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Abstract 1 

The biodiversity and high productivity of coastal terrestrial and aquatic habitats is the 2 

foundation for important benefits to human societies around the world. Field surveys can cover 3 

only a small fraction of these globally-distributed habitats, which need to be sampled much more 4 

frequently and systematically. Sunlight reflected by these areas contains the absorption, 5 

scattering, and fluorescence signatures of the surface ocean (functional phytoplankton groups; 6 

colored dissolved and particulate matter), and biologically-structured habitats (floating and 7 

emergent vegetation; benthic habitats like coral, seagrass, algae). These can be used to evaluate 8 

sets of Essential Biodiversity Variables (EBVs), including the distribution and abundance of 9 

species populations, traits of organism assemblages, and fragmentation of different elements of a 10 

particular habitat using remote sensing methods. Satellite-based sensors can provide the 11 

synoptic, repeated, and frequent observations needed to characterize EBVs over scales spanning 12 

tens of meters to kilometers. These ecosystem elements can change rapidly with disturbances 13 

like extreme tides, extreme fresh or salt water availability, extreme temperatures, severe storms, 14 

and human use, pollution, or physical destruction over scales relevant to human activity. Yet, 15 

making the observations needed to evaluate EBVs and how they change requires a new 16 

generation of satellite sensors with high fidelity in four categories: 17 

a. Spatial resolution, of order 30 m pixels or better, to observe coastal wetlands and 18 

submerged biologically structured habitats. 19 

b. Spectral resolution, of order of 5 nm in the visible and 10 nm in the short-wave infrared 20 

spectrum (or at least two or more bands, at 1030, 1240, 1630, 2125, and/or 2260 nm) for 21 

atmospheric correction, aquatic, and vegetation assessments; 22 
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c. Radiometric quality, with signal to noise ratios (SNR) above 800, 14-bit digitization, 23 

absolute radiometric calibration < 2%, relative calibration 0.2%, polarization sensitivity 24 

<1%, high radiometric stability and linearity, and minimizing sunglint; and 25 

d. Temporal resolution of hours to days. 26 

We refer to these specifications as H4 imaging. An agile satellite in a 3-day repeat low-27 

Earth orbit could sample several hundred coastal habitats daily. Global coverage may be 28 

achieved with several H4 satellites. Such information is required to sustain ecosystem 29 

services, including food provisioning and water security around the world. 30 

 31 

Keywords 32 

Coastal zone, wetland, aquatic, vegetation, ecology, remote sensing, hyperspectral, H4 imaging, 33 

Essential Biodiversity Variables, EBV 34 
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Introduction 35 

Water and life – no two features more completely define planet Earth and no two are more 36 

inextricably intertwined. This link is especially strong in the coastal zone, where life is diverse 37 

and productive at many levels of the food web. Yet monitoring changes in life and habitat in 38 

coastal habitats has been difficult. Field measurements on land or in adjacent shallow aquatic 39 

areas can be detailed and of high quality, but they are often limited by temporal frequency. 40 

Because they are expensive and hard to conduct, these studies and surveys typically cover only 41 

small areas. Thus, for the most part, the highly variable aquatic and emergent elements of coastal 42 

habitats, including wetlands, remain among the least sampled habitats on the Earth’s surface. The 43 

physical and biological elements of coastal habitats can change rapidly with many types of 44 

disturbance, such as extreme tides, extreme temperatures, lack of or too much fresh water, severe 45 

storms, and human use, pollution, or physical destruction. 46 

Characterizing coastal habitats in a manner that is relevant to scientific, conservation, and 47 

other socio-economic goals requires measurements that are sensitive to temporal changes, that 48 

are cost-effective, and that allow for an assessment across large spatial scales. These criteria are 49 

the basis for Essential Climate Variables (Bojinski et al., 2014) and for systematic ecological 50 

observations using Essential Biodiversity Variables (EBV; Pereira et al., 2013). In this 51 

manuscript, we outline specifications for satellite remote sensing of coastal measurements that 52 

offer the potential for rapid, frequently repeated, and consistent high-quality observations to 53 

characterize changes in EBVs across a wide range of terrestrial and aquatic ecosystems. We 54 

specifically address EBV relevant to community composition and trait diversity. We refer to this 55 

remote sensing strategy as H4 imaging because it is based on requirements for high spatial, high 56 

temporal, high spectral, and high radiometric quality, as described below.  57 
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Many terrestrial ecosystems are just as diverse and difficult to monitor as coastal aquatic 58 

areas. They contain mosaics of different habitats with assorted substrates and living elements 59 

spread over scales spanning tens of meters to kilometers. They can change rapidly due to the 60 

overlap in phenologies of different populations of organisms, or because of a disturbance like a 61 

fire or a hurricane. To characterize the diversity, composition, and function of both terrestrial and 62 

coastal ecosystems, we need the type of synoptic observations described here. 63 

 64 

The Relevance of the Coastal Zone 65 

Humanity benefits directly from marine resources concentrated along the coast, including 66 

obtaining clean water, food, energy, pharmaceuticals, and using spaces for recreation (Hay and 67 

Fenical, 1996; Mimouni et al., 2012; Malve, 2016). Areas within 100 km of the coast provide 68 

benefits equivalent to over 60% of the world’s total Gross National Product, or over US$26 69 

trillion every year (MEA, 2005a). Coastal areas include wetlands, broadly defined as biologically 70 

structured habitats where water saturation is a dominant factor in determining the plant and 71 

animal communities that occupy these areas. Wetlands include rocky shores, coral reefs, and sea 72 

grasses to a depth of 6 m at low tide per the definition used by the Ramsar Convention (Scott and 73 

Jones, 1995; Finlayson, 2016). This definition is loosely based on the classification developed by 74 

Cowardin et al. (1979) for the U.S. government. Coastal wetlands alone provide over US$15 75 

trillion in annual benefits, including significant protection to human life and property (MEA, 76 

2005b; Barbier, 2016; Narayan et al., 2017). Yet, between 30 and 70% of wetlands were lost in 77 

the 20th century as a result of development, pollution, poor water management, and overfishing 78 

(Bromberg-Gedan et al. 2009; Bruland, 2008; Davidson, 2014; Hu et al., 2017). An additional 79 
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20-70% of coastal wetlands could be lost by 2080 because of sea level rise and continuing 80 

related human pressures (Nicholls, 2004; Gardner et al., 2015). 81 

Many of the benefits that we derive from coastal ecosystems depend on the number of 82 

species, the abundance and biomass of organisms, the diverse interactions between organisms 83 

and the environment, and the number of different habitats in these areas (Malone et al., 2013). 84 

We have increasing evidence that biomass production increases with species richness in a wide 85 

range of marine and terrestrial ecosystems and not simply in response to abiotic effects (Duffy et 86 

al., 2017). Yet, changes in the community composition of lower trophic levels can have major 87 

impacts on higher trophic levels, determining the success or loss of animal populations such as 88 

fish, waterfowl, and marine mammals (Ji et al. 2010; Platt et al. 2003; Wood and Kellerman, 89 

2015; Santora et al., 2017). Top-down pressures due to the harvesting of top predators and other 90 

higher trophic levels also often have impacts that can cascade down the food web. 91 

Characterizing how community structure and the phenology of organisms that use coastal 92 

ecosystems shifts due to human activities, biotic interactions, and processes associated with a 93 

changing climate is a core focus of current scientific research. Indeed, among the highest priority 94 

research questions in coastal ecology are: How will the diversity of life in coastal zones change 95 

with climate and with increased human uses? How will these changes affect the ecology and 96 

biogeochemistry of coastal and other marine habitats? What are the relationships between species 97 

diversity and ecosystem function? Addressing these questions is key to tracking progress toward 98 

conservation, management, and sustainable development (e.g. Agenda 2030). Today it is difficult 99 

to address these questions because measurements of biodiversity are often limited in temporal 100 

frequency and they cover only small areas. Many coastal habitats are remote or difficult to 101 

access, further limiting sampling opportunities. For example, the Ocean Biogeographic 102 
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Information System (OBIS; Appeltans et al., 2012), the pre-eminent open-access database for 103 

international marine biodiversity assessments, shows large areas of the coast and the surface 104 

ocean with no data (Figure 1). Information latency is also low: there is a 5-10 year lag before 105 

research data are delivered to OBIS (Figure 1, inset). This seriously hampers the ability to 106 

monitor for change and any possible national or international response to an environmental issue. 107 

Answering the fundamental ecology questions mentioned in the previous paragraph requires 108 

characterizing and detecting change in specific elements of coastal ecosystems, including factors 109 

that can be the environmental and human drivers of change. For example, monitoring the 110 

diversity of life and detecting change in the ecology and biogeochemistry of coastal zones 111 

requires monitoring the EBVs of species populations, species traits, and community composition 112 

(Figure 2). Understanding and explaining ecological change requires the context of long-term 113 

measurements of environmental parameters such as temperature, discharge, and indicators of 114 

water quality, and quantifying their anomalies. Further, monitoring ecosystem structure EBVs 115 

(Figure 2) also requires assessing changes in human activities, as these may be the factor leading 116 

to change in EBVs. EBVs have to be estimated consistently over large areas and all around the 117 

world, and this is only possible from the vantage point of Earth-observing satellites. 118 

 119 
Characteristic Scales of Variation in Coastal Zones 120 

Phytoplankton communities and their concentrations in coastal waters often change over 121 

scales of hours to days due to runoff, advection, mixing due to tides, currents, and winds, and to 122 

biotic interactions (Chen et al. 2010; Moreno Madriñán et al., 2012; Tzortziou et al., 2011). 123 

Several case studies have used spectrometers and other bio-optical devices deployed on 124 

platforms such as towers, boats, and aircraft to measure rapid changes in biodiversity and 125 

phenology (Adam et al., 2010; Pengra et al., 2007; Lantz, 2012). For example, Hestir et al. 126 
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(2015) documented changes in the concentration of cyanobacteria in lakes in Italy over scales of 127 

days with field spectroscopy data (Figure 3). Kudela et al. (2015) used field spectroscopy 128 

observations to show that phytoplankton blooms can be displaced by toxic cyanobacteria in only 129 

a few days in Pinto Lake, California. In order to detect long-term trends, such measurements of 130 

short-term variability are required over long periods of time. An excellent example of trends in 131 

an aquatic ecosystem was provided by Hunter-Cervera et al. (2016). They detected shifts in the 132 

timing of annual blooms of the phytoplankter Synechococcus with an automated submersible 133 

flow cytometer deployed at the Martha’s Vineyard Coastal Observatory. Spring blooms occurred 134 

progressively earlier in the season as temperatures became warmer, and by 2012, the blooms 135 

began up to 20-days earlier than they had in 2003. At higher latitudes, shifts toward 136 

phytoplankton species more typical of warmer waters have also been documented (Hays et al., 137 

2005; Dybas, 2006). Similarly, field studies of Nordic wetlands spectra show significant changes 138 

in vegetation colors in less than a week (Eklundh et al., 2011). Indeed, wetland species, including 139 

invasive species, can be identified by the change of spectral signatures over the growing cycle 140 

(Gilmore et al., 2008; Ouyang et al., 2013). The observations also demonstrate that phenology is 141 

a sensitive indicator of environmental change, but that observing such changes in phytoplankton 142 

or wetland vegetation requires sampling at frequencies of order of a week or faster to 143 

differentiate seasonal or longer-term changes relative to short-term variability. 144 

The bio-optical methods used in the studies just described show that aspects of biodiversity 145 

and phenology are observable with remote sensing. Indeed, an extensive feasibility study 146 

conducted on behalf of the Committee on Earth Observing Satellites (CEOS; see Dekker and 147 

Pinnel, 2017) concluded that imaging spectrometers are the desired tool to conduct terrestrial and 148 
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ocean remote sensing of freshwater, estuarine, and coastal environments to characterize water 149 

quality, bathymetry, and benthic habitats. 150 

The spatial variability of coastal habitats is also high. Dominant spatial variability of physical, 151 

biological, geological, and biogeochemical properties of coastal waters changes with distance from 152 

the coast (Bissett et al., 2014). In terms of horizontal distribution, close to the coast, these 153 

properties tend to have peak variability at between 70 and 600 m. Farther offshore, out to about 5 154 

km of the coast, features such as fronts and phytoplankton blooms show high variability around 155 

100-200 m. Observing and monitoring these features and their variability requires sampling at 156 

between about 30 and 100 m (Moses et al., 2016). At distances larger than 10 km from the coast, 157 

features shows typical scales of 1 km or larger; these can be detected with coarser resolution 158 

sensors (Bissett et al., 2004).  Wetland habitats show variability at smaller spatial scales. Turpie et 159 

al. (2015) studied the impact of varying spatial resolution on mapping of coastal tidal wetland 160 

habitats. They concluded that a spatial resolution of approximately 30-m pixels or better is ideal to 161 

map wetlands. Coarser spatial resolution sensors smear and confound spectral and spatial patterns. 162 

These spatial scales are sampled adequately by current sensors such as the Operational Land 163 

Imager (OLI) on the Landsat-8 satellite, operated by the US Geological Survey, and the 164 

MultiSpectral Instrument (MSI) on Sentinel-2A/B, operated by the European Space Agency under 165 

the Copernicus program (Vanhellemont and Ruddick, 2014; Pahlevan et al., 2017a). The 166 

combination of Landsat-8/OLI and Sentinel-2A/B allows the development of applications that 167 

require relatively high temporal frequency, i.e. observations every 4 days or more frequent. 168 

However, this sensor class lacks the spectral definition in the visible and near-infrared light (i.e. 169 

spectral resolution of 5 nm or better between 380 nm and 900 nm, and about 10 to 20 nm between 170 

900 and 2500 nm) needed to estimate the biodiversity of coastal organisms and habitats. Other 171 
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satellite sensors meet the required 5- to 10-nm spectral resolution, but lack in spatial detail, such as 172 

the 1-km spatial resolution planned for the PACE ocean color sensor (PACE SDT, 2012).  173 

The NASA Hyperspectral Infrared Imager (HyspIRI) mission concept, the JAXA HISUI 174 

instrument, and the DLR Environmental Mapping and Analysis Program (EnMAP; Guanter et al., 175 

2015) will also have 30-m spatial resolution (Turpie et al., 2015). HyspIRI is being designed to 176 

sample nominally every 16 days, and EnMAP and HISUI are designed to acquire targets of interest 177 

intermittently. Thus, they will lack temporal detail needed to observe changes over scales of days. 178 

 179 

Essential Biodiversity Variables in the Coastal Zone 180 

Pereira et al. (2013; see also Geijzendorfer et al., 2015; Pettorelli et al., 2016; Kissling et al., 181 

2017) proposed that EBVs can be grouped into six classes: genetic composition, species 182 

populations, species traits, community composition, ecosystem structure, and ecosystem function. 183 

Figure 2 highlights the classes of EBV that are well suited for remote sensing applications, like 184 

species populations, species traits, and ecosystem structure. The EBVs can be derived from surface 185 

spectral reflectance measurements in the visible and near-infrared light (i.e. from 380 nm to 2500 186 

nm). The EBVs would be based on the signatures defined by the absorption, scattering, and 187 

fluorescence emissions that depend on specific traits of groups of species populations or elements 188 

in each habitat (Asner et al., 2017, Colgan et al., 2010). Kissling et al. (2017) emphasize that 189 

progress in defining these EBVs is stimulated by the coordinated collection and sharing of in situ 190 

biodiversity observations (e.g., Jetz et al. 2012) and open access to satellite datasets (e.g., Skidmore 191 

et al. 2015). Indeed, in situ data are fundamental to algorithm development efforts that link 192 

observable geophysical quantities and EBVs. 193 
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Satellite sensors cover large areas quickly and repeatedly. Estimates of wetland extent have 194 

been periodically generated from Landsat since the early 1970s (Tiner et al., 2015; Turpie et al., 195 

2015; McCombs et al., 2016). In this timeframe, satellite instruments have also routinely 196 

measured ocean currents, surface winds, precipitation, and color and temperature of the ocean 197 

surface (Muller-Karger et al., 2013). These observations have resulted in an unprecedented 198 

understanding of physical changes in the environment and have advanced our knowledge of 199 

coastal and oceanic ecosystems. The state of the art remote sensing research focused on marine 200 

biodiversity includes open ocean detection of diatoms and their phenology (IOCCG, 2014; 201 

Racault et al., 2012; Soppa et al. 2016), tracking of harmful algal blooms (e.g., Soto et al., 2016), 202 

and phytoplankton size distribution and functional group detection (Uitz et al., 2010; Mouw et 203 

al., 2012; Brotas et al., 2013; Bracher et al., 2017). Remote sensing is critically important to map 204 

and monitor coral reef extent and health (Andréfouët et al., 2005), but there remain fundamental 205 

problems in the discrimination between coral and benthic algae (Hedley et al., 2016). 206 

Governments around the world, organized under the Group on Earth Observations (GEO) 207 

Biodiversity Observation System (GEO BON), are defining strategies to estimate EBVs from 208 

space. However, we cannot obtain key information to evaluate the EBVs of coastal aquatic and 209 

wetland habitats shown in Figure 2 from current or past satellite sensors. These sensors have 210 

shortcomings in their combined spectral, spatial, and temporal resolution (Hestir et al., 2015; 211 

Bracher et al., 2017; Dekker and Pinnel, 2017). 212 

Figure 2 shows that there is great potential to derive EBVs around the world using satellites 213 

with higher spectral, temporal, and spatial resolution. Such satellite measurements would move 214 

these products to routine use and increase the value chain of Earth observations. 215 

 216 
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Remote sensing is an important tool to monitor anthropogenic activities (e.g., land use and 217 

cover change, oil spills) and their impact in coastal zones (Muller-Karger et al., 2014; Dekker and 218 

Pinnel, 2017). Remote sensing also offers significant potential to help in the design and 219 

management of marine protected areas (Kacherlriess et al., 2014). These applications require 220 

measurement of the condition of marine habitats, including water quality, sea surface temperature, 221 

currents, and eddies, and assessing the spatial extent of biologically structured habitats (reefs, 222 

seagrass meadows, mangrove forests, salt marshes, etc.). These factors can all affect species 223 

diversity and productivity of these systems. Since the launch of the Coastal Zone Color Scanner 224 

(CZCS; Gordon and Morel, 1983) and the first Landsat sensors (Tiner et al., 2015) in the 1970’s, 225 

the coastal zone has been observed remotely with multispectral imaging missions designed for 226 

bright terrestrial targets or relatively dark targets such as the surface of the open ocean. Sensors 227 

launched since then lack either the spectral, temporal, or the spatial characteristics of coastal 228 

ecological processes, and therefore are not sufficient to identify assemblages of species 229 

populations, measure the fast changes of communities living in coastal areas, or evaluate the spatial 230 

structure and integrity of typical coastal aquatic and wetland habitats. No space-based mission has 231 

yet been designed to study and monitor the canopy to benthos continuum of global coastal 232 

habitats (Dekker and Pinnel, 2017). 233 

 234 

Essential Biodiversity Variables in Open Ocean Habitats 235 

We currently derive bulk phytoplankton pigment and carbon concentration in the pelagic 236 

global ocean from satellite ocean color measurements with a spatial resolution of about 1 km 237 

(Figure 2). Since 1996, these estimates have been made using observations collected from a 238 

series of sensors. Long term (i.e. decades) records of ocean color are crucial to assess the effects of 239 
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natural and anthropogenic changes on oceans. The National Oceanic and Atmospheric 240 

Administration (NOAA) plans to continue the Visible Infrared Imaging Radiometer Suite 241 

(VIIRS) series on future Joint Polar Satellite System (JPSS) platforms, but this sensor does not 242 

measure radiance in the wavelengths of pigment fluorescence. This limits the ability to identify 243 

phytoplankton blooms in coastal waters affected by river discharge, where colored dissolved 244 

organic matter (CDOM) masks the spectral signature of chlorophyll. The US National 245 

Aeronautics and Space Administration (NASA) Plankton, Aerosol, Cloud, and ocean Ecosystem 246 

(PACE) mission will cover key gaps in the visible color spectrum (PACE SDT, 2012). PACE 247 

will have a nominal spatial resolution of 1 km and a spectral resolution of 5 nm from the 248 

ultraviolet to the near infrared. This could improve our ability to monitor biodiversity in pelagic 249 

ocean waters by quantifying phytoplankton functional types (IOCCG, 2014). This includes 250 

nitrogen-fixing organisms (e.g., Trichodesmium), calcifiers (coccolithophores), producers of 251 

dimethyl sulphide or DMS (e.g., Phaeocystis), silicifiers (e.g., diatoms), and harmful algal 252 

blooms. 253 

PACE is expected to launch in the 2022-2023 timeframe and conduct observations over three 254 

to ten years. The European Space Agency has launched two multispectral Ocean and Land 255 

Colour Instruments (OLCI) as part of the Copernicus program to enable global ocean coverage 256 

every 1.5 days, not accounting for clouds. While the Sentinel-3 OLCI and PACE sensors offer 257 

improved capabilities to observe the global ocean, they are not designed to monitor coastal 258 

ecosystems. In coastal areas, the influence of the seafloor, land areas, and constituents that affect 259 

water quality are often confounded in the signals recorded by these coarse spatial resolution 260 

imaging devices. Thus, another class of sensors is required to adequately observe coastal zones. 261 

 262 

Requirements for Observing Coastal Biodiversity and Ecosystem Change 263 
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Directly measuring EBVs (Figure 2) across the coastal zones of the world requires repeated 264 

observations of areas spanning hundreds to thousands of square kilometers, at a spatial resolution 265 

adequate to detect change across environmental gradients in aquatic and adjacent wetland settings. 266 

This requires high fidelity sampling in four different categories: spatial resolution, spectral 267 

resolution, radiometric quality, and temporal resolution. We refer to this demanding strategy as 268 

H4 sensing. We examine each of these required dimensions below. 269 

High spatial resolution: As mentioned above, Turpie et al. (2015) concluded that a spatial 270 

resolution higher than 30-m pixels is ideal to observe the emergent vegetation of coastal wetlands. 271 

This is an adequate resolution to map submerged biologically structured habitats like coral reefs 272 

and sea grass beds (Hedley et al., 2016; Wabnitz et al., 2010; Andréfouët et al., 2005), and to 273 

characterize coastal phytoplankton blooms and surface floating vegetation (Bissett et al., 2004; 274 

Moses et al., 2016). 275 

High spectral resolution: NASA's Hyperion sensor operated on the Earth Observing 1 (EO-1) 276 

satellite as a technology demonstration between 2000 and 2017. It provided 30-m spatial resolution 277 

images with 220 bands from 400 to 2,500 nm, at 10 nm resolution and with signal-to-noise ratios 278 

intended for imaging bright land targets. Hyperion demonstrated the potential of high spectral 279 

resolution data to derive bathymetry, identify bottom types, and discriminate between wetland 280 

species in different coastal areas (Brando and Decker, 2003; Pengra et al., 2007). Pahlevan and 281 

Schott (2013) also demonstrated the higher-quality of Hyperion-derived chlorophyll-a 282 

concentrations compared to those derived from simulated Landsat sensors near the Niagara River 283 

discharge. In 2009, the US Office of Naval Research and NASA installed the Hyperspectral 284 

Imager for the Coastal Ocean (HICO) on the International Space Station (ISS; Davis and Tufillaro, 285 

2013). HICO had a spectral resolution of 5.7 nm from 400 to 900 nm, a spatial resolution of 100 m, 286 
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and a very infrequent revisit time for observing the same target on the ground. These limitations 287 

were in part due to the low-inclination orbit of the ISS, periodic maneuvers to raise and lower the 288 

space station, and limitations the operations schedule of the instrument. Although HICO ceased 289 

operations in 2014, it demonstrated the potential of high spectral resolution to derive bathymetry, 290 

bottom types, water optical properties, phytoplankton bloom types, suspended sediment type, and 291 

wetland vegetation maps (Ryan et al., 2014). 292 

High spectral resolution has several other benefits. It enables algorithm development and the 293 

synthetic spectral reconstruction of different satellite sensor bands (e.g., Osterman et al., 2016). 294 

High spectral resolution is required to separate aquatic constituents by their light absorption, 295 

scattering, and fluorescence characteristics (PACE SDT, 2012). These include chlorophyll-a 296 

absorption at 435-438 nm and 660 nm, other pigment absorption features between 550 and 900 297 

nm, and fluorescence by chlorophyll-a and other pigments (Hu et al. 2005; Dierssen et al. 2015). 298 

Other derived products include CDOM and sediment concentration. Additional EBV of interest 299 

that may be derived from high spatial and spectral resolution data are coral, macrophyte, and 300 

wetland extent (Figure 2). 301 

Deriving EBVs for coastal habitats requires measurements at ~5 nm resolution in the visible 302 

(VIS: 340–900 nm spectral range) and at ~10 nm resolution in the short-wave infrared (SWIR: 303 

900-2500 nm or at least bands at two or more wavelengths, including 1030, 1240, 1630, 2125, 304 

and 2260 nm). The SWIR measurements are required for differentiating wetland vegetation 305 

observations (Vaiphasa et al. 2005; Hestir et al., 2012), and are particularly critical for atmospheric 306 

correction algorithms over turbid waters (Jiang and Wang 2014; Frouin and Pelletier, 2015; 307 

Pahlevan et al., 2017b). Atmospheric correction approaches for a coastal mission can leverage the 308 

maturity of operational algorithms for ocean color missions (Ahmad et al. 2010), but need to be 309 
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updated to address coastal and inland aerosol types (Pahlevan et al., 2017b), hyperspectral data, 310 

and higher spatial resolution. Atmospheric correction should incorporate procedures to evaluate 311 

and correct sun glint (e.g., Devred et al., 2013; Botha et al., 2016) and the radiance reflected from 312 

adjacent pixels (adjacency effect) (e.g. Duan et al., 2015). 313 

High radiometric quality: Retrieving estimates of constituent concentrations with better than 314 

20% accuracy requires signal-to-noise ratios similar to those proposed for PACE (Hu et al. 2012). 315 

The sensitivity specifications, however, need to consider that different coastal waters exhibit low 316 

radiance values in different parts of the spectrum and that this changes with time due to the co-317 

occurrence of different colored vegetation, phytoplankton, substances, and shallow bottoms. The 318 

NASA PACE Science Definition Team (PACE SDT, 2012) concluded that ocean observations 319 

require a sensor with signal to noise ratios (SNR) > 1000 for visible radiance bands, absolute 320 

radiometric calibration << 2%, and relative calibration 0.2%. The existing high-spatial resolution 321 

missions, including Landsat-8 and Sentinel-2A/B, have SNRs on the order 300-400 in the 443nm 322 

channel and lower in the longer wavelengths (Pahlevan et al. 2014; Pahlevan et al. 2017a and b). 323 

The wide range of radiances reflected by coastal habitats, from very dark to very bright, also 324 

requires 14-bit digitization, sensor radiometric stability and linearity, and strategies to monitor 325 

these characteristics. Aquatic observations require minimal polarization sensitivity (<1%). Stray 326 

light, spectral out-of-band, and crosstalk signals, including instrument response-versus-scan, 327 

spectral smile, and residual polarization should be minimal, and should be carefully monitored 328 

over time. On-orbit variation in instrument radiometric response with time should be monitored, 329 

and adjusted. Sustained calibration needs to include frequent observations of the moon (e.g., once 330 

per day over at least half of the lunar cycle), stable on-board reference standards, and vicarious 331 

calibration and product validation efforts. Observations must include an active sun glint avoidance 332 
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and mitigation strategy, such as tilting > 20º from surface specular reflection. The platform should 333 

exhibit minimal platform jitter with high pointing accuracy, and accurate band-to-band 334 

registration. Furthermore, standard and reference in situ radiometric measurements such as those 335 

available from the Marine Optical BuoY (MOBY) (Clark et al. 2003) should be available for a 336 

mission-long vicarious calibration. 337 

High temporal resolution: Observations at frequencies of hours to days are required to 338 

measure change in the distribution of planktonic organisms due to tidal or other circulation, 339 

phenology, or change in community structure. While the biodiversity of some structured 340 

communities like coral reefs, sea grass meadows, or mangrove forests may be expected to 341 

change more slowly, disturbance due to pollution events, severe storms, or cold or warm 342 

temperature extremes can lead to rapid changes in organism distribution, traits, or habitat 343 

structure. High temporal resolution also increases the chance of observing targets often obscured 344 

by clouds (Mercury et al., 2012). The proposed NASA GEOstationary Coastal and Air Pollution 345 

Events (GEO-CAPE) mission would acquire high quality hyperspectral measurements three to 346 

four times per day of targeted tropical and subtropical coastal areas in North America and 347 

opportunistically in other locations in the hemisphere of regard, but at 250-375 m spatial 348 

resolution (Salisbury et al., 2016). The geostationary mission would not cover high latitude areas, 349 

and more than one satellite would be required to observe other areas around the world. 350 

  351 
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Implementing H4 Remote Sensing 352 

Implementing an H4 observation system is within reach. There may be several strategies to 353 

increase the signal-to-noise ratios at the desired spatial resolution of 30 m for observations of 354 

coastal aquatic habitats and of biologically structured habitats. One possibility is to relax the 355 

spatial resolution requirement for coastal aquatic observations to about 60 to 100 m to match the 356 

scales of variability in coastal aquatic properties. This would help match a higher SNR 357 

requirement by binning 30 m pixels to this coarser resolution. A separate strategy to obtain 358 

higher signal to noise ratios at high spatial resolution is to alter the platform or sensor motion to 359 

scan aquatic targets slower than land or wetland targets (e.g., Osterman et al., 2016). 360 

To increase revisit time, aquatic measurements may be collected within a range of viewing 361 

angles (e.g., ±45°), following a strategy that mitigates sun glint. However, observations of 362 

above-water wetland vegetation require fixed viewing geometries to properly interpret the 363 

sequence of measurements in a time series of observations. Such off-nadir observations also help 364 

to minimize the contaminating effects of water reflections observed through wetland canopies 365 

and help improve biomass estimates (Turpie et al., 2015). A single, agile H4 satellite in a 3-day 366 

repeat orbit could accommodate observations of several hundred coastal habitats distributed 367 

around the world every day, by consistently acquiring data with both along-track (for glint 368 

mitigation) and cross-track targeting (Osterman et al., 2016). Even one such device flown over a 369 

period of 3-5 years would enable the first comprehensive set of biodiversity proxies and estimates 370 

of their phenology in hundreds of coastal habitats around the world. Other possible solutions to 371 

achieve near-daily revisit times include one or several small, agile, satellite platforms that can 372 

point precisely with accurate knowledge of view geometry and location, flying in low-Earth 373 
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orbit. This would help define a baseline to evaluate past observations collected with less capable 374 

sensors, and to assess long-term changes. 375 

Global H4 coverage with one single sensor is not feasible. Scaling H4 to obtain weekly or 376 

better comprehensive global coverage requires flying a multi-satellite mission. This would 377 

provide both greater geographic coverage and observations at sub-tidal frequencies. Operational 378 

resource management efforts, and an obligation to evaluate changes occurring over decadal and 379 

longer timeframes, would require sustaining H4 over longer periods, similar to those provided by 380 

Landsat and other operational satellite series. 381 

The H4 concept poses challenges with respect to data downlink, management, processing, 382 

and distribution. A global coastal H4 mission will require increased informatics, with 383 

significantly more on-board processing and storage capacity than is typical for current science 384 

applications. Further, some monitoring applications will require near-real-time access to the H4 385 

data. Commercial companies are actively addressing such big-data challenges with super-high 386 

spatial resolution (<0.5 m pixels) multispectral (typically 8 bands) satellite constellations 387 

designed to observe land targets. We can learn important lessons from these initiatives. 388 

 389 

Applications and Benefits 390 

The need for biodiversity data is expressed in international treaties, including the Convention 391 

on Biological Diversity (CBD), the U.N. Sustainable Development Goals (including SDG 14), 392 

and the Ramsar Convention (MEA, 2005a and b; WOA, 2016). Similar treaties address the 393 

conservation of major fresh water bodies, such as the Laurentian Great Lakes. Of interest is 394 

using the concept of Essential Biodiversity Variables (EBVs) to monitor and assess long-term 395 
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changes in coastal ecosystems including coastal water quality, coastal zone bloom, wetlands 396 

biodiversity and benthic communities.to evaluate changes in fishery potential. 397 

The need for global monitoring of marine biodiversity has been recognized by the Group on 398 

Earth Observations (GEO) and the Intergovernmental Oceanographic Commission (IOC; FOO, 399 

2012). GEO and the IOC have agreed to implement a Marine Biodiversity Observing System 400 

(MBON; Duffy et al. 2013) as an integral part of the GEO BON. H4 also addresses the needs of 401 

terrestrial and fresh water studies (Schimel et al., 2015; Jetz et al., 2016). Combining H4 402 

observations with those from ocean color missions, land-observing missions, and in situ 403 

monitoring would expand the scope of coastal science. Example H4 applications include:  404 

(1) Coastal Water Quality and Coastal Zone Blooms. H4 addresses the fundamental 405 

requirements of coastal ecology and resource monitoring programs of evaluating EBVs 406 

that inform about the quality, diversity, and productivity of coastal aquatic habitats as a 407 

function of nutrient inputs, light, and other physical and biotic factors.  Specifically, H4 408 

will provide information on: 409 

- Functional phytoplankton groups (red tide, coccolithophore, large and small 410 

phytoplankton cell concentration, etc.). 411 

- Floating vegetation (Sargassum, other large algae, sea grasses) 412 

- Seascapes (dynamic, multivariate biogeographic classification; e.g., Kavanaugh et al., 413 

2016) 414 

(2) Wetland Biodiversity. H4 provides observations of wetland areal extent, canopy 415 

characteristics, species populations assemblages, and phenology, including change in emergent 416 

vegetation and water quality due to disturbance. 417 
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(3) Benthic Communities. H4 monitors EBVs that track the areal extent, composition, and 418 

health of shallow subtidal foundation species (e.g., coral reef, seagrasses, kelp) and the integrity 419 

of benthic communities. 420 

In summary, the combined open ocean, coastal, and wetland H4 observation strategy will 421 

revolutionize applied ecological research and enable operational assessments and management 422 

applications that sustain coastal ecosystem services, including provisioning of food and clean 423 

water, around the world.  424 

  425 



Satellite Sensor Requirements for Coastal Essential Biodiversity Variables (EBV) 

Page | 19 
 

Acknowledgements 426 

This manuscript is a contribution to the Marine Biodiversity Observation Network. The work 427 

was supported in part by the National Center for Ecological Analysis and Synthesis (NCEAS) 428 

and by the National Aeronautics and Space Administration (NASA grants NNX16AQ34G and 429 

NNX14AP62A, the National Ocean Partnership Program, and the US Integrated Ocean 430 

Observing System/IOOS Program Office). The manuscript has been reviewed by the National 431 

Exposure Research Laboratory of the Environmental Protection Agency and approved for 432 

publication. We appreciate the very thorough and constructive comments of the anonymous 433 

reviewers. Mention of trade names or commercial products does not constitute endorsement or 434 

recommendation for use by the U.S. Government. The views expressed in this article are those of 435 

the authors and do not necessarily reflect the views or policies of U.S. government agencies.  436 

  437 



Satellite Sensor Requirements for Coastal Essential Biodiversity Variables (EBV) 

Page | 20 
 

References 438 

Adam, E., Mutanga, O., and Rugege, D. 2010. Multispectral and hyperspectral remote sensing 439 

for identification and mapping of wetland vegetation: a review. Wetlands Ecology and 440 

Management, 18(3), 281-296. DOI: 10.1007/s11273-009-9169-z. 441 

Ahmad, Z., Franz, B.A., McClain, C.R., Kwaitkowska, E.J., Werdell, J., Shettle, E.P., and Hol-442 

ben, B.N. 2010. New aerosol models for the retrieval of aerosol optical thickness and normal-443 

ized water-leaving radiances from the SeaWiFS and MODIS sensors over coastal regions and 444 

open oceans. Appl. Opt., 49(29), 5545–5560. 445 

Andrew, M., and Ustin, S.L. 2008. The role of environmental context in mapping invasive plants 446 

with hyperspectral image data. Remote Sensing of Environment, 112: 4301-4317. 447 

Appeltans, W., et al. 2012. The Magnitude of Global Marine Species Diversity. Current Biology. 448 

Volume 22, Issue 23, p2189–2202. 449 

Artigas, F. J., & Yang, J. S. 2005. Hyperspectral remote sensing of marsh species and plant 450 

vigour gradient in the New Jersey Meadowlands. International Journal of Remote Sensing, 451 

26(23), 5209-5220. 452 

Agenda 2030. UN Resolution A/RES/70/1 of 25 September 2015. 453 

https://sustainabledevelopment.un.org/post2015/transformingourworld 454 

Andréfouët, S., F. E. Muller-Karger, J.A. Robinson, C. J. Kranenburg, D. Torres-Pulliza, S. 455 

Spraggins, B. Murch. 2005. Global assessment of modern coral reef extent and diversity for 456 

regional science and management applications: A view from space. Proceedings of the 10th 457 

International Coral Reef Symposium. 28 June-2 July 2004. Okinawa, Japan. 458 

Asner, G. P., R. E. Martin, D. E. Knapp, R. Tupayachi, C. B. Anderson, F. Sinca, N. R. Vaughn, 459 

and W. Llactayo. 2017. Airborne laser-guided imaging spectroscopy to map forest trait 460 



Satellite Sensor Requirements for Coastal Essential Biodiversity Variables (EBV) 

Page | 21 
 

diversity and guide conservation. Science. 27. Vol. 355, Issue 6323, pp. 385-389. DOI: 461 

10.1126/science.aaj1987. 462 

Barbier, E.B. 2016. The Protective Value of Estuarine and Coastal Ecosystem Services in a 463 

Wealth Accounting Framework. Environmental and Resource Economics. 64: 37. 464 

doi:10.1007/s10640-015-9931-z. 465 

Bissett, W.P., Arnone, R.A., Davis, C.O., Dickey, T.D., Dye, D., Kohler, D.D.R., Gould Jr., 466 

R.W., 2004. From meters to kilometers: a look at ocean-color scales of variability, spatial 467 

coherence, and the need for fine-scale remote sensing in coastal ocean optics. Oceanography 468 

17 (2), 32–43. 469 

Becker, B.L., Luschb, D.P., and Qic, J. 2007. A classification-based assessment of the optimal 470 

spectral and spatial resolutions for Great Lakes coastal wetland imagery. Remote Sens. 471 

Environ., 108(1), 111–120, doi:10.1016/j.rse.2006.11.005. 472 

Bojinski, S., M. Verstraete, T. C. Peterson, C. Richter, A. Simmons, and M. Zemp. 2014. The 473 

concept of essential climate variables in support of climate research, applications, and policy. 474 

Bull. Amer. Meteor. Soc., 95, 1431–1443, doi:https://doi.org/10.1175/BAMS-D-13-00047.1.  475 

Botha, Elizabeth J., Vittorio E. Brando, and Arnold G. Dekker. 2016. Effects of Per-Pixel 476 

Variability on Uncertainties in Bathymetric Retrievals from High-Resolution Satellite Images. 477 

Remote Sens. 2016, 8(6), 459; doi:10.3390/rs8060459. 478 

Brando, V.E., and A. G. Dekker. 2003. Satellite hyperspectral remote sensing for estimating 479 

estuarine and coastal water quality. IEEE Transactions on Geoscience and Remote Sensing, 480 

41(6), 1378–1387. doi:10.1109/TGRS.2003.812907. 481 

Bromberg-Gedan, K., Silliman, B.R., and Bertness, M.D. 2009. Centuries of human-driven 482 

change in salt marsh ecosystems. Annu. Rev. Mar. Sci., 1(1), 117–141. 483 



Satellite Sensor Requirements for Coastal Essential Biodiversity Variables (EBV) 

Page | 22 
 

Bracher A., Bouman H.A., Brewin R.J.W., Bricaud A., Brotas V., Ciotti A.M., Clementson L., 484 

Devred E., Di Cicco A., Dutkiewicz S., Hardman-Mountford N.J., Hickman A.E., Hieronymi 485 

M., Hirata T., Losa S.N., Mouw C.B., Organelli E., Raitsos D.E., Uitz J., Vogt M., and 486 

Wolanin A. 2017. Obtaining Phytoplankton Diversity from Ocean Color: A Scientific 487 

Roadmap for Future Development. Front. Mar. Sci. 4:55. doi: 10.3389/fmars.2017.00055. 488 

Brotas, V., Brewin, R.J.W., Sá, C., Brito, A.C., Silva, A., Mendes, C.R., Diniz, T., Kaufmann, 489 

M., Tarran, G., Groom, S.B., Platt, T., Sathyendranath, S., 2013. Deriving phytoplankton size 490 

classes from satellite data: Validation along a trophic gradient in the eastern Atlantic Ocean. 491 

Remote Sens. Environ., 134, 66-77. 492 

Bruland, G.L. 2008. Coastal wetlands: Function and role in reducing impact of land-based 493 

management. In: Coastal Watershed Management, Fares, A., and Al-Kadi, A.I. (eds.), WIT 494 

Press, Southhampton, UK, pp. 85–124. 495 

Carr, M-E, M.A Friedrichs, M. Schmeltz, M.N. Aita, D. Antoine, K.R. Arrigo, I. Asanuma, O. 496 

Aumont, R. Barber, M. Behrenfeld, R. Bidigare, E.T. Buitenhuis, J. Campbell, A. Ciotti, H. 497 

Dierssen, M. Dowell, J. Dunne, W. Esaias, B. Gentili, W. Gregg, S. Groom, N. Hoepner, J. 498 

Ishizaka, T. Kameda, C. Le Quere, S. Lohrenz, J. Marra, F. Melin, K. Moore, A. Morel, T.E. 499 

Reddy, J. Ryan, M. Scardi, T. Smyth, K. Turpie , G. Tilstone, K. Waters, Y. Yamanaka. 2006. 500 

A comparison of global estimates of marine primary production from ocean color. Deep Sea 501 

Res. Volume 53: 741-770. 502 

Chen, Z., Hu, C., Muller-Karger, F.E., and Luther, M.E. 2010. Short-term variability of 503 

suspended sediment and phytoplankton in Tampa Bay, Florida: Observations from a coastal 504 

oceanographic tower and ocean color satellites. Estuarine, Coastal Shelf Sci., 89(1), 62–72, 505 

doi:10.1016/j.ecss.2010.05.014. 506 



Satellite Sensor Requirements for Coastal Essential Biodiversity Variables (EBV) 

Page | 23 
 

Clark, Dennis, K., Mark Yarbrough, Mike Feinholz, Stephanie Flora, William Broenkow,  Yong 507 

Sung Kim, B Johnson, Steven Brown, Marilyn Yuen, and James L. Mueller. 2003. MOBY, A 508 

Radiometric Buoy for Performance Monitoring and Vicarious Calibration of Satellite Ocean 509 

Color Sensors: Measurement and Data Analysis Protocols. Ocean Optics Protocols for 510 

Satellite Ocean Color Sensor Validation. Volume 6: Special Topics in Ocean Optics Protocols 511 

and Appendices; 3-34; (NASA/TM-2003?211621/Rev4?Vol.VI). 512 

Colgan, M. S., C. A. Baldeck, J.-B. Féret, and G. P. Asner. 2012. Mapping Savanna Tree Species 513 

at Ecosystem Scales Using Support Vector Machine Classification and BRDF Correction on 514 

Airborne Hyperspectral and LiDAR Data. Remote Sens. 2012, 4, 3462-3480; 515 

doi:10.3390/rs4113462. 516 

Costanza, R., de Groot, R., Sutton, P., van der Ploeg, S., Anderson, S.J., Kubiszewski, I., Farber, 517 

S., and Turner, R.K. 2014. Changes in the global value of ecosystem services. Global 518 

Environ. Change, 26, 152–158. 519 

Cowardin, L.M., Carter, V., Golet, F.C., and LaRoe, E.T. 1979. Classification of wetlands and 520 

deepwater habitats of the United States: U.S. Fish and Wildlife Service Report FSW/OBS-521 

79/31, 131 pp. 522 

Davidson, N.C. 2014. How much wetland has the world lost? Long-term and recent trends in 523 

global wetland area. Mar. Freshwater Res., 65(10), 934–941, http://dx.doi. 524 

org/10.1071/MF14173. 525 

Davis, C. and Tufillaro, N. 2013. Remote Sensing Remotely sensing the complexity of rivers and 526 

estuaries. SPIE, DOI: 10.1117/2.1201307.005024. 527 

Dekker, A.G, and N. Pinnel (Editors). 2017. Feasibility Study for an Aquatic Ecosystem Earth 528 

Observing System. Committee on Earth Observation Satellites (CEOS) and Commonwealth 529 



Satellite Sensor Requirements for Coastal Essential Biodiversity Variables (EBV) 

Page | 24 
 

Scientific and Industrial Rsearch Organization (CSIRO). Report v. 1.1. CSIRO, Canberra, 530 

Australia. 531 

Devred, E., Turpie, K., Moses, W., Klemas, V., Moisan, T., Babin, M., Toro-Farmer, G., Forget, 532 

M.-H., and Jo, Y.-H. 2013. Future retrievals of water column bio-optical properties using the 533 

Hyperspectral Infrared Imager (HyspIRI). Remote Sens., 5, 6812–6837. 534 

Dierssen, H.M., McManus, G., Chlus, A., Qiu, D., Gao, B.-C., and Lin, S. 2015. Space station 535 

image captures a red tide ciliate bloom at high spectral and spatial resolution. Proc. Natl. 536 

Acad. Sci. USA, doi:10.1073/pnas.1512538112. 537 

Duan, S.-B., Li, Z.-L., Tang, B.-H., Wu, H., Tang, R., and Bi, Y. 2015. Atmospheric correction 538 

of high-spatial-resolution satellite images with adjacency effects: Application to EO-1 ALI 539 

data. Int. J. Remote Sens., 36(19–20), 5061–5074, doi:10.1080/01431161.2015.1026425. 540 

Duffy, J.E., L.A. Amaral-Zettler, D.G. Fautin, G. Paulay, T. A. Rynearson, H.M. Sosik, and J.J. 541 

Stachowizcz. 2013. Envisioning a national marine biodiversity observation network. 542 

BioScience, 63, 350-361. 543 

Duffy, J. Emmett, Casey M. Godwin, and Bradley J. Cardinale. 2017. Biodiversity effects in the 544 

wild are common and as strong as key drivers of productivity. Nature. Letter. 545 

doi:10.1038/nature23886. 546 

Dybas, C. L. 2006. On a Collision Course: Ocean Plankton and Climate Change BioScience, 56 547 

(8): 642-646. 548 

Eklundh, L., Jin, H., Schubert, P., Guzinski, R., and Heliasz, M. 2011. An optical sensor network 549 

for vegetation phenology monitoring and satellite data calibration. Sensors, 11(8), 7678–7709. 550 

Finlayson, C. M. 2016. Ramsar Convention Typology of Wetlands. In: C.M. Finlayson et al. 551 

(eds.), The Wetland Book. Springer. DOI 10.1007/978-94-007-6172-8_339-1. 552 



Satellite Sensor Requirements for Coastal Essential Biodiversity Variables (EBV) 

Page | 25 
 

FOO, 2012. A Framework for Ocean Observing. By the Task Team for an Integrated Framework 553 

for Sustained Ocean Observing, UNESCO 2012, IOC/INF-1284, doi: 10.5270/OceanObs09-554 

FOO. 555 

Frayer, W.E., Monahan, T.J., Bowden, D.C., and Graybill, F.A., 1983, Status and trends of 556 

wetlands and deepwater habitats in the conterminous United States, 1950s to 1970s: Fort 557 

Collins, Colorado, Colorado State University, 31 pp. 558 

Frouin, R., and Pelletier, B. 2015. Bayesian methodology for inverting satellite ocean-color data. 559 

Remote Sens. Environ., 159, 332–360. 560 

Gardner, R.C., Barchiesi, S., Beltrame, C., Finlayson, C.M., Galewski, T., Harrison, I., Paganini, 561 

M., Perennou, C., Pritchard, D.E., Rosenqvist, A., and Walpole, M. 2015. State of the World’s 562 

Wetlands and their Services to People: A compilation of recent analyses. Ramsar Briefing 563 

Note no. 7. Gland, Switzerland: Ramsar Convention Secretariat. 564 

Geijzendorffer et al. 2015. Bridging the gap between biodiversity data and policy reporting 565 

needs: An Essential Biodiversity Variables perspective. Journal of Applied Ecology. doi: 566 

10.1111/1365-2664.12417 567 

Gilmore, M. S., Wilson, E. H., Barrett, N., Civco, D. L., Prisloe, S., Hurd, J. D., and Chadwick, 568 

C. 2008. Integrating multi-temporal spectral and structural information to map wetland 569 

vegetation in a lower Connecticut River tidal marsh. Remote Sensing of Environment, 570 

112(11), 4048-4060. 571 

Gordon H.R., and A. Y. Morel. 1983. Appendix I: The Coastal Zone Color Scanner (CZCS). In: 572 

Remote Assessment of Ocean Color for Interpretation of Satellite Visible Imagery. Lecture 573 

Notes on Coastal and Estuarine Studies, vol 4. Springer, New York, NY. 574 



Satellite Sensor Requirements for Coastal Essential Biodiversity Variables (EBV) 

Page | 26 
 

Guanter, L.; Kaufmann, H.; Segl, K.; Foerster, S.; Rogass, C.; Chabrillat, S.; Kuester, T.; 575 

Hollstein, A.; Rossner, G.; Chlebek, C.; others. 2015. The EnMAP spaceborne imaging 576 

spectroscopy mission for earth observation. Remote Sensing. 7, 8830–8857. 577 

Hay., M. E., and W. Fenical. 1996. Chemical ecology and marine biodiversity: Insights and 578 

products from the sea. Oceanography. Vol. 9 (1). p. 10-20. 579 

Hays, G. C., A. J. Richardson, and C. Robinson.  2005.  Climate change and marine plankton.  580 

Trends in Ecology and Evolution, 20(6):337-344, doi: http://dx.doi.org/10.1016/ 581 

j.tree.2005.03.004. 582 

Hedley, John D., Chris M. Roelfsema, Iliana Chollett, Alastair R. Harborne, Scott F. Heron, 583 

Scarla Weeks, William J. Skirving, Alan E. Strong, C. Mark Eakin, Tyler R. L. Christensen, 584 

Victor Ticzon, Sonia Bejarano, and Peter J. Mumby. 2016.Remote Sensing of Coral Reefs for 585 

Monitoring and Management: A Review. Remote Sens. 2016, 8(2), 118; 586 

doi:10.3390/rs8020118. 587 

Herkül K., J. Kotta, T. Kutser, E. Vahtmäe. 2013. Relating Remotely Sensed Optical Variability 588 

to Marine Benthic Biodiversity. PLoS ONE 8(2): e55624. 589 

https://doi.org/10.1371/journal.pone.0055624 590 

Hestir, E.L., Greenberg, J.A., and Ustin, S.L. 2012. Classification trees for aquatic vegetation 591 

community prediction from imaging spectroscopy. IEEE Selected Topics Appl. Earth Obs. 592 

Remote Sens., 5(5), 1572–1584. 593 

Hestir, E.L., Brando, V.E., Bresciani, M., Giardino, C., Matta, E., Villa, P., and Dekker, A.G. 594 

2015. Measuring freshwater aquatic ecosystems: The need for a hyperspectral global mapping 595 

satellite mission. Remote Sens. Environ., 167, 181–195. 596 

http://dx.doi.org/10.1016/j.tree.2005.03.004
http://dx.doi.org/10.1016/j.tree.2005.03.004
https://doi.org/10.1371/journal.pone.0055624


Satellite Sensor Requirements for Coastal Essential Biodiversity Variables (EBV) 

Page | 27 
 

Hu, S., Z. Niu, Y. Chen, L. Li, and H. Zhang. 2017. Global wetlands: Potential 597 

distribution,wetland loss, and status. Sci Total Environ. 598 

http://dx.doi.org/10.1016/j.scitotenv.2017.02.001. 599 

Hu, C., Feng, L., Lee, Z., Davis, C.O., Mannino, A., McClain, C.R., and Franz, B.A. 2012. Dy-600 

namic range and sensitivity requirements of satellite ocean color sensors: Learning from the 601 

past. Appl. Opt., 51(25), 6045–6062, doi:10.1364/AO.51.006045. 602 

Hunter-Cevera, Kristen R., Michael G. Neubert, Robert J. Olson, Andrew R. Solow, Alexi 603 

Shalapyonok, and Heidi M. Sosik. 2016. Physiological and ecological drivers of early spring 604 

blooms of a coastal phytoplankter. Science. Vol. 354, Issue 6310, pp. 326-329. DOI: 605 

10.1126/science.aaf8536 606 

IOCCG. 2014. Phytoplankton Functional Types from Space. Sathyendranath S., Aiken J., Alvain 607 

S., Barlow R., Bouman H., Bracher A., Brewin R., Bricaud A., Brown C.W:, Ciotti A.M., 608 

Clementson L., Craig S.E:, Devred E., Hardman-Mountford N., Hirata T., Hu C., Kostandinov 609 

T.S., Lavender S., Loisel H., Moore T.S., Morales J., Moulin C., Mouw C.B., Nair A., Raitsos 610 

D., Roesler C., Shutler J.D., Sosik H., Soto I., Stuart V., Subramaniam A., Uitz J (ed.), 611 

Reports of the International Ocean-Colour Coordinating Group, No. 15, IOCCG, Dartmouth, 612 

Canada; http://www.ioccg.org/reports/IOCCG_Report_15_2014.pdf 613 

Jetz, Walter, Jeannine Cavender-Bares, Ryan Pavlick, David Schimel, Frank W. Davis, Gregory 614 

P. Asner, Robert Guralnick, Jens Kattge, Andrew M. Latimer, Paul Moorcroft, Michael E. 615 

Schaepman, Mark P. Schildhauer, Fabian D. Schneider, Franziska Schrodt, Ulrike Stahl and 616 

Susan L. Ustin. 2016. Monitoring plant functional diversity from space. DOI: 617 

10.1038/NPLANTS.2016.24. 618 



Satellite Sensor Requirements for Coastal Essential Biodiversity Variables (EBV) 

Page | 28 
 

Jetz, W., J. MacPherson, and R. Guralnick. 2012. Integrating Biodiversity Distribution 619 

Knowledge: Toward a Global Map of Life. Tremds in Ecology and Evolution 27(3): 151-159.  620 

Ji, R., Edwards, M., Mackas, D. L., Runge, J., and Thomas, A. C. 2010. Marine plankton 621 

phenology and life history in a changing climate: Current research and future directions. 622 

Journal of Plankton Research, 32: 1355–1368 623 

Jiang, L., and Wang, M. 2014. Improved near-infrared ocean reflectance correction algorithm for 624 

satellite ocean color data processing. Opt. Express, 22(18), 21657–21678, 625 

doi:10.1364/OE.22.021657. 626 

Kachelriess, D., M. Wegmann, M. Gollockd, N. Pettorelli. 2014. The application of remote 627 

sensing for marine protected area management. Ecological Indicators. (36) 169–177. 628 

Kavanaugh, M.T., Oliver, M J., Chavez, F. P., Letelier, R.M., Muller-Karger, F.E., Doney, S.C. 629 

2016. Seascapes as a new vernacular for ocean monitoring, management and conservation. 630 

ICES Journal of Marine Science. doi:10.1093/icesjms/fsw086. 631 

Kissling, W. D., Ahumada, J. A., Bowser, A., Fernandez, M., Fernández, N., García, E. A., 632 

Guralnick, R. P., Isaac, N. J. B., Kelling, S., Los, W., McRae, L., Mihoub, J.-B., Obst, M., 633 

Santamaria, M., Skidmore, A. K., Williams, K. J., Agosti, D., Amariles, D., Arvanitidis, C., 634 

Bastin, L., De Leo, F., Egloff, W., Elith, J., Hobern, D., Martin, D., Pereira, H. M., Pesole, G., 635 

Peterseil, J., Saarenmaa, H., Schigel, D., Schmeller, D. S., Segata, N., Turak, E., Uhlir, P. F., 636 

Wee, B. and Hardisty, A. R. 2017, Building essential biodiversity variables (EBVs) of species 637 

distribution and abundance at a global scale. Biol Rev. doi:10.1111/brv.12359. 638 

Lantz, N.J., 2012. Detection and mapping of Phragmites australis using high resolution 639 

multispectral and hyperspectral satellite imagery. PhD Dissertation, Univ. Western Ontario. 640 



Satellite Sensor Requirements for Coastal Essential Biodiversity Variables (EBV) 

Page | 29 
 

Malone, et al. 2013. A global ocean observing system framework for sustainable development. 641 

Mar. Policy. (43):262–272. http://dx.doi.org/10.1016/j.marpol.2013.06.008. 642 

Malve, H. 2016. Exploring the ocean for new drug developments: Marine pharmacology. J 643 

Pharm Bioallied Sci. 2016 Apr-Jun; 8(2): 83–91. doi:  10.4103/0975-7406.171700. 644 

MEA. 2005a. Millennium Ecosystem Assessment. Current State and Trends Assessment. Vol. 1. 645 

Chapter 19. Coastal Systems. World Resources Institute, Washington, DC. 646 

MEA. 2005b. Millennium Ecosystem Assessment. Ecosystems and Human Well-being: Wetlands 647 

and Water. Synthesis. A Report of the Millennium Ecosystem Assessment, Island Press, 648 

Washington, DC. 649 

McCombs, John W., Nathaniel D. Herold, Shan G. Burkhalter, and Christopher J. Robinson. 650 

2016. Accuracy Assessment of NOAA Coastal Change Analysis Program 2006-2010 Land 651 

Cover and Land Cover Change Data. Photogrammetric Engineering & Remote Sensing. Vol. 652 

82, No. 9, pp. 711–718. doi: 10.14358/PERS.82.9.711. 653 

Mercury, M., Green, R., Hook, S., Oaida, B., Wu, W., Gunderson, A., and Chodas, M. 2012. 654 

Global cloud cover for assessment of optical satellite observation opportunities: A HyspIRI 655 

case study. Remote Sens. Environ., 126, 62–71. 656 

Miller, J.D., Schoonover, J.E., Williard, K.W.J., and Hwang, C.R.. 2011. Whole catchment land 657 

cover effects on water quality in the Lower Kaskaskia River watershed. Water, Air Soil 658 

Pollut., doi: 10.1007/s11270-011-0794-9. 659 

Mimouni, V., L. Ulmann, V. Pasquet, M. Mathieu, L. Picot, G. Bougaran, J.-P. Cadoret, A. 660 

Morant-Manceau, and B. Schoefs. 2012. The Potential of Microalgae for the Production of 661 

Bioactive Molecules of Pharmaceutical Interest. Current Pharmaceutical Biotechnology. 662 

Volume 13 (15). p. 2733-2750. 663 

http://dx.doi.org/10.1016/j.marpol.2013.06.008


Satellite Sensor Requirements for Coastal Essential Biodiversity Variables (EBV) 

Page | 30 
 

Mouw, C.B., Yoder, J.A., Doney, S.C., 2012. Impact of phytoplankton community size on a 664 

linked global ocean optical and ecosystem model. J. Mar. Syst., 89, 61-75. 665 

Moreno Madriñán, M.J., Al-Hamdan, M.Z., Rickman, D.L., and Ye, J. 2012. Relationship 666 

between watershed land-cover/land-use change and water turbidity status of Tampa Bay major 667 

tributaries, Florida, USA. Water, Air Soil Pollut., 223, 2093–2109. 668 

Moses, W. J., S. G. Ackleson, J. W. Hair, C. A. Hostetler, and W. D. Miller (2016), Spatial 669 

scales of optical variability in the coastal ocean: Implications for remote sensing and in situ 670 

sampling, J. Geophys. Res. Oceans, 121, 4194–4208, doi:10.1002/2016JC011767. 671 

Muller-Karger, F.; Roffer, M.; Walker, N.; Oliver, M.; Schofield, O.; Abbott, M.; Graber, H.; 672 

Leben, R.; Goni, G.. 2013. Satellite Remote Sensing in Support of an Integrated Ocean 673 

Observing System. Geoscience and Remote Sensing Magazine, IEEE , vol.1, no.4, pp.8,18, 674 

Dec. 2013. http://dx.doi.org/10.1109/MGRS.2013.2289656. 675 

Muller-Karger, F.E., M.T. Kavanaugh, E. Montes, W.M. Balch, M. Breitbart, F.P. Chavez, S.C. 676 

Doney, E.M. Johns, R.M. Letelier, M.W. Lomas, H.M. Sosik, and A.E. White. 2014. A 677 

framework for a marine biodiversity observing network within changing continental shelf 678 

seascapes. Oceanography 27(2):18–23, http://dx.doi.org/10.5670/oceanog.2014.56. 679 

Narayan, Siddharth, Michael W. Beck, Paul Wilson, Christopher J. Thomas, Alexandra 680 

Guerrero, Christine C. Shepard, Borja G. Reguero, Guillermo Franco, Jane Carter Ingram, and 681 

Dania Trespalacios. 2017. The Value of Coastal Wetlands for Flood Damage Reduction in the 682 

Northeastern USA. Scientific Reports. 7: 9463. DOI:10.1038/s41598-017-09269-z. 683 

Nicholls, Robert J. 2004. Coastal flooding and wetland loss in the 21st century: changes under 684 

the SRES climate and socio-economic scenarios. Global Environmental Change. Volume 14, 685 

Issue 1, Pages 69-86. https://doi.org/10.1016/j.gloenvcha.2003.10.007. 686 

http://dx.doi.org/10.1109/MGRS.2013.2289656
http://dx.doi.org/10.5670/oceanog.2014.56


Satellite Sensor Requirements for Coastal Essential Biodiversity Variables (EBV) 

Page | 31 
 

Osterman, S.N., Muller-Karger, F.E., Humm, D.C., Noble, M.N., Begley, S.M.,  Hersman, C.B., 687 

Hestir, E.L., Izenberg, N., Keller, M.R., Lees, J., Magruder, A.S., Morgan, F., Seifert, H., and 688 

Strohbehn, K., "A space-borne visible-NIR hyperspectral imager for coastal phenology," Proc. 689 

SPIE , 10000, 1000067 (2016). (submitted). 690 

Ouyang, Z.-T., et al. 2013. Spectral discrimination of the invasive plant Spartina alterniflora at 691 

multiple phenological stages in a saltmarsh wetland. PLoS ONE, 8(6), e67315, 692 

doi:10.1371/journal.pone.0067315. 693 

PACE SDT. 2012. Pre-Aerosol, Clouds, and ocean Ecosystem (PACE) Mission Science 694 

Definition Team Report, http://decadal.gsfc.nasa.gov/PACE/PACE_SDT_Report_final.pdf. 695 

Paerl, H. W., and J. Huisman. 2008. Climate. Blooms like it hot. Science 320: 57–58, 696 

doi:10.1126/science.1155398. 697 

Pahlevan, N., Lee, Z., Wei, J., Schaff, C., Schott, J., & Berk, A. 2014. On-orbit radiometric 698 

characterization of OLI (Landsat-8) for applications in aquatic remote sensing. Remote 699 

Sensing of Environment, 154, 272–284. 700 

Pahlevan, N., S. Sarkar, B. A. Franz, S. V. Balasubramanian, and J. He. 2017a. Sentinel-2 701 

MultiSpectral Instrument (MSI) data processing for aquatic science applications: 702 

Demonstrations and validations. Remote Sensing of Environment 201, 47-56. 703 

Pahlevan, N., Roger, J.-C., and Ahmad, Z. 2017b. Revisiting short-wave-infrared (SWIR) bands 704 

for atmospheric correction in coastal waters. Optics express, 25, 6015-6035. 705 

Pengra, B. W., C. A. Johnston, and T. R. Loveland. 2007. Mapping an invasive plant, 706 

Phragmites australis, in coastal wetlands using the EO-1 Hyperion hyperspectral sensor. 707 

Remote Sensing of Environment. 108(1), 74–81. doi:10.1016/j.rse.2006.11.002. 708 



Satellite Sensor Requirements for Coastal Essential Biodiversity Variables (EBV) 

Page | 32 
 

Pereira, H. M., S. Ferrier, M. Walters, G. N. Geller, R. H. G. Jongman, R. J. Scholes, M. W. 709 

Bruford, N. Brummitt, S. H. M. Butchart, A. C. Cardoso, N. C. Coops, E. Dulloo, D. P. Faith, 710 

J. Freyhof, R. D. Gregory, C. Heip, R. Höft, G. Hurtt, W. Jetz, D. S. Karp, M. A. McGeoch, 711 

D. Obura, Y. Onoda, N. Pettorelli, B. Reyers, R. Sayre, J. P. W. Scharlemann, S. N. Stuart, E. 712 

Turak, M. Walpole, M. Wegmann. 2013. Essential Biodiversity Variables. Science. Vol. 339. 713 

277-278. 714 

Pettorelli, N., Wegmann, M., Skidmore, A., Mücher, S., Dawson, T. P., Fernandez, M., ... & 715 

Jongman, R. H. 2016. Framing the concept of satellite remote sensing essential biodiversity 716 

variables: challenges and future directions. Remote Sensing in Ecology and Conservation, 717 

2(3), 122-131. 718 

Platt, T., Fuentes-Yaco, C., and Frank, K. 2003. Spring algal bloom and larval fish survival. 719 

Nature, 423, 398–399. 720 

Racault, M.F.; Le Quéré, C.; Buitenhuis, E.; Sathyendranath, S.; Platt, T. 2012. Phytoplankton 721 

phenology in the global ocean. Ecological Indicators 14, 152–163. 722 

Ryan, J. P., C. O. Davis, N. B. Tufillaro, R. M. Kudela, and B.-C. Gao. 2014. Application of the 723 

Hyperspectral Imager for the Coastal Ocean to Phytoplankton Ecology Studies in Monterey 724 

Bay, CA, USA. Remote Sens. 2014, 6, 1007-1025; doi:10.3390/rs6021007. 725 

Salisbury, J., C. Davis, A. Erb, C. Hu, C. Gatebe, C. Jordan, Z.P. Lee, A. Mannino, C.B. Mouw, 726 

C. Schaaf, B. Schaeffer, M. Tzortziou. 2016. Coastal observations from a New Vantage Point. 727 

Eos. 97, doi:10.1029/2016EO062707. Published on 14 November 2016. 728 

Santora, J. A., E. L. Hazen, I. D. Schroeder, S. J. Bograd, K. M. Sakuma, and J. C. Field. 2017. 729 

Impacts of ocean climate variability on biodiversity of pelagic forage species in an upwelling 730 



Satellite Sensor Requirements for Coastal Essential Biodiversity Variables (EBV) 

Page | 33 
 

ecosystem. Marine Ecology Progress Series. Vol. 580: 205–220. 731 

https://doi.org/10.3354/meps12278. 732 

Schimel, D., Pavlick, R., Fisher, J. B., Asner, G. P., Saatchi, S., Townsend, P., Miller, C., 733 

Frankenberg, C., Hibbard, K. and Cox, P.. 2015. Observing terrestrial ecosystems and the 734 

carbon cycle from space. Glob Change Biol, 21: 1762–1776. doi:10.1111/gcb.12822 735 

Scott, D.A., and T. A. Jones. 1995. Classification and inventory of wetlands: a global overview. 736 

Vegetatio. 1995;118(1/2):3–16.  737 

Soppa M. A., Voelker C., Bracher A. 2016. Diatom Phenology in the Southern Ocean: Mean 738 

Patterns, Trends and the Role of Climate Oscillations. Remote Sensing 8: 420, 739 

doi:10.3390/rs8050420. 740 

Soto, Inia, Frank E. Muller-Karger, Chuanmin Hu, Jennifer Wolny. (2016; In press.) 741 

Characterization of Karenia brevis blooms on the West Florida Shelf using ocean color 742 

satellite imagery: Implications for bloom maintenance and evolution. Journal of Applied 743 

Remote Sensing. 11(1), 012002. doi:10.1117/1.JRS.11.012002. 744 

Tiner, R.W., Lang, M.W., and Klemas, V.V. 2015. Remote Sensing of Wetlands: Applications 745 

and Advances, CRC Press, Boca Raton, FL, 574 pp. 746 

Turpie, K.R., Klemas, V.V., Byrd, K., Kelly, M., and Jo, Y.-H. 2015. Prospective HyspIRI 747 

global observations of tidal wetlands. Remote Sens. Environ., 167, 206–217. 748 

Tzortziou, M., P. J. Neale, J. P. Megonigal, C. Lee Pow, and M. Butterworth. 2011. Spatial 749 

gradients in dissolved carbon due to tidal marsh outwelling into a Chesapeake Bay estuary. 750 

Marine Ecology Progress Series, 426, 41-56, DOI: 10.3354/meps09017. 751 



Satellite Sensor Requirements for Coastal Essential Biodiversity Variables (EBV) 

Page | 34 
 

Uitz, J., Claustre, H., Gentili, B., Stramski, D., 2010. Phytoplankton class‐specific primary 752 

production in the world’s oceans: Seasonal and interannual variability from satellite 753 

observations, Global Biogeochem. Cycles, 24, GB3016, doi:10.1029/2009GB003680. 754 

Vaiphasa, C., Ongsomwang, S., Vaiphasa, T., and Skidmore, A. K. 2005. Tropical mangrove 755 

species discrimination using hyperspectral data: A laboratory study. Estuarine, Coastal and 756 

Shelf Science, 65(1), 371-379. 757 

Vanhellemont, Q., Ruddick, K., 2015. Advantages of high quality SWIR bands for ocean colour 758 

processing: Examples from Landsat-8. Remote Sens. Environ. 161, 89–106. 759 

Wabnitz, Colette C., Serge Andréfouët, and Frank A Muller Karger. 2010. Measuring progress 760 

towards global marine conservation targets. Frontiers in Ecology and the Environment. 8(3): 761 

124–129, doi:10.1890/080109. 762 

WOA, 2016. First Global Integrated Marine Assessment (World Ocean Assessment). United 763 

Nations Division for Ocean Affairs and the Law of the Sea (DOALOS). Lorna Inniss and 764 

Alan Simcock (Joint Coordinators). 765 

http://www.un.org/depts/los/global_reporting/WOA_RegProcess.htm (Accessed 8 October, 766 

2017). 767 

Wood, E.M. and J.L. Kellermann (editors). 2015. Phenological synchrony and bird migration: 768 

changing climate and seasonal resources in North America. Studies in Avian Biology (no. 47), 769 

CRC Press, Boca Raton, FL. 770 

Zomer, R.J., Trabucco, A., Ustin, S.L., 2009. Building spectral libraries for wetlands land cover 771 

classification and hyperspectral remote sensing, Journal of Environmental Management, 90, 772 

2170-2177. doi:10.1016/j.jenvman.2007.06.028 773 

 774 
  775 

http://www.un.org/depts/los/global_reporting/WOA_RegProcess.htm


Satellite Sensor Requirements for Coastal Essential Biodiversity Variables (EBV) 

Page | 35 
 

FIGURES and FIGURE CAPTIONS 776 
 777 
Figure 1. The Ocean Biogeographic Information System (OBIS) is the pre-eminent open-access 778 

database for international marine biodiversity assessments. This map shows the density of 779 

taxonomic records from the OBIS in 1x1° cells of the global ocean in near-surface pelagic and 780 

coastal waters (upper 20 m; n=10.8 million; Mollweide projection map of the number of records 781 

per km2; color bar in log10 scale). Nearshore records represent benthic and water column data 782 

combined in waters from 0 m to 5 m bottom depth. Pelagic records are sampled from the surface 783 

ocean (upper 20 m) starting at a bottom depth of 5 m near the coast. The four inset maps show 784 

regions around the globe with dense OBIS records, yet these also demonstrate inconsistent 785 

spatial coverage. Right hand graphics: The shallow pelagic records (>5 m bottom 786 

depth) generally shows 2 to 3 orders of magnitude more observations than nearshore areas in most 787 

latitude bands. The sudden increase in nearshore records in the 2005-2010 timeframe is largely a 788 

contribution of observations collected in the Florida Keys region (USA). The overall decline in 789 

data after 2010 highlights typical delays in processing and reporting biological observations to 790 

OBIS. Systematic sampling by satellite remote sensing, combined with field observations, 791 

animal tracking, and modeling, promise to fill the widespread gaps in space and time and enable 792 

routine assessments of marine biodiversity in the world’s coastal and pelagic zones. 793 

 794 

Figure 2. Current capabilities of remotely sensed data for measuring Essential Biodiversity 795 

Variables (EBVs; Pereira et al., 2013). The EBVs are a subset of the GOOS Essential Ocean 796 

Variables for biology and ecology (FOO, 2012).  Legend: 'Unproven' indicates that methods have 797 

not yet been developed to collect these measurements from satellite/aerial data. 'Demonstrated in 798 

limited cases' are methods that have been demonstrated and which could be made operational with 799 
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the proposed H4 imaging approach. 'Routine use' indicates measurements that are produced 800 

regularly, and at present include distribution, abundance, and phenology of bulk phytoplankton 801 

only in the open ocean (i.e. derived chlorophyll-a concentration). 'Habitat model required' indicates 802 

EBVs that can be predicted on the basis of habitat correlations developed from remotely sensed 803 

data. 'NA' indicates that the observation is not applicable. 804 

 805 

Figure 3. Illustration of rapid changes in concentration of nuisance cyanobacteria, quantified as a 806 

phycocyanin pigment index. In situ measurements conducted every 15 minutes on a daily basis 807 

with a hand-held spectrometer were used to identify the organism in Upper Mantua Lake (Italy). 808 

Gaps in the time series are due to night and cloudy days. The frequency of sampling of a Landsat 809 

sensor (16 days), shown as grey vertical bars, would alias changes in the concentration of 810 

phytoplankton, sediment load, and other water quality factors. Orange vertical bars illustrate a 3-811 

day sample frequency – i.e., five times the Landsat frequency. Some species of cyanobacteria 812 

can outcompete other phytoplankton, form noxious or toxic blooms, and ultimately reduce water 813 

quality for the rest of the food web and human consumption. (After Hestir et al. 2015.) 814 

 815 
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