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We describe the variability of the West India Coastal Current (WICC) during 2009–2017 using data from
acoustic Doppler current proBlers (ADCPs) attached to moorings deployed on the outer shelf at a watercolumn depth of 100–200 m at three locations: oA Kollam (9°N), Bhatkal (13.9°N), and Goa (15°N). Our
study shows that the characteristics of the WICC on the outer shelf are similar to those observed on the
slope except for the occasional decorrelation observed between them. Both shelf and slope WICC have a
weak mean Cow and a strong annual cycle. As seen on the slope, the depth of the undercurrent on the shelf
changes with season because of the strong upward phase propagation associated with the annual cycle.
Though the currents at all three shelf locations exhibit a strong seasonal cycle, there are prominent
differences between the currents oA the southwest coast of India (Kollam) and the central west coast of
India (Bhatkal and Goa). The seasonal cycle oA Kollam is often punctuated by strong intraseasonal
bursts, which cause the shelf WICC oA Kollam to be highly unpredictable; this unpredictability implies
that on a given day of the year, one cannot expect a poleward (equatorward) current during the winter
(summer) monsoon. On the central west coast, the poleward (equatorward) direction during the winter
monsoon (summer monsoon) is prominent. Comparison with the available datasets shows that the WICC
is occasionally coherent along and across the shelf, and the coherence is stronger for the seasonal cycle.
Keywords. Eastern boundary currents; ADCP; seasonal variability; intraseasonal variability;
continental shelf; WICC; Arabian Sea; Indian Ocean.

1. Introduction
The West India Coastal Current (WICC) Cows
along the eastern boundary of the Arabian Sea
(Shankar and Shetye 1997; Schott and McCreary
2001; Shankar et al. 2002). It changes directions
twice a year even though the alongshore winds are

unidirectional. Model simulations show that the
remote winds oA the east coast of India and Sri
Lanka can cause these reversals through generation
of large-scale waves (McCreary et al. 1993;
Shankar and Shetye 1997). The annual reversals
have implications for the large-scale hydrological
balance between the Arabian Sea and the Bay of

Supplementary material pertaining to this article is available on the Journal of Earth System Science website (http://www.ias.
ac.in/Journals/Journal˙of˙Earth˙System˙Science).
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Bengal (Jensen 2001; Han et al. 2001) and the
biogeochemistry (Dileepkumar 2006; Naqvi et al.
2006; Vallivattathillam et al. 2017; Amol et al.
2020) and Bsheries (Shankar et al. 2019) of the
eastern Arabian Sea.
The seasonal reversal of the WICC was initially
inferred from ship-drift data compiled in various
atlases (Cutler and Swallow 1984; Shetye and
Shenoi 1988; Hastenrath and Greischar 1989;
Mariano et al. 1995). The data showed that nearsurface WICC Cows equatorward during the summer monsoon (May–September) and poleward
during the winter monsoon (November–February).
The reversals were also evident in hydrographic
data collected along the west coast of India (Ramasastry and Myrland 1959; Banse 1968; Sharma
1968; Shetye et al. 1990, 1991). In addition, the
hydrographic data provided information on the
characteristics of the subsurface circulation like
upwelling and undercurrents. The advent of satellite altimetry in the early 1990s led to the discovery
of quasi-synoptic features like the Lakshadweep
high and low (Bruce et al. 1994; Shankar and
Shetye 1997). The altimetry data further corroborated the strong seasonal cycle evident in the shipdrift and hydrographic data (Shankar et al. 2002;
Amol et al. 2014).
The indirect current measurements mentioned
above provided only qualitative estimates of the
variability of the WICC and direct current measurements were of short duration and could not
resolve periods greater than a week. This dearth of
measurements prompted CSIR-National Institute
of Oceanography (CSIR-NIO) to launch a long-term
mooring programme under which currents were
measured using acoustic Doppler current proBlers
(ADCPs) on the continental slope and shelf oA the
east and west coasts of India to map the variability of
the East India Coastal Current (EICC; Shankar
et al. 1996; McCreary et al. 1996; Vinayachandran
et al. 1996) and WICC (Shankar and Shetye 1997).
The Brst deployment was in May 2006 on the
continental slope oA Goa, which is located on the
central west coast (Bgure 1). Since then, ADCP
moorings have been deployed all along the east
and west coasts: currently, there are seven moorings oA the west coast and ten moorings oA the
east coast.
This paper is part of a series of papers that
describe the circulation along the coast of India
using the long-term data from these ADCP moorings. The Brst two papers, which described the
slope circulation along the west (Amol et al. 2014)
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and east (Mukherjee et al. 2014) coasts, conBrmed
the presence of the annual cycle that was earlier
inferred from ship drifts and hydrography. These
direct measurements showed, however, that the
strength of annual cycle varied from year to year:
for example, the seasonal reversal was almost
absent during some years and was strong during
other years. The intraseasonal periods that were
weaker in the indirect measurements also stood out
in the ADCP current spectrum and the WICC and
EICC tended to decorrelate along the coast at
these periods.
As the data set now extends over a decade,
sequels to Amol et al. (2014) and Mukherjee et al.
(2014) were published by Chaudhuri et al. (2020)
and Mukhopadhyay et al. (2020b) to document the
variability of the WICC and EICC, respectively,
on the continental slope. The decade-long data set
permits greater statistical conBdence in the variability of the seasonal cycle of the WICC and
EICC. All the above studies, however, were related
to the slope circulation. The description of the shelf
EICC using the ADCP data was recently provided
by Mukhopadhyay et al. (2020a), who showed that
the shelf and slope EICC were similar, but that
their coherence was patchy for the 120-day and
intraseasonal bands.
Our paper is a companion paper to the
description of the shelf EICC by Mukhopadhyay
et al. (2020a) and the slope WICC by Chaudhuri
et al. (2020). It builds on the data set presented in
Amol (2014): we extend the record from
2009–2012 studied by Amol (2014) to 2009–2017.
The primary aim is to document and quantify the
variablity of the WICC on the outer shelf during
this entire duration. We describe the data and
provide details for the methods used to analyse
the data in the next section. The results of the
analysis are described in the following two sections. In section 3, we describe the characteristics
of the shelf WICC using all the available ADCP
data that were collected during 2009–2017; the
ADCP data records are not continuous and have
large data gaps that often extend beyond a
month. The shelf and slope moorings were
deployed in pairs and separated by a distance of
30–60 km (Bgure 1); therefore, in section 4, we
compare the shelf currents with the slope currents
and also with the sea-level data near the coast. In
both these sections, we provide a brief background
that is followed by time-series analyses. The
results from these analyses are discussed in
section 5.
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Figure 1. The region of interest, the eastern Arabian Sea, and its location in the larger region, the north Indian Ocean. The
colour scale shows the bathymetry (m). The 1000, 100 and 50 m contours are overlaid. The solid triangles indicate the ADCP
locations on the continental slope oA Mumbai, Goa, Bhatkal, and Kollam; the solid circles show the ADCP locations on the
continental shelf oA Goa, Bhatkal, and Kollam; the tide-gauge locations at Jawaharlal Nehru Port Trust (JNPT) in Navi
Mumbai, Mormugao, Mangalore, and Kollam are shown by Blled diamonds. The coastal locations after which the moorings are
named are shown by black squares.

2. Data and methods
The primary data used in this study are from the
ADCP moorings located on the continental shelf oA
Goa (  15 N), Bhatkal (  13.9 N), and Kollam
(  9 N). Therefore, these data include the data oA
Goa and Kollam upto 2012 analysed in Amol
(2014) as well as the subsequent data oA Goa and
Bhatkal from 2012–2017. The shelf moorings oA
Mumbai and Kanyakumari have very short records
and are not included in this analysis. The data from
the moorings on the continental slope oA Goa
(  15 N), Bhatkal (  13.6 N), and Kollam
(  9 N), and the tide-gauge sea-level measurements at Mormugao (73.8 E, 15.4 N), New Mangalore (74.8 E, 12.9 N), and Kollam (76.6 E,
08.9 N) are used for comparison. (Mormugao is
referred to as Marmagao or Marmagoa in some
tide-gauge data sets.) The locations of the ADCP
moorings on the shelf and slope as well as the tide
gauges is shown in Bgure 1. The mooring and
ADCP details are given in table 1 for the shelf
moorings and the slope mooring at Bhatkal. The

details for the slope moorings at Goa and Kollam
can be found in Chaudhuri et al. (2020). There are
large data gaps for the shelf currents compared to
the slope currents owing to damage due to Bshing
and trawling activities, leading to these shelf
moorings oA the west coast being discontinued (see
section 5).
The mooring conBguration has changed as the
programme evolved over time. In the Brst few years
of the time series, ADCPs with a frequency of
307.3 kHz were deployed at a depth of  100 m,
but repeated losses due to trawling forced a shift to
a deeper depth around  160–200 m, which
necessitated a decrease in the ADCP frequency to
153.6 kHz (table 1). The shallowest ADCP bin is
at  20 m for the shelf currents. The measurements are available at intervals of 15–30 minutes
for the shelf currents and at hourly intervals for the
slope currents. The shelf ADCPs are upwardlooking and have a depth resolution of 4 m.
The method of analysis is similar to that followed by Amol (2014), but differs from it in three
aspects. First, temporal interpolation is done using
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Table 1. Details of the ADCP mooring data on the shelf oA Goa, Bhatkal, and Kollam, and on the
slope oA Bhatkal. The columns are as follows. C2: The name of the ADCP mooring. C3: longitude
(E) and latitude (N ) of the mooring location and the water column depth (m). C4: ADCP depth
(m). C5 and C6 : Start date and end date, respectively of the record for the deployment. C7: ADCP
frequency (kHz). All are upward looking ADCPs. The coastline angles are 13 , 3 , 12 and 8 ,
measured anticlockwise from the north. The depth resolution is 4 m except for OBD1A, for which it
is 8 m.
Location

ADCP

Position/depth

ADCP depth

Start date

End date

m

Goa
Shelf

OGS05
OGS06
OGS06
OGS7a
OGS07
OGS08
OGS09
OGS10
OGS11
OGSV1
OBS01
OBS02
OBS03
OBS04
OBS05
OBS06
OKS01
OKS02
OKS03
OKS04
OBD1A
OBD2A
OBD3A
OBD4A

73.056 15.168/131
73.057 15.199/127
73.057 15.199/127
72.985 15.201/171
72.984 15.201/170
72.988 15.201/167
72.989 15.202/168
72.979 15.231/171
72.9815.233/167
73.005 15.119/196
73.408 13.868/171
73.405 13.868/170
73.4113.871/167
73.4113.877/168
73.4113.877/169
73.408 13.878/169
75.9919/112
75.9649.003/142
75.9569.003/168
75.9589.003/165
73.263 13.634/1013
73.243 13.595/1157
73.238 13.601/1138
73.246 13.604/1152

104
105
99
165
163
160
159
162
160
188
164
163
160
160
163
162
103
114
157
156
170
171
138
200

04-11-2009
08-11-2010
25-05-2011
29-10-2011
15-12-2011
02-10-2012
08-11-2013
28-10-2014
06-01-2016
11-04-2017
18-10-2011
10-10-2012
19-11-2013
21-10-2014
07-01-2016
13-11-2016
13-10-2008
19-10-2009
19-09-2010
25-10-2011
18-10-2011
19-11-2013
07-01-2016
13-11-2016

08-11-2010
20-05-2011
29-10-2011
15-12-2011
02-10-2012
08-11-2013
20-11-2014
06-01-2016
12-11-2016
02-10-2017
10-10-2012
19-11-2013
22-10-2014
07-01-2016
13-11-2016
04-10-2017
26-01-2009
10-11-2010
25-10-2011
15-10-2012
10-10-2012
21-10-2014
13-11-2016
04-10-2017

307.3
307.3
307.3
153.6
153.6
153.6
153.6
153.6
153.6
153.6
153.6
153.6
153.6
153.6
153.6
153.6
307.3
307.3
153.6
153.6
153.6
153.6
153.6
153.6

Bhatkal
Shelf

Kollam
Shelf

Bhatkal
Slope

the grafting method of Mukhopadhyay et al. (2017)
because it is more accurate compared to linear
interpolation when the gaps extend beyond
 12 hours; second, a band-pass Lanczos Blter is
used to calculate the bandpassed currents at
intraseasonal periods (30–90 days); third, corrections are applied for changes in the transducer
depth over short durations. The method of analysis
is described in detail in Chaudhuri et al. (2020).
The currents are Bltered with a 5-day low-pass
Blter to obtain the sub-inertial currents (Amol
et al. 2014; Chaudhuri et al. 2020). In the rest of
this paper, the main data set consists of the subinertial, rotated (alongshore) currents estimated
from the ADCP data.
In addition, we use sea-level data from tide
gauges deployed along the Indian west coast by
ESSO-INCOIS (Indian National Centre for Ocean
Information Services). The VEGAPLUS-62 radar

gauges are maintained as part of the tidal gauge
network along the Indian coastline. The tide-gauge
sea level is detided using the Tidal Analysis Software Kit (TASK; Bell et al. 1998). Following
detiding, temporal interpolation is done using the
grafting method of Mukhopadhyay et al. (2017).
Finally, the sea level is corrected for the inverse
barometric eAect using the atmospheric pressure
from the ERA5 (ECMWF Re-Analysis) reanalysis
product provided by ECMWF (European Centre
for Medium-range Weather Forcasting; Hersbach
et al. 2020).

3. The shelf WICC
This section describes the features observed in the
shelf WICC. A broad overview of the observed
weak mean Cow and high variance is followed by
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analysis of variability at intraseasonal and seasonal
timescales and with depth.
3.1 The weak mean Cow

3.2 Directionality of the seasonal cycle
As mentioned in section 1, the seasonal reversal of
the WICC is a prominent feature seen in satellite,
ship-drift, and hydrographic data and in modelling
studies. All the data sets show that the WICC
Cows poleward during the winter and equatorward
during the summer. The observations from the
slope ADCP, however, show that the seasonal

100

Depth (m)

50

0

Boundary currents around the world are known to
have a strong mean Cow because the basin circulation is in Sverdrup balance due to steady trade
winds. The currents, as part of the gyral circulation, Cow poleward along the western boundary
and equatorward along the eastern boundary. The
western boundary currents are deep and fast with
an average speed of 1–2 m s1 , whereas the eastern
boundary currents are shallow and slow with an
average speed of 20–60 cm s1 (Talley et al. 2011).
The north Indian Ocean, however, is different.
The currents derived from satellite observations
show that the mean Cow is weaker compared to the
Cuctuations (Shankar et al. 2002; Amol et al.
2020). The same is true for WICC, which is an
eastern boundary current. This weak mean Cow is
evident from the ADCP observations on the slope
(Amol et al. 2014; Chaudhuri et al. 2020). Compared to the EICC (Mukherjee et al. 2014;
Mukhopadhyay et al. 2020a, b), the WICC has a
weaker mean Cow near the surface (\5 cm s1 ;
Amol et al. 2014; Chaudhuri et al. 2020). The weak

mean Cow for the west-coast shelf is also consistent
with that on the slope (Bgure 2). The mean Cow is
weakly poleward at all locations. For the central
moorings, Bhatkal and Goa, the mean is less than
5 cm s1 from surface to bottom. OA Kollam, the
southern mooring, the mean Cow is maximum
between 40–70 m depth and crosses 10 cm s1 . The
distinction between the southern and central
moorings was evident in the slope currents (Amol
et al. 2014; Chaudhuri et al. 2020). The standard
deviation shows that the Cuctuations are much
stronger than the mean Cow (Bgure 2). The nearsurface standard deviation is stronger oA Kollam
(30 cm s1 ). The Bhatkal and Goa data showed
similar values (18–20 cm s1 ). The standard deviation decreases with depth, but is still greater than
the mean.

150
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Bhatkal Mean
Kollam Mean
Goa SD
Bhatkal SD
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Figure 2. Mean (Blled circles) and standard deviation (Blled squares) of the alongshore currents (cm s1 ) as a function of depth
(m) for the whole record. The blue, green, and pink curves show the proBles for Goa, Bhatkal, and Kollam respectively, with
darker and lighter shades used for the mean and standard deviation lines.

77

Page 6 of 21

reversal may not be as prominent as seen in the
ship drift or satellite-derived geostrophic currents
(Amol et al. 2014; Chaudhuri et al. 2020). Though
earlier studies on the shelf suggested the existence
of an annual cycle, this inference was based on very
short records (Shenoi and Antony 1991; Amol et al.
2012, 2018). Using a decade-long record on the
slope oA Kollam and Mumbai, Chaudhuri et al.
(2020) showed that the 1-r envelope around the
climatological mean exhibits a large spread of
values. The WICC, particularly oA Kollam, may
Cow in either direction at a given time of the year.
This unpredictability is greater oA Kollam owing to
the large intraseasonal variability.
To investigate the seasonal cycle’s directionality
on the shelf, we calculated the fraction of currents
Cowing polewards for different seasons of the year.
Unlike the temperate and subpolar regions, where
there is a clear distinction between the four seasons, the transition between the two monsoon
seasons is shorter along the west coast of India.
Therefore, we focus on the current direction calculated during the summer (June–September)
and winter monsoon (November–February) at all
three locations. The current direction is calculated with respect to the long-term mean, which
can be a source of bias if it is large, for example,
on the shelf oA Kollam. Only years in which a
near-complete data record is available are used
for this analysis. The data record constitutes six
years at Goa, Bve at Bhatkal, and three years at
Kollam.
As expected, we see a dominant poleward
(equatorward) Cow during the winter (summer)
monsoon, particularly at Bhatkal and Goa
(Bgure 3). The fraction of poleward (equatorward)
current during winter (summer) monsoon is 0.76
and 0.78 (0.73 and 0.77) at Goa and Bhatkal,
respectively. Hence, one is likely to observe a
poleward Cow during the winter monsoon and an
equatorward Cow during the summer monsoon
during a large fraction of time. Yet, the analysis
shows that the current will Cow in the opposite
direction up to 20–25% of the time. OA Kollam,
where the equatorward current is seen only during
the spring (March–May) and not during the
summer, the degree of seasonality is weaker. The
fraction of the current that Cows equatorward
during summer is 0.55, and spring is 0.71. The
weak seasonality oA Kollam was noted earlier for
the slope currents by Chaudhuri et al. (2020). The
fraction of current during spring at Bhatkal and
Goa is 0.49 and 0.58 suggesting that it is equally
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likely for the current to be in either direction
during this time of the year.
To separate the eAect of intraseasonal frequencies in the weather band (\ 30 days), we chose two
averaging windows: 5 and 30 days. The 30-day
averaging smooths out the irregularities from the
weather band, and 5-day averaging retains it.
The fraction calculated for the 30-day average
is consistent with the seasonal mean at Goa and
Bhatkal. The currents in the intraseasonal band
are more likely to be dominated by the seasonal
cycle. At Kollam, the same may not hold true.
There is a 50% chance that the current will
Cow in the opposite direction during certain
months.
The 5-day averaging shows that the short bursts
that last less than 30 days have a visible impact on
the direction of the current, particularly oA Kollam. These short bursts can cause major deviations
in the expected annual cycle. For example, the
30-day averaging at Bhatkal and Goa shows a clear
poleward current during the winter monsoon, but
the 5-day averaging shows several short equatorward bursts. The short bursts, which can cause
strong reversals in currents, are more frequent oA
Kollam, and the number of bursts decreases from
south to north.
3.3 Spectral analysis: Seasonal and
intraseasonal variability
Spectral analysis of the sea-level data shows that
the annual cycle is the strongest along the west
coast of India (Shankar et al. 2010). Vialard et al.
(2009) noted that while the annual cycle may be
strong for the sea level, the same might not hold
true for the currents. While analysing the slope
ADCP data at Goa that spanned from May 2006 to
September 2008, they found that the intraseasonal
variability of the current and sea level were in
phase, but the annual cycle was weak in the current
and not in the sea level. They attributed the
weakening of the annual cycle in the currents to the
oAshore radiation of Rossby waves owing to which
the sea-level gradient drops considerably. The
intraseasonal signals below 90 days would be
trapped along the Goa coast and would, therefore,
be strong. A wavelet analysis of a longer record oA
Goa showed, however, that the annual cycle
exhibited strong interannual variability (Amol
et al. 2012; Chaudhuri et al. 2020). For example,
the annual cycle was weak from 2006–2008, but
strengthened from 2008–2012.

J. Earth Syst. Sci. (2021)130:77
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Figure 3. The odd panels show the fraction of currents at  25 m Cowing in the poleward direction (with respect to the long-term
mean current) on the shelf oA Goa, Bhatkal, and Kollam, respectively. The 5-day and 31-day averaging windows are represented
by the pink and red curves for the fractions. The horizontal orange lines show the levels of 0.3 and 0.7. The horizontal blue solid
lines show the seasonal means for the winter monsoon and summer monsoon. The even panels show the sub-inertial currents at
the three locations. The 1-r envelope around the seasonal mean is shown by an yellow box for the winter monsoon and a green
box for the summer monsoon. The horizontal blue and red dashed lines show the zero level and the long term mean current.

What happens along the outer shelf? The LombScargle periodogram (Lomb 1976; Scargle 1982)
shows that the annual cycle is stronger oA Bhatkal
and Goa and weaker oA Kollam (Bgure 4). Other
seasonal periodicities like the semi-annual and the
120-day cycles are also evident at all mooring

locations, but their magnitudes are substantially
smaller compared to the annual cycle.
Unlike the annual cycle, the intraseasonal
periods (10–90 days) are strongest oA Kollam and
weaken towards north. The strong intraseasonal
periods and the weak annual cycle make the
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Figure 4. Lomb–Scargle periodogram for the shelf currents at 24 m oA Goa (top), Bhatkal (middle), and Kollam (bottom). This
is a variance conserving form for the spectra (cm2 s2 ), where the power spectral density has been multiplied by the frequency.
The pink curve shows the threshold for significance (a ¼ 0:05). When the power spectral density is plotted on the y-axis, the
significance threshold is a horizontal line. The shaded region shows the intraseasonal (30–90 days) band. The annual cycle is
shown by the vertical black line and the semi-annual and 120-day periods are shown by orange lines. The area under the
periodogram between two frequencies gives an estimate of the power contained in that frequency range.

current direction more unpredictable oA Kollam.
Thus, in general, the annual cycle strengthens from
south to north, whereas the opposite is true for the
intraseasonal periods. The Lomb-Scargle periodogram is used here as it can be used to give the
spectral density for unequally spaced time series,
unlike the Fast Fourier Transform or FFT. For
time series that are equally spaced (when there are
no gaps), the Lomb-Scargle periodogram and FFT
give similar power spectra.
Though the Lomb–Scargle periodogram provides
the frequency information, the time information is
lost. A wavelet transform is, therefore, applied to
identify the variability at different frequencies with
time. As seen in the Lomb-Scargle periodogram,
the wavelet shows a strong annual cycle and
intraseasonal periods (Bgure 5). Owing to large
data gaps, the wavelet has been calculated separately for continuous sections of the time series and

these wavelet spectra are separated by gaps, owing
to which a major part of the wavelet power of the
annual cycle is outside the cone of inCuence (COI).
In spite of these gaps, however, the wavelet analysis suggests that the strength of the annual cycle
doesn’t vary much over the available record. As
seen on the slope (Chaudhuri et al. 2020), the
intraseasonal periods are usually strong during the
winter monsoon, and the stronger intraseasonal
variability at Kollam is evident. Strong variability
can also be seen during the summer monsoon,
particularly oA Goa and Bhatkal.
Both Lomb-Scargle periodogram and wavelets
showed periods that are common to all locations.
Are the currents, in general, coherent along the
west coast of India? Shetye et al. (2008) used onemonth current-meter records to show that the
nearshore currents were correlated at a distance of
 50 km. A similar coherence with a phase lag was

J. Earth Syst. Sci. (2021)130:77
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Figure 5. Morlet wavelet power spectrum (cm2 s2 ) for the alongshore shelf current at 24 m oA Goa (top), Bhatkal (middle), and
Kollam (bottom). The ordinate is the period (days) plotted on a log2 scale; a log2 scale is also used for the wavelet power, for
which the colour scale is not uniform. The vertical black lines are used to separate the years. The thick blue curve represents the
cone of inCuence (COI). The horizontal lines mark 1 year or 365 days (annual band), 180 days (semi-annual band), 120 days,
90 days, and 30 days. The semi-annual and 120-day bands constitute the intra-annual variability and the low-frequency (highfrequency) part of the intraseasonal variability is contained in the 30–90-day band (4–30-day band). Gaps [ 1 week that were
Blled are shown by white spaces within the wavelet spectra.

observed by Amol et al. (2012) for the shelf-edge
moorings that were separated by a distance of
 200 km; they showed that the strong coherence
with phase lags were caused by coastally-trapped
waves (CTWs) propagating poleward along the
coast. The coherence, but with a clear lag, was
particularly evident for the 4-day and the biweekly periods. Unlike on the shelf, the coherence
along the slope was found to be weaker (Amol et al.
2012).
Among the three locations, the Kollam and Goa
moorings are separated by a larger distance of
 650 km, and the correlation between these two
moorings is the lowest. The Pearson correlation is
 0.26 at  25 m (99% significance level) and
drops even more with depth. We use wavelet
coherence again to verify if the currents are
decorrelated for all periods at such large distances
(Bgure 6). The analysis shows that there are times
when the coherence is high, but the patchy coherence is accompanied by a distinct phase lag with
the southern mooring leading the north. The

shorter common record, however, does not allow
us to resolve the seasonal cycle; hence, most of
the high-coherence patches are evident in the
intraseasonal band.
The Goa and Bhatkal moorings, on the contrary,
are separated by a shorter distance (  155 km)
and have a better correlation. The Pearson correlation is  0.63 at  25 m (99% significance level)
and drops to 0.50 at 100 m (99% significance level).
The wavelet analysis shows that the coherence is
stronger for the seasonal cycle (Bgure 6). (Owing to
the longer common record for the Bhatkal–Goa
pair, the seasonal cycle is inside the COI during
2012–2014.) The southern mooring oA Bhatkal
leads the northern mooring oA Goa, with the
maximum phase difference (  16 days) observed
at the centre of the COI. For the intraseasonal
periods, the coherence is similar to that observed
between Goa and Kollam, and it is patchy with
varying phase lags. It is possible that the better
correlation between the Bhatkal and Goa moorings
is not due to the distance between the moorings,
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Figure 6. Wavelet coherence between the ADCP pairs on the shelf oA Goa and Kollam (top), Goa and Bhatkal (middle), and
Bhatkal and Kollam (bottom) near the surface (  25 m). The ordinate is the period (days) plotted on a log2 scale. The thick blue
curve marks the COI and the coherence above the 95% significance level is marked by the green contours. The seasonal cycle is
mostly outside the COI. The horizontal lines from top to bottom mark 365, 180, 120, 90, and 30 days on the ordinate. The phase
difference is shown by the arrows, which are marked only if the coherence exceeds 0.5; a positive angle in the anticlockwise
direction is the angle by which the currents at the southern location lead the currents at the northern location. Gaps [ 1 week
that were Blled are shown by white spaces within the wavelet spectra.

but due to the longer record, which resolves the
seasonal cycle.
The Kollam–Bhatkal pair has a very short
common record, and there is a strong coherence
between the moorings from February to April in
the 8–40-day band (Bgure 6). Such coherence over
large distances with the southern mooring leading
the north is indicative of CTW propagation and is
discussed in detail in Amol et al. (2012) and Amol
et al. (2018).
3.4 Variations with depth
One of the well-known features of the WICC is the
presence of an undercurrent that Cows in the direction opposite to the surface current. These undercurrents were reported in both hydrography (Shetye
et al. 1990, 1991) and direct current measurements
(Amol et al. 2014; Chaudhuri et al. 2020). Observations show that the depth of the undercurrent

varies from season to season (Shetye et al. 1991;
Kumar and Kumar 1996; Stramma et al. 1996). For
the slope current measurements, Amol et al. (2014)
linked the depth variation to the upward phase
propagation or downward propagation of energy.
This upward phase propagation is a common feature
of the north-Indian-Ocean circulation and is also
evident in the current measurements along the east
coast of India (Mukherjee et al. 2014; Mukhopadhyay et al. 2020a, b) and in the equatorial Indian
Ocean (McPhaden et al. 2015).
Similarly, phase propagation is also evident on
the shelf (Bgure 7). For example, the equatorward
current extends till  120 m oA Goa during
May–June 2012, but the current reverses below
120 m and Cows poleward. The depth of the undercurrent shallows to  60–80 m by July–August
and further decreases to 40 m by October. This
pattern, though punctuated by intraseasonal
bursts, is seen every year at all the locations.
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Figure 7. The sub-inertial alongshore current (cm s1 ) on the shelf oA Goa, Bhatkal, and Kollam. A poleward (downwelling
favourable) current is positive according to the sign convention. The odd panels show the current at 24 m (blue), 100 m (green),
and 150 m (red), and the even panels show the depth-time variation of the sub-inertial current, with the same colours used to
mark these depths. The pink and grey shading represent the summer monsoon (June–September) and winter monsoon
(November–February), respectively, with March–May and October marking the transition between these seasons. Note that the
colour scale is not uniform in the even panels. In all six panels, the vertical blue lines are used to separate the years.

(a)

(b)

(c)

(d)

Figure 8. Spatial amplitude and phase of the Brst (panels (a) and (b)) and second (panels (c) and (d)) CEOF modes at Goa,
Bhatkal and Kollam. The pink, blue and green colours are for Goa, Bhatkal and Kollam, respectively. The Brst CEOF mode
accounts for  79,  77 and  91 percent of the variance at Goa, Bhatkal and Kollam, respectively. The corresponding numbers
for the second CEOF mode are  19,  18 and  7 percent, respectively.

To quantify the shift in phase angle with depth,
we computed the complex empirical orthogonal
functions (CEOF) at each location (Bgure 8). The

CEOF analysis determines the dominant spatial
modes of variability and provides amplitude and
phase information (Horel 1984). The CEOF
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analysis was done for the 30-day low-passed
currents to remove high frequency oscillations. The
time series for Bhatkal and Goa consist of the
continuous time series from 2011–2015 and
2011–2016, respectively. The time series for Kollam consists of the duration of the record from
2009–2012.
The upward phase propagation is picked by the
Brst mode and accounts for more than 77% of
variability at all locations. The phase differences
between the near-surface and  100 m depths are
 50 ,  25 and  15 for Bhatkal, Goa, and
Kollam, respectively. The phase angle increases at
a rate of 0.2–0.7 degrees m1 and is weakest at
Kollam. The amplitude of the Brst mode decreases
linearly with depth at Goa and Bhatkal. At Kollam, the maximum amplitude is at mid-depth, and
this increase in magnitude with depth indicates the
presence of sub-surface current cores. The standard
deviation is also highest in this depth range
(Bgure 2). The phase of the second mode Cips with
a drop in magnitude between 50 and 80 m
(Bgure 8). This feature is suggestive of a baroclinic
mode with a single zero-crossing and can also lead
to the generation of undercurrent. The Brst and
second reconstructed CEOF modes are shown in
supplementary Bgure S1.
The signatures of upward phase propagation are
also evident in the wavelet coherence between the
near-surface currents and the deeper currents
(Bgure 9). Strong coherence is seen for the seasonal
cycle, and the phase differences between the nearsurface and deeper currents are highest for the
annual cycle. The average phase difference between
the surface and the 100 m currents for the annual
cycle is  75 ,  65 , and  55 at Goa, Bhatkal
and Kollam. For the 180-day period, it is lower at
 35 ,  30 and  16 .
At intraseasonal scales, the coherence is weaker.
Both upward and downward phase propagation is
seen, and the phase differences are much smaller
compared to the seasonal currents. The downward
phase propagation could be generated by the
superposition of local and remote waves or bottom
reCection. The downward propagation has been
noted in previous studies of the WICC (Amol et al.
2014; Chaudhuri et al. 2020).
The band-pass-Bltered currents for intreaseasonal periods also show phase propagation
(Bgure 10). As seen in the wavelet analysis, strong
intraseasonal variability is seen at all locations
during the winter monsoon and this intraseasonal
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variability sometimes extends through the water
column. An interesting feature evident in the
intraseasonal band is the presence of subsurface
current cores, in which the strongest current is
found not near the surface, but at a deeper depth.
The subsurface peaks are seen during the summer
monsoon for most years and are commonly present
at a depth of 100–140 m. For example, the cores
are prominent during the summer monsoon of
2013, 2016, and 2017 oA Bhatkal and Goa. At these
large depths the alongshore wavelet coherence is
higher at intraseasonal periods than it is at surface
(Bgure S2).

4. WICC across the continental shelf
In this section, we analyse the variation across the
shelf break by comparing the shelf and slope
WICC, followed by an analysis of the link between
the observed variability on the outer shelf and the
inner shelf.
4.1 Shelf-slope comparison
The currents over both slope and shelf are
inCuenced by earth’s rotation and stratiBcation,
but the Cow over the shelf is also constrained by
the sloping bottom topography associated with the
shelf and the changing coastline. As a result, the
circulation on the shelf is generally considered
independent of the motion farther oAshore. The
region between the shelf and slope acts as a natural
boundary between the open ocean and shallow seas
and is also critical for cross-shelf exchanges, which
are driven by non-linear processes and turbulent
mixing (Brink 2016).
In spite of these differences in the dynamics of
the shelf and slope currents, how different is the
WICC on the outer shelf from that on the slope?
Comparisons using six-month records during the
summer monsoon showed a dominant equatorward
Cow on both shelf and slope, but there were distinct
differences too (Amol et al. 2012). The records
showed that the current oA Goa was stronger on
the shelf than on the slope. OA Bhatkal, there were
short poleward bursts on the shelf that were not
evident on the slope. Similarly, a recent comparison along the east coast for the period 2009–2018
showed that the currents on the outer shelf and
slope were strongly correlated in the seasonal band,
but the coherence in the intraseasonal band was
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Figure 9. Wavelet coherence between alongshore currents at 24 and 100 m oA Goa (top), Bhatkal (middle), and Kollam
(bottom). The ordinate is the period (days) plotted on a log2 scale. The thick blue curve marks the COI and the coherence above
the 95% significance level is marked by the green contours. The phase difference is shown by the arrows, which are marked only if
the coherence exceeds 0.5. The phase angle taken in the anticlockwise direction shows the phase by which the 100 m currents lead
the currents at 24 m. The horizontal lines from top to bottom mark 365, 180, 120, 90, and 30 days on the ordinate. The vertical
lines are used to separate the years. Gaps [ 1 week that were Blled are shown by white spaces within the wavelet spectra.

mostly strong for the northern moorings, but patchy for the southern moorings (Mukhopadhyay
et al. 2020a).
Here, we compare the outer-shelf and slope
currents from the available moorings along the
west coast of India. As mentioned earlier, some of
the ADCP moorings along the west coast were
deployed in pairs, one mooring on the outer shelf
(100–200 m) and the other on the slope (1000 m),
and the two moorings were separated by a distance
of 30–60 km. The common time frame over which
the data were collected from two moorings is limited by data gaps from both the shelf and slope
moorings.
The mean Cow is weak and the standard
deviation is strong for both shelf (Bgure 2) and
slope currents (Amol et al. 2014; Chaudhuri et al.
2020) at all locations. As seen on the slope, the
mean current on the shelf oA Kollam is also
stronger and more persistently poleward compared
to other locations. When the whole record is considered, the Pearson correlation between the shelf
and slope current is highest oA Bhatkal (0.83) and

lowest oA Kollam (0.43). The correlation coefBcient
oA Goa is 0.63. At  100 m, the correlation drops
to values of 0.31, 0.70, and 0.48 (99% significance
level) oA Kollam, Bhatkal, and Goa, respectively.
The correlation coefBcient varies strongly with the
time considered as well as the lag chosen to calculate it. Owing to this dependency of the correlation on time and the lag, the wavelet coherence
gives a more comprehensive picture. OA Kollam,
the shelf-slope coherence was very high for the
30–90-day period from September 2010 to January
2012, when the shelf currents often lead the slope
currents (Bgure 11). The prominent phase lag and
the weak coherence during other years led to the
low Pearson correlation coefBcient.
OA Bhatkal, the coherence is strong and mostly
in phase over the entire record for both seasonal
and intraseasonal periods above 30 days. The weak
and patchy coherence for the higher frequencies
(\30 days) is common to all locations.
The above analysis does not show a clear link
between the coherence at each station and the
shelf-slope distance. The shelf-slope distance oA
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Figure 10. Intraseasonal (30–90 days) currents on the shelf oA Goa, Bhatkal, and Kollam; for ease of comparison across locations,
the data for 2013–2017, which are restricted to Goa and Bhatkal, are plotted separately. The currents are obtained by using a
Lanczos Blter with a weighting window of 1:5=f2 , where f2 is the frequency corresponding to the longer (90 day) period. A contour
(   12 cm s1 ) shows the regions of higher intraseasonal current.

Goa (  30 km) is less than oA Bhatkal (  40 km),
but the coherence is weaker oA Goa. The shelfslope distance oA Kollam (  65 km) is the largest.
4.2 Link with the near-shore currents
The current observations from the shallow waters
near the coast are very few. These observations are
of shorter durations ranging from a few days to a
month (see table 2 in Amol et al. (2014) for the list
of current measurements prior to 2014). Therefore,
the longest records that can be compared to the
ADCP currents are for the sea level from tide
gauges.
The sea level is closely linked to current
through geostrophic balance and provides a good
indication of circulation near to the coast. Earlier
studies show that both sea level obtained from
tide gauge and current derived from ship drifts

are correlated for the annual cycle (Shankar
2000). The temporal resolution of ship-drift data
is, however, not sufBcient to resolve the
intraseasonal variability in currents, and the ship
drift-current is much stronger compared to the
geostrophic current derived from the altimeter
(Amol et al. 2014). Therefore, for our analysis, we
picked three tide gauges that lie closest to the
mooring latitudes: Mormugao, New Mangalore,
and Kollam. The ADCP currents oA Bhatkal are
compared with the sea level from the tide gauges
at Mormugao as well as Mangalore. These two
locations are roughly equidistant from Bhatkal at
 176 km and  184 km, respectively. The distance between the tide gauge at Mormugao and
the shelf ADCP at Goa is  90 km. There is no
overlap between the shelf ADCP record and tide
gauge at Kollam. The shelf ADCP currents are at
a depth of  24 m.
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Figure 11. Wavelet coherence between the shelf and slope currents at 48 m oA Goa (top), Bhatkal (middle), and Kollam
(bottom). The ordinate is the period (days) plotted on a log2 scale. The thick blue curve marks the COI and the coherence above
the 95% significance level is marked by the green contours. The phase difference is shown by the arrows, which are marked only if
the coherence exceeds 0.5. The phase angle taken in the anticlockwise direction shows the phase by which the shelf current leads
the slope current at 48 m. The horizontal lines from top to bottom mark 365, 180, 120, 90, and 30 days on the ordinate. Gaps[1
week that were Blled are shown by white spaces within the wavelet spectra.

The tide measurements at Goa by ESSOINCOIS started only after 2015. Therefore, with
the available data, we cannot resolve the coherence
for the seasonal cycle. In the intraseasonal band,
the coherence is strong, but patchy, and the phase
differences are random (Bgure 12). For example,
the coherence is mostly in phase during the summer monsoon of 2016, but there are times when the
sea level leads the current. From January to March
2016, the current leads sea level, but they are again
in phase during 2017.
The current leading sea level is more evident
when the Bhatkal mooring is compared with the
sea level from both Goa in the north and Mangalore in the south. The strong coherence in the
seasonal cycle is evident between Bhatkal and
Mangalore; for this pair, the COI includes the
period 2011–2015. The coherence becomes patchy
for the intraseasonal periods. The periods of high
intraseasonal coherence for Bhatkal-Mangalore

and Bhatkal–Mormugao occur at similar times.
This high coherence is, in fact, a reCection of the
high alongshore coherence that is observed in the
sea level at intraseasonal timescales (Bgure S3).
The phase relations are different for the two pairs.
Similar features are also seen in Bgure 13 which
compares the tide-gauge sea level to the slope
currents. Unlike for the shelf record, there is a
common record for the slope ADCP at Kollam
(  48 m) and the tide gauge, which are separated
at a distance of  130 km. Owing to the much
larger common record for Goa, the seasonal cycle is
within the COI. The high coherence as well as the
current leading the sea level are evident. In addition, patchy intraseasonal coherence is seen for the
Kollam ADCP-tide-gauge pair as well.
Thus, whenever there is coherence between sea
level and current, the current leads the sea level for
higher periods. At shorter periods, the current is
predominantly either in phase or lags the sea level.
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Figure 12. The wavelet coherence between the currents at  24 m measured by the shelf ADCPs and the sea level from the
nearest tide gauge. The ADCP mooring oA Bhatkal is roughly equidistant from the tide gauges at Mormugao and Mangalore.
The ordinate is the period (days) plotted on a log2 scale. The thick blue curve marks the COI and the coherence above the 95%
significance level is marked by the green contours. The phase difference is shown by the arrows, which are marked only if the
coherence exceeds 0.5. The phase in the anticlockwise direction is the phase by which the ADCP currents lead the sea level. The
horizontal lines from top to bottom mark 365, 180, 120, 90, and 30 days on the ordinate. Gaps[1 week that were Blled are shown
by white spaces within the wavelet spectra.

5. Discussion
We have analysed the ADCP currents from the
outer shelf moorings located oA Kollam, Bhatkal,
and Goa on the west coast of India using a long
record of ADCP observations from 2009–2017. Our
analysis shows distinct differences between the
southern and the central moorings. In contrast to
the more predictable direction of the WICC oA Goa
and Bhatkal, the WICC oA Kollam is stronger with
a mean poleward Cow that is often punctuated by
strong intraseasonal bursts; therefore, the WICC
oA Kollam is highly unpredictable with respect to
the seasonal reversals. In addition, the annual cycle
strengthens poleward, whereas the intraseasonal
variability weakens considerably. Similar differences were also evident for the slope currents
(Amol et al. 2014; Chaudhuri et al. 2020). Since the
topographic b-effect has to be accounted for on the
shelf, a detailed analysis is required to discern the
causes of these differences between the southern
and central part of the west coast of India.
The reason for strong intraseasonal bursts oA
Kollam could be the presence of mesoscale eddies. It

has been shown that the eddy-like features evident
in satellite data can cause sudden reversals in both
alongshore and cross-shore Cows (Amol et al. 2014;
Jineesh et al. 2015). Calculations using satellite
altimetry data show that the eastern boundary of
the Arabian Sea has a higher eddy kinetic energy in
the south compared to the north (McCreary et al.
2013), but we note that these eddy-like features
may not be nonlinear and can also be generated by
intraseasonal Rossby waves: using a linear model,
Shankar and Shetye (1997) showed that intraseasonal, eddy-like features associated with Rossby
waves propagate westward at periods greater than
 60 days and are mostly formed along the southwest coast of India, but their northward extent is
limited by the critical latitude, which is modiBed by
the coastline alignment (Bruce et al. 1998).
Except for the seasonal cycle, the WICC is
mostly decorrelated along the coast. The patchy
coherence observed between the currents oA Kollam and Goa could be caused by the poleward
propagation of CTWs. Analysis using linear models
shows that these waves can travel almost
undamped along the entire west coast of India and
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Figure 13. The wavelet coherence between the ADCP currents on the slope oA Bhatkal, Goa, and Kollam and the sea level from
the nearest tide gauge. The current oA Goa and Bhatkal is at  24 m and that oA Kollam at  48 m. The ADCP mooring oA
Bhatkal is roughly equidistant from the tide gauge at Mormugao and Mangalore. The ordinate is the period (days) plotted on a
log2 scale. The thick blue curve marks the COI and the coherence above the 95% significance level is marked by the green
contours. The phase difference is shown by the arrows, which are marked only if the coherence exceeds 0.5. The phase shown in
the anticlockwise direction is the phase by which the ADCP currents lead the sea level. The horizontal lines from top to bottom
mark 365, 180, 120, 90, and 30 days on the ordinate. Gaps[1 week that were Blled are shown by white spaces within the wavelet
spectra.

modulate the currents at remote locations (Amol
et al. 2012, 2018; Suresh et al. 2016). If the local
winds are weak, a distinct phase difference in currents can be observed along the coast, with the
currents in the south leading the north, but there
are also occasions when the phase is in the opposite
direction. Amol et al. (2018) suggested that the
phase difference could be caused by strong remote
winds or by local winds travelling equatorward.
Such wave propagations are less frequent on the
slope, particularly in the intraseasonal band (Amol
et al. 2012; Chaudhuri et al. 2020). The decorrelation on the slope is often attributed to coastal
beams, which take the energy deeper along the ray
path (Nethery and Shankar 2007; Amol et al.
2012). Note that sea level is not aAected in a like
manner by the downward propagation of energy:
Mukherjee et al. (2018) used simulations with a
linear, continuously stratiBed model to show that
the sea level in the regime of the EICC was
determined by just the Brst two baroclinic modes,
but a larger number of vertical modes was

necessary to explain the observed currents. This
downward propagation of energy, due to the contribution of the many vertical modes (McCreary
1984), led to a sharp decrease in the remotely
forced component of the intraseasonal EICC
(Mukherjee et al. 2018). This difference between
the sea level and currents can be used to also
explain the higher alongshore coherence of sea level
seen along the Indian west coast.
At seasonal time scales, the coherence improves
for both shelf and slope currents. The shelf and
slope moorings show differences that are not consistent at all locations. For example, the shelf-slope
coherence is stronger oA Bhatkal compared to Goa
and Kollam. This difference is not related to the
distance between the moorings and may possibly
be related to the differences in shelf geometry. At
all three locations, the high frequencies (  5–30
days) are mostly decorrelated, but they too also
play an important role in determining the direction
of WICC. The phase differences between the slope
and shelf can be caused by bottom friction and
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stratiBcation. For a barotropic Cow, the bottom
friction can cause the Cow near the coast to lead
that farther oAshore (Brink and Allen 1978). When
stratiBcation is strong, there will be both crossshelf and vertical phase shifts (Brink 1982).
In spite of these differences, however, the shelf
and slope WICC show similar general characteristics. Both shelf and slope currents show a strong
annual cycle, have a weak mean Cow, and exhibit
upward phase propagation. The intraseasonal
variability is also stronger oA the southwest coast
and weakens towards north. Other features like
subsurface current cores and alongshore decorrelation are also common to both the shelf and slope
WICC.
Such similarities between the shelf and slope
currents were also evident for the EICC. The EICC
on the slope was strongly correlated with the EICC
on the outer shelf (Mukhopadhyay et al. 2020a) as
well as with the nearshore EICC estimated from
HF radars (Mukhopadhyay et al. 2017). The strong
coherence was particularly evident in the
intraseasonal band (10–90 days), for which the
WICC coherence is patchy. The strong shelf-slope
coherence for the EICC could be due to the narrow
shelf width of 20–50 km, which is less than the local
Rossby radius (Mukhopadhyay et al. 2020a). The
similarity between the slope and the shelf currents
also suggests that the large-scale boundary current
could leave its imprint on the nearshore circulation. The west-coast shelf is, however, much wider
(  70–350 km), and this width is comparable to or
greater than the local Rossby radius. Though there
are no HF radar data from the west coast, comparison of tide-gauge sea level with the ADCP
currents suggests that WICC decorrelates across
the shelf at periods shorter than the seasonal cycle.
The shelf moorings along the west coast of India
have been discontinued from the mooring programme executed by CSIR-NIO owing to the frequent losses due to trawling activities. Initially,
only the shelf moorings that were located in
extensive Bshing regions, oA Mumbai (20 N) and
Kanyakumari (7 N), were discontinued, and the
shelf moorings at the remaining locations were
shifted from  100 m depth to  180 m. As the
trawling activities extended over time to deeper
waters, the mooring losses became more frequent
at the remaining locations too, forcing suspension
of moorings on the west-coast shelf after October
2017 (table 1).
The continental shelf is known to be the most
productive regime in the world oceans and this

J. Earth Syst. Sci. (2021)130:77
productivity supports the livelihood of many Bshermen on the Indian west coast. As collecting longterm data on the shelf is not viable in the near
future, the data from these discontinued shelf
moorings will be an important asset for the hindcast analyses in environmental impact assessments
(EIAs). In this context, current measurements
from HF radars, if deployed in this region, can
enable surface current measurements across the
shelf at a temporal resolution comparable to ADCP
currents. Such HF radars are currently deployed
along the east coast of India, and their extension to
the west coast is needed to give a Bllip to shelf
oceanography in the region.

6. Conclusions
We observed a strong seasonal cycle and intraseasonal variability for the outer-shelf circulation
(Bgure 5). While the annual cycle is stronger for
the central moorings oA Goa and Bhatkal,
intraseasonal variability is stronger at the southern
mooring oA Kollam. The seasonal cycle lies inside
the Cone of inCuence of the wavelet spectrum for
the common record between Goa and Bhatkal and
it shows a high alongshore coherence between these
locations (Bgure 6). Most of the time, the direction
of the WICC on the outer shelf oA Goa and Bhatkal
is observed to be poleward during the winter
monsoon and equatorward during the summer
monsoon (Bgure 3). OA Kollam, however, the
dominant intraseasonal variability means that the
current frequently switches direction during both
winter and summer monsoons. The shelf and slope
currents are similar in many respects and show a
high degree of correlation at all time scales and this
high coherence across the shelf break is most
prominent oA Bhatkal (Bgure 11). A wavelet
analysis shows that the tide-gauge sea level is
highly coherent with the ADCP currents at seasonal time scales, but instances of high coherence
are also seen at intraseasonal frequencies, suggesting a high degree of cross-shelf coherence as
well (Bgure 12 and Bgure 13).
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