Abstract

HOLDER, CHRISTOPHER THOMAS. The Mesoscale Charactesstt Tropical Oceanic
Precipitation During Kelvin and Mixed Rossby-Gravity Walkeents. (Under the direction of
Sandra E. Yuter.)

We analyze the mesoscale precipitation structures duratgiiKand mixed Rossby-gravity
(MRG) wave troughs near Kwajalein Atoll (8°N 167.7°E) during the 1999-2003 rainy sea-
sons using three-dimensional radar data (radius=157 kih)ugper-air sounding data. The
large region of anomalously cold cloudiness in the outgdamgwave radiation fields filtered
in the wavenumber-frequency domain are suggestive of gmsepice of the wave trough.

Mesoscale convective systems (MCSs) occur more frequedttijn Kelvin and MRG wave
troughs compared to a multiyear rainy season climatolagyMLS activity widely varies from
one trough event to another. Radar volumes during troughtitoonly small, isolated rain
areas at least half the time, similar to typical Kwajaleimditions and overwhelming many
ensemble organizational statistics such as the size, sbapetation, and reflectivity character-
istics of individual contiguous rain areas. This suggestgartrough forcing is variable. Many
MCSs contain scattered convective cores and areas of wlektraties embedded within the
stratiform region, suggestive of perturbations in the M@%uad moisture flow field which may
be homogenized away in MCS many schematics and have signifibgsical implications.

There is an observed limit to convective precipitation dhed the atmosphere near Kwa-
jalein can support. This limitis observed in two differeatasets near Kwajalein and in the west
Pacific warm pool, but the physical reasons for this limit@amelear. Stratiform area fractions

vary widely for small total rain areas, and as total preefjgiin area increases the stratiform area



fraction tends to increase and is less variable. This refléctt small total rain areas contain
small rain blobs which often have smaller stratiform pradjoms than larger blobs.

Kelvin trough mesoscale precipitation structures tenddalightly more organized than
MRG. Total, convective, and stratiform rain areas and MO8 saseas are often somewhat
larger during Kelvin troughs, and convective lines occued#to four times more often than dur-
ing MRG troughs. Enhanced organization of mesoscale gtatign structures during Kelvin
events may be linked to stronger, deeper, and more sustegmegctive updraft regions than
MRG troughs, and to a potentially more favorable environhfi@nconvective initiation due to

enhanced wave dynamics in the convective initiation regiam with MRG waves.
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1. Introduction

Equatorial waves account for a significant percentage ofictpanporal variance in the
satellite-measured outgoing longwave radiation (OLR)cspen in many tropical locations.
The existence, origin, large-scale properties, and cdiwescoupling of various modes of equa-
torial waves have been extensively investigated sinceahénhark study by Matsuno (1966),
where dry linear shallow water theory was used to derive therial wave dispersion rela-
tion. Previous studies have used model reanalysis, satefiservations, or upper-air soundings
to detect the fairly regular dynamical and large-scaleipition patterns associated with the
various tropical waves (e.g., Reed and Recker 1971; Henddr.@bmann 1991; Dunkerton
1993; Dunkerton and Baldwin 1995; Pires et al. 1997).

Many studies have observed the convective coupling of theses using OLR data (e.g.,
Hendon and Liebmann 1991; Dunkerton and Baldwin 1995; Magei Yanai 1995; Wheeler
and Kiladis 1999; Wheeler et al. 2000). Dispersion relaitnom shallow water theory re-
late the wavenumber, frequency, equivalent depth, andephal®city of various equatorial
waves, such as Kelvin, equatorial Rossby, mixed RosshyitgrédMRG), and inertio-gravity
(e.g., Matsuno 1966; Lindzen 1967; Lindzen and Matsuno 1968me wave characteristics
in the real atmosphere diverge from dry theory, which isljildue to convection that couples
with the waves and reduces the wave phase speed and equioeeh below theoretical val-
ues (Wheeler et al. 2000). Also, dry theory is linear aboutsting state whereas the basic
atmospheric state has a complex mean flow. The presencetimiVeonal wind shear mainly
tends to couple the barotropic and baroclinic modes of egahtvave motion (Wang and Xie
1996). The barotropic mode is excited mostly by westwaappagating waves, so zonal ver-

tical shear tends to significantly affect only those equatavaves that propagate westward.



Under zonal vertical shear, such westward-propagatings/akiould experience vertical struc-
tural asymmetry and slower phase speeds. The structurstwiaa-propagating waves should
not be significantly affected by shear, and all waves shoaldtimost marginally affected by
meridional shear.

Given observed characteristics unique to each wave tygetrsh analysis of satellite data
isolates global wave activity (e.g., Gruber 1974; Zang9ir3; Takayabu 1994). Spatiotemporal
spectral analysis decomposes time- and space-dependas¢idanto frequency-wavenumber
components for eastward and westward propagating wavea@Hal982). Wheeler and Ki-
ladis (1999) adapted this analysis with theoretical wawgperties and long-term OLR data.
Subsequent studies (e.g., Wheeler et al. 2000; Straub dadi&R003a; Straub and Kiladis
2003b; Roundy and Frank 2004) observed large-scale spatjpmiral wave variability and struc-
ture and associated convective variability using the Wéreshd Kiladis (1999) methodology.
Kelvin and MRG waves have been extensively studied becheageare well established in the-
ory and because they explain a significant percentage at&opLR variance on the synoptic

time scale (Roundy and Frank 2004).

a. Motivation

Previous studies of equatorial waves have dealt with tHeseoved large-scale dynamical
structures, their origins, and the large-scale spatioteaipvariance of their associated con-
vection. Only recently have studies began to apply comjmunally-intensive global cloud-
resolving models to reproduce, on some level, the existeneg least the expected effects of
equatorial waves in situations approaching the real athegp These high-resolution mod-

eling studies include those of the UK-Japan Climate Colation using the Earth Simulator



(http: // www. eart hsi nmul at or. or g. uk/ ), the Diabatic Acceleration and Rescaling /
Reduced Acceleration in the Vertical (DARE/RAVE) methautpt (Kuang et al. 2005), and
cloud system-resolving models, sometimes used as supenpterizations, within global cli-
mate models such as the Community Atmosphere Model (e.ghdgrski 2003; Randall et al.
2003; Grabowski 2004; Khairoutdinov et al. 2005; Zienski et al. 2005). Many models still
poorly represent convectively-coupled equatorial waweg.{ Majda et al. 2004; Yang et al.
2007) and tropical multi-scale interactions in generan@ et al. 2007).

We can improve our knowledge and modeling of tropical clim@y on large and small
scales with better knowledge of the synoptic- and mesestalictures of waves and associ-
ated convection. Houze et al. (2000), for example, usedaaecgemporally dense data network
during the Tropical Ocean Global Atmosphere Coupled Oceamo8phere Response Experi-
ment (TOGA COARE, Webster and Lukas 1992) to investigatélthecharacteristics of super
convective systems in two key locations within the Kelvinveratructure — the westerly wind
burst area within the large convective region and the wigsbaiset region closer to the leading
edge of the convective region. Houze et al. (2000) found d#fgrent momentum feedbacks
within these large systems depending on spatial scale apceeipitation dynamics. This high-
lights the importance of understanding the mesoscale gtatton characteristics of tropical
deep convection in order to accurately evaluate scaleactiens (Houze et al. 2000).

The goal of this study is to address the largely uninvestijatesoscale characteristics of
precipitation coupled with Kelvin and MRG waves. Kwajalditoll (8.7 °N 167.7°E, Republic
of the Marshall Islands) is one of the few open ocean tropgtealific locations with multi-year
datasets of operational weather radar and upper-air sogsdnat allow us to examine these

precipitation structures.



b. Relationship to previous work

This study builds on the work of Swann et al. (2006) (herea®86). S06 examined
mesoscale precipitation characteristics during signifi€avajalein rain events coincident with
significant Kelvin or MRG wave amplitude — that is, signifitavave troughs or ridges. In
practice, we infer the presents of troughs and ridges of acpéar wave type by minima and
maxima of OLR after filtering that field to retain only the port of the spectrum near its theo-
retical dispersion curve. Throughout this study we usedha twave trough’ to mean the large
negative OLR anomalies in the filtered datasets. Likewiswave ridge location is suggested
by the region of anomalously warm cloud-tops that propagist¢andem with the trough cold
cloudiness.

Using contoured frequency-by-altitude diagrams (CFARggYand Houze 1995), S06 sug-
gested that precipitation areas during Kelvin events manafontain slightly weaker reflectiv-
ities than MRG. Weaker total reflectivities imply Kelvin ete contain slightly larger stratiform
precipitation areas than MRG so long as the Kelvin convednd stratiform reflectivity dis-
tributions are similar to those of MRG. Larger stratiforneas suggest enhanced mesoscale
precipitation organization during some Kelvin events caneg to MRG.

As part of our study, we build on the S06 study by separatieg tiadar reflectivities into
convective and stratiform precipitation areas. This alaw to verify that their Kelvin wave
events contain larger stratiform precipitation areas ti@r MRG events. In addition to ex-
panding upon S06, we also repeat and extend their calcogatising a different wave event
definition that allows us to investigate the mesoscale pittion structures only within sig-
nificant wave troughs, excluding those within ridges. Wedks the differences in wave event

definitions in more detail in Section a.



Both wave event-defining methodologies have some levellmfrariness and are arguably
valid ways of examining wave-coupled convection. Compatire results of our methodology
with the results of the S06 methodology tests the robustifebgese results. Our dataset and the
S06 dataset are subsamples of Kwajalein precipitation edtare the S06 dataset represents
large rain events and our dataset represents large-scatee® that we expect to favor con-
vection based on large areas of anomalously cold cloudir@sssidering both the S06 wave
events and our wave trough events together, we examine hidésignificant rain events in
part or in whole that occur during our time period (SectionAg such, many of the results us-
ing both datasets characterize typical Kwajalein preaijmh organization. By considering data
from both wave types together, we can address not only therelifces between wave types, but
also the overall characteristics of convection near Kvedjal For the latter purpose, it would
be ideal to examine the entire dataset of three-dimensiadal volumes, rather than just those

associated with wave troughs, but this is beyond the scoffeso$tudy.

c. Objectives

Our goal is to address the following questions: (1) Whichuitsfrom S06 are robust to the
change in wave event definition? (2) Are there any other Sggmt differences between the
mesoscale precipitation structures of Kelvin and MRG wabiesides those found in the brief
study of S067? (3) Assuming the samples examined here ames@aypative, what are the general
characteristics of mesoscale precipitation structures Kevajalein? To what extent are these

characteristics similar to or different from those founather studies in other regions?



2. Equatorial Waves
a. Shallow water theory

Matsuno (1966) derived dispersion relations using shall@ater theory and an equatorial
G-plane. Thes-plane approximation allows us to describe the major dynah@quations in
Cartesian space rather than in spherical space. Witipkane, the Coriolis parametéy) is
assumed to vary linearly about a specific latitude throughyapg a planar surface tangent to
that latitude. That isf = Sy when the tangential plane is applied at the equator, whés¢he
Rossby parametep(= ? where() = Earth’s rotation rate and = Earth’s radius).

The shallow water theory for equatorial waves begins withghmitive equations of mo-
tion, where the Euler equations are simplified by assumingdadstatic fluid, using the equa-
torial 5-plane approximation, and neglecting vertical variatiohkese equations are also lin-

earized about a resting basic state to form what are gepeeédirred to as shallow water equa-

tions:
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wheret is time, z is east-west distanceg,is north-south distance, is zonal wind velocityp
is meridional wind velocityg is gravity, andh is perturbation depth whose mean valuédiis
(Matsuno 1966). The square of the pure gravity wave veldeitgan be substituted fagh).

Following the assumed exponential wave solution faéeﬁf“”“’t)) , and after non-dimensionalizing,



Eq. 1-3 can be represented as

wu —yv+itk¢ = 0 4)
d
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wo+iku+— = 0 (6)
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(Matsuno 1966), where is frequencyk is zonal wavenumber, anglis geopotential height.
Alternatively, eliminating: and¢ from Eq. 4-6 results in
d*v

k
d—gﬂ+v<w2—/{?2+;—y2):0. (7)

Finally, since we consider equatorial wave motions, wewpmitv — 0 when y — 4o0,

which requires tha(cu2 — k% + f — yz) be an odd integer. Then, 7 can be expressed as

wz—k2+§:2n+1 (n=0,1,2...) (8)
w

(Matsuno 1966). Odd values ofindicate an equatorially symmetric theoretical dynanviacst
ture, while even values of indicate equatorial antisymmetry. Negative values: ahdicate
westward phase speeds and positive valudsionflicate eastward phase speeds.

With non-zeran values, each value afandk has three values af that represent westward-
and eastward-moving inertio-gravity waves and a westwaogiing Rossby wave (Fig. 1). For
n = 0, only the westward MRG wave and the eastward intertio-tyavave exist. A unique
solution of the primitive equations, with= 0, provides an eastward-moving wave with a phase
velocity of a pure gravity wave (Matsuno 1966). In this case;r —1, corresponding to the

eastward Kelvin wave (Zangvil and Yanai 1980).
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b. Triggering

Two main schools of thought address how equatorial convadgtcoupled waves are trig-
gered: deep latent heating and extratropical perturbstidm linear theory, applying a small
area of heating to a motionless atmosphere can producecegliataves. For example, Gill
(1980) used a simple linear model to show that the initiabban area of heating produces
a Kelvin wave that propagates eastward and what he callsaaépdry wave’ that propagates
westward at about a third of the speed of the Kelvin wave (R. Kleeman (1989) used a
two-level linear model, with low-level meridional blockinmposed to represent the steep and
narrow Andes Mountains, to show that strong diabatic hgaftiom the Amazon forces the
transmission of Rossby waves and the reflection of baracKeivin waves. As might be ex-
pected, convectively-coupled wave activity generallydpssitive relationship with sea surface
temperatures, where warmer waters are preferred locdbodsep convection (e.g., Straub and
Kiladis 2002; Straub and Kiladis 2003a).

A large portion of equatorial wave events may also be trigdérom mid-latitude forcings.
Straub and Kiladis (2003a), for example, showed that eadtwepving baroclinic Rossby wave
trains in the Southern Hemisphere subtropical jet excitevectively-coupled Kelvin waves.
The Rossby wave train provides equatorward transport oevemergy, such as upper-level
divergence and vertical motion fields as well as Kelvin whke4ower-level height and tem-
perature anomalies, that appears to induce OLR anomaltas ifiropics (Fig. 3). These OLR
anomalies within the subtropical circulations travel aagd speeds near 15-20 Thswhich is
the typical range of convectively-coupled Kelvin wave phageeds and is somewhat faster than
the subtropical circulation anomalies themselves. StesnaKiladis (2003a) also observed that

latent heating provides the energy to keep Kelvin wavessedfaining after the wave trains
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help them become established.

c. Detection

Since the pioneering shallow water equatorial wave studfidise late 1960s (e.g., Matsuno
1966; Lindzen 1967; Lindzen and Matsuno 1968), many sulesgaiudies have observed at-
mospheric perturbations correlating to particular cotively-coupled equatorial waves using
sounding data and model reanalyses (e.g., Reed and RedKerti®ndon and Liebmann 1991;
Dunkerton 1993; Dunkerton and Baldwin 1995; Pires et al.7)J9%hile the spatiotemporal
spectra of tropical clouds are largely red noise, some fsgnit spectral peaks have been ob-
served that seem to correspond to equatorial wave modes Geigher 1974; Zangvil 1975;
Takayabu 1994). Hayashi (1982) described how space- areddapendent data can be de-
composed with spectral analysis into the component fregjasrand zonal wavenumbers for
eastward- and westward-moving waves. Wheeler and Kild&89) applied this spectral anal-
ysis to satellite OLR data.

The wave-filtering of OLR data is described at length in Whaeaind Kiladis (1999). In
that study, OLR data from National Oceanic and Atmosphedmistration polar-orbiting
satellites were obtained from 1979 to August 1996. Suceelssoverlapping 96-day time
periods by 2 months reduced synoptic and seasonal signalsauBe linear theory describes
equatorial waves with either equatorially symmetric oraqually antisymmetric dynamical
structures, the gridded OLR data were also decomposed ymonstric and antisymmetric
components. Fast Fourier Transforms isolated the frequemagenumber spectrum at each
latitude, which were then averaged over the time segmentseofiata period and summed

between 15N and 15°S.
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They then created a background power spectrum for tropit& @ata by averaging to-
gether and smoothing the symmetric and antisymmetric zZivegliency-wavenumber power
spectra. Dividing the symmetric and antisymmetric speljréhe background power spectra
isolated the basic properties of the various equatoriabaévig. 4). These wavenumber, equiv-
alent depth, and periodicity characteristics can then péexpto any particular OLR dataset to
isolate the activity of specific equatorial waves and thedstheir associated large- or small-

scale dynamics and precipitation activity.

d. Kelvin waves

The Kelvin wave has a near-equatorial theoretical strectibigure 5a is the Kelvin wave dy-
namical structure according to dry, inviscid shallow wakeyory, with alternating high and low
pressures centered on the equator producing equatorgdtgi@d areas of convergence and di-
vergence. In filtering long-term OLR data using this assuswgatorially symmetric structure,
the global wave-filtered OLR variance associated with Kelwaves is likewise equatorially
symmetric, and Kelvin-band OLR variance is found to maxenietween the eastern Indian
Ocean and the central Pacific Ocean during Northern Hemigghenmer (Fig. 6a). Despite
a general theoretical and observed equatorially symmeymamical structure, the maximum
OLR signal in the Pacific and Atlantic Oceans is often obsgpgncident with the warm SSTs
of the Northern Hemisphere intertropical convergence zon€élfCZ (e.g., Straub and Kiladis
2002; Straub and Kiladis 2003a).

A Kelvin wave has an eastward phase speed (individual cgemee regions and divergence
regions move eastward), an eastward group velocity (epeslof convergence and divergence

move eastward, so that new convective development ocouesds east of current convection),
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and westward-moving individual storm cells. The Kelvintaasd phase speed can be seen in
Fig. 7a, where individual OLR anomalies move eastward; #stveard movement of groups of
positive-negative OLR regions is not always as evidentisfigure, which may be due to the
chosen OLR shading scale and/or to the reduced spatiahglo&solution resulting from using
all longitudes. The convective cloud regions have longitabdscales on the order of 1000 km
(Wheeler et al. 2000) and are often called ‘superclustdsjda et al. 2004). ‘Westerly wind
bursts’ are often associated with Kelvin waves, especialtite west Pacific warm pool region
(e.g., Kiladis et al. 1994; Lin and Johnson 1996; JohnsonLamd 997; Houze et al. 2000).
Among the frequencies retained after filtering to remove esamirnal and seasonal signals,
Kelvin waves are associated with at least 20% of the local ®@&afance near the equator and
along the North Pacific ITCZ during Northern Hemisphere rsprand summer (Roundy and
Frank 2004).

Kelvin waves exist over a wide range of zonal wavenumbersewriods, and equivalent
depths, and the preferred values of these characterigticalso vary with location. Fig. 4b
indicates expected Kelvin wavenumbers from +1 to +14, jpsrfoom near 30 days to near 2.5
days, and equivalent depths from 8 m to 90 m. The typical Kelvave phase speed in the
Pacific region, corrected for background flow, is near 17 nf8vheeler and Kiladis 1999), so
the observed uncorrected velocity of Kelvin convectiveioag is typically closer to 10 ms

because it moves against the background easterly tradeswind

e. MRG waves

The MRG wave has a theoretical equatorially antisymmetyicachical structure (e.g.,

Zangvil and Yanai 1980; Zangvil and Yanai 1981; Hendon arebiriann 1991; Dunkerton
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1993; Dunkerton and Baldwin 1995; Wheeler and Kiladis 199®ure 5b shows the theoreti-
cal MRG dynamical structure, with alternating high and loegsures to the north of the equator
and opposing pressure centers to the south of the equaismprBEssure setup likewise produces
alternating equatorially antisymmetric areas of convecgeand divergence. When OLR data
are filtered for MRG waves assuming equatorial antisymmetey OLR variance associated
with MRG waves is antisymmetric and maximizes near the oheéh the central Pacific during
Northern Hemisphere autumn (Fig. 6b, Wheeler and Kilad®9})9 This maximum variance
location is near our study region of Kwajalein.

A MRG wave has a westward phase speed (individual conveegamd divergence regions
move westward), an eastward group velocity (envelopesagrdsand descent move eastward,
so that new convective development occurs east of currewection), and westward-moving
individual convective elements. Figure 7b shows this, wHeLR anomaly envelopes move
eastward but individual anomalies move westward. Of thguieacies retained after filtering
out some diurnal and seasonal signals, MRG waves are atesbuidh about 5% of the global
convective variance in OLR with a broad maximum near the éibothern Hemisphere sum-
mer (Roundy and Frank 2004). Visually examining the vamanear Kwajalein of the other
wave-filtered OLR signals (Wheeler et al. 2000 Fig. 3, paabsand (e) are reproduced in
our Fig. 6 for Kelvin and MRG, respectively), MRG-related Rlariance is much less than
that of Kelvin waves, slightly less than that of equatoriakBby waves, similar to that of east-
ward inertio-gravity waves, and much greater than that dfarxd n=2 westward inertio-gravity
waves.

MRG waves exist over a range of zonal wavenumbers, waveqgsramd equivalent depths

that is smaller than with Kelvin waves. Figure 4a indicatgseeted MRG wavenumbers from
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-1 to -10, periods from near 9 days to near 3 days, and equivdépths from 8 m to 90 m.
The typical MRG wave phase speed in the Pacific region is neas3 after correction for
the background flow speed (Wheeler and Kiladis 1999), thailgte MRG waves travel with
the background easterly trade winds, the observed spee®&f-Bbsociated convective regions

can be near 25-30 ms.

3. Data and methodology
a. ldentifying Kelvin and MRG waves

Kelvin and MRG waves are identified for 1997-2005 with the Cftdjuency-wavenumber
spectral analysis method described in Wheeler and Kildfi9g). Wave-filtered OLR data
are calculated using twice-daily (06 UTC and 18 UTC) NOAAgiobrbiting satellite data
interpolated in space and time as in Liebmann and Smith (198@ require that the filtered
anomalies retain the equatorial symmetry properties destin theory on a resting basic state:
the Kelvin OLR structure is equatorially symmetric, MRG igiaymmetric. When we remove
these symmetry constraints, as some previous studies baegé.g., Straub and Kiladis 2002;
Straub and Kiladis 2003a; Straub and Kiladis 2003b; RoumdlFerank 2004), we generally
arrive at the same trough events as when using symmetryswitte small differences in event
duration.

As indicated in Figure 4, Kelvin waves are filtered using gglant depths of 8 to 90 m,
zonal wavenumbers of +1 to +14, and frequencies of 0.03 taykkes day' (wavelengths
33.3 days to 2.5 days). MRG waves are filtered using equitalepths of 8 to 90 m, zonal

wavenumbers -1 to -10, and frequencies of 0.12 to 0.34 cylelgs' (wavelengths 8.3 days to
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2.9 days). These equivalent depths are calculated basé@ @onal wavenumbers, meridional
wavenumbers, and frequencies coincident with the waverditt OLR spectral peaks in Figure
4.

Details of our trough event-defining methodology and theanaxent-defining methodology
of S06 are highlighted in Table 1. The wave-filtered OLR anlgrfialds for each satellite scan
are spatially averaged across a 7.5¥7box centered over Kwajalein — 5 to 128, 162.5 to
170°E. This provides a single average OLR anomaly at each timiaéiKwajalein region. We
then look for strong negative wave-filtered OLR anomaly galin our time period (the rainy
seasons, or July-December, of 1999-2003) by comparing Qe anomalies to the mean and
standard deviation OLR anomalies using a longer time spae +ainy seasons of 1997-2005.
Specifically, during the rainy seasons of 1999-2003, wawegin events are defined as periods
of at least 24 h (3 satellite scans) where the negative wieeefil OLR anomaly amplitudes are
at least 1.5 standard deviatiofis) larger than the mean anomaly amplitudes of the 1997-2005
dataset. For Kelvin OLR anomalies,= 7.1244 Wnt?2 about a mean of -0.0082 Wr#, while
for MRG o = 4.7890 Wn1? about a mean of -0.0028 WrA. During our 30 month study
period, this methodology identifies 23 Kelvin troughs egemorresponding to 25.5 Kelvin
event-days, and 16 MRG trough events, corresponding to 16 M{Rnt-days. For=2, too
few trough events are identified for our results to be robwbktle 0=1 results in many weaker
trough events.

The composite wave-filtered and raw OLR anomalies for theginoevents are shown in
Figure 8 for Day -2, Day 0, and Day +2. Strong Kelvin and MRG atag wave-filtered
OLR anomalies pass near Kwajalein at Day 0. This is also keisibthe composite raw OLR

data. Despite the large frequency filtering window for Kelwaves, the composite period
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of our chosen Kelvin wave trough events is five days. This ideat by the amount of time
between one wave trough passing Kwajalein and the next waugh. Based on Figure 4, this
periodicity indicates a zonal wavenumber between +3 andanitila composite phase speed,
based on distance covered by the trough per unit time, nearsiBwithout correction for the
background flow. The composite MRG period is also five dayggesting a zonal wavenumber
between -1 and -7 and an uncorrected composite phase spmegPmas .

S06 examined a smaller sample of times than in our study €THbl SO6 used radar data
from July-December 1999-2001 and July-September 2002éntifg times with rain areas
exceeding the Kwajalein mean rain area by-2a ‘rain event-centric’ approach. They identified
Kelvin and MRG wave activity, coincident with those rain et& whose squared OLR anomaly
amplitude exceededr2across the spatial domain 0 to 4%, 165 to 17CE. With this definition,
S06 identified 22 Kelvin wave events and 22 MRG wave eventsesponding to 52 Kelvin
event-days and 48 MRG event-days. In S06, examining botle weges and troughs allowed
for the possibility of wave-related convection laggingeading the trough due to the dynamics
of individual storms.

Our methodology focuses specifically on the mesoscalegitation structures within equa-
torial wave troughs. In not requiring a rain area threshold, wave event definition is ‘wave
event-centric’. Only 15 of 75 S06 Kelvin wave event-days &raf 48 S06 MRG wave event-

days correspond to our Kelvin and MRG trough event days.
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b. Radar data

1) KWAJALEIN RADAR

Table 1 of Houze et al. (2004) provides the characteristich® Kwajalein operational
S-band radar. Three-dimensional radar volumes, compiet&d-12 min intervals, are quality
controlled as described in Sobel et al. (2004). Meteorckgichoes within 17 kmdradius<157
km are interpolated to a Cartesian grid with 2 km horizontal @ertical grid spacing. Radar
calibration corrections (Table 2) follow Houze et al. (2R0eriods without a specified correc-
tion (48% of our data) are not calibrated (Table 3). In allp@6adar volumes were available
for our Kelvin trough times and 2028 for MRG troughs.

A single-elevation long-range (radius=240 km) scan foo@ach volume scan. The en-
tire rainy season 1999-2003 time series of long-range dtatideen processed for the Kwa-
jalein Storm Finder web pagét(t p: / / ww. at nos. washi ngt on. edu/ ~dpodhol a/
kasf /). In the case of three-dimensional radar volumes, onlyelspecific to the wave event
time periods of S06 and this study are processed. We use thglet® long-range scan dataset
to describe ‘typical’ Kwajalein rain areas. Early July 19881 nearly all of October-December
2002 are missing from the long-range dataset due to raddumaéibns. These periods contain
three Kelvin trough events (events 1, 15, and 16, Fig. 5) awd\RG trough event (event 15).
Two of these trough events produced very large rain aredsnitite three-dimensional radar
volume dataset; the two other events contained relativabllgain areas.

Long-range scan rain areas during the available Kelvin aR@GMrough events were often
larger than typical Kwajalein rain areas (Table 4). Our ¢fowevents account for 5% of the

long-range radar scans but 7% of the rain area during the-2009 rainy seasons. Consid-
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ering rain area as a proxy for rain rate (Section 4), the meaa-averaged rain rate during
trough events is 1.3 times greater than that of the long-titaset. As such, Kelvin and MRG
troughs are generally preferred locations for MCSs contpréonger-term precipitation data
at Kwajalein. The S06 dataset accounts for 17% of scans Batd®Tain areas in the long-term
dataset, with a mean area-averaged rain rate during waweseymt is 1.6 times greater than
that of the long-term dataset. Our trough dataset and thev&06 dataset together account for
20% of long-range radar scans and 30% of long-range rairs,angth a mean area-averaged
rain rate that is 1.5 times greater than that of the long-taitaset. Larger trough rain areas are
consistent with Reed and Recker (1971), who investigatadop8cal synoptic waves just west
of the Marshall Islands and found higher rainfall accumalat in wave troughs.

We detail below the various methods we use to describe pragm organization using
radar data. Visual examination of horizontal radar reflégtidata is a basic and subjective
analysis (Section 3 below), while ‘blob’ identification isr@re objective identification of the
two-dimensional characteristics of individual contigeqarecipitation regions (Sections 4 and
5). Separating precipitation areas into convective aratigirm precipitation allows us to an-
alyze the general dynamical nature of precipitation (8ec#), while CFADs indicate vertical

reflectivity distributions and precipitation echo heig(gction 6).

2) CONVECTIVE AND STRATIFORM SEPARATION

Separating radar reflectivity into the dynamically disticonvective and stratiform pre-
cipitation structures sheds further light on the intenaitgl mesoscale organization of rainfall
(Houze 1997). Viewing precipitation areas categorizechia manner also aids in the visual

interpretation of precipitation organization (e.g., Rinkach and Rutledge 1998). Convective
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and stratiform precipitation maps are derived from intéafeal reflectivity fields for the 0-2 km
altitude layer of each radar volume following the separatieethodology described in the “This
Study: best’ category of Table B1 in Yuter et al. (2005). Téeparation is based on the algo-
rithm developed by Steiner et al. (1995) for 2x2 km radar aetar Darwin, Australia. Yuter
et al. (2005) tuned the algorithm for hardware and condétigpecific to Kwajalein. In this al-
gorithm, convective cores are identified by pixels whose-sedace reflectivity is greater than

40 dBZ or by pixels satisfying:

7TZb
Ach> -
> 8(:05(110 ),

where/AZ.. is the difference between the reflectivity of one pixel anel éerage reflectivity
of raining pixels within 11 km radius of that one pixef,,). Values ofAZ,. range from 8 dB
for (Z,, ~ 0dBZ) to 1 dB for(Z,, ~ 50 dBZ).

The convective region about the convective core, or ‘cotvecadius’(R), is based o1&,
and ranges from 1 km for convective pixels of lesser reflagtio 5 km for convective pixels

of greater reflectivity:

R =1 for Zy, < 15dBZ
R = 2+@ for15dBZ < Zy, < 30dBZ

R =5 for Zy, > 30dBZ.

All other near-surface pixels > 15 dBZ, corresponding tanates > 0.32 mmht (Houze et al.

2004), are considered stratiform, and thesd5 dBZ are denoted ‘weak’. It is possible for
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convective cores to have reflectivities 15 dBZ if they have significant reflectivity gradients
with surrounding pixels, but this only occurs for 0.3% ofugh convective cores. When pre-
cipitating areas are examined in Sections 4 and 6, only ameeand stratiform reflectivities
are considered to be raining at the surface, and weak reftexdiare excluded. The ‘total
precipitation area’ in a given radar scan is the sum of caiweand stratiform precipitation
areas in that scan. Likewise, ‘convective precipitatiogaaand ‘stratiform precipitation area’
refer to the scan-wide convective and stratiform areasurgi§ provides two examples of radar

reflectivity scans (a,d) and their corresponding convessiratiform-weak maps (b,e).

3) VISUAL ORGANIZATION CLASSIFICATION

We visually examine convective-stratiform-weak maps ati@®intervals for all the Kelvin
and MRG radar volumes in our trough dataset (e.g., Fig. 9@ejanizational categories are:
convective lines (with subsets based on associated stratiegions), medium-sized non-MCS
stratiform areas with embedded convection, MCSs, andtesbl& hese categories are mutually
exclusive. Multiple types of organization can coexist.

Convective lines are at least 100 km long (e.g., Parker ahdsim 2000) and must exist for
at least 30 min within the radar domain (radius=157 km). kioan have leading-, trailing-, or
parallel-stratiform structures (e.g., Parker and Johr2880), where we require the stratiform
region to be at least 50 km wide along at least half the liney dther convective line is called
‘line’.

‘Medium-sized’ blobs have rain areas of at least 2500 kvith at least three embedded
convective cores but do not attain MCS status. MCSs are blghgain areas of at least 2500

km? and length scales that are at least 100 km (Houze 2004) antbareore than twice the
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width scale (Section 4 explains measuring blob axes). Eeuardf 30 identified convective lines
could also be classified as MCSs based on these criteria. \Wetdmte these convective lines
as MCSs in our organizational statistics, which reducep#neentage of 30-min radar volumes
containing MCS from 19% to 18%.

Blobs not fitting the above categories are ‘isolated’. I&slésan 10 isolated blobs totaling
less than 900 kirain area coexist with another organization, we do not remtated activity.

These various time and space requirements are somewh@agfbbut they are relatively
easy to visually measure and provide a clearly defined rdbriborizontal organization clas-
sification. Only 3% of the half-hour Kelvin scans and 2% offfredur MRG scans are missing
or showed no activity. The organizational statistics intleec5 are for these active half-hour

radar scans unless otherwise noted.

4) CONTIGUOUS RAIN AREA‘BLOB’ ANALYSIS

We use a ‘blob analysis’ algorithm (Peter Blossey of the ©rsity of Washington, see
http://ww. at nos. washi ngt on. edu/ ~bl oss/ bl obcount / for algorithm details)
to objectively analyze individual contiguous rain areatd’ in the 0-2 km altitude layer of each
radar reflectivity volume. This algorithm is similar to theepipitation feature methodology in
Nesbitt et al. (2000). Pixels with reflectivities exceeditlyydBZ must share at least one full
side to be contiguous. The algorithm can determine the nuwofdaobs; the number of con-
tiguous reflectivity pixels per blob (blob rain area); thetdnce between blob centroids; and
blob reflectivity statistics. Figure 9 shows two examplesaafar reflectivity (a,d) scans and
their corresponding blob analysis maps (c,f).

Blob shape and azimuthal orientation are determined usiagécond moment of inertia
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tensor eigenvalues of each blob (Medioni et al. 2000), whidvide ellipse-fitting major and

minor axes lengths. This ellipse-fitting technique has besed with satellite radar data in
the tropics and subtropics (e.g., Nesbitt et al. 2006, thigir 1d reproduced as our Fig. 10).
The length ratio of minor-to-major axes is the blob’s ‘agpetio’, and the blob azimuthal

orientation is the angle of the major axis clockwise fromthoBlobs with less than 10 pixels
(< 40 kn?) are too small to determine orientation or aspect ratio, scawalyze these two
characteristics only for the 46% of blobs containing attidfspixels.

We apply a 15 dBZ reflectivity detection threshold. In vagythe threshold from 0 dBZ to
25 dBZ, the cumulative number of detected blobs across theneble of trough radar volumes
is fairly constant. Other characteristics (e.g., aspea,rarientation, and reflectivity modes
and maxima) are insensitive to altering reflectivity thiddk below about 25 dBZ.

Quality control processing of the radar data removes chgitene reflectivity data within 17
km of the radar and creates a ‘center hole’ of afea 708 knt in each radar scan (e.g., Figs.
9b,d,e). About 10% of our blobs occupied the ‘center hole’ttsat the blob algorithm could
not calculate their full areas. The area of each of theseshikbhugmented by;—1 - A, where;
is the number of the ‘perimeter pixels’ (44 total) that thelbtontains. This changes only the

calculated size of the blob.

5) POROSITY WITHIN CONTIGUOUS RAIN AREA‘BLOBS'

Many MCSs contain holes in their precipitation field wherida@ivities are weak or nonex-
istent (e.g., the dark blob in Fig. 9f, with interior holeslicated as white space). We define an
MCS with these reflectivity holes to be ‘porous’. Porosifieply perturbations in the moisture

and flow fields that are represented as continuous within M&®matics that are based on
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averaged MCS structure. Upon browsing aircraft radar data TOGA COARE (Yuter et al.
1995), we found that MCSs in the west Pacific warm pool regienadso frequently porous.
We quantify MCS porosity near Kwajalein in our trough datase

Porosity is defined as areas with reflectivities less thamoakto 15 dBZ surrounded by ar-
eas with reflectivities exceeding 15 dBZ. To quantify MCSqsity, (1) we identify the perime-
ter pixels of each MCS across all trough radar volumes (&lgain code’, Russ 1995). Then,
(2) the ared A) inside the perimeter is calculatedds= £ >, . [(Xk - Yiy1) — (Xis1 - Yi)]
(Russ 1995), wher& andY” are of lengt and contain the x and y coordinates of the perimeter
pixels, with the first pixel coordinates repeated at the &mailly, (3) given MCS rain aregS)
without correction for the ‘center hole’ underestimatiasadissed in Section 4, we calculate
MCS porosityP = 1 — ().

Pixel coordinates are defined as the center of the pixel, doopaach perimeter pixel is
excluded in the area calculation. Two methods for improuhmgA estimation are tested on
shapes of known area: (i) subdivide radar pixels to redugerhoch of each perimeter pixel is
excluded fromA; (ii) assume that an average of half of each perimeter psxekcluded from
A and add this estimated missing area4to The most computationally efficient method that
provided the correct answer was halving the grid spacingppaing steps (1) and (2), and
implementing step (ii). That is, the 2x2 km radar pixels aaehesubdivided into four 1x1 km
pixels, steps (1) and (2) are performed, the area of half ofi @@rimeter pixel (0.5 k#) is
added taA4, and step (3) calculates porosity.

Blob porosity does not depend heavily upon the blob detecgéiectivity threshold. Many
of the porosity holes will shrink somewhat at lower refleityithresholds, depending on the hor-

izontal gradient of reflectivity surrounding the hole. Hawg lowering the reflectivity thresh-
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old also tends to increase the horizontal expanse of blobghwcan lead to new reflectivity
holes in areas that are not encompassed by the blob at a 15ha@&hold. Thus, the porosity

statistics change only slightly if the reflectivity thresthcs reduced to, for example, 5 dBZ.

6) CFADS AND EFFECTIVE ECHO HEIGHTS

CFADs of the Kelvin and MRG convective and stratiform refidty volumes are created
to examine joint frequency distribution of reflectivitiestivheight across the ensembles of
Kelvin and MRG data. To construct a CFAD, a histogram of reifléy frequency is calculated
for each altitude layer of the radar volume and normalizedhgynumber of data points in
that level. These histograms are then contoured. A CFAD saniaes the vertical reflectivity
characteristics of the ensemble of rain areas. We compoa®<£tor reflectivities from -15 to
60 dBZ, every 1 dB, with contour intervals of 0.125% data dBzn—'.

The frequencies of rain echo heights are also calculatedy3FADs. Absolute echo top
height (the highest height containing any reflectivity)esgrally a poor indicator of the internal
dynamical structure of convection (DeMott and Rutledge8990 be more representative of
the convective structure, we calculate each volume'$ p8rcentile echo area height. The
precipitation area in each altitude layer of the radar va@usisummed into a volume-total
precipitation area. Then, for each radar scan, we note thesioaltitude layer below which
exists at least 75% of the volume-total precipitation ar€his effective echo height calculation

is similar to that used in Yuter (2004).
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c. Atmospheric sounding data

Twice-daily Kwajalein upper-air soundings for the 1999M2Qainy seasons are obtained
from the National Climatic Data Center Integrated GlobatliRaonde Archivelfttp://
www. ncdc. noaa. gov/ oa/ cli mat e/ i gra/i ndex. php). Data at the mandatory lev-
els are interpolated to finer vertical resolution as in Satel. (2004) — every 10 hPa from
1000-860 hPa, every 25 hPa from 850-25 hPa. No temporapiitgion was applied. Zonal
and meridional winds and specific humidity are calculatezurfling anomalies are calculated
by removing the five-day 1976-2005 mean values from eachdingay. For example, for the
12 UTC 15 August 2001 sounding, the ten 13-17 August sousdimgeach year 1976-2005
are averaged into one sounding and subtracted from the 12215%T&ugust 2001 sounding to
create the 12 UTC 15 August 2001 sounding anomaly.

It is difficult to quantitatively compare our time lag comgges of vertical temperature,
winds, and moisture to other studies that used larger datésg., Wheeler et al. 2000; Straub
and Kiladis 2002; Straub and Kiladis 2003b; Majda et al. JQf&tause of our relatively small
sample size of soundings — 59 Kelvin soundings, 33 MRG sagsdilnstead, we qualitatively
evaluate these variable composites. Figure 11a,c,e shewsivin and MRG sounding com-
posites before and after the passage of the wave trough & ,2ay Figure 11b,d,f shows sim-
ilar plots for a single Kelvin wave during the Tropical East@acific Processes Study (TEPPS,
Yuter and Houze 2000 and Yuter et al. 2000; these figures sjworel to Figures 10, 14, and
11, respectively, of Straub and Kiladis 2002). These lagmmsites can also be thought of as
spatial composites, where Kelvin waves move west to edstgleight) and MRG waves, with
the time axis reversed, move east to west (right to left). [Engths of the composite Kelvin

and MRG time axes are each five days and represent one rinlgghtridge wavelength. Any
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regions in the wave sounding composite significantly ddférfrom the larger dataset of all
1999-2003 soundings (to 90% using a Student’s t-test) dtmed in bold contour.

Vertical temperature anomalies have been widely docurdeiaievertically alternate be-
tween warm and cool through the depth of the tropospheraguvave events (e.g., Fig. 11b
for Kelvin, from Straub and Kiladis 2002). Vertical temptena composites for our dataset (Fig.
11a) show significant warm anomalies and near-zero ancsraliernating with height. Both
wave types display a large moist anomaly through low- to leiedls (Fig. 11c), though they do
not clearly show any tilt with height as may be expected (&ig. 11d for Kelvin, from Straub
and Kiladis 2002). Previous studies have observed a ‘bommgéshaped negative zonal wind
anomaly within Kelvin and MRG wave troughs, where the boangrvertex is often near 100
hPa (e.g., Fig. 11f for Kelvin, from Straub and Kiladis 200Bhe Kwajalein sounding data are
generally sparse and unreliable beyond 100 hPa, but thecarie indication below 100 hPa of
the first half of the negative zonal wind anomaly boomerang. (Ele). These sounding com-
posites, in addition to the wave-filtered and raw OLR anoesadind ensemble rain areas (Fig.
8, Section a), help ensure that we are identifying signiti¢glvin and MRG trough activity

near Kwajalein.

d. Significance

We perform some calculations of statistical significancthia study. One is the Student’s
t-test, which we perform on sounding data (Section c) to amapbservations during Kelvin
and MRG waves to the background climatology. The other is @d®member Monte Carlo
test, which is used to compare rain area frequency distoibsibetween the Kelvin and MRG

datasets. In the Monte Carlo test, we combine the 3609 Kalwth2028 MRG radar volumes
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into a superset and use a random number generator to randssifyn 3609 volumes as Kelvin
and 2028 volumes as MRG. This is performed 10 000 times. Raedatistics are calculated
for each iteration. We compare the magnitude of the diffeeelbetween the two randomly
generated frequency distributions for each area bin toottthie original frequency distribution.

For the magnitude difference between the MRG and Kelvinitigions in a particular area bin

to be considered significant to 95%, at least 9500 of the nantkrations must produce smaller
differences in that bin.

Note that mathematical significance may not always have ar glhysical explanation.
Though most of the differences in precipitation organ@atbetween Kelvin and MRG were
small, some were statistically significant. Some of thefferdinces imply that Kelvin troughs
mesoscale precipitation structures may more often be maanzed than those of MRG

troughs, while the physicalities of other significant diffeces are unclear.

e. Definition of organization

With only one weather radar and a single site that launchpsragir soundings only twice
daily, our meteorological observations at Kwajalein ldo& spatiotemporal resolution to thor-
oughly explore mesoscale precipitation dynamics suchldpomwls, vertical motion, and diver-
gence profiles. Outside of a field project, studies over trenaxean must rely on reanalyses
for detailed dynamical studies. Reanalyses can often beliable across the oceanic tropics
because of sparse observed data.

Utilizing reanalyses is beyond the scope of our observatistudy. Instead, we infer gen-
eral, relative mesoscale precipitation organization thase comparatively larger rain areas,

which must contain persistent mesoscale circulationsdolr@and sustain such areas, and on
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the general appearance of MCSs and convective lines. Leageareas should contain more
persistent mesoscale circulations that enhance preogmteigor beyond what is observed in
smaller areas (Yuter 2004), likely enhancing the abilityhef environment to support and sus-
tain greater areas of convective precipitation and suppanbre efficient and sustained ‘con-
version’ of convective precipitation into more widespreaa@tiform precipitation (Houze 1997;
Yuter and Houze 1998). Such mesoscale circulations shoatdase the efficiency and amount
of hydrometeor growth through stronger or more sustainestextive updrafts and longer time
periods within the stratiform region for growth through eageposition and aggregation. These
circulations should also increase the horizontal expah$geostorm through longer and more
continuous cross-storm flows.

Our organizational statistics should not be sensitive tossgface temperature (SST) be-
cause the peaks in rainy season SST varied by only abottib our dataset. There also
appears to be no strong correlation between the phase of thié& Southern Oscillation and

wave activity or wave event rain areas.

4. Total precipitation area

The total areas of precipitation in the 0-2 km altitude lajarboth Kelvin- and MRG-
related events had frequency distributions that were sétdoagnormal (Fig. 12, Table 7). This
distribution indicates that total rain areas were usuaiiykk We found a similar distribution
when we used the S06 dataset.

Lognormal frequency distributions are common with cloud aadar horizontal size dis-

tributions across the tropics (Lopez 1977). These didiobs of total precipitation areas, and
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of individual contiguous precipitation areas (see SechipRig. 15), during our trough events
are consistent with previous studies at Kwajalein and digegvin the tropics (e.g., Houze and
Cheng 1977; Yuter et al. 2005; Cetrone and Houze 2006). &msarea distribution was also
seen in a 1999-2001 Kwajalein radar climatology performedider et al. (2005), and Cetrone
and Houze (2006) observed a lognormal rain area frequestytition in their samples from
the Kwajalein Experiment (KWAJEX, e.g., Yuter et al. 2005).

Kelvin trough events contained significantly greater frexgies of total precipitation areas
covering more than about 40% of the radar domzii3Q 700 kn?). Three Kelvin trough events
produced rain areas that were larger than those of any MR@Gt,ezrd eight Kelvin events
reached larger rain areas than were observed in all but twG Nnts. While we sample more
Kelvin events than MRG (23 vs. 16), this difference is lar@m one would expect due purely
to sampling error. Larger rain areas should contain morsigtent mesoscale circulations than
smaller areas, so the large total precipitation areas mdsedavith some Kelvin events suggest
that the mesoscale kinematic structures associated withirkkeoughs were frequently slightly

more organized than during MRG troughs.

5. Visual Organization
a. Isolated Activity

As suggested by the skewed lognormal distributions of fmtatipitation area, the troughs
of both wave types very frequently contained small, isalatnvective activity (e.g., Fig. 9a-c).
Of the half-hour scans containing precipitation, 95% ofwelkcans and 93% of MRG scans

had isolated precipitation areas, and 56% and 50% of KelnthMRG scans contained only
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isolated activity (Fig. 13, Table 5). Very frequent smadlplated activity reflects typical pre-
cipitation organization near Kwajalein. Using Kwajaleairr gauges, Schumacher and Houze
(2000) found that 75% of Kwajalein rain events lasted less tBO min and accumulated less
than 5 mm.

Objective blob analysis also reflected the preponderanislaited cells. Using all Kelvin
and MRG radar volumes, the modal number of blobs in a givearrschn (radius=157 km) was
between 20 and 50, with a larger modal number of blobs for MR&® Kelvin (Fig. 14, Table
6). The modal distance between each blob and its nearestbwigg blob was less than 20
km, indicating that the isolated cells were generally dpseattered.

About 73% of blobs had rain areas smaller than 106 kirig. 15a), compared to about
61% found by Cetrone and Houze (2006) using visual rectandjtting on their KWAJEX data
subset. This difference between our study and Cetrone anddH@006) may not be significant
given differences in methodology. The mean Kelvin blob miea was 329 ki compared to
291 kn? for MRG, indicating that Kelvin blobs tended to be largem®4RG blobs. The mean
length scale of blobs in our dataset was 25 km, which is latfgeen the mean feature length
of 17 km noted over the tropical and subtropical oceans usiegropical Rainfall Measuring
Mission (TRMM) satellite precipitation radar (PR, Nesleitial. 2006). This difference with the
PR sensor is likely due to our assigned reflectivity threglodll5 dBZ within 4 kn? pixel areas
compared to the 17 to 18 dBZ reflectivity detection threstawid 25 km pixel areas inherent
in the PR.

The propensity of small rain blobs indicates that while #ngions of convection associated
with these wave troughs were by definition synoptically aiged, the precipitation within the

convective regions was often disorganized on the mesaos@dle typically fewer but larger
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blobs per radar scan for Kelvin suggests that Kelvin medegracipitation areas tended to be

slightly more organized than those of MRG.

b. Medium-sized and MCS activity

MRG troughs more often contained medium-sized blobs thdwitK&roughs — 25% occur-
rence for MRG half-hour scans showing activity compared@® for Kelvin (Fig. 13, Table
5). However, Kelvin medium-sized blobs more often reaclaegd sizes than MRG, with 11%
of Kelvin medium-sized blobs covering at least 20% of thearatbmain & 15 350 kn?) com-
pared to only 6% for MRG.

MCSs are important in Kwajalein rain production. Using fospwide rainfall estimations
from the TRMM PR and a 100 km length scale criterion for MCSsshitt et al. (2006) found
that MCSs are responsible for 50 to 60% of rainfall near Kveaja(estimated from their Fig.
11). We used the radar volumes (radius=157 km) to identifigti of MCS activity. To compare
trough MCS activity to MCS activity outside of these troughe also noted the total rain areas
in the long-range scan dataset (radius=240 km) correspgridithese MCS times. Among the
long-range radar scans available for our trough datasktastt 75% of the scans that contained
rain areas larger than 29% of the long-range scan domaircalgained MCSs in the smaller
radar volume domain. About 23% of trough long-range scaashed this area threshold, com-
pared to only 5% of long-range scans outside of these troufihis indicates that Kelvin and
MRG wave troughs are preferred locations of MCSs comparedtside the troughs.

MCSs contributed 43% of the rain area accumulated acroséehlin radar volumes and
28% for MRG. Kelvin MCSs, 40% of which had rain areas coveah¢east 20% of the radar

domain ¢ 15 350 knt), were more frequently larger than MRG MCSs, of which only4l9
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reached the same area threshold. At least one MCS occurrety®8% of all Kelvin and
MRG radar scans, and during 18 of 23 Kelvin events and 14 of R&Mvents. Recall that
when an MCS also qualifies as a convective line, we only na@te & convective line.

The individual wave trough events, however, had no prefearetypical time periods of
MCS activity. Seven trough events contained no MCS activityre 30-min scans, while 61%
of scans in one Kelvin event contained MCS activity. Thusilevatellite data show that MRG
and Kelvin troughs are coupled with large areas of anomblaadd clouds, these troughs are
not always associated with large contiguous areas of ptatgn.

There are a number of possible reasons for this MCS vamabieiven that we use the
Wheeler and Kiladis (1999) spectral analysis method onawdigily OLR data, we are essen-
tially ignoring any possible cloudiness morphologies kesw these observation times. Also,
we identify wave trough activity using strong wave-filtemeehative OLR anomalies averaged
across a spatial domain. At times, the strong OLR signal noagrcenough of the averaging
domain to be considered a wave event but not actually coeeraitiar domain itself. This was
the case for five trough events (Kelvin event numbers 8, 18,1dn MRG events 7, 13 — Fig.
13). We retain these events in our dataset to minimize stidfgand to remain consistent with
how many previous studies identified wave activity.

The large-scale forcing associated with Kelvin and MRG \gaway also vary widely across
the trough and from one trough to the next. Other forcingshss other equatorial waves, the
diurnal signal, and dynamics waves from nearby MCSs (e.gpéd 1993; Madden and Julian
1994; Chen and Houze 1997), likely modulate convection Keajalein and help to produce
rain events that often contain isolated convective agtivlso, as was the view of S06, the

coupling of waves with convection likely generates MCSd thave quasi-independently from
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the wave due to their own dynamics and do not live entirelyhimithe trough regions we

examine.

1) MCSEMBEDDED CONVECTION AND POROSITY

MCSs near Kwajalein rarely contained linear features bstieiad were often visibly disor-
ganized and contained many embedded convective coregytimattheir rain field. A visual
browsing of TOGA COARE data (Yuter et al. 1995) revealed Entharacteristics for MCSs
in the west Pacific warm pool.

Many Kwajalein and TOGA COARE MCSs also contained small lmsitceable areas where
low-level reflectivity was weak surrounded by convectiveswatiform reflectivities (e.g., dark
blob in Fig. 9f, where these reflectivity holes are evidenivage areas within the dark blob).
We define this as MCS porosity. MCS porosity did not correletd with MCS rain area (Fig.
16). The porosity of the MCS in Figure 9f is 0.089, meaningul®86 of the area encompassed
by that MCS contained weak reflectivities. The porosity i MCS totals 1039 krh

About 18% of Kelvin MCSs and 12% of MRG MCSs had porositieatgethan 0.05 (Fig.
16). While most porosity fraction values were small, a piyass small as 0.05 within an MCS
that covers 10 000 kimramounts to a cumulative ‘hole’ area of 500 knThis porosity area is
significant considering that 92% of blobs in our analysis @ areas smaller than 500 kKm
Of all Kelvin MCSs, 35% had hole areas totaling at least 508, kaampared to 15% of MRG
MCSs. In terms of the porosity fraction, the most porous MG wuring a Kelvin event —
0.29 porosity, with a 42 047 kfrarea within MCS perimeter, a 29 664 k#CS rain area, and
a 12 403 km porosity area.

Holes within the stratiform and convective precipitaticglds, as well as scattered convec-
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tive cores embedded in the stratiform precipitation fieldyyrhave important dynamical and
thermodynamical implications. Rather than a leading lireeavective feature seeding an ex-
pansive trailing stratiform area, as presented in the izledischematic in Fig. 20a (based on
Fig. 1c from Leary and Houze 1979 during the the Global Atnhesic Research Program
Atlantic Tropical Experiment (GATE)), we instead appearhtive many smaller, embedded
convective areas whose collective impact fails to thordyighed the entire cloudy region, as
shown in Fig. 20b. We also see with the stratiform CFADs of tnough dataset (Fig. 17c,f)
and of the S06 dataset (Fig. 18c,f) that there is generdllg to no new hydrometeor growth
in the stratiform regions of our datasets. This is indicdtgdhe upright structure of these
CFADs, as compared to much more active vapor deposition ggaegation processes in, for
example, an active Kansas-Oklahoma case shown in Yuter andeH(1995) (Fig. 19, from
the Oklahoma-Kansas Preliminary Regional Experiment lier $tormscale Operational and
Research Program - Central Phase).

These stratiform region heterogeneities are not indicatégpical MCS schematics (e.g.,
Fig. 13 of Zipser 1977; Fig. 1 of Houze et al. 1989). Such scters average away smaller-
scale perturbations and indicate large areas of non-pgrmgpitation and continuous flow
fields that are often not present in tropical MCSs.

Thus, while small, isolated activity dominates the conwecactivity near Kwajalein dur-
ing and in the absence of significant Kelvin and MRG trough§;9d9 occur often and con-
tribute a large proportion of total rain area and rainfalleldn and MRG troughs may often
be a preferred location for MCSs near Kwajalein, though thewnt of MCS activity varies
widely from one wave event to the next and MCS structuresndfieve stratiform region het-

erogeneities. A tendency for larger MCSs during Kelvin ég¢han during MRG events leads
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Kelvin MCSs to contribute a larger proportion of Kelvin tgiutotal rain area and suggests
that the mesoscale precipitation structures during Kehdagh events are often slightly more

organized than during MRG events.

c. Linear activity

In troughs of both wave types, clearly identifiable lineanwexctive structures were infre-
guent. For all radar scans, the frequency distribution oblaspect ratio was Gaussian with
a mean near 0.6, meaning the average blob was about 1.7 timgsr Ithan it was wide (Ta-
ble 6). Cetrone and Houze (2006) determined blob aspeosra@ar Kwajalein using only the
blobs in their dataset that were sufficiently elongated soaily determine orientation. As such,
they only considered the 85% of their blobs that had aspéosrkess than 0.66. In our trough
dataset, 43% of our blobs had aspect ratios less than 0.@8on€eand Houze (2006) found
an average aspect ratio of 0.41 for their blob subset, comdparan average near 0.5 when we
subset our data using the same criteria.

Using visual classification, 9% of Kelvin scans had conwedines, compared to only 3% of
MRG scans, amounting to 24 individual lines during Kelvieets and six during MRG events.
Lines were typically less than 150 km long and existed anageeiof about 2 h within the
radar domain (radius=157 km). Six Kelvin lines and three &t®llines had trailing-stratiform
structures. This contrasts with observations in many ritdtde regions. For example, only 3
of 88 convective lines observed by Parker and Johnson (28068 central United States did
not have trailing, leading, or parallel stratiform struetst

As with ubiquitous isolated activity, the low frequency wfdar organization and associated

stratiform region implies an overall lack of strong mesdsaaganization during both wave
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types. However, convective lines occur three times morenofluring Kelvin radar volumes
than during MRG radar volumes, implying that the mesoscegeipitation structures in our

sample of Kelvin troughs were frequently slightly more origad than those of MRG.

1) CORRELATION BETWEEN CONVECTIVE LINES AND VERTICAL SHEAR

Vertical wind shear is often used in the midlatitudes to rdiggnose the potential for or-
ganized convection (e.g., Rotunno et al. 1988) and to exglanvective line orientation (e.qg.,
Robe and Emanuel 2001). We examined the closest soundimgéntd when each line was
at peak visible organization. The resulting shear distidims were not sensitive to whether we
used the closest sounding in time or the sounding prior th kae.

The frequency distributions of low-level (1000-700 hPaitieal wind shear speed and di-
rection for all 59 Kelvin soundings and all 33 MRG soundinggy( 21b) , independent of
convective lines, were similar to the shear frequency itistions of the entire 1999-2003 rainy
season dataset (Fig. 21a). The vertical shear distributien lines were observed — 25 Kelvin
soundings, 5 MRG soundings (Fig. 21c) — was also similar ¢0li$99-2003 superset. There
was some indication that sheer speed during Kelvin trougtsiaring Kelvin convective lines
was often slightly stronger than during MRG troughs, MR@é$inand during typical Kwajalein
observations. Given that Kelvin wave amplitudes tend todogedr than MRG amplitudes, we
would generally expect stronger vertical wind shears in lvikevave environment compared
to MRG. However, the small sample size of trough soundingsamvective line soundings
makes the significance of this observation uncertain. Alsedifficult to quantify any dynam-
ical significance from these vertical wind shears becausdongot account for the location of

each particular sounding with respect to the trough axisw-Land upper-level wind signals
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vary widely based on equatorial wave phase.

Cetrone and Houze (2006) noted strong preferences in tMgkH=X data for rain echoes
to align northeast-southwest or northwest-southeasts@ bdentations were often parallel or
normal to the low-level shear vector, as was also noted in ESamd TOGA COARE (e.g.,
Barnes and Sieckman 1984; LeMone et al. 1998). In our dathsee was no strongly preferred
blob azimuthal orientation among all rain blobs acrossaalbr scans. Our convective lines did
not distinctly prefer the orientations noted in Cetrone Hiodize (2006) (Table 5).

Vertical wind shear was often poorly correlated with lingeatation in our Kelvin and
MRG trough dataset near Kwajalein. LeMone et al. (1998) éotmat different combinations of
weak (< 4 ms') and strong low-level (1000-800 hPa) and mid-level (800-ABa) shears were
linked to specific orientations of convective lines durinQGA COARE. These results were
augmented by Johnson et al. (2005) during the South Chinav®aaoon Experiment (Fig.
22). Johnson et al. (2005) noted that these observed dimntareferences have also been
found in numerical modeling experiments in other locati@ag., Robe and Emanuel 2001).
We interpreted Figure 22 rather liberally, with conditiafparallel or perpendicular between
low- and mid-level shear, and line orientations with respedow- and mid-level shear, set at
+ 20°. Only 6 of 29 available line-sounding pairs (one Kelvin limas missing sounding data)

followed this schematic. When angle conditions were redare30°, only nine pairs matched.

6. Convective and stratiform precipitation structures

The differences between Kelvin and MRG troughs in the diastions of convective and

stratiform precipitation areas were similar to the differes in total precipitation area (Chapter
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4). Kelvin troughs tend to have larger convective and $tnati precipitation areas than those
of MRG troughs. Using convective-stratiform partitionjnge can estimate the distributions
of rainfall amounts from our Kelvin and MRG trough data. Wedisn average rain rate of
0.525 mmhr'km=2, which was noted during KWAJEX (Yuter et al. 2005) and wasriyea
identical to conditional rain rate observations during TOGOARE (Short et al. 1997), and
a 3:1 convective-to-stratiform rainrate ratio noted dgrifOGA COARE (Yuter and Houze
1998). We found that Kelvin troughs tend to be rainier than®I1Roughs, reflecting that

Kelvin convective and stratiform areas tended to be laiggan those of MRG troughs.

a. Stratiform precipitation area

Total rain area and stratiform rain area were expectedlgigorrelated (Fig. 23). Since
Kelvin trough rain areas tended to be larger than those of VIREBvin trough stratiform rain
areas tended to be larger (Table 7). About 8% of Kelvin $tmati rain areas exceeded 33% of
the radar domain (> 25 584 Kin compared to 4% for MRG. In the S06 dataset, Kelvin strat-
iform areas still tended to be larger than MRG stratifornmaarbut the difference was smaller
than with our trough dataset — 7% of S06 Kelvin stratiformaarexceeded 33% of the radar do-
main compared to 6% for S06 MRG. This confirms the suggesti®®b that Kelvin-associated
rain areas tend to have larger stratiform rain areas thasetbbMRG, but this difference was

slightly more pronounced when only the wave troughs weraiciemed.
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b. Stratiform precipitation area fraction

The proportion of total precipitation area that is stratifias called ‘stratiform area frac-
tion’. This is a useful statistic because the proportionrefkcjpitation that is stratiform affects
large-scale divergence and latent heating and momentuiitegrgMapes and Houze 1995) and
because the precipitation dynamics affect rainfall amsunt

Stratiform precipitation contributed about 0.77 of thetetave type-accumulated rain area
for both wave types in our dataset and in the S06 dataset teatidasm and weak precipitation
echoes together contributed near 0.82. Schumacher anceH20@0), using all radar volumes
during Aug. 1998-Aug. 1999, found that stratiform area magl€®.86 of the total accumulated
rain area near Kwajalein. This discrepancy with our resslligely due to their requirement of
‘significant’ precipitation. As a point of reference, theagiform area proportion of accumulated
total areas in this study is very similar to observationsrduthe East Pacific Investigation of
Climate Processes in the Coupled Ocean-Atmosphere SyEteIE (76%, Cifelli et al. 2007),
less than during TEPPS (84%, Cifelli et al. 2007), and moaa ttiuring TOGA COARE ship
cruises (66%-74%, Short et al. 1997). These differencesatiferm area fraction may not be
significant given differences in methodology among thesdiss.

The stratiform area fractions of small total rain areasedwidely (Fig. 24). As total rain
areas increased, the variance of stratiform area fractienseased as fractions converged to
1.0. This creates a well-defined separation between olitarve unobserved stratiform area
fractions for a given total rain area. This relationshipaA®sn stratiform area fraction and total
area reflects the strong correlation of total area with iftrat area (noted in Section a) and
the poor correlation of total area with convective areaddathead in Section c). Small total

rain areas imply small rain blobs, and these small blobandfi®ve much smaller stratiform
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proportions than larger blobs. The S06 dataset produceithsirasults, which suggests that

this statistic is robust.

c. Convective precipitation area

In addition to quantifying total precipitation areas andstorm proportions, it is also im-
portant to quantify the total area containing the distinagtamics and rather intense rainfall of
the convective regime. We can also observe the maximumwdxbarea of convective precipi-
tation within our wave datasets.

Convective rain area was not well correlated with total raiea (e.g., Yuter and Houze
1998). Increases in total rain area outpaced increasesuective rain area by greater amounts
as total area increased (Fig. 25). Like stratiform areatifyacthe distributions of convective
area were very similar between the two wave types (Table 7).

Convective precipitation area was never observed to exaleedt 20% of the radar domain
(about 15 684 k). This maximum convective area occurred with a total ragaaf about 33
000 knt (44% of the radar domain) and is similar to results obserwethd TOGA COARE
(Yuter and Houze 1998). This peak in observed convective agga was nearly 5000 Km
greater for Kelvin than MRG using both the current and SOéskts. A total of about 50
radar volumes within two of our Kelvin trough events reacled sustained convective rain
areas greater than any observed for MRG. Convective aresssponding to the 0.75 and 0.9
cumulative frequency percentiles were slightly larger K&lvin data than MRG data (Table
7). For the 8% of Kelvin radar volumes and 1% of MRG radar vasmwith total rain areas
exceeding 33 000 kinthe maximum observed convective rain decreased as adanaftiotal

area.
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A tendency for slightly larger total convective areas dgtelvin trough events than MRG
events are supported by results from Wheeler et al. (2000xough a 17 year composite
of reanalysis data, their Figures 7 and 15 (reproduced agigsr 26 and 27) suggest that
convectively-coupled Kelvin waves are associated withpdeand perhaps stronger updrafts,
and thus more enhanced convergence through this tropasmiodmmn, than those of MRG
waves. The updraft region also appears to be more persistémte with respect to the wave-
filtering base point.

Because these convective area limits were observed withdaot trough dataset and the
S06 wave dataset, and because the TOGA COARE aircraft alsenadd a similar maximum
achieved convective area, these results appear to be roffusse limits suggest a maximum
area of convective precipitation that the atmosphere ne@jdlein can sustain, though the

physical reasons for this should be a subject of future rekea

d. Vertical reflectivity distributions and precipitationtensity

The vertical patterns of reflectivity distribution — the ObAhapes — were very similar be-
tween the ensembles of Kelvin and MRG trough data (Fig. 1A fdear-vertical structure of
the stratiform CFADs indicates little new stratiform pratation growth. However, the modal
near-surface and mid-level convective and stratiform céflédy modes were 3 to 4 dB larger
for our Kelvin troughs than MRG. The typical radar caliboatiuncertainty ist2 dB, and half
of our radar volumes were not calibrated. A 3 to 4 dB modal céflity offset would be signif-
icant assuming calibration offset values would be randaigiributed among the uncalibrated
volumes, but this assumption is likely not true. Also, bleblectivity calculations do not reflect

the CFAD reflectivity difference (Table 6), suggesting tthas difference may be insignificant.
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S06 noted with their wave events that the near-surface mobdeloin total reflectivity
distribution was 1 to 2 dB weaker than with MRG (Fig. 18a,d)h&N we partitioned the S06
data into convective and stratiform precipitation, thegl\Wn and MRG radar ensembles had
nearly identical convective CFADs and stratiform CFAD(F18 b,c,e,f), indicating that the
reduced modal reflectivities in the total Kelvin CFAD wereeda slightly larger stratiform areas
rather than strong differences with MRG in convective amdtgorm structure and intensity.
These slightly larger S06 Kelvin stratiform rain areas weiscussed in Section a (Fig. 23).
The modal reflectivity differences between S06 Kelvin an® IRG CFADs are within the
radar calibration uncertainty and may be insignificant.

A different time span for the data record in S06, leading ttedénces in radar calibrations
from our data record, as well as the different definitions a¥&+related rain events in S06, may
explain the differences between the SO06 wave event CFAD®anttough event CFADSs. In
either case, both datasets show a tendency for slightlgiatgatiform areas for Kelvin events

than MRG, confirming the S06 finding.

e. Effective echo heights

Most precipitating clouds at Kwajalein are mixed. The fiagdevel height is near 4.5 km
altitude (Yuter et al. 2005) and the echo top height mode & iekm altitude. The effective
echo height calculation revealed nearly identical effecécho height distributions for Kelvin
and MRG troughs and for convective and stratiform predipitasubsets (Fig. 28). Here, sim-
ilar to Yuter (2004) results during TEPPS and TOGA COARE,hgance in convective and
stratiform effective echo height decreased with incregasonvective and stratiform area. Total

rain areas larger than 10 000 kmlways containing echo heights above 5 km altitude. Data
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from GATE (Houze and Cheng 1977) and from 13 sampled daysg#WAJEX (Cetrone and
Houze 2006) contained a positive but scattered relatipnséiween rain area and echo height

which was not found here.

7. Summary: The mesoscale precipitation characteristics of
equatorial wave troughs

The Kelvin and MRG wave trough events represent a subset @fjd&in rain events that
often contain horizontally larger precipitation areas paned to typical Kwajalein rain areas
(Table 4), implying enhanced rainfall amounts due to inse€arain duration during trough
events. This is consistent with Reed and Recker (1971), withexl 18 tropical synoptic waves
in the west Pacific region from the Marshall Islands westvardut 1(° longitude and found
that the wave troughs had higher rainfall accumulationssuh, Kelvin and MRG troughs are
generally preferred locations for MCSs compared to lorigem precipitation data at Kwajalein
(Tables 4 and 5, Fig. 13).

However, the number of radar volumes containing MCS agtwaéried widely among the
trough events (Fig. 13), and nearly half of the radar volumesur Kelvin and MRG wave
troughs consisted only of small, isolated areas of preatipit (Tables 5 and 6, Figs. 13, 14, and
15a). Thus, while satellite data show that MRG and Kelvingtws are coupled with large areas
of anomalously cold clouds, these troughs are not alwaysaded with large contiguous areas
of precipitation. Two of the possible reasons for this arkdd to our definition of trough events:
(1) the widely used Wheeler and Kiladis (1999) spectralysisimethod uses twice-daily OLR

data, and the large-scale cloudy areas may at times be tiseons between the twice-daily
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satellite times; (2) we look for strong wave-filtered negatOLR anomalies averaged across a
spatial domain to identify strong trough convective atyivso in some cases the strong OLR
signal can be situated outside of the Kwajalein radar dorairs considered an event across
the averaging domain. This was the case for five trough e(&eisin event numbers 8, 13,
and 14, MRG events 7, 13 — Fig. 13). Our methodology identifiese time periods as trough
events in the averaging box, and we retain these events idataset to minimize subjectivity
and to remain consistent with how many previous studiestifieoth wave activity. These five
events had rain areas that were generally smaller than rhtst other wave events, and three
events contained only isolated activity.

Kelvin and MRG waves may also not be providing enough lagdesforcing consistently
across the whole trough region to sustain MCSs. Other siginififorcings, such as other equa-
torial waves, the diurnal signal, and gravity waves fromrbgdCSs (e.g., Mapes 1993; Mad-
den and Julian 1994; Chen and Houze 1997), likely modulateezdion near Kwajalein and
help to produce rain events that often contain isolated ectiwe activity.

It is also likely that the interaction of waves with convectigenerates MCSs that, due
to their own dynamics, move at different velocities than weae. MCSs can then decouple
somewhat from the wave trough and move quasi-independemtlis was the view of S06,
though our trough-related approach in this study does raguwat for such independent MCS
motion.

Observed MCS structure near Kwajalein also contrasts wiithMdchematics (e.g., Fig. 1
of Houze et al. 1989; Fig. 13 of Zipser 1977). These schematie the result of compositing
MCS structures across many times and depict continuousdineisture flow fields across an

expansive, non-porous cloud region. MCSs in this studylyar@responded to this averaged
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structure because they usually had many convective corbsdaed throughout the stratiform
area and had internal areas where reflectivity did not ext&edBZ (e.g., Table 6, Fig. 16).
This was also observed when we browsed TOGA COARE data (étit@r 1995). Embedded
convective cores and reflectivity holes suggest that ssale perturbations exist within the
MCSs and interrupt flow fields in ways that may be dynamicaigpigsicant, and that such
perturbations are more abundant and/or stronger in Ken@8blthan in MRG.

Samples over both wave types had observed maximum attaoreckative precipitation
areas, both overall and for a given total precipitation arBais suggests a lid on the size of
convective precipitation sustainable by the atmosphegie Kkevajalein. Stratiform precipitation
area fractions varied widely with small total rain areas dpenierally increased and converged
towards 1.0 as total precipitation areas increased. Thasective and stratiform precipitation
area properties were also observed using the S06 dataggésting that they are robust results.

Kelvin trough events often contained slightly more orgadimesoscale precipitation struc-
tures than MRG trough events. Across the whole datasetjiKgtwghs more often contained
fewer but larger contiguous rain blobs, larger MCSs, angelatotal precipitation areas than
MRG troughs (Tables 5, 6, and 7, Figs. 12, 14, and 15b,c). €diwe lines occurred three to
four times more often during Kelvin troughs than MRG (Tab|é& . 13).

Investigation of the detailed physical reasons for diffieess in mesoscale precipitation or-
ganization between Kelvin and MRG waves was beyond the safdpés study. The spatiotem-
poral resolution of our observations does not allow for sanhexamination. Few previous
equatorial wave studies have performed wave-related digahamalyses that allow for direct
comparisons of dynamical features of different wave typékeeler et al. (2000), for example,

detailed the horizontal and vertical characteristics ef\thrious types of convectively-coupled

47



waves identified across January 1979 through August 199@&hMftitheir analysis, however,
relied on reanalysis output, which can be unreliable oveoiren oceans due to sparse data.

If we were to examine dynamics during our trough events usaamalysis, our results
should be very similar to those found by Wheeler et al. (2000kir Figures 7 and 15 (repro-
duced as our Figs. 26 and 27) suggest that convectivelyledifelvin waves have associated
with them deeper and perhaps stronger areas of upward ntbaarthose of MRG waves. The
region of upward motion also seems to be more persistentnia with respect to the filtering
base point. Such an enhanced region of positive verticabmanplies enhanced convergence
through at least some of the troposphere for the Kelvin warapared to the MRG wave.
This may be expected given that Kelvin wave amplitudes aneigdly larger than MRG wave
amplitudes.

The direction of motion of the large-scale convergencearegnay also impact wave dy-
namics and convective development. Haertel and Johns@®)2&ed a dry linear modeling
study to show that while a thermal forcing produces locales@erturbations in opposite di-
rections, a moving thermal forcing creates a stronger gramode response in its direction of
motion. With the eastward-moving Kelvin wave, the eastwaia/ing convective region may
enhance wave structure and convective activity more slydogts east where new convective
development occurs, thus preconditioning the upstreawexbive environment (Straub and Ki-
ladis 2003a). However, since the MRG convective region rmewestward, an enhanced gravity
mode response may enhance the wave structure towards thaatksr than towards the east

where the new convective development occurs.
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8. Concluding Remarks

In this study, we have used several techniques to analyzedisescale precipitation struc-
tures associated with large-scale equatorial waves neajaf@n Atoll. These techniques in-
clude: visual organization analysis (identifying isothigctivity, MCSs, and convective line
structures — Table 5, Figl3), upper-air sounding compe$kes. 11 and 21), objective con-
tiguous rain area ‘blob’ analysis (identifying number,esighape, orientation, separation, and
intensity of individual rain blobs — Table 6, Figs. 9, 14, Hxnd 16), convective-stratiform
precipitation classification (Table 7, Figs. 9, 17, 18, 24, @xd 28), total rain area coverage
(Tables 4 and 7, Figs. 12 and 13), contoured frequency-iityrde reflectivity diagrams (Figs.
17 and 18), and effective echo height distributions (Fig. 28

The main results — descriptions of the mesoscale predipitatructures associated with
Kelvin and MRG troughs — are outlined in Section 7. In compgrihe statistics of radar
volumes during our Kelvin samples to those during MRG, wentbthat the Kelvin troughs
tended to have larger total rain areas and larger stratifarmareas compared to MRG. This
conclusion is consistent with the speculation of SO06 basettheir CFAD analysis, though the
shift in the CFAD reflectivity mode which led S06 to make thigsulation is not robust to our
change in wave event definition. As speculated by S06, Kehonghs tended to have more
organized convection than MRG, with more frequent occueerof linear structures. Besides
these arguably modest differences, the convection ocgumi the two types of wave troughs
does not differ significantly.

Some of our results are consistent with previous studiesopidal precipitation. Longer
time-scale studies have noted the propensity of Kwajakamevents to contain scattered areas

of isolated precipitation (e.g., Schumacher and Houze 2080€r et al. 2005; Cetrone and
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Houze 2006). The skewed lognormal frequency distributimintal precipitation areas and
of individual contiguous precipitation areas during owugh events (Table 7, Figs. 12 and
15a), which reflect the propensity of small and isolated ipration activity, are consistent
with previous studies at Kwajalein and elsewhere in theitfe.g., Houze and Cheng 1977;
Lopez 1977; Yuter et al. 2005; Cetrone and Houze 2006). Alsostratiform area proportion
of accumulated total areas in this study (about 77%) is vernyla to observations during
EPIC (76%, Cifelli et al. 2007), less than during TEPPS (8@&#elli et al. 2007), and more
than during TOGA COARE ship cruises (66%-74%, Short et a@7)9 These differences in
stratiform area fraction may not be significant given deferes in methodology among these
studies.

A result that was inconsistent with other studies (e.g.nBamand Sieckman 1984; LeMone
etal. 1998; Johnson et al. 2005; Cetrone and Houze 2006 heg@®br correlation of convective
line orientation to low- and mid-level vertical wind she@able 5, Fig. 21c). This may warrant
further investigation where convective lines occur moegrently and can be observed across
a larger domain that that of the Kwajalein radar and with aisfsamporally denser sounding
network.

The generality of these findings with these and other typegaots should be investigated
in other tropical regions where long term radar datasetst.eX®ther methods of identifying
equatorial waves (e.g., relying more closely on the hotialostructure functions of equatorial
wave theory, as in Yang et al. 2003) and their associated snakoprecipitation organization
may also be interesting to test. Objective blob analysis beayseful in quantifying the hori-
zontal characteristics of individual rain areas (Tablewd)ile the volume-wide effective echo

height calculation may be a more useful representatioroofrsheights than following particu-
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lar reflectivity contours (Fig. 28). The results of many o 8tatistical analyses of precipitation
structures that we employ, especially the ensemble thigslob convective and stratiform pre-
cipitation structures (Figs. 24, 25), would be convenierddmpare to model output . It may be
useful to quantify MCS embedded convection and MCS porasityther regions, study their

physical implications, and evaluate the realism of mod&&S5s.
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List of Figures

1

(Matsuno 1966 Fig. 3a) Frequencies as functions of wavebeunT hin solid
line: eastward propagating inertio-gravity waves. Thishiad line: westward
propagating inertio-gravity waves. Thick dashed line: Wéhat is like the
Kelvinwave. . . . . . . . . . . . e
(Gill 1980 Fig. 1b) Linear model solution for a heating @gsymmetric about
the equator. The heating source exists at the convergemegukt east of the
two cyclones. Contours of perturbation pressure are shoamtgured every
0.3), which is negative everywhere. Arrows indicate theogiy field for the
lower layer of the model. The Kelvin wave emanates eastwanm the heat-
ing source, with associated easterly winds, while a plapetave emanates

westward with associated westerlies. . . . . . . . . . . . ... ..
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(Straub and Kiladis 2003a Fig. 2) Regressed OLR (shaditif) hPa stream-
function (contours), and winds (vectors) at lag times nof€dese values are
based on a -40 Wit anomaly in Kelvin wave-filtered OLR at 79N 172.5

°W for the 15 Southern Hemisphere winters 1979-1993. OLR islgaid at

+6 and 15 Wm? (dark shading is negative), streamfunction contours ageyev
7.5x10° m?s~! (zero contour omitted), and the longest wind vectors cpoad

to a 10 ms! wind (only v andv values significant to at least 95% are shown;
significance is determined using a local two-sided testtoaat for correlation
and degrees of freedom). . . . . . . . ... 4
(Wheeler and Kiladis 1999 Fig. 6) The (a) antisymmetric @mdsymmetric
OLR power spectra (across January 1979-August 1996, suraaness 10S -
10°N, with base-10 logarithm taken) divided by the backgrouoder spectra
(arrived at by averaging the individual power spectra andathing wavenum-
ber and frequency). Contours less than 1.1 or greater thhamarg. omitted.
Thin lines are the various equatorial wave dispersion cifee the different
equivalent depthshe8, 12, 25, 50, 90 m). Thick boxes indicate the regions of
the wavenumber-frequency domain that are used to filter OAtR fbr specific

WaVE tYPES. . . o o i e e e e
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5

(Wheeler et al. 2000 (a) Figure 6 (b) Figure 14) The thecaetquatorially
trapped (a) Kelvin wave solution and (b) MRG wave solutiothilinear shal-
low water equations on an equatoriaplane (as in Matsuno 1966) for zonal
wavenumber 1. Hatching indicates convergence and shaddigates diver-
gence at a 0.6 interval. Unshaded contours are geopotant#a.5 interval.
Negative contours are dashed and the zero contour is omitéstiors indicate
wind, and the longest arrow is 2.3 units. Dimensional scatesas in Matsuno
(L966). . . o o o e e 76
(Wheeler et al. 2000 Fig. 3a and Fig. 3e). Geographicatibligion of (a)
Kelvin-filtered OLR variance and (b) MRG-filtered OLR varenfor all sea-
sons across January 1979-August 1996. Contour intervd Mm—2)2. A
thick X marks the point of maximum variance — in the eastedidn Ocean for

Kelvin, in the west-central Pacific Ocean for MRG. . . . . . . .. ... .. 77
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7

((@)Wheeler and Kiladis 1999 Fig. 9b, (b) Wheeler et al.®Bi@. 12) (a) Time-
longitude section of the OLR anomalies for the Kelvin waveefed band for
0600 UTC 1 September 1992 - 0600 UTC 1 March 1993 averagedsadf®
°S-2.5°N. Solid and dashed lines correspond to convectively cauikdvin
wave disturbances. (b) Time-longitude diagram of anoreafeOLR (hatch-
ing/shading) and 1000 hPa zonal-meridional wind (vectsspaiated with the
OLR variation of the convectively coupled MRG wave at basad.5 °N
177.5°E. Each field is averaged across 2.5 - 16 Two levels of hatching
denote OLR anomalies greater than 4 and 8 Wrand the three levels of shad-
ing denote OLR anomalies less than -4, -8, and -12A/mespectively. Wind
vectors are locally significant to 99%, with the largest ve€69 ms!. . . .. 78
Kelvin (a-c) and MRG (d-f) OLR anomaly data for this studya€eltop row of
each wave type is the wave-filtered OLR anomaly data, anddtterh row is
the raw OLR anomaly data. Lag times are given as -48 h (a,d)0eh, and

+48 h (c,f). An X marks the location of Kwajalein. . . . ... .. .. ... 79
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10

Example reflectivity (a,d), convective-stratiform-wdake, see Section 3), and
blob detection (c,f, see Section 4) representations of tiierdnt organizational
regimes in this study — isolated (a-c, 0549 UTC 13 Decemb@ip@nd large
rain areas with embedded convection (coexistent with sewiated, d-f, 0223
UTC 30 October 1999). These images represent data from Zhlen@-altitude
layers of the three-dimensional radar volumes (radiuskb®)7 Distance scales
are in km. Convective-stratiform-weak map colors represerak echo (light
gray), stratiform echo (blue), and convective echo (greénglividual colors
on the blob detection represent different individual oguius rain blobs. The

dark MCS blob in (f) is referred to in the text for its porosityhich is 0.089,

totals 919 km, and is evident as white space withinthe blob. . . . . . ... ..

(Neshitt et al. 2006 Fig. 1d) TRMM PR near-surface refl@gti(shading,
dBZ), TRMM Lightning Imaging Sensor lightning flashes (pkigns), and lo-
cations of best-fit ellipses of precipitation features wittach scene. The major

and minor axes are labeled for the largest precipitatiotufea . . . . . . . . .
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11

12

Time-lag composite sounding anomalies for temperaayt®,(specific humid-
ity (c,d), and zonal wind (e,f). Kelvin and MRG composites this study
(a,c,e) are in 12 hintervals, temporally smoothed for digpising a 36 h run-
ning mean. Soundings during a TEPPS Kelvin wave event Jlaifespond to
Straub and Kiladis (2002) Figs. 10, 14, and 11, respectivati 4 h resolution.
Darker shading and solid contours represent positive salGentour intervals

are: (a) 0.25C, no values #.25[; (b) 0.3°C, no zero values; (c) 0.125 gky

no values 40.125|; (d) 0.3 gkg', no zero values; (e) 0.375 m's no values
<[0.375[; (f) 1.0 ms™}, no zero values. Areas in (a,c,e) significantly different to
90% (Student’s t-test) from the full July-December 199920dataset are out-
lined in bold contour. Time scales in (a,c,e) reflect oneriidije-trough-ridge
wavelength. The MRG time axis has been reversed because MRREswnove
easttowest. . . . . . ..
Normalized frequency of occurrence of total rain areaesacall Kelvin and
MRG radar volumes using a reflectivity threshold of 15 dBZ ba 0-2 km
altitude layer of radar volumes (radius=157 km, domain &i# 752 kni)
and plotted on a logarithmic scale. Dots are placed whergiiKelata have a
significantly higher frequency of that particular rain atea than MRG, and
likewise an X is placed along the MRG line where MRG has a §icamtly

higher frequency than Kelvin. Significance is calculate®%86 using a 10

000-member Monte Carlotest. . . . . . . . . . . . . .. ... .. 84
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14

15

16

Horizontal precipitation organization for (a) Kelvirda volumes and (b) MRG
volumes in this study, along with observed precipitaticgear(bottom of each).
Organization is determined visually (Section 3) usingalér intervals of the
0-2 km altitude layer of radar volumes (radius=157 km, donzaea=76 752
km?); precipitation areas are also extracted at these half-imbervals. Wave
events are bounded by vertical lines, and a point is placedgt time for the
type(s) of organization seen at that time. Note that thesaatrcontinuous time
SEIBS. . . .
Normalized frequency of occurrence of the number of bfmdysradar scan (at
the 0-2 km altitude layer of radar volumes, radius=157 km)sall Kelvin and
MRG radar volumes using a blob reflectivity threshold of 12ZdBtatistical
significance is indicated asinFig. 12. . . . .. .. ... .. ... . ..., 86
Normalized frequency of occurrence of (a) all blob siZb},'medium-sized’
non-MCS blobs, and (c) MCS blob sizes, across all Kelvin arRGviradar
volumes (radius=157 km, domain agea6 752 kni) in this study using a 15
dBZ reflectivity blob detection threshold on the 0-2 km alti¢ layer. Statistical
significance is indicated asinFig. 12. . . . .. .. ... .. ... . ..., 87
Observed MCS rain area and corresponding MCS porosiidrain this study,
using a 15 dBZ reflectivity blob detection threshold on thH&km altitude layer,
for Kelvin radar volumes (dot) and MRG radar volumes (x), reh@adius=157
km and domain area76 752 kni. Zero porosity indicates that the MCS had no

interior areas with reflectivity <15dBZ. . . . . . . ... .. ... ... .. 88
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17

18

19

20

21

CFADs of reflectivity for our Kelvin trough radar volumes,lj,c) and MRG
trough volumes (d,e,f) for total precipitation areas (@&sl)vell as precipitation

categorized as convective (b,e) and stratiform (c,f). Gorg are plotted at

0.125% data dBZ'km~1. Vertical lines are drawn on (a,b,c) to approximate

the near-surface modal ensemble total, convective, aatifstm reflectivities
for the Kelvin data, and the lines are reproduced in the sdaweor MRG data.
As in Fig. 17, but using S06 wave event data.

(Yuter and Houze 1995 Fig. 8a) CFAD of radar reflectivitynira stratiform
region observed to the rear of a Kansas squall line at 0345 UT@Qune 1985
during the PRE-STORM project. Bin size is 2.5 dBZ, contoust8% dBZ !
km=lintervals. . . . . . . . ...
Schematic representation, with a radar reflectivity piaw and vertical cross
section, of (a) an idealized mature-stage leading-lindirigastratiform MCS
(based on Fig. 1c of Leary and Houze 1979), and (b) an MCS mypreal of
Kwajalein and the west Pacific warm pool. The outside contepresents the
weakest detectable radar reflectivity, and successive to@ours and shad-
ings represent successively stronger reflectivities. Rar&ws represent hy-
drometeor particle trajectories emanating from the cativecegion(s). . . . .
Normalized frequency distributions of vertical wind ahan the 1000-700 hPa
layer in this study. Shear speed and direction for (a) alB12903 rainy season
soundings; (b) all 59 Kelvin and 33 MRG soundings; (c) the 28vit and

6 MRG soundings that are closest in time to when convectivesliwere at

maximum visible organization during Kelvinand MRG events. . . . . . . .
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22

23

24

(Fig. 4 from Johnson et al. 2005) Schematic depiction ftegivione et al.
(1998) of four main categories of convective structures dimen low-level
(1000-800 hPa) and mid-level (800-400 hPa) vertical windass based on
TOGA COARE observations and modified to include results fIS8SEMEX
(Johnson et al. 2005). Specifically, modes 2r and 4c werecaddaagths of the
convective bands are 100 to 300 km; line segments in upfterdeel are up to

50 km long. The cutoff between ‘strong’ and ‘weak’ shear fug tow-levels is

4 ms! and for mid-levels is 5 ms. Arrows marked L and M are shear vectors
for low- and mid-levels, respectively. . . . .. .. .. ... ... oL 94
Observed stratiform rain area per total rain area acrbs&ebvin and MRG
radar volumes in (a) our trough dataset and in (b) the S06 wWataset. Total
area and stratiform area fraction are calculated on the ®+2lktude layer of
radar volumes (radius=157 km, domain &&& 752 kni). . . . . ... .. .. 95
Observed stratiform rain area fractions per total ragaacross all Kelvin and
MRG radar volumes in this study. (a) is a scatter plot versand to more
clearly indicate the frequency distribution, (b) is a dgngiot representation

of (a) with shadings representing fractional frequencyat8orm area fraction

is calculated on the 0-2 km altitude layer of radar volumeslirs=157 km,
domain arez76 752 kn3). Stratiform fractions below 0.3 are infrequent and
omitted. Note that there are no stratiform area fraction®fBG for total rain

areas > 46 224 kfbecause such total areas were not observed for MRG cases.
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25

26

As in 24, but with observed convective precipitation arpar total rain area.
Convective rain areas > 10 716 kmonly occur in the Kelvin data. These large
convective areas are reached and sustained during tworKegaxie events. The

maximum observed convective area is about 20% of the radaaitho(~15 500

(Wheeler et al. 2000 Fig. 7) Longitude-height cross sastalong the equator
of the vertical velocity (shading), temperature (contpuesid zonal-vertical
wind (vectors) anomalies associated with the OLR variatidhe convectively-
coupled Kelvin wave at the base poirt,®0°E, for day -3, day +1, and day +5.
Lightest shading shows downward velocity <-0.1 cm,snedium shading for
upward velocity >0.1 cm, and darkest shading for upward velocity >0.2 cm
s~1. Contour interval for temperature is 0.1 K, with negativetours dashed.
Vector vertical wind component is multiplied by a factor & and the largest
labeled vectors (top-right corner) are in units of meterssgeond. Single and
double bars at the top of each plot show the positions of thR @homalies
<-5 W m~2 and >5 W n12, respectively. Wind vectors are locally statistically
significant at the 99% level, and the contours are only shouimimtwo levels

vertically or 15° horizontally of points that are locally significant at the?89
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27

28

(Wheeler et al. 2000 Fig. 15) As in Fig. 26 except for theveatively-coupled

mixed Rossby-gravity wave at the base point Mg 177.5°E, shown along

7.5°N. The times are for the lags of day -2.5, day 0, and day +5. iBgad
contours, and vectors are as in Fig. 26. The thick single adle bars at the

top of each plot show the positions of the OLR anomalies <-5 W and >5

Wm=2 respectively. . . .. .. ... ... 99
Density plots of the normalized frequency distributideiective echo heights

for Kelvin (a,b) and MRG (c,d) convective (a,c) and stratifio(b,d) precipita-

tion areas. Shadings represent fractional frequency,fendame shading scale

is used in each plot. Altitude bins are centered on each 2 ier [af radar data

(for example, the 1 km bin represents the 0-2 km altituderjaye . . . . . . . 100
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Fic. 1. (Matsuno 1966 Fig. 3a) Frequencies as functions of waweber. Thin solid line:
eastward propagating inertio-gravity waves. Thin dasimesl lwestward propagating inertio-
gravity waves. Thick dashed line: Wave that is like the Kehave.
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Fic. 2. (Gill 1980 Fig. 1b) Linear model solution for a heatingjimn symmetric about the

equator. The heating source exists at the convergenceushegst of the two cyclones. Con-
tours of perturbation pressure are shown (contoured ev8)yWhich is negative everywhere.
Arrows indicate the velocity field for the lower layer of theodel. The Kelvin wave emanates
eastward from the heating source, with associated eastertys, while a planetary wave em-
anates westward with associated westerlies.
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FIG. 3. (Straub and Kiladis 2003a Fig. 2) Regressed OLR (shad2@f hPa streamfunction
(contours), and winds (vectors) at lag times noted. The&sesaare based on a -40 W
anomaly in Kelvin wave-filtered OLR at 7?5 172.5°W for the 15 Southern Hemisphere win-
ters 1979-1993. OLR shading isa6 and 15 Wm? (dark shading is negative), streamfunction
contours are every 7:8L0° m?s~! (zero contour omitted), and the longest wind vectors corre-
spond to a 10 ms wind (only« andv values significant to at least 95% are shown; significance
is determined using a local two-sided test to account faretation and degrees of freedom).
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Regions of filtering for OLR A (Antisymmetric)
8
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(b)

FIG. 4. (Wheeler and Kiladis 1999 Fig. 6) The (a) antisymmetrid &) symmetric OLR
power spectra (across January 1979-August 1996, summeskal®S - 10°N, with base-10
logarithm taken) divided by the background power spectravéd at by averaging the indi-
vidual power spectra and smoothing wavenumber and fregiier@ontours less than 1.1 or
greater than 1.4 are omitted. Thin lines are the varioustegabwave dispersion curves for
the different equivalent depths%£8, 12, 25, 50, 90 m). Thick boxes indicate the regions of the
wavenumber-frequency domain that are used to filter OLR foatspecific wave types.
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(n=—1), k*=1, Kelvin
T I I

T

3__ —

-3 0.230E+01]
1 1 1 ! T

1
—r -/2 0 /2 'rr
@)
n=0, k*=1, Mixed Rossbygravity
T T

T T l I I

-3 O.400E+!§1—
1 | 1 1 1 I

- -mn/2 0 /2 0
(b)

FIG. 5. (Wheeler et al. 2000 (a) Figure 6 (b) Figure 14) The thimakequatorially trapped (a)
Kelvin wave solution and (b) MRG wave solution to the linehakow water equations on an
equatorialg-plane (as in Matsuno 1966) for zonal wavenumber 1. Hatcimdigates conver-
gence and shading indicates divergence at a 0.6 intervahadled contours are geopotential at
a 0.5 interval. Negative contours are dashed and the zetowois omitted. Vectors indicate
wind, and the longest arrow is 2.3 units. Dimensional scaitesas in Matsuno (1966).
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OLR variance of Kellvin band | (AIII seasons)|
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FIG. 6. (Wheeler et al. 2000 Fig. 3a and Fig. 3e). Geographiadfidution of (a) Kelvin-
filtered OLR variance and (b) MRG-filtered OLR variance fdrsglasons across January 1979-
August 1996. Contour interval is 15 (Wrf)2. A thick X marks the point of maximum variance
— in the eastern Indian Ocean for Kelvin, in the west-cereific Ocean for MRG.
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Kelvin wave filtering
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FiG. 7. ((@)Wheeler and Kiladis 1999 Fig. 9b, (b) Wheeler et @D@Fig. 12) (a) Time-
longitude section of the OLR anomalies for the Kelvin wavkeifed band for 0600 UTC 1
September 1992 - 0600 UTC 1 March 1993 averaged acro$S-P05°N. Solid and dashed
lines correspond to convectively coupled Kelvin wave disamces. (b) Time-longitude dia-
gram of anomalies of OLR (hatching/shading) and 1000 hPalzoeridional wind (vector)
associated with the OLR variation of the convectively cedpMRG wave at base point 7.5
°N 177.5°E. Each field is averaged across 2.5 - 15 Two levels of hatching denote OLR
anomalies greater than 4 and 8 Wimand the three levels of shading denote OLR anomalies
less than -4, -8, and -12 Wrh, respectively. Wind vectors are locally significant to 99%4th

the largest vector 0.69 m&.
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Composite OLR at Lag = —48
T T

Composite OLR at Lag = 0 (MRG) Composite OLR at Log = 48 (NRG)

T o T T T T T
VAR

| |

() (e) ®

Fic. 8. Kelvin (a-c) and MRG (d-f) OLR anomaly data for this studyhe top row of each
wave type is the wave-filtered OLR anomaly data, and the bottw is the raw OLR anomaly
data. Lag times are given as -48 h (a,d), 0 h (b,e), and +48)h £¢) X marks the location of
Kwajalein.
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FiGc. 9. Example reflectivity (a,d), convective-stratiform-akgb,e, see Section 3), and blob de-
tection (c,f, see Section 4) representations of two diffecgganizational regimes in this study
— isolated (a-c, 0549 UTC 13 December 2001), and large r&asawith embedded convec-
tion (coexistent with some isolated, d-f, 0223 UTC 30 Octd#99). These images represent
data from the 0-2 km altitude layers of the three-dimendicadar volumes (radius=157 km).
Distance scales are in km. Convective-stratiform-weak owprs represent weak echo (light
gray), stratiform echo (blue), and convective echo (grekmividual colors on the blob detec-
tion represent different individual contiguous rain blobke dark MCS blob in (f) is referred to
in the text for its porosity, which is 0.089, totals 919 kmand is evident as white space within
the blob.
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PR Near Surface Reflectivity |  Rain :

- 4-Jan-2000 7:35 UTC Ellipse:
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‘Minor £

" S o e  —— f 30
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: Locations :
5 'h. ..............
20
: : : : : 15
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Fic. 10. (Nesbitt et al. 2006 Fig. 1d) TRMM PR near-surface réflgg (shading, dBZ),
TRMM Lightning Imaging Sensor lightning flashes (plus sigrend locations of best-fit el-
lipses of precipitation features within each scene. Thena)d minor axes are labeled for the
largest precipitation feature.
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FiGc. 11. Time-lag composite sounding anomalies for tempegdub), specific humidity (c,d),
and zonal wind (e,f). Kelvin and MRG composites for this st(a,c,e) are in 12 h intervals,
temporally smoothed for display using a 36 h running meann8imgs during a TEPPS Kelvin
wave event (b,d,f) correspond to Straub and Kiladis (20093.F10, 14, and 11, respectively,
with 4 h resolution. Darker shading and solid contours regmé positive values. Contour
intervals are: (a) 0.25C, no values 0.25]; (b) 0.3°C, no zero values; (c) 0.125 gky no
values €0.125(; (d) 0.3 gkg*, no zero values; (e) 0.375 m's no values 4.375/; (f) 1.0 ms™!,
no zero values. Areas in (a,c,e) significantly different @®(Student’s t-test) from the full
July-December 1999-2003 dataset are outlined in bold confbime scales in (a,c,e) reflect
one full ridge-trough-ridge wavelength. The MRG time axas lbeen reversed because MRG
waves move east to west.
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Frequency Distribution of Total Precipitation Area
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FIG. 12. Normalized frequency of occurrence of total rain amaess all Kelvin and MRG
radar volumes using a reflectivity threshold of 15 dBZ on tk2 Kim altitude layer of radar
volumes (radius=157 km, domain ak&a6 752 kni) and plotted on a logarithmic scale. Dots
are placed where Kelvin data have a significantly higherdeegy of that particular rain area
bin than MRG, and likewise an X is placed along the MRG line ®hdRG has a significantly
higher frequency than Kelvin. Significance is calculate€@58&o using a 10 000-member Monte
Carlo test.
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Kelvin Precipitation Organization and Area
TS Line . P o °
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MRG Precipitation Organization and Area
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FiG. 13. Horizontal precipitation organization for (a) Kelviedar volumes and (b) MRG vol-
umes in this study, along with observed precipitation afeatom of each). Organization is
determined visually (Section 3) using half-hour intervailshe 0-2 km altitude layer of radar
volumes (radius=157 km, domain ake& 752 kn?); precipitation areas are also extracted at
these half-hour intervals. Wave events are bounded byca¢itnes, and a point is placed at
each time for the type(s) of organization seen at that timetehat these are not continuous
time series.
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Frequency Distribution of the Number of
Contiguous Rain Blobs Per Radar Scan
m— Kelvin |
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FIG. 14. Normalized frequency of occurrence of the number db®loer radar scan (at the 0-2
km altitude layer of radar volumes, radius=157 km) acrokskellin and MRG radar volumes
using a blob reflectivity threshold of 15 dBZ. Statisticgrsficance is indicated as in Fig. 12.
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Blob Rain Areas — All Blobs
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Fic. 15. Normalized frequency of occurrence of (a) all blob sjZ®) ‘medium-sized’ non-
MCS blobs, and (c) MCS blob sizes, across all Kelvin and MR@aravolumes (radius=157

km, domain arex76 752 kni) in this study using a 15 dBZ reflectivity blob detection sireld
on the 0-2 km altitude layer. Statistical significance ig¢ated as in Fig. 12.
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MCS Porosity and MCS Rain Area
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FIG. 16. Observed MCS rain area and corresponding MCS porasitfidn in this study,
using a 15 dBZ reflectivity blob detection threshold on th2 Km altitude layer, for Kelvin
radar volumes (dot) and MRG radar volumes (x), where radiGgkm and domain are&/6

752 k. Zero porosity indicates that the MCS had no interior areifis iflectivity < 15 dBZ.
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Kelvin Total Kelvin Conv Kelvin Strat
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FiG. 17. CFADs of reflectivity for our Kelvin trough radar volusiéa,b,c) and MRG trough
volumes (d,e,f) for total precipitation areas (a,d) as vasllprecipitation categorized as con-
vective (b,e) and stratiform (c,f). Contours are plotte®.d425% data dBZ'km~'. Vertical
lines are drawn on (a,b,c) to approximate the near-surfamgairensemble total, convective,
and stratiform reflectivities for the Kelvin data, and theels are reproduced in the same place
for MRG data.
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FIG. 18. Asin Fig. 17, but using S06 wave event data.
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Fic. 19. (Yuter and Houze 1995 Fig. 8a) CFAD of radar reflectifigm a stratiform region
observed to the rear of a Kansas squall line at 0345 UTC 111R8teduring the PRE-STORM
project. Bin size is 2.5 dBZ, contoured at 5% dBZm~! intervals.
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Particle Trajectories

Idealized

(@)

Typical of
Kwajalein

(b)

FIG. 20. Schematic representation, with a radar reflectivighpliew and vertical cross sec-
tion, of (a) an idealized mature-stage leading-line tngistratiform MCS (based on Fig. 1c of
Leary and Houze 1979), and (b) an MCS more typical of Kwajadeid the west Pacific warm

pool. The outside contour represents the weakest detectaddr reflectivity, and successive in-
ner contours and shadings represent successively stroefggtivities. Dark arrows represent
hydrometeor particle trajectories emanating from the eotive region(s).
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Normalized Frequency

Normalized Frequency

Fic. 21. Normalized frequency distributions of vertical wirttear in the 1000-700 hPa layer
in this study. Shear speed and direction for (a) all 199932@ny season soundings; (b) all
59 Kelvin and 33 MRG soundings; (c) the 23 Kelvin and 6 MRG sbngs that are closest in
time to when convective lines were at maximum visible orgation during Kelvin and MRG

events.
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FIG. 22. (Fig. 4 from Johnson et al. 2005) Schematic depictiomft.eMone et al. (1998)
of four main categories of convective structures for given-level (1000-800 hPa) and mid-
level (800-400 hPa) vertical wind shears based on TOGA COABRiervations and modified to
include results from SCSMEX (Johnson et al. 2005). Spedificaodes 2r and 4c were added.
Lengths of the convective bands are 100 to 300 km; line setgmemupper-left panel are up
to 50 km long. The cutoff between ‘strong’ and ‘weak’ sheartfe low-levels is 4 ms! and
for mid-levels is 5 ms!. Arrows marked L and M are shear vectors for low- and midive

respectively.
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Trough Dataset
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FiG. 23. Observed stratiform rain area per total rain area acbtKelvin and MRG radar
volumes in (a) our trough dataset and in (b) the S06 wave elatagtal area and stratiform area
fraction are calculated on the 0-2 km altitude layer of raddumes (radius=157 km, domain
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FIG. 24. Observed stratiform rain area fractions per total aaga across all Kelvin and MRG
radar volumes in this study. (a) is a scatter plot versiod, tarmore clearly indicate the fre-
guency distribution, (b) is a density plot representatib(ad with shadings representing frac-
tional frequency. Stratiform area fraction is calculatedtbe 0-2 km altitude layer of radar
volumes (radius=157 km, domain agez6 752 kni). Stratiform fractions below 0.3 are infre-
guent and omitted. Note that there are no stratiform aresidras for MRG for total rain areas
> 46 224 kmi because such total areas were not observed for MRG cases.
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FIG. 25. As in 24, but with observed convective precipitatioeaar per total rain area. Con-
vective rain areas > 10 716 Kronly occur in the Kelvin data. These large convective areas a

reached and sustained during two Kelvin wave events. Thémuem observed convective area
is about 20% of the radar domain (~15 500%m
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Kelvin vertical section at Equator |w, T, (uw)]

HEIGHT (%a] PRESS. (KPa)
|
,24 : nZNE=aL &0
us nesat|
20
- 70
18 =
- =
18
& d = I 150
18 } L 250
0
8 - L 400
& |
4 - N - 60D
2 B . T2 A 3 L 850
2loay -3 - <f Sl e . .
HEIGHT tkal PRESS. (WPa)
24 = [} J‘.;[: =00 30
22 =
0
0
18 0
18
14 - 150
1e ¢ b 250
0l
9 ) 400
& - — 60D
4 ’ =
2 = . = g¢) |80
o DA?“’" ,L e A L
HEIGHT thl PRESS  (hPal
24 1 1 Il L 30
0 IBOE-01
22 4 Lol
20 4 "
70
18 N
1% 4 L/
ire 150
12 &~ ~ —_— 550
1ic
84 a0o
6 9 3
g 800
—
21 - 850
+
0 DAY ? - - . - —— - T —r 1000
BOW ap"w 20'E 60'E 100°E 140°K 180 140°W 100" W 80w

FIG. 26. (Wheeler et al. 2000 Fig. 7) Longitude-height crossiges along the equator of the
vertical velocity (shading), temperature (contours), amdal-vertical wind (vectors) anomalies
associated with the OLR variation of the convectively-dedKelvin wave at the base point
0°, 90°E, for day -3, day +1, and day +5. Lightest shading shows davdwelocity <-0.1

cm s!, medium shading for upward velocity >0.1 cm'sand darkest shading for upward
velocity >0.2 cm s'. Contour interval for temperature is 0.1 K, with negativatowrs dashed.

Vector vertical wind component is multiplied by a factor @ and the largest labeled vectors
(top-right corner) are in units of meters per second. Siagke double bars at the top of each
plot show the positions of the OLR anomalies <-5 W and >5 W nv2, respectively. Wind

vectors are locally statistically significant at the 99%ele\and the contours are only shown

within two levels vertically or 1% horizontally of points that are locally significant at the289
level.
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MRG vert. section at 7.5°N [w, T, (u,w)]
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FiG. 27. (Wheeler et al. 2000 Fig. 15) As in Fig. 26 except for thevectively-coupled mixed
Rossby-gravity wave at the base point M 177.5°E, shown along 7.8N. The times are for
the lags of day -2.5, day 0, and day +5. Shading, contoursyecitrs are as in Fig. 26. The
thick single and double bars at the top of each plot show tis#tipos of the OLR anomalies

<-5W m~2and >5 W n12, respectively.
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FIG. 28. Density plots of the normalized frequency distribntaf effective echo heights for
Kelvin (a,b) and MRG (c,d) convective (a,c) and stratifotmd] precipitation areas. Shadings
represent fractional frequency, and the same shading scaked in each plot. Altitude bins
are centered on each 2 km layer of radar data (for exampl@, khebin represents the 0-2 km
altitude layer).
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Selected statistics of individual contiguous rain ‘bfahsing our trough events
using a 15 dBZ reflectivity threshold (Section 3). Orierdatand aspect ratio
statistics are only for blobs larger than 10 pixels. ‘Disgatetween’ is calcu-
lated as each blob’s closest neighbor in a given scan (me$atween blob
centroids). Many reflectivity standard deviation valuesev@.01, so ‘modal
standard dev. is only for standard deviation values abo®#.0. . . . . . . ..
Total precipitation areas (Ki)) convective precipitation areas (Kjnand strat-
iform precipitation areas in our trough dataset using totkinee-dimensional

radar volume scans (radius=157 km, domain @& 752 kn?) and corre-

sponding to percentiles computed from distributions of alative frequency. .
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TABLE 1. The wave event-defining methodologies of this study arkdeo$06 study, along with
the number of wave events and event-days defined using thettmads. S06 also employed

some smoothing parameters that are discussed in their. study

| Our Trough Events|

S06 Wave Events

Jul-Dec 1999-2001

Time Period Jul-Dec 1999-2003 Jul-Sep 2002
OLR Filtering Wheeler and Kiladig Kelvin: Straub and Kiladis (2002) Fig. 1
Spectral Windows (1999) Fig. 6 MRG: Wheeler and Kiladis (1999) Fig. 8
OLR Spatial 5-12.5°N 0-15°N
Averaging Domain 162.5-17CE 165-170°E
Wave Amplitude Negative, Positive or negative,
Requirements >1.50 for >24 h >20
Ra'r.] Area None >20
Requirements
Number of 23 Kelvin 22 Kelvin
Wave Events 16 MRG 22 MRG
Number of 25.5 Kelvin 52 Kelvin
Wave Event Days 16 MRG 48 MRG
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TABLE 2. Calibration corrections applied to Kwajalein radar daaJuly-December 1999-
2003 (from Houze et al. 2004).

Time Period Calibration
(YYYYMMDD) Correction (dB)
19990701-19991231 +6
20000701-20000821 0
20000822-20000925 -3
20000926-20001022 -1
20001023-20001120 0
20001121-20001212 -3
20001213-20001231 +1
20010701-20000806 +1
20010807-20011202 N/A (0)
20011203-20011231 +6
20020701-20021231 N/A (0)
20030701-20031231 N/A (0)
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TABLE 3. Radar calibration corrections applied to the radar velsiof the trough events in
this study (following Houze et al. 2004). Some periods of 2@@d all of 2002 and 2003 had
no specified calibration correction (denoted here as N/@&)he radar volumes in these periods
were not corrected.

% radar volumes
Calibration Correction Kelvin | MRG | Total
-3dB 0 7% 3%
0dB 18% | 30% | 22%
+1 dB 13% 0 8%
+6 dB 19% | 19% | 19%
N/A (0 dB) 50% | 44% | 48%
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TABLE 4. Radar echo areas (Rhrusing the long-range radar scans (radius=240 km, domain
area2180 248 km, 10-12 min frequency) corresponding to quartiles compriaah distribu-
tions of cumulative area and cumulative frequency. ‘Alfers to all July-December 1999-2003
scans. Kelvin and MRG areas are for the trough events in thdys Numbers in () show the
[wavetype - all] difference. Long-range scans were unatdel for early July 1999 and most of
October-December 2002, omitting 3 Kelvin events and 1 MRénhefrom these statistics.

| Cumulative Area |

Maximum Achieved
0.25 0.5 0.75 Total Echo Area
All 17072 31120 49 728 128 048
. 23 936 37 392 56 192
Kelvin (+6864) (+6272) (+6464) 90752
21 008 32 288 45 600
MRG (+3936) (+1168) (-4128) 64496
Cumulative Frequency
0.25 0.5 0.75 Total No. Samples
All 3759 10191 23279 88 241
. 6831 17 023 33855
Kelvin (+3073) (+6833) (+10 576) 2934
8207 18 463 31503
MRG (+4448) (+8272) (+8224) 1692
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TABLE 5. Statistics on the occurrences and characteristics ahthe major horizontal precip-
itation organizations during our trough events — isolak@S, and convective line (see Section
3 for organization methodology). Frequencies of occuresf@rganizational types were noted
visually using convective-stratiform reflectivity maps|aulated from the 0-2 km altitude re-
flectivity layer of the three-dimensional volume scans ifrad157 km, domain aréa/6 752
km?), at 30 min intervals. Sizes and porosities were calculasiag the objective blob detec-
tion algorithm (Section 4) on all Kelvin and MRG radar volwne

| Organizational Statistics | Kelvin | MRG |
= ——
Y% radar volun.u?s with isolated 9204 91%
Isolated activity
5 .
Cells Yo ra(_jar volumes_ v_wth only 54% 49%
isolated activity
Typical cell size 32 kn¥ 32 kn¥
% radar volumes containing 0 0
MCSs 18% 19%
MCSs # wave events containing MCSs 18 of 23 14 of 16
Median / Max MCS size 10 81&/1258 897 7072 /39 426 krh
% MCSs with porosity > 0.05/ 0 0
> 500 kn? 18/35% 12/15%
5 :
Yo radar vo_Ium_es with 9% 3%
Convective convective lines
Lines # wave events with lines 17 of 23 4 of 16
Line 13N-S,5NE-SW| O0ON-S, 1 NE-SW
Orientation 1E-W,5SE-NW | 0E-W, 5 SE-NW
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TABLE 6. Selected statistics of individual contiguous rain ‘ldoturing our trough events
using a 15 dBZ reflectivity threshold (Section 3). Orierdatand aspect ratio statistics are only
for blobs larger than 10 pixels. ‘Distance between’ is cltad as each blob’s closest neighbor
in a given scan (measured between blob centroids). Manytigftg standard deviation values
were 0.01, so ‘modal standard dev.’ is only for standardatem values above 0.01.

| Blob Statistic | Kelvin | MRG |
) Pos. Skew. Pos. Skew.
Freq. Dist. ) )
Number per Scan Gaussian Gaussian
P Mode 28 37
Max 87 114
. Freq. Dist. Logarithmic Logarithmic
Distance Between Mode 12 km 12 km
Orientation Clockwise . ) )
from North Freq. Dist. Nearly Uniform | Nearly Uniform
Minor:Major Axis Freq. Dist. Gaussian Gaussian
Aspect Ratio Mode 0.61 0.58
Freq. Dist. of Modal o o
Blob Value Logarithmic Logarithmic
Reflectivit Modal Blob Value 16 dBZ 16 dBZ
y Max Observed 58 dBZ 62 dBZ
Modal Blob Standard 4 dBZ 4 dBZ
Dev.
Max Observed
Standard Dev. 21dBZ 22dBZ
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TABLE 7. Total precipitation areas (Kiy) convective precipitation areas (Kjnand stratiform
precipitation areas in our trough dataset using to the tm@ensional radar volume scans
(radius=157 km, domain areg6 752 kni) and corresponding to percentiles computed from
distributions of cumulative frequency.

Cumulative Frequency

Ensemble
25% | 50% | 75% 90%

Accumulated Areq

Kelvin | 2347 | 5467 | 14 235| 28 147 37 904 400

Total Precipitation Area
MRG | 3191| 6967 | 14 613| 21 635 20 150 240

Convective Precipitation Kelvin | 467 | 1371 3595 | 5455 8 407 944

Area MRG | 643 | 1687 | 3215 | 5187 4612 220

Stratiform Precipitation | Kelvin | 1527 | 3609 | 10 745| 23 376 29 496 456

Area MRG | 2000| 4957 | 11 465| 18 488 15538 020
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