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Abstract. Rainfall variability in Southern Asia is
strongly affected by local climate, associated with
temporal and spatial variations of large-scale
atmospheric circulation. Rainfall is a major water
source for drinking water and agriculture. For this
reason, knowing the interannual relationship between
two local climates can provide significant information
for forecasting the rainy season to decrease disaster risk
and improve water management. In this paper, we
present a cross wavelet coherence stationary oscillation
(XWCSO) between Arctic- and Antarctic-wide changes
in the sea ice extent and rainfall variability at two
locations with very different topography, i.e., Bangkok
and Songkhla provinces, Thailand. The XWCSO results
can be interpreted as large rainfall variability in
Bangkok from 1988 to 1990, 2000 to 2007, and 2011 to
2015 during mid-November to mid-March, mid-August
to mid-December, and mid-May to mid-September
respectively. However, in Songkhla province, the heavy
rainfall from 1988 to 2015 occurred from early July
until mid-December. Such variability can be connected
to the seasonal winds, El Nifio and La Nifia Southern
Oscillation. The proposed scheme should be useful for
analyzing and forecasting the rainfall variability over
Southeast Asia and other areas, as well as applications
in meteorology and agriculture.
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1. Introduction

Rainfall variability is a significant factor affecting
the yields of food crops around the world; the
variability is directly associated with the influences
of the seasonal winds on the topography, as
well as the EI Nifio and La Nifia oscillation.
This behavior is a non-linear time series in a
complex system, in which the periodicities and
trends are significant. Wavelet analysis in the
non-linear time series is of fundamental

interest and has several applications, such as
the variability in time series on ice conditions
in the Baltic Sea (Jevrejeva et al. 2003; Jevrejeva
2002); the EI Nifio/Southern Oscillation (ENSO)
phenomenon and Indian monsoon rainfall
(Narasimha and Bhattacharyya 2010; Torrence
and Webster 1999); the southern annular mode
driving multi-century wildfire activity in southern
South America (Holz et al. 2017); the relationship
of the temperature and wind speed data at Adrar,
Algeria (Chellali et al. 2010); and analyses of
rainfall data (Santos et al. 2003; Yueqing et al.
2004; Rahman et al. 2018; Baddoo et al. 2015;
Santos et al. 2001; Cruz et al. 2012; Singh et
al. 2020; Sakaros et al. 2021).

Recently, wavelet analysis methods, such as
the continuous wavelet transform (CWT), cross
wavelet transform (XWT), and wavelet coherence
(WTC), have played an important role in
examining the relationship between two time
series in a time-frequency space that can find
localized intermittent periodicities and phase
angle statistics, in order to gain confidence in
the physical relationships (Jevrejeva et al.
2003; Jevrejeva 2002; Grinsted et al. 2004;
Torrence and Compo 1998; Allen and Smith
1996; Daubechies 1990; Fage 1992; Hudgins
et al. 1993; Gaucherel 2002). However, this
time-frequency space cannot be identified
directly with the seasonal time because of the
non-stationary element in the time series.

In this paper, the XWCSO is developed to make
it applicable for examining the rainfall variability
of the rainy season using the obtained stationary
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oscillation property of the sea ice extent. Its
significant region and phase angles in a time-
frequency space stand out in the section of
large variability. The sea ice indices, Arctic-
wide changes in the Northern Sea ice index
(NSIE) and Antarctic-wide changes in the
Southern Sea ice index (SSIE) from 1979 to
2015 are calculated on a monthly basis, which
presents evidence for differences in variability
(based on information maintained by the
National Snow and Ice Data Center (NSIDC
2018), University of Colorado, Boulder).

Such indices are significant keys for examining
the variability associated with climate systems
(NSIDC 2018; Wang and Cai 2013; Carvalho
2005). For example, rainfall data, the Thai
Meteorological Department (TMD) has
maintained the data from 1979 to 2015 for
two regions located in very different
topographies (Google 2019). Bangkok is
located between a vast land area and the sea in
the middle part of Thailand (13°5’N, 100°3'E),
and Songkhla province is located between the
Gulf of Thailand and the Andaman Sea in the
southern part of Thailand (7°2'N, 100°6'E);
both are under the influence of the seasonal
winds and the intertropical convergence zone
(ITCZ) associated with climate change. The
XWCSO relationship between the rainfall and
the sea ice index is used to find localized
intermittent periodicities and phase angle. With
the phenomena of the sea ice index, which is
stationary oscillation, this relationship can be
interpreted as the rainfall variability of the
rainy season associated with the topography
and the seasonal winds (Santos et al. 2003;
Yueqing et al. 2004; Rahman et al. 2018;
Baddoo et al. 2015; Santos et al. 2001; Cruz et
al. 2012), as well as the El Nifio and La Nifia
oscillation (Jevrejeva et al. 2003; Jevrejeva

2002; Rasmusson and Carpenter 1982;
Trenberth 1997; Trenberth and Stepaniak
2011; Trenberth et al. 2019; Huang 1998). The
proposed scheme should be useful for
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analyzing the rainfall variability of the rainy
season in Southeast Asia and other areas, as
well as for applications in meteorology,
agricultural planning, and farming.

2. Theoretical Background

Many signals in nature often display non-
stationary oscillations in time series and are
generated by complex systems. The XWCSO
in the interannual pattern is a relationship
between two time series, where one time series
is a stationary oscillation and the other one is a
non-stationary oscillation. It can be applied to
reveal localized intermittent periodicities of
seasonal time to link natural mechanisms of
the systems. The XWCSO is created by modifying
the CWT, XWT, and WTC in order to analyze
the interannual relationship as a localized
correlation coefficient in a time-frequency
space; the Monte Carlo method is employed to
assess the statistical significance level against
the red noise model, as shown in Formula 1
(see also Jevrejeva 2002; Grinsted et al. 2004;
Torrence and Compo 1998; Allen and Smith
1996; Daubechies 1990; Fage 1992; Hudgins
et al. 1993; Gaucherel 2002):

Where ~ W’®(s)=CWTA(s)Y(CWT?(s)) is
the XWT between two time series, A is the
non-linear time series, B is the stationary time
series, and * denotes the complex conjugate.
CWTA and CWT?® are the continuous wavelet
transforms obtained by the Morlet function, c1
and c2 are normalization constants, and /7 is
rectangle function. The factor of 0.6 is the
empirically determined scale length for the
Morlet wavelet. The common-phase angle is
given by

(2)

5 () = tan_l[ Im(W,® (s»]

Re(W,(s))

2

[ (CWTA(s) xc,e™ /™) |, c,11(0.69)],

2

[ (CWTE(s) xc,e ™) |, ¢, T1(0.69)] |
)




Ramkhamhaeng International Journal of Science and Technology (2021) 4(3): 1-10

The CWT of a time series xn, and n = 1,...,N
can achieve a variable resolution in the form
of the time frequency space with the uniform
time steps At given by:

CWTX(s) = VAt/ SZN: Xy W, [(n'—n)At/s] (3)

Where the Morlet wavelet function is given by
w,(n)=n""ee VD" and  p=s.At s

dimensionless time, the s is wavelet scale, and
® = aos 1S a non-dimensional frequency (ao = 6).

Many statistical analyses of time series in
natural systems are made under the
assumption that the probability density
function (pdf) is close to normal, at zero
(Grinsted et al. 2004). The time series index
transformed the pdf that represents evidence
for the different variability, where the
XWCSO transforms the two-time series into
interannual relationships. The high cross
coherent power spectrum of a 95% confidence
level and the common phase angle are
achieved. The time series index transforms the
pdf and presents evidence for the difference in
variability. The XWCSO transforms the two-
time series into the interannual relationships,
where the high cross coherent power spectrum
of 95% of confidence level is obtained. These
results can be interpreted as the correlation in
the two-time series between the variability of
the system to link-related mechanisms.
However, the CWT with the Morlet wavelet
function based on the XWCSO does not
completely localize in time, so the edge effects
cannot be neglected. This effect induces edge
artifacts, so it is useful to introduce a Cone of
Influence (COIl) of the wavelet analysis as the
area in the form of the attenuating and
discontinuous power spectrum due to the zero
padding. The statistical significance of the
power spectrum is estimated by using the
Monte Carlo method, with a first-order
autoregressive (AR1) process against a red
noise model (Jevrejeva 2002; Grinsted et al.
2004; Torrence and Compo 1998; Allen and
Smith 1996; Daubechies 1990; Fage 1992;
Hudgins et al. 1993; Gaucherel 2002).

3. Results and Discussion

The NSIE and SSIE index of the time series
from 1979 to 2015 (by maintaining the NSIDC
data calculated on a normalized monthly
basis) presents evidence for the differences in
variability, as shown in Figures 1(a) and 1(b)
(top). The positive and negative indices have a
higher and lower value than the normal,
respectively. The average monthly sea ice
extent, in the NSIE and SSIE, both the sea ice
extent of the period of six months during mid-
November to mid-May and mid-May to mid-
November. The maximum and minimum
average sea ice extent in the NSIE is
15.34x10° km? in February and 6.14x10° km?
in September, and the SSIE averages are
18.54x10° km? in September and 3.09x10°
km? in February. The wavelet power spectra
of the NSIE and SSIE are shown in Figures
1(a) and 1(b) (bottom) with the absolute value
squared of the wavelet transform. The solid
black curve is the 95% confidence level, and
the lighter shade, showing the edge effects, is
the COl. The spectra show the stationary
oscillation or strong periodicity with a 12-
month dominant period corresponding to the
global wavelet power spectra of 12 months.
The period band from the 9th to the 15th
months above the 95% (dashed curve)
confidence level is shown in Figures 1(a) and

1(b) (right).

The XWCSO between the NSIE and SSIE is
the interannual relationship in the high
coherent power spectrum and common phase
angle relationship, as shown in Figure 2. The
observed coherent features in the individual
wavelet transform are strong periodicity with
the dominant period of 12 months over a long
time, and its relative phase angle relationship
around the period band during months 9 to 15,
with a 95% confidence level, is the strong
anti-phase (180°) pointing left. This can be
interpreted as the stationary oscillation, where
the period does not change over time, in the
NSIE and SSIE. In a comparison of the two
indices, the phase angle of 360° is a one-year
cycle divided into 12 months. Therefore, with
the stationary oscillation property and phase
angle relationship between the two time series
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Fig. 1. Normalized time series (top) of (a) the NSIE and (b) the SSIE. Their continuous wavelet power
spectra (bottom) have a 95% confidence level against the red noise model within a thick contour and
global wavelet power spectrum (right) above the 95% (dashed curve) confidence level.

(under the assumption that the pdf index is
normal at zero), it can be useful to link the sea
ice season of 12 months running from mid-
November until mid-May for the NSIE and
from mid-May until mid-November for the
SSIE.

In addition, with regard to the XWCSO
between the SSIE and NSIE, its spectrum and
phase angle relationship are also shown the
same period but with the opposite phase angle.
Therefore, the sea ice season is similar to the
interannual relationship between the NSIE and
SSIE, with the NSIE leading the SSIE by six
months. By examining the XWCSO, CWT,
and the stationary oscillation property of the
sea ice index, these can be interpreted as a sea
ice season of 12 months, beginning mid-
November for the NSIE and mid-May for the
SSIE. In addition, the observed period band
during the 9th to 15th months (six months) in
the CWT is similar to the sea ice extent during
mid-November to mid-May for the NSIE and
mid-May to mid-November for the SSIE. The
wavelet analysis composed of both the
XWCSO and CWT can be applied to
investigate the seasonal cycle of the time
series. By using the stationary oscillation
property of the NSIE and SSIE in Earth’s
natural systems associated with climate
change, the XWCSO in the interannual
relationship can applied directly to identify the
seasonal time in the time series.

Period (months)

1979 1983 1988 1993 1998 2003 2008 2013
Time (month)

Fig. 2. XWCSO power spectrum and common-
phase angle relationship between the NSIE and
SSIE with a 95% confidence level against red
noise within a thick contour. The phase angle
relationship is the strong in-phase of the SSIE
leading the NSIE by six months (180°) around the
period band of the 9th to 15th months.

In order to examine the rainfall variability that
is generated by complex natural systems, the
pdf of the monthly rainfall time series is used
to analyze the interannual relationship
between the rainfall index and the stationary
oscillation of the NSIE and SSIE by the
XWCSO. Two examples of tropical rainfall
data were provided by the Thai
Meteorological Department for this study.
These locations have two different types of
topography; one is located between land and
sea in the central part of Thailand — the
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capital, Bangkok — and the other is located
between the Gulf of Thailand and the
Andaman Sea in southern Thailand -
Songkhla province — as shown in Figure 3.
The interannual relationship of the two
regions, both located in a tropical climate
zone, is affected by annual monsoons,
depressions, typhoons, tropical cyclones, and
the ITCZ at different times associated with
climate change in each topography, such as
land and sea temperatures and atmospheric
pressure.
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Fig. 3. Locations of the sample sites in
Thailand (Bangkok and Songkhla province)
for the rainfall data (Google 2019).
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Figures 4(a) and 4(b) (top) show the
normalized monthly rainfall data from 1979 to
2015 in Bangkok (RBK) and Songkhla
province (RSK). The rainfall index is defined
by the deviations of the referenced rainfall, in
which the positive index is higher than
normal, while the negative index is lower than
normal. The CWT power spectra of RBK and
RSK are shown in Figures 4(a) and 4(b)
(bottom); the common feature of the large-
scale periodicities of high power within the
95% confidence level is a strong periodicity of
12 months within the period band from 9 to 15
months in RBK, whereas the significant
features in the RSK include two strong
periodicities of 6 and 12 months within the
period band from 5.5 to 7 months and 9 to 15
months, respectively. The global wavelet
power spectra in Figures 4(a) and 4(b) (right)
with the 95% confidence level (dashed curve)
cover the same period. As seen from the
spectra, the first cycle of 12 months for both
the RBK and RSK is obviously connected to
the natural rainy season every year, owing to
the seasonal winds, i.e., the southwest and
northeast monsoon. The strongest signal
regions (with 95% confidence level and which
appear along almost the entire spectrum) are
related to heavy rainfall. The readings outside
the regions are related to little rainfall in the
RSK from 1988 to 1991 and in 2006.

1979 1983 1988 1993 1998 2003 2008 2013 1
Time (month)

(b) RSK

Normalized Power

Fig. 4. Normalized monthly time series (top) of (a) RBK and (b) RSK and their continuous wavelet
power spectra (bottom), with a 95% confidence level against a red noise model within a thick contour,
and global wavelet power spectra (right) above the 95% (dashed curve) confidence level.
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The spectrum in RSK appears also in the
second cycle of six months, which has shorter
fluctuations that introduce the longer rainy
season. In addition, their spectra can identify
rain delay and heavy rainfall over a long
period. For example, in RSK in 2005, there
was heavy rainfall almost all year, which
appeared clearly in the power spectra of the
period band during months 1 to 12. Likewise,
RBK in 1998 had heavy rainfall almost all
year and a rain delay, which can be observed
in the spectrum increase around one month,
with the period band from 1 to 11 months.
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The coherence features of the XWCSO power
spectrum between the NSIE and RBK in
Figure 5(a) clearly show that the rainfall
variability of the rainy season in the large
region, with a 95% confidence level, is
significant within the period band from 9 to 15
months and its dominant period of 12 months
over a long period. The relative phase angle
relationships, in which RBK leads NSIE, is
nearly in-phase (0°), pointing right from 1988
to 1990; the wvertical phase (90°) points
straight up from 2000 to 2007; and the anti-
phase (180°) points left from 2011 to 2015.

Period (months)
>

N
-

o
o

1979 1983 1988 1993 1998 2003 2008 2013
Time (month)
(b) SSIE and RBK

% j _ mibllll p:ri)di —RBK
e A
B L
IVUUINRT UV
4 T
ﬁg éii " —NSIE
i

2 5 AAAALAANAAAD
Mt

2 2]

-31979 1983 1988 1993 1998 2003 2008 2013

Time (month)

(©)

Fig. 5. XWCSO power spectral and phase angle relationship with a 95% confidence level against red
noise within a thick contour (a) between the NSIE and RBK; the RBK phase leading the NSIE is nearly
in-phase (0°) pointing right from 1988 to 1990, the vertical phase (90°) pointing straight up from 2000 to
2007, and the anti-phase (180°) pointing left from 2011 to 2015; (b) between the SSIE and RBK, with the
opposite phase relationship; and (c) the comparative two-time series between the NSIE and RBK.
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With the stationary oscillation property of the
NSIE and the significant period band of four
months in the global wavelet power spectrum
of RBK, the XWCSO relationship can be
interpreted as rainfall variability from 1988 to
1990, 2000 to 2007, and 2011 to 2015,
beginning mid-November (in-phase, RBK
leading NSIE is zero month) until mid-March
(1988-1990); from mid-August (vertical
phase, RBK leading NSIE is three months)
until mid-December (2000-2007); and mid-
May (anti-phase, RBK leading NSIK is six
months) until mid-September (2011-2015).
These relationships correspond to the
interannual relationship of the NSIE and RBK
time series, as shown in Figure 5(c).

Additionally, the XWCSO spectra shows low
intensity without 95% confidence in regions
associated with the negative index, which
points to little rainfall or rain delay, such as
from 1981 to 1986, in 1998, and in 2009. The
small oscillations appear in the significance
period band during 5.5 to 7 months and its
dominant period of six months from 1981 to
1983 and 2004 to 2007, where the phase angle
relationships are around 150° (4.5 months)
and 90° (2.5 months), respectively. These can
be interpreted as the rain delay in a short
period, around 2.5 months from early April
until May and mid-February until mid-April,
respectively, corresponding to the interannual
relationship of the NSIE and RBK time series
in Figure 5(c). However, the interannual
relationship between the NSIE and SSIE in
Figure 5(b) appears to have the opposite phase
angle with the same spectrum. As a result, the
rainfall variability of the rainy season can be
interpreted as similar to the interannual
relationship between the NSIE and SSIE

Figure 6 shows the XWCSO of the interannual
relationship between the NSIE and RSK,
where its power spectrum, with a 95%
confidence level, appears in the two dominant
periods of 12 and 6 months. The significant
phases obtained by RSK leading the strong

phase from NSIE of 135° (4.5 months) and
30° (1 month) occur within the periods of 10
to 14 and 5.5 to 7 months, respectively.
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Fig. 6. XWCSO power spectrum and phase angle
relationship, with a 95% confidence level, against
red noise, within a thick contour between the NSIE
and RSK, where the significance phases from RSK
lead the strong phase from NSIE.

These can be interpreted as rainfall variability
by using the stationary oscillation property of
the NSIE and the CWT period band of four
months. The natural season cycle of 12
months has the rainfall period of four months
(early July until October), and the shorter
fluctuations of six months have the rainfall
period of 2.5 months (mid-October until mid-
December); therefore, in Songkhla province,
the rainfall variability occurs in a period of 5.5
months, from early July to mid-December.
The XWCSO in an interannual relationship
and the stationary oscillation property of the
sea ice index has given some insights into the
connection between the rainfall variability and
the monsoon rainfall in Thailand. Thailand’s
weather is under the influence of the
southwest and northeast monsoon from mid-
May to mid-October and mid-October to mid-
February, respectively, according to the TMD
report. As a result, in Songkhla province, the
rainfall variability from 1979 to 2015 during
the period from early July to mid-December is
affected by both the southwest and northeast
monsoon.
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Large rainfall variability appears in Bangkok
from 1988 to 1990, 2000 to 2007, and 2011 to
2015, during mid-November to mid-March,
mid-August to mid-December, and mid-May
to mid-September, respectively, affected by
the northeast monsoon (1988-1990), the
southwest and northeast monsoon (2000-
2007), and the southwest monsoon (2011-
2015). Similar rainfall variabilities can also
connect to an index for the El Nifio/Southern
Oscillation (ENSO) in the Climate Data
Guide, involving the EI Nifio and La Nifa
events (Rasmusson and Carpenter 1982;
Trenberth 1997; Trenberth and Stepaniak
2011; Trenberth et al. 2019; Huang 1998). The
index from 1979 to 2015 revealed a strong El
Nifio oscillation (EI Nifio index > 2) in 1983,
1997, and 2015 (Trenberth et al. 2019), which
correlates with the anomalous change in the
rainfall variability in Bangkok, when there
was little rainfall or the rain was delayed.
Also, the large rainfall variability from 1988
to 1990, 2000 to 2007, and 2011 to 2015 is
related to heavy rainfall associated with the La
Nifia oscillation. However, the rainfall
variability of the rainy season in Songkhla
province is almost unaffected by the ENSO.

4. Conclusion

The XWCSO interannual relationship is
recognized as a significant tool, which can be
used to investigate rainfall variability. The
stationary oscillation property of the sea ice
extent associated with natural climate change
is a significant result that has been obtained
through XWCSO. Two sample locations for
data on tropical rainfall variability (Bangkok
and Songkhla province in Thailand) were
examined. The interannual relationship
between the NSIE and RBK can be interpreted
as large rainfall variability during the rainfall
period of four months in Bangkok, which saw
heavy rains from 1988 to 1990, 2000 to 2007,
and 2011 to 2015, with delayed or shifted
rainy seasons. This seasonal time is connected
to the raining season and La Nifia oscillation
and is associated with climate change.
Moreover, the anomalous phase changes are
related to the low amounts of rainfall in 1983,
1997, and 2015, which can be connected to the

strong El Nifio oscillation. However, in
Songkhla province, the rainfall variability
appears strongly significantly in two periods
over a long time, which means that it has a
natural rainy season of 12 months and a
shorter fluctuation of six months. As a result,
the rainfall period is 5.5 months during the
months of early July to mid-December; it is
associated with the seasonal winds, and ENSO
has almost no effect on it. The proposed
scheme would be useful for investigating the
rainfall variability in southern Asia and other
areas, as well as applications in meteorology,
agricultural planning, and farming.
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