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Abstract

Through the absorption of solar radiation, chlorophyll influences mixed-layer
radiative heating and sea surface temperatures and hence influences regional
climate. Although the effect of chlorophyll on the El Niño-Southern Oscillation
and the South Asian summer monsoon has been examined by previous studies,
little is known about the effect of chlorophyll in the Bay of Bengal on the
southwest monsoon. The absorption of solar radiation by chlorophyll is
represented by varying the scale depth of blue light, h2, in ocean general
circulation models. Here, a two-band solar absorption scheme is fitted to
in-water photosynthetically active radiation profiles, measured from ocean
gliders and profiling floats, to determine h2 across the southern Bay of
Bengal during the 2016 southwest monsoon. Values of h2 are low (�14 m)
in the Southwest Monsoon Current, Sri Lanka Dome and Bay of Bengal
coastal regions when chlorophyll concentrations are high (0.3-0.5 mg m�3).
A one-month surface-forced idealised simulation, using a one-dimensional
K-profile parameterisation ocean mixed layer model, shows that a 0.3 mg m�3

increase in chlorophyll concentration increases sea surface temperature by
0.37�C in one month. Imposing seasonally and spatially varying h2 in
the Bay of Bengal in a coupled ocean-atmosphere model shows that the
response of SST to chlorophyll is modulated by the depth of the mixed layer
relative to the perturbed h2. The largest SST response to chlorophyll-induced
warming occurs in the coastal regions where chlorophyll concentrations are high
(>1 mg m�3), and when mixed layer depths shoal during the intermonsoon
periods. Precipitation rates increase significantly by up to 3 mm day�1

across coastal Myanmar during the southwest monsoon onset and up to
3 mm day�1 over northeastern India and Bangladesh during the autumn
intermonsoon period. The increase in precipitation rates improve model
biases. Thus, imposing seasonally varying chlorophyll into models can improve
intermonsoon rainfall amount and distribution. This thesis further investigates
the effect of chlorophyll on radiant heating rates in the Sub-Antarctic Zone of
the Southern Ocean during the austral spring and summer season of 2012/13.
The chlorophyll concentration variability depends on the shoaling of the mixed
layer depth, which is dependent on the strength of the wind-induced turbulent
mixing. Although chlorophyll concentrations are high (>1 mg m�3) during
summer, there is a negligible change in mixed layer temperature.
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1

Chapter 1

Introduction

The physical and dynamical properties of the ocean surface are driven by
the absorption of incoming solar radiation (Jerlov, 1968). It is the surface
ocean properties that are readily exchanged with the atmosphere, influencing
both regional and global climate at various temporal and spatial scales (Schott
et al., 2009). The absorption of solar radiation in the upper ocean produces
radiant heat that directly affects sea surface temperatures (SST). Through its
influence on longwave radiation, sensible and latent surface heat fluxes, SST
is an essential ocean property that strongly influences atmospheric processes.
The tropical atmosphere is highly responsive to changes in SST due to strong
air-sea coupling. Tropical SST anomalies alter atmospheric circulations and
affect convective activity and rainfall that cause changes to surface heat and
moisture fluxes (Graham and Barnett, 1987; Lindzen and Nigam, 1987).

Biological constituents that are suspended in the water column affect the
absorption of solar radiation. Single-celled organisms called phytoplankton
contain the pigment chlorophyll, which is used to absorb solar radiation during
photosynthesis. The concentration of chlorophyll within the phytoplankton
modulates the rate of solar radiation absorption and the depth to which
solar radiation can penetrate (Smith and Baker, 1978). Thus, increasing
chlorophyll concentration increases solar radiation absorption as well as
increasing the radiant heating rate at the near-surface, which causes an
increase in SST (Zaneveld et al., 1981; Lewis et al., 1990). Increasing the SST
through chlorophyll-induced warming strongly influences regional climate and
large-scale oceanic and atmospheric circulation (Sweeney et al., 2005; Turner
et al., 2012; Patara et al., 2012). The concentration of chlorophyll and its direct
and indirect interactions with the physics of the ocean and atmosphere is the



2 Chapter 1

subject of this thesis. The aim is to quantify and analyse the effect of chlorophyll
concentration on upper-ocean radiant heating, air-sea processes and regional
climate.

1.1 Optics of the oceans

The absorption of solar radiation is approximately exponential with depth. In
its simplest form, the change of solar irradiance (or the solar radiation flux per
unit area; W m�2) with depth is defined as

Ed(z) = Ed(0)e�Kdz = Ed(0)e�
z
h (1.1)

where Ed(0) is the downwelling irradiance incident at the surface; Ed(z) is the
downwelling irradiance at depth z; Kd is the diffuse attenuation coefficient
that describes the fraction of solar irradiance attenuated per unit distance
in the water column (m�1); h is the e-folding scale depth (inverse of Kd).
The value of Kd can be determined for individual wavelengths (e.g. Kd(l))
or wavelength bands (e.g. Kd(PAR) where PAR is photosynthetically active
radiation integrated between 400–700 nm). The value of Kd can vary with depth
(e.g. Kd(z)) or be determined over a depth range (e.g. Kd(z0 $ zn)). The
value of Kd represents all the constituents that attenuate solar radiation in the
ocean, including all organic material, inorganic sediments and pure seawater.
The versatility of Kd means it can be applied to many aspects of oceanography,
such as classifying water turbidities (e.g. Jerlov, 1968), determining mixed layer
heat budgets (e.g. Lewis et al., 1990) and calibrating chlorophyll fluorescence
data (e.g. Xing et al., 2011).

Solar radiation incident at the ocean surface consists of near-infrared (IR;
wavelength, l > 700 nm), visible (300 < l < 700 nm) and near ultra-violet (UV;
l < 300 nm) radiation. Once incident on the ocean surface, solar radiation is
preferentially absorbed depending on its wavelength. IR radiation is completely
absorbed within the top 1 m of the ocean surface, whereas UV and visible
light penetrates deeper in the water column (Morel and Antoine, 1994; Sweeney
et al., 2005). The absorption of visible radiation is also wavelength-dependent,
with blue wavelengths (blue light) having a deeper penetration depth than
red wavelengths (red light; Pope and Fry, 1997). In the clear open ocean at
chlorophyll concentrations as low as 0.01 mg m�3, the majority of red light is
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absorbed within approximately the top 5 m, whereas the majority of blue light
is absorbed within approximately the top 50 m (Fig. 1.1).

The varying absorption rate of the solar radiation spectrum means that
upper ocean heat distribution is non-uniform. The radiant heat produced by
the absorption of red light is restricted to the near-surface due to its small
penetrative depth (<5 m). Conversely, the radiant heat produced by the
absorption of blue light extends much lower in the water column due to its large
penetrative depth. In fact, the penetration depth of blue light can be comparable
or deeper than the depth of the mixed layer (�10–20 m), meaning the absorption
of blue light effectively heats the entire mixed layer. It therefore exerts a larger
control on mixed layer temperature than red light.

It is important to accurately simulate the preferential absorption of solar
radiation in ocean general circulation models (GCM) as it strongly modulates
SST. SST is affected by the one dimensional influences of penetrative shortwave
radiation, longwave radiation, sensible and latent surface heat fluxes. Shortwave
radiation heats the top tens of metres of the ocean, whereas upward longwave
radiation, sensible and latent heat fluxes act to cool the top few millimetres
of the ocean (Fairall et al., 1996). Turbulent mixing redistributes the cooled
surface water throughout the whole depth of the mixed layer, which results in
a decrease in the mixed layer temperature. The penetrative shortwave radiation
absorption increases the mixed layer temperature, offsetting the cooling effect
that decreases the mixed layer temperature. Hence, the penetrative shortwave
radiation modulates SST and the heat balance of the mixed layer (Ohlmann
et al., 1998).

The radiative heating produced by shortwave radiation absorption is
an important factor in modulating the mixed layer depth (MLD). The
MLD is modulated by the stratifying effects of radiative heating and the
de-stratifying effects of wind-induced turbulent mixing and cooling. Increased
radiative heating increases the temperature of the upper ocean, decreasing
the density and increasing the thermal stratification; this decreases the MLD
(Sathyendranath et al., 1991). Conversely, increasing surface wind speed
increases upper-ocean turbulent mixing and cooling, and decreases thermal
stratification that causes the MLD to deepen (Sallée et al., 2010). Decreasing
the MLD through radiative heating reduces the effective heat capacity of the
mixed layer, as less energy is required to heat a smaller volume of water. Hence,
a shallow MLD means the SST rapidly responds to small changes in the net
surface heat flux.
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Figure 1.1: Spectral values of e-folding depth (inverse of kd) for the 300–750 nm domain
of downwelling solar irradiance for various chlorophyll-a concentrations. Figure is
sourced and adapted from Figure 3a from Morel and Antoine (1994).

Recognising the wavelength-dependence of radiant heating, and its
implications for MLD and SST, ocean GCMs represent solar radiation absorption
as a function of depth by splitting the spectrum into multiple radiation bands.
Paulson and Simpson (1977) used a double exponential function to replicate the
preferential absorption of red and blue light with depth:

Ed(z)

Ed(0)
= Re�

z
h1 + (1� R)e�

z
h2 (1.2)

where h1 and h2 are the scale depths of red and blue light, respectively, and R is
the ratio of red light to total visible radiation. This double exponential function
improves upon a single exponential function previously used by Denman (1973),
which is similar to Equation 1.1. Morel and Antoine (1994) used a double
exponential function for the absorption of red and blue light (300–750 nm)
and included another exponential function for the absorption of IR radiation (>
750 nm). Ohlmann (2003) used a double exponential function for the absorption
of UV and visible radiation (300–750 nm) and the absorption of IR radiation
(750–2500 nm). Lengaigne et al. (2007) used a triple exponential function to
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replicate the absorption of blue, green and red light with respect to depth. These
multi-band solar absorption schemes are used in many state-of-the-art ocean
GCMs, enabling them to replicate the preferential absorption of solar radiation
and its effects on surface ocean properties.

1.2 Bio-optics of the oceans

The optical properties and absorption of visible radiation in the upper ocean
depends on the in-water constituents. These constituents consist of: inorganic
materials dissolved in sea water (Sullivan et al., 2006), organic suspended
phytoplankton and coloured dissolved organic material (Morel, 1988), terrestrial
material (Boss et al., 2009), and even bubbles (Zhang et al., 1998). The amount
of these suspended or dissolved constituents modulates the intensity and
wavelength of solar radiation that penetrates through the upper ocean. The
biological constituents that effect the optical properties of the ocean are referred
to as the “bio-optical state” (Smith and Baker, 1978). The biological constituent
that most strongly effects the bio-optical state of the ocean is chlorophyll-a,
the pigment that is commonly produced by phytoplankton for photosynthesis
(Smith and Baker, 1978; Morel, 1988). Chlorophyll-a concentration strongly
absorbs in the 400 to 500 nm visible domain (predominantly blue light; Fig. 1.1),
with one dominant absorption spectra peak at 440 nm wavelength (Bricaud,
2004). The high sensitivity of the penetration depth of blue light to changes
in chlorophyll-a concentration means chlorophyll-a concentration can modulate
mixed layer radiant heating.

The physical and dynamical properties of the mixed layer influence
chlorophyll concentrations as chlorophyll concentration depends on light and
nutrient availability (Longhurst and Harrison, 1989; Thomalla et al., 2011). The
depth of the mixed layer affects the likelihood of phytoplankton encountering
light, as turbulent fluxes transport phytoplankton vertically in the mixed
layer. Nutrients such as iron, silicate, nitrate and phosphate are used for
phytoplankton division and growth, making them limiting factors to biological
productivity (de Baar et al., 1995; Borrione and Schlitzer, 2013). When
phytoplankton die, or are too heavy for suspension, they sink out of the mixed
layer, taking nutrients with them (Huisman et al., 2006). Nutrients are then
entrained back into the mixed layer through mixed layer deepening, which is
caused by convective or wind-induced mixing (Schmittner, 2005; Behrenfeld and
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Boss, 2014). Other nutrient sources include coastal upwelling, riverine input and
terrestrial dust (Lévy et al., 2007; Smetacek et al., 2012; Amol et al., 2019).

The global annual 17-year climatology (2002–2018) of chlorophyll-a
concentration at 9 km resolution derived from radiation measurements from the
Moderate Resolution Imaging Spectroradiometer (MODIS) on the Aqua satellite
is shown in Fig. 1.2. The spatial distribution and concentration of chlorophyll
depends on the location of nutrient sources. Chlorophyll concentrations are
high (>1 mg m�3) in coastal regions (e.g. The Ganges River delta in the north
Bay of Bengal) and in upwelling regions (e.g. east equatorial Pacific), where
nutrients are supplied to the euphotic zone (the sun-lit layer of ocean where
photosynthesis occurs) through riverine input and upwelling. Conversely,
chlorophyll concentrations are low (<0.1 mg m�3) in the subtropical gyres
(e.g. South Atlantic) where downwelling limits the supply of nutrients to the
euphotic zone throughout the year.

There are limitations to satellite-derived chlorophyll concentrations. Firstly,
missing chlorophyll concentrations are a common occurrence. These are
caused by clouds blocking backscattered visible radiation from the ocean
surface. Secondly, the ocean colour algorithms used to determine chlorophyll
concentration are not completely effective in turbid coastal waters where
chlorophyll concentrations are high (> 5 mg m�3; Morel et al., 2007) and other
oceanic constituents strongly attenuate solar radiation. Thirdly, chlorophyll
concentrations vary sub-daily and at horizontal resolutions of less than
1 km. Satellite-derived chlorophyll concentrations are unable to capture this
finescale temporal and spatial variability. In situ observations are needed to
capture the sub-daily and sub-mesocale variability of chlorophyll concentrations
in regions where satellites are unable to accurately determine chlorophyll
concentrations. Chapter 5 outlines the methodology of satellite-derived
chlorophyll concentrations and its application in a climate sensitivity study.

The vertical distributions of chlorophyll concentration are not homogeneous.
High chlorophyll concentrations can occur at the bottom of the euphotic zone,
where there are just enough nutrients from below and sunlight from above
for biological productivity. This region is referred to as the deep chlorophyll
maximum. The deep chlorophyll maximum is a common feature in stratified
subtropical gyre regions at depths of 50 to 200 m and forms when mixed layer
nutrients are rapidly depleted during the start of summer (Mignot et al., 2014).
The thickness of an ocean surface layer “seen” by a satellite radiance sensor
is approximately one solar penetration depth (Gordon and McCluney, 1975),
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Figure 1.2: The global annual 17-year climatology (2002–2018) of chlorophyll-a
concentration at 9 km resolution measured by MODIS-Aqua.

depending on the local chlorophyll concentrations. Thus, the measured global
chlorophyll concentration from satellite in Fig. 1.2 represents the near-surface
chlorophyll, excluding the deep chlorophyll maximum that occur at depths
exceeding one solar penetration depth.

Previous observational, one-dimensional and global ocean modelling studies
show the effect of chlorophyll on physical and dynamical properties of the
ocean mixed layer through its modulation on solar radiation absorption.
Strutton and Chavez (2004) found that observed radiant heating rates during
the 1998 El Niño in the western Pacific increased from �0.1�C month�1

to �1.0�C month�1. It was estimated that 29% of the increase was due
to an increase in chlorophyll concentration. Sathyendranath et al. (1991)
found, by using a one-dimensional model, that chlorophyll contributed to a
1.0�C month�1 increase in radiant heating rates in the Arabian Sea between
August and September. In coastal regions, chlorophyll contributed to a
4.0�C month�1 increase in radiant heating rates. Nakamoto et al. (2001)
found, by using an ocean GCM, that chlorophyll concentrations increased
mixed layer temperatures, which decreased MLDs in the equatorial Pacific.
The chlorophyll-induced meridional thermal gradient along the equator was
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then found to create anomalous geostrophic currents north and south of the
equator. These currents merge at 200 m depth and strengthen upwelling in the
equatorial eastern Pacific, offsetting the chlorophyll-induced surface warming
by approximately 1.0�C. Chlorophyll-induced changes to the mixed layer have
both positive and negative feedbacks on chlorophyll concentration, as light and
nutrient availability are dependent on mixed layer processes (Manizza et al.,
2005; Tian et al., 2019). The interactions between the mixed layer and chlorophyll
concentrations show that the upper ocean is a complex coupled biophysical
system.

1.2.1 Chlorophyll-dependent optical parameters and

parameterisations

For the purposes of solar radiant heating in ocean GCMs the value of Kd

represents the average solar radiation attenuation over a depth range, typically
from the surface to a depth where solar radiation no longer perturbs the
upper ocean temperature (<100 m). The value of Kd can represent individual
wavelengths or wavelength bands depending on the solar radiation scheme used
in an ocean GCM.

Ocean GCMs sometimes use the scale depth of blue light, h2 (K�1
d ), to

represent the solar penetration depth of blue light in the upper ocean. This
is due to the strong influence blue light has on mixed layer radiant heating
and the strong absorption of blue light by chlorophyll concentration. Hence, h2

is a useful optical parameter in quantifying the effect of chlorophyll on solar
radiation absorption in an ocean GCM.

The values of Kd or h2 are determined from in situ radiometer measurements
and satellite measurements. For in situ radiometer measurements, the optical
parameters are determined by fitting a multi-band solar absorption function,
like that of Equation 1.2, to in-water irradiance profiles (Smith and Baker,
1978; Lotliker et al., 2016). These in situ irradiance profiles are measured
by radiometer sensors placed on oceanographic platforms such as ship-based
tethers, buoys, profiling floats and ocean gliders (Lotliker et al., 2016; Xing et al.,
2011). For satellite measurements, the optical parameters are determined by a
series of empirical algorithms (Morel and Maritorena, 2001) or semi-analytical
models (Lee et al., 2005).

The Jerlov water type classification is the earliest attempt to quantify and
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Water Type R h1 (m) h2 (m) Chl-a conc. (mg m�3)

Type I 0.58 0.35 23 0–0.01
Type IA 0.62 0.6 20 0.05
Type IB 0.67 1.0 17 0.1
Type II 0.77 1.5 14 0.5
Type III 0.78 1.4 7.9 1.5–2

Table 1.1: Paulson and Simpson (1977) best-fit parameters of the five different Jerlov
water type classifications and corresponding chlorophyll concentrations from Morel
(1988).

classify ocean turbidity for ocean GCMs (Jerlov, 1968). This classification
groups open-ocean water into five categories of turbidity depending on its
solar absorption rates. Paulson and Simpson (1977) determined the optical
parameters for each of the five Jerlov water types using Equation 1.2 (Table
1.1). The water type classification is a simple method that allows ocean
GCMs to represent the average optical property of the global ocean or an
ocean region. Water type I represents the clearest open-ocean (low turbidity),
where chlorophyll concentrations are 0 to 0.01 mg m�3, and h1 and h2 are
0.35 m and 23 m respectively (Table 1.1). Water type III represents the least
clear open-ocean (high turbidity), where chlorophyll concentrations are 1.5 to
2.0 mg m�3, and h1 and h2 are 1.4 m and 7.9 m respectively. As water type
and corresponding chlorophyll concentrations increase, values of h2 decrease,
demonstrating the reduced solar penetrative depth as more solar radiation is
absorbed with increasing chlorophyll concentration.

Zaneveld et al. (1981) demonstrated the effect of Jerlov water type I (low
chlorophyll concentration) and III (high chlorophyll concentration) on mixed
layer radiant heating rates. A 5-day simulation of two idealised one-dimensional
mixed layers with a depth of 10 m and 20 m was run. Surface fluxes were
assumed to be constant and incoming shortwave radiation had a diurnal cycle.
Increasing the water type from I to III for a mixed layer that is 20 m deep,
increased the radiant heating rate by 0.04�C day�1. Increasing the water type
from I to III for a mixed layer that is 10 m deep, increased the radiant heating
rate by 0.08�C day�1. Thus, changing the water type from I to III increases the
mixed layer temperature, and decreasing the MLD further increases the radiant
heating rate.

The Jerlov water type classification does have some limitations. Firstly,
the classification does not define what in-water constituents affect the optical
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properties of the upper ocean. Secondly, remotely sensed chlorophyll
concentrations from satellites show that chlorophyll concentrations vary
spatially and temporally, and are not limited to five discrete categories of
concentration. Thirdly, radiative heating is sensitive to small changes in the
solar penetration depth when MLDs are shallow, meaning the broad water type
classification is not suitable for accurate solar radiative heating simulations in
ocean GCMs (Ohlmann et al., 1998).

Morel and Prieur (1977) defined two “cases” of oceanic water based on the
type of in-water constituents that effect the optical properties of the upper ocean.
They are defined as:

• Case I: Optical properties influenced by phytoplankton, coloured
dissolved organic matter and detrital organic matter, which are often
referred to as “oligotrophic” waters.

• Case II: Optical properties influenced by all organic and inorganic matter,
including sediments and dissolved yellow substance, which are often
referred to as “eutrophic” waters.

Oligotrophic Case I waters represents the majority of the open ocean,
accounting for approximately 98% of the global ocean (Morel, 1988). The
remaining 2% accounts for coastal, eutrophic case II waters, where inorganic
sediments from river outflow dominate the optical properties of the upper ocean
(Morel, 1988; Boss et al., 2009). The case water classification has been crucial
for the development of chlorophyll-dependent parameterisations, as it defines
an important distinction between the optical properties of water masses that
are either dominated by chlorophyll pigments or inorganic matter (Morel and
Maritorena, 2001). For the purposes of solar radiant heating in ocean GCMs,
chlorophyll-dependent parameterisations are strictly used for case I open-ocean
waters, where chlorophyll pigments strongly perturb solar radiation (Morel and
Antoine, 1994; Ohlmann, 2003).

Chlorophyll-dependent parameterisations have been developed through the
use of in situ radiometric measurements (e.g. Morel, 1988) and radiative
transfer models that use remotely sensed chlorophyll concentrations (e.g.
Ohlmann, 2003). Morel and Antoine (1994) produced high-order polynomial
relationships for a two-band model that related the scale depths of blue and
red light (300–750 nm) to near-surface chlorophyll concentration, assuming an
idealized Gaussian vertical profile of chlorophyll. Ohlmann (2003) used the
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HYDROLIGHT radiative transfer model (Ohlmann and Siegel, 2000) to produce
vertical profiles of solar radiation for pre-defined chlorophyll concentrations,
time of day and cloud cover to determine optical parameters. A scale
depth relationship was developed for the transmission of the ultraviolet-visible
spectrum (300–750 nm) as part of a two-band model. Both parameterisations
show a non-linear power-law relationship between solar penetration depths
and chlorophyll concentration, meaning solar penetration depths are more
sensitive to variations in low chlorophyll concentrations (<0.2 mg m�3) than
high chlorophyll concentrations.

GCMs are now capable of using these parameterisations to accurately
convert assimilated remotely sensed chlorophyll concentrations into solar
penetration depths for the global ocean. Using remotely sensed chlorophyll
concentrations, as opposed to using a single Jerlov water type to represent the
average water type for the global open ocean, improves the spatial and temporal
variability of chlorophyll forcing in coupled simulations.

GCMs such as the National Center for Atmospheric Research Community
Climate System Model use the Ohlmann (2003) parameterisation for a two-band
solar absorption scheme to convert observed chlorophyll concentrations
into chlorophyll-perturbed solar penetration depths (Smith et al., 2010).
The National Oceanic and Atmospheric Administration Geophysical Fluid
Dynamics Laboratory Modular Ocean Model uses the Morel and Antoine
(1994) parameterisation for a two-band solar absorption scheme to accurately
determine solar penetration depths from observed chlorophyll concentrations
(Sweeney et al., 2005). Implementing chlorophyll parameterisations in ocean
GCMs would improve the accuracy of mixed layer radiant heating, and thus
SST in coupled climate simulations.

Although the Morel and Antoine (1994) and Ohlmann (2003) parameterisations
display a similar power-law relationship, subtle differences in the determined
solar penetration depths leads to large differences in ocean GCM simulations.
Sweeney et al. (2005) compared the effects of the Morel and Antoine (1994)
and Ohlmann (2003) parameterisations in an ocean GCM. The difference in
the parameterisations changed MLDs by up to 20 m, which affected the flux
of radiant heat below the mixed layer and led to changes in the meridional
overturning circulation and transport of heat polewards. The impact on large-scale
circulations and horizontal and vertical heat transports highlights the sensitivity
of the ocean system to different chlorophyll-dependent parameterisations.
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1.3 Chlorophyll perturbation studies using coupled

and non-coupled ocean GCMs

Previous studies have examined the effect of chlorophyll concentration on the
tropical ocean and climate in ocean GCMs and coupled ocean-atmosphere
GCMs. Particular focus has been on the effect of chlorophyll on Indian Ocean
SST and the South Asian monsoon. Nakamoto et al. (2000) examined the
effect of chlorophyll on Arabian Sea SST in an ocean isopycnal GCM with
a two-band solar absorption scheme from Paulson and Simpson (1977). The
imposed monthly climatology of chlorophyll concentrations, measured by the
Coastal Zone Color Scanner (CZCS), were converted into solar penetration
depths using the Morel and Antoine (1994) parameterisation. High chlorophyll
concentrations during the intermonsoon were found to decrease the MLD and
solar radiation penetration depth, as well as causing an increase to the SST by
0.6�C.

Wetzel et al. (2006) used a fully coupled system, linking a biogeochemistry
model to an ocean-atmosphere GCM, to examine the effects of chlorophyll
on the climate of the Arabian Sea. A four-band solar radiation scheme for
visible, UV and IR spectral bands was used to represent the preferential
absorption of solar radiation. Spring chlorophyll blooms in the western
Arabian Sea were found to increase SST by 1�C at 20�N, which led to an
increase in rainfall of 3 mm day�1 over southwest India during the southwest
monsoon onset. Turner et al. (2012) showed similar results when using a
coupled ocean-atmosphere GCM with a two-band solar absorption scheme from
Ohlmann (2003). The imposed seasonally varying chlorophyll concentrations
from SeaWiFS were converted into solar penetration depths using the Ohlmann
(2003) parameterisation. The spring chlorophyll blooms in the western Arabian
Sea were found to reduce MLD biases by 50%, increase SST by 0.5 to 1.0�C
and increase rainfall by 2 mm day�1 over western India during the southwest
monsoon onset.

Previous studies have examined the effect of chlorophyll on Equatorial
Pacific SST. Murtugudde et al. (2002) used an ocean GCM with an annual
mean of chlorophyll concentrations measured from the CZCS to show increased
SST and reduced upwelling in the eastern Equatorial Pacific. Nakamoto
et al. (2001) used an ocean isopycnal GCM with a monthly climatology of
chlorophyll concentrations measured from the CZCS to show decreased SST and
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increased equatorial upwelling in the eastern Equatorial Pacific, contradicting
the results of Murtugudde et al. (2002). Other studies have also examined
the impact of chlorophyll on El Niño-Southern Oscillation (ENSO) dynamics.
Marzeion et al. (2005) used a coupled GCM linked to an ecosystem model
to show that biophysical feedbacks increased ENSO amplitudes by warming
the eastern Equatorial Pacific. Tian et al. (2019) used a coupled GCM linked
to a biogeochemistry model to show that mesoscale variations of chlorophyll
concentration increased the amplitude of ENSO. However, Jochum et al. (2010)
found that ENSO amplitudes decreased by 9% when using a coupled GCM
linked to a biogeochemistry model.

All these studies demonstrate the sensitivity of the tropical atmosphere to
spatial, seasonal and even subseasonal variations in chlorophyll concentrations,
which has implications for the location of convective activity within the tropics.
The often contradictory results between these studies highlights the impact
of using different coupled GCMs and varying experimental designs when
investigating the impact of chlorophyll on surface ocean properties and climate
(Park and Kug, 2014).

1.4 The Bay of Bengal

1.4.1 Motivation

The Bay of Bengal (BoB), located in the northern Indian Ocean, is a
semi-enclosed basin with India to the west, Bangladesh to the north and
Myanmar and Isthmus of Thailand to the east (Fig. 1.3). The BoB is an
important source of heat and moisture to the South Asian monsoon system and
provides essential rainfall to the densely-populated Indian subcontinent during
the boreal summer. Industries such as agriculture are most reliant on monsoon
rainfall for reliable crop yields and employment (Revadekar and Preethi, 2012).
Variations in the amount, timing and location of monsoon rainfall leads to
natural disasters such as droughts and floods, which have severe socio-economic
impacts (Webster et al., 1998; Roxy et al., 2017). Improving the physical and
dynamical processes of the South Asian monsoon in coupled GCMs would
mean more accurate forecasting and limited socio-economic devastation.

Coupled atmosphere-ocean GCMs still show significant biases in the basic
mean seasonality of South Asian monsoon precipitation. Lin et al. (2008) found
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Figure 1.3: BoB SST (�C) and surface practical salinity 26-year climatology during
the South Asian (a) summer monsoon (June to August) and (b) winter monsoon
(December to February). The data is sourced from the monthly global NEMO
reanalysis dataset at 0.25 x 0.25 horizontal resolution from 1993 to 2019 (available at
http://marine.copernicus.eu). During summer, the Sri Lanka Dome (SLD) is shown as
a cyclonic (anticlockwise) black circle, the Southwest Monsoon Current (SMC) is shown
as the black arrow south west of Sri Lanka and the East India Coastal Current (EICC)
is shown as the black arrow north east of India. During winter, the Northeast Monsoon
Current (NMC) is shown as the black arrow in the southern BoB and the EICC is shown
as the black arrow north east of India.

that 12 out of 14 coupled GCMs from the Coupled Model Intercomparison
Project Phase 3 (CMIP3) captured the seasonal-mean precipitation rate
reasonably well. Nevertheless, most GCMs produced excessive precipitation
at the Equator and insufficient precipitation across the northern BoB and
Bangladesh during summer. Sperber et al. (2013) compared 25 CMIP5 models
with 22 CMIP3 models, where CMIP5 models have higher vertical and
horizontal resolutions in the ocean and atmosphere, compared with CMIP3
models. Both the CMIP5 and CMIP3 models underestimate precipitation
over the BoB and India at 20�N and produce a consistent dry bias of up to
4 mm day�1 over central India at 25 to 30�N. The inaccuracies of the basic
seasonality of summer monsoon precipitation in state-of-the-art coupled GCMs
highlights the need for improved simulations of the South Asian monsoon.

Some studies have shown the effect of chlorophyll on BoB SST. Murtugudde
et al. (2002) found that the annual mean SST increased by 0.2�C in the western
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and northern BoB. Wetzel et al. (2006) found that surface air temperatures
increased by 0.2�C across the southern and southwestern BoB from May to
August. Although these studies demonstrate the effect of chlorophyll on
BoB SST, the role of chlorophyll in modulating BoB mixed layer processes
and the seasonal cycle of SST, and the response of SST to monsoon rainfall
remains a vital knowledge gap. Without this knowledge then missing
bio-physical interactions in the BoB could lead to inaccuracies in simulated
air-sea interactions, which are crucial in simulating accurate monsoon behaviour
over the Indian subcontinent. The purpose of this thesis aims to investigate the
effect of chlorophyll on solar penetration depths, upper ocean radiant heating,
air-sea surface fluxes and monsoon rainfall amount and spatial distribution in
the BoB region.

1.4.2 The South Asian monsoon

The South Asian monsoon is initiated by the seasonal cycle of insolation. As
insolation increases from spring to summer over the Asian continent, differential
heating rates and resultant thermal gradients between land and ocean cause
lower-tropospheric winds to flow northward from the equator to the Asian
continent (Webster et al., 1998). Additional mid-tropospheric heating from
the elevated Tibetan Plateau further increases the land-sea temperature and
pressure contrast, accelerating the seasonal reversal of the large-scale circulation
(Li and Yanai, 1996).

Ju and Slingo (1995) outlined three mean evolutionary phases of the South
Asian monsoon. First is the onset of the monsoon, which starts with rainfall at
the southernmost tip of India around 1 June. Second is the establishment of the
monsoon as strong lower-tropospheric southwesterly winds, transporting heat
and moisture, sustains heavy rainfall over the Indian subcontinent from June
to September (JJAS). Third is the retreat of the monsoon as lower-tropospheric
southwesterly winds weaken equatorward and monsoonal rainfall ceases over
the Indian subcontinent from September onwards. During the established
phases of the South Asian monsoon, the highest mean rainfall rates are anchored
to three regions across the Indian subcontinent: the Western Ghats of southwest
India, the Myanmar coast and the foothills of the Himalayas extending south
across Bangladesh.

The South Asian monsoon displays strong intraseasonal variability as it
is strongly influenced by the planetary-scale Madden-Julian Oscillation (MJO;
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Wang and Xie, 1997). This intraseasonal variability, termed the boreal summer
intraseasonal oscillation (BSISO; Wang and Xie, 1997), propagates northwards
and westwards from the Equator (Gadgil and Srinivasan, 1990), affecting
monsoon rainfall break and active periods over the BoB and Indian subcontinent
(Webster et al., 1998). The BSISO strongly influences the intraseasonal variability
of SST (Fu et al., 2003; Gao et al., 2019). Break periods correspond with
calmer and less cloudy conditions, which allow for more downward shortwave
radiation and reduced windspeeds that reduces the turbulent surface heat flux,
shoals the mixed layer and increases the SST (Roxy et al., 2013). The strong
air-sea coupling means that the SST intraseasonal variability influences the
BSISO mean state and propagation, which produces a positive feedback on the
SST intraseasonal variability over the BoB (Klingaman et al., 2011; Peatman and
Klingaman, 2018). As demonstrated in previous coupled GCM studies (e.g.,
Wetzel et al., 2006; Turner et al., 2012), chlorophyll has been found to increase
SST and monsoon rainfall during the South Asian summer monsoon. The effects
of biological warming on BoB SST would have the potential to influence the
seasonal and intraseasonal variability of summer monsoon rainfall across the
BoB.

1.4.3 Surface ocean properties and chlorophyll concentration

The general circulation of the BoB varies seasonally and is forced by a
combination of local and remote forcing. During the boreal summer (June
to August), southwesterly monsoon winds initiate the Southwest Monsoon
Current (SMC; Vinayachandran et al., 2004), which advects cooler, saline water
from the Arabian Sea and the western equatorial Indian Ocean around the
southernmost point of India and Sri Lanka into the warmer and fresher BoB
(Fig. 1.3a; Jensen, 2003; Sanchez-Franks et al., 2019). The SMC is a shallow,
fast-moving current with speeds of up to 0.6 m s�1 and extends to a depth of
550 m (Fig. 1.3a; Webber et al., 2018). Arabian Sea water entering the BoB
typically has a high sea surface salinity of 34 and low SST of 28�C relative to
the BoB (Fig. 1.3a). Two eddy features form either side of the SMC during the
summer monsoon. The first is the cyclonic eddy known as the Sri Lanka Dome
(SLD) located east of Sri Lanka and the second is the anticyclonic eddy (AE)
located southeast of Sri Lanka (Fig. 1.3a). The cyclonic circulation of the SLD
causes open-ocean upwelling, whilst the AE causes open-ocean downwelling.
The eddy features have been found to be initiated by the local wind stress curl
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(Vinayachandran and Yamagata, 1998) and Rossby wave propagation (Webber
et al., 2018; Pirro et al., 2020). The East India Coastal Current (EICC), which is
partly supplied by flow out of the SMC, bifurcates at around 10 to 15�N with a
northern branch flowing northwards and a southern branch flowing southwards
(Fig. 1.3a; Schott and McCreary, 2001).

During the boreal winter (December to February), northeasterly monsoon
winds initiate the Northwest Monsoon Current (NMC), which advects fresher
BoB water around the southernmost point of India and Sri Lanka into the saltier
Arabian Sea (Fig. 1.3b; Schott et al., 2009). The EICC reverses direction due
to the reversing of the monsoon winds, advecting cool, fresh river water from
the northeastern BoB southward where it joins the NMC and exits the BoB (Fig.
1.3b; Han and McCreary, 2001). Hence, BoB water entering the Arabian Sea
typically has a low sea surface salinity of 32 and low SST of 27�C relative to the
Arabian Sea (Fig. 1.3b).

The BoB thermal and saline surface properties are forced by the monsoonal
winds and large freshwater flux. However, these forcings are not uniform across
the basin. In the northern BoB, there is a large freshwater flux from several rivers
such as the Ganges, Brahmaputra, Mahanadi and Irrawaddy (Fig. 1.4). The
large river runoff, combined with the monsoonal precipitation, leads to strong
salinity stratification and the formation of a barrier layer (Vinayachandran et al.,
2002; Jana et al., 2015; Sengupta et al., 2016). The barrier layer is the region
between the low-density freshwater that forms a shallower halocline and the
deeper thermocline, and the mixed layer is the region between the surface and
the shallower halocline (Sprintall and Tomczak, 1992). Barrier layers form in
the northern BoB during summer and spread equatorward across the BoB until
winter (Rao and Sivakumar, 2003). The strong stratification associated with the
barrier layer means vertical mixing is inhibited when exposed to monsoonal
wind forcing (Sprintall and Tomczak, 1992; Rao and Sivakumar, 2003) and the
mixed layer above is isolated from cooling by entrainment of colder, deeper
waters (Duncan and Han, 2009). Reducing the MLD increases the sensitivity
of the mixed layer temperature and SST to changes in the net surface heat
flux, which are primarily controlled by variations in windspeed (Duncan and
Han, 2009). In the southern BoB, the salinity stratification is weaker, meaning
monsoonal winds strongly influence the thermal stratification of the upper
ocean (Narvekar and Prasanna Kumar, 2006). This monsoonal wind dependence
explains why the southern BoB MLD and SST show larger seasonal variability
compared with the northern BoB.
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Figure 1.4: The Bay of Bengal (BoB) and surrounding region of interest. August
chlorophyll-a concentration climatology measured from MODIS-Aqua at 4 km
horizontal resolution is shown. The locations of major rivers are represented as blue
lines. The SLD is shown as a cyclonic (anticlockwise) black circle and the SMC is shown
as the solid black arrow. Missing data is shown in grey.
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In the northern BoB, strong salinity stratification reduces biological
productivity by inhibiting the vertical transport of nutrients to the euphotic
zone (Kumar et al., 2002). Nonetheless, certain regions of the northern BoB
exhibit high biological productivity. Chlorophyll concentrations in the coastal
and delta regions are high (>1 mg m�3) due to the supply of nutrients from
riverine output (Fig. 1.4; Amol et al., 2019). River discharge, and attendant
nutrients, typically peak during October (Rao and Sivakumar, 2003), meaning
corresponding chlorophyll concentrations also peak during October (Lévy et al.,
2007). Local alongshore winds in the northwestern BoB during summer cause
coastal upwelling, increasing nutrient flux to the near-surface and increasing
biological productivity (Thushara and Vinayachandran, 2016).

In the southern BoB, where salinity stratification is less strong than the
northern BoB, southwesterly winds across the southernmost tip of India and
Sri Lanka initiate coastal upwelling, which increases biological productivity
and chlorophyll concentration during the southwest monsoon (Fig. 1.4; Lévy
et al., 2007). The high chlorophyll concentrations from the southernmost tip
of India and Sri Lanka are entrained and advected into the southwest BoB by
the SMC (Vinayachandran et al., 2004). The high chlorophyll concentrations
east of Sri Lanka are located inside the cyclonic eddy of the SLD (Fig. 1.4).
The open-ocean Ekman upwelling associated with the SLD transports nutrients
to the near-surface, sustaining biological productivity (Vinayachandran and
Yamagata, 1998; Vinayachandran et al., 2004; Thushara et al., 2019).

In the BoB open ocean, chlorophyll concentrations are periodically enhanced
by transient cold-core eddies and post-monsoon cyclones, which briefly erode
the strong salinity stratification and transport nutrients to the near-surface
(Vinayachandran and Mathew, 2003; Prasanna Kumar et al., 2007; Patra et al.,
2007). Regions that exhibit seasonal to subseasonal variations to chlorophyll
concentrations would have seasonal to subseasonal variations in solar radiation
penetration depths. Consequently, altering the solar radiation penetration depth
for an ocean that is tightly coupled to the atmosphere, and which is sensitive
to variations in surface heat fluxes, could result in changes to the South Asian
summer monsoon system.
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1.5 The Southern Ocean

In addition to understanding the effect of chlorophyll on surface ocean
properties and regional climate in the low-latitude region of the BoB, this thesis
will extend its investigation to the mid-latitude region of the Southern Ocean,
after an opportunity to analyse in situ observations in the Atlantic sector of the
Southern Ocean. Here, the effect of chlorophyll on surface ocean properties and
climate in a region with different biological, oceanic and climate regimes to the
BoB will be quantified and discussed.

Chlorophyll concentrations have been found to influence the physical upper
ocean properties and regional climate of the Atlantic sector of the Southern
Ocean. Using a biogeochemistry model linked to a coupled ocean-atmosphere
GCM, Patara et al. (2012) found that global chlorophyll concentrations increased
the annual mean SST in the Atlantic sector of the Southern Ocean by up to 0.5�C
and increased annual zonally-averaged ocean temperatures by 0.1�C down to
300 m. The increase in SST led to an increase in the upward latent heat
flux of 1 W m�2 and an increase in the precipitation rate of 0.05 mm day�1.
Manizza et al. (2005) found using a biogeochemistry model linked to an ocean
GCM that the Southern Ocean SST in the Atlantic sector increased by 0.5�C,
yet some areas SST decreased by up to 0.2�C due to increased upwelling.
The increase in SST corresponds to an increase in chlorophyll concentrations
during the spring and summer blooms, with an increase in the upper-ocean
stratification of 3–4%. Gnanadesikan and Anderson (2009) also found using a
coupled ocean-atmosphere model that Southern Ocean SST in the Atlantic sector
increased by up to 0.5�C. These coupled GCMs show that the Southern Ocean
SST and climate is also susceptible to the effects of chlorophyll concentration.

1.5.1 Regional climate

The Southern Ocean is a region that is strongly influenced by atmospheric
forcing from midlatitude cyclones. The high activity of midlatitude cyclones
decreases the mean surface pressure around the Southern Ocean, forming
the Antarctic Circumpolar Trough between 50–70�S (King and Turner, 1997).
These midlatitude cyclones are generated from the baroclinic instability caused
by the large meridional temperature gradient between cold, Antarctic air
and warm, midlatitude air (King and Turner, 1997; Yuan et al., 1999). The
strong meridional SST gradient across the Antarctic Circumpolar Current (ACC)
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further enhances tropospheric zonal wind velocities and baroclinic instability
(Hoskins and Hodges, 2005). Midlatitude cyclones are classed as synoptic-scale
weather systems with a diameter of at least 1,000 km that last between one
and seven days in the Southern Ocean (King and Turner, 1997). The season
with the strongest cyclones (large surface pressure gradient with windspeeds
exceeding 20 m s�1) and highest cyclone frequency is austral winter (June to
August), whereas the season with the weakest and lowest cyclone frequency is
austral summer (December to February; Yuan et al., 2009). Midlatitude cyclones
strongly influence the physical properties of the surface ocean.

1.5.2 Surface ocean properties and chlorophyll concentration

The thermal and saline properties of the Atlantic sector of the Southern Ocean
surface are forced by the annual cycle of windspeed and buoyancy. Between
early autumn and the end of winter (February to September), the increased
midlatitude cyclone frequency increases the wind stress and the resultant
turbulent mixing of the ocean surface. The increase in wind stress increases
the upward surface heat fluxes, cooling and reducing the buoyancy of the ocean
surface (du Plessis et al., 2019). The strong wind-induced turbulent mixing
causes the mixed layer depth (MLD) to deepen to around 150 � 60 m during
winter (Sallée et al., 2010).

During spring and summer (October to January), the gradual increase in
solar radiation increases upper-ocean thermal stratification (Sallée et al., 2010).
The reduction in midlatitude cyclone frequency during spring and summer
means the wind stress is reduced. This causes a reduction in the upper-ocean
turbulent mixing and causes lateral density gradients to slump (where less
dense water moves up and over more dense water) as meridional density
gradients are unable to be maintained when windspeeds are reduced (Swart
et al., 2015). The reduction in wind-induced turbulent mixing and increased
slumping increases upper-ocean stratification and causes the MLD to shoal to
around 50 � 20 m during summer (Sallée et al., 2010). Mixed layer eddies that
form along frontal jets also move less dense water up and over the denser side of
the fronts when windspeeds are reduced or reversed over the frontal jet, which
rapidly increases upper-ocean stratification (du Plessis et al., 2017; du Plessis
et al., 2019).

The seasonal variability of the upper-ocean stratification in the Atlantic sector
of the Southern Ocean influences the seasonal variability of biological processes.
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During winter, deep mixed layers and low incoming solar radiation means the
likelihood of phytoplankton receiving light to photosynthesise and produce
chlorophyll is reduced, resulting in low chlorophyll concentrations (Mitchell
et al., 1991; Nelson and Smith, 1991). During spring and summer, high incoming
solar radiation and slumping of lateral density gradients increase upper-ocean
stratification and decreases the MLD (Swart et al., 2015). Decreasing the MLD
reduces the vertical extent of turbulent fluxes that transport phytoplankton
in the mixed layer, increasing the likelihood of phytoplankton receiving light.
The combination of reduced MLDs, cross-frontal mixing of nutrients and high
incoming solar radiation results in high chlorophyll concentrations (Mitchell
et al., 1991; Nelson and Smith, 1991).

The seasonal to subseasonal (weekly to monthly) and mesoscale (10–200 km)
to submesoscale (1–10 km) variability of chlorophyll concentration in the
Atlantic sector of the Southern Ocean are attributed to many factors. The
deepening of a mixed layer can dilute the chlorophyll concentration and
cause physiological adaptation of phytoplankton, altering the chlorophyll
concentration that they produce (Smetacek and Naqvi, 2008). The seasonal to
subseasonal changes to the MLD are not uniform across the Atlantic sector
of the Southern Ocean. Different water masses with varying upper-ocean
stratifications respond differently to the same atmospheric forcing, resulting
in varying MLDs and chlorophyll concentrations (Swart et al., 2015). The
variability in biological productivity is also dependent on the types of nutrients
that are available (de Baar et al., 1995; Boyd et al., 2000) and the grazing of
phytoplankton by zooplankton (Hoppe et al., 2017). These factors make it
difficult to disentangle the causality of chlorophyll concentration variability on
various spatial and temporal scales in the Southern Ocean. Such variability
in chlorophyll concentration further suggests that there is similar variability in
upper-ocean turbidity, solar penetrations depths and radiant heating rates.

1.6 Thesis Structure

This thesis will aim to (i) accurately derive solar penetration depths from
optical measurements from ocean gliders and profiling floats, (ii) to determine
and compare the relationship between derived solar penetration depths and
observed chlorophyll concentrations with previously published relationships,
and (iii) to quantify the effect of chlorophyll on upper ocean radiant heating, SST
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and regional climate in the low-latitude region of the BoB and the mid-latitude
region of the Southern Ocean Atlantic Sector.

In Chapter 2, a methodology of the data quality control process for
physical and optical variables measured by ocean gliders and profiling floats
is presented. This includes the development and application of the PAR
quality control and optical parameter determination. A novel method is
presented to derive chlorophyll-a concentration from profiling float radiometer
measurements. An overview of the ocean glider and profiling float deployments
from which the data is collected is also summarised.

In chapter 3, the spatial and temporal variability of solar penetration
depths, measured from a month to 3-month glider and profiling float
deployment in the BoB, is analysed. The spatial and temporal variability
of chlorophyll concentration and corresponding solar penetration depths is
examined. The impact of the chlorophyll-perturbed solar penetration depths on
SST during the summer monsoon is investigated by using the one-dimensional
K-profile parameterisation ocean mixed layer model. Further implications
of the chlorophyll-perturbed surface ocean properties on monsoon climate is
discussed.

Chapter 4 presents an analysis of the spatial and temporal variability of solar
penetration depths in the Southern Ocean. Unlike the tropics, this mid-latitude
region experiences large seasonal chlorophyll blooms with high concentrations
(> 1 mg m�3) that are strongly modulated by the seasonal cycle of insolation
and periodic atmospheric forcing. Biological, optical and physical variables
are measured during a 5-month glider deployment. Similar to Chapter 3, the
implications of the Southern Ocean chlorophyll blooms on mixed layer radiant
heating rates are analysed and its potential impact on mid-latitudinal regional
climate is discussed.

In chapter 5 (submitted to WCD), seasonally and spatially varying
chlorophyll concentration in the BoB is imposed in the Global Ocean Mixed
Layer 3.0 configuration of UK Met Office Unified Model (MetUM-GOML3.0).
Comparing the 30-year control and chlorophyll-perturbed simulations shows
the direct and indirect effects of seasonally varying chlorophyll concentration
on BoB surface ocean properties and monsoon rainfall. Chapter 6 presents
the conclusions where the final results of chapters 2 to 5 are summarised and
discussed, and future work is proposed.
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Chapter 2

Methodology of glider and profiling
float data processing

2.1 Introduction

Measuring the biological and physical properties of the surface ocean at
increased temporal and spatial resolutions has been made possible through the
use of autonomous underwater vehicles (AUV) such as an ocean glider, and
autonomous underwater platforms such as a profiling float. Ocean gliders
provide continuous sampling of the upper ocean (0–1000 m) on hourly to
daily time scales for time periods of weeks to months. Profiling floats provide
continuous sampling of the upper ocean every 1 to 10 days for up to 4 to 5 years.
Both ocean gliders and profiling floats are suitable for capturing sub-seasonal,
seasonal and sub-annual changes to the upper ocean. The ocean gliders and
floats are equipped with an array of sensors that measure the physical, chemical,
biological and optical properties of the upper ocean.

This chapter will provide background information on the ocean glider and
profiling floats used in the 2016 joint India-UK Bay of Bengal Boundary Layer
Experiment (BoBBLE; Vinayachandran et al., 2018) and the ocean glider used
in the 2012/13 Southern Ocean Seasonal Cycle Experiment (SOSCEx; Swart
et al., 2012). This chapter will further provide an overview of the development
and application of the quality control process for each physical and bio-optical
variable measured during these deployments.
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2.2 Ocean gliders and profiling floats overview

An ocean glider is a buoyancy-driven AUV that can be piloted via satellite
communications to set locations anywhere in the global ocean. During the
BoBBLE field campaign, a Seaglider (SG579) was deployed at 86�E on 30
June 2016 along the 8�N transect east of Sri Lanka and piloted to 85.3�E by
8 July, where the glider continued to take measurements until 29 July 2016
(Table 2.1). The glider profiled on a sawtooth trajectory from the surface
to 700–1000 m, completing a full dive cycle approximately every 4 hours.
Surface manoeuvres were initiated at 3 m depth allowing the ascending glider
to sample the near-surface ocean before trimming into position to transmit
data. The glider was equipped with a Seabird Electronics (SBE) conductivity
(salinity), temperature and depth (CTD) sensor, a Wetlabs Triplet Ecopuck
measuring chlorophyll-a fluorescence and optical backscatter at wavelengths
470 nm and 700 nm and a Biospherical Instruments quantum scalar irradiance
photosynthetically active radiation (PAR; mE m�2 s�1) sensor measuring visible
wavelengths between 400 nm and 700 nm. The Wetlabs and PAR sensors
sampled to a depth of 300 m with a vertical resolution of �1 m.

A profiling float is a buoyancy-driven free-drifting profiler. Argo profiling
floats 629, 631 and 630 that are part of the international Argo float program were
deployed at 85.5�E, 87�E and 89�E on the 28 June, 1 July and 4 July respectively
(Table 2.1), where they sampled to 500 m daily until mid-August and every
other day until the end of September. All three floats were equipped with SBE
41N CTD and a Satlantic OCR-504 ICSW radiometer measuring downwelling
irradiance at wavelengths 380 nm, 490 nm, 555 nm (mW cm�2 nm�1) and PAR
(mE m�2 s�1). Both sensors had a vertical resolution of �1 m sampling up to
the near-surface to a depth of 0.5 m.

Ocean glider SG574, used in the SOSCEx campaign, was deployed in the
Atlantic sector of the Southern Ocean at 42.4�S, 9.9�W on 20 September 2012
(Table 2.1). The glider continuously sampled for 5.5 months, descending to
1000 m depth with each dive taking approximately 4 to 5 hours to complete.
The glider was equipped with the same sensors as glider SG579. The bio-optical
sensors had a vertical resolution of 0.7 m in the top 100 m of surface ocean and
then reduced vertical resolution to 1 m from 100 to 1000 m depth.
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Label Platform Campaign Date Length Variables

SG579 Ocean glider BoBBLE 30.06.16 1 month

CTD, PAR,
chl-a fluorescence,
backscatter 470 nm
and 700 nm

Float 629 Profiling float BoBBLE 28.06.16 3 months
CTD, PAR,
Ed at 380 nm,
490 nm, 555 nm

Float 630 Profiling float BoBBLE 01.07.16 3 months
CTD, PAR,
Ed at 380 nm,
490 nm, 555 nm

Float 631 Profiling float BoBBLE 04.07.16 3 months
CTD, PAR,
Ed at 380 nm,
490 nm, 555 nm

SG574 Ocean glider SOSCEx 20.09.12 5.5 months

CTD, PAR,
chl-a fluorescence,
backscatter 470 nm
and 700 nm

Table 2.1: Summary of ocean gliders and profiling floats deployed on the BoBBLE
and SOSCEX campaigns including the date of deployment, mission length and
oceanographic variables measured. Optical variable, Ed, is the downwelling irradiance.

2.3 Ocean glider depth correction

An ocean glider or profiling float continuously records the depth, time and
location of an observation from all sensors. For ocean gliders the depth (or
pressure) is recorded by the pressure sensor. A depth measurement reflects the
depth of the pressure sensor and not the actual depth of the observation from
the other sensors. Hence, a depth offset must be applied to find the actual
depth of the observation. This depth offset depends on the variation of vertical
distance between the pressure sensor and all other sensors. For profiling floats,
this depth offset is considered to be negligible (Organelli et al., 2016).

The on-board instruments are placed on different parts of the glider. Most
of the instruments are typically located at the aft and outer fairing of the
glider. The pressure sensor is permanently located on the right side at the nose,
positioned on the central axis of the glider (Fig. 2.1). If the glider were to lie
horizontally in the water then PAR, dissolved oxygen and CTD sensor would be
above the pressure sensor at a shallower depth relative to the recorded depth,
compared with a WETLabs puck, which would be below the pressure sensor
at a lower depth relative to the recorded depth. The depth offset between the
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Figure 2.1: Position of individual sensors on SG579 including PAR, dissolved oxygen
(dO2), conductivity-temperature depth (CTD), WETLabs ECO Puck and pressure
sensor.

pressure sensor and all other sensors on a horizontally positioned glider was
calculated by measuring the horizontal and vertical dimensions between these
sensors. We assume that these dimensions are fixed so the vertical distances
between the central axis of the glider and all other sensors are constant on the
glider.

The vertical distance between the pressure sensor and all other sensors varies
with pitch angle. We can assume a glider is ascending through the water column
at pitch angle Q anticlockwise from the horizontal axis, x (Fig. 2.2). Any change
to Q varies the vertical distance between the horizontal x-axis of the pressure
sensor and PAR sensor, labelled as a. To calculate a as a function of Q, the
position of the PAR sensor relative to the pressure sensor positioned on the
glider have to be taken into account.

The required parameters and definitions to correct for pitch angle:

• d is the horizontal distance between a sensor and the pressure sensor on
the glider, parallel to the glider central axis (bold dashed line).

• c is the vertical distance between a sensor and the pressure sensor on the
glider, perpendicular to the glider central axis (bold dashed line).

• h is the shortest distance of separation between a sensor and the pressure
sensor and is calculated using Pythagoras0 theorem (Equation 2.1).
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Figure 2.2: Ascending glider at pitch angle, Q. The vertical distance, a, between the
pressure and PAR sensor varies with Q.

• a is the angle clockwise from the central axis of the glider between the
pressure sensor and a sensor and is calculated from Equation 2.2.

h =
p

c2 + d2 (2.1)

a = arctan
� c

d

�
(2.2)

To correct for the fixed angle between the pressure sensor and a sensor on
the glider (a) we define a new angle anticlockwise from the horizontal x-axis,
F, to the line of shortest distance of separation between the pressure sensor and
a sensor. The vertical distance, a, is calculated as a function of Q:

a = h sin (Q� a). (2.3)

For an ascending dive, Q is positive as it rotates anticlockwise from the
horizontal x-axis to the central axis of the glider (Fig. 2.2). The fixed angle,
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a is negative as it rotates clockwise from the central axis of the glider to the line
of the shortest distance of separation between the PAR and the pressure sensor.
The resultant value of F remains positive, but smaller. The vertical distance
between the PAR and the horizontal x-axis of the pressure sensor, a, will be
positive. However, the PAR sensor is deeper than the pressure sensor, so the
change of height must be negative. To ensure that the height of the PAR sensor,
zPAR, is less than the height, z, of the pressure sensor then:

zPAR = z� a = z� h sin (Q� a). (2.4)

A PAR profile from dive 84 from glider SG579 ascends to the surface with a
positive pitch angle, Q, and a -0.2 m change in height in the PAR measurements
(Fig. 2.3a). The glider completes a surface manoeuvre at 0.8 m depth by pitching
the nose down, inflating the oil bladder and rising the antenna out of the water.
The change in height for the PAR measurements was 0.3 m. The glider starts to
descend by deflating the oil bladder and pitching the nose down close to vertical
(Fig. 2.3b). The maximum change in height between the PAR and pressure
sensor was 0.8 m.

The accuracy of the PAR measurement height is improved after applying
the pitch angle offset. It is important that the PAR measurement height at
the near-surface is corrected as visible radiation is rapidly attenuated with
depth in this region. The majority of red wavelengths of visible radiation
are absorbed at a depth of �1 m, which is comparable to the maximum
change in height between the PAR and pressure sensor. Hence, correcting
PAR measurement heights at the near-surface would ensure that the optical
parameters for the attenuation of red wavelengths are accurately determined
when fitting a two-band solar radiation function to PAR profiles.
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Figure 2.3: PAR profiles from dive 84 measured from SG579 during the BoBBLE
campaign: (a) ascending dive 84 with no pitch correction (black dashed line and dots)
and with pitch correction (red dashed line and dots); (b) descending dive 84 with no
pitch correction (black dashed line and dots) and with pitch correction (red dashed line
and dots).

2.4 Backscatter data processing

The backscatter measurements provide a proxy of the amount of organic and
inorganic material that is suspended at a certain depth (Stramski et al., 2004).
The backscatter sensor transmits visible light at two wavelengths (l = 470 nm
and l = 700 nm) and measures the returned backscattered light from suspended
material in the water as a raw voltage (Fig. 2.4a). GliderTools, a Python
toolbox package used to clean, calibrate and convert raw glider data was used
to process the raw backscatter dataset (Gregor et al., 2019). The toolbox was
used to remove profiles of raw backscatter that displayed non-physical features
such as anomalously high voltage counts (Fig. 2.4b). Raw backscatter profiles
were removed if the median raw backscatter for a profile was larger than one
standard deviation (+1 SD) of the median raw backscatter of all the profiles.
The median raw backscatter of all the profiles was calculated below a reference
depth. The reference depth was defined as the average maximum depth of
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