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Abstract: The World Health Organization has estimated the burden of the on-going pandemic of
cholera at 1.3 to 4 million cases per year worldwide in 2016, and a doubling of case-fatality-rate
to 1.8% in 2016 from 0.8% in 2015. The disease cholera is caused by the bacterium Vibrio cholerae
that can be found in environmental reservoirs, living either in free planktonic form or in association
with host organisms, non-living particulate matter or in the sediment, and participating in various
biogeochemical cycles. An increasing number of epidemiological studies are using land- and
water-based remote-sensing observations for monitoring, surveillance, or risk mapping of Vibrio
pathogens and cholera outbreaks. Although the Vibrio pathogens cannot be sensed directly by
satellite sensors, remotely-sensed data can be used to infer their presence. Here, we review the use of
ocean-color remote-sensing data, in conjunction with information on the ecology of the pathogen,
to map its distribution and forecast risk of disease occurrence. Finally, we assess how satellite-based
information on cholera may help support the Sustainable Development Goals and targets on Health
(Goal 3), Water Quality (Goal 6), Climate (Goal 13), and Life Below Water (Goal 14).

Keywords: Vibrio cholerae; waterborne diseases; cholera outbreaks; ocean-color remote sensing;
Earth observation; epidemiology; ecology; microbial ecosystems; modeling; surveillance; forecast;
SDGs for health; climate; water quality; oceans

1. Introduction

Vibrio bacteria are ubiquitous Gram-negative bacteria in the marine environment. These
microscopic microorganisms live either in free planktonic form or in association with host organisms,
non-living particulate matter or in the sediment, and participate in various biogeochemical cycles [1].
They are particularly abundant and diverse in the coastal environment, represented by more than
100 species, of which at least twelve are pathogenic. The Vibrio cholerae is the principal diarrheal human
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pathogen, causing acute intestinal infection with watery diarrhea. There are at least 200 serogroups
of V. cholerae, with toxigenic serogroups of O1 and O139 involved in human epidemics [2,3]. In 2017,
the cholera disease was reported to affect at least 47 countries worldwide, resulting in an estimated 2.9
million cases per year worldwide [4].

Over the past decades, several programs have been initiated across the globe for continuous
monitoring of microbial quality of coastal waters, such as the European Centre for Disease Prevention
and Control which maps V. cholerae in the environment, the U.S. Holden Laboratory project on
coastal microbial water quality, and the Seawater Quality Monitoring Program in India. The use of
remote-sensing observations to map cholera outbreaks in relation to environmental conditions was
first proposed R. Colwell in 1996 [5]. Since then, associations between satellite-derived environmental
variables such as temperature, salinity, sea surface height, chlorophyll concentration, and phytoplankton
abundance have been further explored and exploited to improve our understanding of the ecology of
bacterial pathogens and assess the risk of various water-associated diseases at different spatial and
temporal scales (e.g., [6,7]). In the case of Vibrio bacteria, remote-sensing observations have been used
to characterize the environment in which the pathogens and their hosts thrive, and specifically with
ocean-color remote sensing observations to infer key biological variables related to the dynamics of
phytoplankton (a putative host for Vibrio bacteria).

In the coming years, the development of research programs integrating in-situ and remote-sensing
observations will be key in helping to address issues related to the risk of water-borne infectious diseases
for human health. In the international coordination context, the intergovernmental organization Group
on Earth Observations (GEO) has been working to promote the development of such research programs
and to improving the use of Earth observations to support achievement of the United Nations 2030
Agenda for Sustainable Development. The agenda sets out a collection of Sustainable Development
Goals (SDGs) with associated targets and indicators around three interdependent pillars of sustainable
development: economic, social, and environmental. The potential of satellite observations to help
achieve the global goals is recognized across the span of social, economic, and environmental SDG
indicators [8,9]. However, the specific assessment of the potential of EO to support progress in SDGs
related to the risk of water-borne infectious diseases for human health, and how these may help to
design research activities that minimize negative interactions between goals and maximize positive
ones [10] are yet to be addressed.

Many reviews have been published in relation to disease incidence, pathogenicity, anti-microbial
resistance, and persistence mechanisms of Vibrio bacteria, and the use of satellite-based remote-sensing
observations and modeling approaches for monitoring and forecasting risks to human health,
e.g., [11–18]. However, none of these reviews have specifically addressed the potential of ocean-color to
study the dynamics of environmental reservoirs of Vibrio bacteria via the characterization of ecological
and biogeochemical signatures of Vibrio bacteria, and how this information may be relevant to support
SDGs and assess related targets and indicators.

Here, we review: (1) The interaction of Vibrio bacteria with the environment and with
living/non-living hosts present in the aquatic system; (2) the opportunities provided by remote-sensing
observations, especially ocean color, to advance our understanding of the dynamics of environmental
reservoirs of Vibrio bacteria and improve predictability of occurrence of disease outbreaks and risks to
public health; and (3) articulate how these activities provide support to SDG targets on Health (Goal 3),
Water quality (Goal 6), Climate (Goal 13), and Life under the water (Goal 14).

2. Global Distribution of Vibrio cholerae and Cholera Disease Outbreaks

Vibrio bacteria represent a significant portion of the culturable fraction of heterotrophic bacteria
in estuarine and marine waters around the world [19]. The species V. cholerae may colonize human
populations exposed to contaminated marine waters during recreational and fishing activities,
or through drinking and consumption of contaminated water or seafood respectively [20–23].
The infected persons may then carry the bacteria to different places to which they travel.
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Based on genetic reconstruction from clinical data, the onset of the seventh pandemic of cholera
in 1961 has been traced back to a population of V. cholerae, El Tor, in the north-eastern Indian Ocean
basin [24]. Since then, this pandemic has spread globally. Detailed genomic analysis shows that in the
Americas, the pandemic spread in three main transmission waves through pathogens introduced by
human travelers: A first introduction in Latin America in 1991 of a lineage from west-Africa; a second
introduction in Mexico in 1991 but this time, belonging to a lineage from Asia or Eastern Europe; and a
third, more recent introduction in 2010, into Haiti, involving the import of a South Asian strain [25,26].

However, V. cholerae does not require a human host to survive. They form an integral part of
the native flora of aquatic environments, living (1) as free-floating bacterioplankton, (2) attached to
non-living particles, and (3) in a symbiotic association with a living host ([27], see Section 3). The bacteria
may be transported through long-distance oceanic corridors by currents, as well as in ballast-waters
from ships. The occurrence of epidemics in endemic and non-endemic countries have been shown to
originate primarily in coastal regions, and then spread inland through human transportation.

The presence of V. cholerae serogroups O1/139 that can cause cholera disease and non-O1/139 groups
that can cause gastrointestinal infections or extra-intestinal infections, such as wound infections or
otitis, have been reported in European coastal waters and recreational beaches of the North Sea [28,29],
Baltic sea [30]; coastal waters of America in Argentina [31], Brazil [32], Haiti [3,33], Mexico [34],
Peru [35,36], Uruguay [31], Venezuela [37], United States [38], and in ballast water tanks of ships in the
Chesapeake Bay [39]; coastal provinces of African countries bordering the Gulf of Guinea, including
Angola, Benin, Cameroun, Cote d’Ivoire, Republic of the Congo, Guinea, Guinea-Bissau, Senegal,
Sierra Leone [4], and coastal provinces of Eastern African countries including Djibouti, Kenya [40],
Mozambique [41], Tanzania [4]; estuarine waters of India and Bangladesh [42–46]; as well as in coastal
regions in China [47], Vietnam [48], Comoros islands, and coastal waters of the State of Papua New
Guinea [4].

3. Interactions of Vibrio cholerae with the Aquatic Environment

This section presents aquatic reservoirs of V. cholerae along with the environmental processes
influencing bacterial growth, mortality, virulence, and biogeochemical activity. A schematic diagram
of the bacterial interaction with the environmental reservoirs is presented in Figure 1.
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Figure 1. A schematic representation of environmental reservoirs of V. cholerae. The bacteria can be
found as free-floating organism in the water column or interacting with various ecosystem components,
including phytoplankton, zooplankton, fish, water-column and sediment particulate organic matter
(POM) and dissolved organic matter (DOM), benthic organisms such as crustaceans, bivalves and
macrophytes, aquatic birds, chironomids, and humans. The environmental reservoirs may support:
(1) Host–pathogen interactions with a host providing a source of nutrients and protection; (2) transport
mechanisms (for instance with birds and insects) allowing dissemination of the bacteria over long
distances; (3) vectors of infection allowing transmission of pathogenic bacteria to human, for instance
through consumption of fish or seafood or drinking of contaminated water; (4) predatory–prey
interactions; and (5) biogeochemical cycling via organic matter decomposition associated with the
secretion of hydrolytic enzymes by V. cholerae, such as chitinase that degrades chitin polymers into
low-molecular-weight compounds such as N-Acetylglucosamine (GlcNAc) monomers that enter the
microbial loop and can be taken up by other organisms in the ecosystem. The presence and interactions
with chitin are indicated in boxes with purple color background (i.e., boxes labeled as Chitin, Diatoms,
and Copepods). The influence of environmental and climate conditions is indicated, with hydrological
drivers such as temperature, salinity, O2, pH, nutrients, and cations influencing the growth, mortality,
virulence, and dormancy (also-called Viable But Non-Culturable (VBNC) state). The concepts depicted
in this schematic are described in the literature review presented in Sections 3.1–3.4 and in [1,15,49].

3.1. Vibrio cholerae: Growth, Pathogenicity, Dormancy, and Mortality

3.1.1. Growth and Abundance

The growth and abundance of V. cholerae are primarily controlled by temperature and salinity.
This tight relationship is well established across the northern and southern hemispheres, with
reports for instance in the North Atlantic and North Sea [50,51], the Chesapeake Bay [38,52], tropical
riverine-estuarine environments [45], and along the coast of Peru [36]. Other environmental variables
including pH, turbidity (mixing of particles), the concentrations of dissolved oxygen (DO), dissolved
organic carbon (DOM), particulate organic carbon (POM), ammonium, nitrate, phosphate, silicate, iron,
heavy metals, pigments, the carbon/nitrogen ratio of suspended organic particulates, the abundance
of host organisms, and effects of predation by protozoans and viruses have also been reported to
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affect the abundance of V. cholerae. However, they tend to explain a smaller fraction of the variance
in V. cholerae abundance or the relationships between the environmental covariates and bacteria
abundance may be less consistent across sites (e.g., [53–55]). These findings may also be subject to the
availability of observations, availability of concurrent measurements of environmental variables and
V. cholerae abundance, and the difficulty in detecting and measuring changes in abundance during
short-term, sporadic events. For instance, an intense phytoplankton bloom was shown to stimulate
fast-growth rates of V. cholerae population (>4 doublings per day), allowing them to overcome the
grazing pressure exerted by heterotrophic nanoflagellates [56,57]. A rapid and explosive increase in
V. cholerae abundance has also been reported in relation to the atmospheric deposition of nutrient-rich
dust from the Saharan desert in surface waters of the subtropical Atlantic Ocean [58]. However, the
role of dust-associated iron is controversial and other growth factors have been suggested as main
drivers of Vibrio spp. population dynamics in response to addition of dust leachate [59].

3.1.2. Dormancy

Variations in environmental conditions such as the occurrence of a temperature outside the
optimum-growth range, elevated or lowered osmotic concentrations, nutrient limitation, reduced
oxygen levels, and high concentration of pollutants such as heavy metals may cause V. cholerae to
remain dormant for a long time, i.e., viable but non-culturable status (VBNC) and regain viability once
conditions become favorable [60]. The VBNC status may adversely affect cultivability and introduce a
bias in forecast models designed from culture-based experiments. V. cholerae in VBNC status has been
shown to regain its viability and pathogenicity on ingestion into the human intestine [15].

3.1.3. Pathogenicity

The pathogenicity of V. cholerae is controlled by the synergistic expression of different genes
initiated by the transcriptional activator ToxR that leads to the production of a cholera toxin (CT)
genetic element called CTX. Pathogenic strains of V. cholerae are evolved from environmental forms
that have the ability to colonize intestines. The major virulence genes of V. cholerae are reported to
be acquired from a lysogenic bacteriophage (CTXϕ). Under favorable environmental conditions,
other phages may cooperate with the CTXϕ in a horizontal transfer of genes in V. cholerae including
acquiring virulence genes from other organisms [61,62]. Coastal waters can be particularly favorable
for horizontal gene transfer as divalent cations such as Ca2+ and Mg2+ present in saline waters, and
metals such as vanadium, cadmium, and nickel (often found as pollutants in coastal systems), could
improve the competency of bacterial cells and exert selective pressure promoting horizontal gene
transfer [63].

3.1.4. Mortality

Predation by lytic phages [64], heterotrophic nanoflagellates, protozoans, rotifers, and
cladocerans [14], and changes in hydrological and chemical conditions (e.g., availability of nutrients,
viable temperature, and salinity conditions), are the main factors controlling the mortality of V. cholerae
in the aquatic environment. V. cholerae has developed several mechanisms to survive predation and
reduce pressure of hydrological stressors. Biofilm formation and morphological shift may provide
physical protection to grazing by protozoans. The environmental amoeba, Acanthamoeba castellanii, has
been reported to ingest and promote the growth of V. cholerae in the cytoplasm of their trophozoites
and cysts [65]. Such ingestion may protect V. cholerae from other environmental stressors and grazing
pressure. Furthermore, culture experiments [66] and epidemiological studies in coastal waters [67]
suggest that control of V. cholerae populations may be more influenced by phage predation than
by nutrient limitation. Vibriophages have also been shown to significantly influence the seasonal
dynamics of cholera epidemics [61]. For instance, positive relationships have been reported between
cholera incidence and the prevalence of lytic phages in the environment during the weeks preceding
an outbreak in sewage waters in Lima, Peru [68], and in coastal waters of Dhaka, Bangladesh [69].
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3.2. Environmental Reservoirs and Dissemination of V. cholerae

Sediment, as well as benthic and pelagic organisms, can form reservoirs of V. cholerae [15,49]. Some
examples include the association of V. cholerae with aquatic plants [70], arthropods and chironomid
egg masses [71,72], shellfish [23], waterfowl [73], fish [74,75], and planktonic and benthic organisms
containing chitin, such as diatoms [76], bivalves, copepods, cladocerans, and other crustaceans [77],
and aquatic sediments (e.g., [49,78]). The presence and abundance of V. cholerae in one reservoir
may reflect a specific survival strategy of the bacteria in the environment through the attachment to
organic matter, sediment particles, debris, or biofilms. However, it remains unclear whether V. cholerae
generally predominate in one environmental reservoir over another.

3.2.1. Host–Pathogen Interactions

Attachment of V. cholerae to living or non-living hosts is mediated by their pili via three sets of
differentially regulated genes, which also control the degradation of chitin ([79]; please see Section 3.3).
Temperature, salinity, and pH have been shown to influence attachment rates of V. cholerae to planktonic
crustaceans such as copepods by activating the expression of the Mannose-sensitive haemagglutinin
(MSHA) pilus receptor and the outer membrane colonization (protein) factor GbpA [15,80]. In addition,
several studies have confirmed the role of chemotaxis in chitin and the production of multiple chitinases
in zooplankton–V. cholerae interactions [79,81–83].

The metabolic interactions of V. cholerae with host organisms in the marine ecosystems are diverse
and may occur anywhere in a continuum between parasitism and mutualism. In many cases, the host
organisms provide space and nutrients for the growth of the bacteria [15]. An example is with the
dissolved organic matter secreted by phytoplankton, which has been shown to support the growth
of V. cholerae [84]. In return, the bacteria may provide CO2, nitrogen, phosphorus, sulfur, and trace
elements to the phytoplankton.

3.2.2. Aerial-Dissemination Modes

Free-living V. cholerae can attach to the surface of windblown sand and dust particles from
large desert areas, and to the eggs of flies that settled on hard substrates in the surface water and
on the emergent adult flies [85]. Flying chironomids carrying large numbers of V. cholerae may be
uplifted by winds into the troposphere and transport pathogens over long distances and time [85],
possibly causing the occurrence of cholera outbreaks in geographically distant localities in India, Africa,
and Yemen [71,72,86].

Aquatic birds, especially migratory ones, play a significant role in the transportation of V. cholerae
via two main routes. In the first route, birds may eat contaminated fish or other contaminated organisms
in one pond and shed the pathogens in another area, as demonstrated by the presence of pathogenic
V. cholerae in intestinal and fecal samples of aquatic birds [73,87–89]. In the second route, chironomids
and copepods, which are known to be reservoirs of V. cholerae, attach externally to the feather and feet
of birds and facilitate the transport of pathogens [73].

3.2.3. Aquatic-Dissemination Modes

Aquatic plants such as water hyacinth can serve as a dissemination vector of V. cholerae.
The pathogenic bacteria may concentrate in the plant roots [90,91], which may then be transported by
tidal currents across the estuaries from the river mouth to the open sea where the plants may decay
due to increased salinity, while the pathogens may survive as they can tolerate moderate salinity
and temperature.

Ballast and other non-potable waters from cargo ships are well-established long-distance dispersal
mechanisms for human pathogens and waterborne diseases, including cholera. In the early 1990s, an
Asian strain of V. cholerae transported through ballast water was found to be responsible for a cholera
outbreak in Peru [92]. In around the same time period, a Latin American strain of V. cholerae was
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reported in the ballast water of several ships arriving in the Gulf of Mexico, leading U.S. coast guards
to issue an advisory requesting that ballast waters be exchanged in open seas before entry of ships in
the U.S. port [20,93]. More recent studies reported the presence of V. cholerae in the ballast tanks of
ships docked in the ports of Brazil [94] and Singapore [95].

Tiny plastic beads, or “nurdles”, found on beaches and in rivers and seas around the world, could
form a novel means of dispersal for potentially pathogenic Vibrio spp., including V. cholerae. In coastal
and estuarine waters of the North Sea where V. cholerae occurrences have been reported [96], up to
75% of nurdles found on bathing beaches were contaminated with Vibrio spp. [97]. The hard surface
of plastic debris provides an ideal environment for the formation of biofilm to which Vibrio bacteria
can bind effectively [98]. Furthermore, the slow degradation of synthetic polymers, in comparison to
naturally occurring polymers like chitin, may allow transportation and persistence of V. cholerae across
coastal and marine environments and act as long-distances transportation vectors.

3.3. Role of Vibrio cholerae in Biogeochemical Cycling

The bacteria V. cholerae are largely discussed as pathogens affecting humans and aquatic organisms.
However, being a dominant bacterium in the marine environment, they also play important roles
in the pelagic and benthic biogeochemical cycling, especially participation in marine carbon and
nutrients cycles [1]. When colonizing particulate matter, Vibrio bacteria secrete an array of hydrolytic
enzymes to convert high-molecular-weight polymers such as proteins, lipids, carbohydrates, chitin,
and laminarin into small-molecular-weight compounds that can be taken up by other pelagic and
benthic microorganisms and incorporated into the microbial loop [27].

One of the most abundant carbon sources in the marine environment is chitin. The annual
release of chitin associated with the death of chitin-producing organisms may be more than 2.3 million
metric tons per year in the whole marine biocycle [99]. The high-molecular-weight chitin polymers
are not available to the food web until they are mineralized into low-molecular-weight GlcNac
monomers through the action of chitinase enzymes produced by heterotrophic bacteria including
V. cholerae [1,79,81]. Chitin degradation is initiated with the adherence of the bacteria to the surface
of the particulate matter or organisms with the aid of MSHA pilus [76]. Subsequently, the chitin is
degraded in a step-wise process into N-acetyl glucosamine by the concerted action of chitinase and
β-N-acetylglucosaminidase [83].

3.4. Climatological Conditions

In coastal and lacustrine regions, the predominant climate-related drivers affecting the distribution
of V. cholerae and disease transmission rates include water temperature, precipitation, freshwater
runoff, drought, sea-level rise, flooding, and storm surge, which in turn influence salinity, turbidity,
and plankton abundance and composition [100,101]. Changes in climate forcing and environmental
conditions may affect the distribution of V. cholerae and disease transmission rates at different timescales
(short-term, seasonal, inter-annual, and long-term variations) and over different geographic areas
(local, regional, and global). For instance, in Bangladesh, the timing of the monsoon has been shown
to influence the seasonal dynamics in V. cholerae pathogens, resulting in disease transmission rates
remaining low during the summer rains and dry winter, and peaking in spring and autumn [102].

Large-scale patterns of climate variability such as the El Niño Southern Oscillation (ENSO) can
alter local and regional temperature and precipitation conditions, which might favor V. cholerae growth
and increase cholera outbreaks (e.g., [103–107]). For instance, in Bangladesh, short-term variation in
cholera transmission rates showed a significant 8–10 month lagged correlation with the global climate
index Niño3.4 [102]. In regions under the influence of the monsoon such as in Indian and Bangladesh,
positive feedback is observed between an anomalous SST warming in the tropical Pacific following
winter El Niño events and the changes in summer monsoon atmospheric circulation that result in
enhanced precipitation and river discharge, which may lead to a rise in cholera outbreaks [108,109].
Recently, changes in precipitation patterns associated with El Niño perturbations have also been shown
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to impact disease transmission rates in Africa [106]. In addition, through the long-range effects of
coupled-ocean-atmosphere teleconnections, El Niño has been suggested as a possible “long-distance
corridor” for the oceanic transmission of pathogenic strains of V. cholerae between Asia and the
Americas [110].

Over long timescales and large geographic areas, the potential impact of climate change on the
distribution of cholera has been estimated based on the relationship between V. cholerae abundance and
the environmental variables of temperature and salinity [54]. Under a moderate climate change scenario,
the majority of the coastal areas currently less suitable for V. cholerae may become more suitable, including
latitudinal expansion in V. cholerae range from low to medium and high latitudes and an increment of
suitable conditions in open waters. The tight relationship between temperature and V. cholerae growth
has also been used to forecast the increase and new incidence of pathogenic strains in temperate
regions of Northern Europe under the regional warming trend [51,111]. Climate-change-driven sea
level rise and changes in precipitation may increase surface extent of water-submerged areas and
decrease salinity in coastal regions, which may enhance seasonal and geographical availability of
habitat suitable for V. cholerae. Ocean acidification associated with increasing CO2 emissions may
reduce attachment rates of V. cholerae to zooplankton hosts [80,112]. However, more research is needed
in this area as high CO2 levels have also been shown to enhance the diversity of the particle-attached
bacterial community [113], influence the dynamic and diversity of plankton community, and in some
instances, has been shown to reduce development of mesozooplankton species including copepods and
to alter trophic interactions [114], which in turn could also affect growth and distribution of bacteria
such as V. cholerae.

4. Surveillance and Forecast of Aquatic Reservoirs of Vibrio and Cholera Disease Outbreaks:
Existing Approaches and Development Opportunities

An increasing number of human health and epidemiological studies are using a combination
of in-situ and remote-sensing data for monitoring, surveillance, forecast, and risk mapping of
pathogen occurrence and disease outbreaks (e.g., [7,115–117]). Although microbial pathogens cannot
be sensed directly by satellite sensors, the remotely-sensed data can be used to infer their presence.
To date, the majority of modeling approaches are based on empirical relationships between pathogen
presence/absence or abundance or disease incidence, and a series of bio-physical covariates, such as
salinity, sea surface temperature (SST), sea surface height (SSH), pH, dissolved oxygen concentration,
Chlorophyll-a concentration, plankton biomass, land cover type, precipitation, and humidity or vapor
pressure (e.g., [5,52,116,118–120]).

4.1. Predictive Models Developed Using Ocean-Color Remote-Sensing Data

Ocean-color sensors measure water-leaving reflectance in spectrally contiguous bands in the
spectral range of visible wavelengths of the light emerging from the water surface. The remote-sensing
reflectance is then used as the basic input to many derived-product algorithms such as inherent
optical properties, diffuse attenuation, particulate matter, and chlorophyll-a. The concentration
of chlorophyll-a, the primary photosynthetic pigment found in phytoplankton, varies seasonally
following the growth and decline of phytoplankton populations. It is the key variable required to
estimate primary production (i.e., the rate at which organic carbon is produced by phytoplankton cells),
providing unique information on the dynamics of the marine food chain and the biological carbon cycle.
Remotely-sensed chlorophyll-a concentration can be retrieved in marine and fresh-waters, allowing us
to monitor phytoplankton distribution at high temporal (<1 day) and spatial (<1 km) resolutions from
regional to global scales.

To assess the current status of methods and approaches that use ocean-color observations to
survey and forecast Vibrio spp. occurrence and/or cholera disease incidence, we conducted a structured
literature search using PubMed query tools from January 1950 to August 2019, with the keywords
cholera; Vibrio; chlorophyll; ocean-color; satellite; and remote-sensing. Additional articles and reports
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were searched in reference lists of published articles, and using a Google Scholar query between
January 1950 and August 2019. The latter query returned 2460 results. The titles and abstracts of the
top 10% of the results sorted by relevance were screened. Combining the results from all searches,
a total of 16 studies were found to include satellite ocean-color data in their analysis and/or to use the
data as a covariate in the development of predictive models of Vibrio spp. or cholera dynamics (Table 1).

Table 1. Studies using ocean-color remote-sensing observations to survey and forecast Vibrio spp.
occurrence or cholera disease outbreaks. RS = remote sensing.

Predicted
variable Covariate Method Study Region and

Period
Satellite Sensor or

Product Reference

Vibrio
parahaemolyticus

densities in
oyster meat

RS: SST,
Chlorophyll-a
Other: salinity

Multilinear
regression model

British Columbia,
Canada; 2003–2015

Multi-scale
Ultra-high-resolution

SST Analysis,
MODIS

[121]

Cholera
incidence

RS: SST, SSH,
Chlorophyll-a

Other:
precipitation,
temperature

Macro
environment–SIR

model and
multilinear

regression analysis
of environmental

drivers

Zhejiang province,
China;

2001–2008

AVHRR,
TOPEX/Poseidon

and Jason-1, SeaWiFS
[47]

Cholera
incidence

RS: SST, SSH,
Chlorophyll-a

Multilinear
regression model China; 1999–2008

AVHRR
TOPEX/Poseidon

and Jason-1, SeaWiFS
[122]

Vibrio cholerae
habitat suitability

index

RS: Chlorophyll-a,
SST,

Photosynthetically
Available Radiation
Other: salinity, pH,

O2, nitrate,
phosphate

Ecological niche
model

Global oceans;
2005–2010

MODIS aqua,
SeaWiFS [54]

Cholera
incidence

RS: Chlorophyll-a,
precipitation

Other: ENSO and
DMI climate

indices

Inhomogeneous
Markov Chain

model

Lake Kivu region,
DRC; 2002–2012 MODIS aqua, TRMM [119]

Cholera
incidence

RS: reflectance at
412 and 555 nm

Satellite Water
Marker (SWM)

model based on RS
reflectance

Bay of Bengal,
Mozambique

Channel;
1998–2009

SeaWiFS [123]

Cholera
incidence RS: Chlorophyll-a Correlation

analyses

Bay of Bengal
coastal and

offshore; 1998–2007
SeaWiFS [124]

Cholera
incidence

RS: Chlorophyll-a
Other:

precipitation,
fishing activities

Time-series and
correlation

analyses

Lake Kivu region,
DRC; 2002–2006 MODIS aqua [125]

Cholera
incidence

RS: SST, SSH,
Chlorophyll-a

Other:
socio-economic

status

Generalized linear
model

Bangladesh, Bay of
Bengal; 2003–2007

AVHRR, Jason-1,
SeaWiFS [126]

Cholera
incidence

RS: Chlorophyll-a
Other: river

discharge data

Analysis of annual
variations

Bay of Bengal,
Mozambique

Channel;
1997–2010

SeaWiFS [6]

Cholera
incidence

RS: SST, SSH,
(Chlorophyll-a)

Correlation
analyses

Bangladesh, Bay of
Bengal; 1992–1995

and 1997–1998

AVHRR,
TOPEX/Poseidon,

(SeaWiFS)
[116]

Cholera
incidence

RS: SST, SSH,
Chlorophyll-a

Analysis of
interannual
variations

Bangladesh, Bay of
Bengal; 1998–2002

AVHRR,
TOPEX/Poseidon,

SeaWiFS

Colwell and
Calkins, unpub.
data reported

in [16,127]
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Table 1. Cont.

Predicted
variable Covariate Method Study Region and

Period
Satellite Sensor or

Product Reference

Cholera
incidence

RS: SST,
Chlorophyll-a,
precipitation

Generalized linear
model

Bangladesh,
Matlab, India,

Kolkata, Bay of
Bengal; 1998–2006

NOAA Optimally
Interpolated product,

SeaWiFS, Global
Precipitation

Climatology Project
(GPCP)

[44]

Cholera
incidence

RS: SST, SSH,
Chlorophyll-a,
precipitation

Linear regression
analyses

KwaZulu-Natal,
South Africa;

2000–2001

AVHRR,
Topex/Poseidon,

SeaWiFS, Merge of
infrared and

microwave satellite
estimates with rain
gauge data (GPCP)

[128]

Cholera
incidence

RS: SST, SSH,
Chlorophyll-a

Other:
Precipitation,

temperature, river
discharge or height

Multivariate
regression analyses

Matlab,
Bangladesh, Hue,

Vietnam;
1997–2003

AVHRR,
TOPEX/Poseidon

and Jason-1, SeaWiFS
[48]

Vibrio
parahaemolyticus

densities in
oyster meat

RS: SST, turbidity,
Chlorophyll-a
Other: salinity,
bottom water
temperature

Regression
analyses

Alabama coastal
region, USA;
1999–2000

AVHRR, SeaWiFS [129]

In summary, based on the structured literature search, studies that were found to include
ocean-color observations in their analyses have investigated predictive skills of: (a) Chlorophyll-a
concentration (either as a single explanatory variable or in combination with other environmental
covariates) in relation to cholera cases (12 out of 16 studies, Table 1), (b) V. cholerae habitat suitability (one
study, [54]), or (c) V. parahaemolyticus density in oysters (two studies, [121,129]). Covariates investigated
in addition to chlorophyll-a, included remotely-sensed observations of SST, SSH, precipitation, and
field measurements of salinity, pH, bottom temperature, phyto- and zoo-plankton biomass, river
discharge, climate indices, and socioeconomic status. Furthermore, one study developed a satellite
water marker (SWM) model that relates coastal water conditions to seasonal cholera incidence [123].
More details about the methodology, geographical coverage, and predictive skill of the different models
reported in Table 1 are presented in Sections 4.1.1–4.1.4.

4.1.1. Ocean-Color and Cholera Cases

In coastal regions, such as the Bay of Bengal in Bangladesh and India (Colwell and Calkins, unpub.
data; [6,17,44,116,123,124,126]), Mozambique Channel [6,123], Zhejiang province in China [47,122],
KwaZulu-Natal province in South Africa [128], and in the inland Lake Kivu region in the Democratic
Republic of the Congo [119,125], chlorophyll-a was found to be a significant explanatory variable,
with best results often obtained using time-lag correlation between one and six months. Contrasting
results were found in the coastal region of Hue, Vietnam, where chlorophyll-a was not significantly
associated with the probability of cholera outbreak. However, this latter finding may be related to
infrequent cholera epidemics and lull in cholera cases between outbreaks in the region during the
study period 1997–2003.

In the coastal regions of the Bay of Bengal and the Mozambique Channel, an SWM model depicting
coastal water conditions, suitable for V. cholerae bacteria, was utilized, based on the variability of the
difference between remote-sensing reflectance in the blue (412 nm) and green (555 nm) wavelengths,
which can be related to seasonal incidence of cholera [123]. The SWM index is bounded between
physically separable wavelengths for relatively clear (blue) and turbid (green) water. Using the SWM
model, prediction of cholera with reasonable accuracy at least two months in advance can potentially
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be achieved in endemic coastal regions in spring in Bangladesh and in winter in Mozambique,
respectively [123]. Comparative analysis, reported by [123], showed higher predictive ability for SWM
(predicted r2 = 78% and 57%) than chlorophyll-a (predicted r2 = 58% and 23%) in Bangladesh and
Mozambique regions respectively. These results suggest that SWM captures biological properties
in coastal waters that may not be represented in chlorophyll algorithms. The correlation between
detrended anomalies of October–November–December Chlorophyll-a and a positive SWM index,
indicative of suitable habitat for V. cholerae is shown in Figure 2c for the period 1997–2017. High
positive correlations are observed in coastal regions where the water conditions are more turbid and
associated with changes in phytoplankton chlorophyll-a.

4.1.2. Ocean-Color and V. cholerae Habitat Distribution

The prediction of most suitable areas for potential V. cholerae distribution has been investigated in
oceanic and coastal regions across the world on the basis of a mathematical representation of their
known distribution in environmental space, or so-called realized ecological niche. This approach,
referred to as ecological niche modeling, has been used to assess the influence of 12 environmental
covariates, including SST, salinity, pH, dissolved oxygen, nutrient concentrations, photosynthetically
available radiation, and chlorophyll-a concentration [54]. The results indicate that chlorophyll-a,
pH, SST, and salinity could explain most of the variability, with chlorophyll-a having the highest
predictive power (49% relative contribution). These findings are consistent with the key environmental
factors identified to trigger cholera outbreaks in studies based on empirical relationships between
environmental covariates and cholera incidence (e.g., [6,17,44,116]). In the northern Indian Ocean,
contemporary distribution of suitable areas for V. cholerae predicted by the ecological niche model [54]
is in general agreement with the location of maximum risk of cholera incidence predicted by the SWM
model [123], although differences can be seen, especially in coastal regions (Figure 2).
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Figure 2. Habitat suitability for V. cholerae in the northern Indian Ocean inferred from (a) [54] the
ecological niche model (Figure 2a is adapted from [54] their Figure 4) and (b) [123] the satellite
water marker (SWM) model applied to the European Space Agency Ocean Color Climate Change
Initiative (ESA OC-CCI) remote-sensing reflectance data [130]. The maximum values of SWM (in
percent) over the period 1997–2017 are shown. The correlation between chlorophyll-a and satellite
water marker is shown in (c). Pearson correlation has been performed using detrended anomalies of
October–November–December (OND) chlorophyll-a and OND satellite water marker over the period
1997–2017. OND corresponds to the months analyzed in [123] in the Bengal Delta region. Positive
values of SWM, indicating suitable habitat for V. cholerae associated with cholera incidence, are used in
the correlation analysis. The high positive correlation found in coastal waters suggests a connection
between oceanic plankton abundance and cholera incidence in OND. In (c), white color indicates
non-significant correlation values. Chlorophyll-a data were obtained from ESA OC-CCI version 4 [130]
and satellite water marker data were calculated as indicated in (b).

4.1.3. Ocean-Color and V. parahaemolyticus in Oysters

Predictive models of V. parahaemolyticus in oysters showed inconstant findings, with a study of
British Columbia oysters reporting no association with remote-sensing chlorophyll-a [121], whereas
a study of Alabama oysters showed significant relationship with remote-sensing chlorophyll-a after
correcting for the effects of temperature and salinity [129].
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4.1.4. Local and Regional Specificity

Inconsistent findings regarding the influence of ocean-color and other environmental covariates
on Vibrio bacteria abundance or cholera cases may be due to differences in spatial (e.g., study area
extent, grid size) and temporal (e.g., weekly, monthly, or annual observations, length of data records)
data resolution and coverage, differences in the ecological systems (e.g., freshwater, coastal or open
ocean waters), differences in the socio-economic context (e.g., sanitation and access to drinking water,
raw sea-food consumption), and differences in the disease epidemiological patterns (uni- or bi-annual
peaks, outbreaks of primary and secondary cases). Overall, outbreaks of primary cases, resulting
from environment-to-human transmission, will be influenced by regional-scale environmental factors,
whereas secondary cases, consisting of human-to-human transmission, will primarily depend on
local-scale socio-economic factors. Furthermore, outbreaks in coastal systems may have different
dominant drivers than in inland systems because they are not only affected by climatic and geographic
conditions, but also by oceanic conditions. For instance, cholera incidence data from the coastal
Mathbaria region of Bangladesh show endemic patterns with a single peak in the spring while
further inland, in other districts of the Ganges-Brahmaputra-Meghna basin (Dhaka, Matlab, Bakerganj,
and Kolkata) bi-annual peaks pattern is observed with outbreaks in the spring and post-monsoon in the
fall [6,43,44,131,132]. In most affected areas of coastal Mozambique, infection patterns are characterized
by a single annual peak in the spring [6]. On the other hand, in landlocked regions such as the East
African lake region, intra-annual patterns of cholera vary according to the location, and peaks are
generally observed during post-flood situations or after extreme precipitation events [119,125].

4.2. Surveillance and Forecast of V. cholerae Reservoirs and Cholera Disease Outbreaks: Development
Opportunities from Ocean-Color Remote-Sensing

4.2.1. Sensor-Related Developments

Over the past three decades, national and international space agencies such as the US National
Aeronautics and Space Administration (NASA), European Space Agency (ESA), the European
Organisation for the Exploitation of Meteorological Satellites (EUMETSAT), The China National
Space Administration and State of (CNSA), the Indian Space Research Organisation (ISRO), the Japan
Aerospace Exploration Agency (JAXA), the Korean Space Agency, and the French National Centre
for Space Studies (CNES) have deployed and operated a range of ocean-color sensors dedicated to
measure water-leaving radiance in the visible part of the spectrum [133]. A review of the current
status and future perspective of ocean-color observations presented in [134] shows that the sensors
deployed have different swath width, spectral coverage, number of wavelength bands (8 to 21), spatial
resolution (~300 m to 4 km), temporal frequency (from <1 h to ~4 days), orbit (polar or geostationary),
and operate over different time spans (from few months to > decade). The range of characteristics of
these sensors are bound by technological and scientific advances, and have been developed to meet user
requirements for different applications. For instance, sensors with: high-spatial resolution (~300 m) are
particularly suited to study sub-mesoscale processes; high-temporal frequency (<1 day) allows us to
study diurnal processes; large number of wavebands permits development of retrieval algorithms for
various water constituents and their refinement in complex coastal waters. For the purpose of climate
studies, the Global Climate Observing System (GCOS) has identified the requirements for the essential
climate variables of remote-sensing reflectance and chlorophyll-a, in terms of data frequency (daily
and weekly), spatial resolution (4 km), uncertainty (5% and 30% respectively), and stability (0.5% and
3% respectively) [134]. However, the differences in sensor characteristics make the process of sensor
calibration inter-comparison and validation particularly challenging. To address these issues, the ESA
Ocean-Colour Climate Change Initiative (OC-CCI) program was launched in 2011, to develop and
validate algorithms to meet requirements for consistent, stable, error-characterized merged ocean-color
data from multi-sensor archives, including SeaWiFS, Aqua-MODIS, MERIS, and VIIRS. The merged
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products provide the longest continuous record (more than two decades) of ocean-color observations
with global coverage at 1 to 4 km and daily resolution [130].

In addition to the OC-CCI data archive, observations at high-spatial resolution (~300 m) are
becoming increasingly available, with the launch since 2016 of a series of Sentinel missions with sensors
dedicated to measure ocean color, SST, and surface topography variables (please see review about
relevance and applications of other remote-sensing data in Section 5). Ocean-color sensors onboard
the Sentinel-3 missions are presently used and validated to retrieve data on phytoplankton and other
water constituents, and are currently being evaluated for their incorporation into the OC-CCI time
series [130]. Sentinel-3 Ocean and Land Colour Instrument (OLCI), which is operated by EUMETSAT,
provide significant improvements when compared to previous ocean-color sensors, including an
increase in the number of spectral bands (from 15 in MERIS to 21 in OLCI), sun-glint mitigation,
improved coverage of the global ocean (<2 days with two satellites in constellation, where MERIS
is ~15 days), complete overlap with other sensors such as the Sea and Land Surface Temperature
Radiometer (SLSTR), which allows us to analyze ocean-color and SST observations in synergy [135].
As part of the space component of the Copernicus program, Sentinel-3 has moved ocean color into the
operational domain for the coming decade, with two platforms currently in orbit (Sentinel-3A and
Sentinel-3B) and at least two further planned (3C and 3D). Furthermore, data archives of land-designed
sensors such as Landsat-8 and Sentinel-2 have also been explored to develop algorithms to retrieve
information on phytoplankton and particulate matter. The land sensors have the advantage to provide
data at very-high spatial resolution (~30 m), which is most relevant for investigating the dynamics of
water constituent at local scale, such as in coastal areas and lakes.

Other remote-sensing platforms, which can carry small-size and lightweight sensors that can
measure water-leaving radiance a few meters above the water, include airplanes and unmanned aerial
vehicles (UAV) such as balloons or drones [136]. The advantages of these platforms over satellites
are further improvement in spatial resolution and the potential to avoid disturbances of the optical
signal due to cloud coverage. Furthermore, hyperspectral technology developments have resulted in
UAV-compatible smaller and lighter sensors, which are characterized by narrow contiguous spectral
bands over a continuous spectral range. Hyperspectral measurements in the spectral range of visible
wavelengths are being investigated to produce novel retrieval algorithms for water constituents such
as Chlorophyll-a, turbidity, and total suspended solids, providing new perspective for water quality
monitoring in shallow coastal and inland waters [137,138].

To date, a limited number of studies (~16) have reported using ocean-color remote sensing to
develop applications related to Vibrio bacteria habitat suitability and/or cholera disease incidence
(Table 1). The data sources, types, spatio-temporal resolution, and the predictive models used, as well
as their applications varied from region to region, and were shown to depend on the epidemiological
data (e.g., weekly to annual report of bacteria abundance or cholera cases at local, district, or state
level). To produce comprehensive recommendation of the requirements for ocean-color remote-sensing
data in the context of the Vibrio pathogen or cholera applications will require user-engagement
review amongst research communities, such as epidemiologists, clinicians, modelers, remote sensing,
climate, and social researchers, as well as consultation of stakeholders and end-users, including coastal
or lake-shore populations, fishermen, boat-tourism industry workers, port officers, environmental
regulators, NGOs, decision-makers, and health service officials. This is would be very useful to do in
the future, however is beyond the scope of the present paper.

4.2.2. Applications-Related Development

Since the launch of the Coastal Zone Color Scanner (CZCS) by NASA in 1978, ocean-color products
have continuously been developed and validated, and transited to scientific applications such as in
research on the carbon and nitrogen cycles, biogenic trace gases, and in operational mode for fisheries
management, harvesting, aquaculture, water quality assessment, harmful algal blooms (HABs) detection,
tracking, and prediction. Some of the products developed for these applications may also be relevant to
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study the geographic distribution and temporal dynamics of the aquatic reservoirs of V. cholerae and help
us to better characterize the ecological and biogeochemical signatures of the bacteria.

Based on the environmental interactions of V. cholerae described in Section 3, we have reviewed
existing ocean-color products that may be used to monitor and forecast aquatic reservoirs of V. cholerae,
and possible transmission routes of the disease (Table 2).

Table 2. Existing ocean-color products with realized or potentially-new applications on environmental
reservoirs of V. cholerae.

Application Status Environmental
Interaction Reservoir Ocean-Color

Product

Ocean-Color
Product

Reference

Reservoir
distribution and

cholera outbreaks

Realized
(references in

Table 1)
Host–pathogen Phytoplankton

biomass Total chlorophyll-a [139–141]

Reservoir
distribution and

cholera outbreaks

Realized
Jutla et al., 2013 Host–pathogen

Phytoplankton
biomass and

suspended matter

Satellite Water
Marker based on

Rrs
[123]

Reservoir
distribution Potential Host–pathogen Phytoplankton size

structure

Micro-, nano-,
picohytoplankton

chlorophyll-a
[142–145]

Reservoir
distribution Potential Host–pathogen Phytoplankton

functional groups

Diatoms,
Coccolithophores,

Phaeocystis,
Prochlorococcus,

Synechoccus,
Nano-Eukaryotes

[146–149]

Reservoir
distribution Potential Host–pathogen Chitin-containing

phytoplankton Diatoms [150]

Reservoir
temporal
dynamics

Potential Host–pathogen Phytoplankton
phenology

Timings of
initiation, peak,

termination, and
duration

[151–155]

Biogeochemical
cycles regulation Potential Carbon cycle

Phytoplankton
organic carbon
productivity

Primary
production [156]

Biogeochemical
cycles regulation Potential Carbon cycle Phytoplankton

carbon

Total
phytoplankton

carbon
[157–160]

Biogeochemical
cycles regulation Potential Carbon cycle Phytoplankton

carbon

Micro-, nano-,
picohytoplankton

carbon
[159,160]

Reservoir
distribution Potential Host–pathogen Suspended matter Turbidity, total

suspended matter [161]

Biogeochemical
cycles regulation Potential Nutrients,

Carbon cycle
Particulate organic

matter
Particulate organic

carbon [162,163]

Biogeochemical
cycles regulation Potential Carbon cycle Particulate

inorganic matter
Particulate

inorganic carbon [164,165]

Biogeochemical
cycles regulation Potential Carbon cycle Carbon export,

acidification Coccolithophores [166,167]

Biogeochemical
cycles regulation Potential Nutrients,

Carbon cycle
Dissolved organic

matter
Colored dissolved

organic matter [168–170]

5. Applications of Satellite Remote-Sensing to Cholera Epidemics: Supporting Sustainable
Development Goals and Targets

Satellite remote-sensing observations, such as ocean-color, SST, SSH, and precipitation, have
supplied mechanistic insights that support the construction of predictive models of both V. cholerae
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habitat distribution and cholera disease outbreaks. In particular, the studies reviewed in Table 1 have
highlighted the importance of including covariates of terrestrial nutrient influx and abundance of
planktonic hosts, which are key environmental processes in freshwater and coastal regions of cholera
endemic countries. Figure 3 shows possible ocean corridors for cholera outbreaks in coastal tropical
regions based on 20 years of ESA OC-CCI ocean-color data.

Ocean-color provides information on phytoplankton abundance and is related to the increased
presence of zooplankton. The V. cholerae bacteria may attach themselves to the phyto- and zoo-plankton,
and particularly to diatoms and copepods containing chitin, which has been reported as an effective
chemotactic attractant and may help in the formation of biofilms (see Section 3.2). The plankton hosts
may then provide shelter and protection for the Vibrio bacteria and support its survival, growth, and
dissemination in the aquatic environment. SST and salinity are indicative of growth conditions, with
the bacteria growing preferentially in warm (>15 °C), low salinity (<25 ppt NaCl) seawaters [51], as well
as the conditions favorable for plankton blooms, which also depend on warm ocean temperatures [171].
SSH relates to human–Vibrio contact through tidal intrusion of coastal waters carrying plankton
laden with Vibrio in inland river systems. Finally, precipitation is also important driver, indicative
of intense rainfall events associated with increased river flows, which can minimize tidal intrusion
of contaminated coastal waters into inland waters. Incorporating this cartographic information in
epidemiological models generates new knowledge of the dynamic of cholera epidemics, with the
potential to improve our capability to forecast outbreaks in affected countries, and in turn, reduces
risks of waterborne diseases for human health.
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Figure 3. Global map of annual mean chlorophyll-a concentration (ocean) and maximum number of
World Health Organization (WHO) reported annual cholera cases (land) over the decades (a) 1997–2006
and (b) 2007–2016. Possible ocean corridors for cholera outbreaks are shown in tropical coastal regions
between 30ºS to 30ºN using numbered arrows. Ocean corridors are defined as locations where plankton
intrusion may be possible to inland waters and annual cholera cases have been reported during one or
both time periods. The location of possible ocean corridors has been adapted based on [6]. At locations
1 and 2, cholera outbreaks are sporadic. At locations 3 to 9, cholera is endemic (based on definition
by [172]). The Amazon River in region 2 is the largest river worldwide by discharge volume of water
and by the area of land that drains into it. However, cholera is not reported as endemic in that region,
which may be explained by annually constant and high outflows of freshwater that is carried to the sea,
and by low population density in the Amazon river basin. At locations 1 and 7, there are no major
river inflows into the land and the possible cause of disease outbreaks may be contaminated food
or water by Vibrio pathogens transported through long-distance oceanic corridors [110] or human
travelers [25]. Chlorophyll-a concentration data were obtained from the ESA OC-CCI version 4 [130].
Reported cholera cases were obtained from, and are limited to, the WHO Global Health Observatory
data archive. Arrows indicating the location of possible ocean corridors, as well as the color scales for
Chlorophyll-a concentration and number of reported cholera cases apply to (a,b). White color means
that no data were available.

To assess the potential of satellite applications to support the achievement of Sustainable
Development Goals, we have reviewed the knowledge gaps and research priorities on water-borne
diseases which have been identified in the 10 year synthesis report ‘Global Goals Mapping:
the Environment Human Landscape’ [173]. We found that applications of satellite remote-sensing
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to cholera epidemics may help to address some of the knowledge gaps for SDG targets on 3-Health,
6-Water quality, 13-Climate, and 14-Life under the water. We have mapped, for each relevant SDG
target, the research priorities on water-borne diseases that can be advanced using remote-sensing.
We indicate how these possible advancements might transit to societal benefits, and list SDG indicators
that might be used to evaluate impact (Table 3).

Table 3. Potential of satellite applications to address knowledge gaps on water-borne diseases and
support achievement of Sustainable Development Goals (SDGs) targets on 3-Health, 6-Water quality,
13-Climate, and 14-Life under the water. For each target and indicator, the reference number in square
brackets is based on the numbering presented in the SDGs 2030 agenda.

Goal Target Support from Satellite Applications Indicator of Impact

3-Health

[3.3] Combat epidemics of
water-borne diseases;

[3.d] Strengthen capacity
for early warning, risk

reduction and
management of national
and global health risks

- Improve knowledge on the transmission
patterns of the Vibrio cholerae pathogens in
affected countries→ the information will be
useful for health services to help provide

the most adapted and efficient treatment for
the affected local populations, and to

increase chances of recovery;
- Improve surveillance systems and

strengthen the capacity of affected countries
to produce early warning and risk maps for

cholera outbreaks→ the
improved/local/regional forecast systems
may be delivered to national agencies for
operational use and the risk warning may
be placed in the public domain to reduce

public health risks.

[3.3.5] a reduction in the
number of people

requiring treatment
against Vibrio disease;
[3.9.2] a reduction in

mortality rate associated
with exposure to

contaminated water;
[3.d.1] an increase in
capacity for disaster

mitigation in affected
areas.

6-Water quality

[6.3] Improve water quality
by reducing pollution,

halving the proportion of
untreated wastewater;

[6.5] Implement integrated
water resource
management

- Provide evidence on Vibrio disease
hotspots→ this information will help

government authorities to identify areas
where microbial and antibiotic pollution

should be treated as a priority.
- Improve knowledge of the transmission
routes and dynamics of cholera pathogens
in the lacustrine and coastal ecosystems in
relation to climate variability and disease

outbreaks→ this information will support
increased preparedness along the

transmission routes, and integration of
locally-targeted water sanitation control
measures that will help to interrupt the

transmission routes.

[6.b.1] an increase in the
number of actions taken by

local administrations to
treat sources of pollution,
and to engage the local

communities in water and
sanitation management.

13-Climate

[13.1] Strengthen resilience
and adaptive capacity to
climate-related hazards

and natural disasters

- Improve knowledge of the influence of
extreme weather events and climate

variability on the incidence of cholera
outbreaks and the contamination routes of

Vibrio pathogens→ this will help to
prioritize policy measures for health service

preparedness and population awareness
when high-risk climate events occur, and

hence improve cholera-disaster risk
mitigation.

[13.3.1] an increase in the
number of countries that

recognize the need to
integrate climate-related

risk in their early warning
systems for cholera

outbreaks, and in their
adaptation and mitigation

plans (to reduce impact
and risk of cholera

outbreaks).

14-Marine Life

[14.1] Prevent and
significantly reduce marine

pollution of all kinds;
[14.2] Sustainably manage

and protect marine and
coastal ecosystems to

avoid significant adverse
impacts and achieve

healthy and productive
oceans

- Provide evidence on the extent to which
lacustrine and coastal communities are
suffering from Vibrio diseases→ this

information can be used to support the
development of sustainable management

plans.

[14.c.1] an increase in the
number of countries that

incorporate
ecosystem-based

management in their
stewardship of coastal
ecosystems and their

resources.
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The potential of remote sensing to provide support to the implementation of SDGs may be
achieved only if technology transfer is effectively carried out to affected nations. Based on an analysis of
situations in the Bengal Delta Region (Bangladesh) and in the Vembanad Lake region in Kerala state in
India, [120] have provided recommendations on how to transfer and make best use of remote-sensing
technology to build resilience against water-borne disease outbreaks. Primary factors to achieve
these include education of all social classes, as well as credibility and timeliness of scientific advice
provided as preventive measures and during emergencies. In addition, the engagement of citizens in
the collection of scientific observations—related to social (e.g., sanitation, access to drinking water,
infrastructure damage during floods) and environmental (e.g., water temperature, color, clarity, [174])
conditions can be particularly useful for the development and validation of predictive models of Vibrio
bacteria growth and risks of disease outbreaks. Furthermore, the use of smartphone applications to
record and disseminate citizen observations has proven to be critical to providing timely updates on
risk of outbreaks and/or spread of the disease [175,176].

6. Conclusions

Ocean-color remote sensing observations are increasingly used to map and forecast cholera disease
outbreaks and the distribution of V. cholerae environmental reservoirs in fresh, coastal, and open-ocean
systems. The ocean-color data have been found to relate to the increase in phytoplankton that can
be associated with increase in zooplankton, which forms key environmental reservoirs of V. cholerae,
and reflect the intrusion of coastal waters carrying plankton laden with V. cholerae into inland waters.
Human infection may then be caused by drinking water and/or consuming seafood contaminated with
pathogenic V. cholerae bacteria.

In predictive model of V. cholerae bacteria distribution and primary disease transmission,
ocean-color is often reported as a major explanatory variable, and the models are performing best
when ocean-color is used in combination with other remotely-sensed variables such as SST, SSH,
precipitation, and in-situ measurements, including salinity, pH, bottom temperature, phyto- and
zoo-plankton biomass, river discharge, and climate indices. Secondary disease transmission is strongly
dependent on access to drinking water and sanitation, and consumption of seafood, which are best
reflected by including data on the socio-economic status of the populations.

From the wide range of models that have been developed for cholera outbreaks (Table 1),
and for other infectious diseases [7,18], the level of refinement in time and space mapping and
forecast of environmental reservoirs and disease occurrence appears to be related principally to:
(a) The understanding of the pathogens’ ecology, including its life cycle, interaction with environmental
hosts, and transmission routes; (b) the coverage, spatial-temporal resolution, length of time-series
data available for mapping, and predictive model developments; and (c) the extent of the mechanistic
understanding and previous mapping efforts of disease outbreak dynamics. Refinements of predictive
models are anticipated to take place with advancements in satellite sensors, including the availability
of multi-decadal merged products, high-resolution and multi-spectral observations, as well as in
development of satellite applications, which have the potential transit to societal benefits. These
advancements will help to further actions towards sustainable human–environment interactions,
for instance, by providing policy information on coastal areas where microbial and antibiotic pollution
should be treated as priorities, and on country-level preparation needs of cholera vaccine stockpile [177].
In turn, these water management actions will also help to regulate the threat of waterborne diseases
and to meet the needs to reduce the risks of waterborne diseases for human health.
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