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Abstract
This study explores the spatiotemporal rainfall variability in the Northeast region of India combined with an analysis of the 
effects of temperature and natural climatic indices [El-Nino Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO), 
and Atlantic Multi-decadal Oscillation (AMO)] on rainfall. The multi-timescale features of rainfall time series for periods 
1871–2016 were analysed based on the continuous wavelet transform method. Cross-wavelet and wavelet coherence 
explore cross-correlation between temperature, natural climatic indices, and rainfall during 1950–2016. Results of the 
continuous wavelet transform revealed a significant cycle of 12 months on a monthly scale and 2–8-year period on an 
annual and seasonal scale. The cross-wavelet and wavelet coherence results showed that temperature affects rainfall only 
on intra-annual (0.5–1 years) scale. ENSO affects rainfall on both intra-annual (0.5–1 years) and inter-annual (1–10 years) 
scale. PDO affects rainfall on both inter-annual (1–10 years) and decadal (10–21 years) scale. AMO affects rainfall only 
on the decadal (10–21 years) scale. The result that comes out from this study is useful for climate change assessment, 
agriculture, and water resources management points of view of the Northeast region of India.

Keywords Atlantic Multi-decadal Oscillation (AMO) · El-Nino Southern Oscillation (ENSO) · Northeast region of India · 
Pacific Decadal Oscillation (PDO)

1 Introduction

The climate of a region is the average state of the daily 
chaotic nonlinear dynamic of the atmosphere. Over the 
last ten decades, Earth’s climate has changed markedly 
on global and regional scales and characterized by global 
warming. This change attributes to the combined contri-
bution of the anthropogenic effect and the strong internal 
mode climate system. El-Nino Southern Oscillation (ENSO), 
Pacific Decadal Oscillation (PDO), Atlantic Multi-decadal 
Oscillation (AMO), etc., are among the leading natural 
climate indices that have a strong impact on global and 
regional average temperature and rainfall [1, 2].

Several studies throughout the world have reported the 
impact of these natural climatic phenomena on rainfall 

variability [3–9]. Similarly, several authors also reported 
the significant relationship of Indian rainfall variability with 
the characteristic oceanic indices [10–14]. In a study, Malik 
et al. [15] reported that Indian Summer Monsoon rainfall 
has a consistent negative correlation with PDO. In contrast, 
its correlation with Total Solar Irradiance and AMO is not 
stationary on a decadal to multi-decadal scale. In another 
study, Naidu et al. [16], using sea surface salinity and sea 
surface temperature data for the last 2000 years of Bay 
of Bengal, reported that the variability of Indian Summer 
Monsoon rainfall has modulated with AMO via changes 
in thermal contrast between the Indian Ocean and Asian 
landmass.

The Northeast (NE) region of India is a part of Indio-
Burma and Himalaya biodiversity hotspots (2 of 35 such 
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hotspots in the world) [17]. The entire area is encircled by 
hill and mountain range, whose average height varies from 
1 to 5 km. From a meteorological perspective, it is one of 
the most important regions in the world, containing the 
world’s highest rainfall receiving stations [18, 19]. Average 
monsoon (June–September) rainfall over this region has 
recorded highest in the world [20, 21]. Due to the domi-
nant orographic effect, this region has a different rainfall 
zone, wherein mean annual rainfall varies approximately 
from 1205 to 12,000 mm [22]. However, in recent decades 
this region facing the greatest threats from anthropogenic 
activities and climate change [23, 24]. Further, future cli-
mate change projections over this region indicate a sig-
nificant change in monsoon and winter rainfall [25–27]. 
Since the rich flora and fauna, some of the most luxuriant 
forests, power generation, and agricultural production of 
this region are rain-dependent, any change in the spatial 
and temporal pattern of rainfall directly affects the biodi-
versity, rain-fed agriculture ecosystem, and livelihood of 
its inhabitants.

Understanding the rainfall variability over this region 
is of particular interest to many researchers from the per-
spective of agriculture and water resources management. 
Several researchers reported that the low-pressure area 
during monsoon season [28–30], local thunderstorm activ-
ity [20], and western disturbances [31, 32] are the primary 
weather system, which is responsible for rainfall variability 
over this region. Several studies have also noted the sta-
tistically increasing/decreasing rainfall trends in monthly 
and seasonal scale over this region [33–36]. In a study, 
Preethi et al. [37] reported a declining trend of summer 
monsoon rainfall of the NE region for the last 4–5 decades. 
In another study, Prathipati et al. [38] reported a decreas-
ing trend in the frequency of little (less than 20 mm) and 
moderate (between 20 and 60 mm) rainfall over the NE 
region. In the context of the attendant effect of oceanic 
indices on the rainfall variability over the NE region, 
Prokop et al. [21] reported that the Madden–Julian Oscil-
lation (MJO) plays a potential role in modulating extreme 
rainfall events during monsoon rainfall over the Megha-
laya Hills of the NE region. In another study, Prabhu et al. 
[39] reported a teleconnection between decreasing trend 
in summer monsoon rainfall of the NE region with Eurasian 
snow variability.

Because of the above facts, it is of particular interest 
to know the effect of natural climatic indices (i.e. ENSO, 
PDO, and AMO) on the NE region’s rainfall variability. 
Also, the timescales over which these natural climatic 
indices affect the NE region’s rainfall variability remain 
unclear. Therefore, in this study, we applied wavelet 
analysis to quantitatively evaluate the spatiotemporal 
variability of rainfall combined with the effects of natural 
climatic phenomena (ENSO, PDO, and AMO) on rainfall. 

Simultaneously, we try to understand the long-term cor-
relation between the NE region’s temperature and rain-
fall, using different data sets’ lengths.

2  Data and analytical methods

2.1  Data used

The Northeast (NE) region is located in India’s eastern-
most part, covering an area of 255,036  km2. Its latitude 
extends from 22°00′ to 29°30′ N and longitude extends 
from 89°46′ to 97°30′ E (Fig. 1). Indian Meteorological 
Department (IMD) divided the entire NE region into five 
subdivisions as Nagaland–Manipur–Mizoram–Tripura 
(NMMT), Assam and Meghalaya, Arunachal Pradesh, Sub-
Himalayan West Best Bengal and Sikkim (SHWBS), and 
Gangetic West Bengal. This present work mainly focuses 
on analysing the long-term pattern of rainfall and the 
effect of temperature and climatic indices (ENSO, PDO 
and AMO) on the rainfall variability of the NE region. 
The area-weighted monthly rainfall series of NE regions 
for the period 1871–2016 and 1950–2016 used in this 
study were prepared by Kothawale and Rajeevan [40], 
based on the fixed and well-distributed network of 30 
rain gauge stations, and the details about the rainfall 
series are available at the website https ://tropm et.res.in/
stati c_pages .php?page_id=53. The temperature series of 
period 1950–2016 used in this study is prepared by using 
the temperature data sets collected from IITM [41, 42] 
and the temperature data sets from 29 major weather 
stations (shown in Fig. 1) gathered from the archive of 
the National Data Centre [Indian Meteorological Depart-
ment (IMD)], Pune. The details of the temperature data 
sets collected from the IITM are available at the website 
https ://tropm et.res.in/stati c_pages .php?page_id=54. 
The AMO index for the period 1950–2016 (67 years) used 
in this study obtained from the Earth System Research 
Laboratory of NOAA [43] is available at the website https 
://www.psl.noaa.gov/data/corre latio n/amon.sm.data. 
The PDO index for the period 1950–2016 (67 years) used 
in this study obtained from the Earth System Research 
Laboratory of NOAA [44, 45] is available at the website 
https ://psl.noaa.gov/data/corre latio n/pdo.data. The 
ENSO index for the period 1950–2016 (67 years) used in 
this study was derived from the SST (Sea Surface Tem-
perature) in the Nino 3.4 region (1200–1700 W, 50 N–50 
S) [46] and collected from the Climate Predictor Centre 
of NOAA are available at the website http://origi n.cpc.
ncep.noaa.gov/produ cts/analy sis_monit oring /ensos tuff/
detre nd.nino3 4.ascii .txt.

https://tropmet.res.in/static_pages.php%3fpage_id%3d53
https://tropmet.res.in/static_pages.php%3fpage_id%3d53
https://tropmet.res.in/static_pages.php%3fpage_id%3d54
https://www.psl.noaa.gov/data/correlation/amon.sm.data
https://www.psl.noaa.gov/data/correlation/amon.sm.data
https://psl.noaa.gov/data/correlation/pdo.data
http://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/detrend.nino34.ascii.txt
http://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/detrend.nino34.ascii.txt
http://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/detrend.nino34.ascii.txt
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2.2  Analytical methods

This study utilized wavelet transform (WT) as it is capable 
of transforming one-dimensional time series into a diffuse 
two-dimensional and simultaneously provide a time–fre-
quency image. As a result, it is possible to get information 
on the amplitude of any periodic signals within the series 
and how it varies with time [47]. To explore the time series 
multi-timescale feature, complex Morlet wavelet is used 
as mother wavelet function, defined as:

where ψ(t) is the wavelet function at non-dimensional time 
t and w0 is the non-dimensional frequency. In this study, 
w0 = 6, in order to satisfy the admissibility condition; i.e. 
the function must have zero mean and be localized in both 
time and frequency space to be admissible as a wavelet 
[47, 48].

To explore the complete multi-timescale characteris-
tic of the rainfall series, we utilized continuous wavelet 
transform (CWT) [49]. The edge effects in the wavelet 
power spectrum have minimized as followed the method 

(1)�(t) = �−1∕4eiw0te−t
2∕2

suggested by Torrence and Compo [47]. The significant 
periodicities detected in the wavelet power spectrum are 
also confirmed by the global wavelet power spectrum 
(GWP) at a 5% significant level, assuming red noise. GWP 
provides an unbiased and consistent estimation of the true 
power spectrum of the time series [47]. We calculate the 
scale-average wavelet power spectrum from the wavelet 
power spectrum to analyse the scale between the domi-
nated periods. The scale-average wavelet power spectrum 
provides more information about one frequency modula-
tion by another within the same time series [47]. The equa-
tions used are as follows:

(2)Cx(a, �) =
1
√
a ∫

+∞

−∞

x(t)�∗
a,�

�
t − �

a

�
dt

(3)WX (a, �) = Cx(a, �)C
∗
X
(a, �) = ||Cx(a, �)||

2

(4)Wx(a) = ∫
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−∞

WX (a, �)dt

Fig. 1  Location of meteorological stations (IMD) of NE region
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where Cx(a, τ) is the coefficients of wavelet transform of 
time series x(t), �∗

a,�
 is the complex conjugate of mother 

wavelet �a,� , t is the integration variable, τ is the translation 
parameter used to slide in time, a is the dilation parameter 
used to change the scale, WX(a, τ) is the wavelet power 
spectrum of signal x(t), Wx(a) is the global wavelet spec-
trum of signal x(t), aj is the scale, J determines the highest 
scale, and a0 is the least resolvable scale. (In this study, we 
used �j = 0.25.)

To measure the cross-covariance of climatic indices and 
rainfall, we used cross-wavelet transform (XWT). Wave-
let coherence (WTC) used to detect significant coherence 
between the time series [50]. The in-phase and out-of-phase 
relationship between the time series is obtained from the 
wavelet coherence phase �xy(a, �) [51]. The equations used 
are as follows:

(5)aj = ao2
k�j , k = 0, 1,… J

(6)Wxy(a, �) = Cx(a, �)C
∗
y
(a, �)

(7)WC(a, �) =

||
|
a−1Wxy(a, �)

||
|

2

a−1||Wx(a, �)
|
|a

−1Wy(a, �)

where Wxy(a, τ) is the wavelet cross-spectrum of signals 
x(t) and y(t); WC(a, τ) is the wavelet coherence spectrum 
of signals x(t) and y(t).

All calculations are performed in software R (version 
3.5.4) and MATLAB (http://grins ted.githu b.io/wavel et-
coher ence/).

3  Results

3.1  Wavelet analysis of monthly total rainfall

The continuous wavelet transform (CWT) is applied to ana-
lyse the rainfall time series. The data used in this study are 
monthly and yearly distributed. Therefore, the parameter 
settings are as follows: �t = 1 month (or year), ao = 2�t , 
�j = 0.25 (which will generate 4 sub-octaves per octave), 
j1 =

7

�j
 (which will do 7 power of two with �j sub-octaves). 

Figure 2a demonstrates the monthly total rainfall distribu-
tion of the NE region for the period 1871–2016. It can be 
seen from Fig. 2a that the monthly total rainfall over the 

(8)�xy(a, �) = tan−1
[
Imaginary part of Wxy(a, �)

Real part of Wxy(a, �)

]

Fig. 2  a Rainfall series of Northeast region 1871–2016. b The wave-
let power spectrum. The colour in the figure indicates the struc-
ture of rainfall variety [the power ranges from strong (dark yellow 
shades) to weak (deep blue shades)]. The contour level is chosen 
so that 75%, 50%, 25%, and 5% of wavelet power are above each 
level, respectively. The region below the black line is the cone of 

influence, where zero paddings have reduced the variance. Black 
contour is the 5% significance level. c The global wavelet power 
spectrum. The dashed line is the 5% significance level for the global 
wavelet spectrum. d Scale-average wavelet power over 8–16-
month band for monthly value and 2–8 years for annual value. The 
dashed line is the 95% confidence level assuming red noise

http://grinsted.github.io/wavelet-coherence/
http://grinsted.github.io/wavelet-coherence/
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study region fluctuates in the range from 0.0 to 6463 mm, 
with a mean monthly total throughout 146  years is 
1706.3 mm. Figure 2b depicts the wavelet power spectrum 
of monthly total rainfall over a range of periods from 2 to 
256 months (i.e. frequency from 0.00390625 to 0.5 cycles/
month). It is revealed in Fig. 2b that more power in the 
wavelet power spectrum has concentrated between 8- 
and 16-month periods. It means this time series has a 
strong annual signal (12-month periodicity), which is also 
confirmed by GWP with one important peak almost sig-
nificant at the 5% level (Fig. 2c).

3.2  Wavelet analysis of annual and seasonal rainfall

The annual and seasonal rainfall distributions of the NE 
region for the period 1871–2016 are shown in Figs. 3a, 
4a, 5a, 6a, and 7a, respectively. The wavelet power spec-
trum of annual (Fig. 3b) and seasonal (Figs. 4b, 5b, 6b, 
7b) rainfall series shows a strong periodicity of 2–8 years, 
wherein most of the power has concentrated. The 
observed annual and seasonal periodicity 2–8 years has 
non-consistent throughout 146 years. In the monsoon 
season, the periodicity 2–8 years has existed during the 
years 1871–1927 and 1953–2016, and in between the 
time interval of 25 years, there is no significant periodic 

behaviour (Fig. 5b). Another periodicity 2–3 years is only 
observed in the post-monsoon season (Fig. 6b). All the 
dominant periodicities (2–8 and 2–3 years) in annual and 
seasonal rainfall series of wavelet power spectrum have 
confirmed by GWP with a 95% confidence level (Figs. 3c, 
4c, 5c, 6c, 7c). The modulation of one frequency by another 
within the same time series (i.e. periodicity 2–8 years) has 
examined using scale-average wavelet power. The scale-
average wavelet power has constructed by the average 
over all the scales between 2 and 8 years of the wavelet 
power spectrum, which depicted average year variance 
versus time (Figs. 3d, 4d, 5d, 6d, 7d). The scale-average plot 
showed some distinct periods when rainfall variance was 
low, e.g. 1878–1888 and 1923–1951 in annual (Fig. 3d), 
1963–1972 in pre-monsoon season (Fig. 4d), 1924–1953 in 
monsoon (Fig. 5d), 1923–1933 in post-monsoon (Fig. 6d), 
and 1974–1989 in winter (Fig. 7d). This time interval has 
identified as a dry period, i.e. rainfall occurred within that 
period was lower than normal. Similarly, periods wetter 
than normal years also identified, which indicates by the 
peak in scale-average time series, e.g. 1972, 1896, 1991, 
and 2007 in annual (Fig. 3d); 1950 and 1978 in pre-mon-
soon (Fig. 4d); 1918 and 1993 in monsoon (Fig. 5d); 1971, 
1895, and 1986 in post-monsoon (Fig. 6d); and 1875, 1947, 
and 1956 in winter (Fig. 7d).

Fig. 3  a Rainfall series of Northeast region 1871–2016. b The wave-
let power spectrum. The colour in the figure indicates the struc-
ture of rainfall variety [the power ranges from strong (dark yellow 
shades) to weak (deep blue shades)]. The contour level is chosen 
so that 75%, 50%, 25%, and 5% of wavelet power are above each 
level, respectively. The region below the black line is the cone of 

influence, where zero paddings have reduced the variance. Black 
contour is the 5% significance level. c The global wavelet power 
spectrum. The dashed line is the 5% significance level for the global 
wavelet spectrum. d Scale-average wavelet power over 8–16-
month band for monthly value and 2–8 years for annual value. The 
dashed line is the 95% confidence level assuming red noise
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3.3  XWT and WTC between temperature 
and rainfall

To get the information of correlation between tempera-
ture and rainfall in time–frequency domains, cross-wavelet 
transform (XWT) and wavelet coherence (WTC) have been 
calculated. We also calculated a significant test against 
red noise. Figure 8a depicts the cross-wavelet spectrum 
between monthly mean temperature and monthly total 
rainfall. It is revealed from Fig. 8a that the temperature and 
rainfall series correlate closely at high-frequency (periods 
of 8–16 months) region with high average cross-wavelet 
power (1.25) throughout the entire range of measurement. 
Other significant correlations have been observed in high-
frequency (periods of 4–8 months) and low-frequency 
(periods of 162–335 months) regions with average cross-
wavelet power of 0.32 and 0.06. Figure 8b demonstrates 
the actual significant coherence area. The white contour 
in the wavelet coherence spectrum indicates significant 
correlation regions. Arrows in the cross-wavelet transform 
and wavelet coherence have represented the phase differ-
ence between temperature and rainfall. In the significantly 
correlated area (i.e. periods of 8–16 months), all the phase 
arrows are towards right. It means that the phase differ-
ence between temperature and rainfall is equal to 0°, i.e. 

the temperature and rainfall series are in phase lock. How-
ever, we observed change in behaviour in frequency band 
4–8 months and 162–335 months, where all most all the 
phase arrows have shifted towards left, i.e. both the time 
series is out of phase or uncorrelated.

3.4  XWT and WTC between PDO index and rainfall

Figure 9a, b demonstrates the results of XWT and WTC 
between the PDO index and monthly total rainfall. The 
result reveals several statistically significant coherence 
for both the low- and high-frequency variations (Fig. 9). 
A closed relationship has been found for the PDO index 
in high-frequency (8–16 months) region for the short-
term intervals (1950–1957, 1985–1992) with high aver-
age cross-wavelet power (0.75) having synthase char-
acter with a phase difference of 0°. Another phase-lock 
relationship has observed in the mid-frequency (periods 
of 26–32 months) region with average cross-wavelet 
power of 0.25 during 1991–1997. In the mid-frequency 
(periods of 32–64  months) region, the degree of the 
relationship was low (0.18) and coherency was synthase 
during 1975–1985 and antiphase during 1953–1959. 
In the low-frequency (periods of 64–128  months) 
region, an antiphase character has observed with low 

Fig. 4  a Rainfall series of Northeast region 1871–2016. b The wave-
let power spectrum. The colour in the figure indicates the struc-
ture of rainfall variety [the power ranges from strong (dark yellow 
shades) to weak (deep blue shades)]. The contour level is chosen 
so that 75%, 50%, 25%, and 5% of wavelet power are above each 
level, respectively. The region below the black line is the cone of 

influence, where zero paddings have reduced the variance. Black 
contour is the 5% significance level. c The global wavelet power 
spectrum. The dashed line is the 5% significance level for the global 
wavelet spectrum. d Scale-average wavelet power over 8–16-
month band for monthly value and 2–8 years for annual value. The 
dashed line is the 95% confidence level assuming red noise
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average cross-wavelet power (0.13) localized between 
1988 and 2003. Another antiphase characteristic has 
also observed in low-frequency oscillation (periods of 
128–256 months) with low average cross-wavelet power 
(0.13) during 1976–2001.

3.5  XWT and WTC between AMO index and rainfall

Figure 10a, b demonstrates the result of XWT and WTC 
between the AMO index and monthly total rainfall. It 
can be seen from Fig. 10a that the revealed coherence of 
AMO index and rainfall is stronger in the high-frequency 
(periods of 8–16 months) region during 1950–2016 and 
low-frequency (periods of 179–358 months) region during 
1960–2006 with high average cross-wavelet power 0.56. 
Other significant coherence areas have observed in the 
frequency band 32–128 months. The phase arrows in the 
low-frequency (periods of 179–358 months) region dur-
ing 1960–2006 revealed a negative correlation between 
the AMO index and rainfall with a phase difference 180°, 
whereas in high-frequency (periods of 8–16  months) 
region during 1950–2016, phase arrows revealed alternate 
in-phase and out-phase character for a very short interval 
of time.

3.6  XWT and WTC between ENSO index and rainfall

Figure 11a, b demonstrates the result of XWT and WTC 
between the ENSO index and monthly total rainfall. The 
results revealed synthase character of oscillation in the 
high-frequency (periods of 8–16 months) region with high 
average cross-wavelet power (0.89) during 1950–2016. 
An antiphase character of oscillation has also observed in 
high-frequency (periods of 4–8 months) region with low 
average cross-wavelet power (0.25) over the entire range 
of measurement. In the mid-frequency region (periods of 
32–64 months), the phase arrows in the significant area 
show antiphase character with average cross-wavelet 
power of 0.25 during 1967–1972. Furthermore, in the mid-
frequency (periods of 16–64 months) region, we observed 
five cycles with average cross-wavelet power of 0.25. The 
phase arrows of the significant area of mid-frequency 
region (periods of 16–64 months) show that ENSO leads 
to rainfall (antiphase) during interval 1983–1989, rainfall 
leads to ENSO (antiphase) during 1953–1960 and ENSO 
leads to rainfall during 2006–2012 with phase angle 90°. 
The phase arrows in the low-frequency region (periods 
of 128–256 months) reveal an antiphase character with 
meagre cross-wavelet power (0.12) localized in 1980–1997.

Fig. 5  a Rainfall series of Northeast region 1871–2016. b The wave-
let power spectrum. The colour in the figure indicates the struc-
ture of rainfall variety [the power ranges from strong (dark yellow 
shades) to weak (deep blue shades)]. The contour level is chosen 
so that 75%, 50%, 25%, and 5% of wavelet power are above each 
level, respectively. The region below the black line is the cone of 

influence, where zero paddings have reduced the variance. Black 
contour is the 5% significance level. c The global wavelet power 
spectrum. The dashed line is the 5% significance level for the global 
wavelet spectrum. d Scale-average wavelet power over 8–16-
month band for monthly value and 2–8 years for annual value. The 
dashed line is the 95% confidence level assuming red noise
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4  Discussions

The Northeast region of India is one such region in Indian 
landmass, which receives a large amount of annual aver-
age rainfall with only 10% of seasonal variation [20]. About 
80% of its annual rainfall occurs during April–October 
and 66% during June–September [20, 52]. The monthly 
total rainfall over this region fluctuates in the range from 
0.0 to 6463 mm; an average monthly total throughout 
146 years (1871–2016) is 1706.3 mm (Fig. 2a). Correlation 
results (Fig. 8a) demonstrated that temperature mainly 
affects rainfall at the 6-month and 12-month scale band 
(Fig. 8a). In the high-frequency area, phase difference at 
12 months is almost 0°, i.e. the increasing temperature 
tends to enhance water vapour in the atmosphere, which 
arises from open water bodies and vegetation present 
over this region [31] and also due to glacier melting in the 
high Himalayas causes convective lifting leading to rainfall. 
However, the phase difference at 6 months is unstable, i.e. 
the increasing temperature may increase or decrease rain-
fall at this scale. Due to different rainfall mechanisms, this 
region depicted different amounts of rainfall in a different 
season. Apart from other rainfall mechanisms (e.g. Bay of 
Bengal and north-westerly disturbances), the occurring 
bulk amount rainfall during March–May is also probably 

due to the thawing of snow-ice masses that start in the 
summer in high Himalaya with a gradual rise in tempera-
ture and supply enough moisture and potential energy 
favouring the thermodynamic formation of thunderclouds 
that release considerable rainfall. In the low-frequency 
region (periods of 162–335  months), two cycles have 
detected where phase arrows vary from 120° to 150°, 
which indicates a lead time of 13–28 years. However, they 
all are very low in power.

The statistical test of wavelet spectra confirmed a 
strong periodicity of 12 months on a monthly scale and 
2–8 years on an annual and seasonal scale (Figs. 2, 3, 
4, 5, 6, 7) with a 5% significance level. The periodicity 
(2–8 years) in the seasonal and annual rainfall patterns 
is depicted in Figs. 2b, 3b, 4b, 5b, 6b, and 7b generally 
agreed with the periodicity of ENSO discussed by Tor-
rence and Compo [47]. Further, the ENSO–ISMR (Indian 
summer monsoon rainfall) relationship has been dis-
cussed by several researchers [53–56]. In the majority of 
El-Nino years, the ISMR is observed to be below average 
[54]. Our analysis of the ENSO–rainfall relationship shows 
the same correlation tendency, as observed in the previ-
ous studies [54]. However, during most El-Nino years, the 
rainfall over this region has observed average or above 
average, consistent with previous studies [54]. Results of 

Fig. 6  a Rainfall series of Northeast region 1871–2016. b The wave-
let power spectrum. The colour in the figure indicates the struc-
ture of rainfall variety [the power ranges from strong (dark yellow 
shades) to weak (deep blue shades)]. The contour level is chosen 
so that 75%, 50%, 25%, and 5% of wavelet power are above each 
level, respectively. The region below the black line is the cone of 

influence, where zero paddings have reduced the variance. Black 
contour is the 5% significance level. c The global wavelet power 
spectrum. The dashed line is the 5% significance level for the global 
wavelet spectrum. d Scale-average wavelet power over 8–16-
month band for monthly value and 2–8 years for annual value. The 
dashed line is the 95% confidence level assuming red noise
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cross-wavelet spectra (Fig. 11b) demonstrated that the 
ENSO mainly affects the rainfall variability over the NE 
region on the inter-annual timescale.

The PDO is the pattern of SSTs (Sea Surface Tempera-
tures) in the North Pacific Ocean with periodicities of 
15–25 years and 50–70 years [57]. Numerous authors 
noted the influence of the PDO on the ISMR variability 
[14, 58, 59]. Krishnan and Sugi [60] noted the occurrence 
of ISMR below (above) normal when El Niño (La Niña) 
events occur during positive (negative) phases of the 
PDO. They explained that the results of the synphase 
character of PDO and ENSO reinforced SST anomalies, 
which can alter the convective and dynamical fields, 
producing persistent anomalies over the tropics and 
the monsoon region. Our analysis of the PDO–rainfall 
relationship (Fig. 9a) from the NE region shows a strong 
correlation on the inter-annual timescale with the aver-
age cross-wavelet power of 0.75. However, the correla-
tion between PDO and rainfall on the decadal timescale 
has very low (0.13). Choudhury et al. [61] also discussed 
a similar correlation between PDO and monsoon rain-
fall of the NE region. They noted that the variability of 
PDO on both inter-annual and inter-decadal timescale 
is inversely associated with monsoon rainfall over the 
NE region.

Like PDO, the AMO is the pattern of SSTs in the North 
Atlantic Ocean with periodicities of 55–80 years [62]. The 
AMO has been suggested to play a significant role in 
modulating ISMR on a decadal to a multi-decadal scale 
[14–16]. In a study, Malik et al. [15], using a long data 
record of 400 years, reported that the modulation of ISMR 
on a decadal to multi-decadal scale has influenced by 
the integrated effect of AMO, PDO, and TSI (Total Solar 
Irradiance). They noted that most of the dry events (dec-
ades) of ISMR occur during the simultaneous negative 
phase of TSI, the negative phase of AMO, and the posi-
tive phase of PDO. Naidu et al. [16], utilizing sea surface 
salinity (δ18Ow) record of period 2000 years from the Bay 
of Bengal, reported that the multi-decadal variations of 
Indian summer rainfall (ISM) influenced by the phase of 
AMO. The overall increased rainfall over the Indian subcon-
tinent has related to AMO’s positive (warm) phase. They 
also observed a sizeable positive rainfall anomaly over 
central India and reduced rainfall anomaly over the south 
and the central Himalayas with a 95% significance level. 
Krishnamurthy and Krishnamurthy [14] have also observed 
a similar correlation between AMO and Indian monsoon 
rainfall (IMR) over central and north India. Our analysis of 
the AMO–rainfall relationship from the NE region shows 
a strong correlation on the decadal timescale during the 

Fig. 7  a Rainfall series of Northeast region 1871–2016. b The wave-
let power spectrum. The colour in the figure indicates the struc-
ture of rainfall variety [the power ranges from strong (dark yellow 
shades) to weak (deep blue shades)]. The contour level is chosen 
so that 75%, 50%, 25%, and 5% of wavelet power are above each 
level, respectively. The region below the black line is the cone of 

influence, where zero paddings have reduced the variance. Black 
contour is the 5% significance level. c The global wavelet power 
spectrum. The dashed line is the 5% significance level for the global 
wavelet spectrum. d Scale-average wavelet power over 8–16-
month band for monthly value and 2–8 years for annual value. The 
dashed line is the 95% confidence level assuming red noise
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interval 1960–2006 with average cross-wavelet power 
of 0.56. However, the phase arrows in the significant 
area in the high-frequency region during 1950–2016 are 
randomly oriented, so its manifestation is not clear. The 
correlation between AMO and rainfall variability during 
1960–2006 is consistent with Naidu et al. [16]; however, 
the two records have not precisely matched temporally.

The NE region’s rainfall variability on the temporal scale 
is the integrated effects of natural climate modes [21, 39, 
54, 58, 60]. The seasonal rainfall variability over this region 
is mainly due to the Indian monsoon system. The heaviest 
rainfall events during the pre-monsoon season over this 

region have suggested to associating with the thunder-
storm or local convective activities [20, 31]. The increas-
ing heaviest rainfall events during the monsoon season 
are some extent associated with the Madden–Julian 
oscillation [21]. However, the wintertime Eurasian snow 
variability associated with Arctic Oscillation has been sug-
gested to play a significant role in modulating monsoon 
rainfall variability [39]. In the inter-annual timescale, this 
study noted ENSO’s influence on rainfall variability with 
low average cross-wavelet power. At the same time, the 
phase of PDO plays a significant role in modulating the 
ENSO–rainfall relationship. In the decadal timescale, this 

Fig. 8  Cross-wavelet spectrum 
(a) and wavelet coherence 
(b) between monthly mean 
temperature and monthly total 
rainfall. The white contour 
curves mark the zones with 
95% wavelet coherence; the 
thin curve denotes the bound-
aries of the influence cone



Vol.:(0123456789)

SN Applied Sciences (2020) 2:1728 | https://doi.org/10.1007/s42452-020-03527-y Research Article

study observed both PDO and AMO’s effect on rainfall vari-
ability. However, AMO’s effect on rainfall variability in the 
decadal timescale is more substantial compared to PDO.

5  Conclusion

This study utilized CWT, XWT, and WTC to understand 
the effects of temperature and natural climatic indices 
(ENSO, PDO, AMO) on the NE region’s rainfall variabil-
ity. The CWT and GWP results revealed the spatiotem-
poral peculiarities of variations in annual and seasonal 

rainfall. The XWT and WTC results revealed the effects 
of temperature and climatic indices on rainfall variabil-
ity. The temperature affects rainfall only on intra-annual 
(0.5–1  year) scale. The ENSO affects rainfall variabil-
ity on both intra-annual (0.5–1 year) and inter-annual 
(1–10 years) scale. The PDO affects rainfall variability on 
both inter-annual (1–10 years) and decadal (10–21 years) 
scale. The AMO affects rainfall variability only on the 
decadal (10–21 years) scale at a 5% significant level. The 
results that come out from this study are significant for 
the assessment of climate change in the NE region and 
useful for agricultural and water management.

Fig. 9  Cross-wavelet spectrum 
(a) and wavelet coherence 
(b) between PDO index and 
monthly total rainfall. The 
white contour curves mark 
the zones with 95% wavelet 
coherence; the thin curve 
denotes the boundaries of the 
influence cone
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Fig. 10  Cross-wavelet spec-
trum (a) and wavelet coher-
ence (b) between AMO index 
and monthly total rainfall. The 
white contour curves mark 
the zones with 95% wavelet 
coherence; the thin curve 
denotes the boundaries of the 
influence cone
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