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Abstract: The use of Earth observation technology such as satellites, unmanned aircraft, or drones
as part of early-warning systems and disaster risk reduction plans is a widely researched and
established area of study. However, the use this technology can have in the provision of water,
sanitation and hygiene services in the response and recovery phases of a disaster is not widely
researched. A systematic literature review was undertaken assessing relevant literature to identify
Earth observation technology and methods that can be applied to the context of water, sanitation
and hygiene in disaster response and recovery. Whilst there were many water-related studies,
there was a lack of studies looking at the potential uses of Earth observation for sanitation. This is
an area that requires further research. Three main common uses of Earth observation technology
were identified as relevant: (1) Monitoring of surface water quality; (2) Groundwater Sensing; and
(3) Mapping and monitoring of hazards and infrastructure. Whilst the studies of Earth observation in
these areas highlight that this technology could be usefully applied to assist with water, sanitation and
hygiene during disaster response and recovery, more research is needed and there are limitations to
consider—predominantly that funding, communication and integration between many agencies and
technologies are required. Additionally, some technologies are subject to local regulations which can
cause restrictions to their use over contested or private areas, or trans-national boundaries—common
situations in disasters. This review was largely influenced by the search strings inputted during
the identification of relevant literature; changing the search strings would likely result in a different
combination of literature available for review and subsequent variations in the findings.

Keywords: WASH; disaster response; disaster recovery; earth observation; satellites; drones; water;
sanitation; hygiene

1. Introduction

Access to safe and clean drinking water, sanitation facilities and good hygiene practice
and education are paramount to the survival and good health of the population and are
considered a human right [1]. However, billions of people still do not have access to safe
water, sanitation, and hygiene (WASH) services; in 2020 alone, “2 billion people lacked
safely managed drinking water services, 3.6 billion lacked safely managed sanitation
services, and 2.3 billion lacked basic hygiene services” [2] (p.13). The lack of WASH
provision negatively impacts the quality of life beyond physical health and into aspects
such as livelihood, the ability to attend school and mental health [3], as well as placing strain
on economies and national health systems [4]. In terms of physical health, poor WASH
services can allow the prevalence of a multitude of serious illnesses that are otherwise
preventable or easily managed [4].
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Disasters are defined by the United Nations as “a serious disruption of the functioning
of a community or a society involving widespread human, material, economic or environ-
mental losses and impacts, which exceeds the ability of the affected community or society
to cope using its own resources” [5] (p.9). Therefore, disasters are the result of hazards, for
example naturally occurring phenomena like earthquakes, extreme weather conditions or
a disease, negatively affecting infrastructure, communities or people that have not been
adequately protected or prepared for such an event. Access to clean water, sanitation
facilities and the upkeep of good hygiene is crucial for ensuring that victims of disasters
remain healthy in the aftermath of a disaster [6]. In places where adequate WASH services
are already scarce, disasters can cause serious damage or contamination of these crucial
water sources, treatment centers and sanitation facilities [6]. Emergency measures often
result in displaced people sheltering in crowded communal areas which, coupled with the
lack of WASH facilities, can lead to the rapid spread of waterborne illnesses. Diarrheal
diseases such as cholera, are the leading cause of death in such situations where people are
often more susceptible to illness or epidemic outbreaks [6]. Some disasters, for example
droughts or the sudden pollution of a water source in an event such as an oil spill, apply
direct and often long-term strain to WASH services, and the recovery process of such
disasters will be different to the aftermath of events like an earthquake where infrastructure
may need to be rebuilt.

The sudden and widespread consequences of disasters means that relief and recovery
efforts involve a variety of stakeholders and sectors. Immediate humanitarian aid, in terms
of emergency WASH provisions, often requires presence on the ground, performing actions
such as “trucking water, treating piped water, repairing broken water supply and sanitation
systems, drilling wells, building temporary latrines, providing essential hygiene items and
delivering hygiene messages” [7]. This requires funding, immensely wider communication,
and cooperation and, in certain disaster scenarios, can pose a danger to the aid workers.

In an age when a vast number of jobs and tasks are becoming more automated with
the advancement of technology, it therefore raises the question of how technology can
be applied to disaster situations to aid with the provision and rehabilitation of WASH
services during and immediately after the hazardous event. Earth observation tools, such
as satellites, drones and unmanned aerial aircraft (UAVs) are a type of technology that has
improved greatly over the past couple of decades and have been increasingly utilized and
studied for the benefits they provide to various early warning systems, scientific research,
remote sensing, and data gathering. This development and scientific work provide an
opportunity to assess the potential use Earth observation tools may have in enabling safe
water and sanitation to be safely provided during, and after, a hazardous event.

2. Materials and Methods

Literature was searched by using Publish or Perish software, see Figure S1 in Supple-
mentary Materials, which scanned the Web of Science database for literature containing
title words relevant to the specified search strings. The Web of Science database was chosen
to ensure the resulting literature was specific and targeted, where using other databases
such as Google Scholar may have returned results that were too broad. The overall aim of
the literature review was to investigate the potential for Earth observation tools to assist
with WASH services in the context of hazardous events. It was acknowledged that this
specific area of research is yet to be commonly explored, and therefore literature that was
solely focused on this topic was unlikely to be frequent. It was therefore decided that a
number of the search strings would be broad enough to encompass literature that was
related to the use of Earth observation tools in relation to WASH, outside of the context of
hazardous events, as well as the use of Earth observation tools in common water related
disasters, but with a focus on WASH not obligatory. This would provide the opportunity to
understand the extent and scope of the available technology and go on to suggest how it
could be applied to WASH services in the context of disasters.
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Each search string contained a search term related to various Earth observation tools,
including satellites, drones, and UAVs, to ensure that the use of this technology was the
focus of all the literature results, whilst a variation of water, sanitation and disaster related
terms were used. To include as many relevant papers as possible, the search strings did
not always contain a term related to WASH, Earth observation and disasters every time, as
it was recognized that this may be too restrictive. Therefore, variations of combinations
were chosen, with the only constant being an Earth observation term was always included
in each string. As the two most common water related disasters and as the timescale
of the project meant excessive numbers of searches would not be feasible, droughts and
earthquakes were the only two specific disasters used as search terms; other generic disaster
related terms were used.

There are four stages of a disaster [8]:
Mitigation,

Preparedness,

Response,

Recovery.

It was decided that this systematic review would focus on the opportunity Earth
observation tools provide for WASH assistance during the latter two stages of a disaster-the
response and recovery phases. This decision is largely due to it being acknowledged that
the use of Earth observation tools for the construction, implementation and monitoring of
early warning systems and disaster risk reduction strategies is already a well-researched
and widely documented topic. However, as the technology and processes used in this area
of research may be relevant to the use of Earth observation for the response and recovery
phase, the terms ‘early warning system’” and ‘disaster risk reduction” were included as a
search term to ensure no relevant material was missed.

Once potentially relevant scientific literature was identified by Publish or Perish, du-
plicates were removed, and the literature was scanned against the inclusion and exclusion
criteria shown in Table 1. This was done in stages, where the publication date was first
checked against the exclusion criteria, followed by a brief scan of the title and abstract.
If this was sufficient to determine exclusion, then the papers were removed. If not, then
the full text was scanned against the inclusion criteria, and any papers that did not meet
the criteria were removed. The papers where the full text scan met the inclusion criteria
were retained for review and analysis to explore how the information regarding Earth
observation technology presented can be applied to assist WASH in the response and
recovery phase of disasters.

Table 1. The inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

- Paper was published between January 2000 and July 2020.

- The paper studied the use of Earth observation technology
for water or sanitation related use.

- The paper studied the use of Earth observation technology
in a disaster context.

- The findings or outcomes of the paper had some relevance
or application in terms of assisting with WASH.

- Data Paper was published prior to 2000.

- The paper was not published in English.

- Some form of Earth observation technology was not the
main focus of the paper.

- There was no correlation between the outcomes of
findings of the paper and the objectives of this review.

- The paper was too technical or specific for the outcomes to
be applied to a different context.

A Google search was also conducted to identify any relevant grey literature. One
search string encompassing the overall objective of the literature review was chosen, to
restrict the number of results generated. The first two pages of results were scanned for
relevance; the link name, website title and contents were briefly read to determine whether
the literature had any applicable information to the study. If there was no correlation, then
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the literature was rejected. Any grey literature that met the inclusion criteria was taken
forward for review and analysis.

It is important to acknowledge that, within the literature reviewed, there likely exists
a form of unavoidable bias, as most of the work aims to present a certain outcome or view.
This bias was taken into consideration when reviewing and analyzing the papers. There
was also an inevitable amount of bias in the selection process for the final papers that were
retained for analysis and discussion. This is from the scanning of papers to determine if
they met the inclusion or exclusion criteria, as there was a significant amount of personal
judgement involved in this decision. Whilst this may have been minimized by the fact
that one person conducted all reviewing and excluding, and therefore the process was
fairly uniform, it must be accepted that this process may have meant that some relevant
literature was missed. The scientific papers and grey literature that met the inclusion
criteria were analyzed and reviewed, and the next chapter explores how the outcomes of
this analysis demonstrate the potential for Earth observation technologies to assist with
WASH in response and recovery phases of disasters.

3. Results
3.1. Results of Literature Search

Using Publish or Perish, 96 search strings produced a total of 2305 relevant scientific
papers. Within each search string the software automatically removes duplicates, however
across search strings 133 duplicates were manually identified and removed. Restricting
the literature to those that were published in this century resulted in a further 302 papers
being rejected. A review of the titles and abstract of the remaining 1870 papers was carried
out, in which a further 1793 papers were rejected for not meeting the inclusion criteria. A
full text review of the remaining 77 papers was conducted, after which 28 were retained
and analyzed to assess the potential for Earth observation tools to be used to assist WASH
services during and after an emergency event. A diagram to show this breakdown can be
seen in Figure 1. After scanning the title and initial contents of the first two pages of results
generated by the Google search string ‘earth observation for water and sanitation services
disaster’, four out of the 20 scanned websites were also retained for analysis and discussion
of grey literature.

Initial papers identified from search criteria as relevant to study.

n= 2305

|

Papers remaining after duplicates were identified and removed.

n= 2172

V

Papers retained after restricting to literature published in this century.

n= 1870

!

Literature retained for full-text review after the title and abstract were
scanned.

n=77
v

Papers retained after full —text review met inclusion criteria.

n=28

Figure 1. The selection process for literature to be included in the review.

3.2. Summary of Chosen Literature

The literature was reviewed and analyzed to assess the application for the studied
technology to assist with WASH in disaster response and recovery; a summary of the
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focus of the literature, alongside applicable technology uses can be found in Table 2. The
continent on which the study was focused is also included, so that it could be used for
discussion and analysis against known statistics.

Table 2. A summary of the main characteristics of the analyzed literature.

Focus of Literature

Literature Reference . Use of Earth Observation
Continent Study Technology g?g;n/?;l:ﬁe?ifxse Technology Discussed in
Y Relation to WASH
Alsdorf and Lettenmaier [9] South America Satellite Case Study/Tech Review Mappmg/momtormg of
hazard/infrastructure
. Mapping/monitoring of
Altay, et al. [10] iurope/Afrlca/North Satellite, GIS Case Study/Tech Review hazard/infrastructure and
merica L
Communications
Monitoring of surface water
Andres, etal. [11]* Global Satellite, UAVs/drones, GIS Case Study/Tech Review quality, map ping/monitoring
of hazard/infrastructure and
groundwater sensing
Becker [12] North America Satellite, GIS Case Study/Tech Review Groundwater sensing
Groundwater sensing and
Bhagwat, et al. [13] North America Satellite Experimental mapping/monitoring of
hazard/infrastructure
Butenuth, et al. [14] Global Satellite, GIS Experimental Mappmg/ monitoring of
hazard/infrastructure
Chronaki, et al. [15] Europe Satellite, GIS Experimental Coordination
Davies, et al. [16] Europe Satellite Case Study/Tech Review z/lllzrlliltt;)rmg of surface water
Etikasari, et al. [17] Asia UAVs/drones Experimental Mon.itoring of surface water
quality
. : . Mapping/monitoring of
Ezequiel, et al. [18] Global Satellite, UAVs/drones Case Study/Tech Review hazard/infrastructure
Fekete, et al. [19] Global Satellite, GIS Case Study/Tech Review Mappmg/momtormg of
hazard/infrastructure
. . . . Mapping/monitoring of
Friesen, et al. [20] Asia Satellite Experimental hazard/infrastructure
. . . Mapping/monitoring of
Gurung, et al. [21] Asia Satellite, GIS Case Study/Tech Review hazard/infrastructure
Hanson [22] North America GIS Case Study/Tech Review Mappmg/momtormg of
hazard/infrastructure
. . Mapping/monitoring of
Huang, et al. [23] Global Satellite Case Study/Tech Review hazard/infrastructure
. / . . Mapping/monitoring of
Kouli, et al. [24] Europe Satellite, GIS Experimental hazard /infrastructure
Manfredonia, et al. [25] Global Satellite, UAVs/drones Case Study/Tech Review g/llloaTiltt;rmg of surface water
Melati, et al. [26] South America Satellite Experimental Mappmg/ monitoring of
hazard/infrastructure
Pasler, et al. [27] Europe Satellite, UAVs/drones Case Study/Tech Review Q?JZT;:;rmg of surface water
Ritchie, et al. [28] Global Satellite, GIS Case Study/Tech Review zfl(;rllil:)?rmg of surface water
Rui, et al. [29] Asia GIS Experimental Mon.itoring Of Surface watee
quality
Sadegh, et al. [30] Global Satellite Case Study/Tech Review Groundwater sensing
Sener, et al. [31] * Europe/ Asia GIS Experimental Groundwater sensing
Van Dijk and Renzullo [32] Global Satellite Case Study/Tech Review Mapping/monitoring of

hazard/infrastructure
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Table 2. Cont.

Focus of Literature

Literature Reference . Use of Earth Observation
Continent Study Technology Experimental or Case Technology Discussed in
Study/Tech Review Relation to WASH
Tabesh and Saber [33] Global GIS Experimental hMaiI;I;’éf}% r< g;zrtirlltlocléhr;ge of
Monitoring of surface water
Wang and Xie [34] Global Satellite, UAVs/drones, GIS Case Study/Tech Review quality and groundwater
sensing
Pardlow et B4 North America Sateite Bxperimental basand) mfrirucine.
Zang, et al. [36] Asia Satellite, UAVs/drones Experimental Monitoring of surface water

quality

* Denotes pieces of literature that focused on the water and sanitation aspects of WASH, compared to the remaining
literature which focused on water only.

3.3. Scope of Literature

The scientific literature retained for analysis was focused on the use of Earth obser-
vation technology in a variety of scenarios. It was immediately clear when reviewing the
literature that, despite sanitation terms being included as search terms during the identifica-
tion of relevant literature, very few sanitation-focused papers met the inclusion criteria after
being reviewed. As shown in Figure 2, there were no papers that were solely focused on
the sanitation implications and uses of Earth observation technology, and only two papers
that were focused on both water and sanitation potential. Twenty-six of the twenty-eight
papers (93%) had water related implementations of using Earth observation as the focus
of their studies. This highlights a clear gap in scientific studies regarding the use of Earth
observation technology for assistance with sanitation services, despite sanitation services
being closely linked to those of water in many worldwide targets and initiatives, such as
the Sustainable Development Goals. In contrast, the grey literature focused on water and
sanitation services relatively equally, or at least acknowledged the slow and underexplored
progress in the sanitation aspect of Earth observation when compared to that of water [37].
This discrepancy between scientific and grey literature may be because the companies and
humanitarian charities that contributed to the grey literature are more likely to be using
the Sustainable Development Goals as guidelines for their actions and research and this,
alongside the cluster approach, emphasizes the importance of safe, comprehensive WASH
services in disaster situations, and therefore clean and adequate sanitation provisions is
considered of equal importance to the supply of clean and safe drinking water. In compari-
son, scientific research will often be undertaken with a particular problem or outcome in
mind, and therefore the higher proportion of studies focused on water is indicative of the
higher importance of water in the scientific community.

Aside from the unequal proportion of water-focused literature compared to sanitation,
there was also an unequal spread of papers investigating the use of Earth observation in the
different continents of the world. Figure 3 shows a clear and stark difference in the number
of studies that either took place in, discussed, or involved the northern continents of North
America, Europe and Asia compared to South America and Africa. Whilst eleven of the
scientific papers had a global outlook or overview, fourteen of the remaining seventeen
papers (82%) were focused on the use of earth observation technology in North America,
Europe, or Asia (Table 2). Only one paper (4%) explored the potential for this technology in
Africa, and two in South America (Table 2). This shows a worrying disparity in scientific
focus and shows a correlation between the highest ranking three continents in terms of
GDP and scientific papers studying earth observation potential for WASH [38]. Oceania
does not feature in Figure 3, as 0% of the studies were conducted in that region, despite
Oceania being ranked as the region with the highest disaster risk in the 2020 World Risk
Report [39]. When considering the countries which are the most vulnerable—which often
indicates that their WASH infrastructure and systems would not withstand a disaster—
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Africa is the continent with the most vulnerable countries [39]. This would suggest that
there is a clear need for studies to be taking place to determine how Earth observation
technology can be used to help assist with the protection, provision and management
of WASH infrastructure and services during, and after, disasters in Africa; this need is
not visible in the scientific literature that met the inclusion criteria for this project. The
majority of the grey literature [37,40,41] had a worldwide focus, again likely due to the
nature of the grey literature being focused on WASH in the context of worldwide targets
or technology, however one piece of grey literature was a case study, looking at the “Use
of earth observation products to enhance humanitarian disaster response” in Kenya [42],
which suggests that the countries and continents with a higher level of vulnerability are
focused on more from a humanitarian agency and approach as opposed to scientific ones.

Water and Sanitation l

Sanitation

Main Focus of Paper

0 5 10 15 20 25 30
Number of Papers

Figure 2. The sector of WASH that was the main focus of the scientific literature reviewed.

Number of Papers

]
1 6
North America Europe P Asia

Africa

South America

Figure 3. The Continental Focus of the Literature Research.

The main three Earth observation technologies that were included in the search criteria
were satellites, UAVs or drones, and geographic information systems (GIS). Figure 4 shows
the technology that was the main focus of the literature-and satellites are the technology
that is most prominent. The use of satellites with GIS and the use of satellites with UAVS
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or drones were the next two most featured technologies, respectively. The results shown
in Figure 4 are not surprising as, out of the three technologies, satellites have been used
and studied the longest and, therefore, are the sole focus of more literature. As technology
around UAVs, drones and GIS has improved, and continues to improve, in the last decade,
there is, therefore, an increasing number of studies being published that focus on the use
of GIS and UAVs or drones to complement the data received from satellites. Figure 4
shows a lack of scientific studies that look at the integration of all three technologies
and the possibilities that this integration has for assisting with the implementation of
WASH services. It is worth noting that 14% of papers focused solely on GIS, whilst 50%
of papers did not feature GIS as a main consideration. A GIS system would allow the
spatial and geographical data received from the satellite to be mapped and analyzed [43],
again suggesting that much of the literature does not focus on studying or suggesting a
holistic Earth observation approach to WASH but instead focuses on studying the available
technology in isolation and not as part of a wider system.

m Satellites
m UAV/Drones
mGIS
Satellite + UAV/Drones

m Satellite + GIS

14% 2 4%
m Satellite + UAV/Drones + GIS

Figure 4. The main technological focus of the literature.

The grey literature focuses predominantly on the use of satellites in relation to WASH,
and there is little mention of UAVs, drones or GIS or the integration of these technologies
with each other, except for a World Intellectual Property Organisation (WIPO) report into
innovative technology in the WASH sector [41]. This may be explained by the wider view
taken by the humanitarian and disaster relief companies who provide the remainder of
the grey literature, as local legislation, funding, and politics plays an important role in
the availability and implementation of these technologies-the logistics of which would be
beyond the scope of these organizations. The use of UAVs or drones requires governmental
permission, and is tightly restricted over military or contested areas, and the cost of owning
and operating them can be prohibitive for lower-income organizations or countries [18],
thus it is more likely to be studied in scientific research as opposed to grey literature. The
trans-national and trans-boundary nature of humanitarian and disaster relief organizations
also means that they refrain from providing information that is too specific to one country
or one situation, as these are difficult to replicate for different disasters, climates or vul-
nerable situations and therefore is unhelpful to their broader aim. The grey literature also
predominantly focuses on the use of tried and tested, currently available technology and,
whilst the WIPO report does contain some technology that is being tested or trialed in the
near future [41], the experimental aspect is restricted to the scientific literature. Figure 5
shows the proportion of experimental scientific literature compared to the proportion that
focused on reviewing technology or looked at a case study. Whilst this shows that there
is no drastic disparity between the number of experimental and theoretical studies, the
scope of the experimental studies were very localized and small-scale experiments. There
were studies on using UAVs for post-disaster assessment or determining water quality
of a river or using satellites to monitor and detect drought in reservoirs [13,17,18]. None
of the experimental papers conducted experiments on a large, transboundary disaster
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scale. Whilst a trans-boundary experiment would require large amounts of co-operation,
communication and coordination, the lack of experiments at a large scale means that the
technology is not being tested to judge performance and capabilities in disasters of that
scale. It is often large-scale disasters such as floods and tsunamis that can devastate WASH
infrastructure and place thousands of people at risk from inadequate WASH provision.

B Experimental

B Tech Review/ Case
Study

Figure 5. The split of literature between experimental studies compared to technology reviews or
case studies.

It is worth noting that, as implied by the name, Earth observation involves the col-
lection of key information about the physical, chemical, or biological state of the Earth
through the use of remote sensing and imagery [44]. In essence the tools observe the Earth
at various intervals and, depending on the sophistication of the instrumentation, can obtain
measurements and physical data to accompany the images. This data is then analyzed and
can form the basis for policy changes or scientific advances in a range of sectors beyond
WASH provision and disaster response, including agriculture, maritime surveillance, and
deforestation [44]. Of the Earth observation tools explored in this study, satellites, UAVs,
and drones all offer the ability to collect WASH related data and imagery. Geographic
information systems is a system used to map and analyze the information received from
the previously mentioned tools, which means as a standalone tool it is of little use unless as
part of a wider Earth observation system.

4. Discussion

Three common uses of Earth observation technology were identified in the literature.
These were:

1.  Monitoring surface water quality,
2. Groundwater Sensing,
3. Mapping and monitoring of hazards and infrastructure.

This section analyses the methods used in these three areas and suggests how these
approaches and outcomes can be applied to WASH in the context of disaster response
and recovery.

Nine (32%) scientific studies (Table 2) and two pieces (50%) of grey literature [37,40]
discussed the potential for Earth observation technology to be utilized for the purpose of
monitoring surface water quality. It was established that satellites equipped with remote
sensing instruments have the capability of measuring or detecting certain water quality
parameters. The LANDSAT satellite, the Moderate Resolution Imaging Spectroradiometer
(MODIS) and Multi-angle Imaging Spectroradiometer (MISR) instruments on the NASA
satellite Terra, Sentinel 1’s Synthetic Aperture Radar (SAR) and Sentinel 2’s multispec-
tral optical system were evaluated in many of these studies, for their combined ability
to measure data such as land surface temperature, enhanced vegetation index, soil hu-
midity [11,16,27,28,37]. Surface water is easily detectable by satellites in most weather
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conditions because of its low reflectance [34], and substances in the surface water such
as suspended sediments, cyanobacterial pigments, algae or oil spills significantly change
the spectral or thermal properties of the surface water and are therefore detectable from
satellites, mostly when on a large scale [11,28,36]. The resolution of the satellite instruments
is the major limiting factor when looking at small scale events or areas, as in some cases a
small river may only be represented by one or two pixels and therefore it is more suited
to large scale events, or long-term monitoring of wider areas [36]. Long-term monitoring
using LANDSAT is particularly advantageous as there is extensive historical data to be
able to extract data for comparison and variation detection as well as the revisit time of
different satellites depending on their orbital path, which means that new images could
be daily or even may be several days apart [16,27,40]. Images from many satellites are
often pre-processed and then accessible for free [27]. SERVIR is a collaboration between
NASA and the United States Agency for International Development that allows low-income
or developing countries to be provided with water monitoring information from earth
observation technologies to benefit their risk management and land use [11].

Satellite imaging can be negatively impacted by atmospheric conditions like cloud
cover, although it is mentioned that Sentinel 1's SAR can operate in all weather condi-
tions [16,40]. Unlike satellites, UAVs operate at a much closer proximity to the target area
and are therefore unaffected by the cloud cover or the majority of weather conditions, and
can be equipped with sensors similar to those on satellites to collect the same data [17,25-27].
The closer proximity and controllable flight path results in targeted images of a higher reso-
lution, however the size area captured in a single image is limited [27,36]. The UAVs can
be expensive, especially when additional sensors and capabilities are included and they are
subject to local legislative restrictions which can prohibit them from being flown in certain
areas [25,27,36]. Two studies (7%) looked at experimentally equipping drones or UAVs with
specialized cameras or sensors to enable them to collect water quality data [17,25]. These
studies showed that it is possible for UAVs to detect variation due to water deficiency or
disease, determine water quality parameters such as pH, temperature, turbidity, dissolved
oxygen, and CO2 as well as potentially being fitted with an automatic water sampling
system [17,25]. The potential of GIS to be integrated into systems to aid with monitoring
was also highlighted in another two studies, for example for the detection of sudden water
pollution events, and with the development of management plans [28,29].

The information surrounding the abilities of Earth observation technologies to be used
in the monitoring of surface water quality has potential applications to assist with WASH
services in the response and recovery phases of disasters. It is apparent that satellites,
with their various revisit times, more expansive area images and ability to detect large
scale events would be most suited to providing images of the initial effect of the disaster.
This can then be used to identify whether any surface drinking water sources have been
impacted as well as providing updates with each new image on the recovery progress for
surface waters. In a smaller event, this can be done with a UAV, providing they are legally
allowed to fly over the area in question. The UAVs would be helpful in monitoring water
quality, as areas may be unsafe or hard to access in the immediate aftermath of a hazardous
event and the UAV could obtain water samples or high-resolution images following an
exact flight path [27,36]. In a disaster situation which devastates infrastructure, for example
an earthquake, it is possible that underground sanitation pipework may be damaged and
could start to contaminate surface water. This would be detected in the water quality testing
and would highlight the damage to the sanitation services which can then be managed
and assessed. In an emergency scenario with water infrastructure damaged, it is highly
likely that surface water will be used as a temporary source of drinking water as well as for
sanitation and hygiene purposes. It is therefore necessary that the quality of surface water
nearby to where those impacted are sheltering can be assessed and monitored. Satellites
can also play an important role in recovery and long-term monitoring of surface water
quality. They can be utilized in conjunction with GIS to continuously monitor surface water,
and alert to sudden pollution events such as oil spills or even detect variations that suggest
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water diseases and thus contribute to early warning of potential WASH impacting disasters
in the future [28,29].

Seven scientific (Table 2) and two grey literature papers [40,41] looked at the ability
for earth observation technology to sense or track groundwater. Sentinel-1 and GRACE
satellites were mentioned repeatedly, as they have been used in various groundwater
studies. The radars installed on Sentinel-1 and GRACE have the ability to follow the
movement of groundwater on Earth, by tracking variation in the earth’s gravitational field
from which geological properties can be inferred [11,12,30,41]. Sentinel-1 instrumentation
was successfully used in an experiment to estimate whether the water volume that was
being retained by small reservoirs was enough to fulfil the requirements of a proposed
water supply system [11]. It can also be used to detect and measure groundwater either
being replenished or depleted [34,41], as well as the spatial distribution of the discharge
and recharge areas [12]. The variation in the earth’s gravity field, and ground penetrating
radar, enables satellites such as GRACE to estimate terrestrial water storage, and can also
be used to quantify the amount of precipitation required to recover after a drought [30], as
well as providing accurate estimates for parameters such as soil moisture and groundwater
volume [34]. Earth observation technology assists with reservoir and inland body monitor-
ing and offers the ability to predict aquifer vulnerability and the detection and monitoring
of groundwater sources [12,13,37]. The GIS technology can be used in conjunction with
satellite data to improve groundwater management, sensing and modelling of groundwater
movement [31]. The GIS tools have been successfully implemented in groundwater site
suitability assessments, estimating, and detecting the risk posed by sudden pollution of
groundwater sources and in the ongoing monitoring of water distribution networks [31,41].
Satellite images were shown to enable the detection of water leaks, where fresh water on the
ground could be manually identified, and GIS mapping integrated to assist with locating
the water leak in the pipe network [41].

The findings from the literature show that the use of groundwater sensing from Earth
observation tools in order to assist with WASH services in the context of disasters is in
its infancy, but the technology displays promising potential. The ability shown by the
GRACE satellite to quantify a necessary water input for drought recovery is significant
when considering potential emergency or interim water sources that would be in use when
an area is suffering from a drought [30]. It can allow for better management and allocation
of emergency resources if a timeframe for recovery can be estimated and can help with
decision making processes regarding interim water supply. When considering recovery, or
in other types of disasters where source waters have been contaminated or infrastructure
destroyed, it has been shown that satellites can be used to identify and assess possible
groundwater sites which can be used in the aftermath of a disaster to find new water
supply systems [11,34,41]. The capability of this technology to also determine the spatial
distribution of the discharge and recharge areas is also significant when thinking about
placing and rebuilding sanitation infrastructure after a disaster [12]. Sanitation systems
need to be accurately located so that they do not risk polluting any water sources, and
so that waste can be safely disposed of. By using groundwater sensing from satellite
instruments, latrines and waste treatment plants can be safely located, to help minimize the
risk of contamination and subsequent health problems from an ill-placed sanitation system.
Satellite imagery, ground penetrating radar and GIS can also help with the long-term
monitoring of both the water and sanitation systems, to identify and locate any leaks in the
pipe networks.

Sixteen scientific papers (Table 2) and four pieces of grey literature [25,37,41,42] dis-
cussed how earth observation technology can be used to monitor and map hazards and
infrastructure. Arguably the most important application of Earth observation in the context
of disaster events is the ability to continually assess the extent of the damage, to monitor
recovery efforts, and to provide on-going up-to-date data and field information whilst the
disaster unfolds [14,19,21]. Landsat, Terra, Sentinel-1, and Airbus’ SPOT 6 have all been
successfully used in a variety of studies looking into rapid response mapping and real
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time monitoring [11,13,14,19,23,40,42]. The GRACE satellite was found to be better at long
term monitoring of water bodies, reservoirs or water surface elevation due to its higher
data latency making it difficult to apply data in an operational disaster response [35]. The
Synthetic Aperture Radar can be used for crisis mapping, measuring changes in topog-
raphy and assessing infrastructure damage through multi-temporal analysis of images
taken prior to the event compared with images in the immediate aftermath, as well as
ground deformation mapping [14,19]. Area based assessment can take place, allowing flood
inundation mapping and near real time monitoring and, although the quality of images
in built up urban areas may be somewhat limited, in the immediate disaster response
stage the availability of current information to support effective disaster management is
considered more important than the resolution of the imagery [14,21]. Earth observation
technology is perfect for performing assessment and monitoring of areas affected by a
disaster, as they can operate and gather data and information regardless in a time critical
manner, where on the ground assessment may be hampered by limited accessibility or
dangerous, unstable surroundings [41,42]. The UAVs are also increasingly being used for
field monitoring [41], as the controllable flight path and high resolution can give good
quality, targeted data to augment the imagery and data being received from satellites.
In some instances, this may not be possible if the range of the UAV would result in the
controller having to enter dangerous or unsafe territory. Satellite data, in particular, the
Quickbird satellite images, have been successfully used for the purpose of delineation of
affected areas to allow for better resource allocation [42], provision and management but
also for the accurate delineation of a pipeline lattice [24]. The GIS technology can also be
integrated into systems for pipeline monitoring purposes, to accurately detect and assess
any pipe leakage or breakage [22,33]. The GIS technology can also be used in sanitation
service monitoring; GPS data loggers can be used to help track the temporal and spatial
distribution of fecal sludge, ensuring all areas receive adequate service and GIS can also
be used to locate optimal and safe areas for treatment plants to ensure no possible risk of
potential contamination of water supply [37].

The technology and opportunities presented in the literature indicates that there is
a potential application for earth observation to assist WASH in disaster contexts through
mapping or monitoring of the hazard and the important WASH infrastructure or supplies.
In terms of WASH, the mapping of a hazard, for example flooding or wildfire, can help
to indicate any WASH infrastructure that is at risk and may require additional protection,
or alternatively it can help identify any areas where emergency WASH services can be set
up or provided. It can also be used to delineate pipeline networks to accurately enable
assessments to be made to determine any breakage, or leakage and prioritize rehabilitation
of vital WASH services [22,33,37]. Again, the combination of using satellite imagery and
UAV imagery is highlighted as a potential for the most informed strategic decisions to be
made. In the rehabilitation process, it is important to note that integrating GIS into systems
enables better monitoring and detection of issues that can be prevented from turning into
larger health related problems or contamination. In short or small disaster events, UAVs can
assist with assessment where a satellite may not have the correct resolution or flight path.

As well as the specific capabilities of Earth observation technologies mentioned above,
satellites also assist with communication during a disaster situation, where the trans-
boundary nature, and often devastating impact, of many disastrous events can mean that
collaboration and coordination between many agencies, humanitarian organizations and
stakeholders is critical to reducing the severity of loss. Satellites can help to provide rapid
and coordinated response, even in remote areas, and assist with the optimization and
deployment of emergency resources [15]. Of course, it is also important to consider that in
some cases, a transboundary disaster may occur where the involved countries or parties are
part of a conflict or are not willing to work together in the response and recovery. This will
have an impact on the use of Earth observation technology; conflicts over shared resources
can often arise in disaster or emergency situations [37]. There may be issues around the
sharing of pertinent and possibly life-saving remote sensing data, or perhaps if UAVs
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are being deployed to assess the extent of the damage, check for contamination of water
sources or to collect water samples, this may not be possible across the full impacted area if
boundaries need to be crossed and different legislation and rulings need to be considered.
In the immediate response phase of a disaster, an available satellite needs to be selected
and commanded, raw data needs to be converted into interpretable images, and the inter-
pretation needs to then take place as quickly as possible [14]. The cost of Earth observation
technology can be prohibitive for some lower and middle income countries [18], and whilst
there are initiatives and mechanisms that aim to help provide these countries with free
access to data to create more robust management of WASH services and to respond to disas-
ters [21], the cost of training professionals and managing, storing, and providing access to
the data, as well as maintenance of necessary infrastructure, at such large volumes requires
continual investment [21]. Funding by national bodies is influenced by political situations
and strategic spending decisions, and funding looking at WASH in disaster context is a
sector likely to be motivated by a disastrous event but may be diverted at a later stage [19].
There was a clear lack of experimental and scientific studies looking specifically at how
earth observation technology can assist with WASH services during and after disastrous
events, and although there are many studies that look at applicable technology, without
more targeted research there cannot be the fundamental interventions that could transform
the way that WASH services are considered and managed in the context of disasters.

The research opportunities into the management of WASH services in the response
and recovery phase of disasters naturally evolve as the available technology continues to
advance. The availability and relative low-cost of microsatellites as a newer alternative
to the classic larger-class satellites means that governments can begin to sponsor research
projects using this technology more readily [45]. Additionally, whereas previously the
computers required to carry out calculations and analysis on received data from Earth
observation tools would require entire rooms or buildings to store them, massively im-
proved technology means devices such as phones and laptops are capable of the same
thing today [46]. Technological advancement does not always occur equally or at the same
rate across different sectors and in some areas, it may stagnate whilst others continue to
improve. This can then present its own challenges where the applications of advancement
in one area is stifled by the disparity of improvement in others. An example of this is
already evident in the use of Earth observation tools, where information technology has
developed rapidly, leading to remote sensing data being received at a scale that threatens
the capabilities of traditional processing methods [47].

The review of the literature has highlighted a clear need for the integration of different
earth observation technologies together to form a cohesive system, as opposed to using any
of the technology in isolation. Satellites, UAVs or drones, and GIS each have their optimum
conditions and data collection abilities, and it is when they are used in tandem that they
can have the biggest impact on improving and assisting WASH during hazardous events.
Satellite coverage is dependent on their orbit around the earth, and therefore there may be
gaps in coverage over a certain region [18], or their revisit time may be such that they cannot
provide new images quick enough in the situations of a short event. It is also difficult to find
one satellite that carries the necessary instruments or capabilities for any type of disaster [9].
For example, one satellite may have the correct spatial resolution to capture larger scale
events, but then cannot capture smaller, more localized, events. This can be mitigated
by integrating UAVs into the response system, where the controllable flight path, lower
operational height and higher resolution can be used alongside the wider scope of satellite
imagery to provide a better, more informed, view of the situation. For example, a satellite
can be used to provide a low-resolution image covering a wide surface area that enables
detection of a hazard, allowing the flight path of a UAV to be mapped to provide higher
resolution images, and collect more data. GIS would then be used to analyze this data and
assist with the provision and planning of efficient and adequate WASH support. Whilst the
integration of multiple Earth observation tools in this way would likely result in a more
efficient and robust response to WASH provision in post-disaster situations, the limitations
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of each technology, as discussed previously, may hinder effective combination. Combined
systems would have to be robust, and any necessary permissions such as for satellite image
sharing or drone flight over shared boundaries would need to be proactively obtained. An
example of this integration, with key considerations for each tool, is shown in Figure 6.

Satellites are bound by their orbit:

- Can gather data/imagery spanning large expanses

- Repeat paths means a complete picture can be built

GIS used to map and analyse incoming data:

up/ changes can be easily identified - GIS can assist with the analysis of large
- Lack high resolution imagery of smaller events areas of data from satellites and

supplement with targeted, potentially
higher resolution data from

—_— — UAVs/drones.

~

Data transmission >/

\

UAVs/Drones can get much closer to the objects it is capturing data from, and have controllable flight paths:

- High resolution data from areas of difficult terrain or partial cover. Flight path can be suited to the
exact scenario.

- Short range might rule out use in larger disaster scenarios

- Lack of consistent regulations means neighbouring territories can have different rules regarding use

over private land and data sharing.

Figure 6. A pictorial example of the advantages and limitations to combining Earth observation
technology to assist with WASH provision post-disaster.

Whilst the spread of literature discussed in this report does include studies with the
use of at least one or more of these technologies, Figure 6 shows that there is still a lack of
studies that specifically look at how different earth observation technologies can be applied
together, especially in terms of assisting with WASH in hazardous events. The scope of
the literature regarding earth observation and WASH is quite limited, and there are very
few that look intentionally at how WASH can be supported in disaster contexts. Of the
scientific literature that does look at WASH, many of them focus only on water and the
potential for earth observation in assisting with sanitation services is overlooked. It is also
important to note, however, that there are a great many types of disasters and the variable
resilience or vulnerability of the area in which these disasters occur means that no two
situations and subsequent response are the same. However, ultimately the goal remains
the same: the provision of WASH services in the immediate aftermath of a disaster and
during the recovery phase. The scope of the literature that was selected for analysis was
based on a selection process that reduced over 2000 papers down to 28. Whilst care was
taken during that selection process to ensure that all relevant papers were included, it is
possible that some may have been missed. The selection of papers identified for review
was also limited by the search criteria, of which there were numerous other search string
combinations, and related terms, that could have been used as search criteria however
due to the time constraint of the project, this list had to be restricted. The software used
to generate literature based on the search criteria—Publish or Perish—returned the top
200 results, if the search resulted in a number of related articles that was higher than 200.
Again, in the interests of time this was not increased and therefore the internal hierarchical
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process from Publish or Perish also influenced the selection of papers available to review.
Only one grey literature search string was used to try and narrow results down to only the
most relevant literature, and this could be increased to widen the scope of grey literature
reviewed in the future. The purpose of this project was a high-level systematic literature
review to understand the possibilities presented by earth observation technology to assist
WASH in the response and recovery phases of disasters. Therefore, some literature was
rejected as it was too technical concerning a specific technology or system, or the application
of the technology was more appropriate for the preparedness or mitigation phases of a
disaster. With a longer project time frame, it may have been beneficial to look at all four
stages of a disaster or to look in detail at the technology itself.

5. Conclusions

Different disasters of varying scales and impacts will require different levels of emer-
gency response, and each will have a unique situation regarding WASH depending on
how resilient and sufficient the WASH infrastructure or supplies were prior to the event,
and consequently how badly they have been affected. In some cases, the impact will be
small and will only require a short period of interim support before normal provision of
services can resume. In extreme cases however, the impact can be so severe that it has
long-term repercussions and a long period of displacement or recovery in which interim
WASH support is required for the duration before services are reconstructed. The ability to
provide uninterrupted adequate drinking water, sanitation and hygiene services during a
disaster, and its aftermath, is vital to ensuring the survival and wellbeing of people who, in
these situations, are especially vulnerable to a variety of illnesses. Emergency measures will
often include many displaced people sheltering in a small, overcrowded location which is
a perfect breeding ground for a host of water-borne diseases, and lack of personal hygiene
can also lead to illnesses that are easily transmittable through the close contact that such
close quarters enforce. Ensuring a healthy community, will increase the propensity for
prompt recovery. It is also important that, if reconstruction of infrastructure is required,
that it is built to be resilient, safe, and adequate.

It is evident that the technology exists that would allow earth observation tools to
play an important role in assisting with WASH service protection, provision, management
and rehabilitation during the response and recovery phase of disasters. The literature
analyzed during this review examined using earth observation tools such as UAVs, drones,
satellites, and GIS for water-related activities including monitoring the quality of surface
water, groundwater sensing, and mapping or monitoring hazards. Whilst the technology
and skills used to provide these services can be applied to WASH in disaster contexts, this
systematic literature review has identified a clear lack of scientific studies that focus on the
response and recovery phases of disasters specifically as well as a lack of studies regarding
the potential use of earth observation for the sanitation aspect of WASH in general. The
use of earth observation for providing early warning and risk reduction management is a
well-researched area, and there needs to be a shift in focus to ascertain how the technology
can be applied to all aspects of WASH in response and recovery.

Reviewing the relevant literature highlighted that the most effective and compre-
hensive solutions would require a combination of earth observation technology used at
different points in time, or for the procurement of different data. For example, satellites
can be used to obtain a wider area view at a lower resolution to identify an impacted
area, and then an UAV can be flown over that specific area to obtain higher resolution
images. A deployable prototype of a cohesive system could be the focus of a future primary
research project and would also help to identify any limitations to combining the different
tools. Assessing case studies and gathering learnings from these examples could also be an
additional piece of work to build of the conclusions drawn from this study.

There is a clear need for more research into how earth observation tools can assist with
WASH during hazardous events. Scientific research is often restricted by access to funding
and political influence, which can limit the scope of studies being undertaken regarding
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WASH in hazardous events. The unique nature of disaster impacts is a consideration, as
many studies will look at one situation, the outcome of which may not be applicable across
many different disaster contexts. However, as more research is applied to single situations,
the greater is the likelihood that concepts can be proven and that theoretical ideas can
be taken forward by different agencies. This project looked specifically at response and
recovery phases, although earth observation can be used to provide continual support and
monitoring of WASH services, which can potentially lessen the severity of any disaster
impact; therefore, further research reviewing scientific literature using broader search
criteria may be useful. This project also focused predominantly on scientific literature, so
a similar review could be carried out that focuses solely on grey literature to ascertain if
different requirements are identified and the subsequent potential application for earth
observation tools to be used for WASH assistance. It is also possible that a cross-subject
literature review may provide a wider depth of research; as WASH is integrally linked
to health, especially in disaster contexts, there may be literature where the provision of
WASH in disaster contexts is discussed or researched but because the literature outcomes
were focused on health perspectives, this literature may not be identified in a solely WASH
focused literature search. It is also worth noting that the conclusions drawn from this
study are directly related to the literature analyzed, therefore additional search strings and
literature may allow additional conclusions to be reached.
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