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Abstract: This work compares the contributions of synoptic, intraseasonal, and interannual compo-
nents of large-scale parameters to tropical cyclone (TC) genesis over the North Indian Ocean (NIO)
from April to December from 1979 to 2020. A composite analysis is employed with respect to TC
genesis time and location. It is shown that most TCs occur when the total sea surface temperature
(SST) is between 28 and 30 °C and SST anomalies in three time ranges are small (with the magnitude
less than 0.2 °C). The TCs form mostly when the anomalies of vertical zonal wind shear are between
—6and 6 m s—! and total vertical zonal wind shear falls within —12 and —3 m s—!, with the synoptic
component being a positive contributor. The intraseasonal component of vorticity and convergence
in the low level, vertical motion and specific humidity in the middle level, and convection contributes
dominantly to the TC genesis. Synoptic-scale tropical disturbances obtain barotropic kinetic energy
from the climatological mean and intraseasonal flows, with the former dominant in the southeastern
sector, and the latter dominant in the northwestern sector. The contributions of the three temporal
components of environmental factors are compared for TC genesis between the Arabian Sea (AS)
and Bay of Bengal (BOB) and between the early season (April through June) and late season (Septem-
ber through December). The relative contributions of the three temporal components of factors
are also compared for the TC formation among the NIO, northern tropical Atlantic Ocean (NTA),
Northwestern Pacific (WNP), and Northeastern Pacific (ENP).

Keywords: tropical cyclogenesis; environmental parameters; the North Indian Ocean; different
temporal variations

1. Introduction

Tropical cyclones (TCs) emerge over tropical warm oceans during summer and fall,
featuring a closed lower-level cyclonic circulation with forceful winds and a spiral dis-
tribution of strong precipitation [1]. TCs form around the global tropics, including both
the Northwestern and Northeastern Pacific, the Southwestern Pacific, the northern At-
lantic Ocean, and both the North and South Indian Ocean. Generally, the North Indian
Ocean (NIO) includes the Arabian Sea (AS) and Bay of Bengal (BOB). Singh and Roxy (2022)
showed that NIO TCs account for 6% of global annual TCs [2]. Some of the most destructive
TCs are generated in the NIO, causing great casualties and economic loss over the coastal
countries of the NIO such as India, Myanmar, and Bangladesh. In historical TC records,
7 of the top 10 lethiferous TCs formed over the BOB [3-5]. Therefore, an investigation of
the mechanisms responsible for NIO TC genesis is of great importance.
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Warm sea surface temperatures (SSTs), the Coriolis force off the equator, great relative
vorticity in the lower level, low vertical wind shear, and ample moisture in the middle
level are the essential conditions for tropical cyclogenesis [6-10]. These large-scale factors
for tropical cyclogenesis are modulated by the climate modes through a monthly mean
composite of various environmental factors over the NIO [11-13]. For instance, the envi-
ronmental parameters over the NIO are significantly adjusted by the El Nifio-Southern
Oscillation (ENSO) [10,12,14-16]. There is a higher TC genesis frequency and a stronger
TC intensity over the BOB during La Nifia years [14-17]. La Nifia years are accompanied
by favorable large-scale environmental fields including low vertical wind shear, increased
relative vorticity, and high humidity [14,16]. Moreover, the Madden—Julian Oscillation
(MJO), as a prevailing intraseasonal system [18], makes its adjustment on the environmen-
tal factors for the NIO tropical cyclogenesis with more active TC genesis in the region of
enhanced relative lower-level vorticity, increased mid-level relative humidity, and reduced
vertical wind shear [13,19-21].

Generally, TC genesis is a local synoptic process. The conditions of TC formation
are comprised of a synthesis of various temporal components of large-scale parameters.
Thus, it is proper to focus on the specific time and position of tropical cyclogenesis to
document the contributions of various temporal components of large-scale variables to
NIO tropical cyclogenesis [22,23]. This point of view in terms of time and position of
tropical cyclogenesis was proposed by Cao et al. (2018, 2019, 2021) [24-26] in the diagnosis
of the relative contributions of environmental factors on various time scales to TC formation
over the Northwestern Pacific (WNP), Northeastern Pacific (ENP), and northern tropical
Atlantic Ocean (NTA). This work attempts to extend the previous works [24-26] to NIO TC
genesis to address the following three objectives. Focusing on the NIO, we firstly contrast
contributions to tropical cyclogenesis of a variety of large-scale parameters on three time
scales: synoptic, intraseasonal, and interannual. Second, we examine regional and temporal
diversity in the contributions of various temporal components of ambient fields to NIO
tropical cyclogenesis. Third, we compare the distinction of the contributions of the ambient
parameters on the various time scales to NIO tropical cyclogenesis with those over the
WNP, ENP, and NTA.

The remainder is structured as below. The materials and methods are introduced in
Section 2. The contributions of various large-scale factors on various time scales to NIO TC
formation are documented in Section 3. Section 4 compares the contributions of various
temporal components to TC formation between the AS and BOB during the early and late
seasons. An analogous comparison is also performed among the NIO, WNP, ENP, and
NTA in the same section. A summary and short discussion are provided in Section 5.

2. Materials and Methods

The historical tropical cyclogenesis dataset was provided by JTWC, archived in the
National Climate Data Center’s International Best Track Archive for Climate Stewardship
(IBTrACS) v04r00 [27]. In this dataset, the time of the tropical cyclogenesis is determined
based on the first observation record of the maximum sustained wind speed, which is more
than 25 kts.

The daily mean interpolated satellite outgoing longwave radiation (OLR) data were
provided by the National Oceanic and Atmosphere Administration (NOAA) [28]. The data
of daily mean dynamical and thermodynamical variables were obtained from the ERA5
reanalysis on a 2.5° x 2.5 grid [29]. The monthly mean SST on a 2° x 2° grid was obtained
from the Extended Reconstructed Sea Surface Temperature (ERSST) V5 data, beginning
from 1854 [30].

The synoptic, intraseasonal, and interannual components of different large-scale
parameters were obtained by employing a Lanczos filter [31]. The synoptic component of
variations was derived by using a 3-8-day bandpass Lanczos filter [31] to the original daily
time series from 1979 to 2021. Similarly, the intraseasonal component of variations was
derived by using a 10-90-day bandpass Lanczos filter. Climatological daily means from
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1979 to 2021 were removed from the original dataset to gain a daily anomalous time series.
The interannual component of variations over a >90-day period was obtained by applying
a 90-day low-pass Lanczos filter to the daily anomaly time series from 1979 to 2021.

In addition to the large-scale parameters modulating TC genesis [19-21], the dynamic
influence of large-scale background flows on TC formation was also obtained through
barotropic kinetic energy conversion by which synoptic-scale eddies obtain energy from
the background flows [32,33]. The eddy kinetic energy was used to indicate synoptic-scale
eddies. The formula of the barotropic kinetic energy conversion in the lower level [32,33]
can be written as

— VIV V)V, = _u’v’g;’; —u’v’g—z —u’u’g—z —v’v’g;, 1

where (I, T) are the background wind flows, and (1, v") are the synoptic-scale eddy compo-
nents of winds on the 3-8-day time scale. The background flows are segmented into climato-
logical mean winds, and interannual and intraseasonal components as i = uyj; + Uiy + Ujso
and U = v.j; + Uiyt + Vjso. The four terms of the barotropic kinetic energy conversion equation
are in relation to the zonal convergence of zonal wind and the meridional shear of zonal wind

(g—z, 3—3) , and the zonal shear of meridional wind and meridional convergence of meridional

wind ( g—g, % ), respectively.

3. Contributions of Various Temporal Components to NIO TC Genesis

The region of 0°-22.5°N and 50°-100°E is the major source of TC genesis over the NIO
(Figure 1a). Climatological mean low-level winds are westerly in this region. Most TCs
over the NIO are generated in regions with climatological mean SSTs greater than 27.5 °C.
Further, the frequency of BOB tropical cyclogenesis is far greater than that of AS TC genesis,
which is in concert with previous research [1,34]. This difference is owing to the higher
SST and moisture content over the BOB than over the AS, and synoptic-scale disturbances
propagating from the WNP to the BOB [35].

The climatology of the tropical cyclogenesis number occurring over the NIO (0°-25°N
and 50°-100°E) reaches its peak in November, and TC genesis is scarcely observed in
February (Figure 1b). The NIO has two active TC genesis seasons; one lasts from April to
June, while the other one lasts from September to December, consistent with a previous
study [5]. These two active TC genesis seasons are also observed in both the AS and BOB
(figure not shown). Compared with the NTA, WNP, and ENP, NIO TC genesis frequency
shows a distinct picture in terms of annual cycle [24-26]. There is only one single peak TC
season within July through October over the NTA, WNP, and ENP [24-26]. TCs are rarely
generated during the monsoon season (from July to August) over the NIO due to the strong
vertical wind shear [5]. There were 207 TCs generated over the NIO region in total during
April to December (AMJJASOND for brevity) from 1979 to 2020. Although we included TC
genesis in July and August in the following analysis, the low number of generated TCs in
these two months did not influence the statistical results, as our analysis was conducted
according to the TC genesis time and position. A comparison between the AS and BOB
and between early TC season (April through June) and late TC season (September through
December) are presented in Section 4.

In the following, the contributions of the environmental parameters, including SST,
vertical shear of zonal wind between 850 hPa and 200 hPa, OLR, 850 hPa convergence,
850 hPa relative vorticity, 700 hPa specific humidity, 500 hPa vertical p-velocity, and 850 hPa
barotropic energy conversion, to the NIO tropical cyclogenesis are analyzed on different
time scales. The above dynamic and thermodynamic factors are crucial in the process
of tropical cyclogenesis [7,9,32]. Note that when the anomalies of the SST, lower-level
relative vorticity, lower-level barotropic eddy energy conversion, and mid-level specific
humidity are greater than 0 or when the anomalies of the OLR, lower-level convergence,
and mid-level vertical motion are less than 0, the contributions of these factors to tropical
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cyclogenesis are positive. On the contrary, their contributions are considered to be negative.
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Figure 1. (a) The climatological mean SST (shaded, °C) and lower-level winds (vector, m s during
AM]JJASOND for the period 1979-2020. The blue dots indicate the location of AMJJASOND TC
formation. (b) The climatologically monthly mean variation of TC formation frequency over the NIO
during the period 1979-2020.

The contributions of the three temporal components of the aforementioned ambient
parameters to NIO tropical cyclogenesis were calculated in the following steps. First, the
daily anomalies of these variables on various time scales for each tropical cyclogenesis
case were calculated based on a 7.5° x 7.5° averaged box centered around the location of
tropical cyclogenesis. Then, the anomalies of these variables were grouped into multiple
ranges determined according to total anomalies, i.e., the sum of individual anomalies,
or total value, i.e., the sum of climatological mean and total anomalies. The number of
generated TCs, the average of total anomalies, and the average of anomalies on individual
time scales were computed for each range. The proportion of the NIO tropical cyclogenesis
in a specific range was obtained by dividing the TC genesis frequency falling within this
range by the total TC genesis number.
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Generally, a warm ocean provides moisture and thermal energy to promote TC gen-
esis [2,6,7]. About 67% (141/207) of TCs over the NIO were found to emerge when the
SST anomalies fall into the interval between —0.4 and +0.4 °C (Figure 2a). The increase of
anomalies of the interannual and intraseasonal components is accompanied by a declining
TC genesis number. It follows that the SST anomalies may not be vital for NIO TC genesis,
which is likely due to the high climatological mean warm SSTs there. The vast majority of
TCs over the NIO emerged when the total SST was within 28-30 °C (Figure 2b), exceeding
the threshold of 26.5 °C for tropical cyclogenesis [7]. Only a few TCs emerged when the
total SST exceeded 30 °C. This is related to intraseasonal and interannual components
(Figure 2b).
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Figure 2. Distribution of daily anomalies of (a) SST (°C) associated with the 207 TCs on interannual
(red bar), intraseasonal (green bar), and synoptic (orange bar) time scales during AMJJASOND in
1979-2020. (b) The same as (a) except that the bins are grouped based on total SST. The solid line
indicates the probability density function of TC formation (scale at right). The digit number above
the x-axis indicates the TC formation number in each bin.

Weak vertical wind shear is one of the essential prerequisites for tropical cyclogenesis.
DeMaria (1996) suggested that the formation of an upper-level warm core prefers weak
vertical wind shear, which helps the tropical disturbances to grow into TCs [36]. Most of
the TCs over the NIO emerged when anomalies of vertical zonal wind shear were within
—6 and 6 m s~! and all the three components were small (Figure 3a). When vertical zonal
wind shear anomalies were great (either positive or negative), the tropical cyclogenesis
frequency decreased. The increase of the vertical zonal wind shear anomalies was ascribed
to intraseasonal and interannual components with a larger contribution from the former
(Figure 3a). The climatology value of vertical zonal wind shear was easterly over the
NIO. Most TCs were observed when the total vertical shear of zonal wind was between
—12 and —3 m s~ ! (Figure 3b). This indicates that the magnitude of the vertical zonal
wind shear for NIO TC genesis was relatively great compared to that over the other
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basins. Among the three components, the synoptic component was positive, and the
intraseasonal and interannual components were negative (Figure 3b). This suggests that
the synoptic component of the vertical zonal wind shear contributed positively to NIO
tropical cyclogenesis.
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Figure 3. Same as Figure 2, except for (a) daily anomalies of vertical zonal wind shear (m s 1) on
interannual (red bar), intraseasonal (green bar), and synoptic (orange bar) time scales. (b) The same
as (a) except that the bins are grouped based on total vertical zonal wind shear..

We further examined the two-dimensional distributions of composite 850 hPa wind
and relative vorticity, 850 hPa divergence, 700 hPa specific humidity, OLR, and 500 hPa
vertical motion centered around the locations where TCs emerge on synoptic, intraseasonal
and interannual time scales (Figure 4). A composite of barotropic energy conversion
terms centered around the TC genesis locations in association with interannual flows,
intraseasonal flows, and climatological mean winds is shown in Figure 5. An obvious
feature is that the total anomalies of the above factors were dominated by the intraseasonal
component (Figure 4). The synoptic and interannual components were relatively weak
(Figure 4). On the other hand, the climatological mean winds and intraseasonal flows
supplied the barotropic energy for the growth of the synoptic eddies (Figure 5a,c). The
interannual component of wind variations had a very small contribution (Figure 5b).
A salient difference was seen in the spatial distribution of the barotropic eddy energy
conversion related to the climatological mean winds and intraseasonal flows. The largest
barotropic eddy energy conversion associated with the climatological mean winds was
located in the southeastern sector (Figure 5a). In sharp contrast, the largest barotropic eddy
energy conversion associated with the intraseasonal flows was located in the northwestern
quadrant (Figure 5c).
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Figure 4. Composite of (a—c) 850 hPa wind (vector, m/s, scale at the top right) and relative vorticity
(shading, 1072 571, (d—f) 850 hPa divergence (shading, 1075571, (g-1) 700 hPa specific humidity (shad-
ing, g kg_l), (j-1) OLR (shading, W m~2), and (m-o0) 500 hPa vertical p-velocity (shading, 1072 Pas1)
centered over the locations of TC formation on (left) interannual, (middle) intraseasonal, and (right)
synoptic time scales during AMJJASOND from 1979 to 2020. The zero indicates the grid point nearest
to the TC formation locations. The x-axis (y-axis) represents the distance (°) from the TC center with

positive distance to the east (north) and negative distance to the west (south).
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Figure 5. The same as Figure 4, except for composite barotropic energy conversion (10> m?/s%)
terms associated with (a) climatological mean winds (CLI), (b) interannual (INT), (c) intraseasonal
background flows (ISO).

Based on Figures 4 and 5, we conducted a quantitative comparison of the contributions
of three temporal components to NIO tropical cyclogenesis. For this purpose, the total
percent contributions of the three components, as shown in Figure 6, were obtained as
the rate between the total average anomalies on one component and the sum of the total
average anomalies of the synoptic, intraseasonal, and interannual components when the
total anomalies contribute positively to NIO tropical cyclogenesis.
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Figure 6. The percent (%) contributions (a) from anomalies of 850 hPa relative vorticity (VOR), 850 hPa
divergence (DIV), 700 hPa specific humidity (SH), OLR, and 500 hPa vertical p-velocity (OMEGA) on
interannual (red bar), intraseasonal (green bar), and synoptic (orange bar) time scales; and (b) 850 hPa
barotropic energy conversion (BEC) with regard to interannual (red bar), intraseasonal (green bar)
flows, and climatological mean (yellow bar) flows.



Remote Sens. 2023, 15, 610

9of 15

A pronounced feature is that the intraseasonal component of low-level relative vor-
ticity, low-level convergence, mid-level specific humidity, OLR, and mid-level vertical
movement to the NIO tropical cyclogenesis were much greater than the synoptic and inter-
annual components (Figure 6a), which elucidates that the influence of the aforementioned
ambient parameters to the NIO tropical cyclogenesis is governed by the intraseasonal
component. For the barotropic eddy energy conversion, the climatological mean winds and
intraseasonal variations of flows supply the energy for the growth of the synoptic-scale
disturbances (Figure 6b). Note that for the role of individual factors, we mainly focused
on the comparison of contributions of anomalies on the interannual, intraseasonal, and
synoptic time scales, while for the barotropic kinetic energy conversion, we mainly focused
on the impact of large-scale background flows, including climatological mean winds and
slow-varying wind anomalies on tropical cyclogenesis.

To examine whether the TC-related winds interfere with the synoptic and intrasea-
sonal components of dynamical fields, we conducted a parallel analysis about the relative
contribution of low-level relative vorticity and convergence on the three time scales to TC
formation after removing the TC vortex from the total wind fields. The removal of TC-
related cyclonic winds followed the procedure in [37] according to the algorithm proposed
by Kurihara et al. (1995) [38]. The results based on TC-removed wind fields were similar to
those based on total wind fields (Figure 7), which indicate that the above conclusions still
hold after removing the TC-related wind fields.

TCs remove
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Figure 7. Composite of (a—c) 850 hPa wind (vector, m/s, scale at the top right) and relative vorticity
(shading, 1072 s~ 1), (d—f) 850 hPa divergence (shading, 102 s~ 1) centered over the locations of
TC formation on (left) interannual, (middle) intraseasonal, and (right) synoptic time scales during
AM]JJASOND from 1979 to 2020 with the TC signals removed. The zero indicates the grid point
nearest to the TC formation locations. The x-axis (y-axis) represents the distance (°) from the TC
center with positive distance to the east (north) and negative distance to the west (south). The percent
(%) contributions (g) from anomalies of 850 hPa relative vorticity (VOR) and 850 hPa divergence
(DIV) on interannual (red bar), intraseasonal (green bar), and synoptic (orange bar) time scales with
the TC signals removed.
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To qualitatively comprehend the mechanism of the dominant role of intraseasonal
variations in the contributions of the OLR, low-level relative vorticity and divergence,
and mid-level specific humidity and vertical p-velocity to the NIO tropical cyclogenesis,
the ratios of the standard deviation of the above five factors were computed between the
synoptic component and the intraseasonal component (Figure 8). It was seen that the
standard deviations of intraseasonal components of the OLR, low-level relative vorticity,
and mid-level specific humidity were greater than those of the synoptic component over
the NIO (Figure 8a—c). This feature was particularly obvious for mid-level specific humidity
(Figure 8c). This finding implies that the intraseasonal component of the OLR, low-level
relative vorticity, and mid-level specific humidity is the most important over the NIO
from April to December in the period 1979-2020. Thus, TC genesis prefers to occur in the
background of active intraseasonal variations. The present results are in consonance with
previous studies [19,39]. For instance, tropical cyclogenesis frequency increases over the
NIO and the WNP under the active MJO phase [19]. It is noteworthy that for the low-level
divergence and mid-level vertical motion, the ratios of the standard deviation between the
synoptic and intraseasonal components are reversed (Figure 8d,e). This indicates that there
is an inconsistency from different perspectives between the season mean and TC genesis
location. This is due to a mismatch of the spatiotemporal scales between the background
field and the local TC genesis.

(a)OLR syn/iso (b)VOR syn/iso
30N

20N

10N

40E 60E 80E 100E 120E 40E 60E 80E 100E 120E

(c)SHUM syn/iso (d)DIV syn/iso
N T R 30N T >
1
20N 20N A . I
Ee >
10N 10N + P (} A
0 0 / T T 4 “/E
40E B60E 80E 100E 120E 40E 60E 80E 100E 120E
(e)OMEGA syn/fiso

30N

-\ﬁb e

10N 1 F° : Y.
I W

40E 60E 80E 100E 120E

0

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Figure 8. The ratios of the standard deviations in (a) OLR, (b) 850 hPa relative vorticity, (c) 700 hPa
specific humidity, (d) 850 hPa divergence, and (e) 500 hPa vertical p-velocity between the synoptic
and intraseasonal components over the NIO during AMJJASOND of the period 1979-2020. The red
dashed lines indicate the main region of the NIO.

4. The Comparison in Different Regions
4.1. The Comparison between the AS and BOB

This section further examines the differences in the contributions of various temporal
components of large-scale parameters to the tropical cyclogenesis between the AS and
BOB. We also compared the contributions between the early and late TC seasons. The
results are displayed in Figures 9 and 10. A common feature is that the 850 hPa relative
vorticity and convergence, 700 hPa specific humidity, OLR, and 500 hPa vertical motion to
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the tropical cyclogenesis were dominantly contributed by the intraseasonal variation over
the AS and BOB and in both April through June (AM]) and September through December
(SOND) (Figure 9). A different feature is that during AM] over the AS, climatological
mean environmental flows dominantly supplied barotropic energy for the growth of the
synoptic eddies (Figure 10), whereas during AM]J over the BOB, the barotropic eddy energy
conversion related to intraseasonal flows was greater than that related to the climatological
mean flows (Figure 10). This difference is partly related to the larger shear of climatological
mean winds over the AS than over the BOB (Figure 1a).
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Figure 9. Similar to Figure 6a, except over the (a,b) AS and (c,d) BOB during (a,c) AM]J and (b,d)
SOND during the period 1979-2020. The four digit numbers at the top right indicate the TC formation

number in the respective region and period.
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Figure 10. Similar to Figure 6b, except over the AS and BOB during AM]J and SOND.

4.2. The Comparison among Different Ocean Basins

Tropical cyclogenesis over various oceanic basins is possibly related to different tem-
poral components of atmospheric and oceanic processes. Here, we compared the contribu-
tions of various temporal components of environmental parameters to tropical cyclogenesis
among the NIO, WNP, ENP, and NTA. Our previous works [24-26] have examined the
relative contribution of various temporal components of environmental parameters to
tropical cyclogenesis during the major TC seasons of 1979-2013 over the WNP, ENP, and
NTA. Table 1 summaries the major results of comparisons of the relative contributions of
OLR, relative vorticity, specific humidity, and barotropic eddy energy conversion among
the above four oceanic basins. There are both similarities and noticeable differences among
the four oceanic basins. On the one hand, the intraseasonal components of OLR, relative
vorticity in the low-level, and specific humidity in the mid-level have primary positive
contributions to TC formation over the NIO and WNP. On the other hand, over the NIO and
NTA, the main contribution of the barotropic eddy energy conversion is similar, with the
major positive contribution in association with climatological mean flows and intraseasonal
flows. On the contrary, the synoptic components of OLR, relative vorticity, and specific
humidity have dominantly positive contributions to tropical cyclogenesis over the ENP
and NTA, which is completely different from that over the NIO and WNP. Additionally,
climatological mean background flows are a dominant energy source for the growth of the
synoptic eddies in the lower troposphere over the ENP and WNP.

Table 1. Summary of the primary contribution components of OLR, relative vorticity (VOR), specific
humidity (SH), and barotropic energy conversion (BEC) to tropical cyclogenesis over the NIO, WNP,
ENP, and NTA.

OLR VOR SH BEC
NIO Intraseasonal Intraseasonal Intraseasonal Cl1matolog1cal mean
intraseasonal
WNP Intraseasonal Intraseasonal + synoptic Intraseasonal Climatological mean
ENP Synoptic + intraseasonal Synoptic Synoptic Climatological mean
. . . Climatological mean +
NTA Synoptic Synoptic Synoptic intraseasonal

The discrepancy in the contributions of OLR, relative vorticity, and specific humidity
between the NIO/WNP and ENP/NTA seems to be related to the activities of synoptic-
scale disturbance and intraseasonal oscillation. On the synoptic time scale, the African
easterly waves are found to be a precursor for the tropical cyclogenesis over the NTA and
ENP [40,41]. Therefore, the variation on the synoptic time scale is anticipated to be more
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prominent over the ENP and NTA. On the other hand, the MJO with the 30-60-day period
is a dominant signal, and it is triggered over the equatorial Indian Ocean and tends to
propagate eastward to the western Pacific [2]. As a result, the variation of the intraseasonal
time scale is expected to be more vigorous over the NIO and WNP.

5. Conclusions

This study compares the contributions of large-scale parameters to NIO tropical cy-
clogenesis in terms of time and location of tropical cyclogenesis. First, the total anomalies
of every parameter in the location of tropical cyclogenesis are segmented into synoptic,
intraseasonal, and interannual components. Then we contrast the contributions of vari-
ous temporal components of the environmental parameters to NIO tropical cyclogenesis.
Furthermore, the contributions of the various temporal components of each parameter are
contrasted between the AS and BOB and among the NIO, WNP, ENP, and NTA.

The composite analysis shows that the primary positive contributions of relative
vorticity and convergence in the low level, specific humidity, and vertical motion in the
middle level and OLR to NIO TC genesis are consistently owing to the intraseasonal
component. The climatological mean winds and intraseasonal flows supply the barotropic
energy for the growth of the synoptic eddies in the lower level, with the former being
slightly larger than the latter. Most TCs emerge when the vertical zonal wind shear
anomalies are between —6 m s~! and 6 m s~!, with the synoptic-scale component being a
positive contributor. The SST anomalies do not seem to be critical for tropical cyclogenesis
over the NIO due to high climatological mean SST there.

The primary positive contributions of relative vorticity and convergence in the low
level, specific humidity, and vertical motion in the middle level and OLR to tropical cycloge-
nesis are contributed by the intraseasonal component over both the AS and BOB and during
both early and late TC seasons. However, there is an evident diversity in the barotropic
energy conversion during AMJ between the AS and BOB. Over the AS, climatological mean
environmental flows supply primary barotropic energy for the growth of the synoptic
eddies, whereas over the BOB, the intraseasonal flows dominantly supply barotropic ki-
netic energy for the synoptic-scale eddies, and the contribution from climatological mean
background flows is secondary.

Differences are identified for the relative contributions of OLR, relative vorticity in
the low level, and specific humidity in the middle level to tropical cyclogenesis over
the NIO, WNP, ENP, and NTA. The synoptic component of these three environmental
parameters is the foremost over the ENP and NTA, whereas the intraseasonal component
is the greatest over the NIO and WNP. In addition, the climatological mean background
flows and intraseasonal flows supply barotropic kinetic energy for the growth of synoptic
eddies over the NIO and the NTA, but climatological mean flows are the primary source of
barotropic energy over the WNP and ENP.

Our study suggests a dominant role of the intraseasonal component of a variety of
environmental parameters in NIO tropical cyclogenesis. The South Indian Ocean is another
active center of TC activity. Does the intraseasonal component of environmental parameters
have an essential contribution to tropical cyclogenesis over the South Indian Ocean? What
are the relative contributions of different time scale background flows in the barotropic
kinetic energy conversion to the growth of the synoptic eddies over the South Indian Ocean?
Those issues will be studied in future work.
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