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Abstract: Comparative analysis is carried out by using finite-domain power spectrum and lagged regression
methods for the propagating characteristics and air-sea interaction processes of intraseasonal oscillations
(ISOs) in the Asia to western Pacific (AWP) region during the boreal summer between the active and
inactive tropical cyclone (TC) years from 1979 to 2004. The results show as follows. (1) There exist more
significant eastward propagating characteristics of the ISO in the active TC years over the whole AWP
region. The ISOs of convection propagate zonally with more eastward extension in the years with active
tropical cyclone activities, during which the 20-60-day period is strengthened, western Pacific becomes an
area with evident characteristics of the propagation that is closely related to TC activities. (2) The air-sea
interaction processes are the same in both active and inactive TC years, and the energy exchanges between
the air and the sea play a role in maintaining the northwestward propagation of ISOs. (3) The air-sea
interaction is more intensive in the active TC years than in the inactive ones. It is particularly true for the
latent heat release by condensation as the result of convection, which may be one of the reasons resulting in
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significant differences in characteristics of ISOs between the active and inactive TC years.
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1 INTRODUCTION

The present researches have indicated that the
boreal summer intraseasonal oscillation (ISO) has
pronounced  geographical  characteristics  and
seasonality, and the Indian Ocean and western Pacific
are the two main areas where the ISO convection is
most active. The ISO convection propagates eastward
with a 30-60-day period in the equatorial region,
while prominently northwestward in the western
North Pacific and the late summer from August to
October!"” The ISO formation mechanisms have
been investigated after the low-frequency
phenomenon was detected in the early 1970s. It is
thought that the external force, feedback of cumulus
convection heat, atmospheric nonlinear interaction
and the influence of Earth's rotation are the four basic
kinetic factors that induce the ISO formations. The

Received 2010-08-21; Revised 2011-07-29; Accepted 2011-10-15

doi: 10.3969/.issn.1006-8775.2011.04.002

Wave-CISK theory, which is based on the cumulus
convection heat feedback, and the high-frequency
instability coupled Kelvin-Rossby wave theory, which
is a result of the boundary layer air-sea interaction, are
currently the two main mechanisms to explain the
propagation of the ISO®!%,

The activity of tropical cyclones (TCs) is closely
related to the ISO in the boreal summer. Hartmann et
al.?” found that there exists a pronounced 20-25-day
period in  the western  Pacific during
September—December which might result from the
coupling between large-scale motion and latent heat
release on much smaller scales, and the oscillation is
closely related to the occurrence of TCs. More TCs
form and develop in the MJO wet phase in the
western Pacific, during which continued strong
westerly and active convection benefit the formation
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and development of TCsP?'?! while the air-sea

interaction, which is closely associated with the TC
activities, may have an impact on the ISOP* 23!,
Therefore, although the TC or tropical synoptic waves
are modulated by the ISO scale, there may be a
feedback on the ISO when the cluster formation of
TCs can reach a certain magnitude on the temporal
and spatial scales.

To better understand the relationship of TC
activities and the ISO, in particular, the impact of TC
activities on the ISO, features of ISO convection
propagation and air-sea interaction processes between
the active and inactive TC years will be examined.

2 DATA AND METHODOLOGY

The datasets used in this study include daily
average outgoing longwave radiation (OLR) from the
National Oceanic and Atmospheric Administration
(NOAA, U.S.A.) and the daily average reanalysis
fields from the National Centers for Environmental
Protection/National Center for Atmospheric Research
(NCEP/NCAR, U.S.A.) with 2.5° x2.5° grid space
and covering the period from 1979 to 2004; wind,
temperature, specific humidity and the air-sea
interaction parameters, surface latent heat flux
(SLHF), skin temperature (SKT) and surface
downward shortwave radiative flux (DSWRF)?%); TC
best-track data from the U.S. Joint Typhoon warning
centre.

The boreal summer is from May to October. All
the datasets have been preprocessed so that the
seasonal cycles are removed. The finite-domain
wavenumber-frequency energy spectrum analysism],
lead and lag regression analysis, Butterworth
band-pass filter and other conventional diagnostic

TC Activity
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analysis of climate statistics are employed.

According to He et al.”*®], the ISO and the tropical
synoptic waves are represented by 20-70-day and
3-7-day bandpass-filtered data, respectively. Hereafter,
the 20-70-day filtered outgoing longwave radiation
anomalies (OLRA) are named ISO-OLRA and the
3-7-day filtered OLRA are recorded as TD-OLRA,
and so forth.

The whole

Ez'[;(:; Lgdp , where L is the latent heat of

condensation, defined as L=(597.3-0.566 1)x4186.84
J/kg, t the air temperature, ( the specific humidity.

In order to quantitatively indicate the strength of
TC activity over the western north Pacific (WNP), the
accumulated TC activity index (TAI) in the WNP
(including South China Sea, north of the equator, west
of 180° E) from 1979 to 2004 is specifically defined.
The total 6-hourly records of TCs in every pentad,
called pentad TAI, are calculated first, based on which
the monthly TAI and yearly TAI are then calculated.
The value of TAI is positively correlated with the TC
activity in the WNP.

Figure 1 shows the yearly TAI in the boreal
summer. It can be seen that the summertime TAI for
19792004 shows a remarkable interdecadal
oscillation and TC activity is inactive during 1980s
and from late 1990s to early 2000s. Based on the
standardized TAI in the 25 years, the active (or
inactive) TC years are distinguished by the value of
TAI greater than 0.75 (or less than -0.75) standard
deviation. The inactive years are 1981, 1983, 1986,
1988, 1998, 1999 and the active years are 1992, 1994,
1995, 1996, 1997 (Fig. 1). The mean TC number for
the active year (inactive year) is 29.2 (21.5).
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Fig. 1. The annual standardized accumulated TC activity index from 1979 to 2004 in the western North Pacific in boreal summer
(the bar denotes the index value, and the two dashed lines are for 0.75 and -0.75 standard deviation, respectively).

3 CHARACTERISTICS OF REGIONAL
LOW-FREQUENCY OSCILLATION

The ISO exhibits a zonal wave-number-1
propagation in different regions!">"). Fig. 2 shows the
finite-domain power spectrum difference between the

average active years and inactive years over the
different regions of the 10° S—30° N in Asia through
the western Pacific (AWP). It can be seen that the
eastward significant deviation region (shaded) is
located within 20 latitudes off the equator in the AWP
area, and the positive difference of the 30-60-day
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period energy spectrum suggests that the power of the
eastward propagation along the equator with the
30-60-day period is stronger in the active years than
that in the inactive years (Fig. 2a). The wave power of
the eastward propagation with the 20-30-day period in
the vicinity of 20° N is stronger in the active years
than in the inactive years. As the westward
propagation with the 20-40-day period is the major

30 —

climate propagation characteristics in the areal®®

the differences indicate that the westward propagation
in the active years is weaker in contrast to that in the
inactive years. It also can be seen in Fig. 2a that the
power spectrum of the westward propagation with the
12-20-day period in 10-20° N is significantly weaker
in the active years, corresponding to the enhanced
eastward propagation.
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Fig. 2. The difference of power spectrum between active and inactive TC years in different regions in boreal summer (the mean
of active years minus that of inactive years, the same below; the solid lines are for positive and the dashed for negative;
confidence levels greater than 90% are shaded; a, b, ¢ refer to 40-180° E, 110-180° E, and 40-110° E, respectively).

In the western Pacific region (110° E-180° , Fig.
2b), the characteristics of significant deviation
between the active and inactive years are the same as
those in the whole AWP region, i.e., the power of the
eastward propagation along the equator with the
30-60-day period is stronger in the active year, while
the significant shaded area is smaller than that in the
whole AWP region. This suggests that not only the
eastward propagation characteristics of disturbances
along the equator but also the phase speeds of some
disturbances are enhanced in the active year over the
western Pacific. The westward 20-40-day period is
dominant in the 10-20° N in the western Pacific
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region!®®, though the power deviation of the westward
waves between the active and inactive TC years is not
significant at the 90% confidence level. In the Indian
Ocean region (40-110° E, Fig. 2c¢), there is no
significant deviation in the characteristics of the ISO
eastward propagation between the active and inactive
TC years, and the marked deviation is the decreasing
power spectrum of the westward 10-15-day period
waves, which belongs to the quasi-biweekly
oscillation range, in the 10-20° N region.

4 COMPARISON OF PROPAGATION
CHARACTERISTICS OF DIFFERENT
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PHASE

4.1 Low-level circulation features

Figure 3 shows the mean ISO-OLRA standard
deviation that reflects the main activity area and
intensity of the summertime ISO convection. The
intensity of ISO-OLRA is stronger in the active year
than in the inactive year, and the range of the
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ISO-OLRA’s high standard deviation (greater than 16
w/m?) reaches the vicinity of 160° E. The value that is
greater than 22 w/m’ is mainly located in the South
China Sea in the active TC years. The convective ISO
is further eastward and the intensity is stronger over
the western North Pacific in the active year.
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Fig. 3. The mean ISO-OLRA standardized deviation in active and inactive TC years in boreal summer (a: the inactive year; b: the
active year; the strong convection zone greater than 16 w/m? is shaded; the contour interval is 2 w/m?).

The key area is defined as (110-130° E, 10-20° N)
where the strongest ISO convection is located (Fig. 3),
and the average value of the ISO-OLRA of the key
box represents the ISO convection intensity. The
standardized daily time series of ISO intensity index
in the active and inactive year are created,
respectively. The ISO-filtered daily OLRA, 850-hPa
stream function and TD-OLRA variance are obtained
by the lag or lead regression results based on the daily
ISO-OLRA standardized index in the active and
inactive year, respectively. Fig. 4 shows the features
of the two main phases of ISO in the active and
inactive year, respectively. The TD-OLRA variance
regression coefficient (thick lines) represents the
active (suppressed) activity of the TD waves as the
value is positive (negative). It shows that, regardless
of active or inactive years, on day -15(the 15-day lead
regression), the suppressed ISO convection in the
WNP region coincides with the 850-hPa anticyclonic
anomaly circulation and TD-OLRA variance negative
anomalies, and the cyclonic circulation anomalies are
located from the Indian Ocean to western Pacific near

the equator, with the easterly anomalies to the
southern side of the suppressed convection zone. On
day 0, the deep convection is located between 10° N
and 20° N over the Bay of Bengal to the WNP, with
the 850-hPa cyclonic circulation coincided with
positive TD-OLRA variance anomalies, and the
westerly anomalies are located to the south of the
strong convection. If the WNP region is taken as a
standard, then the dry phase is on day -15 and the wet
phase is on day 0, and these two phases are contrary
to each other. The dry (wet) phase coincides with the
low-level anticyclone (cyclone) anomalous circulation.
The TD-OLRA regression variances coincide with the
OLRA region (110-130° E, 10-20° N), reflecting the
agreement between tropical synoptic waves and the
ISO convection activities in the region. The negative
OLRA regression values associated with the deep
convection coincide with the positive TD-OLRA
regression variance coefficient, suggesting that active
ISO convection is accompanied by active tropical
synoptic waves, which agrees with the previous

studies?® %!,
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Fig. 4. The regressed OLRA (light shading is for positive and deep shading negative), 850-hPa streamfunction anomalies (shown by
thin black contours; solid lines are for positive, dashed negative, at interval of 4 x 10° mz/s), 850-hPa vortex wind (vector, m/s),
TD-OLRA variance regression coefficient (shown by thick contours; solid lines are for positive, dashed negative, and the intervals in
active and inactive years are 40 and 30 W*m?*, respectively) based on standardized ISO-OLRA index in active and inactive years.
Significance levels greater 95% are plotted (upper panels: active years; lower panels: inactive years).

It is also shown from Fig. 4 that the main
difference of the wet or dry phase mode between the
active and inactive TC years is that the values of
regression variables are greater in the active year. The
standard intensity of OLRA in the key area (as
indicated by the box) of the WNP region in the active
year is 17.3 w/m?, compared to only 14.0 w/m? in the
inactive year. The ISO convection expands further
east in the western Pacific in the active year.

The mean flow affects the ISO activities, and
there are features of 30-60-day periods for the Indian
Ocean and South China Sea to West Pacific summer
monsoon, as well as the ITCZP% 1. In the active TC
years, the westerly anomalies in the wet phase in
WNP suggests that this phase correlates with the
active summer southwest monsoon, the eastward and
northward extension of the southwest flow favor the
northward movement of the monsoon trough, which
will benefit the formation and development of TCs
[(21-23.32] "and the activities of tropical synoptic waves
associated with the ISO are more active than those in
the inactive year.

4.2 Air-sea interactions in the ISO

The convective condensation heating is an
important  feedback  mechanism  during the
propagation of ISO, and the role of air-sea interaction
is important to maintain the ISO, which relates to the
physical variables such as SST, latent heat flux,
shortwave radiative flux, moist static energy, etc.!'* '
I There may be some differences between the active
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and inactive TC years in the intensity of the
components of atmospheric and air-sea interactions
during the ISO propagation process, causing the
different characteristics of ISO propagation in the
active and inactive year.

Figure 5 is a Hovmoeller diagram of the
lag-regression physical components based on daily
ISO-OLRA intensity indexes in active and inactive
years, respectively. Due to the marked deviation of
ISO propagation in active and inactive TC years
located in the western Pacific region, the physical
regression components are averaged over 110° to
180° E.

It can be seen from Figs. 5a & 5b that the physical
components propagate poleward over the western
Pacific, and the northward propagation is prominent.
During the ISO convection cycle, the convection
firstly occurs near the equator and propagates to 10°
N on day -10. Then, the ascending flow and
convection begins to strengthen, resulting in the
release of latent heat of condensation. On day 0, the
strongest center of convection superimposes with the
biggest ascending velocity and the maximum latent
heat of condensation with the center located in 10-20°
N. The ISO convection can reach 30° N in the active
year.

As shown in Figs. 5¢c & 5d, on day -20, there is a
positive maximum value of DSWRF anomalies; on
day -10, there are positive maximum surface
temperature anomalies; on day 0, the maximum
positive SLHF occurs when the most powerful
convection develops, with the negative DSWRF
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reaching the maximum; on day +10, the negative
maximum value of SKT anomalies appears, the SLHF
anomalies become negative, the DSWRF is positive
again. On day 20, the same maximum values of
DSWREF as those on day -20 appear again, forming a
complete ISO cycle.

Figure 5 describes the air-sea interaction
processes of ISO. When the convection is suppressed,
the SST increases as a result of the increased
downward shortwave radiation. Water vapor is then
transported from the ocean to the atmosphere, and the
negative SLHF anomalies occur, followed by the
increase of humidity. The unstable moist static energy
is accumulated as a result of the sensible and latent
heat. Finally, the convection generates and develops,
releasing latent heat of condensation. At this time the
values of SLHF turn into positive ones, indicating the
moisture being transferred back into the ocean, which
is similar to the process described by Wang and
Xiel" and Kemball-Cook and Wang. The
increased SST and moisture evaporation in the ocean
occur in advance of the development of convection in
the atmosphere, and in turn, the development of
convection would influence the changes of SST and
water vapor. The air-sea interaction processes are
similar in both the active and inactive year, and the
difference is merely the intensity of the physical
variables. The energy of instability is more adequate
in the active year than in the inactive year, favoring
stronger convergence and more powerful development
of convection, stronger latent heat of condensation
and downward SLHF.

Significantly negative OLRA propagates eastward
from the Arabian Sea, Indian Ocean to the vicinity of
the dateline in both the equatorial region (Fig. 6a) and
boreal subtropical region (Fig. 6b), suggesting
stronger convection in the active year than that in the
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inactive year. It also coincides with the eastward
propagation of the negative vertical velocity and
positive latent heat energy of the whole troposphere,
indicating that the latent heat release of the eastward
propagating convection is also greater in the active
year than in the inactive year. In the equatorial regions
(Fig. 6a), the convection differences begin to
propagate eastward from the 60—80° E Indian Ocean
area on day -20, and become active in the western
Pacific in day -5 to day 5 with the period being about
30-50 days. The enhanced eastward propagation in
the subtropical region begins on day -15 in the
vicinity of 40° E in the western African region, or in
60-80° E in the Arabian Sea and Indian Ocean areas.
From day 0 to day 15, the standing waves enhance
from the Indian Ocean to the western Pacific and the
period of propagation shortens. These features are in
consistency with the results of the power spectrum of
ISO convection in the equatorial region and
subtropical regions, i.e., the eastward 20-60-day
period propagation is intensified in the active year. In
the equatorial regions, active upward convection is
located in the 60—80° E in the Arabian Sea and Indian
Ocean as well as in the vicinity of the Philippines
region, and the latent heat of condensation is also the
strongest in these regions. In the subtropical region,
the strongest convection regions are located in the 80—
130° E and 140-160° E. The enhanced intensity of
OLRA in the equatorial region is stronger than that in
the subtropical region, and the difference between the
active year and inactive year is greater than -10 w/m>.
However, compared to the inactive year, the released
latent heat of condensation is greater in the
subtropical region than that in the equatorial region,
especially in the WNP. The values reach 40x10°
J - hPa/ kg or more in the active year.
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Fig. 5. The time-latitude Hovmoller plots of regressed variables based on ISO-OLRA intensity index in boreal summer in the
TC active and inactive years (the color shading in (a) and (b) is for the negative OLRA, unit in w/m?; the black solid
line denotes positive anomalies of vertical integration of latent heat of condensation from 1000 hPa to 300 hPa, the
interval is 10 x 10° J-hPa/kg; the red dashed line denotes the negative 500-hPa vertical velocity with intervals of 0.005
Pa/s; the color shading of (c) and (d) is for positive anomalies of SLHF, and the color scale denotes the value range,
unit in w/m?; the black lines denote the DSWRF anomalies, solid/dashed line for positive/negative value, the interval is
5 w/m?, the zero line is omitted; the red line is the SKT anomalies, the interval is 0.05 °C; (a) and (c) are for the active

year, and (b) and (d) for the inactive year).

No marked deviation of ISO propagation structure
is identified, although there is significant difference in
the propagation period (or phase speed). This may be
related to various scale and intensity of condensation
heat of convection for various TC activities in the
WNP in different years. The CISK-Kelvin and
CISK-Rossby theories can be used to explain
low-frequency oscillations!'*'*). According to Liu et
al.'” when the condensation heating is considered,
the frequency of the low-latitude atmospheric
long-wave fluctuations is defined as:

(1-"yke.
w=—2  (m=0.12..)
—-4m+1

where 7): is the parameter for the latent heat of

2
condensation (77:> 0), C2= \/;NA Z (usually 24

m/s), N the Brunt-Vaisala frequency, AZ the
interval of equal levels of the z-coordinate, m = 0
the CISK-Kelvin wave, and m> 0 the CISK-Rossby
wave. The high-frequency Rossby wave is mainly
active in the western Pacific!'® ') when 77.> 2, then

®> 0, namely, the enhanced latent heat will favor the
eastward propagation of CISK-Rossby wave, which
can explain why the characteristics of eastward
propagation of ISO are more significant in active TC
years. The above analysis also shows that the heating
intensity is stronger in the active year than in the
inactive year, suggesting the modulation of latent heat
of condensation released by TC convections may be
responsible for different characteristics of ISO
between the active and inactive TC years.
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Fig. 6. The time-longitude Hovmoller plots of the difference of regressed variables between active and inactive
TC years based on the ISO-OLRA intensity index in boreal summer (a: average in 10° S to 10° N; b:
average in 10 to 30° N; negative OLRA is shaded, unit in w/m?; the black lines denote the anomalies of
the condensation latent heat of water vapor with intervals of 10 x 10° J-hPa /kg, the red dashed line
denotes the negative vertical velocity at 500 hPa, the interval is 0.002 Pa /s for (a) and 0.005 Pa /s for (b)).

5 CONCLUSIONS

The difference of propagating characteristics and
air-sea interaction process of boreal summer ISO over
the AWP region between active and inactive years of
TC activity are explored, and the major results are
summarized as follows.

(1) The main difference of ISO propagation
characteristics between active and inactive TC years is
that the eastward 20-60-day period propagation along
the equator is more significant in the active year. As
the activity of 20-30-day period waves enhances, the
phase speed of the waves propagating eastward along
the equator increases in the western Pacific region.
The western Pacific is the region where the
propagation shows significant deviations, which
closely relates to the TC activities. The ISO
convection expands further east in the WNP in the
active year.

(2) The south portion of ISO convection in the
wet (dry) phase coincides with low-level westerly
(easterly) anomalies in the WNP. The general
circulation anomalies are more active and the
convection expands further east in the active year.
The enhanced ISO convection over WNP is consistent
with the active status of tropical synoptic waves over
the region.

(3) The enhanced downward short-wave radiation
and increased sea surface temperature before the
formation of strong convection favor the evaporation
of moisture and the growth of unstable moist static
energy, which then intensifies low-level convergence
and upward convection development. In turn, the
enhanced convection and release of latent heat are
associated with the increase of SLHF and the decrease
of DSWREF that the ocean obtains. When the intensity
of convection reaches the maximum, the downward

solar radiation is the minimum, resulting in the
decrease of SKT and weakening of convection, which
completes the cycle of ISO. The air-sea interaction is
more active in the active year than in the inactive
year.

It is also noticed that the difference in the strength
of TC activity in the WNP between active and
inactive years is closely associated with the various
propagating characteristics of ISO convection and the
ocean-atmosphere physical process. In other words,
the activity of TCs may have feedback on the ISO.
Although ISO modulates TC activities first?'> 32,
the feedback of TC activities to ISO is not quite clear,
which deserves to be further examined.
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