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2007; Kumar et al. 2008). The ISM is characterized by a 
variety of rain features like the ITCZ, low pressure systems, 
orographic forced rain on the windward slopes, organized 
mesoscale convective systems, cyclones, and trailing ends 
of extra-tropical systems (Rao 1976; Das 1986; Basu 2007). 
But critical to all these features is the near omnipresence of 
the diurnal variations from mesoscale circulations such as 
land-sea breezes, katabatic-anabatic winds, mountain valley 
winds, besides the modulation of surface heat fluxes from 
ground heating through solar insolation and atmospheric 
tides (Woolnough et al. 2004; Basu 2007).

The study of diurnal variations of precipitation of ISM 
has evolved over the years. The scarcity of high temporal 
resolution observations to resolve this sub-daily variation of 
precipitation has been a challenge across the tropics, which 
is now slowly being overcome by new satellite retrieved 
products. For instance, earlier studies were confined to lim-
ited regions that had these high-resolution observations and 
many of them primarily used surface observations (e.g., 
Gray and Jacobson 1977; McGarry and Reed 1978; Albright 
et al. 1981; Prasad 1970, 1974; Haldar et al. 1991; Puri et 
al. 1994). These studies evolved gradually to using satellite 
derived cloudiness, brightness temperatures, and precipita-
tion that had larger spatial coverage than some of the earlier 
studies (e. g., Albright et al. 1985, Hendon and Woodberry 

1  Introduction

Diurnal variability of precipitation is one of the fundamen-
tal modes of climate variability, especially in the tropics 
(Yang and Slingo 2001). They indicate that validating a cli-
mate model simulation to diurnal variability is a key test of 
its fidelity given that diurnal variability is one of the basic, 
forced modes of the climate system, which manifests from 
the complex interactions between the land–atmosphere-
ocean-cryosphere system. The verification of the diurnal 
cycles of precipitation is also often used to test the efficacy 
of the model physical parameterization schemes (e.g., Dai 
et al. 1999; Dirmeyer et al. 2012; Niu et al. 2020). The diur-
nal cycle of rainfall in the Indian Summer Monsoon (ISM) 
plays a critical role in modulating the surface hydrology, 
convective processes, and even the large-scale divergent 
circulations (e.g., Kishtawal and Krishnamurti 2001; Basu 
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Abstract
We show strong diurnal variations of precipitation over parts of the tropical Indian Ocean including the northern Bay of 
Bengal, eastern Arabian Sea (off the west coast of India) and in the equatorial Indian Ocean, and over eastern Himalayan 
foothills using NASA’s Integrated Multi-Satellite Retrievals for Global Precipitation Mission version 7 (IMERG) rainfall 
analysis. The amplitudes of these diurnal variations of precipitation over these oceanic regions of the tropical Indian Ocean 
in the May through September (MJJAS) period exceed that over the neighboring land. Our analysis suggests that these 
diurnal variations over the oceans (northern Bay of Bengal and southeastern Indian Ocean off the coast of Sumatra) are 
strongly modulated by the passage of both the high-frequency (10–20 days) and the low-frequency (20–70 days) Intra-
Seasonal Oscillations (ISOs) in the MJJAS period. The diurnal amplitudes over these oceanic regions amplify or dampen 
during the wet or dry spells of both the high and low frequency ISOs, respectively. We also find that both the ISOs have 
comparable influence on the diurnal variations. However, the coincidence of the wet spells of both the ISOs further ampli-
fies the diurnal amplitude of the rainfall over northern Bay of Bengal.
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1993, Garreaud and Wallace 1997, Ohsawa et al. 2001, Yang 
and Slingo 2001, Nesbitt and Zipser 2003, Tan et al. 2019a, 
b, c, 2021). Many of these studies showed that convective 
precipitation in the tropics generally tended to occur early 
in the morning over the open oceans and in late afternoon/
early evening over land. However, there are many excep-
tions to this with some studies noting an afternoon maxi-
mum in cloudiness and precipitation over some regions of 
the tropical oceans (e. g., Shin et al. 1990; Yang and Slingo 
2001; Serra and McPhaden 2004) and early morning maxi-
mum over some terrestrial regions (e.g., Negri et al. 2002; 
Bhatt and Nakamura 2005; Yang and Smith 2006; Kikuchi 
and Wang 2008). Furthermore, Yu et al. (2022) identified 
that the early morning precipitation peak is primarily attrib-
uted to long-duration rainfall events exceeding six hours, 
while the late afternoon peak is predominantly associated 
with shorter rainfall events lasting less than three hours.

With the advent of the Integrated Multi-satellite Retriev-
als for Global Precipitation Mission (GPM; Huffman et al. 
2020), high-resolution precipitation data has become avail-
able at sub-daily scales globally. These datasets offer bet-
ter spatial detail and improved detection of rainfall features 
(Tan et al. 2019a, b, c). Tan et al. (2019a, b, c) validated this 
remotely sensed precipitation product with ground-based 
observations and showed a reasonable fidelity with the diur-
nal cycle exhibiting a slight lag of no more than an hour. 
Furthermore, using this GPM dataset Tan et al. (2021) high-
lights regional variabilities in phase and amplitude of the 
diurnal cycle of precipitation, with a focus on the Maritime 
Continent and South Asia.

Several studies have examined the interactions of the 
diurnal variations with other temporal scales. For example, 
Singh and Nakamura (2010) using Tropical Rainfall Mea-
suring Mission (TRMM) data over a period of 10  years 
found that the foothills of Himalayas had stronger diurnal 
variability of rainfall during the intraseasonal wet spells of 
the ISM. In contrast, over central India they find that the 
diurnal convective rainfall is stronger during dry intrasea-
sonal spells of the ISM. On the other hand, Deshpande and 
Goswami (2014) using hourly rainfall data over 91 stations 
across India over a 36-year period find that over central 
India the diurnal anomalies of precipitation are stronger in 
active spells compared to break phases of the intraseasonal 
oscillations of the ISM. They also indicate regional varia-
tions in the diurnal cycle of rainfall amongst the coastal, 
interior, and near orographic regions of India, which point 
to the different associated circulation and thermodynamic 
variations. For example, Deshpande and Goswami (2014) 
find that the diurnal anomalies of rainfall are small in both 
active and break phases of the ISM along the west coast.

In this study, we utilize the latest version 7 of 27 years 
(1998–2024) gridded rainfall analysis from GPM at half 

hourly interval (Huffman et al. 2023, 2024) to analyze the 
variations of the diurnal variability of the ISM associated 
with the Intra-Seasonal Oscillation (ISO) of the ISM. This 
dataset covers both the terrestrial and oceanic regions. Fur-
thermore, since this dataset is available globally, we are able 
to use a spatially larger domain to analyze the variations of 
the diurnal variability of ISM that covers southeast Asia as 
well.

We identify two distinct scales of ISO that correspond to 
10–20 days, referred as High-Frequency (HF) ISO (Krish-
namurti and Bhalme 1976; Krishnamurthy and Shukla 
2007; Karmakar et al. 2017) and 20–70 days or Low-Fre-
quency (LF) ISO (Sikka and Gadgil 1980; Yasunari 1980). 
Besides their distinct temporal scales, HFISO propagates 
in the northward and eastward direction whereas LFISO is 
characterized by northward and westward propagation of 
convection (Krishnamurthy and Shukla 2007; Karmakar 
and Misra 2020). To our knowledge, this is the first time we 
will be examining the interactions of the diurnal variations 
of precipitation with these two distinct scales of ISOs of the 
ISM. In the following section we provide a description of 
the data, and the diagnostic methods used in the analysis. 
This is followed by the description of results in Sect. 3 with 
concluding remarks in Sect. 4.

2  Data and diagnostic methods

In this study we use NASA’s Integrated Multi-Satellite 
Retrievals for Global Precipitation Mission version 7 
(IMERG) gridded rainfall analysis (Huffman et al. 2023, 
2024). This data is at 0.1° grid resolution, at 30 min tempo-
ral resolution from 1998 to the present (26 years). This is an 
unprecedented dataset in terms of its spatio-temporal reso-
lution with global coverage for over 25 years, which allows 
for studying diurnal variations and intraseasonal variations 
of precipitation with adequate sample size for developing 
robust conclusions. This dataset and its previous versions 
have been extensively validated with instantaneous pas-
sive microwave retrievals and ground measurements and 
is shown to have reasonable fidelity (Murali Krishna et al. 
2017; Tan et al. 2019a; Huffman et al. 2020; Pradhan and 
Indu 2021; Da Silva et al. 2021; Prakash and Srinivasan 
2021; Ageet et al. 2022; Gautam and Pandey 2022; Yu et al. 
2022; Gentilucci et al. 2022; Ghimire et al. 2022; Huffman 
et al. 2023, 2024). It is now widely used for model valida-
tion studies (e.g., Christopoulos and Schneider 2021; Tai et 
al. 2021; Misra and Jayasankar 2025). Daily precipitation 
from IMERG has also been verified over the tropical oceans 
using buoy observations and are shown to be in good agree-
ment (Pradhan and Markonis 2023). Furthermore, Pradhan 
et al. (2022) note that the successive versions of IMERG 
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have shown substantial improvement over the previous ver-
sion over all spatio-temporal scales globally, suggesting that 
it is on a promising path for becoming a reliable validation 
dataset.

The diurnal variations of this rainfall analysis were also 
evaluated against ground observations (Tan et al. 2019b; 
Watters and Battaglia 2019; Anjana and Singh 2024). They 
showed that IMERG exemplified in its ability to capture 
diurnal variations of precipitation globally. We also made 
use of the daily rainfall data from the Asian Precipitation 
– Highly-Resolved Observational Data Integration Towards 
Evaluation (APHRODITE; Yatagai et al. 2012) to validate 
the climatological rainfall from IMERG over the region. 
APHRODITE analysis is based on a dense network of rain 
gauge data that is quality controlled. APHRODITE data is 
available on a 0.25° grid from 1951 to 2015 and nearly coin-
ciding with the domain shown in Fig.  1. Unlike IMERG, 
APHRODITE is only available at daily interval and over 
the terrestrial region of the domain. We use the last 26 years 
from 1992 to 2015 of the APHRODITE data to make the 
climatology comparable with the corresponding climatol-
ogy from IMERG.

To filter intraseasonal oscillations and diurnal variations 
we use the Multi-dimensional Ensemble Empirical Mode 
Decomposition (MEEMD; Wu et al. 2009; Feng et al. 2014; 
Misra and Jayasankar 2023). Ensemble Empirical Mode 
Decomposition (EEMD) is a data adaptive signal process-
ing approach, which decomposes the timeseries into discrete 
Intrinsic Mode Functions (IMFs) which can be regarded as 
basis functions that are determined by the timeseries itself 
(Huang and Wu 2008). The IMFs are obtained via a sifting 
process that involves identifying local extrema (both maxi-
mum and minimum points) and connecting these points 
with a cubic spline to create upper and lower envelopes. A 
'component' is then obtained by calculating the difference 
between the data and the local mean of the upper and lower 
envelopes. This two-step procedure is repeated until the two 
envelopes are symmetric around zero or within a certain tol-
erance, resulting in the 'component' being identified as the 
first IMF. The sifting process is considered complete when 
the residue, which is the difference between the IMFs and 
the original data, produces a monotonic function contain-
ing one internal extremum from which no additional IMFs 
can be extracted. EEMD is a noise-assisted data analysis, 
wherein the IMFs are determined by an ensemble of (500) 
trials generated from adding Gaussian white noise to the 
timeseries (Wu and Huang 2009). This process avoids mode 
mixing and automatically projects to the proper scales of 
reference established by the background white noise. How-
ever, applying this EEMD procedure at every grid point of a 
domain as large as the southeast Asian domain for this study 
is impractical. Therefore, the MEEMD approach involves 
using EOF analysis and then conducting EEMD on the first 
10 Principal Components (PCs) that explain the most vari-
ance. The variable anomaly is then reconstructed back by 
only retaining the IMFs in each of the PCs and multiply-
ing it with the corresponding EOF (Misra and Jayasankar 
2023). The first 10 EOFs retained in the analysis of pre-
cipitation is sufficient as the variance explained begins to 
asymptote after the first 10 PCs.

The amplitude of the diurnal variations is noted from the 
maximum rainfall of the day from the filtered precipitation 
anomalies at diurnal scales from MEEMD. Similarly, the 
phase of the diurnal cycle is obtained by the time of the day 
of maximum of the filtered precipitation anomalies at the 
diurnal scales. The phase of the diurnal cycle of precipita-
tion is expressed in Local Solar Time (LST).

Fig. 1  The climatological (1998–2023) mean of May through Septem-
ber (MJJAS) from a IMERG and b APHRODITE observations
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Silva et al. 2021; Gautam and Pandey 2022) it can be stated 
that IMERG provides a reliable high-resolution dataset of 
precipitation over the southeast Asia.

In addition to the rainfall maxima over the terrestrial 
regions in the domain, we also observe a relatively exten-
sive rainfall maxima over the northern and eastern Bay of 
Bengal (BoB) region and along the western coast of India. 
However, Shige et al. (2017) suggest that the infrared-based 
rainfall estimates in IMERG tend to smear and overestimate 
the rainfall over a broader coastal ocean upstream of the 
western Ghats and Arakan Yoma ranges of Myanmar from 
cold brightness temperatures of associated extensive cir-
rus anvils. Furthermore, Biswas et al. (2025) indicate that 
IMERG in comparison to the Indian Meteorological Depart-
ment (IMD) rainfall analysis underestimates the low inten-
sity (< 50 mm/day) rainfall and overestimates high intensity 
(50–200  mm/day) rainfall over northwestern Himalayas 
for elevation ranges between 1000 and 5000 m. However, 
Biswas et al. (2025) indicate that IMERG shows good fidel-
ity in identifying rain events over northwestern Himalayas.

We can robustly generate the climatological diurnal 
amplitude and its phase (Fig. 2a and b) from IMERG given 
its temporal coverage of half-hourly interval of precipita-
tion over a 26-year period. Figure 2a shows the climatologi-
cal diurnal amplitude of rainfall from IMERG is prominent 
(exceeding 2  mm/day) over northern Bay of Bengal, the 
eastern Arabian Sea off the western coast of India, the east-
ern equatorial Indian Ocean and the Himalayan ranges. In 
contrast, most other regions in the domain have diurnal 
amplitudes ≤ 2  mm/day. It is also interesting to note the 
comparatively weaker diurnal amplitude over central India, 
and negligible diurnal variations over parts of southeastern 
peninsular India, and the semi-arid regions of northwestern 
parts of India and northern China, and over parts of northern 
Myanmar and northern Thailand. The corresponding diurnal 
phase of the precipitation shows a dominance of 17–19 LST 
across the domain except over Vietnam, Cambodia, parts of 
Laos, Malaysian Peninsula and parts of Indonesia where the 
diurnal peak occurs between 19 and 21 LST. The fraction of 
daily precipitation in MJJAS explained by diurnal variation 
in Fig.  2c indicates that regions with large amplitudes of 
diurnal variations (Fig. 2a) shows this fraction to be large 
relative to other regions that are ≤ 15%. In some of these 
oceanic regions, where the diurnal amplitude of precipita-
tion is relatively large, the fraction of daily precipitation 
explained by the diurnal scales is over 85% (Fig. 2c). We 
isolate this region of northern BoB (outlined with a box in 
Fig. 2b) for further analysis to understand the potential mod-
ulation of the diurnal scales in this region by the ISO scales. 
Although, this region of northern BoB is being isolated, the 
spatially coherent variations of the ISOs on relatively larger 
scales will also potentially reflect their influence on the 

3  Results

3.1  Climatology

Figure  1a shows the climatological rainfall from IMERG 
for the May through September (MJJAS) period and the 
corresponding climatology from APHRODITE in Fig. 1b. 
The precipitation maxima along the western Ghats and 
northeast hills in India, Arakan Yoma and Bilauktaung 
ranges in Myanmar have similar correspondence in both 
datasets. Similarly, the precipitation minima over northwest 
and southeastern peninsular India and Sri Lanka are compa-
rable in the two datasets. There are however some subtle dif-
ferences between them including the over estimation over 
eastern China, the northeast hills of India, and the southeast-
ern peninsular India in IMERG relative to APHRODITE. 
Notwithstanding these differences and acknowledging its 
extensive validation over the region in other studies (e.g., 
Tan and Santo 2018; Mitra et al. 2018; Lee et al. 2019; Da 

Fig.  2  The climatological mean May–June-July–August-September 
(MJJAS) diurnal a amplitude (mm/day) and b phase (LST) of observed 
precipitation. The unshaded areas indicate regions where the diurnal 
variability could not be defined. The rectangular box (85°E-94°E and 
16°N-21.5°N) inscribed over northern Bay of Bengal in (b) is used 
in area averaging for subsequent figures. c The fraction of daily pre-
cipitation in MJJAS explained by diurnal variation and is expressed 
in percentage
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the foothills of the Himalayas over the course of the 16 days 
shown in Fig.  3. The amplitude of the HFISO composite 
precipitation anomalies in Fig. 3 is largest over the northern 
BoB domain and spans across central India in the west and 
even further west towards the Arabian Sea with a southeast-
northwest tilt as noted in earlier studies (Krishnamurthy and 
Shukla 2007; Karmakar and Misra 2020).

Similarly, the composite precipitation LFISO anomalies 
at intervals of 5 days in Fig. 5 show a northward propagation 
of the anomalies from the equatorial Indian Ocean towards 
northern India with a similar tilt of southeast-northwest 
orientation. Once again central India and the neighboring 
oceans display the largest anomalies of the LFISO as noted 
in other studies (Krishnamurthy and Shukla 2007; Kulkarni 
et al. 2011). The power spectrum of the LFISO precipita-
tion anomalies isolated by multi-dimensional EEMD show 
a spectral peak of around 35 days over the northern BoB 
in Fig. 4b. Furthermore, the spectral power in LFISO over 
northern BoB in Fig.  4b is higher than the corresponding 
HFISO precipitation anomalies in Fig. 4a. It may be noted 
in Fig. 4b, that LFISO filtered anomalies also contain some 
power in the HFISO scales, which is an artifact of their 
weak signals leaking through the various IMFs from the 
EEMD procedure applied on multiple PCs of the EOFs in 
the MEEMD technique. Nonetheless, there is a clear dis-
tinction in the power spectrums of the two ISOs in Fig. 4.

diurnal scales of precipitation in other regions of the domain 
as will be noted in the subsequent sections.

3.2  Intra-seasonal variations

As noted earlier, the ISOs of the ISM have two explicit 
scales of HF (10–20 days) and LF (20–70 days) variabil-
ity. The composite structure of the HFISO precipitation 
anomalies is shown as a regression on the corresponding 
HFISO anomalies over northern BoB domain (outlined in 
Fig. 2b) at different lead and lags at intervals of 2 days in 
Fig. 3. The power spectrum of the filtered HFSIO precipita-
tion anomalies over the northern BoB domain is shown in 
Fig.  4a, which displays comparatively large power in the 
10–20 days band compared to other time scales. It is clearly 
seen that the positive and negative precipitation anomalies 
propagate northward from equatorial Indian Ocean towards 

Fig. 4  The power spectrum of the filtered precipitation anomalies for 
MJJAS season (averaged over 26 years) over the northern BoB region 
(see box outline in Fig. 2b) for a) HFISO and b) LFISO

 

Fig.  3  The regression of the precipitation anomalies of the High-
Frequency (10–20 days) Intra-Seasonal Oscillations (HFISO) on the 
corresponding area averaged HFISO precipitation anomalies over 
northern Bay of Bengal (BoB; box in Fig. 2b) at different lead/lags at 
intervals of 2 days over the May through September period of the year. 
The lead/lag in days is shown in the top right corner of each panel. 
The – and + values in days suggest that the northern BoB intraseasonal 
anomalies lag and lead the corresponding intraseasonal anomalies in 
the rest of the domain, respectively. The shaded regions are statisti-
cally significant at 5% significance level according to t-test, values that 
are not statistically significant are shown in white
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diurnal amplitude of precipitation over northern BoB dur-
ing the corresponding wet spells of the ISOs with simulta-
neous diminution of the diurnal amplitude of precipitation 
over the equatorial Indian Ocean and southeastern Arabian 
Sea where dry spells of the ISOs are occurring. This is con-
sistent with the banded structures of the ISO precipitation 
anomalies seen earlier in Figs. 3 and 5. The differences in 
Fig. 6g–i, suggest that the contrast in the diurnal amplitude 
of precipitation over many parts of the domain including 
BoB, Arabian Sea, equatorial Indian Ocean, and over some 
of the other terrestrial regions in the domain is comparable 
between LFISO and HFISO.

To understand the diurnal modulation by the ISOs fur-
ther, we composited the diurnal anomalies during wet 
spells of HFISO that coincide with the wet spells of LFISO 
(Fig. 7a) and separately with dry spells of LFISO (Fig. 7b) 
and find that the differences between these composites 
(Fig. 7c) reveal the contrast in the modulation of the diurnal 
variations of precipitation between the two ISOs. Figure 7c 
indicates that when the wet spells of the HFISO and LFISO 
coincide, then the diurnal anomalies of precipitation are the 
largest, i.e., diurnal scales of precipitation amplify the most 

3.3  The modulation of the diurnal amplitude by the 
intraseasonal variations

We composited the diurnal amplitude of the precipitation 
anomalies for wet and dry spells of HFISO over north-
ern BoB and find that the largest differences reside over 
northern BoB, equatorial Indian Ocean, and parts of Ara-
bian coast of India (Fig.  6a–c). Likewise, the largest dif-
ferences appear over northern BoB, northeastern Arabian 
Sea, and equatorial Indian Ocean for composites of diurnal 
precipitation anomalies for wet and dry spells of LFISO 
(Fig. 6d–f). Here, although the composites have been cre-
ated with respect to the wet and dry spells of the ISOs over 
the northern BoB domain, its influence on the diurnal scales 
in other regions of the domain is apparent because of the 
spatially coherent structures of the former. For instance, the 
composite differences in Fig. 6 show an enhancement of the 

Fig. 6  The composite diurnal amplitude of precipitation based on a, 
d wet b, e dry spells of a, b High-Frequency (HF) and d, e Low-Fre-
quency (LF) intraseasonal oscillations over northern Bay of Bengal 
(box outlined in Fig. 2b). The composite difference between the LF 
and HF ISOs for g dry and h wet spells and (i) (c–f). The units in all 
panels are in mm/day. Only significant values at 5% significance level 
according to t-test are shaded for the differences

 

Fig.  5  The regression of the precipitation anomalies of the Low-
Frequency (20–40 days) Intra-Seasonal Oscillations (LFISO) on the 
corresponding area averaged LFISO precipitation anomalies over 
northern Bay of Bengal (BoB; box in Fig. 2b) at different lead/lags at 
intervals of 5 days over the May through September period of the year. 
The lead/lag in days is shown in the top right corner of each panel. 
The – and + values in days suggest that the northern BoB intraseasonal 
anomalies lag and lead the corresponding intraseasonal anomalies in 
the rest of the domain, respectively. The shaded regions are statisti-
cally significant at 5% significance level according to t-test, values that 
are not statistically significant are shown in white.
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High Frequency (HF) ISO and the other in the 20–70 days 
range which is the Low Frequency (LF) ISO. The study is 
conducted with 26 years (1998–2023) of NASA’s Integrated 
Multi-Satellite Retrievals for Global Precipitation Mission 
version 7 (IMERG) gridded rainfall analysis, available on 
0.1° × 0.1° grid spacing at half-hourly interval. The IMERG 
rainfall analysis shows a reasonable verification of the ISM 
rainfall with APHRODITE data, which is based on rain 
gauge measurements. The diagnosed diurnal variations of 
ISM precipitation for the months of May through September 
indicate that some of the oceanic regions like the northern 
Bay of Bengal (BoB), equatorial Indian Ocean, and east-
ern Arabian Sea along the west coast of India besides the 
foothills of the Himalayas display a stronger diurnal varia-
tion compared to neighboring terrestrial regions. The peak 
of the diurnal variations of precipitation in these regions are 
between 17 and 19 LST and appear to be spatially homo-
geneous with parts of southeast Asia (e.g., Vietnam, Cam-
bodia, peninsular Malaysia, parts of Laos and Indonesia) 
showing a diurnal peak between 19 and 21 LST. IMERG 
also displays a robust HFISO and LFISO, across the domain 
with its anomalies propagating from south to north from the 
equatorial Indian Ocean towards the foothills of the Himala-
yas with a southeast-northwest tilt of coherent precipitation 
bands.

Our analysis reveals that wet or dry spells of both ISOs 
are associated with stronger or weaker diurnal anomalies 
of precipitation, respectively. The composite anomalies of 
diurnal precipitation during wet and dry spells of the ISOs 
over northern BoB confirm these relationships in addition 
to suggesting that LFISO modulates the diurnal variations 
more strongly than HFISO. Although, the composites are 
based on the wet and dry spells of the ISOs over northern 
BoB, the spatially coherent banded structures on compara-
tively larger scales of the ISOs force similar modulation of 
the diurnal scales over other regions in the domain (e.g., 
equatorial Indian Ocean, southeastern Arabian Sea).

Given the distinct frequencies of the HFISO and LFI-
SOs it is plausible to anticipate constructive or destructive 
interferences between them. It is shown that constructive 
or destructive interference of the wet and dry spells of the 
HFISO with LFISO can further amplify or weaken their 
influence on the diurnal modulation of the rainfall over 
northern BoB. Although the focus of this study was over a 
domain in northern BoB, the large-scale coherent structures 
of the ISOs also extend simultaneously their influence in 
other parts of the domain like the equatorial Indian Ocean 
and southeastern Arabian Sea, where the diurnal variability 
of precipitation is also significant.

The study has been primarily conducted with rain-
fall analysis. We will follow this study with a modeling 

over northern BoB. In contrast, when the HFISO dry spells 
coincide with the dry spells of the LFISO then the diurnal 
anomalies of precipitation are comparatively weaker (Figs. 
7e and f) relative to dry spell of HFISO coinciding with wet 
spell of LFISO (Fig. 7d). This also explains the reason for 
the diurnal composites of rainfall during HFISO being com-
paratively weaker than LFISO (Fig. 6i) since the likelihood 
of the wet spells of HFISO coinciding with the dry spells of 
LFISO are equally likely as coinciding with the wet spells 
of LFISO owing to the higher frequency of HFISO. Similar 
differences in the modulation of the diurnal scales of pre-
cipitation by HFISO and LFISO is also observed over the 
eastern equatorial Indian Ocean and the Arabian Sea.

4  Conclusions

This study examines the variations diurnal variations of the 
Indian Summer Monsoon (ISM) rainfall in the context of 
its modulation by the Intra-Seasonal Oscillations (ISOs). 
The ISOs of the ISM have two distinct bands of variabil-
ity, one in the 10–20  days range which is referred as the 

Fig.  7  The composite of the diurnal amplitude of precipitation dur-
ing the wet spells of High Frequency (HF) Intra-Seasonal Oscillation 
(ISO) coinciding with a wet spells of Low Frequency (LF) and b dry 
spells of LFISO. c, a, b. The composite of the diurnal amplitude of pre-
cipitation during the dry spells of HFISO coinciding with d wet spells 
and e dry spells of LFISO. f, d, e The units are in mm/day. Only sig-
nificant values at 5% significance level according to t-test are shaded 
for the differences
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