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Abstract: This study used remotely sensed maps of nightlights to investigate the etiology of
increasing disaster losses from hydrometeorological hazards in a data-scarce area. We
explored trends in the probability of occurrence of hazardous events (extreme rainfall) and
exposure of the local population as components of risk. The temporal variation of the spatial
distribution of exposure to hydrometeorological hazards was studied using nightlight
satellite imagery as a proxy. Temporal (yearly) and spatial (1 km) resolution make them
more useful than official census data. Additionally, satellite nightlights can track informal
(unofficial) human settlements. The study focused on the Samala River catchment in
Guatemala. The analyses of disasters, using DesInventar Disaster Information Management
System data, showed that fatalities caused by hydrometeorological events have increased.
Such an increase in disaster losses can be explained by trends in both: (i) catchment
conditions that tend to lead to more frequent hydrometeorological extremes (more frequent
occurrence of days with wet conditions); and (ii) increasing human exposure to hazardous
events (as observed by amount and intensity of nightlights in areas close to rivers). Our study
shows the value of remote sensing data and provides a framework to explore the dynamics
of disaster risk when ground data are spatially and temporally limited.

Keywords: natural disasters trends; nighttime satellite images; nightlights; exposure
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1. Introduction

Floods, droughts, earthquakes and volcano eruptions are natural (extreme) events that potentially can
lead to disasters if they coincide with vulnerable societies (e.g., [1-3]). Natural hazards have
significantly affected the development of societies over history. In some instances, disasters triggered
by extreme events may have contributed to the collapse of civilizations, e.g., the ancient Maya [2]. While
being impacted by natural hazards, societies have also responded to them placing structural and
non-structural measures to manage and mitigate risk [3].

Disaster risk is often formalized as a combination of two components: a natural component, which is
the probability of natural extreme events (i.e., hazard), and a social component, which is the potential
adverse consequences (i.e., vulnerability, which is highly related and analyzed in terms of exposure) [1,4].
The scientific literature (e.g., [5,6]) has analyzed the global trends of disasters and found that the number
of disasters in the world has increased, especially in the second half of the twentieth century. Property
damage and the number of people affected have also significantly increased. Interestingly, the number
of people killed by each event has decreased in the recent years.

The disasters caused by hydrometeorological events have been found to be the most recurrent type of
disasters and, globally, have the strongest impact on people. Among them, the damage due to floods and
windstorms has increased the most. An increasing number of affected people and damage has been partly
attributed to increasing vulnerabilities due to urbanization in marginalized areas and population growth
in informal settlements exposed to flooding [7]. Global trends provide important background for disaster
studies, but research on local scale is vital to identify the particular dynamics of disasters.

In this context, Guatemala is one of the countries that continuously face disasters caused by both
extreme, high-magnitude events and more frequent, low-magnitude events as documented by
international databases [8,9]. Guatemala has been ranked among the ten countries most affected by
extreme weather events in the world between 1993 and 2012 and presents one of the highest disaster
counts during this period [10].

Assessing changes in the social side of disaster risk is typically very complex as the dynamics of the
spatial distribution of exposure and vulnerability are often difficult to map. Population dynamics, for
instance, is one of the most relevant social indicators to study [7]. However, using traditional data, such
as census data, to assess human exposure to natural hazards does not allow tracking the spatial
distribution of human populations as the geographical units are too large. Additionally, census data are
available only about every 10 years. The spatio-temporal population dynamics are, nowadays,
recognized as an important aspect to consider in disaster risk reduction due to the potential contribution
to the human exposure to natural hazards and, therefore, to the actual impact of the disasters [7,11]. How
and where people live, work, and move create variations that census and administrative geographical
units are unable to depict. Recent studies have shown the benefit of finding ways to model the
spatio-temporal dynamics of population for disaster risk reduction in European case studies [11,12].
However, many places in the world still require more work to fill the knowledge gaps in this field.

A study of the temporal and spatial variability of human exposure to natural hazards can be performed
by using remote sensing data as a proxy of the spatial distribution of the population. Satellite imagery of
nightlights, for instance, can enable the assessment of the spatial distribution of the population based on
the assumption that the brighter the nightlights, the denser the population is.
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Remotely sensed nighttime lights (nightlights, from now on) imagery has been used as a proxy for
population and economic dynamics [13—-16]. More recently, Ceola et al. [4] have used this kind of
satellite imagery specifically in the field of disaster risk to analyze the relationship between nightlights
and exposure to floods, overlapping information on nightlights and the river network at a national level.
They found that it is possible to use nightlights to study population dynamics in the field of disaster
research. We have adopted this approach to explore its usability on the local scale to determine if the
spatial distribution of population in the Samala River catchment in Guatemala shows temporal trends
similar to those shown by disasters impacts. The assumption is that similar trends between a consequence
(e.g., the impact of disasters) and a potential causal factor (e.g., population dynamics) would indicate
that a relationship of causality exists.

The goal of this work is, thus, to explore the etiology of trends in disasters caused by natural events
(“natural disasters” from now on) in Guatemala, particularly those caused by hydrometeorological
hazards. The etiology was studied through analyses of both components of risk: the natural component
in terms of the probability of occurrence of hazardous events (e.g., extreme rainfall) and the social
component, here in terms of the potential adverse consequences (exposure and/or vulnerability). We
focused especially on the human exposure to hydrometeorological hazards as a main driving factor of
vulnerability. For an improved readability, the term “exposure” in this work will refer to “vulnerability
in terms of exposure”.

The work presented here focused on the Samala River catchment as an example test site of an area
whose location and geography make it vulnerable to multiple hazards [17,18]. This region has a long
record of disasters [8] and is consequently an ideal case study for research on natural disasters. Water
related disasters are the most frequent type in the Samala River catchment [19] and therefore we focused
on the disaster caused by hydrometeorological hazards.

The selected case study provides an example of an area where alternative data, such as nightlight
images, can be used as proxies to understand disasters in the local context despite existing data
limitations [19]. This is important because there are many areas in the world that, as the Samala River
catchment, require comprehensive disaster research but do not have enough available data for such
studies [20-22]. In such cases, satellite imagery can provide tools to investigate the dynamics of
disasters. This enables further progress in terms of disaster knowledge and, more importantly, in disaster
risk minimization.

2. Materials and Methods
2.1. Case Study

The catchment of the Samala River (Figure 1) in Guatemala has a surface area of around 1500 km?
in an elongated shape and elevations between sea level and approximately 3770 m a.s.l. The catchment
is located in the geographical area where the North American, the Caribbean, and the Cocos plates
converge. The tectonic processes in the area gave origin to the Central American isthmus, of which
Guatemala is a part, and the volcanic and mountain ranges that run along its geography. The study area
comprises highlands of volcanic origin and alluvial lowlands. The Santiaguito volcano lies in the
catchment between the highlands and the lowlands and is a dome complex that has been active since its
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formation in 1922 [23]. The volcanic activity in the catchment is highly dynamic. These dynamics have
shown changes after 1988, providing more material to be dragged into the hydrological network [24]. The
Samala River originates at around 3000 m a.s.l. and drains southwards to the Pacific Ocean, first through
steep slopes and then through a flat plain. The climate of Guatemala is determined by its tropical location
but a number of varied local climates are created by the relief and the wide elevation span. The annual
mean temperatures in the Samala River catchment range from 15 °C in the highlands to 28 °C at the
coast. The mean annual precipitation ranges from 1500 to 4000 mm, with the highest values in the middle
part of the catchment [25], with a wet season spanning from May to October.

The Samala River catchment is important in the Guatemalan context. In 2011, approximately
1,100,000 people were estimated to live in the 28 municipalities that lie totally or partially within the
catchment [26]. The catchment area includes important cities and towns in the areas known as the
Western Highlands and Southern Coast in Guatemala. For instance, the city of Quetzaltenango and its
developing suburban area, which functions as a second center for the Guatemalan economy, trade, and
the provision of education and health services in the country, lies within the Samala River catchment.
The most important roads in the country traverse the catchment serving national and international traffic
east-westwards over the country. Agriculture and livestock [27] are the most extensive economic
activities in the study area but trade is the main economic activity.

Tectonics, topography, geographical location, and climate may cause multiple hazards affecting the
population in the Samala River catchment, including earthquakes, volcanic eruptions, and high
precipitation. These combined could also lead to landslides, lahars, floods, and flash flows. The number
of people living in this territory and their activities make the Samala River catchment an interesting case
study for disasters associated with natural hazards and their potential causes. The importance of such
research is evident with the selection of this area as the Guatemalan prioritized catchment by the National
Consultative Committee during the Central American Regional Program for Reduction of Vulnerability
and Environmental Degradation (PREVDA) 2006-2011. The Samala River catchment was selected
because of the risks faced by its population and the importance that the area has at the national level [28].
Over time the people living in this area have suffered from extreme events as well as smaller but more
frequent events that have killed and injured people, destroyed crops and infrastructure, and given place
to relocation processes [23,24,29-31].

This work used data on disasters registered by Disasters Inventory (Deslnventar) [9] for the
municipalities located totally or partially within the catchment for the period from January 1988 to
December 2011, which were quality controlled in a previous study of this catchment [19]. Although
uncertainties exist due to the nature of the main data source (local media), this dataset is useful because
it comprises the longest available record of disasters in Guatemala on a local scale and often includes
information of the outcomes of disasters, even if sometimes it is limited to qualitative information.
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Figure 1. Samala River catchment location, topography and administrative divisions. The
physical boundary of the catchment (black line) does not coincide with municipal boundaries

(grey dotted lines).
2.2. Data and Data Processing

Disasters are conceptualized as the coincidence in time and space of a vulnerable population with one
or more natural hazards [1]. We deconstruct this concept of disasters into two parts: a natural component
(hazard) and a human component (vulnerability and exposure); disasters exist only if both components
exist while risks increase if there are increases in any or both components. Consequently, we analyzed
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possible trends in hazard and exposure to identify potential causal relationships for increasing disasters
in the study area.

2.2.1. Data

Most disasters in the Samala River catchment are related to extreme precipitation events [19] and the
majority of them are reported during the rainy season in Guatemala [32]. Thus, extreme rainfall can be
considered the main hazard leading to disasters in this area. To analyze the trends in the study area we
used the impact of water related disasters as proxy data for disaster risk. We used extreme precipitation
as proxy data for the hazards in the study area. Although there are three precipitation stations in the area,
we only used precipitation data from the one station with the longest daily records (i.e., Retalhuleu
station, since 1978). For the analysis of trends in hazard exposure we used population data of censuses
reports [26,33-35] and nightlights [36] as proxy data that have the additional advantage of being more
spatially accurate. Data on disasters correspond to the DesInventar database [9] for the municipalities of the
Samala River catchment from 1988 to 2011 (356 reports). This database was selected over Em-DAT
(the International disasters database) and the existing national database because the first only takes into
account the major disasters recorded in the area (25 in 100 years) and the second has been recently
established and comprises data only from 2008 [19]. Population data correspond to the censuses of 1981,
1994, 2002 and the population projection for 2011 on a municipal scale [26,33,35]. For the analysis of
nightlights we used the series of global Nighttime Lights Composites freely available from the US National
Oceanic and Atmospheric Administration (NOAA) [36]. The series comprises global images that are
composites of the images taken by different satellites (F10 to F18) during a year starting from 1992 and
until 2013 (this study used the 1992 to 2011 images). Each image is a raster image with a resolution of
30 arcseconds (approximately 0.9 x 0.9 km). The values of the recorded cells correspond to the
brightness on the Earth’s surface. Brightness is a dimensionless numerical integer value ranging from
zero to 63 without unit. The river path has been taken, as in Ceola et al. [4], from the global hydrological
map by World Wildlife Fund and U.S. Geological Survey Hydrological data and maps based on Shuttle
Elevation Derivatives at multiple Scales (HydroSHEDS) [37]. This is a global river network derived
from SRTM elevation data that has the same resolution as the nightlights imagery (30 arcseconds).

Since the time spans of the datasets used in this study are different and the purpose of the study was
to compare the trends in the data, comprehensive analysis periods were required. Three different analysis
periods were then defined based on the census years and the population projection for 2011. The
corresponding periods are thus 1981-1994, 1995-2002, and 2003-2011. Although the number of years
comprised in each period is different, the use of census years meant that actual data could be used for
population dynamics analysis. The differences between the time spans of the three periods were resolved
by computing yearly quantities for each type of data and period to make them comparable over time.

2.2.2. Trend Analysis on Disasters

We assessed the disaster trends in terms of number of fatalities because this is the indicator that has
been most consistently quantitatively recorded in the DesInventar database. We calculated the impact of
disasters (DI) over time by aggregating the results in three sub-periods that took census years as temporal
limits to facilitate further comparisons. The sub-periods in which the disasters data were aggregated were
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1988-1994, 1995-2002 and 2003-2011. The DI was calculated by dividing the number of fatalities by
municipality by the average population of the municipality during each intercensus period. We
calculated the relative impact of disasters (DIrel) by dividing the DI of each municipality by the number
of years comprised in the intercensus periods. The DIrel made the impact of disasters comparable among
different municipalities and intercensus periods. The same analysis was made aggregating the data
separately for the municipalities in the highlands and those in the lowlands.

2.2.3. Trend Analysis on Hazards

We explored the trends on hazards through three extreme precipitation maxima: (a) the yearly maxima
of daily precipitation, (b) the yearly maxima of accumulated wetness, and (c) the yearly number of days
when the accumulated wetness surpassed a previously identified threshold of increased likelihood of
triggering disasters [32].

The time series of maximum daily precipitation per year from 1978 to 2011 was extracted from the
daily rainfall data for every calendar year. The daily values of accumulated wetness for the same period
were calculated. Wetness is an empirical index that represents the effect that the local rainfall pattern of
continuous daily rains would have in the soil [32]. The Wetness index (Iwet) is an aggregation of the
weighted daily rainfall values in a 10-day period. We calculated Iwet for the 1978-2011 period according to
Soto et al. [32] by adding the weighted rainfall of the preceding nine days (95% the day before and 10%
less each previous day) to the rainfall of the day. The number of days when the Iwet was equal or higher than
300 mm was calculated for each year. This value corresponds to a threshold identified by Soto ef al. [32] at
which the number of disasters increases noticeably in the study area. The values were based on precipitation
data of the Retalhuleu station specifically and therefore apply exclusively to our case study.

The three series of precipitation maxima were graphed. Linear regressions and 5-year running average
were calculated using embedded functions in Golden Software Grapher to identify trends in each of the
maxima observed.

2.2.4. Trend Analysis on Exposure

Nightlights imagery was used as proxy data for population dynamics in spatial terms (i.e., population
distribution, population growth, and population densification) to analyze the trends in the exposure to
hydrometeorological hazards. NOAA recommends applying an intercalibration process to the imagery
in order to use the images for comparisons over time. The widely used intercalibration method for
nightlights [4,13] proposed by Elvidge et al. [14] was applied in this case study. The coefficients
calculated in 2009 by Elvidge et al. were used to intercalibrate the brightness values of the Samala River
catchment and the sum of lights (SOL) were calculated; however, the SOL values in years when two
satellites were available did not converge as would be expected in a successful intercalibration
process [14]. The method proposed by Elvidge was then applied for a rectangular section of the yearly
images that enclosed Guatemala. As Elvidge [14,38] proposed, the year with the most complete range
of brightness values was taken as reference (satellite F14 for 2002) and linear regressions were made for
the values of each image and those of the reference image. The coefficients resulting from each equation
were applied to the cell values to calibrate them into new intercalibrated values. The resulting new values
provide fine-tuned images over time. For the years when two different composites were available, the
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intercalibrated values of each image were averaged pixel by pixel in order to take into account all the existing
images of the area as previously proposed by Ceola et al. [4]. The intercalibrated images showed a better
convergence in the years when two satellites were available and therefore were used for the analysis. A
section corresponding to the Samala River catchment was taken from the intercalibrated images; selected
images from the series are shown in Figure 2 (the rest are not included in the figure for better readability).
For this analysis, the images that correspond to census years and the last year of the disasters dataset
(1994, 2002, and 2011) were selected among the available images to evaluate the changes of cell values
over time and obtain any noticeable trends in nightlights. The purpose of selecting those three years is
to make the results of the nightlights trend analysis comparable with the population analysis performed
in this study. The methodological approach of Ceola et al. [4] was applied to select a subset of data that
corresponds to the cells that lie on the path of the Samala River. This subset of data corresponds to the close
proximity of the river, which is assumed to be directly exposed to floods and lahars, the main types of
disasters in the study area [19].
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Figure 2. Temporal evolution of nighttime lights in the Samala River catchment. Images
show the intercalibrated values of nightlights in different years to expose how the brightness
has increased over the years. Images for 1994, 1998, 2002, and 2004 show the averaged
intercalibrated values of the two available satellites (the boundary of the catchment
corresponds to Figure 1). Original image and data processing by NOAA’s National
Geophysical Data Center. DMSP data collected by US Air Force Weather Agency.
Intercalibrated images: the authors.
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The trends in nightlights were studied in the selected subset of cells (close proximities of the river)
as well as in the cells of the catchment that do not correspond with the river path (non-river area). The
nightlights analysis was made first in terms of the distribution of cells per brightness values. Cell values
were aggregated in histograms and classified in empirical ranges of no brightness (0), low brightness
(1-30), medium-high brightness (31-55), and high brightness (56—63). The distribution of nightlight
values was compared to identify any potential temporal trends. Secondly, we studied the changes of lit
areas over time in terms of area. For this study we calculated the ratio of lit cells (cells that present a
positive brightness value) divided by total number of cells. Finally, we studied the trend of the general
brightness. We calculated the characteristic average brightness (CBavg) for the Samala River catchment
in the selected years. The CBavg was calculated by adding the brightness values of all the cells and
dividing the sum by the total number of cells [4]. The changes of CBavg over time were analyzed to
determine if any noticeable trend could be identified. After the results of the analyses of the close
proximities of the river and of the entire catchment were obtained, a second round of analyses was carried
out separately for the highlands and the lowlands to observe differences between the two main parts of
the Samala River catchment.

3. Results and Discussion
3.1. Disasters in the Samala River Catchment

Our analysis indicates that the relative impact of disasters (DIrer) in the Samala River catchment has
increased consistently over time. This increase is mainly because the DIrel of the disasters caused by
hydrometeorological causes has triplicated in the 30-years period of our analysis (Figure 3a). The
highland-lowlands differentiated analysis of DIrer showed that the increase in the entire catchment
corresponds quite well with the increase of DIrel in the highlands (Figure 3b). The DIrel in the lowlands
(Figure 3c) showed a different behavior than the ones in the highlands and the entire catchment even if

the total increase was similar.
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Figure 3. Relative impact of disasters over time. The relative impact of disasters (DlIrel) is
measured by the number of fatalities caused by all the disasters (classified by
hydrometeorological and non hydrometeorological causes) during each period, divided by
the number of years in the period and the yearly average population in that period (a) in the
Samala River catchment, (b) in the highlands and (¢) in the lowlands of the catchment. The
fatalities resulting from non hydrometeorological causes for disasters correspond to
earthquakes and have been included in the graph to show the importance of the
hydrometeorological causes in the occurrences of disasters in the case study.

3.2. Extreme Rainfall, Key Hazard in the Samala River Catchment

The results of the trend analyses on extreme precipitation maxima (Figure 4) showed no significant
trends in either of the time series of extreme rainfall using maximum daily precipitation values
(Figure 4a) and maximum Iwet (wetness index) in each year (Figure 4b). However, an increasing trend
with a significance of 95% (Figure 4c¢) was identified in the number of days per year when the Iwet was
equal to or larger than 300 mm, corresponding to the empirical threshold above which disasters are more
likely to occur, which was identified by Soto et al. [32] for the same study area.
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3.3. Population Dynamics, Key Vulnerability in the Samala River Catchment

The assessment of exposure to natural hazards in the Samala River catchment through satellite
imagery of nightlights showed that the population increased in the territories that have experienced
increasing impact of disasters (Figure 5). The analysis of the nightlights in close proximities of the
Samala River in terms of the distribution of cells by brightness values showed that cells with a value of
zero decreased over time (Figure 5a). The number of lit cells increased for all the value ranges. The cells
with low brightness values (1-30) were the ones that increased the most. We found that the ratio of lit
cells to the total number of cells increased over time. The general brightness in terms of the characteristic
average brightness (CBavg) also increased continuously. The increases in all the parameters analyzed
were larger for the period between 1994 and 2002 than for the one between 2002 and 2011. The results
of the analyses performed separately for the highlands and the lowlands (Figure 6) indicated that the
population dynamics in the highlands play a more important role in the overall dynamics of the study
area than that of the lowlands. The lowlands, for example, do not comprise any bright cells (values
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over 30) in any of the images, but they do show that the dark cells (value of zero) are constantly
decreasing over time. An important result in our assessment is that population dynamics in the proximity
of the river path are very much like the overall dynamics of the catchment. Similar outcomes were
observed in the analyses of the close proximities of the river and the entire catchment.
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Figure 6. Nightlights in the highlands and lowlands of the Samala River catchment over
time. The evolution in time of nightlight cells is shown separately for the highlands and the
lowlands in terms of (al,bl) distribution of cells per brightness ranges and (a2,b2)
characteristic average digital number (CBavg).

3.4. Disasters, Hazards and Vulnerability Trends Brought Together

The results of the different analyses were brought together to compare the changes in disasters,
hazards and exposure in the Samala River catchment over time using the assumed proxies of this study
and contrast the different trends (Figure 7). Increases were identified for all the variables analyzed during
the entire temporal span of the study. Human exposure to hazards was presented separately for the close
proximities of the river and the rest of the catchment to evaluate the differences in magnitude and the
trends over time.

The rates of increase of the linear trends of the factors included as proxy data in our analyses of the
etiology of disasters were estimated, using the middle year of each period for the calculations. The
relative impact of disasters (DIrel) of hydrometeorological causes in the Samala River basin increased at
a rate of about 0.2 x 107% fatalities per person-yr 2. The average number of days per year with wetness
index (Iwet) over the identified threshold increased at a rate of about 0.4 days-yr 2. The average brightness
in the catchment increased at a rate of about 0.2 brightness units-yr ! for both the close proximities of
the river and the non-river area. The three linear trends calculated had a R? > 0.90 but our analysis could
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only include three periods due to the time spans of the available data, so the statistical significance could
not be tested.
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Figure 7. Changes in the Samala River catchment regarding (a) relative disaster impact Dlrel
associated with hydrometeorological causes (a proxy for disaster risk), (b) average number
of days in the year of Iwet over the identified threshold ([32] (a proxy for natural hazards),
and (c) average brightness (a proxy for vulnerability in terms of exposure). Average
brightness (c) corresponds to the values of the final year of each period (1994, 2002, and
2011) and is shown separately for the close proximities of the river and the rest of the

catchment (non river area).
3.5. Discussion

Frequent disasters are reported in the Samala River catchment. Natural hazards are part of the local
setting and therefore stakeholders, especially the local population, need guidelines that allow them to
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reduce the risk of disasters while continuing to live and develop in the area. Although research on the
particular hazards in this area has been carried out [23,24,29,30,39] there is still a lot more to do in
disaster research to give sound fundaments for disaster risk minimization and planning. Much-needed
research is constrained because enough comprehensive data on disasters are not yet available. Both quality
and quantity of available data are problematic [19]. Although data limitations were identified, the dynamics
behind disasters could be investigated using satellite imagery as a proxy for human dynamics.

We explored the reasons why the disasters that occur in the Samala River catchment are causing more
impacts over time by analyzing the trends on the two main potential driving forces of such changes:
hazards and human exposure to those hazards. Our analysis showed that in the Samala River catchment
the fatalities caused by hydrometeorological hazards have steadily increased from 1988 to 2011. This
result contrasts with the identified global trends, which show decreased fatalities. The question then was
what has caused the increasing fatalities from natural disasters in this particular area? Was the increasing
disaster trend the result of increasing hydrometeorological hazards? Or was it the result of increasing
human exposure and vulnerability to those hazards? Our study indicates that the risk of disasters in the
case study of the Samala River catchment is determined by both factors: the natural hazards and the
social dynamics.

The increases shown both in the average number of days when the wetness index surpassed the
previously identified empirical threshold and in the average brightness indicate that natural and social
factors determine the disaster risk in the area (Figure 7a,b). We could see that, although the results in the
entire catchment are similar to those in the close proximities of the river, the increase in exposure is
higher in the areas more exposed to floods and lahars (Figure 7c).

Human exposure in the Samala River catchment was clearly identified as a driving factor for the
increased disaster risk. The distribution of cells per brightness values indicates that human settlements
are in general spreading horizontally in the territory. The increase of cells with brightness values above
30 suggests that a part of the human settlements are densifying, but this occurs only in the highlands.
Satellite imagery of nightlights showed to be very useful to analyze the spatial and temporal changes of
human settlements in the study area. Nightlights provided an alternative way to overcome the lack of
spatial-temporal resolution of census data, which are aggregated at municipality level. Municipal
population data would not allow, for instance, to properly account for the spatial distribution of people
in relation to sources of hydrometeorological hazards, such as rivers.

Our analysis of causal factors showed that extreme rainfall alone cannot explain the increasing
temporal trends of fatalities caused by hydrometeorological hazards. The trends of the values analyzed
did not show a steep slope and they were not statistically significant. In the three maxima analyzed, the
values of two years stood out in the data series, 2005 and 2010, with values noticeably higher than the
rest. In these years, two important hurricanes (Stan and Agatha) strongly affected Guatemala. This result
shows that strong tropical storms increase the risk of disasters in the study area by increasing one of the
main natural hazards in the area. Climatic change could therefore play an important role on the impact
of disasters caused by hydrometeorological hazards in the Samala River catchment in the future. The
increasing trend of the number of days in a year when the threshold of the empirical 10-day wetness
index [32] was surpassed indicates that the effect of the water storage in the soil could be a key factor
influencing the risk of disasters.
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Regarding the results of our analyses in spatial terms, we found that the trends in the Samala River
catchment seem to be driven mainly by the highlands. When the analyses were carried out separately for
the highlands and lowlands, the general patterns followed the patterns identified in the highlands. Census
data showed that most people live in the highland and therefore social dynamics could be more important
than hazards in that part of the study area. In-depth research of the social dynamics of this particular area
would be desirable to identify priorities for disaster risk reduction in this geographical area.

Spatial and temporal analyses rely on the availability of good quality data. However, in many parts
of the world, such data are either not available or very limited. This is the case of many disaster-prone
areas and it is especially problematic on the local scale. Assessing the impact of disasters is complex: on
the one hand it is related to the damage in terms of geographical extension and costs while on the other
hand the dimension of disasters is also related to the number of people that are affected, injured or killed
as a result. Data on the effects of disasters in people and damage are still not widely available and data
uncertainty remains high. The main sources for the database used for this case study, for instance, are
newspaper news and reports, which have an intrinsic level of uncertainty, as official data are often not
available. It is thus important to improve and sustain data collection systems over time in order to create
databases that are more informative for disaster research. However, the need of knowledge exists now
and therefore ways to tackle the problem should be put on the table.

4. Conclusions

The goal of this work was to explore the etiology of trends in disasters caused by natural events in
Guatemala, particularly those caused by hydrometeorological hazards. We found that disaster losses and
fatalities in the study area have been steadily increasing since 1981, as shown by the relative impact of
disasters (Dlre1) of hydrometeorological causes in the Samala River that increased at rate of about
0.2 x 10° fatalities per person and year 2. Our study showed that both components of risk also have
increased during the same period. On the one hand, there has been an increase of hazardous conditions
in the catchment that potentially leads to more frequent hydrometeorological disasters. This is shown by
the analyzed proxy, the average number of days per year of wetness index (Iwet) over the identified
threshold, which increased at a rate of 0.4 days-yr 2. On the other hand, we also observed an increasing
trend in human exposure to hydrometeorological hazards as indicated by the amount and intensity of
nightlights in areas close to rivers. The average brightness in the Samala River basin increased at a rate
of 0.2 brightness units-yr ! both in the close proximities of the river and in the non-river area. The results
indicate a geographically differentiated progression of the components of risk in the study area, which
seems to be mainly occurring in the highlands. Important to mention that the three linear trends
calculated had a R? > 0.90 but the available data only permitted three periods of analysis which are
insufficient to make the trend statistically significant.

Our work successfully established potential relationships of causality between the occurrences of
disasters and key natural and social conditions in spatial terms with a higher resolution than what is
feasible with traditional data (census). We used nightlights imagery as a proxy of the social context at
the local scale in an area where hydrometeorological disasters are frequently reported. The
approximately 1 x 1 km geographical unit of nightlights enhances the spatial resolution of census which,
even if it is only provided in municipal units, is often the only widely available data source to study
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social dynamics. The results demonstrated the potential of remotely sensed maps of nightlights to capture
the spatial distribution of the social component of risk (i.e., vulnerability and exposure to flooding and
lahars) on the local scale, improving the coarser resolution of the input data.

While many papers have highlighted the usefulness of remote sensing data in characterizing the
physical component of risk (i.e., hazard) via flood extent maps and inundation water heights [40—42]
some others have started to use remotely sensed maps of nightlights to study the exposure to floods on
the global scale [4]. This study has explored the suitability of using the nightlights imagery in
combination with census data and public available data on disasters (DesInventar) to investigate causal
relationships of the risk of disasters at a fine resolution in an area where data on social factors are limited
and available only at the municipal level, taking a step forward on the use of nighttime lights imagery
for natural disaster research.

This study confirmed that remotely sensed nightlights can be a useful tool to analyze population
dynamics in spatial terms on a local scale over time. Their general usefulness is given by the high spatial
and temporal resolution covered by the yearly composite images. These images are freely available for
almost the entire planet and they are therefore accessible for those areas that lack good spatial data. The
series of images have an enhanced usefulness for areas where population data are given only down to
the municipal scale, which limits the possibilities of identifying the specific places where people settle
and grow. Although the effects of particular variation issues have to be considered when using
nightlights as proxy data for population dynamics, e.g., light pollution, gas flaring, the value of such data
to enhance the spatio-temporal resolution of census data is worth it, particularly in the conditions of the
case study, where no such anomalies are documented.

On the basis of a successful application of remotely sensed imagery for the analysis of social
phenomena to a local scale, future research can make use of the temporal and spatial advantages of such
open-access data to further investigate the role of social dynamics over space and time in the occurrences
of disasters and provide sound knowledge to support disaster risk reduction plans and actions.
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