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A B S T R A C T

Technical advancements have widened the limits of remote sensing in mapping shallow water benthic habitats and bathymetry over the last decades. On the other
hand, the needs of shallow water remote sensing have pushed instrument development. In this manuscript we provide 50-year retrospective of the developments in
the field in terms of both instrumentation and methods. We also show that spectral features characteristic of the main benthic groups in shallow water are consistent
from the tropics to sub-arctic regions and from salty to freshwaters. The fundamental limiting factor in both benthic mapping and bathymetry is absorption of light by
water molecules. However, spectral absorption by water molecules is the key to bathymetry derivation. Variable backscattering by particles and absorption by
dissolved organic matter is a confounding factor for all objectives. The combination of using the spectral and textural characteristics of bottom features and our
knowledge about these features have now resulted in the ability to map habitats over large coastal systems. This manuscript has shown that optically shallow water
remote sensing has reached levels where the satellite derived bathymetry and habitat maps are accepted by different end users (including the International Maritime
Organisation) and are routinely used in ecological studies, monitoring and management of coastal environments.

1. Introduction

The first published study on optically shallow waters appeared in
the very first issue of the Remote Sensing of Environment (RSE) in 1969
(Hickman and Hogg, 1969) although it was a LIDAR study, not passive
remote sensing that is the main focus of this review. For our purposes
here we can define optically shallow waters as those where an effect of
the bottom substrate is detectable in the water leaving radiance or re-
flectance signal. In most cases this means < 20 m deep waters whereas
in turbid coastal and inland waters it may mean 1–3 m deep waters.

After the initial paper in 1969 shallow water publications were re-
latively scarce in the RSE during the following years (Wezernak and
Lyzenga, 1975-1976; Jobson et al., 1980; Ackleson and Klemas, 1987).
The situation was not much different in other journals and conference
publications (Smith et al., 1975; Doak et al., 1980; Lyzenga, 1978,
1981; Jupp et al., 1981, 1985; Jupp and Mayo, 1982; Benny and
Dawson, 1983; Kuchler, 1986a, 1986b; Bour et al., 1986; Bour, 1988;
Spitzer and Dirks, 1987; Bainbridge and Reichelt, 1988; Philpot, 1988;
Nordman et al., 1990).

More rapid developments in the field started towards the end of the
last millennium where mainly coral reef remote sensing studies devel-
oped fast worldwide (Armstrong, 1993; Ferguson et al., 1993;

Luczkovich et al., 1993; Zainal et al., 1993; Mumby et al., 1994, 1997a,
1997b, 1998a, 1998b; Mumby et al., 1999a; Mumby and Harborne,
1999b; Maritorena et al., 1994; Ahmad and Neil, 1994; Jupp et al.,
1995; Brotas et al., 1995; LeDrew et al., 1995; Mazel, 1995, 1997, 2000;
Peddle et al., 1995; Maritorena, 1996; Morel, 1996; Tassan, 1996; Clark
et al., 1997, 2000; Green et al., 1996, 2000, Malthus and George, 1997;
Borstad et al., 1997; Knight et al., 1997; Holden and LeDrew, 1997,
1998a, 1998b, 1999; Pratt et al., 1997; Foster-Smith et al., 1998;
Holasek et al., 1998; Lee et al., 1998, 1999; Lee and Carder, 2002,
Zhang, 1998; Alberotanza et al., 1999; Kutser et al., 2000a, 2000b;
Anstee et al., 2000; Hochberg and Atkinson, 2000; Louchard et al.,
2000, 2003; Schalles et al., 2000: Wittlinger and Zimmerman, 2000;
Zimmerman and Wittlinger, 2000; Stephens et al., 2000; Andrefouet
and Payri, 2001; Andréfouët and Riegl, 2004; Andréfouët et al., 2001,
2002, 2003, 2004). Since then, coral reef environments in clear oceanic
waters were the primary focus of shallow water remote sensing for a
decade or so (Lubin et al., 2001; Elvidge et al., 2004; Hedley and
Mumby, 2002, 2003, Mumby et al., 2001, 2004a, 2004b; 2002; 2004;
Hedley et al., 2004, 2005, 2009, 2010, 2012a,b, 2016a,b; Minghelli-
Roman et al., 2002; Goodman and Ustin, 2002, 2007; Phinn et al.,
2001, 2005, 2010; Joice and Phinn, 2002; Joice et al., 2002, 2003,
2004; Roelfsema et al., 2002, 2010, 2013a, 2013b, 2013c; Dierssen
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et al., 2003, 2010; Fyfe, 2003; Kutser et al., 2003, 2006a, 2007, 2009;
Call et al., 2003; Kutser and Jupp, 2006; Hochberg et al., 2003, 2003,
2003, 2004; Purkis et al., 2002, 2004, 2005, 2008; Stumpf et al., 2003;
Yamano and Tamura, 2004; Conger et al., 2006; Mishra et al., 2006;
Capolsini et al., 2007; Klonowski et al., 2007: Johansen, 2008;
Rowlands et al., 2008; Walker et al., 2008; Soto et al., 2009; Eakin
et al., 2010; Knudby et al., 2010) before studies in temperate climate
and/or in optically complex coastal and inland waters started to re-
emerge more widely (Jupp et al., 1995; Giardino and Zilioli, 2001;
Roelfsema et al., 2001; Giardino et al., 2007, 2012, 2014, 2015; Dekker
et al., 2005; Kutser et al., 2006b,c,d, 2013; Vahtmäe et al., 2006, 2011,
2012; Vahtmäe and Kutser, 2007, 2013, 2016; Phinn et al., 2008;
Cavanaugh et al., 2010a; Casal et al., 2011, 2012, 2013; Brooks et al.,
2015; Giardino et al., 2016).

Knowledge about the properties and processes in shallow water
areas is critical from many points of view. For example, bathymetry
data is needed for navigation safety, planning fish or algae farms and
marine protected areas, designing nearshore infrastructure like ports
and wind farms. Basically, all marine activities and maritime spatial
planning requires depth data. However, hydrographic surveys are ex-
pensive and time consuming. There are large areas not accessible by
hydrographic ships because of shallowness or other dangers (rocks,
moving sand dunes, coral reefs). There are remote places, like many
coral reefs and islands, where hydrographic surveys are not feasible due
to remoteness and associated costs. And there are dynamic coastal
zones, like river deltas, where surveys are needed frequently and this
makes having up-to-date nautical charts very expensive. Remote sen-
sing is one of the potential tools to get sufficiently accurate bathymetry
maps over such areas. The International Maritime Organisation stan-
dards to nautical charts are quite strict and remote sensing based depth
maps (satellite derived bathymetry - SDB) do not often meet the re-
quirements. However, there are already nautical charts that contain
satellite derived bathymetry. For example, the UK Hydrographic Office
published their first SDB based nautical chart (GB2066) of Antigua in
2014 (www.ukho.gov.uk).

Species composition of benthic habitats and shifts in them are im-
portant indicators of water quality and ecological state of the shallow
water areas (Done, 1992). Seagrasses, the marine flowering plants
found in shallow coastal waters globally, are the only rooted marine
macrophytes and, as such, are crucial for coastal protection and bio-
diversity. The shoots emerge from rhizomes, which grow vertically and
horizontally, and form extensive “meadows” which provide a habitat
for many species of fish and invertebrates, and are significant con-
tributors to water oxygenation. Seagrass meadows have been shown to
influence water motion, velocity profiles and turbulent structures, all of
which play an important role in sedimentation processes and in general
water circulation (Ackerman and Okubo, 1993). In clear lakes, shallow
waters are often colonized by macrophytes that play a key role to
suppress sediment resuspension, stimulate sedimentary nutrient uptake,
and support well-structured food webs and habitat complexity (Strand
and Weisner, 2001, and references therein). In turbid lakes, where
phytoplankton abundance causes the development of structureless ha-
bitats, the restriction of the euphotic zone to the water surface layer
triggers the displacement of benthic vegetation and the onset of free-
floating and emergent macrophytes (Bolpagni et al., 2013). In turn,
positive feedback loop can establish which allow these vegetation forms
to self-perpetuate (Scheffer et al., 2003).

Benthic macroalgal communities play similar role in coastal eco-
systems like seagrasses. They are essential for many organisms as ha-
bitats, mating and nursery grounds, feeding areas and refuge. They also
stabilise and protect coastline and their cover and shifts in it are in-
dicators of ecological status of the coastal environments.

Generally, exchange of matter between land and waterbodies takes
place in the coastal zone. Benthic algal cover, seagrass beds and coral
reefs are critical as processors of land-based fluxes ranging from nu-
trients to pollutants. Substantial carbon processing takes place in

coastal zone. There are carbon budgets for land, but the role of coastal
waters in the carbon cycle (e.g. the amount of carbon fixed by benthic
habitats) is not known.

Coral reefs, one of the most diverse ecosystems on Earth, are in
decline globally (Pandolfi et al., 2003; Bellwood et al., 2004; Hoegh-
Guldberg et al., 2007). Climate change, ocean acidification, overfishing
and overexploitation of other marine resources, increasing fluxes of
soil, nutrients and chemical pollution from land are among the stressor
affecting coral reefs. This is not only a threat to biodiversity, but coral
reefs have substantial economic value in terms of the ecosystem ser-
vices they provide to human communities (Costanza et al., 1997). Some
coastal communities are highly dependent on reefs for subsistence, ei-
ther directly through fisheries or indirectly through tourism. Many reefs
lie in remote or inaccessible locations, so monitoring by remote sensing
is a valuable component of the management toolkit (Hedley et al.,
2016b).

Solving many of the above-mentioned problems is not possible
without remote sensing as global problems force ecological researchers
to perform environmental assessments at temporal and spatial scales
that can be difficult to achieve with traditional methods and there exists
a gap in scale that can be filled by using satellite images (Giardino and
Bartoli, 2009; Hedley et al., 2016b). Hedley et al. (2016b) pointed out
three types of issues related to coral reef remote sensing that are ap-
plicable to shallow water issues in general. These are: cost related, scale
related and focus related. Frequent field surveys are very expensive and
cover only small fraction of area actually needed. Moreover, coral reefs
and seagrass beds are often located far from research and mapping
infrastructure. Many shallow coastal areas are inaccessible for field-
based bathymetry surveys and habitat mapping due to shallowness for
hydrographic ships, dangerous shallow coral reef structures or rocks.
There are very dynamic regions where the shoreline and bottom
bathymetry are in constant change and mapping changes in bathymetry
with in situ surveys becomes unreasonably expensive. Coral reefs and
areas covered with macroalgae are highly heterogenous systems. Field
survey programs usually can only provide scattered in time and space
information about the benthic habitats. Most conventional monitoring
programs are focused on a limited number of biological indicators, but
rarely permit to understand drivers of changes occurring in the shallow
water areas.

Remote sensing technology provides a multitude of tools that can be
used in shallow water remote sensing. There are active and passive
sensors on satellite, airborne, ship board and underwater platforms.
LIDAR remote sensing has been used in shallow coastal water research
since the end of 1960s as was mentioned above. As an example, Wang
and Philpot (2007) produced maps of sand, continuous seagrass, and
discontinuous seagrass ranging from the depth of 0.8 to 4.3 m from a
single LIDAR flightline with limited in situ information. Lidar has been
used to characterise shallow water (< 30 m) to produce substrata,
biological and canopy structure habitat maps of subtidal coastal en-
vironments (Eren et al., 2018; Zavalas et al., 2014; Wang et al., 2019;
Tonina et al., 2019). However, the LIDAR equipment is typically and
order of magnitude more expensive than passive sensors, requires more
effort than passive equipment for flying it over areas with comparable
size and hence also for having repeated flights if higher frequency of
overpass is needed. In addition, some controlling factors such as water
clarity, bed material or surface state might limit the use of LIDAR for
multiple applications. Nonetheless, where light penetration is excellent,
the combination of LIDAR and passive sensors (multispectral, hyper-
spectral) recently showed how greatly aids environmental studies as
hydrodynamic modelling and ecosystem investigations (Kerfoot et al.,
2019).

Some studies (e.g. Renga et al., 2014 and reference herein; Mishra
et al., 2014) have instead investigated the use of Synthetic Aperture
Radar (SAR) microwave signals. SAR signal cannot penetrate into water
deeper than a millimetre, but in some cases it can provide indirect in-
formation about seabed morphology through surface wave patterns.
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Although SAR bathymetry might cover a wider range of shallow waters
irrespectively of the clarity of the water, it can map only seabed fea-
tures having scale length at least of the same order of magnitude as the
peak wavelength of the local swell field can be identified, while limiting
factors as image resolution, slicks, waves, fronts, weather condition
might limit the exploitation of this technique.

Only visible light can penetrate through the water column and give
us information about water depth and benthic habitats. On the other
hand, rather than LIDAR, passive remote sensing instruments can be
used from different platforms ranging from satellites and aircraft to
underwater imaging instruments (Dumke et al., 2018a, 2018b) and
laboratory devices to study shallow water bottom types, like corals and
algae, (Vahtmäe et al., 2018) at sub-millimetre scale. Therefore, we
focus on passive optical remote sensing in this review.

1.1. Progress of shallow water remote sensing due to technological
development

In the 1970s and 1980s coral reef and shallow water remote sensing
relied on multispectral imagery, since this was the only available
technology. The only satellite sensor that was available for shallow
water mapping in the 1970s was Landsat. Landsat series satellites were
designed for land applications. Their 8-bit radiometric resolution leaves
just a few grey-levels for describing the whole range of optical water
properties. Therefore, the possible use of Landsat series satellites in
optically deep water aquatic environments is limited (Olmanson et al.,
2008; Kutser, 2012). However, shallow water areas, and especially
coral reefs, are relatively bright targets, compared to optically deep
water, making Landsat series satellites usable in habitat and bathymetry
mapping (Smith et al., 1975; Doak et al., 1980; Kuchler et al., 1986a,b;
Jupp et al., 1981; Jupp and Mayo, 1982; Jupp et al., 1985; Bouvet et al.,
2003; Bello-Pineda, 2005; El-Askary et al., 2014; Roelfsema et al.,
2018a). Moreover, the long data series from Landsat satellites gives us
the only possibility to study long term changes in shallow water en-
vironment (Knudby et al., 2010, Lyons et al., 2013) as typically there is
no other long time series monitoring data available. The launch of
Landsat-8 in 2013 ensures the continuation of the data series, but the
improved radiometric resolution (12-bit instead of 8-bit) is beneficial
for all aquatic applications (Kovacs et al., 2018).

The first SPOT satellite was launched in 1986. SPOT had only two
spectral bands in the visible part of spectrum, compared to the three
bands of Landsat. However, it had better spatial resolution. SPOT
capabilities were used in coral reef remote sensing since the beginning
of the mission (Bour et al., 1986, Bour, 1988, Mumby et al., 1994).
Comparative studies showed that Landsat TM performance in coral reef
habitat mapping was slightly better than SPOT and SPOT was slightly
better than Landsat MSS (Mumby et al., 1997a, 1997b).

Despite the definitely lower spatial resolution, ocean colour radio-
meters have been also adopted since the previous century to provide
shallow water mapping at regional scale (Robinson et al., 2000), with
examples making use of the older SeaWiFS used to estimate net primary
production in seagrass and benthic algae (Dierssen et al., 2010) or the
recent OLCI onboard of Sentinel-3 providing temporal data to identify
water quality characteristics and general bathymetry patterns
(Caballero et al., 2019).

Hyperspectral airborne sensors (both imaging and non-imaging)
were available since the end of 1980s. However, space borne hyper-
spectral sensors have been, and still are, scarce. The first civil hyper-
spectral sensor in space was Hyperion on EO-1 satellite that was laun-
ched in the end of year 2000 (Ungar et al., 2003). Hyperion had 196
usable spectral bands in 400–2500 nm spectral region, each about
10 nm wide. Thus, it provided spectrally contiguous data for visible and
near infrared spectral range with 30 m spectral resolution. Hyperion
was primarily designed as a land sensor, but some parts of the Great
Barrier Reef were selected as test sites prior to the launch and Hyperion
imagery was successfully used in simultaneous mapping of water depth

and bottom type using modelled spectral libraries (Kutser et al., 2002;
Kutser et al., 2006a, 2006b, 2006c, 2006d). The next hyperspectral
sensor on satellite, PRISMA, was launched in March 2019. The first tests
are showing encouraging results for bathymetry retrieval as well as for
benthic mapping at 30 m resolution, with the potentiality to reach 5 m
resolution by fusing data gathered by panchromatic camera with
methods similar to those applied to Landsat-8 (Jagalingam and Hedge,
2017).

Hyperspectral spaceborne data was also available for a certain
period (2009–2014) and certain geographic areas (51.65°north and
south) from the International Space Station (ISS) using HICO imaging
spectrometer (Lucke et al., 2011). HICO had spectral coverage of
380–1000 nm, 124 spectral bands and spatial resolution of 100 m.
HICO imagery has been used for coastal bathymetry (Garcia et al.,
2014a, 2014b) and seagrass mapping (Cho et al., 2014). The following
hyperspectral sensor on ISS is DESIS, which is working operationally
since March 2019 and will continue at least until the end of 2023. It has
a spectral coverage of 400–1000 nm, 235 spectral bands and a 30 m
spatial resolution, for variable applications also including shallow
water mapping (Alonso et al., 2019).

Many airborne hyperspectral sensors (AISA, AVIRIS, APEX, CASI,
HyMap, HySpex, MIVIS, PHILLS, PRISM, etc.) have been used in
shallow water habitat and bathymetry mapping. Most of the sensors
have 10 nm or better spectral resolution and can be flown with 1 m or
smaller pixel sizes. The high spatial resolution is especially useful in
very heterogenous environments as it reduces the mixed pixel problem.
High spectral resolution, on the other hand, allows to detect features
caused by marker pigments increasing the chance to recognise certain
benthic habitat types. However, in early years the imaging spectro-
meters were often used in multispectral mode due to technical limita-
tions of the instruments. The number of spectral bands had to be re-
duced in order to get smaller pixel size as reading the data from the
sensor takes some time and using many spectral bands would have
resulted pixels elongated towards the flight direction because plane
speed cannot be reduced below certain critical limit. For example, CASI
had 288 spectral bands, but it was used with 8–16 spectral bands in
coral reef remote sensing (Clark et al., 1997; Mumby et al., 1998a,
1998b). It has to be pointed out that there are very few photons to
record from a dark target like water when pixels size is small and
spectral resolution is very fine. Fine spatial and spectral resolution
creates problems with signal to noise ratio (SNR) of the sensors used.
Nevertheless, imaging spectrometry has been offering unique oppor-
tunities for its improved capability to map bathymetry, distinguish
substrate types like coastal and inland water macrophytes, seagrass and
macroalgae in coastal and inland waters, different coral reef habitat
types and even map coastal biodiversity (Jupp et al., 1995; Clark et al.,
1997; Malthus and George, 1997; Mumby et al., 1997a; Holasek et al.,
1998; Alberotanza et al., 1999; Anstee et al., 2000, 2001; Green et al.,
2000; Zimmermann and Wittlinger, 2000; Giardino and Zilioli, 2001;
Davies et al., 2002; Dierssen et al., 2003; Joyce and Phinn, 2003;
Ciraolo et al., 2006, Vahtmäe et al., 2006, 2012; Vahtmäe and Kutser,
2016; Klonowski et al., 2007; Thorhaug et al., 2007; Brando et al.,
2009; Hunter et al., 2010; Hamylton, 2011; Casal et al., 2012,2013;
Bresciani et al., 2012; Chennu et al., 2013; Herkül et al., 2013; Joyce
et al., 2013; Leiper et al., 2014; Uhl et al., 2016; Malthus, 2017;
Thompson et al., 2017; Vahtmäe et al., 2019).

Spectral resolution of airborne sensors has improved in recent years.
For example, the Portable Remote Imaging Spectrometer (PRISM), of-
fers a spectral resolution of ~3 nm (Mouroulis et al., 2014), and the full
resolution has been employed for estimating seagrass canopy density
(Hedley et al., 2016a; Hedley et al., 2017) and for coral reef mapping
(Thomson et al., 2017). There are also airborne sensors with 2.5 nm
resolution, like HySpex (Vahtmäe and Kutser, 2016), however, the
spectral features of benthic habitats are usually broader and using such
spectral resolution creates also SNR problems. Therefore, the HySpex is
usually flown with 5.0 nm resolution in the case of aquatic applications
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(Vahtmäe and Kutser, 2016).
At present, there are no satellite sensors dedicated to coastal and

inland water studies (Palmer et al., 2015; Hestir et al., 2015; Mouw
et al., 2015). Therefore, shallow water remote sensing community has
to use all sensors that show promise. One direction in technical de-
velopment has been improving the spectral resolution, as was described
above. Another option is to use multispectral satellites with high spatial
resolution. Optically shallow waters are often spatially very hetero-
genous. Besides, the relatively low SNR hampering the use high spatial
resolution satellites in optically deep waters is not such a problem in the
case of relatively bright shallow water targets. Sensors like IKONOS
(launched in 1999), QuickBird-2 (2001), WorldView-2 (2009), World-
View-3 and WorldView-4 (2016) have brought the spatial resolution of
multispectral data down to 1.24 m and panchromatic imagery down to
0.31 m. Capabilities of these sensors in shallow water remote sensing
have been tested widely (Mumby and Edwards, 2002; Andrefouet et al.,
2003, 2005; Hochberg et al., 2003; Malthus and Karpouzli, 2003;
Purkis, 2005; Mishra et al., 2006; Benfield et al., 2007; Capolsini et al.,
2007; Vahtmäe and Kutser, 2007, 2013; Phinn et al., 2008; Lyons et al.,
2011; Hedley et al., 2012b, 2016b; Botha et al., 2013, Botha and
Brando, 2016; Hamylton et al., 2015).

Wide access to fixed wing and copter drones has made them at-
tractive also for shallow water remote sensing scientists (Joyce et al.,
2018). Cheap drones include only photo or video cameras on board.
Their imagery is very useful in detail mapping of small areas. However,
some specific to water problems have to be taken into account – the
flight lines have to be planned trying to minimise glint and it has to be
kept in mind that automated mosaicking software cannot cope with
homogenous areas (deep water, large sandy areas, etc.). Large drones
can fly with hyperspectral sensors weighting several kilograms. How-
ever, flying relatively small drones carrying costly instruments above
waterbodies may easily result loss of the instrument due to a wind gust
or small technical malfunction. Therefore, the wider use of drones,
ultralight planes and other small carriers has pushed also instrument
developers. For example, hyperspectral sensors weighting below 500 g
(Sima et al., 2016) or even below 200 g (Gamaya.com) have been de-
veloped.

Wider use of hyperspectral sensors and the need to understand the
capabilities of forthcoming satellite sensors forced researchers to mea-
sure spectral properties of different benthic habitats. Research groups
around the world collected reflectance data of different benthic

habitats. Majority of the instrument developments and collection of
spectral library of different benthic types took place in tropical and/or
coral reef environment (Holden and LeDrew, 1997, 1998a,b, 1999;
Mazel, 1997; Holden et al., 2000; Kutser et al., 2000a,b, 2003;
Hochberg and Atkinson, 2000; Hochberg et al., 2003a, 2003b;
Hochberg and Atkinson, 2003; Zimmermann et al., 2003; Roelfsema
et al., 2006; Roelfsema and Phinn, 2012, 2017a,b,c; Hamylton, 2011,
Reichstetter et al., 2015; Russel et al., 2015; Roelfsema and Phinn,
2013d; Garcia et al., 2018). However, there were also developments in
temperate coastal and inland waters (Penuelas et al., 1993; Alberotanza
et al., 1999; Anstee et al., 2000; Stephens et al., 2000; Wittlinger and
Zimmermann, 2000; Fyfe, 2003; Dekker et al., 2005; Kutser et al.,
2006c,d; Vahtmäe et al., 2006; Bresciani et al., 2012; Casal et al., 2012;
Bolpagni et al., 2014: Kotta et al., 2014; Brooks et al., 2015; Fritz et al.,
2017, Vahtmäe et al., 2019).

The need in reflectance data pushed also technical development.
Earlier studies used regular field spectrometers that were often very
bulky. The other option was taking corals and other benthic samples to
laboratory or measure their reflectance on the boat or shore im-
mediately after collection. This is a relatively good option used by many
authors cited in the previous paragraph. However, this is a destructive
method. Therefore, there was need in underwater instruments that
allow to collect as many as possible reflectance spectra without da-
maging the environment and possible effects of taking corals, plants,
macroalgae and other benthic habitats out from water.

A diver-operated spectrofluorometer, based on Ocean Optics S2000
spectrometer, was developed by Mazel (1997). It was possible to collect
also spectral reflectance with the instrument by measuring light re-
flected from different targets (coral, sand, seagrasses, etc.) and a
Spectralon panel (Lesser and Mobley, 2007).

Fig. 1 shows an early underwater spectrometer built for coral reef
studies in CSIRO Marine Research in Australia. The instrument was
built and tested in 1999 using two (upwelling radiance and down-
welling irradiance) Zeiss MMS-VIS spectrometers (used also by Trios in
Ramses spectrometers) and fibre optics to allow shadow-free mea-
surements of coral reef habitat reflectances. The instrument had 60 m
cable that allowed relatively free diving around a boat and the collec-
tion of reflectance spectra was carried out by the operator in the boat.
Three people were needed to measure bottom reflectances – a diver, a
snorkeller on the surface who communicated between the diver and
computer operator, and the computer operator who was running the

Fig. 1. Attaching video camera to CSIRO underwater coral reef spectrometer. Typical measurements were carried out without the camera. The study objects were
photographed for further identification. Many samples were later taken to the research vessel and reflectance of them was measured in and out of water.
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software. Development plans of the instrument included replacing the
regular laptop and cable system with an underwater touch-screen
laptop (a decade before the first iPad) and adding a GPS buoy as well as
a camera. Unfortunately, these plans did not materialise.

At the same time Zimmerman et al. (2003) built a diver-operated
bio-optical spectroradiometer (DOBBS) using three channel HydroRad
(HOBI Labs). DOBBS was placed at the sea bottom and allowed to
measure bottom reflectance at different fixed depths.

The complexity of having to communicate with surface support via
snorkeler or underwater communication devices, the long cables going
from the sensor to the computer in the moving boat (CSIRO system),
time consuming measuring process (DOBBS) and the lack of reviewing
spectra by the operator under water promoted the need to find in-
dependent solutions for fast spectral collection of optical data in a
submerged environment.

Rapid developments in both computer and spectrometer technology
made it possible to collect reflectance spectra with an independent
small setup that can be submerged and operated by a diver or snorkeler.
These setups have in common that the operator is able freely move
around in the water column to collect spectral signatures, review the
results underwater on a monitor and adjust the settings if required
without being depended or on communication through other people
and/or cables going from boat to diver. Initially, purpose built under-
water housing and palmtop software was integrated with small spec-
trometers (e.g. Ocean Optics 2000). Later, off-the-shelf setups were
available that provided the opportunity to have two spectrometers in
one housing and simultaneously collect upwelling and downwelling
spectral signatures (e.g. Jaz Ocean Optics). In other cases, more high-
end spectrometers were created with the same capability as the Jaz but
with better signal to noise ratio and stable working condition, built into
purpose built underwater housing (e.g. ASD field spec 2). A standard
camera (e.g. Lumix, or GoPro) was integrated in the spectrometer
system in order to allow later identification of the measured object
(Fig. 2).

The main aim of the in situ instruments described above was col-
lecting reflectance spectra of “pure” targets in order to be able to in-
terpret airborne and satellite imagery. Part of instrument development
has nowadays moved towards using imaging spectrometers underwater.
For example HyperDiver (Chennu et al., 2017) is a diver-operated
measuring complex that includes PAR, oxygen, pH, depth sensor and
video camera in addition to a hyperspectral imager. Dumke et al.
(2018a,b) made a remote operated deep water hyperspectral imager
that allows to map seafloor at the depths of several kilometres. On the
other hand, unmanned surface vehicles (USV, i.e. floating drones) are
also used to collect in situ data. For example, Mogstad et al. (2019)
developed a twin hull USV with a push-broom hyperspectral scanner on
board that collects underwater radiance with 0.5 cm spatial resolution.

This package's weight is around 95 kg and it requires some effort to
deploy. There are also more portable systems for collecting shallow
water reflectance. For example, Kutser et al. (unpublished) and SurfBee
designed an instrument package based on an inflatable board with
electric thrusters equipped with Trios Ramses spectrometers (hyper-
spectral reflectance below our above the water surface), Trios microFlu
fluorometers (water quality parameters like Chl-a, CDOM, etc.), sonar
and video. This system fits into a backpack and can easily be trans-
ported and used by a single person.

Advancements in in situ reflectance measurements capabilities in-
creased the amount of information available about different benthic
habitats. This information allowed to study which benthic types can be
separated from each other based on their optical signatures and in how
deep water it can be done. As was mentioned above, the main focus of
collecting hyperspectral reflectance properties of different bottom types
was in tropical environments where optical properties coral reef habi-
tats and seagrass beds were studied intensively (Maritorena et al., 1994;
Holden and LeDrew, 1997, 1998a, 1999; Kutser et al., 2000a,b, 2003,
2006a; Schalles et al., 2000; Stephens et al., 2000; Zimmerman and
Wittlinger, 2000; Lubin et al., 2001; Goodman and Ustin, 2002; Joyce
and Phinn, 2002; Fyfe, 2003; Hochberg et al., 2003a,b, 2004; Mumby
et al, 2004a, 2004b; Mishra et al., 2005, Roelfsema et al., 2006,
Roelfsema and Phinn, 2017a,b,c,d; Leiper et al., 2014. Nevertheless,
such measurements took place also in temperate environments and
optically more complex coastal and inland waters (Alberotanza et al.,
1999; Anstee et al., 2001; Phinn et al., 2001; Dekker et al., 2005; Kutser
et al., 2006c; Vahtmäe et al., 2006; Giardino et al. 2007; Villa et al.,
2015; Kotta et al., 2014; Vahtmäe et al., 2019). This increased sig-
nificantly our knowledge about optical properties of different shallow
water bottom types in different climate zones and with different water
salinities.

Sun-induced fluorescence contributes also towards the formation of
spectral signatures of corals (Mazel and Fuchs, 2003). A diver-operated
spectrofluorometer (Mazel, 1997) was designed to measure reflectance
of corals relative to Spectralon panel while illuminated with blue, white
and red LEDs. This device allowed one to understand better the for-
mation of the reflectance signal. However, it allowed also to collect
spectral reflectance of different bottom types as was mentioned above
(Lesser and Mobley, 2007).

1.2. Spectral signatures of shallow water habitats

The results of the spectral measurements described above showed
that optical properties of major bottom types are similar in tropical and
temperate as well as freshwater and oceanic environments i.e. the
characteristic features in reflectance spectra of major groups, like
brown algae, are consistent globally. Fig. 3 illustrates the shape of

Fig. 2. Small independent unit underwater spectrometers in action: ocean optics 2000 (a), Jaz Ocean optics(b), and ASD field spec 2(c), all setup with separate
camera on top to capture photo of endmember.
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reflectance spectra of many “brown” benthic types. This includes brown
macroalgae (Fucus vesiculosus, Pilayella sp. from the Baltic Sea and
Sargassum from the Great Barrier reef), brownish corals (Porites sp,
Acropora florida) and a soft coral (Sarcophyton sp.) collected in the Great
Barrier Reef (Kutser et al., 2000a,b, 2006a,b,c,d; Vahtmäe et al., 2006).
Typical features for all of them are the same – a peak at 600–610 nm
and two shoulders at around 575 nm and 650 nm (Maritorena et al.,
1994; Holden and LeDrew, 1997, 1998a, 1999; Kutser et al., 2000a,b,
2006a; Hochberg et al., 2003,2004; Kutser and Jupp, 2006, Vahtmäe
et al., 2006). The results seen in Fig. 3 show that it is nearly impossible
to separate different species of brown macroalgae, soft corals and ty-
pical brownish corals from each other based on their reflectance
spectra. Optical properties of soft and hard corals are determined by
microscopic algae (zooxanthellae). These symbionts contain pigment
peridinin, spectral absorption of which is almost identical to fucox-
anthin, present in brown algae (Hedley and Mumby, 2002). Therefore,
it is understandable that common yellow/brownish corals are similar to
each other and to brown macroalgae.

Coral reflectance may be determined by other pigments and fluor-
escence besides the optical properties of zooxanthellae (Shibata, 1969;
Takabayashi and Hoegh-Guldberg, 1995 Dove et al., 1995, 2001,
Mazel, 1995, 1997, 2000; Myers et al., 1999; Salih et al., 2000; Hedley
and Mumby, 2002; Mazel and Fuchs, 2003). In that case the reflectance
is different from typical brownish corals and brown macroalgae.
Hochberg et al. (2004) were able to distinguish two main groups of
corals based on their spectral signature – brown and blue. However,
Kutser and Jupp (2006) found that there are three main colour types of
corals – brown, blue and green. Characteristic spectral features of these
three groups can be seen in the Fig. 4. Blue corals don't have the typical
peak near 605 nm and two shoulders in their reflectance and green
corals have a very distinctive peak around 520 nm besides the 605 nm
peak and two shoulders.

Recognising corals at species level by their optical signature is not
possible (Kutser and Jupp, 2006; Russell et al., 2016). First of all, some
species, like several Acropora species, may have all three differently
coloured morphs as seen in Fig. 4. It is seen also in the Fig. 3 that brown
hard and soft corals, as well as brown macroalgae, are spectrally very
similar. Consequently, different colonies of the same species may have
as high variability in their reflectance as all corals combined and many
species are virtually identical making their recognition even with hy-
perspectral instrument challenging.

It is also hard to separate green algae and plants from each other.
For green algae and many species of seagrass their spectral reflectance
is dominated by chlorophyll and accessory pigments take a minor role.

Typically, they have relatively smoothly curved reflectance spectra
with a local maximum in green part of spectrum, while the common to
all plants high near-infrared signal is masked by water absorption
(Kutser et al., 2006a,b,c,d; Vahtmäe et al., 2006; Dekker and Pinnel,
2018). Fig. 5 illustrates normalised to 550 nm reflectances of green
algae and plants from Estonian coastal waters of the Baltic Sea
(Vahtmäe et al., 2006), Italy (Matta et al., 2014), the Great Barrier Reef
(Kutser et al., 2000, 2006) and Palau (Roelfsema, unpublished). It is
seen that there is some variability in the red part of spectrum. The
lowest values there are by bright green seagrass Enchalus while the
reddish colony of Potamogeton perfoliatus has the highest reflectance in
the red part of spectrum. However, water is absorbing light very
strongly in the red part of spectrum. Consequently, just a few centi-
metres or decimetres of water above the plant may make the same
Potamogeton perfoliatus inseparable from other green plants or macro-
algae as we cannot determine whether the change in reflectance was
caused by actual variation in target reflectance or just in water depth. It
must be noted that the particular Potamogeton specimen was more
reddish than majority of them in the Baltic Sea. Thus, a more common
Potamogenton reflectance is even more similar to other species shown in
the Fig. 5. There are a few studies where seagrasses or macroalgae have
been mapped at species level (Alberotanza et al., 1999), but those are

Fig. 3. Reflectance spectra of brown macroalgae (Fucus, Pilayella, Sargassum),
corals (Porites, Acropora) and a soft coral (Sarcophyton) collected in the Great
Barrier Reef and the Baltic Sea (Kutser et al., 2000a,b, 2006a, Kutser and Jupp,
2006; Vahtmäe et al., 2006). Spectra are normalised to values at 550 nm. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. Reflectance spectra of three different coral reflectance classes – green,
blue and classic brown. All three spectra belong to different colonies of plate
coral Acropora hyacinthus (Kutser et al., 2000a,b; Kutser and Jupp, 2006).
Spectra are normalised to values at 550 nm. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 5. Reflectance spectra of green algae and plants from the Baltic Sea and
Medditerranean as well as coral reefs in Palau. (Vahtmäe et al., 2006; Kutser
et al., 2006d; Matta et al., 2014; Roelfsema, unpublished). Spectra are nor-
malised to values at 550 nm. Some noise is aparent in the blue end of the
spectrum (<450 nm) due to low signal. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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probably some very simplistic cases e.g. the water depth is limited to
1–2 m, the number of algae/plant species is very small and they are
growing on bright substrate. Green et al. (1996) pointed out already
several decades ago that recognising even monospecific seagrass beds is
not possible, and recent hyperspectral work still demonstrates the dif-
ficulty to separate seagrass species such as Thalassia, Syringodium and
Halodule (Thorhaug et al., 2007; Hedley et al., 2017). Therefore, the
current knowledge suggests that green algae, seagrasses and other
submerged aquatic plants are hardly separable from each other based
on their optical signature (Fig. 5). However, combining spectral sig-
nature of seagrass species with textural characteristics of patches of
these species when using hyperspectral sensors could be very pro-
mising, as empirical work has shown that this could work for shallow
(< 3 m) coastal waters (Hedley and Enríquez, 2010; Roelfsema et al.,
2014). In the empirical approach seagrass species and cover were
mapped over time by differentiating areas with seagrass species based
on their texture and colour, using high spatial resolution multispectral
imagery and object based analysis techniques (Urbanski et al,. 2010;
Roelfsema et al., 2014).

It is seen in the Fig. 6 that the shape of reflectance spectra of red
algae collected in brackish temperate to sub-Arctic waters of the Baltic
Sea (Furcellaria, Ceramium, Polysiphonia) are nearly identical to red
algae and cyanobacteria reflectance colected in the Great Barrier Reef.
It is also seen that the typical doubble peak in reflectance spectra of
coral rubble is less distinct than in the case of long time dead plate of
Acropora hyacynthus covered with thich turf of algae. It is easy to un-
derstand as the red turf algae have better conditions for growing on a
fixed dead coral rather than continously moving coral rubble. Conse-
quently, the thick algal turf on fixed dead coral has pronounced spectral
features while thin film on rubble has only slightly detectable spectral
features.

It is also seen that cyanobacterial film (Lyngbya) on the sea bottom
has reflectance spectra that is nearly identical to red algae. This makes
separating these two bottom types nearly impossible based on spectral
signatures. The Lyngbya reflectance spectrum shown in Fig. 6 was
measured above brown film of cyanobacteria. Lyngbya films may also
be black, but the shape of their reflectance spectra is identical
(Roelfsema et al., 2006; Roelfsema and Phinn, 2012). The only differ-
ence is in absolute values of reflectance.

Reflectance spectra of differently coloured corals (Fig. 4) are quite
different from dead corals (Fig. 6), typically covered with thinner or
thicker film of algae. Thus, it is relatively straighforward to separate
live corals from dead corals based on their optical signatures if one has

a hyperspectral sensor. However, strong absorption by water molecules
makes these difference undetectable already in 2 m deep water (Kutser
et al. 2003).

Accurate identification and mapping with satellite and/or airborne
imagery requires that each substratum is different from deep water and
from other substrata within the study area. Also, the pixel size has to be
similar to the size of bottom features mapped. Two complementary
studies (Hedley et al., 2012b, Botha et al., 2013) offered a framework to
evaluate the sensor and environmental limits to mapping accuracy as a
function of the spectral characteristics of the substratum, the depth and
composition of the water column, and on the sensor spectral and
radiometric resolutions. Sub-pixel spectral mixing is also a primary
limiting factor for benthic mapping (Hedley et al., 2012a) raising the
need for spatial resolution of ~10 m or less (Hedley et al., 2012a,
Hedley et al., 2018a; Giardino et al., 2019).

Strong absorption of light by water itself makes it very difficult to
separate different benthic types from each other already in a few meters
deep water (Kutser et al., 2003). For instance, Giardino et al. (2007)
showed with bio-optical modelling that distinguishing macrophytes
beyond 7 m depth is not possible in a clear lake. Nearly similar are the
results for optically more complex Baltic Sea (Kutser et al., 2006a,b,c,d;
Vahtmäe et al., 2006). Obviously, the maximum depth depends on
detail level requested. For example, vegetated bottom can be separated
from sand (e.g. only two bottom classes) down to 8–9 m even in the
Baltic Sea while separating red algae from brown algae is practically
impossible even in 1 m deep water (Kutser et al., 2006a,b,c,d). The
situation is slightly better in clear oceanic waters. Kutser et al. (2003)
modelled separability of different coral reef bottom types from each
other when hyperspectral airborne (HyMap) or satellite (Hyperion)
data is available. The main differences between different bottom types
occur in the red part of spectrum that is quickly absorbed by water
itself. In optically complex waters the blue part of spectrum is absorbed
by CDOM and phytoplankton (Fig. 7) and the shorter wavelength range
cannot be used in mapping bottom types. In clear oceanic waters light
penetrates the deepest in the blue part of spectrum. However, there are
very little differences between different benthic types at these wave-
lengths as is seen in also in Figs. 3–6. So, in both cases absorption by
water molecules themselves is a fundamental limiting factor for remote
sensing mapping of different benthic types.

On the other hand, the dynamic range of absorption of light by pure
water, from being the least in the blue to very strong in the red part of
spectrum, is very useful for bathymetry mapping as small changes in
water depth have significant impact on the colour of the above-water
reflectance. For example, changes in water depth around 10 cm are easy
to detect on a bright bottom like sand even in optically complex waters
of the Baltic Sea (Vahtmäe and Kutser, 2007). However, the red part of
spectrum is relatively quickly absorbed by water molecules, both in

Fig. 6. Reflectance spectra of red algae and cyanobacteria collected in the
Baltic Sea and the Great Barrier Reef (Vahtmäe et al., 2006; Kutser et al.,
2000a,b, 2006a,d). Spectra are normalised to values at 550 nm. The first three
spectra were collected in the Baltic Sea and the last four in the Great Barrier
Reef. One of the specimen from the Great Barrier Reef was not identified at
species level. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)

Fig. 7. Spectral depth of penetration of light calculated from the diffuse at-
tenuation coefficient measured in the Great Barrier Reef (Oceanic) and central
parts of the Baltic Sea.

T. Kutser, et al. Remote Sensing of Environment 240 (2020) 111619

7



clear oceanic and optically complex coastal and inland waters. In
deeper water the blue and green part of the spectrum have to be used in
depth estimation. Water molecules absorb much less in the blue and
green part of spectrum and consequently the change in water depth has
to be much larger to cause an equivalent change in reflectance as seen
in at red wavelengths for smaller depth variations. In addition, due to
the physics of light transmission, the relationship between reflectance
and depth is inherently exponential, in that there is progressively less
change in reflectance as waters become deeper. Ultimately, ap-
proaching the depth of penetration reflectance ceases to change with
increasing depth. Consequently, the potential error in depth estimation
grows from centimetres to meters as a function of depth. Fig. 7 shows
examples of the spectral depth of penetration in the very clearest
oceanic waters and in the clearest waters of the relatively CDOM-rich
Baltic Sea (occurring in the middle of the sea and in coastal upwellings).
It is seen that the differences between the two water types in the red
part of spectrum are relatively small. In practice, in the clearest waters
over bright (sand) substrates depths of 20 m can be estimated without
systematic errors, although pixel-to-pixel noise is large, i.e. reasonable
accuracy but low precision (Fig. 8). In CDOM-rich waters depth may not
be estimated below a few meters (often just a few decimetres). In waters
with very high backscatter (e.g. due to sediment plumes) depth may not
be estimable at all. A large component of the loss of precision in deeper
waters is pixel-to-pixel noise from sea surface fluctuations (e.g. sun
glint), sensor noise, and also potentially from geo-referencing un-
certainty. So spatially filtering bathymetry results to lower spatial re-
solution can increase the precision (Fig. 8c).

Methods used in habitat and bathymetry mapping.
Visual image interpretation was the main benthic habitat mapping

method in the analogue imagery (e.g. aerial photography) era where
spatial features were delineated manually and labelled with a mapping
category. Visual interpretation has not completely gone from inter-
pretation of digital imagery despite being a subjective method, because
for shallow water benthic mapping the ability of a knowledgeable user
to visually interpret an image is still superior to computational inter-
pretation (although developments in Artificial Intelligence may change
this situation). However, digital imagery allows the use of more
quantitative methods and also automation of processing to reduce the
effort of the operator. Empirical methods were, and still are, widely
used in both bathymetry and benthic habitat mapping.

Different supervised and unsupervised image processing methods
are often used in habitat mapping. For example, image is classified into
as many classes as mathematically possible and then names are given to
each class (e.g. sparse seagrass at 1 m depth, coral with some

macroalgae, etc.) based on fieldwork results (Green et al., 2000). An-
other option is carrying out fieldwork and using this data in supervised
classification (Kovacs et al., 2018; Roelfsema et al., 2018b). In both
cases there is need in as large as possible amount of field data from the
exact study site, preferably collected during the sensor overpass. Al-
though potentially precise these methods are effectively limited to ap-
plication on single scenes and the results are not transferable from
image to image and from sensor to sensor. There have been attempts to
use a limited number of benthic classes with one particular sensor
(Ikonos) in different study sites to get consistent habitat maps
(Andrefouet et al., 2003). However, this proved difficult as the benthic
habitats are different in different locations, and the extent and com-
plexity of study areas influence these variations as well (Roelfsema
et al., 2013a,b; Asner, 2017).

Empirical methods for bathymetry and habitat mapping are quite
robust and easy to use. However, they are site specific, sensors specific
and require large amount of in situ data, preferably collected during the
remote sensing sensor overpass. Moreover, water depth and bottom
type cannot be retrieved simultaneously. One of the two has to be
known or at least guessed. Physics-based methods using the full re-
flectance spectrum have to be used in order to avoid shortcomings of
the empirical methods. Theoretically, it should be possible to collect a
hyperspectral library that contains reflectance spectra of all possible
bottom types at all possible water depths and for many optical water
types, and then use some spectral matching technique to retrieve water
depth and bottom type simultaneously. For example, USGS has created
high resolution spectral library for minerals (Kokaly et al., 2017).
However, it is easier to use modelling to create such database for
shallow waterbodies. The models used may be simpler bio-optical
models (Maritorena et al., 1994; Gege, 2004; Gege 2014) or radiative
transfer models such as HydroLight (Mobley, 1994). Models that in-
corporate benthic structural complexity have been devised but as yet
have not been used for applied mapping (Hedley, 2008;Hedley and
Enríquez, 2010 Hedley et al., 2016a). All models need information
about reflectances of different bottom types and these are relatively
consistent worldwide as was shown above. Thus, these methods can be
applied without the need to carry out fieldwork in a particular study
site. The analytical methods can also estimate the optical properties of
the water, however what is required is that the possible range of optical
properties and bottom reflectances is encompassed in the analysis. In-
situ data can be useful to restrict these ranges in order to make the
processing faster. If there is no in situ data the ranges can be made
conservatively wide but then potential uncertainty arises. Typically, the
computations are done hyperspectrally so transferring the methods

Fig. 8. Bathymetry from semi-analytical ALUT inversion of Sentinel-2 data (bands 1–5) for Lizard Island, Australia (see Hedley et al., 2018a). Location of echo sound
data points (a); Results at 10 m resolution show decrease in precision with depth from ~4 m (b); Results spatially filtered, where each pixel becomes the mean of its
5 × 5 neighbourhood (c), shows that pixel-to-pixel noise is a large contribution to reduction in precision, and in this example systematic accuracy decreases from
15 m. Red lines delimit 95% of the points in 1 m x-axis steps. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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from one sensor to another just requires convolving the calculation with
the spectral response functions of different sensors. Uncertainties are
less for sensors with more bands or with good signal to noise ratios, but
good results can be obtained from multispectral data such as Sentinel-2
(Hedley et al., 2018a).

Some analytical methods have been based on pre-modelled spectral
libraries (Kutser et al. 2002; Kutser et al., 2006a,b,c,d; Mobley et al.,
2005; Lesser and Mobley, 2007). The libraries (look-up tables - LUTs)
included reflectance spectra of different bottom types at different water
depths. There are different methods to select the best matching spec-
trum from the spectral library. For example, Kutser et al. (2002) and
Kutser et al. (2006a,b,c,d) used Spectral Angle Mapper, Mobley et al.
(2005) and Lesser and Mobley (2007) used least square distance
minimisation. All the authors used HydroLight to create their spectral
libraries.

A variety of methods are used to “invert” physics-based models i.e.
to find a set of conditions that give rise to the spectral reflectance in
each pixel. Brando et al. (2009) used an inversion-optimization method
while Lee et al. (1998, 1999) used a nonlinear optimization technique.
Hedley et al. (2009) used an adaptive look-up table (ALUT) technique
that builds a look-up table evenly distributed in spectral space rather
than parameter space, this enables efficient inversion of the Lee et al.
model and uncertainty propagation (Hedley et al., 2010, 2012a,b,
2016b, 2017). All analytical methods retrieve water depth and bottom
type simultaneously.

The pioneer work of Lee et al. (1998, 1999) and Albert and Mobley
(2003) have been further developed in following years in order to in-
clude a relative linear mixed distribution of up to three different sub-
strates (e.g. Giardino et al., 2007, 2012; Goodman and Ustin, 2007;
Klonowski et al., 2007; McKinna, 2015; Petit et al., 2017). A finer dif-
ferentiation in water constituents was introduced to retrieve the con-
centrations of the optically active constituents and to differentiate
among phytoplankton types (Brando et al., 2009; Anstee et al., 2010;
Gege, 2014). Quality control procedures based on the semi-analytical
model and the characteristics of the sensor enable to recognise optically
deep from optically shallow waters during the inversion optimization
and thus identify automatically pixels where depth retrieval is not ac-
curate (Brando et al., 2009). A comparative study from Dekker et al.
(2011) of five different inversion physics-based methods applied to
airborne imaging spectrometry all provided accurate retrievals of
bathymetry and benthic reflectance in waters< 13 m deep, with
homogeneous to heterogeneous benthic or substrate cover. However, it
also showed that empirical approaches were relatively accurate as well.

Work on improving and understanding inversion methods con-
tinues, with various publications on uncertainty (Jay and Guillaume,
2014, Jay et al., 2018) and efficient processing methods (Garcia et al.,
2014a,b, 2015, 2018). Typically, the current physics-based methods use
the concept of linear spectral mixing in the bottom reflectance to deal
with mixed bottom types. However, the composition of some benthos,
especially on coral reefs, is structurally complex. Canopy modelling, as
often used in terrestrial remote sensing, is less well developed in
shallow water mapping although some work on 3-dimensional optical
modelling of coral reef structures (Hedley, 2008, Hedley et al., 2018b,
2018a), and seagrass canopies (Hedley et al., 2010, 2016, 2017; Hedley
and Enríquez, 2010) has been done.

Analytical methods have significant advantages compared to the
empirical methods – it is possible to retrieve water depth and bottom
type simultaneously, there is no need for in situ data from the particular
study site, and the methods are easily transferable between sensors. The
analytical methods have also two shortcomings – first of all, they take
computationally more time than empirical methods. Secondly, the
“physically correct” models require high quality input data. This can be
very hard to achieve as there are no atmospheric correction methods
that provide accurate water reflectances for shallow and/or optically
complex coastal waters. A minor error made in atmospheric correction
(e.g. when using land remote sensing methods like Sen2cor) may be as

big as the whole water leaving signal in waters just a few meters deep.
Very bright (e.g. coralline sand, corals in shallow water, etc.) targets are
to a certain extent easier objects as the water leaving signal is relatively
strong compared to deeper water and the atmospheric correction errors
are less crucial. However, the signal drops significantly when the water
is deeper than 1–2 m. As a result, the errors in atmospheric correction
become as large as the water leaving signal and the outputs of physics
based inversion methods may turn unrealistic.

One of the possible options to avoid this problem is using top of
atmosphere imagery and top of atmosphere spectral libraries. For ex-
ample, Kutser et al. (2002) and Kutser et al. (2006a,b,c,d) showed that
using the top of atmosphere spectral library (bottom spectra modelled
through water with variable depth using HydroLight and then model-
ling the signal through the atmosphere) produced significantly better
water depth and benthic habitat maps than applying the above water
spectral library on atmospherically corrected imagery. Large areas of
the atmospherically corrected imagery remained unclassified with the
conventional workflow (atmospheric correction before image inter-
pretation) as there were no similar spectra in the modelled spectral li-
brary. Obviously, the atmosphere properties are also variable and there
may be a need to create a spectral library that includes different at-
mospheric conditions besides different water column properties. How-
ever, cloud-free images with good atmospheric transparency are typi-
cally chosen for optical remote sensing and therefore, the atmospheric
conditions are relatively similar when good images are acquired. Con-
sequently, there may be no need to use many atmospheric conditions in
creating the top of atmosphere spectral library. However, such tests
have not been made. The results from Kutser et al. (2002) and Kutser
et al. (2006a,b,c,d) used Hyperion imagery with contiguous spectra
with 10 nm spectral resolution.

Since the last decade the introduction of object-based image ana-
lysis (OBIA) has spearheaded new approaches to map and monitor coral
reef habitats. OBIA proceeds by initially segmenting the imagery into
“objects” using polygons, where the objects represent a group of pixels
with specific thematic, spectral and textural properties. Next, objects
are assigned to classes on the basis of membership rules (Blaschke,
2010). A variety of studies have now been using OBIA approaches
successfully to map seagrass and coral reef habitats (Saul and Purkis,
2015; Urbański et al., 2010, Leon and Woodroffe, 2011, Leon et al.,
2012a,b, Phinn et al., 2012, Baumstark et al., 2013, Lyons et al., 2013,
Roelfsema et al., 2013a,b, Zhang et al., 2013, Joseph et al. 2015,
Wahidin et al., 2015, Selgrath et al., 2016, Teixeira et al., 2016, Xu
et al., 2016, Kovacs et al., 2018, Poursanidis et al., 2018, Roelfsema
et al., 2018a,b). Recent OBIA approaches have been strengthening the
differentiation between habitat classes at various levels by including
next to the satellite image also physical attributes such as water depth,
slope and wave climate (Roelfsema et al., 2018a,b). These physical
attributes are known to influence geomorphic zonation, benthic com-
position and coral type and therefore, once known for the extent to be
mapped, provide the ability to map larger reef systems. This removes
the limit of processing single image scenes and can extend to mosaics of
tens to hundreds of scenes covering hundreds of reefs. The OBIA ap-
proach has now been adapted in large scale habitat mapping programs
for the Great Barrier Reef (Roelfsema et al., 2018a,b; Roelfsema et al.,
2020; Lyons et al., n.d.) in Australia and for a global coral reef mapping
initiative (www.AllenCoralAtlas.org). Both programs use as main input
data set, from multi spectral satellite derived surface and bottom re-
flectance products. The satellite products are also used to derive
bathymetry, which then is used to calculate reef slope and model
parameters describing the surface wave climate.

Given its higher spatial resolution, MSI on Sentinel-2 should be
considered as a key bathymetric and benthic mapping satellite; by
adding the capacity of revisiting the same area every 5 days it is also
relevant for tracking changes. Therefore, in the last years a number of
studies have been developed to perform shallow water studies with
Sentinel 2, both in lakes (Dörnhöfer et al., 2016; Fritz et al., 2017; Fritz
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et al., 2019; Ghirardi et al., 2019), in the Mediterranean Sea (Traganos
and Reinartz, 2018; Traganos et al., 2018), and in the tropical reefs (e.g.
Hedley et al., 2018a,b; Immordino et al., 2019). Although the well-
known risk of environmental conditions, such as sunglint, that could
hinder the use of data in during the months around the summer solstice.
The results that have been produced so far are demonstrating both the
accuracy in bottom depth and in classifying substrate types. For ex-
ample, Caballero et al. (2019) mapped bathymetry at 10 m with errors
of 0.58 m for depths between 0 and 18 m in West Palm Beach, improved
to 0.22 m at depths ranging between 0 and 5 m in Key West, in con-
ditions with lower turbidity.

A further example of Sentinel-2 shallow water mapping is given in
Fig. 9, that shows the products on bottom depth and substrate type as
retrieved from spectral inversion (i.e. a non-linear optimization proce-
dure) of a semi-analytical bio-optical model available in the SNAP (the
open-source ESA Sentinel Application Platform). Based on field data,
the mean absolute error of depth was 0.34 m while the Pearson cor-
relation coefficient r was 0.92, for depths ranging from 1 to 6 m. The
spatial distribution of the three classes of bottom types (i.e. two groups
of macrophytes associations and un-colonized substrates) were also

comparable to field investigations. Fig. 9 also shows a finer scale
mapping for the Secca del Vo, an underwater rock bed reaching close to
the surface were shallow waters are colonized by native valuable beds
of macrophytes. A high density of biomass was confirmed for this site
by field surveys (scuba divers and videos).

Recent work on seagrass species and percentage cover mapping for
shallow (< 3 m) water has shown to be successful to semi-automated
mapping of these properties using object based analysis of high spatial
resolution multi spectral imagery and field data (Roelfsema et al. 2014)
(Fig. 10). The same approach is now being applied for coral reef en-
vironments as well to present a time series of benthic composition
(Roelfsema et al., 2018a).

2. Summary

Evolution of sensor developments has allowed significant im-
provements in shallow water habitat and bathymetry mapping and vice
versa, remote sensing needs have pushed sensor development during
the last 50 years. The in situ data collected around the world suggests
that there is no major difference between the bottom reflectances

Fig. 9. Sentinel-2 true colour image of southern part of Lake Garda (Italy) acquired on June 2, 2017, with retrieved bottom depth and bottom types using the SWAM
analytical model available in SNAP software. The zooms on top right are on Secca del Vo, a pelagic shallow water area colonized by native valuable beds of
macrophytes
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Fig. 10. OBIA-derived maps of dominant seagrass species for the Eastern Banks, Moreton Bay, Australia using high spatial resolution imagery (Roelfsema et al.,
2014).
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collected in tropical to sub-Arctic regions as well as in oceanic, brackish
or freshwaters. The main spectral characteristics of each group remain
the same everywhere, and even between groups when pigments are
similar.

Bathymetry mapping from airborne and satellite sensors is relatively
established (Hamylton et al., 2015; Botha et al., 2016). Higher accuracy
can be achieved in waters< 8 m deep (Figs. 7 and 8) where strong
absorption by water molecules creates significant changes in water
reflectance across the visible wavelengths. The precision drops in
deeper waters where shorter wavelengths (blue to green) have to be
used and as much larger change in water depth is needed to create
change in reflectance that is detectable by remote sensing sensors. In
clear oceanic waters SDB works reasonably well down to 20 m. How-
ever, per-pixel noise increases with depth, so estimated depths of 20 m
are to be interpreted as spatial averages, individual pixels may have
errors of up to 5 m (Hedley et al., 2018a). The reliability of satellite
derived bathymetry has reached levels where it is already used in
production of nautical charts.

There have been significant developments in benthic habitat map-
ping methodologies during the last 50 years. Empirical methods re-
quiring lots of field data were used in early years while different ana-
lytical methods emerged during the last two decades. There are
different analytical methods, as was described above, however, there is
no single approach that has been adopted as “industry standard”.

The problems in remote sensing habitat mapping are also related to
classification schemes. The bottom classes that can be derived in remote
sensing are often driven by optical signatures. The classes requested by
end users of remote sensing products (biologists, ecologists, coastal
managers) use different classification schemes. In some cases the re-
quested classes are not separable from each other based on their optical
signature, but integration with eco-geomorphological knowledge could
differentiate these classes (Andrefouet et al., 2003; Benfield et al., 2007;
Roelfsema et al., 2018c). In some cases remote sensing can even provide
more detailed information than the users need (Kutser et al., 2002;
Kutser et al., 2006a,b,c,d; Roelfsema et al., 2018c). However, there is
no good agreement between the two and this hampers the use of remote
sensing. Coastal areas are also highly variable. Therefore, it is nearly
impossible to use a consistent benthic classification scheme every-
where. There is obviously a need in accounting for other data besides
the spectral signatures of benthic habitats. For example, contextual
editing (e.g. taking into account water depth as many species grow only
in certain depth range) and object based analysis have been used
(Roelfsema et al., 2018c). Different machine learning methods are in
their early stages of application in this field (Kotta et al., 2013;
Thompson et al., 2017; Parson et al., 2018), but are most probably the
way to go as rugosity, structure of different objects, water depth and
maybe some other parameters have to be taken into account besides the
spectral signature when producing shallow water benthic maps.

2.1. Future directions

It is practically impossible to get depth maps of all coastal areas in
the world with sufficient frequency using in situ surveys. Constellations
of high spatial resolution satellites already provide plenty of data with
high temporal resolution. Thus, it can be expected that use of SDB will
widen in the near future. Uptake of the SDB by the hydrographic
community is hampered by the challenge of placing SDB products
within IHO standards. However, there are discussions how to fit SDB in
IHO quality system and some countries have already used SDB in their
nautical charts.

Mapping water depth and/or bottom type in coastal and inland
waters using remote sensing sensors have typically been one off case
studies as acquiring high resolution imagery with high temporal fre-
quency is prohibitably expensive. Frequent availability of free medium-
resolution data, like Sentinel-2 MSI imagery with 10 m resolution,
opened new possibilities in mapping benthic habitats that were not

possible before. For example, coral bleaching may be detectable by
remote sensing only in a few days as recovering coral gets darker again
and dead coral is overgrown by filamentous algae within a few days
(Fang et al., 1995; Hedley et al., 2018a). Density of microalgae on sand
in coral reef lagoons is highly variable and depending on weather
conditions i.e. sand erosion (Paterson et al., 1998; Decho et al., 2003;
Borrego-Acevedo et al., 2014). Spatial resolution and 2–5 day revisit
time allows to study such dynamic processes with Sentinel-2 (Hedley
et al., 2018a; Skirving et al. 2018).

Launching of constellations of small satellites with very high spatial
resolutions (< 5 m) will increase further our chances to move from
simple mapping studies to process studies and near real time mon-
itoring (Asner et al., 2017; Li et al., 2019a,b). The data is becoming also
more easily accessible as it can be rented instead of purchasing whole
scenes.

High spatial resolution remote sensing may provide us indirect in-
formation about species richness even if not too many bottom types are
recognisable in remote sensing imagery. Herkül et al. (2013) showed
that the spatial heterogeneity of remote sensing data is related to spe-
cies richness of both phyto- and zoobenthos. On the other hand, the
accuracy of benthic habitat maps have reached the level when they can
be used also in ecology and process studies (Hochberg and Atkinson,
2008; Palandro et al., 2008; Hochberg, 2011, Knudby et al., 2013;
Lyons et al., 2015; Gonzales-Rivero et al., 2016; Hamylton et al., 2017;
Samper-Villarreal et al. 2018) and management (Jupiter et al., 2013;
González-Rivero et al., 2014) including reef restoration (Foo and Asner,
2019). Consequently, it may be feasible to develop indices that describe
benthic biodiversity in broader sense not only the presence or absence
of a few key species.

Many countries have produced their national carbon budgets.
However, these take into account only land-based carbon. Shallow
water areas are relatively extensive in many countries. However, the
role of benthic habitats in the carbon cycle has not been yet accounted
for appropriately (Cavanaugh et al., 2010b; Dierssen et al., 2010; Hill
et al., 2014; Ralph et al., 2018; Macreadie et al., 2017).

The Global Climate Observing System has defined Marine Habitat
Properties as one of the 54 essential climate variables (ECVs). Coral
reefs and seagrass beds are among the required ECV products (https://
gcos.wmo.int/en/essential-climate-variables/ecv-factsheets). Thus, it is
obvious that most of the studies cited in this review contribute towards
monitoring of these two ECV products (Muller-Karger et al., 2018).

The use of hyperspectral optical imagery in aquatic studies has
broadened during the recent years. For example, hyperspectral close
range imagers have been used to map benthic habitats in deep ocean
(Dumke et al., 2018a,2018b) and submillimetre scale imagery collected
either in laboratory or in situ (Chennu et al. 2013, n.d.; Barille et al.,
2017; Russell and Dierssen, 2015, 2018; Vahtmäe et al., 2018) allows to
study physiology of aquatic plants and animals. Thus, the shallow water
remote sensing methods can be used also in deep water and in la-
boratory studies.

From processing and interpretation point of view there are minor
differences between data collected from different sensors whether they
are in space, plane, drone, just above the water surface (moorings,
profiling buys, jetties, ships of opportunity, unmanned autonomous
vehicles, remote operated vehicles), close to the ocean floor (unmanned
or remote controlled) or are used for submillimetre scale laboratory
studies of aquatic flora and fauna in laboratory conditions. Thus, the
passive optical remote sensing methods already have very wide range of
applications and this will probably broaden in the coming decades.
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