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Abstract
The west coast of India, dominated by the Western Ghats mountain range, is
among the rainiest places in the Tropics. The interaction between the land–sea
contrast of the coast, the monsoonal westerlies, and the oblique mountains
is subject to complex intraseasonal variability, which has not previously been
explored in depth. This study investigates that variability from the perspective
of the land–sea contrast, using empirical orthogonal function analysis to discern regimes of onshore and offshore rainfall over southwest India and the
eastern Indian Ocean. Locally, it is found that the rainfall is most sensitive to
midtropospheric humidity: when this is anomalously high, deep convection is
encouraged; when this is anomalously low, it is suppressed. A moisture-tracking
algorithm is employed to determine the primary sources of the anomalously
wet and dry midtropospheric air. There are important secondary contributions
from low-level vorticity and cross-shore moisture flux. The dominant control on
intraseasonal variability in coastal precipitation is found to be the Boreal Summer Intraseasonal Oscillation (BSISO): over 75% of the strongest offshore events
occur during phases 3 and 4; and about 40% of the strongest onshore events occur
during phases 5 and 6. The location of monsoon low-pressure systems is also
shown to be important in determining the magnitude and location of coastal
rainfall.
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1

I N T RO DU CT ION

The west coast of India receives more monsoonal rainfall
than any part of monsoonal South Asia except Meghalaya, averaging about three times as much as the rest of

the region (Krishnamurthy and Shukla, 2000; Rajeevan
et al., 2006). As a result, this region is prone to periods of extremely heavy rainfall (e.g., Venkatesh and Jose,
2007; Deb et al., 2008; Tawde and Singh, 2015; Mishra
and Shah, 2018; Hunt and Menon, 2019; Lakshmi et al.,
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2019; Parchure and Gedam, 2019), which are exaggerated in scale and impact by the presence of the Western
Ghats (WGs)—a thin mountain range near the coast, orientated almost perpendicular to the monsoon westerlies.
There is thus a pressing need to explore the modes and
timescales of variability that drive this rainfall, the understanding of which will improve its predictability. This has
been an area of interest to authors for many years, but
only recently has the relationship between onshore and
offshore precipitation been thought of as an important
ingredient in the rainfall variability over the west—and
particularly southwest—Indian coastal region (Shige et al.,
2017; Fletcher et al., 2018; Zhang and Smith, 2018).
One could reasonably assume that the band of high
rainfall along the coast of west India is caused by the forced
ascent of moist monsoonal westerlies as they impinge
upon the WGs. However, early studies that attempted to
model the rainfall this way found that they could not
entirely simulate the large-scale pattern or variability seen
in observations (e.g., Sarker, 1966). Observations themselves suffered from some uncertainty, due to a relatively
sparse gauge network in a relatively mountainous region
(Bhowmik and Das, 2007); the precise location of the band
of peak rainfall relative to the WGs has only been ascertained with precision in the era of spaceborne precipitation
radars (Romatschke and Houze, 2011; Biasutti et al., 2012).
Ogino et al., (2016) showed that about a third of all precipitation (i.e., over land and ocean) in the Tropics occurs
within 300 km of a coastline, indicating that the land–sea
contrast may play an important secondary role in generating precipitation over the western Indian coastline.
There is no doubt among previous studies that the
blocking effect of the WGs plays a vital role in triggering nearby precipitation—for example, Tawde and Singh
(2015) used gauge data to find that the meridional structure of rainfall followed the orography. However, modelling studies that have removed the WGs have found that
rainfall along the west coast does not disappear, but is
reduced in intensity by about half (Wu et al., 1999; Xie
et al., 2006; Sijikumar et al., 2013), and is less constrained
in location—though still parallel to the coastline. These
studies also suggest that the lower level monsoonal jet
would be stronger in the absence of the WGs, hinting that
the blocking might have far-reaching effects across the
Arabian Sea. Xie et al. (2006) noted that the WGs were the
only mountain range in South Asia to retain their associated precipitation band after the orography was flattened,
suggesting that, while mountains in the Tropics act as as
seeds for convection, the unique location of the WGs plays
an equally important role.
Grossman and Durran (1984) used a simple model
to show that blocking from the WGs could, through setting up a large-scale pressure gradient, trigger offshore
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convection under the right conditions (low convective
inhibition (CIN) and low lifting condensation level),
which might then feed back into the larger monsoonal circulation. Their model did not, however, take latent heating
into account; when Ogura and Yoshizaki (1988) included
it, they found that such convection happened preferentially over land rather than ocean. Maheskumar et al.
(2014) found that low-level convergence, wind shear, and
convective instability were important precursors for heavy
coastal rainfall, additionally noting that convective rainfall was greatly inhibited by advection of dry air into the
midtroposphere—a finding in agreement with Grossman
and Durran (1984).
There has been some discussion over the nature of
this rainfall. Grossman and Garcia (1990) found, using the
Highly Reflective Cloud dataset, that the frequency of high
cloud over the Arabian Sea and west coast was similar to
that over the rest of the subcontinent, implying that deep
convection plays a similar role over the region. Later studies refined this as satellite data improved—in particular,
with the Tropical Rainfall Measuring Mission (TRMM),
finding that the region contained a heterogeneous mix of
deep and shallow convection (Maheskumar et al., 2014)
and that, while rainfall along the coast was mostly convective, rainfall over the WGs themselves was mostly stratiform (Romatschke and Houze, 2011; Konwar et al., 2014).
Romatschke and Houze (2011) analysed the size of contributing convective systems, noting that they were typically small (<10,000 km2 ) or medium (<44,000 km2 ) in
size, and finding that such systems were helped considerably in their development by midlevel cyclonic vorticity
over the Arabian Sea. Kumar et al. (2014) used data from
TRMM to show that heavy rainfall events contributed
more to the mean rainfall over the WGs and eastern Arabian Sea than anywhere else over the subcontinent, as
well as yielding significant cloud ice content and anvil
occurrences, suggesting the importance of deep convection; however, they also found a relatively low altitude
for the latent heating maximum at 3–4 km. Kumar and
Bhat (2017) found that the proportion of shallow clouds
was higher over the WGs than anywhere in South Asia,
with a modal cloud-top height of about 6 km both onshore
and offshore—though a significant proportion of clouds
still exceeded 10 km. They found, in agreement with other
authors, that a dry midtroposphere limits convection in
this region.
More recently, authors have examined potential
sources of variability of rainfall over the coastal region.
Francis and Gadgil (2006) looked at outgoing longwave radiation (OLR) data from the INSAT satellite and
concluded that heavy rainfall along the coast was usually associated with synoptic-scale activity, which they
noted had a northward component—consistent with

HUNT et al.

Boreal Summer Intraseasonal Oscillation (BSISO) forcing
(Jiang et al., 2004). The BSISO is often thought of as the
northward-propagating branch of the Madden–Julian
Oscillation (MJO); however, it extends much farther poleward, having influence as far north as 30◦ N. It explains
about 20% of the intraseasonal variance in five-day mean
OLR (Lee et al., 2013) and is usually separated into eight
phases; phases 2, 3, and 4 are most commonly associated
with enhanced large-scale rainfall over India (Lee et al.,
2013, their figure 10). This is also consistent with Hoyos
and Webster (2007), who found that the OLR power spectrum had a broad peak between 5 and 50 days, suggesting
a complicated temporal structure within, perhaps due to
the interaction of intraseasonal variability with the orography, but also implying that more than one large-scale
forcing is at work. Shige et al. (2017) further highlighted
the role of the BSISO, in particular showing that offshore
rainfall was preferred during phase 4 and onshore rainfall
was preferred during phase 5. Zhang and Smith (2018)
identified a case (July 2008) where offshore rainfall transitioned to onshore rainfall; they argued that the former
prevents the latter by depleting CAPE and consuming
moisture flux. Another transition case (June 2016) was
identified by Fletcher et al. (2018); they attributed the
switch from offshore to onshore rainfall to the northward
passage of a nearby low-pressure system in the Bay of
Bengal, favourable phases of the BSISO—as per Shige
et al. (2017)—and the subsequent suppression of deep
convection over the Arabian Sea by a midtropospheric dry
intrusion.
It is this relationship between onshore and offshore
rainfall that interests us the most; so far it has only been
the subject of case studies, leading to several important
questions being raised by previous studies, in particular
Fletcher et al. (2018). How common are distinct periods
of offshore-only and onshore-only rainfall? Does the former often transition into the latter, or vice versa? What are
the differences in atmospheric dynamics, thermodynamics, and moisture between onshore and offshore rainfall?
And perhaps most importantly, what role does large-scale
intraseasonal variability—such as the BSISO, low-pressure
systems, and midtropospheric dry intrusions—play in
driving this local variability?
In this article, we will answer these questions: firstly,
by using Empirical Orthogonal Function (EOF) analysis to
establish an index to quantify the offshore/onshore nature
of rainfall over coastal west/southwest India; secondly, by
using reanalysis, satellite, and radiosonde data to understand the different atmospheric conditions behind each
mode; and, finally, by projecting the relative forcings from
different intraseasonal phenomena on to these modes.
We start with a discussion of our methodology and data
sources in Section 2, and then discuss the onshore/offshore
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metric and its phase space in Section 3. We then cover
the composite structure and variability in Section 4, before
concluding in Section 5.

2
2.1
2.1.1

DATA A N D METH O D O LO GY
Data sources
BSISO and MJO indices

Data for the MJO and BSISO were downloaded from
http://iprc.soest.hawaii.edu/users/kazuyosh/Bimodal_
ISO.html [Accessed 1st June 2020], the methodology of
which is described in Kikuchi and Wang (2010), Kikuchi
et al (2012), Kikuchi (2020). These are used to assess
the role of large-scale intraseasonal variability in driving
coastal rainfall. These datasets both have daily resolution,
available from 1979–2017 (MJO) and 1979–2018 (BSISO).
Each contains the normalised values of the first two principal components (or RMMs), as well as the resulting
phase and amplitude.

2.1.2

LPS tracks

We use the database of low-pressure system (LPS) tracks
from Hunt and Fletcher (2019) in this study. Using
six-hourly ERA-Interim data, they tracked LPSs by computing the mean relative vorticity in the 900–800 hPa
layer, then performing a spectral truncation at T63 to
filter out short-wavelength noise. They then identified
positive-definite vorticity regions within this field and
determined the centroid location for each one. These centroids were then linked in time, subject to constraints in
distance and steering winds, to form candidate LPS tracks.
This algorithm has been used for monsoon LPSs by a number of authors (e.g., Martin et al., 2020; Dong et al., 2020;
Arulalan et al., 2020). Track data are available at http://
gws-access.jasmin.ac.uk/public/incompass/kieran/track_
data/lps-tracks_v2.1.2_1979-2019.csv [Accessed 1st June
2020].

2.1.3

ERA-Interim

For the atmospheric variables used in our analysis, as well
as for the fields needed for trajectory analysis, we use
the European Centre for Medium-Range Weather Forecasts Interim reanalysis (ERA-I: Dee et al., 2011). All
fields are available at six-hourly frequency with a horizontal resolution of T255 (∼78 km at the Equator), distributed over 37 vertical levels spanning from the surface
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to 1 hPa. Data are assimilated into the forecasting system from a variety of sources, including satellites, ships,
buoys, radiosondes, aircraft, and scatterometers. We do
not use variables that are purely model-derived, such as
precipitation or cloud cover. ERA-Interim data can be
downloaded from https://apps.ecmwf.int/datasets/data/
interim-full-daily/levtype=pl/ [Accessed 1st June 2020].

2.1.4

TRMM

Two datasets are used from the Tropical Rainfall Measuring Mission (TRMM: Simpson et al., 1996; Kummerow et al., 1998; 2000). Firstly we use the multisatellite gridded rainfall product TRMM3B42 (Huffman
et al., 1997; 2007; 2010; TRMM, 2011a), available at
three-hourly, 0.25◦ × 0.25◦ resolution from 1998 onwards.
This is used for EOF construction and composite rainfall
footprint analysis. We also use data (TRMM2A25) from the
13.8-GHz on-board precipitation radar (Kawanishi et al.,
1993; 2000; Iguchi et al., 2000; TRMM, 2011b) to form composite vertical cross-sections of radar reflectivity, which
we then use to gauge the vertical extent and intensity of
precipitating systems.

2.1.5

CMORPH

CMORPH (Joyce et al., 2004) is also a multisatellite precipitation dataset, though unlike TRMM3B42 it does
not undergo a gauge-calibration adjustment process. It
is available at hourly, 0.1◦ × 0.1◦ resolution from 2000
onwards. We use CMORPH as a high-resolution alternative to TRMM3B42 to replicate results and check the
robustness of our findings. Data were downloaded from
ftp://ftp.cpc.ncep.noaa.gov/precip/global_CMORPH/3hourly_025deg/ [Accessed 1st June 2020].

2.1.6

Radiosonde data

Radiosonde data for six stations (Aminidivi, Minicoy,
Kochi, Panjim, Mangalore, and Bangalore; see Figure 1)
were used in this study. All data were extracted from the
University of Wyoming website,1 where they are freely
available. Temporal coverage for each site is given in
Figure S1. The data are available at selected pressure levels, which are usually at least every 50 hPa, but vary for
each sonde. They are interpolated on to a common vertical
axis before analysis.
1

http://weather.uwyo.edu/upperair/sounding.html [Accessed 1st June
2020]

F I G U R E 1 Map showing the orography of south and central
India and Sri Lanka. Indian state boundaries are marked in black,
the domain used for EOF computation is marked in red. Red dots
indicate the locations of nearby radiosonde launch sites, from south
to north: 1: Minicoy, 2: Kochi, 3: Aminidivi, 4: Mangalore, 5:
Bangalore, 6: Panjim

2.2

Bootstrapping

When we come to look at the role of the BSISO and MJO
on principal components of the rainfall (PC1 and PC2), we
will test whether the event composite is significantly different from the climatology using a bootstrapping technique
as follows.
1. Bin all data points (in our case coordinates defined by
principal component analysis) according to the relevant
BSISO/MJO phase.
2. Count the number of points in the least populated
phase bin. Call this number N.
3. Take N randomly chosen pairs of coordinates and find
the mean location.
4. Repeat this 105 times, and bin the points by their
argument—that is, the angle, 𝜃, that they subtend from
the positive abscissa about the origin.
5. For each bin (there are 32 in our case), compute the 95th
and 99th percentile radii.
6. Draw the polygons defined by these respective arguments and radii.

3

T H E PH A S E S PAC E

We aim here to produce a robust description of the modes
of precipitation over southwest India, in particular following the case study of Fletcher et al. (2018). We start by
filtering TRMM 3B42 precipitation using a 48-hr low-pass
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(a)

(b)

EOF1 (46.7% variance explained)

FIGURE 2

EOF2 (13.7% variance explained)

Spatial patterns of the first two EOFs of coastal rainfall [mm⋅day−1 ]. Coastline and Indian state boundaries are marked in

black

Lanczos filter (Duchon, 1979) to remove the effects of
diurnal variability, in particular from coastal land–sea
breezes, which affect the zonal symmetry of rainfall significantly in our region of interest. We then perform an EOF
analysis of TRMM 3B42 precipitation using the domain
shown by the red box in Figure 1 [11–15◦ N, 70–77◦ E].
The first two EOFs, upon which the rest of this study
will largely be based, are given in Figure 2. The first EOF
(Figure 2a) explains 46.7% of the precipitation variance in
this domain. We note that it is both singularly signed and
similar in structure to the climatological monsoon rainfall pattern—indeed, the correlation coefficient between
the time series of the first principal component, PC1, and
domain-mean rainfall is 0.98—so we can conclude that
this mode represents whether rainfall in the region is
excited or suppressed, that is, it is a mode that describes
regional rainfall magnitude.
The second EOF (Figure 2b) explains 13.7% of the variance. This has a zonally antisymmetric pattern, which is
positive over land and largely negative over the ocean,
thus providing a potentially useful metric for determining
whether convection is happening preferentially offshore or
onshore.2 If we construct an alternative “antisymmetry”
metric by taking the difference between normalised land
precipitation and normalised ocean precipitation, we find
that the correlation coefficient between this and the second principal component, PC2, is 0.88. Extracting values of

2

Note that in Fletcher et al. (2018) and Zhang and Smith (2018), what
we call onshore modes are referred to as coastal modes. We use the
terms interchangeably in this study, but prefer and recommend the
former for clarity.

standardised PC2 for the June 2016 case study in Fletcher
et al. (2018), we find a minimum of −4.1 on June 23 and a
maximum of +3.1 on June 28. We conclude, therefore, that
this mode represents the sought antisymmetry concisely.
In 21% of all time steps, |PC2|> 1, falling to 7% for |PC2|> 2
and 2% for |PC2|> 3. When the rainfall is “excited”, that
is, PC1>0, these rise to 49%, 18%, and 5%.
We also carried out a sensitivity analysis to determine how robust the onshore–offshore mode (PC2) is
against the choice of domain. This was done by varying
each of the domain boundaries and tracking the correlation coefficient between the existing and new PC2 time
series. The correlation coefficient remained very close to 1
(i.e., greater than 0.8) for extension of the northern boundary until about 17◦ N, at which point the variance explained
diminished and the onshore–offshore mode became the
third EOF, though its PC time series retained a high correlation with the original PC2 until 19◦ N. The southern
boundary could be extended until 8.5◦ N, where the same
effect occurred. For the western boundary, the limit was
62.5◦ E, and for the eastern boundary, 84◦ E. We can thus be
sure that the modes outlined earlier are also representative
of a larger domain.
Now, to understand how a change in PC2 affects rainfall over southwest India and the Arabian Sea, we use a
Hovmöller-like construction (see Figure 3), where domain
rainfall is averaged over latitude and then binned by longitude and PC2. As expected, rainfall is heaviest over the
ocean when PC2< − 2 and heaviest over the land when
PC2>2, but there are some notable asymmetries. Rainfall associated with negative PC2 covers a much broader
area and falls almost exclusively over the ocean, whereas
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F I G U R E 3 Composite rainfall (from CMORPH) over the
domain, averaged over latitude and binned by longitude and PC2
magnitude. Events where rainfall is suppressed, that is, PC1<0, are
not included. The black dashed line indicates the location of the
coastline at 13◦ N; grey contours are smoothed isohyets in multiples
of 10 mm⋅day−1

rainfall associated with positive PC2 is confined to a small
band near the coast and, though the rain is heavier over
the land, plenty falls over the ocean as well. Furthermore,
the mean rainfall is greatest at each end of the spectrum
(i.e., with increasing PC2 magnitude), rather than constant
throughout. We will explore the causes of these behaviours
later in this article.

4
4.1

R E S U LTS
Three case studies

We have already alluded to the Fletcher et al. (2018) case
study—an offshore to onshore transistion that occurred
during July 2016—in previous sections, as it provides a
canonical example against which to compare our results,
but one other period that is of particular interest is
the August 2018 Kerala floods (e.g., Mishra and Shah,
2018; Sudheer et al., 2019; Hunt and Menon, 2019),
in which sustained rainfall over the WGs resulted in

catastrophic flooding in southwest India. For comparison,
we also include the July 2008 transition case identified by
Zhang and Smith (2018). Figure 4 shows the phase space
described by the first two PCs for all dates, with the trajectories of the June 2016 (case 1), August 2018 (case 2), and
July 2008 (case 3) events superimposed in black, blue, and
red, respectively.
Case 1 behaves as expected, based on the analysis
of Fletcher et al. (2018): PC1 is consistently quite positive, indicating generally high rainfall over the domain,
whereas PC2 lurches from very negative to very positive on
a timescale of about two days. Given the large negative and
positive magnitudes of PC2 in this case, it seems reasonable to assume that transitions of such an extent are rather
rare. A more detailed investigation reveals that this is the
only case during the TRMM period (i.e., since 1998) in
which PC2 has gone from −3 to +3 in the space of five days
or fewer. That number rises to 4 for −2 to +2 transitions
(among them the July 2008 case), and to 32 for −1 to +1
transitions, with the stipulation on each that PC1 does not
fall below zero at any point. Interestingly, these numbers
fall to 0, 1, and 17 respectively for the reverse transition
(i.e., onshore to offshore), indicating a relatively strong
preference for transition events from offshore to onshore.
Case 2, the flood case, starts with light onshore rainfall
(positive PC2), before a significant intensification of both
modes lasting for several days, finishing with a slow return
to a no-rainfall state. PC2 exceeded +4 on the morning of
August 13, and in doing so created only the seventh such
period since the start of the dataset in 1998. It is interesting
to note that this event is described so clearly by PC2, given
that the majority of rainfall associated with these floods fell
outside the EOF domain (compare, e.g., figures 1 and 3 of
Hunt and Menon (2019)).

4.2
4.2.1

A composite picture
Reanalysis

We have seen that very different rainfall regimes exist
over coastal southwest India, that they can emerge rapidly,
and that they can cause significant hydrological stress.
We now seek to understand the large-scale drivers that
result in such conditions developing. To that end, in this
section we will compare the different synoptic conditions
behind “strong” onshore and offshore events, that is, those
where |PC2|>2. Of the 2,562 days in the TRMM observational record we have used (June–September 1998–2018
inclusive), there is a strong offshore event in 158 of them
(6.2%) and a strong onshore event in 117 of them (4.6%).
Composite synoptic charts for these events are shown in
Figure 5.
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F I G U R E 4 Phase space of coastal rainfall, with each dot representing a three-hourly datum from TRMM 3B42. The July 2008
transition case from Zhang and Smith (2018), the June 2016 transition case from Fletcher et al. (2018), and the 2018 Kerala floods are shown
in red, black, and blue, respectively. Arrows indicate the direction of travel at each 0000 UTC

The mean 850-hPa relative vorticity in the offshore
composite (Figure 5a) is strikingly different from that
in the onshore case (Figure 5b). The latter is consistent
with an active monsoon trough, or indeed a low-pressure
system, whereas in the former the trough is altogether
absent—there is, in fact, a composite ridge in the northwest of India. Vertically integrated moisture flux tells a
similar story: in the onshore composite, there is consistently strong onshore flow impinging along the length of
the WGs, this also forms part of the larger-scale cyclonic
flow wrapped around the trough. The offshore composite
shares the strong zonal (and presumably cross-equatorial)
flux in the western Arabian Sea, but weakens substantially
as it passes through a region of high convergence on the
way to south India; there is very little on-to-land transport anywhere over the peninsula. In the offshore case, this
moisture flux manifests as a region of heavy rainfall centred several hundred kilometres to the west of the southwest coast, collocated with the region of peak moisture
flux convergence; there is very little rainfall anywhere else,
except in Bangladesh/northeast India. In the onshore case,
very heavy rainfall over the WGs appears to derive from the
large zonal moisture flux impacting the orography, but it is
not the only rainfall: the active trough provides widespread
precipitation to the monsoon core zone and Bay of Bengal. These consistent rainfall patterns and the associated
coherent synoptic patterns support the notion that PC2
describes real weather regimes. It is also worth noting the
striking similarity between the actual rainfall difference in
Figure 6c and the EOF pattern that describes the difference (Figure 2b), as well as the correlation pattern between
rainfall and PC2 (not shown).
In summary, the onshore and offshore modes are
associated with distinct synoptic-scale conditions: onshore

with a strong monsoon trough and well-developed monsoon westerlies, offshore with no trough and weaker, more
equatorward westerlies. The enthusiastic reader will have
noticed that these conditions seem to resemble those
present during either LPS/non-LPS days of the monsoon,
or certain phases of the BSISO (Kikuchi et al., 2012). We
will discuss this further in Section 4.3.
We can gain further insight into the more localised processes responsible for each mode by looking at composite
vertical cross-sections, which are given in Figure 6. Given
here are winds (parallel to the cross-sectional plane),
equivalent potential temperature, and relative humidity,
all from ERA-Interim. Note that the mean structure is in
agreement with figure 8a of Shrestha et al. (2015).
Compared with the onshore composite, the offshore
composite has a region of considerably higher 𝜃e in the
midtroposphere over much of the Arabian Sea at this latitude. This coincides with a region of deep (modelled) cloud
and high humidity over the Arabian Sea in the offshore
composite, but relatively stratified high-level cloud and a
drier midtroposphere in the onshore case. Both composites
share cloudiness and high humidity over the Ghats themselves, though the onshore composite has much stronger
vertical wind there, which appears to be coupled to the
more extensive zonal flow present in the lower troposphere. As expected, there is relative ascent aloft over
land in the onshore composite, and over the ocean in the
offshore composite.
Comparing our results with the case-study schematic
(figure 15) from Fletcher et al. (2018) we see significant agreement: the change in height of the 0 m⋅s−1 isotach, lifting from ∼550 hPa in the offshore composite to
∼450 hPa in the onshore one; the relative midtropospheric
dry intrusion towards the west in the offshore composite;
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(a)

(b)

offshore

onshore

(c)

F I G U R E 5 The
composite synoptic picture for
(a) strong offshore events
[PC2< −2], (b) strong onshore
events [PC2>2], and (c) their
difference. Rainfall values
[mm⋅day−1 ] are shown in solid
colours; 850-hPa relative
vorticity is shown—where
surface pressure is less than
850 hPa—in orange contours
at intervals of 5 × 10−6 s−1 ,
with dashed lines indicating
negative values; and vertically
integrated moisture flux is
given by the quivers, with the
scale shown to the top right of
each subfigure. Rainfall data
are from TRMM 3B42, all other
data are from ERA-Interim.
Green dots in (c) mark the
locations of radiosonde
stations used in this study

onshore minus offshore

the comparatively strong onshore flow in the eponymous
case; and consistent boundary-layer cloud structure. We
note, however, that there are some substantial differences
in the overall cloud structure between that schematic and
these composites, which may be partially as a result of
using a reanalysis product. To remedy this, we now construct composites of radar reflectivity from the TRMM
2A25 product.

4.2.2

Satellite

These satellite-derived composites are shown in Figure 7,
which shows frequency, and Figure 8, which shows
relative intensity. The average number of scans used
to construct a single pixel in the offshore composite is
482, and 388 in the onshore. The microwave imager
used for retrieval had a fairly longwave frequency of
13.8 GHz (2.2 cm wavelength) and so, while it could detect

precipitation, it generally could not detect cloud. We see
that the offshore composite has wide-scale precipitation
over the Arabian Sea—as one would expect—with less
common but deeper and more intense convection over the
Bay of Bengal. At both coasts there is some encroachment
on to land, notably developing into significant convection
over the traditional rain shadow of southeast India. In contrast, while the onshore composite has heavy rain focused
over the WGs, convection elsewhere is less frequent, shallower, and less intense than in the offshore case. It is particularly interesting to note the difference in scale, alluded
to in Figure 5c: the core region (loosely taken as mean echo
>10 dBZ) has a zonal width of about 550 km in the offshore composite, but only 95 km in the onshore composite,
though the mean echo frequency is much higher in the
latter. Previous work has shown that, while storms in the
Arabian Sea do tend to have a larger footprint than those
over south India (see figure 5b of Hunt and Fletcher, 2019),
that does not account for this magnitude of difference,
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(a)

(b)

offshore

onshore

(c)

onshore minus offshore

F I G U R E 6 Cross-section through 13◦ N of composites of ERA-Interim data for (a) strong offshore events [PC2< −2], (b) strong
onshore events [PC2>2], and (c) their difference. Filled contours denote relative humidity [%], line contours denote 𝜃e [K], and quivers
denote wind parallel to the cross-section plane, with vertical wind exaggerated by a factor of 200

so it is reasonable to conclude that the apparent difference in structure is due to spatial variability in offshore
storms. The relative frequency of high-intensity echoes
does not vary significantly between offshore and onshore
rainfall.

4.2.3

Soundings

We have seen that the difference between onshore and
offshore rainfall events appears to involve a relationship
between convection and midtropospheric moisture. We
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(a)

offshore

(b)

onshore

Fraction of TRMM satellite overpasses (1998–2014) with detectable echoes (reflectivity >17 dBZ) for (a) strong offshore
[PC2< − 2] and (b) strong onshore [PC2>2] events. The cross-section is taken through 13◦ N with a width of 1◦ (i.e., observations between
12.5◦ N and 13.5◦ N are composited). Locations of the Indian coast are given by the dashed black lines and the orography is shown in brown

FIGURE 7

(a)

(b)

offshore

onshore

Fraction of detectable echoes with intense convection (reflectivity >30 dBZ) for (a) strong offshore [PC2< − 2] and (b)
strong onshore [PC2>2] events. The cross-section is taken through 13◦ N with a width of 1◦ (i.e., observations between 12.5◦ N and 13.5◦ N are
composited). Locations of the Indian coast are given by the dashed black lines and the orography is shown in brown. Regions are masked in
grey where the fraction of overpasses with detectable echoes is less than 0.05

FIGURE 8

will now employ historic radiosonde data to explore which
is the more important driver, or indeed whether one is
dependent on the other. There are six radiosonde launch
sites of potential interest to us, including two over the

Arabian Sea itself: Aminidivi in the northern Lakshadweep Islands, and Minicoy in the south. Realistically,
Minicoy is probably too far south to sample processes in
our study region directly (see Figure 5c), but has better data
coverage (see Figure S1) and may nonetheless be a useful
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(b)

(c)

F I G U R E 9 Composite June–September 0000 UTC sounding data for (a) Aminidivi, (b) Mangalore, and (c) Bangalore. Each tephigram
is separated into offshore (blue; PC2< − 1), neutral (black; −1≤PC2≤1), and onshore (red; PC2>1) events. Only events with positive PC1
(i.e., active rainfall) are composited.

benchmark. There are four further stations over the peninsula itself. Three lie along the coast, from north to south:
Panjim (Goa), Mangalore, and Kochi; one, Bangalore, is
inland. Of these, Bangalore and Mangalore lie roughly on
the bisecting latitude of the domain (13◦ N) and are thus of
the most use.
Figure 9 shows the mean 0000 UTC soundings for
Aminidivi, Mangalore, and Bangalore, separated by rainfall phase. For comparison, the 1200 UTC soundings
are provided in Figure S2. Aminidivi (left panel) displays a negligible change in the vertical structure of
temperature across the different phases, but there is a
significant difference in the midtropospheric humidity.
At 0000 UTC, the 500-hPa dewpoint temperature in the
offshore composite is −8.5 ◦ C, falling to −15.4 ◦ C in the
onshore composite—corresponding to the relative humidity changing from 78% to 44%. The pattern is similar
(although marginally weaker) at 1200 UTC, but the largest
difference remains at 500 hPa. The association between a
dry midtroposphere off the coast of the WGs and reduced
rainfall there was also found by Kumar and Bhat (2017).
Over Mangalore (centre panel), the variation in vertical
temperature structure between phases remains slight, but
now exceeds 1◦ in the lower troposphere, as air warmed by

latent heating from the offshore mode is advected over the
coast by monsoonal westerlies. Humidity takes on a more
complex profile: below 450 hPa, the offshore composite is
the most moist; above 450 hPa, the order reverses and the
onshore composite becomes the most moist. This pattern
can be explained by considering the climatological structure of zonal wind over monsoonal south India: westerlies dominate the lower troposphere, but weaken through
500–400 hPa and become strong easterlies above that layer.
Thus the atmospheric column above Mangalore consists of
some excess moisture from offshore events advected eastward in the lower levels or some excess moisture from
onshore events advected westward in the upper levels
(though it may have neither).
Composite soundings for Bangalore (right panel),
like the others, have almost no change in temperature
between rainfall phases. The strongest signal again comes
from humidity, and like Aminidivi it is strongest in the
midtroposphere (indeed it is confined to levels above
600 hPa). The largest spread is at about 450 hPa, where
the composite mean relative humidity is 62%, 67%, 75%
for offshore, neutral, and onshore events, respectively.
This reduced variability is at least partially explained by
Bangalore being outside the EOF domain and the area
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of significantly enhanced precipitation (see Figures 5c
and 7b).
To characterise the suitability of the atmosphere for
convection during each phase at each station, we compute the mean CAPE and CIN. This is done by computing
the variables for each sounding, then taking the composite
mean, rather than computing them directly from composite mean soundings. These results, additionally partitioned
by sounding time, are given in Figure 10. As we move from
maritime to continental regimes (recalling that Minicoy
and Aminidivi are in the Arabian Sea; Kochi, Mangalore,
and Panjim are on the coast; and Bangalore is inland), we
see the expected transition from climatologically high to
low values of CAPE, with an increasing impact from the
diurnal cycle. Four stations (Minicoy, Aminidivi, Mangalore, Panjim) record an increase in CAPE with increasing
PC2, that is, as the phase moves from offshore through
neutral to onshore. Only in Aminidivi and Mangalore
(those stations within the EOF domain) is this relationship significant, and it is of the wrong sign if we were
naively to intuit that changes in CAPE caused the rainfall phases. Mapes and Houze (1992) also noted an anticorrelation between CAPE and rainfall in the Tropics;
for southwest India, Fletcher et al. (2018) attributed this
to boundary-layer humidity being higher during onshore
phases. Here, it also appears that sustained latent heating
of the upper troposphere during the offshore phase causes
the level of neutral buoyancy to subside (this can be seen
in the first two panels of Figure 9). The reverse appears to
hold for Bangalore. There are no consistent changes in CIN
as a function of rainfall phase, despite expected diurnal
and land–sea contrast behaviour.

4.2.4

Trajectory analysis

It is clear that midtropospheric humidity plays a crucial role in developing the respective precipitation phases,
and that the thermal structure of the atmosphere, at least
from the CAPE/CIN point of view, is a feedback, rather
than a forcing. The next line of inquiry, therefore, is to
determine what process or processes are affecting moisture at the relevant altitudes. To do this, we employ
moisture backtrajectory analysis (following that in Hunt
et al., 2018). Starting with 500-hPa relative humidity—as
that is approximately the level of greatest change between
onshore and offshore events, as we saw above—we identify
the two 3◦ × 3◦ regions where relative humidity changes
most between strong onshore and strong offshore events,
that is, one for each sign. The largest positive difference between offshore and onshore events occurs over the
Arabian Sea, in a box bounded by 68–71◦ E, 11.5–14.5◦ N
(see Figure 11). The largest positive difference between

Mean CAPE (top, J⋅kg−1 ) and CIN (bottom,
by sounding site. These are partitioned into offshore (blue),
neutral (black), and onshore (red) phases. Mean quantities for
0000 UTC soundings are marked by a cross; a line extends to the
1200 UTC mean

F I G U R E 10
J⋅kg−1 )

onshore and offshore events occurs over southwest India,
in a box bounded by 75–78◦ E, 12.5–15.5◦ N (see Figure 12).
From each box, we release 36 evenly spaced particles for
each of the hundred strongest onshore and offshore events
(i.e., 3600 particles per panel in Figures 11 and 12), tracing
the trajectories of each through the previous three days.
The mean pressure of all trajectories is then projected on
to a 0.5 ◦ × 0.5◦ grid. Each panel of these two figures also
shows two contours (0.02, 0.1) of the 1◦ kernel density
function, so that we can see from which regions trajectories are more likely to originate. The density function is
calculated by dividing the number of trajectories passing
through a given 1◦ × 1◦ box by the total number of trajectories. Thus the 0.1 contour represents locations where there
is a 10% chance of a trajectory passing within 1◦ .
Figure 11a, therefore, shows the sources of 500-hPa
moisture above the hundred strongest offshore events.
Moist air enters this region predominantly from the west/
southwest, where convective activity has forced large-scale
ascent, encouraged by monsoonal westerlies. Some moisture also comes from the north, from the head of the
Arabian Sea, but this is very much a secondary contribution. This structure is consistent with the moisture flux
composites shown in Figure 5. We know from Figure 9a
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(b)

F I G U R E 11 Mean pressure for backtrajectories originating over the Arabian Sea during (a) the hundred strongest offshore cases
(i.e., most negative PC2) and (b) the hundred strongest onshore cases (i.e., most positive PC2). For each case, 36 evenly distributed parcels
were released from the red box at 500 hPa and integrated backwards in time through three days. Black contours mark values of 0.02 and 0.1
for the 1◦ kernel density function

(a)

F I G U R E 12

(b)

As Figure 11, but with the release box positioned over southwest India

that the same region has an anomalously dry midtroposphere during onshore events; Figure 11b shows that
this air originates mostly from the northern and eastern Arabian Sea and central Asia, but with some additional contributions from over the Indian peninsula itself.
The crucial difference here is that the mean pressure of
contributing trajectories is midtropospheric, rather than
lower-tropospheric; a general lack of large-scale convection in upstream regions deprives these levels of the moisture needed to support deep convection.
Figure 12a shows the origin of land-based midtropospheric parcels during offshore events. At first glance, it is
perhaps surprising to see that many of these have an origin in the lower troposphere (to the west), since we expect
them to be dry. For the full picture, we need to look at
the specific humidity (Figure S4a), which shows that, as

these parcels pass through the active region offshore, they
detrain as much as half of their moisture, arriving over the
peninsula anomalously dry. For onshore events over this
region (Figure 12b), the majority of parcels originate from
the northwest, over the head of the Arabian Sea—in agreement with Figure 5c—with a sizeable minority coming
from the Bay of Bengal, to the east.
To elucidate these differences further, we consider the
behaviour over time of the average trajectory, separated by
release box and rainfall phase, in Figure 13. The top panel,
showing mean pressure height, shows that, in all cases,
the mean parcel ascends before reaching the box. This is
perhaps unsurprising, given that the domain on the whole
favours convection and large-scale ascent during the monsoon season. Both sets of trajectories released during offshore events originate from lower in the troposphere, but
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Arabian Sea. This moistens the midtroposphere above
heavy oceanic rainfall, either directly or through detrainment. This process causes significant drying of parcels
that eventually make it over land, resulting in a simultaneous period of deficient rainfall there. The reverse is
not true during onshore cases, because the lower tropospheric winds in this region are invariably westerly during
the monsoon. As such, these events require already dry
air to cap or suppress convection over the ocean, allowing moist westerlies to pass through without precipitating
their moisture. Together, these explain the subtle asymmetries when comparing the Aminidivi and Bangalore
soundings in Figure 9, as well as the crucial role of midtropospheric humidity in controlling these events.

4.3

F I G U R E 13 Mean altitude (top) and specific humidity
(bottom) of all trajectories considered in Figures 11 and 12,
partitioned by release area (blue: ocean, red: land) and phase type
(solid: offshore, dotted: onshore)

those ending up over land complete this ascent earlier, giving them time to lose their moisture before reaching their
respective box, whereas those that end up over the oceanic
box tend to rise mostly in the preceding 24 hours. This is
reflected in their mean specific humidities (bottom panel):
parcels ending up over land during the offshore phase lose
their humidity far more quickly than any of the other categories, presumably as much of it is rained out over the
Arabian Sea, in agreement with the results of Zhang and
Smith (2018). In contrast, those parcels responsible for
the excess midtropospheric moisture over the ocean during offshore phases retain—on average—almost constant
specific humidity.
During onshore phases, both sets of parcels undergo
less ascent; those over the oceanic box lift through only
40 hPa in the 72 hr prior to the event. Those arriving over
the land box are lifted considerably more, about 100 hPa on
average, though this is still slightly less than either box during the offshore phase. Both profiles lose moisture at about
the same relatively slow rate, with those finishing over the
land box starting and finishing moister. This slower drying allows the land parcels to end up very slightly wetter in
the onshore cases than the offshore cases, despite starting
with about 25% less specific humidity.
To summarise, there is a lot more moisture available
during offshore phases, due to increased uplift over the

External forcing

Fletcher et al. (2018) hypothesised that the June 2016 transition case was in part driven by the passage of the BSISO.
Furthermore, when we inspected other transition cases
(Section 4.1), we found that offshore to onshore transitions
were far more common than the other way round, indicating that some large-scale forcing may be playing a role.
Determing the role of such forcing has important implications for the predictability of these events; in this section,
we explore a number of possible controls and assess their
capacity to modulate rainfall over southern India.
Figure 14 shows the mean positions of BSISO and
MJO phases respectively in the rainfall phase space. For
example, the “3” marker in Figure 14a shows the average
value of PC1 and PC23 when the BSISO is in phase 3. Significance for Figure 14a and Figure 14b is computed by
bootstrapping (see Section 2.2); MJO/BSISO phases constructed from randomly sampled subsets of points have 95
and 99% chance of lying within the two concentric circles,
respectively.
Phases 3, 4, and 5 of the BSISO are associated with
significantly positive values of PC1, indicating that rainfall is excited over southwest India; conversely phases 7,
8, and 1 are associated with suppressed rainfall in the
region. This follows from the phase composites given in
Kikuchi et al. (2012), which show that OLR over south
India is at a minimum during phases 3, 4, and 5, and at
a maximum during phases 7, 8, and 1. High-resolution
composites (Lee et al., 2013; Hsu et al., 2017) also highlight the zonal asymmetry caused by the westward component of the BSISO propagation, which explains why
3

Note that these retain the definition used throughout this article; that
is, the first two PCs of southwest rainfall. Where necessary, the principal
components of the MJO/BSISO will be preprended with their respective
acronym thus: BSISO-PC1.
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(a)

(b)

BSISO

MJO

F I G U R E 14 The effect of (a) BSISO and (b) MJO phase on coastal rainfall. For each phase of the BSISO/MJO, the mean location of the
coastal rainfall phase is given. Where the standardised amplitude of the BSISO/MJO is less than unity, the phase is taken as zero. The
concentric red circles in each figure indicate bootstrap-derived confidence intervals of 95% and 99%, respectively

phases 3 and 4 favour offshore convection and phases 5
and 6 favour onshore convection. Both PC1 and PC2 have
a correlation with both BSISO-PC1 and BSISO-PC2 that is
significantly different from zero at 99% confidence level.
These results are consistent with both Shige et al. (2017)
and Fletcher et al. (2018), who found that phases 4 and 5
of the BSISO were associated with offshore and onshore
rainfall respectively, as well as Francis and Gadgil (2006),
who found that synoptic-scale variability associated with
coastal rainfall often had a northward (i.e., BSISO)
component.
In contrast, the MJO (Figure 14b) has less of an influence; in part, this will be due to the BSISO being stronger
than the MJO in summer (Kikuchi et al., 2012). Phases 5–8
are associated with suppression of PC1, whereas phases 2,
3, and 4 are associated with its excitation. This is largely in
keeping with OLR composites of summer MJO (Wheeler
and Hendon, 2004), which indicate that convection is
respectively suppressed and favoured during these phases.
Despite the eastward propagation of the MJO, there is
no clear indication that an excited onshore mode is ever
favoured by any particular MJO phase, and it is therefore
unlikely that the MJO modulates rainfall over the WGs
significantly, even though it can enhance it offshore.
To check the robustness of these relationships, we can
reverse the projection—Figure 15 shows the phase spaces
for BSISO and MJO in the style of Wheeler and Hendon
(2004). For reference, phase 1 of the BSISO is labelled
“Equatorial Indian Ocean” and phases increase in the
counterclockwise direction; the positioning is the same for
the MJO figure. We see that phase 3 is populated most

clearly with offshore events (and phase 5 with onshore),
and, though they can happen during any phase, they
become increasingly rare as the BSISO moves away from
south India. This consolidates results from Figure 14a. The
picture for the MJO (Figure 15b) is slightly more cluttered: phases 2, 3, and 4 share most offshore events, with
onshore events being more homogeneously distributed.
These results are summarised in Table 1.
In summary, the passage of a BSISO event is likely to
be associated with offshore convection as it enters phase 3,
weakening slightly and becoming onshore convection as it
moves through phases 5 and 6. For the MJO, the picture is
not quite as well defined, but there is reasonable evidence
that phase 3 (and to some extent those either side of it)
is associated with offshore convection. Unlike the BSISO,
this does not seem to lead to an onshore transition.
We can also examine the role of the monsoon
active/break cycle. To do this, we used the definition
given by Rajeevan et al. (2010)—taking the daily rainfall in July and August averaged over the monsoon core
zone, and labelling periods of three or more consecutive days where it is more than one standard deviation
over the mean as active (and more than one standard
deviation below as break). Projecting our PC1 and PC2
on to these, we find that there is no significant relationship between active/break cycles and PC1, but there is
between active/break cycles and PC2. The mean values
of PC2 for active, normal, and break conditions are 0.64,
−0.02, and −0.26, respectively. This indicates that break
conditions favour offshore rainfall slightly and active conditions favour onshore rainfall moderately. The correlation
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(a)

(b)

BSISO

MJO

F I G U R E 15

Daily (a) BSISO and (b) MJO phase and amplitude, coloured in blue if that day also had offshore rainfall [PC2< − 1],
brown if it had onshore rainfall [PC2>1], or grey otherwise. Arrows in the upper left of each subfigure indicate the canonical
(counterclockwise) direction of each phenomenon

coefficient for PC2 with a simple active/break metric (i.e., a
time series set to −1 for break conditions, +1 for active conditions, and 0 otherwise) is 0.21, which indicates a statistically significant relationship but also that the active/break
cycle only explains about 5% of the variance of PC2, less
than the BSISO.
Finally, we look at the role of monsoon low-pressure
systems (LPSs) in modulating rainfall over southwest
India. Such LPSs are responsible for about a quarter of the
monsoon rainfall over Kerala (Hunt and Fletcher, 2019)
and about a third in Karnataka, the state to the north; we
also noted in Figure 5b that the composite synoptic vorticity for strong onshore events resembled an active monsoon
trough or LPS. Clearly, the effect of an LPS on PC1 or PC2
is going to be highly sensitive to its location. To represent this, we assign all LPS track points (see Section 2.1.2)
into 1◦ × 1◦ bins, then calculate the average of PC1 and
PC2 when an LPS is in the given bin. The resulting maps,
jettisoning all bins with fewer than five tracks, are given in
Figure 16.
Interestingly, PC1 (Figure 16a) seems to decrease
when there is an LPS in the centre of the monsoon
trough region—this implies a fall in rainfall amplitude
along the southwestern coastline. A possible explanation is that an LPS in this region will deflect the
monsoon westerlies northward, depriving the southwest coastline of some moisture flux. LPSs in the Bay

of Bengal have the opposite effect, promoting rain over
the coastline, probably through strengthening the westerlies. Those over the Arabian Sea have the strongest
effect of all, as these are capable of raining directly over
the region, rather than affecting it indirectly through
synoptic-scale dynamics. Though typically weaker,
cyclonic systems over Sri Lanka also have a strong effect
through their reversal of (or destructive interference with)
westerlies.
The role of LPSs in driving PC2 (Figure 16b) is
a little more subtle. Here, position within the monsoon trough is of considerable importance: an LPS centred along the trough axis is much more likely to be
associated with onshore rainfall, whereas those that
stray towards the northern or southern boundaries of
the trough tend to be associated with offshore rainfall. Those occurring outside the monsoon trough, for
example, over Sri Lanka or in the Arabian Sea, have
no significant effect, except for a small cluster off the
coast of Maharashtra, which deposits rain directly over
the offshore region, and is thus strongly associated with a
negative PC2.
In conclusion, the choice of LPS “basin” (e.g., monsoon
trough, Sri Lanka, Arabian Sea, or Bay of Bengal) is a
strong control on PC1, but not on PC2. Location within
each basin (particularly the monsoon trough) is a strong
control on PC2, but not on PC1.
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TA B L E 1

Fraction of offshore and onshore events associated with each phase of the BSISO and MJO,
partitioned by intensity
Offshore

Onshore

PC2 < −3

PC2 < −2

PC2 < −1

All

PC2 > 1

PC2 > 2

PC2 > 3

0

17.2%

28.9%

35.9%

39.2%

26.2%

24.4%

24.2%

1

2.3%

7.7%

6.9%

6.9%

5.0%

5.4%

2.1%

2

0.0%

4.0%

5.7%

7.8%

7.3%

7.9%

12.6%

3

40.7%

27.1%

25.0%

7.9%

4.6%

3.1%

2.1%

4

36.2%

25.5%

18.5%

8.1%

11.7%

8.9%

8.4%

5

0.5%

4.0%

3.9%

7.5%

16.0%

22.6%

21.6%

6

3.2%

2.3%

2.1%

8.2%

14.1%

15.9%

17.4%

7

0.0%

0.3%

1.2%

7.8%

8.2%

5.2%

1.1%

8

0.0%

0.4%

0.6%

6.7%

6.9%

6.6%

10.5%

0

36.4%

27.1%

31.6%

46.4%

46.6%

48.9%

44.7%

1

11.6%

1.4%

6.5%

11.8%

15.1%

15.1%

17.9%

2

21.4%

17.2%

20.7%

11.2%

9.1%

6.7%

8.4%

3

10.5%

26.7%

17.4%

3.8%

1.8%

1.6%

1.6%

4

8.1%

22.2%

14.1%

6.0%

6.5%

6.4%

7.9%

5

4.1%

3.2%

3.7%

6.8%

7.5%

4.1%

0.0%

6

0.8%

0.0%

0.4%

4.2%

4.4%

6.6%

10.5%

7

1.7%

0.0%

0.0%

3.9%

5.5%

7.0%

6.3%

8

5.3%

2.3%

5.7%

5.8%

3.5%

3.6%

2.6%

Phase
BSISO

MJO

Note: Greyed out text indicates phase 0 of the BSISO and MJO, and bold text indicates where the fraction is higher than 20%.

4.4

Spectral analysis

Finally, we turn to the spectral properties of PC1 and PC2,
which are shown alongside the other major forcings considered in this work in Figure 17. PC1 and PC2 share a
complicated frequency spectrum which peaks between 8
and 20 days and retains power through to at least 50 days
(though, given the length of our dataset, we cannot say that
this is statistically significant). This broad, complicated
spectrum is in agreement with that found to exist in OLR
over the coast by Hoyos and Webster (2007). In comparison, LPS spectral power density peaks at about 15 days
(with a secondary at about 40), active/break at about 30–40
days (consistent with Rajeevan et al., 2010), and the MJO
and BSISO have a broad peak centred at about 40 days.
These results indicate that the onshore–offshore mode
of rainfall is probably being modulated by LPS presence
and monsoon active/break spells on shorter timescales
(i.e., less than 20 days) and by the BSISO/MJO on longer

timescales. However, the complexity of the power spectra shown here and relatively low fractions of variance
explained by larger-scale forcing in our earlier analysis
strongly suggest that this exists as a physically distinct (if at
least partially coupled) mode of variability. We note additionally that there is no statistically significant correlation
between PC1 and PC2 at any lag/lead.

5
CO NC LUSIONS
AND D ISCUSSION
Rainfall over southwest India and the eastern Arabian
Sea is caused largely by moist monsoonal westerlies striking the WGs orthogonally, and is climatologially some of
the heaviest in the Tropics. Yet, despite several case studies, sources of intraseasonal variability in this region have
not yet been well constrained. In this study, EOF analysis
was applied to 20 years of TRMM rainfall data (using the
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(a)

(b)

PC1

PC2

Mean value of (a) PC1 and (b) PC2 when an LPS is present in a given 1◦ × 1◦ box. Boxes are coloured white where fewer
than five LPS data points are available. Computed for 1998–2016

F I G U R E 16

Spectral power density [days−1 ] for PC1 (black),
PC2 (green), LPS count (red), BSISO-PC1 (blue), MJO-PC1 (cyan),
and monsoon active/break periods (yellow). The 95% confidence
envelope is marked in grey. Spectra were computed using a Morlet
wavelet transform applied to variance-normalised data

F I G U R E 17

domain 11–15◦ N, 70–77◦ E) to derive a metric to quantify
whether the rainfall was occurring predominantly offshore
(i.e., over the Arabian Sea) or onshore (i.e., along the coast
or over the WGs).
The first principal component, PC1, describes the
mean rainfall magnitude over the region; the second, PC2,
describes the zonal antisymmetry. Negative PC2 implies
high rainfall over ocean and low rainfall over land, and
positive PC2 implies the opposite. A PC2–PC1 phase diagram was used to characterise cases of offshore→onshore
transitions identified in previous studies (Zhang and
Smith, 2018; Fletcher et al., 2018), and this shows that the
2018 Kerala floods were an example of a very high PC2

event without preceding offshore rainfall. Transitions like
those in the two aforementioned cases were found to be
unusual, with most strong onshore (and offshore) events
occurring in isolation–only four cases (including those
above) in the 20-year record went from PC2< − 2 to PC2>2
within a five-day period. Spectral analysis indicates that
both PC1 and PC2 share a broad peak in spectral density
between 8 and 20 days.
For the lower troposphere, reanalysis composites
showed that onshore cases tended to coexist with a particularly strong monsoon trough, which is generally absent
during offshore cases—this modulates the moisture transport, resulting in significantly more northwesterly moisture flux striking the coastline during onshore cases. In
contrast, offshore cases are more closely related to local
vorticity, in agreement with Romatschke and Houze (2011)
and Shige et al. (2017). In the midtroposphere, onshore
cases are associated with a large region of anomalously
low 𝜃e over the Arabian Sea, consistent with earlier studies
that claimed dry air aloft suppressed offshore convection,
allowing additional moisture transport to the coast, in
agreement with Maheskumar et al. (2014) and Fletcher
et al. (2018).
TRMM PR satellite composites showed that
the precipitating features of onshore cases—where
precipitating clouds congregate only along the coastline
and mountains—is almost the opposite of that for offshore
cases—where clouds congregate in the Arabian Sea, Bay
of Bengal, and southeast India. Composite radiosonde
data showed that the most important local difference is
midtropospheric moisture: the oceanic site, Aminidivi,
recorded anomalously high 400-hPa humidity during offshore cases, becoming anomalously low during onshore
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cases. The land-based sites of Mangalore and Bangalore
recorded the opposite. In contrast to some previous
authors, CAPE was not deemed to be an important
precursor of precipitation.
Moisture trajectory analysis showed that most anomalously moist midtropospheric air came from large-scale
ascent over the north and west Arabian Sea. Anomalously
dry midtropospheric air over the land during the offshore phases was found to have also undergone large-scale
ascent, but had its moisture removed by either detrainment or precipitation on passing over the offshore region.
Anomalously dry midtropospheric air over the Arabian
Sea during onshore phases derived largely from northerly
dry intrusions.
The role of large-scale forcing on intraseasonal
timescales was also examined. It was found, largely in
agreement with Shige et al. (2017), that phases 3 and 4 of
the BSISO were closely associated with offshore rainfall,
and phases 5 and 6 were associated (though less closely)
with onshore rainfall. The MJO, which typically has low
amplitude during the summer monsoon, was associated
with offshore rainfall during phase 3, but otherwise had
a weak relationship with PC2. LPS location was found
to have a strong effect on PC1 (i.e., domain mean rainfall), with presence over the monsoon trough generally
weakening rainfall over southwest India and the eastern
Arabian Sea, and presence over the Bay of Bengal or Arabian Sea strengthening it. The relationship with PC2 is
slightly more nuanced: LPSs positioned along the axis of
the monsoon trough are favourable to onshore rainfall,
but those too far north or south are favourable to offshore
rainfall. The preferential transition from an offshore phase
to an onshore phase is consistent with northward propagation of the BSISO, with the reverse transition (onshore
to offshore) additionally blocked by a long-trough passage
of monsoon LPSs.
In summary, the drivers of onshore and offshore rainfall around southwest India are complex, but midtropospheric humidity is the most important local factor; coupled with lower-tropospheric vorticity over the Arabian
Sea and cross-shore moisture flux over land, in agreement
with Shige et al. (2017). The BSISO and LPS presence are
the most important controls on intraseasonal variability.
One important shortcoming of this work was our
dependence on TRMM3B42 rainfall data to generate the
indices in the first place; strongly vertical wind shear
and upper-level easterlies can bias the algorithm into
placing precipitation further west in this region than it
actually occurred (Shrestha et al., 2015). We also did not
examine the seasonal cycle, which may be an important
control. We leave this analysis for future work. Another
important avenue of future work will be close inspection
of strong transition cases—these represent an important
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benchmark for modelling, due to their dependence on
orography, convection, and large-scale feedbacks.
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