. 4.6e. The mean 

CAPE at Majuro for the 21-year JJA period is 2154 J kg'1. CAPE peaks on days -2  and 

-1, when the surface air is anomalously warm and moist and the upper troposphere is
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cool. A sharp decline in CAPE occurs between days -1 and +1. during the time of 

enhanced deep convection, suggesting that convection itself reduces the CAPE. The 

lower tropospheric cooling and drying and the upper tropospheric wanning and 

moistening observed in Figs. 4.6b and 4.6c after day 0 are consistent with the effects of 

deep convection and stratiform precipitation on the large-scale temperature structure of 

the atmosphere, which act to reduce CAPE.

The CAPE anomalies shown in Fig. 4.6e are small compared to the mean values 

at Majuro. suggesting that the atmosphere remains close to QE. The small increase in 

CAPE, which was presumably forced by the large-scale circulation (i.e.. the anomalies 

causing the increase in CAPE are consistent with the structure of a large-scale Kelvin 

wave), is subsequently consumed by convection over a 2-day period. Anomalously high 

CAPE precedes enhanced convection by 1-2 days, allowing for a positive correlation 

between warm upper tropospheric temperatures and latent heating, which generates 

EAPE and allows the wave to grow.

The regressed temperature, moisture, wind, and CAPE anomalies at Majuro are 

similar to regressions using radiosonde data at other tropical stations (and the 

corresponding Kelvin filtered OLR at the nearest grid point to each station), such as 

Tarawa (central Pacific), Truk (western Pacific), Balboa (Central America), Bangui- 

Mpoko (Africa), and Singapore (eastern Indian Ocean). The similarities between these 

station data suggest that the Kelvin wave structures illustrated for Majuro are robust, and 

that the vertical structures and phase relationships in Kelvin waves are not strongly 

affected by differences in the basic state.
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Figure 4.7: Schematic diagram of observed convectively coupled Kelvin wave structure. 
W (C) represents warm (cold) anomalies. Width of arrows and size of text denotes 
relative strength of anomalies. Upward arrows crossing the lower boundary represent 
surface fluxes.

4.4.5 Summary

Presented in Fig. 4.7 is a schematic diagram illustrating the phase relationships in 

the zonal-vertical plane in observed convectively coupled Kelvin waves. Circulation 

cells tilt westward with height, such that surface convergence leads upper tropospheric 

upward motion by approximately an eighth of a cycle. Surface convergence is in phase 

with lower tropospheric upward motion anomalies, and slightly lags lower tropospheric 

warm temperature and enhanced moisture anomalies. Upper tropospheric upward motion 

lags that in the lower troposphere, and is in phase with low OLR, warm temperatures, and 

upper tropospheric divergence. Upper tropospheric moisture anomalies lag vertical 

motion anomalies by about an eighth of a cycle. The observed tropospheric temperature 

structure projects primarily onto the second baroclinic mode, with a node at 500 hPa. In 

the lower troposphere, temperature and vertical motion anomalies are in quadrature, 

while in the upper troposphere, temperature and vertical motion anomalies are in phase.
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The implications of these phase relationships for the wave-CISK. WISHE. and stratiform 

instability mechanisms of wave growth will be discussed in the following section.

4.5 Discussion and conclusions

4.5.1 Comparisons o f observations with coupled wave instability theories

4.5.1.1 Wave-CISK

As discussed in Section 4.2.1. a central feature of wave-CISK theory is a positive 

correlation between heating and temperature, generated when low-level convergence 

forces convection. This relationship implies that latent heating more than compensates 

for the adiabatic cooling due to upward motion in a wave. Fig. 4.5a indicates a strong 

spatial and temporal correlation between upper tropospheric temperature and vertical 

motion (which is highly correlated with low OLR. here considered a proxy for heating) in 

the reanalysis, and Fig. 4.6b illustrates an in-phase relationship between low OLR and 

warm upper tropospheric temperatures in radiosonde data. Low-level convergence 

precedes the heating and temperature anomalies by approximately an eighth of a cycle 

(Fig. 4.3a). These relationships support the wave-CISK mechanism of coupled wave 

growth.

In the lower troposphere, the relationship between heating and temperature is less 

clear. If low OLR is assumed to represent heating throughout the atmospheric column 

(i.e.. a first baroclinic mode heating), then lower tropospheric warm anomalies lead deep 

heating by at least a quarter cycle (Figs. 4.4a and 4.6b), and there exists a negative 

correlation between lower tropospheric temperatures and heating. However, the increase 

in lower tropospheric moisture prior to the lowest OLR (Figs. 4.4b and 4.6c) suggests the
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Figure 4.8: Structure of unstable Kelvin wave-CISK mode from Matthews and Lander 
(1999). Longitude-height cross-sections at 2.8°N of (a) divergence (contour interval is 1 
x KT6 s '1) and (b) temperature anomaly (contour interval is 0.2 K). Negative contours 
are dashed and the zero contour is omitted.

presence of shallow convection leading deep convection, which indicates the possibility 

of an in-phase relationship between heating and temperature at low levels as well. 

However, it is difficult to assess lower tropospheric heating and temperature relationships 

without a detailed knowledge of the shallow convective heating fields. Accurate budgets 

of the apparent heat source and moisture sink from radiosonde data may also help to 

illuminate these relationships.

The structure of modeled Kelvin wave-CISK modes can be compared with 

observed waves to assess the degree to which the modeled waves reproduce observations. 

Fig. 4.8 illustrates an example of a Kelvin wave-CISK mode from Matthews and Lander

(1999). This unstable Kelvin mode was generated in a primitive equation model using a 

positive-only CISK parameterization scheme, in which convective heating is proportional 

to low-level convergence. The vertical structure of the heating profile is specified as top- 

heavy, with maximum heating in the mid-to-upper troposphere. As illustrated in Fig. 4.8, 

surface convergence slightly leads upper tropospheric divergence in the modeled wave, in 

a similar maimer to the observed waves in Figs. 4.3a and 4.3b. A deep warm anomaly 

exists ahead of the deep vertical motion, while a second mode temperature anomaly
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exists to its west, leading to a positive correlation between heating and upper tropospheric 

temperature. Observed Kelvin waves also show a second mode temperature anomaly in 

phase with the deep convective heating, but in general, do not have a deep warm anomaly 

to the east

The deep warm anomaly ahead of the convective heating in Fig. 4.8. and the 

second mode warm over cold anomaly behind it  give the appearance of a westward-tilted 

temperature anomaly, as noted in observed Kelvin waves in WKWOO and also illustrated 

in Figs. 4.4a and 4.6b. The very simple convective parameterization in the Matthews and 

Lander (1999) model is able to reproduce this westward tilt simply because it assumes a 

top-heavy heating profile [see also similar model results in Lau and Peng (1987). Chang 

and Lim (1988). and Lim et al. (1990)]. When convective heating is activated, the top- 

heavy heating profile separates into its component vertical modes, including a first 

baroclinic “convective” heating and a second baroclinic “stratiform” heating over cooling 

[see also Mapes (1998)]. The deep warm anomaly ahead of the vertical motion in the 

modeled wave in Fig. 4.8 is produced by the faster first baroclinic mode propagating out 

ahead of the heating, while the warm over cold anomaly to the west arises from the more 

slowly propagating second mode. A positive correlation between heating and upper 

tropospheric temperature generates the energy required for this instability. The reduced 

phase speed of 24 m s'1 in the unstable Kelvin mode is set by the dry phase speed of the 

second vertical mode, which produces a stronger convergence anomaly than the first 

mode and thus more strongly influences the convective heating (Matthews and Lander 

1999). Chao (1995) suggests that the maximum wave-CISK instability is produced when
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the heating travels eastward with a speed close to. but slightly less than, that of the free 

Kelvin wave.

The two primary vertical modes into which the initial top-heavy heating profile 

decomposes in the Matthews and Lander (1999) Kelvin wave-CISK model are similar to 

the two vertical modes in the stratiform instability model of Mapes (2000), as discussed 

in Sections 4.3.3 and 4.5.3. In both models, temperature anomalies associated with 

unstable waves have westward tilts with height, and the propagation speed is set by the 

second vertical mode. The simple wave-CISK parameterization implicitly subsumes the 

effects of stratiform precipitation into the top-heavy vertical heating profile, while the 

stratiform instability model explicitly parameterizes the separate convective and 

stratiform heating processes. The similarity between the simulated waves in these two 

models and the observations suggests that the first two baroclinic modes are of primary 

importance in the dynamics of convectively coupled Kelvin waves.

4.5.1.2 WISHE

W1SHE theory predicts that coupled waves in a strict QE system will be modified 

such that enhanced surface heat fluxes and warm tropospheric temperatures precede 

upward motion, leading to a positive correlation between heating and temperature, and 

thus wave amplification. The observations of Kelvin waves in the Pacific presented in 

Section 4.4 lend some support to the WISHE mechanism, but with several important 

qualifications.

As illustrated in Fig. 4.2, surface easterly anomalies to the east of the low OLR 

signal are stronger than the westerly anomalies to its west prior to day 0, when the wave
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is amplifying, whereas westerly anomalies are stronger than easterly anomalies after day 

0. when the wave is dissipating. Similarly, radiosonde zonal winds (Fig. 4.6d) show 

stronger easterly than westerly anomalies as a Kelvin wave propagates past If surface 

wind speeds are considered to be a good indicator of latent heat flux, these observations 

provide support for the WISHE mechanism of wave intensification, particularly since the 

basic state winds in the Pacific during JJA are easterly in the mean. However, 

observations of Kelvin waves over the Indian Ocean during JJA and Africa during MAM 

(in regions of prominent but weaker Kelvin wave variance maxima) show consistently 

stronger westerlies to the west of the convection than easterlies to its east, in both the 

amplifying and dissipating phases of the wave (see Fig. 4 in WKWOO for the Indian 

Ocean case). Basic state winds in these regions are near zero to westerly. In contrast to 

the results for Kelvin waves in the Pacific, the observations in the Indian Ocean and 

African regions do not support the WISHE mechanism of instability. WISHE therefore 

cannot be called upon to explain Kelvin wave instability in all regions, but may play a 

role in the Pacific Kelvin waves.

Observations of Pacific Kelvin waves may also support the WISHE mechanism 

through the quadrature relationship between lower tropospheric temperatures and upward 

motion (Fig. 4.5b). In WISHE theory, the warm anomalies located ahead of the 

maximum upward motion are produced both by the first baroclinic mode Kelvin wave 

structure, and by the upward flux of surface latent heating anomalies, which is carried out 

by convection (Fig. 4.1b). The in-phase relationship between anomalous surface 

easterlies and warm temperatures in the radiosonde data (Figs. 4.6b and 4.6d) provide 

support for this hypothesis. However, the warm temperatures extend only to 500 hPa in
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observations, instead of extending throughout the troposphere in a first baroclinic mode 

structure as suggested by Emanuel (1987). These observations suggest that shallow 

convection may play a role in enhancing the lower tropospheric warm anomalies.

The coherent in-phase relationship between heating (low OLR) and warm 

temperatures in the upper troposphere illustrated in Figs. 4.4a and 4.6b does not support a 

WISHE mode of instability. As discussed in the previous section, this relationship 

suggests a mechanism more consistent with wave-CISK theory.

4.5.1.3 Stratiform instability

The primary control on the organization of convection in stratiform instability 

theory, as formulated by Mapes (2000). is CIN. A reduction in CIN at the leading edge 

of a large-scale second baroclinic mode temperature wave allows deep convection to be 

initiated. Convection is then followed at lag by a second mode stratiform heating over 

cooling profile. The positive feedback between the second mode temperature wave and 

the second mode heat source provides the energy for wave amplification. At the trailing 

edge of the wave, the lower tropospheric cooling declines, and convection dissipates.

Fig. 4.9 illustrates the regressed temperature structure of the modeled eastward- 

propagating stratiform instability waves in Mapes (2000), centered on the longitude of 

maximum convective heating. A second baroclinic mode structure is apparent between 

1000 and 200 hPa. which is qualitatively similar to the Kelvin wave observations 

presented in Fig. 4.4a. The fact that the stratiform instability model and observations 

both show' strong second baroclinic mode temperature structures suggests that the 

stratiform heating component is important for the dynamics of these waves.
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Figure 4.9: Structure of stratiform instability mode from Mapes (2000): longitude-height 
cross-section of regressed temperature (contour interval 0.25 K), based on a +1 standard 
deviation anomaly in convection at 0° longitude. Zero contour heavy, negative contours 
dashed.

Prior to the convective maximum in the modeled wave, a second mode warm over 

cold anomaly cools the lower troposphere, reducing CIN. The initial lower tropospheric 

cold anomaly reaches a given location approximately two days prior to the convective 

maximum (given an eastward phase speed of 23 m s'1, with the edge of the cold anomaly 

located approximately 40° to the east of the convective maximum, as shown in Fig. 4.9), 

and increases in intensity until convection maximizes. Observations of Kelvin waves in 

the Pacific and other locations, however, show a lower tropospheric warming preceding 

the deep convection in the wave (Figs. 4.4a and 4.6b), and a cooling coincident with the 

deep convective maximum and thereafter. These observations suggest that a decrease in 

CIN may not be the driving factor in initiating convection in observed convectively 

coupled Kelvin waves.
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CAPE maximizes in the modeled waves prior to the onset o f convection, as also 

seen in observations (Fig. 4.6e). While convection is active, CAPE remains low, 

suggesting that the production of available energy by the large-scale vertical motion and 

moisture fields is offset by its consumption by convection (i.e., a QE balance). In 

nonconvective periods, positive CAPE anomalies are regenerated primarily by second 

vertical mode cold over warm anomalies. This evolution is partially supported by 

observations, which show that the increase in CAPE prior to deep convection is 

coincident with a warming and moistening at the surface and a cold anomaly aloft (Figs. 

4.6b and 4.6c).

The phase relationship between heating and upper tropospheric temperature in the 

modeled wave in Fig. 4.9 is significantly different from observations, however. In the 

modeled wave, upper tropospheric warm anomalies lead convection by about 30°. 

whereas in observations (Fig. 4.6b), upper tropospheric temperature anomalies are in 

phase with convection. As discussed in Section 4.5.1.1. these observations suggest that 

latent heating is larger than adiabatic cooling in the upper troposphere in the rising branch 

of the wave.

Majda and Shelter (2001) also produce eastward-propagating coupled Kelvin-like 

waves in a linear analytical model in which stratiform instability provides the mechanism 

for wave growth. The temperature structures tilt westward with height, as in the Mapes

(2000) model and in observations, but warm anomalies in the upper troposphere lead 

convection by approximately a quarter cycle, in contrast to observations. Surface 

convergence leads deep convection in the modeled waves by less than a quarter cycle, as 

observed. In contrast to the Mapes (2000) model and observations, however, CAPE
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anomalies in the Majda and Shelter (2001) model are in phase with convection, due to the 

instantaneous CAPE (ICAPE) parameterization scheme.

4.5.2 Conclusions

None of the previously described instability theories (wave-CISK. WISHE, or 

stratiform instability) accurately predicts all of the features observed in convectively 

coupled Kelvin waves. Aspects of each theory, however, do appear to be relevant to the 

observed wave structure. The following discussion suggests an evolution of the coupled 

Kelvin wave that incorporates each of these theories. This discussion does not provide a 

definitive explanation of the dynamics involved in convectively coupled Kelvin waves, 

but instead is intended to provide an interpretation of the observations in the context of 

the three wave intensification theories.

Observations suggest the existence of a Kelvin wave-like circulation prior to 

coupled wave intensification. WKWOO present evidence of a fast, uncoupled eastward- 

propagating surface pressure signal preceding the development of a convectively coupled 

Kelvin wave in the Indian Ocean. SK02a show shallow surge-like features spreading 

equatorward from the extratropics in association with an upper tropospheric equatorward- 

propagating Rossby wavetrain in the Southern Hemisphere, which develop Kelvin-like 

characteristics when they reach the equator. These observations suggest that a dry, or 

uncoupled. Kelvin wave circulation might provide the initial forcing necessary for the 

development of the coupled wave.

Once a preexisting Kelvin wave circulation has been established in the equatorial 

region, enhanced surface fluxes may occur within the anomalous low-level easterly flow

128

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



to the east of the rising branch of the wave, such that shallow convection both moistens 

and warms the lower troposphere, via a WISHE-type mechanism. This interaction 

provides a positive correlation between lower tropospheric temperature and shallow 

convective heating, thus amplifying the lower tropospheric portion of the wave. 

However, it is important to note that the WISHE mechanism is only relevant in regions of 

basic state easterlies, such as the Pacific ITCZ. and is not supported by observations of 

Kelvin waves over the Indian Ocean or Africa. This suggests that WISHE-type 

interactions play only a secondary role in the evolution of moist Kelvin waves.

In the warm phase of the wave, deep convection is initially suppressed by the low 

CAPE, increased stability, and high CIN that result from the dry boundary layer and 

warm lower troposphere. CAPE increases throughout this period through the buildup of 

surface fluxes beneath the stable lower troposphere (Parker 2002) and the convergence of 

moisture forced by the convergent lower tropospheric winds. As the Kelvin wave 

circulation propagates eastward, the wave-induced lower tropospheric warm anomalies 

begin to subside, such that convection is able to increase in vertical extent, initially 

feeding on the high CAPE and boundary layer moisture remaining from the suppressed 

phase. Low-level convergence and deep upward motion in this phase of the wave then 

provide a continuous source of moisture and instability to fuel deep convection.

Within the large-scale envelope of upward motion, deep convection organizes 

into larger-scale cloud systems that generate regions of stratiform precipitation, 

consistent with the stratiform instability mechanism. The combination of the convective 

and stratiform heating profiles within these numerous mesoscale cloud systems produces 

a large-scale top-heavy heating distribution. A QE-like state is maintained, with small
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but significant departures from exact thermodynamic balance evident in the upper (lower) 

tropospheric warm (cold) anomalies. The coexistence of these primarily second 

baroclinic mode temperature anomalies and the top-heavy heating profile provides a 

positive correlation between temperature and heating in the upper troposphere, in a 

manner consistent with both the wave-CISK and stratiform instability mechanisms. The 

westward tilt with height of the temperature anomalies results from a combination of the 

shallow convective heating and/or dry Kelvin wave-like structure in the lower 

troposphere to the east of the deep convection, and the top-heavy heating profile in the 

region of deep ascent in the wave. Since heating and warm temperature anomalies are in 

phase in the upper troposphere as well as the lower troposphere, the coupled wave grows 

in amplitude.

The observations and discussions presented in this paper are intended to motivate 

future modeling studies of convectively coupled equatorial waves. Successful 

simulations of these coupled modes will undoubtedly provide additional insights into the 

fundamental relationships between convection and the large-scale circulation in the 

tropics.
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5 INTERACTIONS BETWEEN THE BOREAL SUMMER 

INTRASEASONAL OSCILLATION AND HIGHER- 

FREQUENCY TROPICAL WAVE ACTIVITY

5.1 Introduction

The boreal summer intraseasonal oscillation (ISO)5 is a slowly northward- and 

eastward-propagating oscillation in cloudiness and circulation with a period of 

approximately 30-60 days (Yasunari 1979, 1980,1981: Krishnamurti and Subahmanyam 

1982: Knutson et al. 1986: Lau and Chan 1986: Knutson and Weickmann 1987: Madden 

and Julian 1994; Kem ball-Cook and Wang 2001; Lawrence and Webster 2002). The 

primary convective signal of the ISO is localized to the Indian Ocean and western Pacific 

regions, while circulation anomalies extend throughout the tropics and into the 

extratropics. The zonal extent of deep tropical convection in the active phase of the ISO 

can be quite large, stretching from the Indian Ocean to the western Pacific.

Embedded within the slowly varying ISO cloudiness signal are multiple higher- 

frequency, smaller spatial scale convective events (Yasunari 1979; Nakazawa 1988; 

Mapes and Houze 1993; Hendon and Liebmann 1994; Dunkerton and Crum 1995). 

Observations suggest that the low-frequency ISO signal may represent a moving

5 The ISO is also known as the Madden-Julian Oscillation, or MJO.
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envelope of higher-frequency convective activity, rather than a slowly migrating band of 

enhanced mean cloudiness (Nakazawa 1988; Hendon and Liebmann 1994; Dunkerton 

and Crum 1995). High-frequency cloudiness events can project onto lower-frequency 

modes such as the ISO because tropical convection is a nonlinear or "conditional" 

process; the net precipitation and latent heating anomalies will be positive when averaged 

over the longer timescale of the ISO. Dunkerton and Crum (1995) and Matthews and 

Kiladis (1999) suggest that the higher-frequency convective activity within the ISO may 

also be responsible for forcing the large-scale, low-frequency circulation of the ISO itself. 

This allows for a potential feedback between the circulation forced by the higher- 

frequency convective events and the development and evolution of the events themselves.

The recent studies of Wheeler and Kiladis (1999. hereafter WK99) and Wheeler 

et al. (2000, hereafter WKW00) have demonstrated that a significant portion of 

submonthly (<30 day) convective variability in the tropics can be explained in terms of 

zonally-propagating convective disturbances which correspond to the linear equatorial 

wave modes predicted by Matsuno (1966). In the present study, the relationship between 

two of these wave types and the boreal summer ISO is examined. The motivation for this 

work began with a desire to understand how convectively coupled, equatorially trapped 

waves are affected by the slowly varying circulation fields of the ISO. The results, 

however, suggest that the waves themselves may not be independent from the lower- 

frequency ISO fields, but instead may provide some of the variability that comprises the 

ISO itself.

The two convectively coupled wave types to be examined in this study are mixed 

Rossby-gravity (MRG) waves and Kelvin waves. Mixed Rossby-gravity waves are
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westward-propagating disturbances with zonal wavelengths of 6000-8000 km and phase 

speeds of 20-25 m s '1 (Liebmann and Hendon 1990; Hendon and Liebmann 1991; 

Dunkerton 1993; Dunkerton and Baldwin 1995; WKW00). MRG waves have been 

documented to evolve into off-equatorial tropical depression (TD)-type disturbances in 

the western Pacific (Lau and Lau 1992; Takayabu and Nitta 1993; Dunkerton and 

Baldwin 1995; Sobel and Bretherton 1999; Dickinson and Molinari 2002). Kelvin waves 

(WKW00: Straub and Kiladis 2002a. hereafter SK02a; Straub and Kiladis 2002b, 

hereafter SK02b) are eastward-propagating convective disturbances that are similar in 

scale (zonal wavelengths of 2000-4000 km) and phase speed (15 m s*1) to the super cloud 

clusters discussed by Nakazawa (1988) and Takayabu and Murakami (1991). These two 

wave classes (MRG/TD and Kelvin) together represent about 25% of the convective 

variability in the Pacific during boreal summer (WKW00; SK02b).

This study uses a combination of statistical results and illustrations from a case 

study during July-September 1987 to demonstrate that the boreal summer ISO 

convective envelope often consists of an enhancement of westward-propagating 

MRG/TD variability within the envelope itself, and an enhancement of eastward- 

propagating Kelvin wave activity to its east

5.2 Data and methodology

Two primary datasets are utilized in this study. The signals o f the ISO and 

higher-frequency tropical waves are identified using NOAA outgoing longwave radiation 

(OLR) data (Liebmann and Smith 1996). OLR is used as a proxy for deep tropical 

convection, as in many previous studies (Matthews and Kiladis 1999; WK99; WKW00;

133

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



SK02a, b). The atmospheric circulation is represented by the National Center for 

Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) 

reanalysis wind fields. Both the OLR and NCEP/NCAR reanalysis datasets are available 

on a global 2.5* grid, and extend from 1979-2000. The data have been averaged to daily 

temporal resolution from four times daily (reanalysis) or twice daily (OLR) resolution.

The OLR data are filtered in wavenumber-frequency space to extract signals 

associated with the ISO and convectively coupled waves, as described in WK99. The 

raw OLR data are passed through a set of wavenumber-frequency filters that enclose the 

climatological regions of enhanced spectral power corresponding to each disturbance 

type. A reverse transform back to physical space then results in a separate OLR dataset 

for each filtered region. The reader is directed to Fig. 6 of WK99 for an illustration of the 

approximate filtering regions for Kelvin waves. MRG waves, and the ISO.6 In the 

present study, the Kelvin wave filter spans eastward-propagating periods of 2.5-17 days 

and zonal wavenumbers 1-14. and is bounded by the theoretical Kelvin wave dispersion 

curves for equivalent depths of 8 and 90 m. The MRG filter spans westward-propagating 

periods of 3-7.5 days and zonal wavenumbers 0-10. and is bounded by the 8 and 90 m 

MRG wave dispersion curves. The ISO filter spans eastward-propagating periods of 

30-96 days and zonal wavenumbers 0-5. As in SK02a and SK02b, both the symmetric 

and antisymmetric OLR components with respect to the equator are allowed to pass 

through the wavenumber-frequency filter for all waves in this study. This allows for a

6 Several changes have been made in this study to the wavenumber-frequency filtering 
regions in WK99. The lower boundary of the Kelvin wave region has been moved 
upward to a period of 17 days from 30 days, as in SK02a and SK02b. The wavenumber 
boundaries of the ISO and MRG filtering regions now include zonal wavenumber 0. This 
change allows for a representation of the zonally symmetric component of variability, 
representing standing oscillations, in the filtered data.
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better representation of the off-equatorial OLR signal in convectively coupled Kelvin 

waves in the Pacific (SK02a. b), and allows the MRG waves to evolve from their typical 

antisymmetric OLR pattern in the central Pacific to asymmetric tropical depression (TD)- 

like convective patterns in the western Pacific. Illustrations of the typical horizontal 

structures of MRG waves and TD disturbances are presented in Section 5.3.

The statistical results presented in Section 5.3 are based on a linear regression 

technique, as described in Matthews and Kiladis (1999). The low-frequency signals in 

convection and circulation associated with the ISO are determined by regressing total 

OLR and reanalysis winds at all grid points against an index of the ISO for the 22 boreal 

summers (June-July-August, JJA) from 1979-2000. The ISO index is the daily value of 

the ISO-filtered OLR. averaged over a 5° x 5° box around the point of its maximum 

climatological variance during JJA. The box extends from 7.5°-12.5° N and 100°-105° 

E. Results are fairly insensitive to the choice of box location and size. The modulation 

of higher-frequency waves by the slowly varying ISO OLR signal is determined in a 

similar manner, by regressing the variance of the filtered OLR datasets (Kelvin, 

MRG/TD). as represented by the square of the daily value at each grid point, against the 

ISO index. This method requires a clear separation between the timescale of the ISO 

index and that of the tropical waves. Since the shortest period fluctuations in the ISO 

index are 30 days, and the tropical waves have cutoffs at periods well below this, the 

method is justified in the present case. It is not necessary to "window" the MRG/TD and 

Kelvin filtered OLR data to 30-96 day periods as in Matthews and Kiladis (1999), since 

the regression procedure automatically extracts fluctuations on these timescales 

associated with the filtered ISO OLR index.
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All ISO regression results are scaled to a -1.5 standard deviation anomaly in the 

ISO OLR index on day 0, which corresponds to an OLR anomaly of approximately -20 

W m '\ averaged over the 5° x 5° base area. Signals are considered to be statistically 

significant at the 95% level or greater, as in WKW00. Other ISO indices, based on 200- 

or 850-hPa zonal wind or EOF-based OLR. have been tested and the results are 

consistent with those presented in Section 5.3. Composite fields have also been 

calculated, and the results are also similar to those presented in Section 5.3.

53  Statistical results

5.3.1 ISO convection and circulation anomalies

The regressed OLR (shading) and 850-hPa circulation anomalies (streamfunction 

contours, vector winds) during one cycle of the boreal summer ISO are shown in Fig. 5.1. 

for days -15. -5. +5. and +15. On day -15 (Fig. 5.1a). low OLR. representing enhanced 

convection, extends over a large portion of the equatorial Indian Ocean, while a band of 

suppressed convection stretches southeastward from India toward the Dateline in the 

Northern Hemisphere. The band of suppressed convection had moved northward and 

eastward prior to day -15 as the new ISO active convective phase intensified in the 

Indian Ocean. Associated with the suppressed convective phase on day -15 is an 

elongated 850-hPa anticyclonic circulation anomaly in the Northern Hemisphere. 

Easterly wind anomalies are collocated with a large portion of the suppressed convective 

region. This anticyclonic circulation anomaly represents a strengthening and westward
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Figure 5.1: Regressed OLR (shading, dark negative, at ±7 W m'2) and 850-hPa 
streamfunction (light contours, solid positive, by 3 x 105 m2 s '1, zero contour omitted) and 
wind vectors (plotted only where significant at the 95% level or greater; longest vectors 5 
tn s'1) on (a) day -15. (b) day -5, (c) day +5, and (d) day +15, based on a -1.5 standard 
deviation anomaly in the ISO index on day 0.
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shift of the climatological North Pacific subtropical high. A period displaying these 

convection and circulation features is often referred to as a break monsoon period 

(Krishnamurti and Subrahmanyam 1982).

The enhanced ISO convection moves northward and expands eastward by day -5 

(Fig. 5.1b). while the suppressed phase dissipates to the north of the Philippines. Easterly 

anomalies remain present to the north of the enhanced convective region, but are now 

associated with the developing trough over southern India. As the enhanced convective 

region continues to move northward and eastward, the trough strengthens such that strong 

850-hPa westerly anomalies are collocated with the convection on day +5 (Fig. 5.1c). 

This pattern represents an active monsoon period, with a strong monsoon trough and a 

weaker North Pacific subtropical high. Finally, by day +15, the enhanced phase of the 

ISO is located to the north of the Philippines, while the suppressed phase has also moved 

northward and is located over the northern Indian Ocean.

The temporal and spatial evolution of OLR and circulation in Fig. 5.1 is 

consistent with earlier studies such as Krishnamurti and Subrahmanyam (1982), Knutson 

and Weickmann (1987). and Lawrence and Webster (2002). The ISO convection and 

circulation fields are quite linear in their evolution, such that the maps on days -15 and 

+5 display opposite-signed anomalies, as do the maps on days -5 and +15. From these 

figures the period of the ISO convective anomalies can be estimated to be approximately 

40 days, also consistent with previous studies.
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5.3.2 Mixed Rossby-gravity waves/TD-type disturbances

Westward-propagating synoptic-scale disturbances in the western Pacific have 

been studied extensively by Reed and Recker (1971), Hendon and Liebmann (1991). Lau 

and Lau (1992). Takayabu and Nitta (1993). Sobel and Bretherton (1999). Dickinson and 

Molinari (2002). and many others. The broad spectrum of westward-propagating 

disturbances in this region is often categorized into three wave types: easterly waves, 

mixed Rossby-gravity waves, and tropical depression-type disturbances. The distinctions 

between these wave types are not necessarily clear, however, such that observed 

disturbances may display characteristics of more than one type, or represent a transition 

between types.

Previous studies agree that large-scale, westward-propagating disturbances often 

behave like theoretical MRG waves in the central Pacific (near the Dateline), with 

enhanced (suppressed) convection in the region of lower tropospheric off-equatorial 

convergence (divergence) associated with cross-equatorial flow. Observations of MRG 

waves coupled to convection show that they generally have zonal wavelengths on the 

order of 6000-8000 km and westward phase speeds of 20-25 m s*1 (Liebmann and 

Hendon 1990; Hendon and Liebmann 1991; Dunkerton and Baldwin 1995; WKW00). 

As these waves propagate westward into the western Pacific, however, they tend to lose 

their equatorial antisymmetry in convection and their symmetry in the meridional wind 

field, and evolve into off-equatorial vortical structures whose centers fill with convection 

(Takayabu and Nitta 1993; Dickinson and Molinari 2002). These disturbances are 

generally referred to as tropical depression (TD)-type disturbances, as they often serve as
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the precursors to tropical cyclones in the western Pacific (Lau and Lau 1992; Takayabu 

and Nitta 1993; Sobel and Bretherton 1999; Dickinson and Molinari 2002).

In this study. MRG and TD-type disturbances are identified using the MRG OLR 

index of WKW00. which is based on the climatological OLR spectral peak along the 

MRG dispersion curves. Unlike WKW00, however, in the present study both the 

antisymmetric and symmetric components of OLR are allowed to pass through the MRG 

filter. With this change, the index is now able to represent both the antisymmetric MRG 

waves in the central Pacific and the off-equatorial TD-type disturbances in the western 

Pacific. To illustrate the difference between these two wave types. Fig. 5.2a shows the 

regressed OLR (shading) and 850-hPa circulation fields (streamfunction and vector 

winds) based on the MRG/TD index in the central Pacific, at 5°N, 175°E. on day 0. Note 

the antisymmetric OLR pattern, with low (high) OLR in the Northern (Southern) 

Hemisphere in the region of lower tropospheric convergence (divergence). The 

streamfunction anomalies are centered on the equator, as expected. The zonal 

wavelength is approximately 70*. and the circulation anomalies move westward at 20-25 

ms*1. The fields obtained using the MRG OLR index in Fig. 5.2a are very similar to 

those obtained by Liebmann and Hendon (1990) using 850-hPa meridional wind as a 

predictor, Hendon and Liebmann (1991) using 4-5 day filtered antisymmetric OLR 

fluctuations, and Takayabu and Nitta (1993) using 2.5-10 day filtered GMS infrared (IR) 

temperature perturbations.

Figure 5.2b shows a similar plot, but for the regressed OLR and circulation fields 

based on the MRGTD index in the western Pacific, at 10*N, 135*E. The circulation 

anomalies are now centered off of the equator, and propagate northwestward. The OLR
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Figure 5.2: Regressed OLR (shading, dark negative, at ±6 and 15 W m‘: ) and 850-hPa 
streamfunction (light contours, solid positive, by 2.0 x 105 m2 s '1, zero contour omitted) 
and wind vectors (plotted only where significant at the 95% level or greater; longest 
vectors 3 m s '1) on day 0, based on a -20 W m'2 anomaly in the MRG/TD OLR index at 
(a) 5°N. 175°W. and (b) 10°N, 135°W.

anomalies are in phase with the circulation anomalies, with low (high) OLR associated 

with anomalous cyclonic (anticyclonic) 850-hPa circulations. The scale of the circulation 

and convection anomalies is smaller than in Fig. 5.2a, with a wavelength of 

approximately 35°. and the anomalies propagate westward much more slowly, at 5-10 m 

s '1. These results are consistent with those obtained for TD-type disturbances by Lau and 

Lau (1992) and Sobel and Bretherton (1999) using 850-hPa vorticity as a predictor, and 

Takayabu and Nitta (1993) using 2.5-10 day filtered GMS IR data.

141

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4 0  F 1 2 0 'F I6 0 * F

Figure 5.3: Regressed OLR (dark contours at ±7 W m'2. hatching for negative anomalies). 
850-hPa zonal wind (light contours, solid positive, by 1 m s ', zero contour omitted), and 
MRG/TD filtered OLR variance (shading, dark positive, at ±5 and 15 W2 m-4) on (a) day 
-15. (b) day -5, (c) day +5. and (d) day +15. based on the ISO OLR index.

Figure 5.3 shows the evolution of the MRG/TD wave activity field (as 

represented by the variance of the filtered MRG/TD dataset) associated with the low- 

frequency ISO convection and circulation fields, on days -15. -5. +5, and +15. The 

crosshatched areas represent the enhanced ISO convective anomalies (identical to the 

dark shading in Fig. 5.1). and the dark contours without shading represent the suppressed 

ISO convective anomalies. The dark (light) shading represents enhanced (suppressed)
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MRG/TD activity. The solid (dashed) light contours represent 850-hPa westerly 

(easterly) anomalies.

On day -15 (Fig. 5.3a). weakly enhanced MRG/TD activity is collocated with the 

enhanced low-frequency ISO convection in the equatorial Indian Ocean. MRG/TD 

activity is strongly suppressed in the region of ISO suppressed convection, particularly in 

the South China Sea from 5°-15°N. in the region of 850-hPa easterly anomalies. As the 

enhanced ISO convection moves northward and eastward in time, the region of enhanced 

MRG/TD activity also moves northeastward, as can be seen on day -5 (Fig. 5.3b). The 

suppressed MRG/TD activity expands eastward along the northwest-southeast-tilted axis 

of suppressed ISO convection, remaining collocated with 850-hPa easterly anomalies. 

By day +5 (Fig. 5.3c). the regions of enhanced MRG/TD activity. ISO convection, and 

850-hPa westerlies have all continued to move northeastward and intensify, while the 

suppressed MRG/TD activity, suppressed ISO convection, and easterly anomalies have 

largely dissipated. The MRG/TD activity spreads eastward by day +15 (Fig. 5.3d), along 

with the enhanced ISO convection and 850-hPa westerlies. The MRG/TD wave activity 

fields show a remarkably coherent relationship with the ISO convection and 850-hPa 

zonal wind fields.

Aiyyer and Molinari (2002) suggest that the convergent wind field of the ISO 

allows equatorial MRG waves to transition into smaller scale, off-equatorial TD 

disturbances, based on idealized shallow water model simulations. Observations do show 

a positive correlation between enhanced MRG/TD activity and 850-hPa ISO convergence 

anomalies (not shown); however, the spatial correlation appears to be stronger between 

enhanced MRG/TD activity and 850-hPa westerly anomalies.
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There has been little theoretical work to date on the relationship between 

convectively coupled (moist) equatorial waves and the sign and magnitude of the 

background wind field. Zhang and Webster (1989) demonstrate that dry MRG waves are 

less meridionally trapped in westerlies than in easterlies, suggesting that westerly winds 

may be conducive to the formation of higher amplitude, more latitudinally extensive 

MRG waves. In addition. Zhang (1993) shows that extratropically forced MRG waves 

have larger amplitudes in basic state westerlies when the period of the forcing is greater 

than 4 days. Since the period of the observed convectively coupled MRG/TD waves in 

this study varies between 4 and 6 days from the central Pacific to the western Pacific, and 

the level of MRG/TD activity has been shown to vary strongly as a function of the 850- 

hPa zonal wind, it is possible that the amplitude of MRG/TD activity may simply be a 

function of the low-frequency “background" ISO winds. However, as will be shown in 

Section 5.4. the convection associated with the enhanced MRG/TD activity may 

comprise a substantial fraction of the low-frequency ISO signal, and as such, may itself 

be partially responsible for accelerating the westerlies and deepening the monsoon 

trough. A feedback mechanism may exist that allows the enhanced MRG/TD activity to 

provide the conditions necessary for the continued development of both the ISO and the 

wave activity itself.

5.3.3 Kelvin waves

Convectively coupled Kelvin waves in the Indian Ocean and western Pacific 

regions have been studied by WKWOO, SK02a. and SK02b. SK02b identified 

convectively coupled Kelvin waves as the “super cloud clusters” studied by Nakazawa
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(1988) and Takayabu and Murakami (1991). Convectively coupled Kelvin waves are 

convective disturbances of zonal scale 2000-4000 km and eastward phase speed 15-20 

m s'1, that are coupled to equatorially trapped. Kelvin-like dynamical fields in the tropical 

troposphere and stratosphere. Nakazawa (1988) and SK02b show that these eastward- 

propagating convective envelopes are often composed of smaller-scale. westward- 

propagating “cloud clusters.'’

The evolution of Kelvin wave activity with respect to the ISO is shown in Fig. 

5.4. which illustrates the regressed Kelvin wave variance (shading). ISO OLR (hatching, 

as in Fig. 5.3) and 200-hPa circulation (streamfunction contours, vector winds). On day 

-15 (Fig. 5.4a). weakly enhanced Kelvin wave activity is collocated with the developing 

low-frequency ISO OLR anomaly in the equatorial Indian Ocean, in a similar manner to 

the MRG/TD activity illustrated in Fig. 5.3a. Thus, as the ISO convective anomaly 

intensifies in the Indian Ocean region on day -15. both eastward-propagating Kelvin 

waves and westward-propagating MRG/TD waves may be contributing to this lower- 

frequency convective anomaly. At the same time, suppressed Kelvin wave activity 

stretches across the Pacific in the Northern Hemisphere, far removed from the suppressed 

ISO OLR signal in the northern Indian Ocean and western Pacific.

As the ISO convective region moves northward and expands eastward by day -5 

(Fig. 5.4b). the enhanced Kelvin wave activity moves rapidly eastward into the western 

and central Pacific. Enhanced Kelvin wave activity is no longer collocated with the 

enhanced ISO OLR signal, as is the MRG/TD activity in Fig. 5.3b. The enhanced Kelvin 

wave activity lies in a region of 200-hPa anomalous westerlies (and 850-hPa easterlies), 

to the north of a zonally elongated subtropical trough in the Southern Hemisphere. By
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Figure 5.4: Regressed OLR (as in Fig. 3). 200-hPa streamfunction (light contours, solid 
positive, by 1.0 x 106 m: s '1, zero contour omitted) and wind vectors (plotted only where 
significant at the 95% level or greater; longest vector 7 m s '1), and Kelvin filtered OLR 
variance (shading, dark positive, at ±15 and 30 W2 m-4) on (a) day -15. (b) day -5, (c) 
day +5, and (d) day +15, based on the ISO OLR index.

day +5 (Fig. 5.4c). the enhanced Kelvin wave activity has expanded even farther 

eastward, stretching across the entire Pacific basin. Finally, by day +15 (Fig. 5.4d), as 

the enhanced ISO convection dissipates to the north of the Philippines, the enhanced 

Kelvin wave activity also decreases over the Pacific.

These results indicate that the low-frequency ISO OLR signal may initially 

consist of both MRG/TD and Kelvin wave activity in the Indian Ocean region, but that as
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the ISO convection moves northward, it no longer represents an enhancement of Kelvin 

wave (or super cluster) activity. Hendon and Liebmann (1994) also found that ISO 

convective envelopes contained very little eastward-propagating super cluster variance. 

Instead, it is shown here that enhanced Kelvin wave activity is found well to the east of 

the ISO OLR convection, maximizing in the central Pacific. This relationship suggests 

that Kelvin waves may be initiated by the active convection within the ISO envelope, and 

then subsequently propagate eastward across the Pacific. Although dry Kelvin waves 

have theoretically been shown to be unaffected by vertical wind shear (Wang and Xie 

1996). it is possible that convectively coupled Kelvin waves preferentially form (or are 

more readily sustained after formation) in the enhanced low-level basic state easterlies or 

weakened upper-level basic state easterlies in the Pacific that are associated with the 

large-scale dynamical response to ISO convection.

As an alternative hypothesis to explain the enhancement of Kelvin wave variance 

to the east of the ISO convective anomaly. SK02a show that the initiation of convectively 

coupled Kelvin waves in the central Pacific during boreal summer is associated with an 

equatorward-propagating Rossby wavetrain excited in the Southern Hemisphere 

subtropical jet. If the circulation fields associated with the low-frequency ISO 

convection cause low-frequency changes in the characteristics of wave activity in the jet, 

it is possible that these changes could subsequently cause low-frequency changes in 

tropical Kelvin wave activity. A related mechanism for the boreal winter ISO is 

proposed in Matthews and Kiladis (1999), in which ISO convection forces low-frequency 

changes in both the Northern Hemisphere Asian jet and the downstream basic state,
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Figure 5.5: Regressed OLR. 200-hPa streamfunction. and wind vectors as in Fig. 5.4, and 
<30 day filtered meridional wind variance (shading, dark positive, at ±5 and 15 m2 s'2), 
on (a) day -15 and (b) day +5, based on the ISO OLR index.

which then affects the supply and evolution of equatorward-propagating Rossby waves in 

the eastern Pacific.

The Southern Hemisphere subtropical jet is located along approximately 30°S 

during JJA, and maximizes just to the east of Australia. Rossby waves excited in the jet 

often propagate northeastward over Australia, then eastward along approximately 20°S 

(Chang 1999; SK02a). Therefore, low-frequency changes in the circulation along 30°S 

represent fluctuations in the strength and location of the subtropical jet, and may be 

correlated with changes in wave activity within the jet. The variance of <30 day filtered 

200-hPa meridional wind is used here as a measure of Rossby wave activity in the jet, as 

in SK02a.

On day -15 (Fig. 5.5a), a subtropical low pressure anomaly is located over 

Australia, which developed in association with the anomalous upper tropospheric inflow
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to (i.e.. weaker than normal outflow from) the suppressed convective region in the 

western Pacific. Easterly anomalies extend along 35°S from the central Indian Ocean to 

eastern Australia. Since the climatological subtropical jet core is located over eastern 

Australia, the easterly anomalies to the west o f 140*E represent a weakening of the 

entrance region of the jet. Wave activity along the jet is weaker than normal, as 

evidenced by the negative anomalies in submonthly meridional wind variance over 

Australia and to its east. Kelvin wave activity in the Pacific is substantially diminished at 

this time, as shown in Fig. 5.4a.

As the suppressed ISO convective region dissipates and the enhanced convective 

region expands, the cyclonic circulation anomaly in the Southern Hemisphere expands 

eastward (see Fig. 5.4b). consistent with a rotational response to the strengthening 

equatorial westerlies forced by the upper tropospheric outflow from the ISO convection. 

At this time, the anomalous easterlies along 30°S to the east o f 120°E weaken the 

climatological exit region of the subtropical jet. and wave activity begins to propagate 

northward and southward of the climatological jet location (not shown).

By day +5 (Fig. 5.5b). the entrance region of the subtropical jet is strengthened by 

the ISO-influenced westerly anomalies associated with the anticyclonic outflow from the 

enhanced ISO convection in the Northern Hemisphere. Anomalously high Rossby wave 

activity is found along the climatological jet axis at this time, extending along the 

anomalous southwesterly flow toward the tropics. Consistent with the analysis in SK02a, 

anomalous E-vectors point northeastward at this time (not shown), signifying the 

enhanced equatorward propagation of Rossby wave activity over Australia. These 

equatorward-propagating Rossby wave perturbations may then excite convectively
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coupled Kelvin waves in the Pacific, as illustrated in SK02a, and produce the enhanced 

Kelvin wave variance signal seen in the tropics of the Northern Hemisphere in Fig. 5.4c.

The results presented in Sections 5.3.1 and 5.3.2 have been confirmed using 

several other methodologies. The MRG/TD results are consistent with regressions based 

on 850-hPa 30-70 day filtered zonal wind in the northern Indian Ocean region, and the 

Kelvin wave results are consistent with regressions based on the 200-hPa 30-70 day 

filtered zonal wind in both the Southern Hemisphere subtropical jet region and the 

equatorial Pacific. Both sets of results can also be duplicated through a calculation of 

composite fields during strong ISO events.

S.4 Case study: July-September 1987

The period of July-September 1987 provides an excellent real-time illustration of 

the statistical relationships presented in Section 5.3. An overview of tropical convection 

during this period is shown in Fig. 5.6. a Hovmdller diagram of total OLR (shading) and 

filtered OLR in the ISO, MRG/TD. and Kelvin bands (contours), averaged from 

2.5°-15°N. A suppressed convective phase of the ISO during July is followed by an 

enhanced phase in August, as shown by the slowly eastward-propagating contours 

representing the filtered ISO OLR. As might be expected based on the OLR distribution, 

the Indian subcontinent experienced a severe drought during July 1987, while conditions 

improved during August (Krishnamurti et al. 1989).
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Figure 5.6: Time-longitude plot of total OLR (shading, as indicated), filtered ISO and 
MRG/TD OLR (contours, solid negative, contour interval 10 W m‘2. zero contour 
omitted), and filtered Kelvin wave OLR (contoured at -12 W m'2 only), averaged from 
2.5°N-15CN. from 1 July to 15 September 1987.

5.4.1 Westward-propagating modes

It is clear from Fig. 5.6 that the eastward-propagating active ISO convective 

signal during August 1987 is composed of many shorter timescale. smaller spatial scale 

convective events, many of which propagate westward with time. For example, a strong 

MRG/TD wave packet comprises a substantial portion of the enhanced ISO convective 

phase. Horizontal maps of the convection and circulation fields during the enhanced ISO 

phase are shown in Fig. 5.7, which illustrates the total OLR (shading), 30-% day filtered 

850-hPa zonal wind (light contours) and wind vectors, and ISO filtered OLR (dark 

contour surrounds negative OLR anomalies less than -10 W m'2), every 5 days from 13
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Figure 5.7: Total OLR (shading for values <160, 190, 220, and 240 W m'2), ISO filtered OLR (dark contour at -10 W m'2), 850-hPa 
30-96 day filtered zonal wind (light contours, solid positive, by 1 m s '1), and 850-hPa 30-96 day filtered wind vectors (longest vectors 
4 m s'1) for (a) 13 August, (b) 18 August, (c) 23 August, (d) 28 August, (e) 2 September, and (0  7 September 1987. Locations of 
tropical storms provided by Colorado State University/Tropical Prediction Center.



August 1987 to 7 September 1987. Locations of named tropical storms are indicated. It 

will be shown in this section that these western Pacific tropical cyclones and their 

associated circulation anomalies are the precursors to the MRG/TD disturbances 

indicated in Fig. 5.6. and also provide much of the convective variability within the 

active ISO envelope.

On 13 August (Fig. 5.7a). the active ISO envelope of convection stretches in a 

northwest-southeast direction from the northwestern Indian Ocean to the equatorial 

region to the east of the Maritime Continent The ISO filtered OLR on 13 August is quite 

similar to the regressed OLR on day -5 in Fig. 5.3b. A region of 30-96 day filtered 850- 

hPa westerly perturbations exists in the western Indian Ocean, just to the north of the 

equator, also as seen in the regressed fields on day -5 in Fig. 5.3b. A large region of 

deep convection is located over southeastern India, which appears to have developed in 

situ and does not represent a westward-propagating mode. In the western Pacific, two 

tropical cyclones, Betty and Cary, have formed on the northern edge of the ISO envelope. 

Betty is located within a well-developed, large-scale 850-hPa cyclonic circulation, while 

Cary is located on the northwestern side of an 850-hPa anticyclone (not shown). Five 

days later, on 18 August (Fig. 5.7b), the remnants of Supertyphoon (ST) Betty have 

crossed southeast Asia, remaining coherent as the convection and circulation propagate 

westward. Typhoon (TY) Cary continues to strengthen in the western Pacific. The OLR 

and <10 day filtered 850-hPa circulation anomalies associated with these disturbances on 

18 August are shown in Fig. 5.8. A wavetrain of cyclonic and anticyclonic vortices arcs 

southeastward from ex-ST Betty, through TY Cary, toward the equator, in a similar 

manner to the MRG/TD regressed fields in Fig. 5.2b. The scale of the circulation
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Figure 5.8: Total OLR (shading as in Fig. 7) and <10 day filtered 850-hPa winds 
(streamfunction contours, interval is 7.5 x 105 m2 s'1; longest wind vectors are 10 m s'1) 
for 18 August 1987.

anomalies increases toward the east, and the circulations become more equatorially 

centered, suggesting that Betty and Cary may have formed in association with an MRG- 

to-TD-type transition. In addition, the region of low OLR at 10°N, 165°E in Fig. 5.8, 

located in the southeasterly flow of the MRG-like disturbance centered at 160’E. 

eventually develops into ST Dinah as it propagates northwestward. A similar evolution 

of MRG waves to TD disturbances during early July 1987 is illustrated by Dickinson and 

Molinari (2002).

Once ex-ST Betty reaches the southeast Asian landmass. it accelerates westward 

and projects onto the MRG/TD OLR band, as seen in Fig. 5.6 by the westward- 

propagating features enclosed by the MRG/TD filtered OLR contours. A similar 

evolution is observed for Typhoon (TY) Cary. On 23 August (Fig. 5.7c), TY Cary is still 

analyzed as a tropical cyclone, even though it is located over land, due to its coherence as 

a tropical storm-like structure. Saha et al. (1981) document numerous instances of
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Figure 5.9: Time-longitude diagram of (a) OLR anomalies (shading, at ±20, 45. and 70 
W m'2) and <10 day filtered 850-hPa meridional wind (contours, by 2 m s '1, solid 
positive, zero contour omitted), for 8-28 August 1987. and (b) regressed OLR (shading, 
by 5 W m'2) and 850-hPa meridional wind (contours, by 0.25 m s'1) from day -10 to day 
+10. based on a +20 W m*2 anomaly in MRG/TD filtered OLR at 10°N, 95°E on day 0. 
All fields are averaged from 5°-20°N.

western Pacific tropical cyclones propagating westward across southeast Asia, many 

regenerating into monsoon depressions in the Bay of Bengal.

The relationship between convection and the lower tropospheric circulation 

during the development and propagation of Betty, Cary, and Dinah is shown in Fig. 5.9a, 

which illustrates the evolution of the OLR anomaly field (shading, total OLR minus the 

mean and first three annual harmonics) and the <10 day filtered 850-hPa meridional wind 

(contours), averaged from 5°-20°N, from 8-28 August. Individual convective 

disturbances propagate westward, and are flanked by northerly (southerly) anomalies to 

their west (east), representing the wavetrain of lower tropospheric cyclonic and 

anticyclonic circulations that propagate westward with the OLR. An eastward dispersion
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of energy can be seen in the wind field, which may account for the continued 

development of subsequent tropical cyclones to the east of their previous locations.

For comparison purposes. Fig. 5.9b shows the regressed OLR (shading) and 850- 

hPa meridional wind (contours) associated with a +20 W m'2 perturbation in the 

MRG/TD filtered OLR at the basepoint 10°N. 95°E. also averaged from 5°-20°N. In a 

similar manner to the case study data in Fig. 5.9a. the regressed OLR and meridional 

wind fields are in quadrature, with northerlies (southerlies) to the west (east) of the 

negative OLR anomalies. A similar eastward dispersion of energy is seen. The strong 

resemblance between the case study fields in Fig. 5.9a and the regressed fields in Fig. 

5.9b suggests that the evolution of these westward-propagating modes may be 

predictable, and validates the use of the filtered fields in the statistical analysis in Section 

5.3.

Returning to Fig. 5.7, the 30-96 day filtered 850-hPa westerlies accelerate 

throughout the period shown in Fig. 5.9. as the tropical storms and MRG/TD disturbances 

propagate westward. On 23 August (Fig. 5.7c), westerly anomalies extend to 120°E, and 

begin to develop near 140°E. Two more tropical cyclones, Dinah and Ed. have formed in 

the ISO active convective envelope by this time, to the south of a region of low- 

frequency easterlies along 10a-20°N. The convection and circulation anomalies on 23 

August are quite similar to the regressed fields on day +5 in Fig. 5.3c. It is not surprising 

that tropical cyclones continue to develop in the large region of enhanced cyclonic zonal 

wind shear along 10°N in the western Pacific: climatologically, 42% of tropical 

disturbances in the western Pacific form in this type of monsoon shear line environment 

(Ritchie and Holland 1999). On 28 August (Fig. 5.7d), Dinah and Ed are still visible in
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the northern edge of the active ISO envelope, and westerly anomalies extend into the 

western Pacific.

By 2 September (Fig. 5.7e). anomalous westerlies extend nearly to the Dateline 

(compare with the regressed fields on day +15 in Fig. 5.3d). and the low-frequency ISO 

OLR signal consists of 3 developing tropical storms: Freda. Gerald, and Holly, which 

again line up roughly along the shear line in the monsoon trough. On 7 September (Fig. 

5.7f). these three tropical storms extend across the western Pacific from 120°E to 170°E, 

and are flanked to their south by strong westerly anomalies. The development of these 

storms does not appear to correspond to a continued eastward dispersion of disturbance 

energy; instead, these storms all form at approximately the same time in a manner 

consistent with the breakdown of a monsoon trough via barotropic instability (Ferreira 

and Schubert 1997).

The spatial and temporal development of multiple tropical cyclones and MRG/TD 

disturbances in the context of the low-frequency ISO convection and westerly wind 

anomalies during this case study is intriguing. The evolution of these fields suggests the 

possibility of a complex interaction between the development of high-frequency tropical 

disturbances, their net effect on the low-frequency convection and circulation, and the 

resulting effects of the low-frequency circulation back onto the development of the high- 

frequency disturbances. If the cyclonic circulation anomalies associated with the tropical 

cyclones and MRG/TD disturbances are consistently stronger than the anticyclonic 

anomalies, as might be expected due to the effects of latent heating, a net westerly 

(easterly) acceleration could be produced to the south (north) of the disturbances. This 

effect could be responsible for at least a part of the low-frequency westerly acceleration
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observed to the south of the convective anomalies in the case study. As mentioned, these 

westerly anomalies may then provide an environment more conducive to the continued 

development of tropical storms.

In summary, the low-frequency ISO signal during August-September 1987 

consists of seven tropical storms in the western Pacific, two of which continue to 

propagate westward and project onto MRG/TD disturbances over southeast Asia and 

India. An eastward dispersion of energy appears to provide the low-level cyclonic 

circulations necessary for the continued development of several tropical storms. An 

eastward propagation of low-frequency westerly anomalies rnay also influence the 

development of storms along the axis of the monsoon trough. As demonstrated 

statistically in Section 5.3.2. the low-frequency ISO signal is collocated with an 

enhancement of activity in the MRG/TD band and strong 850-hPa westerly anomalies.

5.4.2 Eastward-propagating modes

The statistical results presented in Section 5.3.3 suggest that Kelvin wave activity 

should be enhanced in the Pacific during the active convective phase of the ISO. As 

shown in Fig. 5.6. two Kelvin wave events propagate eastward across the Pacific at the 

end of the active ISO phase, during late August and early September 1987. Another 

Kelvin wave exists just prior to the first strong event in mid-August, but as its convective 

signal is centered near the equator, it does not appear in Fig. 5.6 due to the effects of 

averaging over Northern Hemisphere latitudes. No significant eastward-propagating 

convective events are observed during the suppressed phase of the ISO in July and early 

August.
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Figure 5.10: Averaged ISO filtered OLR (single hatching positive, cross-hatching 
negative, at ±10 W m*“). Kelvin wave variance (dark contours, from 125 W m'2 by 50 W 
m ' ), 30-96 day filtered 200-hPa winds (streamfunction contours, interval 1.0 x 106 m2 s' 
l: vector winds, longest vectors are 10 ms*1), and <30 day filtered 200-hPa meridional 
wind variance anomalies (shading, at ±10 and 50 m2 s'2) for (a) suppressed ISO, 20 
July-8 August 1987, and (b) active ISO, 11-30 August 1987.

Figure 5.10 shows the averaged ISO filtered OLR (hatching), total Kelvin wave 

variance (dark contours). 30-96 day filtered 200-hPa winds (streamfunction contours and 

vector winds), and 200-hPa <30 day filtered meridional wind variance anomalies 

(shading) for the suppressed (Fig. 5.10a) and active (Fig. 5.10b) periods of the ISO 

during July-August 1987. The suppressed and active periods were each chosen to be 20 

days in length, or one-half of the typical 40-day ISO cycle. The date range for each 

period was determined by matching the daily maps of ISO filtered OLR with the 

regressed fields in Fig. 5.4, such that the averaged period corresponds with the period 

between day -10 and day +10 in the regression. The suppressed period extends from 20 

July to 8 August, and the active period extends from 11 August to 30 August. The 200-
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hPa meridional wind variance anomalies were calculated by subtracting the 20-day 

average for each period from the 20 July-30 August average. Admittedly, the sample 

periods are quite short and are somewhat subjectively defined; however. Fig. S. 10 is 

intended only to illustrate that the statistical relationships presented in Fig. 5.4 hold even 

in an individual case study.

The suppressed ISO phase in Fig. 5.10a contains very little Kelvin wave variance 

compared to the active ISO phase in Fig. 5.10b. The 30-96 day filtered 200-hPa wind 

anomalies are almost exactly opposite in sign between the two periods, with an 

anomalous anticyclonic (cyclonic) circulation over Australia and an elongated cyclonic 

(anticyclonic) circulation extending across the Pacific during the active (suppressed) ISO 

phase. Rossby wave activity over Australia is enhanced (suppressed) during the active 

(suppressed) ISO period, and activity over the Pacific is located anomalously north 

(south) of its period mean. These relationships suggest that during the active phase of the 

ISO. wave activity propagates northeastward over Australia, and then eastward at a more 

northern latitude than in the suppressed ISO phase, providing the subtropical circulation 

anomalies shown to be associated with Kelvin wave initiation in SK02a. Specifically, 

daily maps of OLR and 200-hPa circulation show that on 18 August, a Rossby wavetrain 

propagates northeastward over Australia and is associated with the initiation of a Kelvin 

wave event in the central Pacific (not shown; however, the northwest-southeast tilted 

band of convection associated with the equatorward-propagating wavetrain can be seen to 

the northeast of Australia in Fig. 5.7b).

The results from the case study during July-September 1987 provide evidence 

that the statistical results presented in Section 5.3.3 can be seen even in individual events.
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Kelvin waves were shown to be more frequent during the active phase of the ISO than 

during the suppressed phase. This change may have been due to low-frequency 

fluctuations in the subtropical jet. which change the propagation path of subtropical 

Rossby wave disturbances, or perhaps to an overall increase in the convective activity in 

the western Pacific, which would allow Kelvin waves to initiate in that region and 

subsequently propagate eastward.

S.5 Discussion and conclusions

The statistical results and case study illustrated in this paper suggest a complex 

relationship between the low-frequency ISO convection and circulation and its associated 

higher-frequency variability. The statistical results presented in Section 5.3 show that 

westward-propagating MRG/TD activity is enhanced within the low-frequency ISO 

convective envelope, while eastward-propagating Kelvin wave (super cluster) activity is 

enhanced well to the east of the active ISO convection, in the central Pacific. Results 

from a case study during July-September 1987 are consistent with the statistical results, 

and portray the ISO convective envelope as including both westward-propagating 

MRG/TD waves and multiple tropical cyclones in the western Pacific.

The results presented in this study suggest that it may be appropriate to consider 

the low-frequency ISO convection and circulation fields as “modulating” Kelvin wave 

activity in the central Pacific, since the convective signals in the two frequency bands do 

not geographically overlap to a significant degree. This type of one-way interaction 

would be plausible if Kelvin wave activity could be shown to be affected by low- 

frequency, ISO-induced changes in the tropical or extratropical circulation, without
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comprising a portion of the ISO convective signal itself. Unfortunately, since the ISO is 

the dominant mode of intraseasonal variability in the tropics, it is difficult to extract a 

relationship between Kelvin wave variability and low-frequency wind anomalies alone, 

without including some aspect of ISO convection. The intraseasonal convection, 

circulation, and higher-frequency wave activity all appear to oscillate together in a 

coherent pattern.

The geographic separation between the low-frequency ISO signal and that of 

eastward-propagating Kelvin wave activity is consistent with the studies of Hendon and 

Liebmann (1994) and Dunkerton and Crum (1995). who show that eastward-propagating 

convective variability is not necessarily enhanced within or a unique feature of the ISO 

convective phase. However, our results are contrary to the study of Nakazawa (1988), 

who suggested that the low-frequency ISO convective signal itself consists largely of 

eastward-propagating super cluster variability. We do not claim that the ISO is entirely 

devoid of super cluster activity: rather, that super cluster activity is more strongly 

enhanced to the east of the ISO convection than within the envelope itself.

Maloney and Hartmann (2000) document an additional “remote" modulation of 

higher-frequency convective activity by the boreal summer ISO. They show that eastern 

Pacific tropical cyclones are more likely to form during periods of ISO-related, low- 

frequency, lower tropospheric westerly anomalies in the eastern Pacific. They argue that 

ISO convection in the western Pacific induces low-level westerly anomalies that extend 

across the equatorial Pacific, inducing an anomalous large-scale cyclonic circulation in 

the northeastern Pacific. This circulation anomaly then provides conditions conducive to 

tropical cyclone formation in the eastern Pacific. In this case, there is an assumed
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independence between the low-frequency circulation fields in the eastern Pacific and the 

tropical storms themselves, which is most likely justified.

In the case of the interaction between MRG/TD disturbances in the western 

Pacific and the ISO. on the other hand, the assumption of independence is less justified, 

such that it might be unwise to think of the low-fiequency ISO fields as strictly 

“modulating’* the higher-frequency wave activity. The statistical results shown in Section

5.3.2 show that westward-propagating MRG/TD activity is enhanced within the ISO 

convective envelope, allowing MRG/TD convection to project onto the lower-frequency 

signal of the ISO. During August 1987. the ISO convective phase was shown to consist 

primarily of westward-propagating convective variability, including seven named tropical 

storms and a MRG/TD wave packet that developed in association with two of these 

storms. These results suggest that the low-frequency ISO signal may not be independent 

from its higher-frequency components, such that a separation between the “basic state” 

and the “anomalies” in the ISO may not necessarily be justified. This idea challenges the 

results presented in studies such as Liebmann et al. (1994), which suggest that the ISO 

“modulates" tropical cyclone activity in the western Pacific through low-frequency 

changes in the lower tropospheric circulation. The results of the present study suggest, 

instead, that the tropical cyclones and their associated MRG/TD-like disturbances may 

constitute an integral part of the slowly varying ISO convective field, and may be 

responsible for at least a portion of the low-frequency circulation changes associated with 

the ISO. Thus the ISO and higher-frequency disturbances such as tropical cyclones may 

not be independent, but intricately linked in a two-way interactive system.
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6 CONCLUSIONS

The four manuscripts presented in Chapters 2-5 address several fundamental 

issues related to the observed structure, forcing, and intraseasonal modulation of 

convectively coupled Kelvin waves. The observations presented in these papers 

significantly extend the results published in previous studies through an analysis of 

radiosonde, global reanalysis, and in situ data in the context o f both multi-year 

regressions and individual case studies. Future model simulations of convectively 

coupled Kelvin waves and their interactions with the large-scale environment will benefit 

from the detailed observations presented in this study.

The horizontal and vertical structures of convectively coupled Kelvin waves 

based on ECMWF reanalysis data were shown in Chapters 2 and 4 to be at least 

qualitatively consistent with the observed structures in both radiosonde data and an 

individual case study. This similarity suggests that the ECMWF reanalysis captures both 

the existence of convectively coupled Kelvin waves and the large-scale dynamical effects 

resulting from their embedded small-scale convective and stratiform precipitation 

processes. Further study of the reanalysis heating and cloud fields will be necessary to 

determine whether the dynamical fields are in fact arising in the model from processes 

similar to those seen in observations.
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The in-phase relationship between convection and upper tropospheric warm 

anomalies in both the ECMWF reanalysis and radiosonde data, as shown in Chapter 4, 

suggests that strict quasi-equilibrium, as described by Emanuel et al. (1994). does not 

hold in convectively coupled Kelvin waves. The observed temperature and moisture 

structures do generally support a quasi-equilibrium balance, in that the observed 

anomalies are much smaller than might be expected in the absence of convective 

processes. The observed structure of convectively coupled Kelvin waves appears to 

combine aspects of several idealized theories, with an important role for stratiform 

precipitation. Observations suggest the existence of a more vertically complex dynamical 

structure than has yet been simulated in models.

The temperature structures of convectively coupled Kelvin waves in the 

NCEP/NCAR reanalysis do not match observations as closely as in the ECMWF 

reanalysis. For example, as illustrated in Fig. 7 of WKWOO. which is derived from 

NCEP/NCAR reanalysis data, warm anomalies in the upper troposphere precede deep 

convection in a Kelvin wave by at least a quarter wavelength, in contrast to observations 

and ECMWF reanalysis data, which show warm anomalies to be collocated with deep 

convection. Preliminary comparisons between ECMWF and NCEP/NCAR reanalysis 

data and radiosonde data from multiple sites confirm the superiority of the ECMWF 

reanalysis fields in simulating the large-scale fields associated with convectively coupled 

Kelvin waves. A further analysis of the differences in wave structures between these two 

models is warranted, with the ultimate goal of determining the physical mechanisms 

involved in generating the model fields. The implications of these findings should also 

be valuable in evaluating the models' convective parameterization schemes.
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The evolution of the extratropical Rossby wave fields associated with the 

initiation of a convectively coupled Kelvin wave are very similar between the ECMWF 

and NCEP/NCAR reanalyses, providing support for this mechanism in initiating 

convection in the tropics. The idea that extratropical vorticity perturbations might 

theoretically be capable of forcing equatorially trapped waves had been previously 

discussed by Mak (1969). Zhang (1993), and Hoskins and Yang (2000), but observations 

of such interactions were scarce. The results presented in Chapter 3 represent the first 

observations demonstrating the direct forcing of convectively coupled Kelvin waves from 

the extratropics. These observations are particularly significant since they demonstrate 

that extratropical-to-tropical forcing can occur even in regions of tropical easterlies.

The extratropical forcing mechanism proposed in Chapter 3 is consistent with the 

observed modulation of convectively coupled Kelvin wave activity by the boreal summer 

ISO. as discussed in Chapter 5. Low-frequency changes in the austral winter subtropical 

jet forced by the slowly-varying ISO convective fields cause changes in subtropical wave 

activity, which influence Kelvin wave activity through the associated changes in 

extratropical forcing of these waves.

The results presented in this study open up numerous opportunities for additional 

analysis of convectively coupled equatorial waves. Similar observational studies to these 

Kelvin wave analyses could be completed for other types of convectively coupled waves, 

such as mixed Rossby-gravitv waves, n = 1 equatorial Rossby waves, and inertio-gravity 

waves, using both case studies and a regression-based approach. A particularly 

interesting topic might involve observations of mixed Rossby-gravity waves transitioning 

into tropical depression-type disturbances in the Pacific, as discussed in Chapter 5. In
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addition, since the differences in the horizontal and vertical structures of mixed Rossby- 

gravity waves, tropical-depression-type disturbances, and easterly waves are not yet 

clearly understood, an observational study comparing these three wave types would also 

be worthwhile.

Satellite-based radar products from the Tropical Rainfall Measuring Mission 

(TRMM) project have the potential to provide an unprecedented view of the vertical 

structure of precipitation within convectively coupled equatorial waves. Specifically, the 

spatial distribution of convective and stratiform precipitation within these waves is of 

primary interest. These observations could provide additional insight into the accuracy of 

the convective parameterizations in the ECMWF and NCEP/NCAR reanalysis models, as 

well as augmenting our understanding of the observed wave structures.

Finally, simple modeling studies could assist in determining whether the observed 

convectively coupled wave structures are largely a linear response to the observed 

convective and stratiform heating profiles. A simple model such as described in Haertel 

and Johnson (2000) could be used to determine the linear response to shallow and deep 

convective heating profiles as well as second mode stratiform heating over cooling 

profiles, of the observed spatial scales. Once the response of the atmosphere to these 

simple heating profiles is understood, the profiles could be superimposed to mimic the 

observed spatial distribution of heating in Kelvin waves. As discussed in Chapter 2, 

observed Kelvin waves appear to consist of a shallow heat source to the east of deep 

heating, and a stratiform heat source to its west. These one-way (heating to dynamical 

response) simulations would represent a first step in understanding the more complex 

interactions at work in observed waves.
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