J. Earth Syst. Sci. (2019) 128:177
https://doi.org/10.1007/s12040-019-1207-5

© Indian Academy of Sciences

®

Check for
updates

Differential chlorophyll blooms induced by tropical
cyclones and their relation to cyclone characteristics
and ocean pre-conditions in the Indian Ocean

NeeTraHu CHACKO*

Regional Remote Sensing Centre-FEast/National Remote Sensing Centre, Indian Space Research Organization,
Action Area 1B, Plot No. BG2, Kolkata 700 156, India.
e-mail: neethuchacko@gmail.com

MS received 12 October 2018; revised 1 April 2019; accepted 4 April 2019; published online 22 June 2019

Variability of an ocean biological response induced by tropical cyclones and the factors responsible for the
differential response is relatively unexplored in the Indian ocean. The aim of the current study is to
analyse and identify the difference in the amplitude of chlorophyll blooms induced by tropical cyclones
during the period of 1999-2016. The relationship of the amplitude of chlorophyll blooms to the cyclone
characteristics (cyclone intensity and translation speed) and the oceanographic parameters (mixed layer
depth and nutricline depth) is assessed. Analysis of chlorophyll blooms induced by 28 cyclones during the
study period indicated that the amplitude of the chlorophyll concentration varies irrespective of the
intensity of the cyclones. The results suggest that the translation speed exhibited by the cyclone is the key
factor which controls the amplitude of blooms. The slower translation speed of the cyclone enhances the
bloom intensity. Another factor which controls the bloom amplitude is the pre-existing shallow mixed
layer depth. A shallow mixed layer modulates the light and nutrient availability which is essential in
increasing the chlorophyll concentration. It is observed that shallower nutricline depth also favours an
increase in the post-cyclone chlorophyll concentration. In-situ chlorophyll observations from Bio-Argo
float during cyclones Hudhud and Vardah revealed that with its slower translation speed and shallower
mixed layer depth, cyclone Hudhud could induce stronger bloom than cyclone Vardah, though the
intensities of both the cyclones are the same at the location of float. This study implies that relatively
weaker tropical cyclones can also induce strong chlorophyll blooms under favourable conditions and not
all stronger cyclones induce blooms in the Indian Ocean.

Keywords. Tropical cyclones; cyclone intensity; translation speed; mixed layer depth; nutricline depth;
chlorophyll bloom.

1. Introduction

Tropical cyclones induce intense mixing in the
upper ocean resulting in upwelling and entrain-
ment. After the passage of a cyclone the upper
ocean responds both physically and biologically
which is manifested primarily as cooling of the sea
surface temperature, an increase in sea surface

salinity, chlorophyll blooms and an increase in
primary productivity (Price 1981; Dickey et al.
1998; Subrahmanyam et al. 2002; Lin et al. 2003;
Shang et al. 2008; Maneesha et al. 2012). Because
of the limitations in having in-situ observations or
ship-based measurements during cyclones, studies
on biological responses are dependent on satellite
observations. Several studies are performed to
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quantify and understand the chlorophyll blooms
induced by individual cyclones (Subrahmanyam
et al. 2002; Shi and Wang 2008; Liu et al. 2009;
Byju and Kumar 2011; Chacko 2017). The intense
mixing and upwelling induced by the cyclones
results in an overall increase in the surface
chlorophyll concentration either by the influx of
nutrients to the upper layer or directly mixing an
already existing deep chlorophyll maximum
upward (Babin et al. 2004; Walker et al. 2005; Liu
et al. 2009; Chacko 2017).

The biological response of the ocean to tropical
cyclones depends on the cyclone characteristics
such as cyclone intensity, translation speed and
also oceanic subsurface conditions (Price 1981;
Price et al. 1994; Zheng et al. 2008; Lin 2012;
Chacko and Zimik 2018). The findings of these
studies show that the translation speed and inten-
sity of a cyclone may have different effects on the
physical and biological responses of the ocean.
Stronger blooms are mostly found in regions of
intense cyclones as reported by Menkes et al.
(2016). A pre-existing mixed layer depth is another
factor which influences the upper ocean response
(Price 1981). Though most of the reports on the
biological response induced by tropical cyclones are
based on individual cyclone cases (Subrahmanyam
et al. 2002; Byju and Kumar 2011; Chacko 2017), a
few researchers have analysed the inter-relation-
ship between the cyclone forcing and the biological
response by examining the cases of several
cyclones. It is reported that intensity of tropical
cyclones is positively correlated with the post-cy-
clone increase in the chlorophyll (Babin et al.
2004). However, Lin (2012) analysed the case of 11
typhoons and their effect on the chlorophyll con-
centration in the western North Pacific. It is also
observed that even the strongest cyclone among
them could not induce any notable chlorophyll
bloom and only two cyclones could induce signifi-
cant chlorophyll blooms. They concluded that in
addition to strong wind speeds, a slow translation
speed is also required to induce biological produc-
tivity in the western North Pacific Ocean. A study
by Shropshire et al. (2016) reported on the regional
differences in the sensitivity of wind speeds and
translation speeds to cyclone-induced changes in
sea surface temperature and chlorophyll in the Gulf
of Mexico and Sargasso Sea. The relative impor-
tance of wind-forcing parameters and oceanic
parameters in inducing chlorophyll blooms in the
South China Sea and Northwest Pacific is dis-
cussed by Pan et al. (2018). The results of these
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studies indicate that the intensity of the cyclone-
induced chlorophyll bloom varies from region to
region.

The aforementioned studies have brought out
the importance of cyclone characteristics and ocean
pre-conditions in inducing chlorophyll blooms.
However, this aspect has not been documented in
detail for the Indian Ocean. A consensus on the
sensitivity of the chlorophyll bloom amplitude to
various parameters can be achieved by making use
of the long term remotely sensed chlorophyll data.
In this work, it is aimed to assess and understand
the sensitivity of the cyclone-induced bloom
amplitude to cyclone characteristics and ocean
conditions over Indian Ocean. To shed light on this
issue, instead of analysing individual or few
cyclones, based on the cyclone track data available
over a long period of 1999-2016, the relationship
between the amplitude of chlorophyll concentra-
tion induced by tropical cyclones and the four
important parameters has been explored: (i) cy-
clone intensity, (ii) translation speed of the
cyclone, (iii) pre-existing mixed layer depth and
(iv) nutricline depth. The cyclone intensity is
decided based on the magnitude of the maximum
sustained surface wind speeds (IMD 2003) and is
herein referred to as wind speeds.

2. Data and methods

The six hourly cyclone track data and wind speeds
are obtained from Regional Specialized Meteoro-
logical Centre (RSMC), India Meteorological
Department (http://www.rsmenewdelhi.imd.gov.
in/index.php). The blended chlorophyll product
from the European Space Agency (ESA) and
Ocean Colour Climate Change Initiative (OC-CCI)
with a spatial resolution and temporal resolution of
4 km and 8 days is used to assess the surface
chlorophyll bloom induced by the cyclones. The
OC-CCI chlorophyll product is derived from
merged MODIS-Aqua, SeaWiFS, VIIRS and
MERIS data. The merging of data from several
satellite missions enables improved spatial cover-
age in the regions affected by cloud cover. More
details on the OC-CCI data products can be found
at http://www.esa-oceancolour-cci.org/.

The translation speed of each cyclone is
calculated from the location of the cyclone follow-
ing Mei et al. (2012). Temperature and salinity
profiles from the ocean reanalysis data set Simple
Ocean Data Assimilation (SODA v3.1) with a


http://www.rsmcnewdelhi.imd.gov.in/index.php
http://www.rsmcnewdelhi.imd.gov.in/index.php
http://www.esa-oceancolour-cci.org/

J. Earth Syst. Sci. (2019) 128:177

temporal and spatial resolution of 5 days and 0.25°
are used for computing mixed layer depths (Carton
et al. 2018). The mixed layer depth is defined as the
depth where the density changes based on a fixed
temperature change of 0.8°C (Kara et al. 2000;
Girishkumar et al. 2011). The climatological
nitrate profiles are obtained from World Ocean
Atlas 2013 (WOA13). To ascertain the amplitude
of the chlorophyll bloom to the intensity of the
cyclone, the region where the cyclone is intensified
(highest wind speeds) is chosen as the impact zone
of each cyclone. The translation speed, mixed layer
depth, nutricline depth and chlorophyll concen-
tration over this impact zone are averaged for
further analysis. The pre-cyclone and post-cyclone
chlorophyll concentrations are defined as the
chlorophyll concentration averaged over the
impact zone for a period of 8 days before and after
the cyclone, respectively, following Babin et al.
(2004). The amplitude of the chlorophyll bloom is
defined as the difference between the post-cyclone
and pre-cyclone chlorophyll concentration (here-
after referred to as delta-CHL). In this way the
change in the chlorophyll concentration induced by
each cyclone is computed. Observation from a Bio-
Argo float (WMO ID: 2902114) is used to validate
the results presented in this study. In addition to
chlorophyll concentration, temperature and salin-
ity observations from the float are also employed to
assess the mixed layer depth. The float measures
observations from 5 to 2000 m depth on every 5-
day interval. Ekman pumping velocity is computed
from daily surface winds with a spatial resolution of
25 km from a ASCAT scatterometer using the
formula below, following Ye et al. (2013):

W = curl(t/p X f),

where W, 1, p and f are the Ekman pumping
velocity, wind stress, density of sea water and
Coriolis parameter, respectively.

3. Observations and analysis

Tropical cyclones which attained the status of severe
cyclonic storm during the period of 1999-2016 are
considered in this study. According to the India
Meteorological Department, cyclones with wind
speeds between 48 and 63 knots (1 knot = 1.85 kph)
are termed as severe cyclonic storms. A threshold
wind speed of 48 knots is chosen as a minimum cri-
terion for a cyclone to be considered for the analysis.
All the cyclones during the period of 1999-2016, with
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their wind speeds greater than 48 knots (89 km/h),
are identified from the cyclone track data set. Due to
large cloud cover in the chlorophyll data, few cyclone
cases could not be included in the analysis. Excluding
those cases, a total of 28 tropical cyclones are included
in the analysis, 19 in the Bay of Bengal and 9 in the
Arabian Sea and their tracks are shown in figure 1.
Bay of Bengal experiences a large number of cyclones
compared to Arabian Sea in terms of frequency and
intensity (Singh et al. 2001; Balaguru et al. 2014). Bay
of Bengal receives huge river discharges and rainfall
when compared to Arabian Sea. This resultsin a fresh
water cap over the Bay of Bengal which results in
strong near surface haline stratification and a thin
mixed layer. This peculiar stratified upper layer
prevents the mixing of subsurface cooler water into
the surface and thus maintains the sea surface tem-
perature warmer. Thus, the resultant warmer sea
surface temperature makes the Bay of Bengal more
prone to cyclones than the Arabian Sea. A spectrum
of weak to strong cyclones with their wind speeds
ranging from 48 to 140 knots has been assessed. For
each cyclone, the wind speed, translation speed, ratio
of chlorophyll concentration, mixed layer depth and
nutricline depth over the impact zone are computed
and are presented in table 1.

Among the cases considered, the post-cyclone
chlorophyll concentration of four cyclones is dis-
played in figure 2. While cyclones Nargis and Sidr
(figure 2a and b, respectively) are very strong
cyclones with wind speeds of 110 knots and above;
cyclone Thane and the cyclone (figure 2c and d)
which occurred in Bay of Bengal during December in
the year 2000 (herein referred to as Bay-Dec-2000)
are relatively weaker cyclones with the maximum

Latitude (N)
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Figure 1. Tracks of the 28 tropical cyclones in the Arabian
Sea and Bay of Bengal during the period of 1999-2016
analysed in this study.



177 Page 4 of 11

J. Earth Syst. Sci. (2019) 128:177

Table 1. Characteristics of the tropical cyclones arranged in their order of occurrence from year 1999 to 2016.

Wind speed Translation Delta-CHL Nutricline

Case no. Cyclone name (date) (knots) speed (m/s) (mg/m?) MLD (m) depth (m)
1 Bay-Feb-1999 (01-03 Feb 1999) 50 4.58 0.01447 50 60
2 As-May-1999 (16-22 May 1999) 105 3.79 0.03797 18.82 50
3 Bay-Oct-1999 (25-31 Oct 1999) 140 4.127 0.06496 13.42 30
4 Bay-Nov-2000 (26-30 Nov 2000) 102 4 0.112 34.02 30
5 Bay-Dec-2000 (23-29 Dec 2000) 90 2 0.3747 60 30
6 Bay-May-2003 (10-19 May 2003) 75 2.6 0.06040 13.5 50
7 As-Nov-2003 (12-15 Nov 2003) 55 3.24 0.04088 26.82 50
8 Bay-Dec-2003 (11-16 Dec 2003) 55 4.12 0.01745 44.37 30
9 As-May-2004 (05-10 May 2004) 55 3.7 0.04350 26 50
10 Bay-May-2004 (16-19 May 2004) 90 5.00926 0.01119 12.53 20
11 ONIL (30 Sep-03 Oct 2004) 55 2.98 0.1434 15 10
12 Agni (29 Nov-02 Dec 2004) 55 4 0.07864 31.15 50
13 Mala (25-29 Apr 2006) 100 3.178 0.1003 11.18 50
14 Gonu (01-05 Jun 2007) 127 3.814 0.05314 20.33 30
15 Sidr (11-16 Nov 2007) 115 4.365 0.07453 20.32 30
16 Nargis (27 Apr-02 May 2008) 110 5.09 0.1037 12.44 50
17 Phet (31 May-05 Jun 2010) 85 2.54 0.1412 16.77 5
18 Giri (20-23 Oct 2010) 105 4 —0.04653 25.11 30
19 Jal (01-07 Nov 2010) 60 5.93 0.09071 24.51 30
20 Thane (25-31 Dec 2011) 75 3.3 0.3029 44.12 30
21 Phailin (08-12 Oct 2013) 115 3.089 0.1747 11.19 30
22 Helen (19-22 Nov 2013) 55 2.037 0.3956 22.72 30
23 Madi (06-13 Dec 2013) 65 2.14 0.4463 29.82 30
24 Hudhud (07-12 Oct 2014) 100 2.393 0.3716 17.83 30
25 Nilofar (25-30 Oct 2014) 110 4.5 0.1353 22.69 20
26 Chapala (28 Oct-03 Nov 2015) 115 4.5 0.01 39.54 20
27 Megh (05-10 Nov 2015) 95 6.43 —0.02579 23.8 20
28 Vardah (06-12 Dec 2016) 70 3.19 0.1835 - 30

The cyclones which are not named are denoted as ‘basin name-month-year’ for easier usage in the text. AS and Bay denote the

Arabian Sea and Bay of Bengal, respectively.

sustained wind speeds of 75 and 90 knots, respec-
tively. It can be noted from the figure that the
amplitude of the chlorophyll bloom induced by the
relatively weaker cyclones (Thane and Bay-Dec-
2000) is high when compared to that of the blooms
induced by the stronger cyclones (Nargis and Sidr).
The chlorophyll concentration along the track of
cyclone Nargis remains ~0.2 mg/ m®. A high con-
centration of chlorophyll can be observed in the Gulf
of Martaban region. However, Shi and Wang (2008)
reported that the magnitude of the chlorophyll
concentration before and after Nargis remained
roughly the same in the Gulf of Martaban region.
This suggests that stronger winds of Nargis could not
induce a significant biological response in the ocean.
Similarly, the post-cyclone chlorophyll concentra-
tion along the track of cyclone Sidr is 1 mg/m®.
However, the chlorophyll bloom intensity in the case
of weaker cyclones Thane and Bay-Dec-2000 is much

higher >2.5 m mg/m?®. Similar differential chloro-
phyll bloom responses are observed in other cyclone
cases also. This shows that the amplitude of the
chlorophyll concentration varies irrespective of the
intensity of the cyclones. The following section dis-
cusses on the relationship between the bloom
amplitude to cyclone characteristics and oceanic
conditions.

3.1 Cyclone characteristics: cyclone intensity
and translation speed

In order to understand the relationship between
the amplitude of the chlorophyll bloom and the
cyclone intensity, figure 3(a) shows the scatter plot
of delta-CHL versus the wind speeds of the
cyclones. The figure points out that the amplitude
of the chlorophyll bloom is not efficiently affected
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Figure 2. Chlorophyll concentration (mg/m®) averaged for 8 days after the cyclones: (a) Nargis, (b) Sidr, (¢) Thane and
(d) Bay-Dec-2000. Tracks of the cyclones are overlaid on each plot.

by the intensity of the cyclones alone in the Indian
Ocean. The scatter plot between the delta-CHL
and translation speed of the cyclone is shown in
figure 3(b). It can be seen that a negative rela-
tionship exists between the delta-CHL and the
translation speed with a correlation coefficient of
—0.69 and a coefficient of determination (R?) of
0.47. The relationship is observed as significant
with the confidence level of 95% (P < 4.8 x 1077).
This implies that the amplitude of the chlorophyll
bloom increases with reduction in translation
speeds. From table 1, the lowest translation speed
(~2m/s) is observed for cyclone Bay-Dec-2000,
and it could induce a delta-CHL of 0.3747 mg/m®
which denotes a strong bloom. It is worth noting
that Bay-Dec-2000 with its wind speed of ~90
knots could induce more chlorophyll concentration
than 1999 supercyclone (delta-CHL = 0.06496)
with a wind speed of 140 knots. Similar are the
cases of cyclones Helen and Madi with a low
translation speed of ~2.1 m/s which could induce
higher delta-CHL. Though the wind speeds of
Helen and Madi are much lower ~ 55 to 65 knots, it
is observed that the delta-CHL values are much
higher than many other cyclones with higher wind

speeds. Cyclones Sidr, Phailin and Chapala have a
wind speed magnitude of 115 knots. Among these
three cyclones, the maximum delta-CHL occurs for
the cyclone Phailin with the least translation speed
of 3 m/s. Table 1 shows the cases of other cyclones
(Hudhud and Mala; Bay-Dec-2000 and Bay-May-
2004) with the same wind speeds. It can be
observed that the cyclone with the low translation
speed has the higher delta-CHL. Delta-CHL noted
in the case of Hudhud (translation speed ~2.3 m/s)
is higher than that in the case of Mala (translation
speed ~3.17 m/s) though both are having a wind
speed of ~100 knots. It can be seen from the
table that as the translation speed increases, the
delta-CHL becomes less compared to the cases with
slower translation speeds. Comparing the rela-
tionship between the characteristics of the cyclone
intensity and translation speed, it is revealed that
an increase in the chlorophyll concentration is
more sensitive to the translation speed of the
cyclone rather than the cyclone intensity. This
shows that the amplitude of the chlorophyll bloom
following a cyclone is strongly dependent on the
translation speed of the cyclone than the cyclone
intensity. Slower moving cyclones impart more
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Figure 3. Scatter plots of (a) maximum surface wind speed
(knots; 1 knot = 0.514 m/s) and (b) translation speed (m/s) to
the delta-CHL (mg/m?®) of the 28 tropical cyclones assessed.

momentum into the ocean which results in the
enhanced vertical mixing of the subsurface water
into the surface layers (Sun et al. 2010; Mei et al.
2015). It is reported that, in the Gulf of Mexico, the
chlorophyll response following a cyclone is more
sensitive to the translation speed compared to the
wind speed (Shropshire et al. 2016). Similar results
are found in the case of Hurricanes Katrina, Rita
and Wilma, where the slower translation speeds of
Wilma and Katrina resulted in enhanced produc-
tivity (Gierach and Subrahmanyam 2008) than the
stronger Hurricane Rita. The case studies of these
three cyclones could not illustrate any significant
influence of the intensity of cyclone to the ampli-
tude of the chlorophyll response. Lin (2012)
reported that in the Western North Pacific, cyclone
intensity is the major factor which influences the
chlorophyll bloom with additional conducive fac-
tors like slower translation speed which can
enhance the bloom. However, this analysis shows
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that cyclone intensity alone is not responsible for
inducing the chlorophyll blooms in the Indian
Ocean. It can be noticed that cyclones with less
wind speeds also induce as much as or even more
than the amplitude of chlorophyll blooms induced
by cyclones with higher wind speeds (figure 2 and
table 1). Thus, there exists a regional difference in
the sensitivity of cyclone characteristics to the
amplitude of chlorophyll blooms.

3.2 Ocean pre-conditions: mized layer depth
and nutricline depth

The chlorophyll concentration depends on the
interplay between the light availability and nutrient
concentration (Walker et al. 2005; Gierach and
Subrahmanyam 2008). The mixed layer depth is a
key parameter which can alter these two factors. The
relationship between the mixed layer depth and
chlorophyll has been assessed by many researchers
(Matsumoto et al. 2014; Yasuda and Watanabe 2007;
Itoh et al. 2015). A shallower mixed layer maintains
higher nutrient concentration below it and facilitates
ambient light conditions which are essential for the
new production (Yasuda and Watanabe 2007; Lin
2012; Pan et al. 2018). Light intensity is a major
factor for increasing the ocean biological productivity
which is facilitated by shallower mixed layer depths.
To examine the sensitivity of chlorophyll concen-
tration induced by cyclones to the pre-existing mixed
layer depth, pre-cyclone mixed layer depths are
computed and compared with the respective delta-
CHL values (table 1). The SODA data, which are
used for the computation of the mixed layer depth,
are available only until 2015. Because of this, the
mixed layer depth for the cyclone Vardah which
occurred in 2016 could not be computed and included
in the analysis. It can be seen from table 1 that mixed
layer depths are relatively shallower (<30 m) for
most of the cyclones. Figure 4 shows the scatter plot
between the mixed layer depths and the delta-CHL
computed for the cyclone cases. A negative rela-
tionship exists between the mixed layer and delta-
CHL excluding a few outliers corresponding to
cyclones, viz., Bay-Dec-2000, Thane, Helen, Madi
and Hudhud. The regression is computed excluding
these outliers where a correlation coefficient of —0.43
is noted while the R? is 0.43. The P value for the
fitting at the 95% confidence level is 0.045. Though
the outlier cases of Bay-Dec-2000 and Thane have
deeper mixed layer depths (table 1), they exhibit
slower translation speeds which explain their higher
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Figure 4. Scatter plot between the mixed layer depth (m) and
delta-CHL (mg/m®) of the 17 cyclones assessed.

delta-CHL. The other three outlier cyclones also have
slower translation speeds in addition to shallower
mixed layer depths (table 1) which resulted in
increasing their chlorophyll amplitudes significantly.
In general, it can be noted that shallower mixed layer
depths correspond to strong post-cyclone chlorophyll
blooms, which substantiate the importance of light
intensity for blooms to occur.

Another parameter which influences the chloro-
phyll boom amplitude is the nutricline depth i.e.,
the depth where the nitrate concentrations begin to
increase from near zero levels. This depth is
extracted from the climatological nitrate profile
corresponding to the respective month of occur-
rence of each cyclone averaged over their impact
zone. The vertical nitrate profiles of few cyclones
averaged over their respective impact zones are
plotted in figure 5. From each profile, the depth at
which the nitrate concentration begins to increase
from near zero level is taken as the nutricline
depth. The nutricline depths of all the cyclones
analysed in this study are thus obtained and are
listed in table 1. Due to the physical mixing of the
water column, the upper mixed layer penetrates
the nutricline, thereby providing a source of
nutrients to the euphotic zone. The climatological
nitrate concentration in the upper 100 m for few
cyclone cases is shown in figure 5. The mean
nutricline depth calculated for each of the cyclones
is almost shallow (~20 to 30 m) except for a few
cyclones for which the depth of the nutricline is
very deep ~50 to 60 m. A consequence of the
deeper nutricline is that during physical mixing,
the penetration of the mixed layer is unlikely to
occur at these deeper levels. It is reported that the
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Figure 5. Vertical profiles of climatological nitrate concentra-
tion (pmol/1) averaged over the impact zone for few cyclones
in the upper 100 m depth.

productivity is negatively correlated with the
depth of the nutricline (Cermano et al. 2008). It
can be noted that for most cases when the nutri-
cline is shallower, the delta-CHL values are higher
whereas when the nutricline is deeper, the delta-
CHL is relatively lower. As in most of the cases
nutricline is shallower, a shallow mixed layer depth
ensues nitrate supply into the upper oceanic layer
which can result in new production and enhanced
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chlorophyll concentration. Thus it can be inferred
that a shallower nutricline depth is favourable to
stronger blooms and vice versa. The chlorophyll
bloom followed by cyclones is due to the combined
effect of entrainment of subsurface chlorophyll and
new production induced by the upwelled nutrients
(Babin et al. 2004; Mei et al. 2015; Chacko 2017).
Hence, it is worth mentioning that the depth of the
subsurface chlorophyll maximum also determines
the amplitude of the chlorophyll blooms in addition
to the nutricline depth. However, due to the lack of
subsurface chlorophyll observations, assessing the
relationship between the chlorophyll bloom
amplitude and the depth of the subsurface chloro-
phyll maximum is not feasible.

From table 1, it can be observed that cyclones
with very less translation speeds (<3 m/s) are
observed having higher delta-CHL. Some of the
cases are Bay-Dec-2000, Helen, Madi, Hudhud and
Phet. Similarly, when the translation speeds are
higher (>4 m/s) delta-CHL values are less (Giri,
Bay-Oct-1999, Sidr, Chapala, Megh, Jal, etc.).
This can be attributed to the longer forcing time
induced by the slow moving cyclones and the
higher momentum it imparts to the ocean which
results in stronger vertical mixing and stronger
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blooms. It can also be noted that cyclones with
slower translation speeds exhibited higher delta-
CHL even if their pre-existing mixed layer depths
are deeper. For example, even though the mixed
layer depths of Thane and Bay-Dec-2000 are dee-
per (44 and 55 m, respectively), the lower trans-
lation speed of cyclones resulted in enhancing the
bloom. Among the cyclones with the same inten-
sity /wind speeds, those with the slowest transla-
tion speed are observed as having higher delta-
CHL substantiating the importance of the slower
translation speed in the variability of the chloro-
phyll bloom amplitude.

3.3 Case studies during tropical cyclones
Hudhud and Vardah: observations from Bio-
Argo

The above analysis is based on satellite observa-
tions of surface chlorophyll. In this section, in-situ
observations from Bio-Argo float are used to vali-
date the results presented in the above sec-
tion. A Bio-Argo float was fortuitously present
very close to the tracks of cyclones Hudhud and
Vardah. Figure 6(a and b) presents the post-
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Figure 6. Post-cyclone chlorophyll concentration (mg/m?) for cyclones (a) Hudhud (7-12 October 2014) and (b) Vardah (6-12
December 2016). Tracks of the cyclones are overlaid and the star symbol denotes the position of the Bio-Argo float during the
cyclones. Time evolution of subsurface chlorophyll concentration (mg/m?®) observed by Bio-Argo float during (¢) Hudhud and

(d) Vardah.
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Table 2. Comparison of characteristics of tropical cyclones Hudhud (2014) and Vardah (2016).

Wind speed Translation Nutricline Delta-CHL Ekman pumping
(knots) speed (m/s) MLD (m) depth (m) (mg/m?) velocity (107° m/s)
Hudhud 65 2.14 20 30 3.08 6.523
Vardah 65 4.5 40 30 0.7 4.22

cyclone chlorophyll bloom induced by cyclones
Hudhud (7-12 October 2014) and Vardah (6-12
December 2016) from OC-CCI along with the
position of the Bio-Argo floats during the period of
the cyclones. Figure 6(c and d) shows the time
evolution of subsurface chlorophyll for the two
cyclones observed by the Bio-Argo float. It can be
seen that the concentration of chlorophyll induced
by Hudhud reaches up to 4.5 mg/m® whereas for
Vardah it is up to 2 mg/m® The near surface
chlorophyll concentration measured by the Bio-
Argo floats at a depth of 5 m also depicts a sig-
nificant difference in the concentration of the
chlorophyll induced by both the cyclones. The
delta-CHL values for Vardah and Hudhud at the
near surface are 0.7 and 3.08 mg/ m® respectively.
While Hudhud exhibited the maximum surface
winds of 100 knots in its lifetime and achieved the
status of extremely severe cyclonic storm; Vardah
reached the status of severe cyclonic storm with its
maximum surface wind speed of 70 knots. How-
ever, it is worth noting that at the location of the
Bio-Argo float, the maximum surface wind speeds
of Vardah and Hudhud are similar ~65 knots.
Thus, the wind forcing at this location by the two
cyclones is similar. The pre-existing mixed layer
depths, translation speed, nutricline depth and
Ekman pumping velocity during Hudhud and
Vardah are computed and presented in table 2. It
can be noted that at these locations, the translation
speed of Hudhud is 2 m/s whereas that of Vardah is
4 m/s. The pre-existing mixed layer depth of
Hudhud (20 m) is shallower when compared to that
of Vardah (40 m). The Nutricline depth is 30 m for
both the cyclones. The Ekman pumping velocity
which is an indicator of the strength of upwelling is
computed during Hudhud (6.523 x 107% m/s) and
is quite large when compared to that of Vardah
(4.22 x 107%m/s). This substantiates that the
slower translation speed of a cyclone imparts
enhanced vertical mixing of the subsurface water
into the surface layers. Thus, the conducive factors
of a slower translation speed and pre-existing
shallower mixed layer depth have resulted in
inducing strong chlorophyll blooms in the case of

Hudhud though its intensity is as much as Vardah
at the location of the observation.

4. Conclusions

Previous research has shown that the biological
response followed by a cyclone is complex, varying
regionally and is highly dependent on the cyclone
characteristics and the underlying pre-existing
oceanic conditions. However, the variations in the
amplitude of chlorophyll blooms induced by tropi-
cal cyclones are not yet described in detail for the
Indian Ocean. In this study, the differential
chlorophyll blooms induced by tropical cyclones are
discussed, along with the sensitivity of cyclone
characteristics (cyclone intensity/wind speed and
translation speed) and the pre-existing oceanic
conditions (mixed layer depth and nutricline depth)
on the bloom amplitude. Analysis of 28 tropical
cyclone cases during the period of 1999-2016
reveals that there is strong wvariability in the
amplitude of chlorophyll blooms induced by
cyclones. It is observed that cyclones with relatively
lower wind speeds can induce stronger blooms
compared to cyclones with higher wind speeds.
Thus, the intensity of cyclones alone is not the key
factor for determining the amplitude of the blooms
in the Indian Ocean. The results show strong con-
trol of the cyclone translation speed on the bloom
amplitude than the intensity of the cyclone. The
cyclone cases with the slower translation speed
resulted in stronger blooms compared to the cases
with higher translation speeds. Among all the four
parameters considered, the translation speed of the
cyclone can be considered as the key factor since it
directly affects the response on the upper ocean by
increasing the forcing time thereby inducing
stronger blooms. Thus, the slower translation speed
(correlation coefficient of —0.69 at 95 confidence
level) results in strong chlorophyll blooms. Simi-
larly, the shallow mixed layer and nutricline depth
are also observed as conducive for inducing stronger
chlorophyll blooms under cyclone forcing. The
analysis of 28 cyclones over two decades of time
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(1999-2016) demonstrates that relatively weaker
tropical cyclones (less wind speeds) can also induce
strong chlorophyll blooms under favourable condi-
tions and not all strong cyclones (higher wind
speeds) induce significant blooms.
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