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ABSTRACT

The role of scale interactions in the maintenance of eddy kinetic energy (EKE) during the extreme phases
of the intraseasonal oscillation (ISO) is examined through the construction of a new eddy energetics di-
agnostic tool that separates the effects of ISO and a low-frequency background state (LFBS; with periods
longer than 90 days). The LFBS always contributes positively toward the EKE in the boreal summer,
regardless of the ISO phases. The synoptic eddies extract energy from the ISO during the ISO active phase.
This positive barotropic energy conversion occurs when the synoptic eddies interact with low-level cyclonic
and convergent—confluent ISO flows. This contrasts with the ISO suppressed phase during which the synoptic
eddies lose kinetic energy to the ISO flow. The anticyclonic and divergent-diffluent ISO flows during the
suppressed phase are responsible for the negative barotropic energy conversion.

A positive (negative) EKE tendency occurs during the ISO suppressed-to-active (active-to-suppressed)
transitional phase. The cause of this asymmetric EKE tendency is attributed to the spatial phase relation
among the ISO vorticity, eddy structure, and EKE. The southwest-northeast-tilted synoptic disturbances
interacting with cyclonic (anticyclonic) vorticity of ISO lead to a positive (negative) EKE tendency in the
northwest region of the maximum EKE center.

The genesis number and location and intensification rate of tropical cyclones in the western North Pacific
are closely related to the barotropic energy conversion. The enhanced barotropic energy conversion favors
the generation and development of synoptic seed disturbances, some of which eventually grow into tropical
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cyclones.

1. Introduction

The tropical troposphere exhibits a rich variety of
temporal-scale variations, including interannual vari-
ability, the annual cycle, the intraseasonal oscillation
(ISO), and the day-to-day fluctuation of synoptic-scale
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disturbances such as tropical cyclones (TCs) and tropical
depression (TD)-type disturbances. These multiscale
climate and weather systems have a large intensity during
the boreal summer over the western North Pacific (WNP),
and they may influence each other through complex scale
interaction processes.

Many previous studies documented how the lower-
frequency background flows modulate the synoptic-scale
TC activity (e.g., Liebmann et al. 1994; Harr and Elsberry
1995; McBride 1995; Gray 1998; Ritchie and Holland
1999; Li et al. 2003; Li and Fu 2006; Fu et al. 2007). The
summertime monsoon trough, with enhanced low-level
cyclonic vorticity and wind confluence, plays an impor-
tant role in the TC genesis and development over the
WNP (McBride 1995; Gray 1998; Ritchie and Holland
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1999). The trajectories of TCs are primarily modulated
by the large-scale environmental flow associated with both
the monsoon trough and the subtropical high (Harr and
Elsberry 1995). Besides the summer mean circulation,
the ISO may significantly modulate the background flow
pattern, creating a favorable or an unfavorable environ-
ment for the TC activity. For instance, Liebmann et al.
(1994) found that the number of TCs increases (decreases)
during the ISO active (suppressed) period. The genesis
location and track of TCs are closely linked to the in-
traseasonal variation of large-scale circulation over the
WNP (Kim et al. 2008; Chen et al. 2009).

The TD-type disturbances, often characterized as
northwestward-propagating synoptic-scale wave trains,
are frequently observed over the WNP (e.g., Lau and
Lau 1990; Chang et al. 1996; Straub and Kiladis 2003; Li
2006; Tam and Li 2006). Embedded within the low-
frequency ISO flow, the activity of the TD-type dis-
turbances reveals a coherent intraseasonal variability.
Straub and Kiladis (2003) indicated that the westward-
propagating mixed Rossby—gravity (MRG)-TD-type wave
activity is enhanced during the convectively active phase of
the ISO. Maloney and Hartmann (2001) and Maloney
and Dickinson (2003) found that the large-scale back-
ground flows modulated by the ISO substantially affect
the energetics of TD-type disturbances. Enhanced low-
level cyclonic shear and convergence favor the barotropic
energy conversion from the mean flow to the synoptic-
scale eddies.

While most previous studies focused on the large-scale
controls of the mean circulation (Gray 1998) and/or the
ISO flow (Liebmann et al. 1994; Maloney and Hartmann
2001) on the TC activity, there were few works addressing
the upscale feedback of synoptic-scale motion and TCs
to the mean flow or the low-frequency circulation. Straub
and Kiladis (2003) found that the high-frequency distur-
bances and TCs may make up a significant portion of
the ISO convective signal. By removing the TC vortices
from the environmental flow in the National Centers
for Environmental Prediction (NCEP) reanalysis data,
Hsu et al. (2008) noted that ISO variance of 850-hPa
vorticity is reduced to a great extent (more than 50%)
along the TC tracks in the WNP. However, how TCs and
synoptic-scale variability physically affect the ISO is not
clear. Majda and Stechmann (2009) developed a simple
theoretical model to demonstrate the nonlinear two-
way interaction between large-scale intraseasonal flows
and synoptic waves. The vertical tilted synoptic waves
first transport momentum downscale and then upscale to
large-scale flows, which regulates the sign of the intra-
seasonal zonal wind. Meanwhile, the propagating di-
rection and strength of synoptic waves are controlled by
the ISO flow.
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The objective of this study is to document quantita-
tively to what extent and how the synoptic-scale dis-
turbances feed back to the ISO. In Part I, we diagnose
the upscale feedback from an energetics point of view,
whereas in Hsu and Li (2011, hereafter Part I1) we focus
on the atmospheric apparent heat and moisture sources
and the eddy momentum transport. Note that the eddy
kinetic energy (EKE) budget equation used in Maloney
and Hartmann (2001) and Maloney and Dickinson (2003)
consists of only the interaction between the synoptic eddy
and the mean flow. Here we develop a new approach to
separate the background mean flow into a low-frequency
background state (LFBS; with periods longer than 90 days)
and an ISO component, so that one may diagnose the
effects of the LFBS-eddy interaction and ISO-eddy
interaction, respectively. The physical mechanisms re-
sponsible for the maintenance and development of EKE
during the various phases of the ISO will be examined.
The relationships between the energy conversion and the
characteristics of synoptic disturbances including tropical
cyclones are also examined.

The rest of this paper is organized as follows: section 2
describes the data and the analysis method. In section 3
anew eddy kinetic energy equation is derived, in an aim
to separate the effects of the LFBS and ISO. The EKE
diagnostic results with a focus on the ISO-synoptic eddy
interaction are presented in section 4. The relationships
between barotropic energy conversion and synoptic-scale
seed disturbances associated with TC activity are shown
in section 5. Finally, a summary is given in section 6.

2. Data and analysis methods
a. Data

The National Centers for Environmental Prediction—
Department of Energy (DOE) reanalysis data (Kanamitsu
et al. 2002) from 1979 to 2007 are adopted for the ex-
aminations of LFBS and ISO flows, and for the diagnoses
of energy budget processes. Daily averaged zonal and
meridional winds (¢ and v), pressure vertical velocity (w),
geopotential (¢), temperature (7'), and pressure (p) at
17 pressure levels from 1000 to 100 hPa are utilized. The
horizontal resolutions of these dynamic and thermody-
namic variables are 2.5° longitude by 2.5° latitude.

The TC information is obtained from the Joint Typhoon
Warning Center (JTWC; JTWC 2008). This dataset
includes 6-hourly records of the longitude and latitude
of TC location and its maximum wind speed. Only TCs
with a maximum wind exceeding 17 m s~ ! (tropical storm
intensity) are considered for the calculation of the TC
activity. Thus the term TC here comprises both the
tropical storm and typhoon. To be comparable with the
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FIG. 1. Power spectrum of NCEP-DOE reanalysis 850-hPa vorticity during summer (July—
September) for 1979-2007 over the WNP domain (0°-35°N, 110°-~170°E). Long-dashed lines
represent the red noise spectrum. Dotted line indicates 95% significance level. The annual cycle
was removed before the computation of the spectrum.

daily reanalysis product, the TC information at 1200 UTC
each day is used to calculate the TC activity.

b. Bandpass filtering and 1SO phase definition

The fast Fourier transform (FFT) method is first uti-
lized to illustrate the dominant spectrum peaks of the
850-hPa vorticity field over the WNP during the boreal
summer. Because the variance of the annual cycle is much
larger than other time-scale variabilities, it is removed
prior to the spectrum calculation. The results of the vor-
ticity spectrum show distinct peaks on the intraseasonal
(10-90 day) and synoptic (<10 day) periods. Both the
spectrum peaks are significant and above the red noise
spectrum level and the 95% significance line (Fig. 1).
Because of that, one may separate the original daily
circulation fields into the LFBS, intraseasonal and
synoptic-scale components.

To examine scale interactions among the LFBS, ISO,
and synoptic-scale motion, the Butterworth bandpass
filter (Hamming 1989) is used to extract the 10-90-day
intraseasonal fluctuation, whereas a 10-day high-pass filter
and a 90-day low-pass filter are applied to extract the
synoptic disturbances and the LFBS signals from the
raw data, respectively. To ensure that our decomposition
method based on filtering guarantees the completeness
(i.e., raw data = LFBS + ISO + synoptic motion), we
compare the sum of the three filtered components with
the raw data. As an example, we consider the time series
of the vorticity averaged over the maximum variation

region in the WNP from July to September in 1979-2007.
The result shows that the time series of the sum of the
three filtered components and raw data are almost iden-
tical (figure not shown). The difference between the two
time series is very small, with a root-mean-square error of
1.5 X 107" m s~!. Therefore, the filtering tools em-
ployed in this study are applicable to decomposition.

A singular value decomposition (SVD; Bretherton
et al. 1992; Wallace et al. 1992) analysis is able to objec-
tively identify a pair of patterns with a maximum tem-
poral covariance. Here we apply this SVD analysis to
the 10-90-day filtered 850-hPa vorticity and EKE fields
for July-September during 1979-2007 over the WNP
domain (0°-35°N, 110°-170°E). The first two SVD modes
explain 77.5% of the covariance and are well separated
from higher modes according to North et al. (1982). The
temporal correlation between the vorticity and EKE time
series of the leading SVD modes is quite high (0.7). A
further analysis shows that the two leading SVD modes
represent the different phases of the same physical mode,
which is characterized by the northwestward propagation
of a pair of vorticity and EKE fields over the WNP. A
detailed description of the paired vorticity-EKE pattern
is given in section 4. The analysis above points out a close
linkage between the intraseasonal vorticity and EKE
variances.

The active and suppressed phases of the ISO are strat-
ified according to the SVD-1 time series of the 10-90-day
filtered EKE field. The ISO active phase occurs when
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the SVD-1 time series has a value greater than one stan-
dard deviation (1o). A composite analysis shows that this
phase is characterized by a strong EKE and a low-level
cyclonic flow. The ISO suppressed phase is defined when
the SVD-1 time series is less than —1 standard deviation.
During this phase, a weak EKE and a low-level anticy-
clonic flow occur in the WNP. According to the definition
above, 358 and 317 days are selected for the ISO active
and suppressed phase composites, respectively, during
July-September of 1979-2007.

A suppressed-to-active (active-to-suppressed) transi-
tional phase is further defined when the SVD-1 time series
lies in between —0.25 and 0.25¢ and is between two well-
defined active and suppressed peaks, both of which
exceed one standard deviation. The so-defined com-
posite cases for the suppressed-to-active and active-
to-suppressed transitional phases are 39 and 43 days,
respectively.

¢. Measuring TC activity

The TC activity is measured based on the TC genesis
number and location and the growth—decay rate. The
TC genesis is defined when the JTWC named TC is first
reported. The TC growth—decay rate is defined as the
difference of the maximum wind speed at a 1-day in-
terval. A positive (negative) value indicates the growth
(decay) of the TC intensity. A composite is made for
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ISO active and suppressed phases to illustrate the de-
pendence of the TC activity on the ISO.

3. A new EKE diagnostic tool for examining
the eddy-ISO interaction

In this section an eddy kinetic energy budget equation
is derived to investigate the dynamic processes responsible
for the maintenance and development of the synoptic-
scale eddies during the various phases of the ISO. Different
from the previous studies (e.g., Maloney and Hartmann
2001), we separate the effects of the eddy interactions with
the LFBS and the ISO. A dependent variable may be
separated into three components, the LFBS (90 day or
longer), intraseasonal (10-90 day), and synoptic-scale (be-
low 10 day) parts:

A=A+A+ A, 1)
where a double overbar denotes the LFBS field, a tilde
overbar denotes the intraseasonal component, and a
prime denotes the synoptic-scale field.

By multiplying u’ and v’ in both sides of the synoptic-
scale momentum equations, one may derive the per-
turbation EKE equation, which consists of multiscale
interactions among the LFBS, ISO, and synoptic-scale
motion:

oK' Jfou  ou NEOTAD) = fou ou ou Y £ AR VI | V4
=—u|l—+— |-V —=—+—=—)-vEat+ta+tu)|—+— —v@a+tao+tu)|—+—+—
ot ot ot af ot ox  o0x 0x Jx dx  0x
-, fou aa ou — . [ N = . fou  oa  ou
—u@+o+v)|—+ —+ — |- VE+to+tV) —+ —+ — |- v@tot+to)|—+ —
ay dy dy dy ~dy dy op dp  dp
_ o av ab o . ae’ b o e’
—v’(w‘f'&)'i‘a)’)—v Rl v _u’—¢+_¢+ ¢ —U’—¢+—¢+ ¢ , (2)
dp dp Odp x ax ox ay ay ay
where K' = (u'? + v'?)/2 is the synoptic EKE, ¢ is time, u - 1 =
. o . : : ) . (0P 0P , 90
is zonal wind, v is meridional wind, w is vertical velocity, p —u'|—+ —|=—u'"—=0, and
. . . Lo ox  ox 0x
is pressure, and ¢ is geopotential. The dissipation and
subgrid-scale processes are not considered in this study. - _
Apply a 10-day low-pass filtering operator (denoted Y ¢ N b\ _ oy b _ 0
by a single overbar) to the perturbation EKE equation ay  dy ay

above. The following terms can be dropped:

fou  ou ,ou
—u'|—+ —|=—u"—=0,
at ot ot
[(0v  dv , 0V
—V|—+ —)=—v'"—=0,
or ot ot

Then a low-frequency EKE budget equation may be
derived as follows:

oK'
ot

=CK+ CA + AM + AE + FG 3)
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) ay d ap
CA = _R T, advection. It is worth mentioning that the diabatic heat-
p ing is a major EAPE source for synoptic-scale distur-

AM = AMm + AMi=-V,-V,K' — V,-V.K’

AE=-V,-V.K,
FG=-V,-(V}¢)

and

where a single overbar represents the 10-day low-pass
filtering operator, K’ is the low-frequency EKE (in-
cluding both the LFBS and ISO components), V is the
horizontal velocity vector, V is the horizontal gradient
operator (the subscript 3 represents the three-dimensional
components), R is the gas constant for dry air, and 7 is
temperature.

Equation (3) shows that various processes may affect
the tendency of the low-frequency EKE (K'). The phys-
ical meaning of each term at the right-hand side of Eq. (3)
is described as follows: the term CK represents the baro-
tropic energy conversion from the LFBS and ISO flows
to the high-frequency synoptic-scale eddy. CA indicates
the baroclinic energy conversion from eddy available po-
tential energy (EAPE) to EKE as an air parcel ascends
(descends) in a warmer (colder) region. The quantity
AM represents the advections of EKE by both the LFBS
(AMm) and the ISO (AMi) flows. AE represents the
advection of EKE by the synoptic-scale eddy. FG de-
notes the generation of EKE through the convergence
of eddy geopotential fluxes.

In the equation above, only the CK and AM terms
depend on the product of the background flow and eddy
fields, and thus these two terms explicitly reflect the eddy—
mean flow interactions. However, the other terms reflect
the eddy—eddy interactions and thus become effective
in changing the EKE only after eddies have been signif-
icantly modulated by the mean flow change. A further
comparison of CK and AM indicates that CK is the major
generation term for the low-frequency EKE, while AM
mainly redistributes the EKE through the mean flow

bances, which is ultimately transformed to EKE (Lau
and Lau 1992). This process is implicitly reflected in the
FG term. The physical argument is that even without
the CK and AM contributions, the ISO circulation makes
synoptic-scale heating more or less likely depending on
its phase, which can further affect the strength of the
synoptic eddies and thus EKE. However, because of the
lack of a clear mathematical formula for the diabatic
heating, it is difficult to quantitatively measure its ef-
fect. A strategy will be developed in Part IT of this study
to investigate this heating effect by diagnosing the ap-
parent heat and moisture sources and sinks.

The left-hand side of Eq. (3) consists of the sum of the
EKE tendencies on both the LFBS and ISO time scales.
Applying a 90-day low-pass filter onto Eq. (3) and
assuming 9K'/ot = 0, one may derive an LFBS EKE
tendency equation as below:

Al

a

+AE+F

J
>
2

= CK +CA +

@

4)

(=}

t

Subtracting the LFBS EKE tendency from Eq. (3),
one may derive the time change rate of EKE on the
intraseasonal time scale, that is,

oK'

= ACK + ACA + AAM + AAE + AFG, (5)

where A() denotes the difference between () and ().
Equation (5) directly measures how the eddy kinetic
energy changes on the intraseasonal time scale. By cal-
culating the difference terms at the right-hand side of
Eq. (5) for each of the ISO phases, one may examine how
the EKE is maintained and what the major energy
conversion processes are that contribute to the EKE
tendency.
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4. Maintenance and development of EKE during
various ISO phases

a. Evolution patterns of the intraseasonal EKE
variability

To reveal the temporal and spatial phase relationships
between the ISO vorticity and EKE, we calculate the
lagged regression patterns of the 10-90-day filtered
vorticity and EKE fields with the SVD-1 EKE time
series from July to September for 1979-2007 (Fig. 2).
The lagged regression result indicates that both the ISO
vorticity and EKE centers move northwestward in the
WNP. Such a northwestward propagation is consis-
tent with previous observational studies (e.g., Wang and
Rui 1990; Kemball-Cook and Wang 2001; Hsu and Weng
2001). It is interesting to note that the maximum cyclonic
vorticity center is located to the northwest of the maxi-
mum EKE center. This implies that for a fixed location,
the ISO vorticity leads the EKE. Both the intraseasonal
vorticity and EKE fields have their maximum amplitudes
at day 0, indicating a simultaneous strengthening between
them. The result above is consistent with Maloney and
Hartmann (2001), who found that the EKE is enhanced
(decreased) in the ISO westerly (easterly) phase.

As the EKE has a maximum (minimum) value during
the ISO active (suppressed) phase, the EKE tendency is
positive (negative) during the ISO transition phase from
a suppressed (active) to an active (suppressed) phase.
This points out an asymmetric EKE tendency between
the two ISO transitional phases. In the following, we
will examine the specific processes that maintain the
EKE during the ISO extreme phases, and the mecha-
nisms that lead to the asymmetric EKE tendency dur-
ing the transitional phases.

b. Maintenance of EKE during the ISO extreme
phases

Figure 3 shows the vertical structure of the intraseasonal
EKE during the ISO active and suppressed phases along
the southeastward axis of the largest EKE variance shown
in Fig. 2b. Two maximum EKE centers are found during
the ISO active phase, with one being in the upper tro-
posphere around 150 hPa and the other being in the lower
troposphere near 850 hPa (Fig. 3a). During the ISO sup-
pressed phase, the EKE is weakened throughout the
troposphere (Fig. 3b). In both the phases, the maxi-
mum changes of EKE occur in the lower troposphere.
Because of that, in the following we will focus on the
diagnosis of the low-level EKE budget, with special at-
tention on energy conversion processes that maintain the
EKE amplitude during the ISO active and suppressed
phases.
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FIG. 3. Vertical cross sections of the intraseasonal EKE during
the ISO (a) active and (b) suppressed phases along the axis (dashed
line) shown in Fig. 2b (m? s~ ?).

Figure 4 presents the relative contributions of 850-hPa
EKE tendency terms at the right-hand side of Eq. (5),
averaged over the maximum intraseasonal EKE varia-
tion region (15°-25°N, 125°-135°E). It is found that both
the barotropic energy conversion (ACK) and AFG asso-
ciated with the convergence of eddy geopotential fluxes
are major terms that contribute to a positive EKE ten-
dency during the ISO active phase. While its major effect
on the energy source is in the upper troposphere (Lau and
Lau 1992; Hsu et al. 2009), ACA shows a small positive
contribution in the low-level EKE budget. Thus ACA is
meaningful and can be related to AFG when one in-
tegrates this term over the depth of the troposphere (Lau
and Lau 1992). The EKE advections through the large-
scale background circulation (AAM) and synoptic-scale
eddy (AAE) contribute to a negative EKE tendency. The
budget terms during the ISO active and suppressed phases
approximately exhibit an out-of-phase relationship. The
negative ACK and AFG terms account for the decrease of
EKE during the ISO suppressed phase.

As the term ACK affects the intraseasonal EKE ten-
dency through direct eddy—-mean flow interactions, we

ACK ACA AAM AAE AFG

FIG. 4. Intraseasonal EKE budget terms at 850 hPa averaged
over a box (15°-25°N, 125°-135°E) during the ISO active (dark gray
bars) and suppressed (light gray bars) phases (107> m* s~ 3).

will focus on the diagnosis of this barotropic energy
conversion term. A key question related to the eddy-
mean flow interaction is what the relative contribution
of the barotropic energy conversion by the LFBS (CK)
and ISO (ACK) flows is. Figure 5 illustrates the active
and suppressed phase composites and their difference in
the low-frequency barotropic energy conversion (CK)
and the relative contributions of CK and ACK. Note that
CK is positive during both the ISO active and suppressed
phases (Figs. 5a,b), indicating that the combined LFBS
and ISO flow always contributes positively to the EKE.
The difference of CK between the ISO active and sup-
pressed phase (Fig. 5c) approximately removes the LFBS
effect; it shows an enhanced barotropic energy conver-
sion from ISO to eddy during the ISO active phase. Such
a difference cannot identify the asymmetry of energy
conversion between the active and suppressed ISO phase.
With the methodology applied in deriving Egs. (4) and
(5), one may readily illustrate the relative contribu-
tions of the barotropic energy conversions by the LFBS
(Fig. 5d) and ISO flows and the asymmetry between the
active and suppressed ISO phase (Figs. Se,f). The result
shows that CK has large positive values over the WNP
during the boreal summer (Fig. 5d). This indicates that
the barotropic energy conversion due to the LFBS-ISO-
eddy interaction on the LFBS time scale always con-
tributes positively to the EKE growth. In other words,
the LFBS keeps providing kinetic energy for synoptic
eddy development over the tropical WNP, regardless of
the ISO active or suppressed phases. In contrast, the ACK
term, which mainly describes the barotropic energy
conversion in association with the ISO variation, in-
dicates a phase-dependent feature. Figures Se and 5f
reveal an out-of-phase barotropic energy conversion
between the two extreme ISO phases. This indicates
that while the synoptic disturbances extract kinetic en-
ergy from the ISO during the ISO active phase (Fig. Se),
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FIG. 5. Composite CK at 850 hPa during the ISO (a) active and (b) suppressed phases and (c) their difference.

(d) The 850-hPa CK averaged during July-September, ()
ACK during the ISO suppressed phase (107> m* s™3).

they lose energy to the ISO during the ISO suppressed
phase (Fig. 5f). This might be part of the reason why EKE
is greater (smaller) during the ISO active (suppressed)
phase. Thus, the above analysis reveals from the ener-
getics point of view that there exists a two-way interaction
between the ISO and synoptic-scale disturbances over the
WNP; that is, synoptic-scale motions may gain (provide)
energy from (to) the ISO, depending on the phases of
the ISO.

To understand the specific process that gives rise to
the phase-dependent energy conversion, we further
examine each barotropic conversion term separately.

850-hPa ACK during the ISO active phase, and (f) 850-hPa

Among 36 terms of barotropic energy conversion [see
CK in Eq. (3)], four terms associated with the in-
teraction between horizontal eddy momentum fluxes
and ISO flows are dominant terms, which account for
80% of the total ACK over the maximum EKE variance
center. Figure 6 depicts the four dominant ACK terms
{A[—u'?(01tlox)], A[—v"*(90/3y)], A[—u'v'(3it/dy)], and
A[—u'v'(00/9x)]}, and the associated ISO circulations
for the ISO active phase composite. Since the dominant
synoptic-scale variability in the WNP is characterized by
a northeast-southwest-tilted wave train, we have u’v’ > 0.
Given that u'v’ > 0,u’? > 0, and v’ > 0, the sign of term



1 FEBRUARY 2011 HSU ET AL. 935
—u'u' Ux d. —u'v’ Uy
= v 30N ~ s re
N\ = . . VG e e .
///////’_\\\ 25N4 <« /////’*,\\\

////\\\\ ////\»\\\
\ 1 » . . 20N A f A \ \ A S s
Ny

\ o . .~ AN N .
t L = - ot b,

—\,\~/,// -~ // /’/'_X,\./Y// S~y

10N : . ; —_— TN i—= .
110E 120E 130E 140E 150E 160E  110E 120E 130E 140E 150E 160E
5 5
" Vy e. —u'v' Vx

N re 30N T T 7 7 N rg

/ /V/J//'/// \ . Vo \ T 7 //r///// oy

////’/’*,\\\ 25N4 < /////’*,\\\

/S s

™ N N S

L]/ 7.
//I\\x

™ N N S

1 ! SN 208 1 [ ~ TS Ny
7/»///\ \ o 7/.///' \\_////f’\\\'(A,
\ « /M \\ « /]
N l—— = L = == v,
// /'/'_K,\»/,//\‘ Vo // /‘/v_x’\’/v//\ -
10N _— - — T 10N _— - BTl ——
110E 120E 130E 140E 150E 160E  110E 120E 130E 140E 150E 160E
5 5
c. divg part (a+b) f rotat part (d+e)
30N <~ Ve 30N S < 7

\\T/’/v/g//'//»u

-
\l\ ]///?/////'_,\\\
- - [ 777 -
\\J///T\\x,‘\

N

20N-7‘ I -

////\li._///f\\\T

[ 2
/////'/'_,\\\
//////\,\\\
L 1A 1
- 1 ///)"\\\\

\
25N A

20N 4 S Ny

—~

A e o o A
. — . . L, ) sl=== — . T 1t o
e | g

10N = - —_— " 10N = - el ——
110€ 120€ 130€ 140€ 150€ 160 110E 120€ 130€ 140€ 150€ 160€

e —

T mes S
2 25

S — T I I I I I
-25 -2 -15 -1 -05 05 1 15

e —

T mes S
2 25

S — T I I I I I
-25 -2 -15 -1 -05 05 1 15

FIG. 6. Individual components (a) A[—u'?(dit/ox)], (b) A[—v'2(a0/dy)], (d) A[—u'v’ (0u/dy)], and (e) A[—u'v'(dv/9x)] of 850-hPa ACK
(shading; 107> m? s %) and 850-hPa ISO wind (vector; m s~ ') during the ISO active phase. Sum of 850-hPa ACK induced by ISO

(c) divergent—diffluent and (f) rotational flows.

ACK is determined by the gradients of the ISO flow.
The positive ACK induced by A[—u'?(0ii/dx)] is mainly
located in the downstream regions of the strong ISO
westerly, where the zonal gradient of the ISO westerly is
negative (Fig. 6a). The ISO zonal wind convergence favors
the growth of high-frequency transient eddies through
barotropic wave accumulation, as discussed in previous
studies (e.g., Sobel and Bretherton 1999; Kuo et al. 2001;
Tam and Li 2006). In a similar way, the convergence—
confluence of the ISO meridional flow over the South
China Sea leads to a positive ACK through A[—v'%(0/dy)]
(Fig. 6b). The combination of both the ISO convergence—
confluence terms causes a positive barotropic energy

conversion in the WNP (Fig. 6¢). In addition, the rota-
tional components of the ISO flow may also contribute
to the enhanced ACK during the ISO active phase. Our
calculation shows that a large positive ACK appears in
the ISO cyclonic shear region (du/dy <0) over the
WNP (Fig. 6d). Although the barotropic energy con-
version associated with the zonal gradient of the ISO
meridional flow A[—u'v'(9v/9x)] is negative (Fig. 6e),
its magnitude is smaller and the net contribution from
the rotational parts of the ISO flow is positive (Fig. 6f).
The overall comparison of Figs. 6¢ and 6f indicates that
the net effect of the ISO rotational flow is greater in
contributing to the EKE tendency than that due to the
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FIG. 7. As in Fig. 6, but for CK.

ISO convergent—confluent flow. Similar but opposite-sign
patterns are found during the ISO suppressed phase
when the divergent—diffluent and anticyclonic low-
level flows appear over the WNP (figure not shown).

To compare with each of the ACK terms above, we
also plot the corresponding CK terms during the ISO
active phase in Fig. 7. The result shows that they gen-
erally have a similar pattern, but with a larger amplitude.
This suggests that the ISO flow and the LFBS flow act
in a similar way to strengthen the barotropic energy con-
version. The individual CK terms during the ISO sup-
pressed phase (figure not shown) are weaker than those
during the ISO active phase, because the ISO flow dur-
ing its suppressed phase tends to reduce the LFBS flow
effect.

In summary, the synoptic-scale eddies gain kinetic en-
ergy from both the LFBS and the ISO during the ISO
active phase, while they extract kinetic energy from the
LFBS but give up the energy to the ISO during the ISO
suppressed phase. This two-way energy conversion is
primarily ascribed to the alternation of the ISO cyclonic—
confluent and anticyclonic—diffluent flows interacting
with the northeast-southwest-tilted synoptic wave train
over the WNP.

c. Cause of asymmetric EKE tendencies between
the ISO transitional phases

A positive (negative) EKE tendency occurs during the
ISO suppressed-to-active (active-to-suppressed) transi-
tion phase. What causes the asymmetry? Addressing the
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Fi1G. 8. (a) Individual 850-hPa intraseasonal EKE tendency
(107° m? s~ %) terms averaged at 15°-25°N and 125°~135°E for the
suppressed-to-active transitional phase composite; the leftmost
shows the observed tendency, whereas the rightmost shows the sum
of all budget terms. (b) Asin (a), but for the individual components
of ACK.

question is essential to understand why EKE retains the
maximum value during the ISO active phase. To reveal
the dynamic mechanisms that cause the asymmetric EKE
tendency, we examine the EKE budget terms during the
ISO suppressed-to-active and active-to-suppressed tran-
sitional phases over the maximum EKE variance region
(15°-25°N, 125°-135°E). Figure 8 shows the EKE budget
terms during the suppressed-to-active transition. Note
that all terms except the eddy geopotential flux term ac-
count for the positive EKE tendency. The sum of these
terms, although somewhat overestimated, is consistent
with the observed EKE tendency.

A further analysis of the barotropic conversion terms
indicates that the positive EKE tendency results mainly
from the meridional gradient of the ISO zonal and me-
ridional flows (Fig. 8b). To understand how the eddy-
ISO interaction contributes to the EKE growth, we
illustrate the relationship between southwest-northeast-
tilted synoptic-scale waves and intraseasonal circula-
tions during that transitional phase. As shown in Fig. 9,
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FIG. 9. The composite ISO wind (vector; m s~ '), 3-10-day vor-
ticity (contour; 10 °s™!), and EKE (shading; m? s ) fields at
850 hPa during the ISO suppressed-to-active transitional phase.

the positive eddy momentum fluxes (', v'* and u'v’)
interacting with the cyclonic flows of the ISO generate
a positive barotropic energy conversion in the northwest
region of the EKE center. This spatial phase relation
between the synoptic eddy and the ISO flow provides a
dynamic explanation as to how the barotropic conversion
processes during the ISO transitional phase contribute to
the positive EKE tendency. A similar budget but with
an opposite sign and a weaker amplitude is found during
the active-to-suppressed transitional phase.

5. Relationship between the barotropic energy
conversion and tropical cyclone activity

The EKE diagnosis in section 4 indicates that while
the LFBS always provides energy for eddies to grow, the
ISO flow loses (gains) energy to (from) eddies during
the ISO active (suppressed) phase. Does this phase-
dependent energy conversion process affect synoptic seed
disturbances and associated TC activity? In this section,
we examine how TC genesis location and number and
growth—decay rate are modulated by the ISO from an
energetics perspective.

The distributions of the total barotropic energy con-
version (CK = CK + ACK) and the genesis location of
TCs during different ISO phases are presented in Fig. 10.
The positive CK appears for both the ISO active and
suppressed phases, indicating that the embedded synoptic-
scale disturbances always obtain kinetic energy from the
total background flows. Regions of enhanced CK favor the
development of synoptic seed disturbances, which may
further grow into TCs. Figure 10 illustrates that WNP
TCs tend to form in the positive CK regions during both
the active and suppressed phases. The amplitude and
spatial pattern of CK vary with the ISO phases. Because
of the positive contribution of CK from both the LFBS
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FIG. 10. Composites of 850-hPa CK (shading; 107> m? s°) and
TC genesis location (circle) for the ISO (a) active and (b) sup-
pressed phases.

and ISO flows during the ISO active phase, a larger CK
occurs over the WNP south of 25°N (Fig. 10a). During the
ISO suppressed phase, the negative ACK offsets the large
part of the positive CK (Fig. 5). As a result a smaller
positive CK appears over the WNP (Fig. 10b).

The TC genesis number and location are closely re-
lated to the EKE tendency associated with the baro-
tropic energy conversion. For example, the number of
TC geneses during the ISO active phase is 43, which is about
1.5 times greater than that during the ISO suppressed phase
(27). This result is in accord with the ratio of 850-hPa CK
averaged over the WNP region (10°-20°N, 120°-160°E).
More TCs formed north of 20°N—as the maximum CK
center shifts northward—during the ISO active phase
than during the ISO suppressed phase (Fig. 10).

Figure 11 further reveals the relationship between
the barotropic energy conversion and TC intensification
rate. In general, more (less) rapidly intensified TCs are
observed during the ISO active (suppressed) phase,
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when CK is greater (smaller). Figure 12 is a scatter
diagram illustrating how the TC developing rate de-
pends on the CK. There is a positive correlation be-
tween them. The correlation coefficients are 0.35 and
0.34 for the ISO active and suppressed phases, respec-
tively, both of which are significant at the 99% level.
The result indicates that more TCs with larger growth
rates (>30 kt day ') occur during the ISO active phase
(Fig. 12a) than during the ISO suppressed phase (Fig.
12b). It is worth mentioning that unlike Hsu et al. (2008),
in the mean flow calculation we did not remove TC vor-
tices from the reanalysis fields. While both Figs. 11 and 12
show the observed relationship, caution is needed to in-
terpret the result, as the intensity change of a mature TC
is mainly attributed to latent heating. It is not clear
whether the background flow directly affects TC strength
through the barotropic energy conversion or if it is the
change of background conditions (such as moisture and
boundary layer convergence) associated with ISO that
affects the TC intensity change.

6. Summary

Both the ISO and the synoptic-scale disturbances are
vigorous over the WNP in the boreal summer. A lagged
regression analysis indicates that both the ISO vorticity
and the EKE propagate northwestward in the WNP and
that the cyclonic vorticity center is located to the north-
west of the maximum EKE center. The maximum EKE
difference between the ISO active and suppressed phases
appears in the lower troposphere (near 850 hPa).

A new EKE diagnosis tool is developed in which we
separate the background mean flow into the LFBS and
ISO components. By subtracting the 90-day low-pass fil-
tered EKE budget terms [Eq. (4)] from the original low-
frequency EKE tendency equation [Eq. (3)], one may
remove the LFBS contribution and focus on the eddy—
ISO interaction. Our diagnosis reveals that the increased
(decreased) EKE arises from the barotropic energy con-
version and the convergence of eddy geopotential fluxes
during the ISO active (suppressed) phase. The eddy geo-
potential flux term is primarily related to diabatic heating,
which will be discussed in Part II. In this paper, we focus
on the barotropic energy conversion and associated eddy—
mean flow interactions.

The barotropic energy conversions on the LFBS and
intraseasonal time scales are diagnosed separately. The
results reveal that mean flow—eddy interaction on the
LFBS time scale contributes positively toward the EKE
growth in the boreal summer regardless of the ISO pha-
ses. This implies that the summer mean flows always fa-
vor the growth of synoptic-scale disturbances over the
WNP through the barotropic energy conversion. The
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FIG. 11. Asin Fig. 10, except that the dot and multiplication signs
indicate the TC growth and decay rates (unit: knots day '), re-
spectively. The size of the signs is proportional to the growth—decay
rate.

CK on the intraseasonal time scale, however, reveals a
two-way energy conversion between the ISO and synoptic-
scale eddies, depending on the ISO phases. The high-
frequency eddy may gain kinetic energy from the ISO
during its active phase, while it gives up its energy to the
ISO during its suppressed phase. The barotropic energy
conversion associated with the eddy-ISO interaction
depends on both the eddy and ISO structures. Because
the low-level synoptic-scale eddy exhibits a northeast—
southwest-tilted structure (e.g., Lau and Lau 1990), the
signs of eddy momentum fluxes are always positive. Thus
the ISO circulation patterns may greatly influence the
barotropic energy conversion. The convergent (9ii/dx < 0)
and cyclonic (9i/dy <0) low-level flows during the ISO
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FI1G. 12. A scatter diagram of the TC growth-decay rate
(knots day ') vs the local 850-hPa CK (m* s °) during the ISO
(a) active and (b) suppressed phases. The linear trends and corre-
lation coefficients are shown.

active phase may create a favorable environment for
the growth of synoptic-scale disturbances. In contrast,
a divergent—diffluent and anticyclonic flow during the
ISO suppressed phase may suppress the eddy development
and lead to energy loss of the ISO.

The EKE diagnostics shows a positive (negative) EKE
tendency during the ISO transition from a suppressed
(active) to an active (suppressed) phase. The cause of this
asymmetry is attributed to the difference in the baro-
tropic energy conversion associated with the ISO-eddy
interaction. The southwest-northeast-tilted synoptic dis-
turbances interacting with the cyclonic flow of ISO lead
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to a positive EKE tendency in the northwest region of
the EKE center. An opposite pattern appears during the
active-to-suppressed phase transition.

The barotropic energy conversion associated with the
eddy-mean flow interaction is closely related to the TC
activity in the WNP. The increased (decreased) barotropic
energy conversion during the ISO active (suppressed)
phase is consistent with a larger (smaller) TC genesis
number; the TC genesis number during the ISO active
phase is about 1.5 times greater than that during the ISO
suppressed phase. More TCs with a growth rate exceed-
ing 30 kt day " occur during the ISO active phase. The
results support the notion that the TD-type disturbances
that gain energy from the mean flow may provide the
seed disturbances for cyclogenesis during the ISO active
phase (Maloney and Hartmann 2001).

In this part, we focus on the synoptic eddy-ISO in-
teraction from an energetics point of view. The role of
diabatic heating will be further investigated in Part IT of
this study, based on the diagnoses of the atmospheric
apparent heat and moisture sources. In addition to the
aforementioned processes, the synoptic-scale motion
may exert an upscale feedback to the ISO through the
eddy momentum transport, the nonlinear rectification
of the surface latent heat flux (Zhou and Li 2010), and/
or the change of the SST (e.g., Lin et al. 2003; Li et al.
2008). The relative importance of these processes will
be investigated in future studies.
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