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Therecurrence of extreme weather events has led to the development of

methods for assessing the vulnerability and interdependencies of physical
and human systems. A case example is Hurricane Maria (H-Maria), where
Puerto Rico experienced damage to 80% of its electrical power system,
leading to massive disruptions of essential services for months. Here we
evaluate the effectiveness of various interventions aimed at reducing
vulnerability by considering power and water infrastructure and respective
water-power dependencies while also considering the social vulnerability
of affected communities associated with the physical infrastructure
upgrades. On the basis of the currentinfrastructure configuration, we found
that all communities suffered enormously from power and water outages.
As one upgrade option, we show thatincorporating regional energy grids
would reduce outages in an H-Maria scenario. However, alarge portion of
disadvantaged communities will face service disruption under this option.
In contrast, hardening transmission lines, as the second option, would
improve service delivery and, most importantly, provide uninterrupted
serviceto the higher portion of the vulnerable population.

Hurricanes are notorious for wreaking havoc on critical infrastructure
through strong winds and floods’, causing damage that translates to
peoplelosing power and substantial disruptions of essential services,
such as drinking water, food supply, access to medical treatment and
communications. For instance, in the case of Hurricane Sandy (2012),
nearly 2,500 transformers and more than 4,400 distribution poles were
left damaged in its passage through Long Island, New York, causing
theloss of power to 90% of Long Island Power Authority’s customers>.
Considerable damage to the critical infrastructure was also experienced
in numerous New York communities, resulting in water scarcity for
two to three weeks’.

A more recent example, Hurricane Maria (H-Maria), which
made landfall in Puerto Rico on 20 September 2017, as a high-end
category 4 hurricane®*, severely damaged over half of the transmission
towersand 50,000 of the distribution polesin PuertoRico’, leaving the
island with a near-complete blackout. After one month, less than 20%
of the overall power capacity of the island was restored®.

Risk mitigation planning is often carried out in the aftermath of
such failures. In most cases, they concentrate on strengthening par-
ticular system components of the affected critical infrastructure’®.
Thefocusis often on overall service deliveryimprovements’, subject to
physical cost constraints. After H-Maria, two system upgrade options
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received popularity among policymakers to reduce the vulnerability
of the power delivery of the island™. The first option was the hard-
ening of transmission lines. This upgrade focuses on enhancing the
transmission system by either a targeted hardening of structures" or
burying the lines'. The second option was switching from centralized
to decentralized power generation using mini-grids'>".

Infrastructure interdependencies exist in most instances; for
example, the water distribution supply heavily depends on power
delivery™. In other words, reducing the vulnerability of the power
network improves both power delivery and water supply. A number
of other studies have highlighted the importance of understanding
how the vulnerability of one system canimpact the other, for example,
through ananalysis of the interdependency between power and water
infrastructures™'®. Water infrastructures rely on power to extract, treat
and distribute water for residential, commercial, irrigation and indus-
trial uses®. Power systems rely on water to cool the power generators or
generate energy, such as thermoelectric generation and hydropower.
Additionally, critical power and water systems may be susceptible to
flooding events, with cascading effects, threatening humanwell-being
and often with important economic damage".

Inadisastrous event such as ahurricane, communities have vary-
ing degrees of physical vulnerability concerning water and power
infrastructure services'. Social vulnerability of acommunity is ametric
oftenused to express the extent and/or nature of response and recovery
from the disaster'?. It is defined as the capacity of a person or group
to prepare for and be faced with the adverse impacts of natural haz-
ards, whichinvolves a combination of factors determining the degree
to which a person’s life and belongings are put at risk?. Over the last
40years, social vulnerability to disasters has grownits attentionin away
todescribe theinteraction between socialinequality and theimpact con-
sequences associated with disasters relating to the disparate distribu-
tion of susceptibility to harm?. Itis now widely accepted that to reduce
community vulnerability and lessen suffering, it is crucial to consider
social vulnerability when designing and implementing policies** .

Inthis study, we present amethodology to assess the social vulner-
ability of extreme events with high resolution. We apply it to the case
example of H-Maria. Considering power and water infrastructure and
respective water-power dependencies, we evaluate the effectiveness
of variousinterventions aimed at reducing vulnerability. We consider
thesocietal consequences of physical infrastructure upgrades through
a system-level vulnerability analysis approach, which may be used to
support decision-making.

Modelling of the power infrastructure

This study used western Puerto Rico as the test area. Figure 1a shows
theisland as aninsert and the elevation map of western Puerto Rico,
delineating the eight counties (municipalities/municipios) used in
the analysis.

To quantify the effect of hurricanes on critical infrastructure and
services (power and water), we first estimate the damage to the elec-
trical power transmission towers, then quantify the damage in each
transmission line and subsequently use this information along with
apower network model to estimate the number of people impacted.

Thefirst element of the analysis is the transmission service level.
A model used to estimate the failure in the transmission towers uses
the type of structure, the material of the tower and weather condi-
tions at that specific location (wind speed and precipitation) to make
predictions. We used the Power Tower Failure model (PTF), proposed
by Montoyaetal.”, whichis amachine-learning model that was trained
on damaged reports provided by Puerto Rico Power Authority and is
ableto estimate the damage to a power tower given weather variables,
such aswind speed and precipitation. Damage reports provided by the
utility agency provided information on the location, material, type
and level of damage after H-Maria for the power towers onmost of the
transmission lines.

The Power Network Model (PNM)*is then used as the second com-
ponent of the analysis. This network modelincorporates all the genera-
tion centres and transmission lines in Puerto Rico. Furthermore, the
PNM uses alist of failed transmission lines asinput to estimate people
without power inacounty-scaleresolution. Specifically, to calculate the
level of damage to each transmission line, the PTF’s outputis utilized by
predicting the damage in the transmission structures and aggregating
theresultonaline-by-line basis. Moreover, the transmission lines with
more than1% of their towers damaged are reported as failed in the PNM
input. This threshold was selected by running the coupled models and
validating the PNM results with H-Maria data.

While the PNM, at the county-scale resolution is useful, a finer
spatial resolution is needed for a more in-depth analysis of human
impact. Consequently, we downscaled the PNM output using the
500 m-resolution space-borne nightlight imagery product (NTL)
from the National Aeronautics and Space Administration (NASA)%.
This product was proven to be a more accurate representation of the
spatial distribution of power loss induced by H-Maria on the island** .
Figure 1b—e shows the power service level immediately after H-Maria,
at county and county subdivision (barrios) resolution, and the aver-
age daily pre-hurricane water demand (m®d™) per customers at the
two resolutions. When a county’s electric power goes out, we use the
nightlight data to model the county’s subdivision. If a county’s power
(using the utility company record) does not go out, we assume the same
for the county subdivision.

Modelling of the water infrastructure

A Water Distribution Model (WDM) was developed based on a pre-
liminary detailed water distribution model built by the Puerto Rico
Aqueducts and Sewers Authority (PRASA) for eight counties in western
Puerto Rico using the hydraulic modelling software InfoWater**. These
counties included Aiasco, Aguada, Aguadilla, Hormigueros, Isabela,
Mayagiiez, Moca and Rincén (Fig.1a). The WDM junction demands were
updated using the internal PRASA report on the customer demands
and their location near each junction. Figure 1d,e shows the average
daily demand (m® d™) of the customers for county and county subdivi-
sions, respectively.

It should be noted that there were also back-up generators of the
water pump stations. Those generators that were functioning were
incorporated into the potable water distribution simulations. Potable
water pump facilities located in the counties of Aguadilla, Hormigueros
and Rincénlacked back-up generators whenthe event occurred. Other
counties had partial access to back-up generation. These included the
counties of Aguada (5%), Aflasco (32%), Isabela (30%), Mayagiiez (14%)
and Moca (17%).

Flood modelling

Extreme weather events such as hurricanes and the accompanying high
winds and flooding"* are responsible for the loss of human life and
costly damage to critical infrastructure. To quantify flooding, several
hydrologic models have been developed for different watersheds in
PuertoRico, suchas MIKE SHE, Vflow and the Gridded Surface Subsur-
face Hydrologic Analysis®* (GSSHA) model**’. Prior authors® found
that the GSSHA model has great potential to reconstruct or forecast
flooding events if properly calibrated and validated to produce area-
sonable streamflow estimate and to identify flooding during extreme
weather conditions. In this study, the GSSHA software was used to build
ahydrologic model with the aim of simulating the flooding depth and
extent during H-Maria and finding which water and electrical infra-
structure might be affected by flooding. The four largest watersheds
used were the Afasco, Culebrifias, Guanajibo and Yagiiez watersheds,
with an approximate area of 548, 335, 393 and 42 square kilometres,
respectively. The methodology described by Mejia-Manrique et al.
for Aflasco was employed to develop the remaining hydrologic mod-
els of Culebrifias, Guanajibo and Yagiiez watersheds™. It should be
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Fig.1|Study area and downscaled model results in the aftermath of H-Maria.
We choose 22 September 2017 as the date for analysis. a, Overall study area,
western Puerto Rico. The inset shows the island of Puerto Rico with the elevation
contours. b, Power service level at county resolution. ¢, Power service level at

Longitude (° W)

county subdivision resolution. d, Average daily pre-hurricane water demand
(m®d™) for customers per county. e, Average daily water demand (m*d™) for
customers per county subdivision.

mentioned that the calibration and validation processes were done
for only Culebrifias and Guanajibo watersheds because these two
watersheds have a United States Geological Survey (USGS) stream
discharge station.

Moreover, it should be noted that the results generated by
Mejia-Manrique et al. for the Afiasco watershed were used in this study.
Due to the close proximity and similarity in the most representative
land-use land cover and soil-type classes, we assumed the calibrated
parameters for the Yagiiez watershed to be the same as the Afiasco. The
performance of the hydrologic models was evaluated by verifying that

the coefficient of determination (R*) would be greater than 0.6 and the
Nash-Sutcliffe efficient (NSE) greater than 0.5between the simulated
and the observed discharge at the USGS discharge station*’. Asaresult,
the evaluation criteria were achieved for the calibration and validation
process for the different watersheds (Table 1).

The weather surveillance radar (WSR-88D) instrument in
Puerto Rico was destroyed during the passage of H-Maria®*. There-
fore a bias-corrected rainfall model from Mejia-Manrique et al.> was
used to simulate the flooding event on the watersheds of the coastal
areas. Coastal areas had the highest impacts by floods due to the high
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Table 1| Performance of the hydrologic models for the
calibration and validation of the hydrologic parameters

Calibration rainfall events

Watershed Rainfall events R?>0.6 NSE>0.5

AfRasco September 06™ (16:00) - 0.61 0.55
08" (15:00) of 2017 GMT®

Culebrifas November 12" (20:00) - 14"  0.95 0.85
(22:00) of 2016 GMT

Guanajibo September 06" (16:00) - 0.89 0.58
08" (15:00) of 2017 GMT

Validation rainfall events

Watershed Rainfall Event R?*>0.6 NSE>0.5

Afasco 11 December (04:00)-13 0.95 0.9
December (04:00) 2007
GMT

Culebrifas 20 August (12:00)-22 0.9 0.9
August (14:00) 2017 GMT

Guanajibo 11 December (04:00)-13 0.83 0.51
December (04:00) 2007
GMT

*Greenwich Mean Time.

discharge and extensive river meandering. Figure 2 shows the flood-
ing results for the four watersheds mentioned. Subsequently, it was
found that four and six potable water pump stations of the WDM in
Anasco and Guanajibo might have been impacted by flooding during
H-Maria. In addition, the only transmission centre located within the
study area (precisely in the Aflasco watershed) was unaffected by the
flooding results.

Integrated scenarios
Avariety of solutions for decreasing the grid vulnerability have been
suggested after H-Maria’s devastating damage to the island. In this
study, we focus on the baseline infrastructure scenario and two scenar-
ios withupgradesto the power infrastructure. The first upgrade option
isthe hardeningofthe transmission lines. Hardening of the transmission
systemas anaid to the vulnerability in extreme weather events has been
suggested in different studies***. In the context of H-Maria, we focus on
the hardening of the transmission towers on the 115 kV lines (Fig. 3a).
In Puerto Rico, these lines are mostly comprised of two-pole and
single-pole structures made from wood. Moreover, wooden structures
are usually the most fragile components in the transmission system.
Montoya et al. proposed replacing the wooden structures with more
resistant steel self-support poles?. The authors found that by upgrading
the system, there would be an average improvementinthe percentage
of damaged structures of 10% in all the transmission lines and a maxi-
mumimprovement of 66% in one of the lines. Following their findings,
the replacement was carried out in the PTF, specifically by replacing
all the wooden structures in the 115 kV lines with steel self-support
poles. Inthis study we use these hardening benefits asinput tothe PNM,
allowing us to examine the effects of transmission lines upgrades on
the power and water delivery (Fig. 4).

The second upgrade considered the implementation of mini-grids.
The term mini-grids refers to a decentralized power generation and
distribution system where the area of interest is divided into differ-
ent self-contained load islands that work as a coupled system but are
capable of decoupling in case of failure. Furthermore, mini-grids and
micro-grids have been popular options to increase renewable energy
penetration and reduce the vulnerability in extreme events'>****, On
the basis of the 2019 proposed Puerto Rico Integrated Resource Plan®
(IRP), eight mini-grids would beincorporated into PR. To integrate this
optioninto our study, we added the corresponding generation centres
to the power network model, connecting them to the closest existing

node. The new generation centres along with the mini-grids are shown
inFig.3a. Theimpact of the additional mini-grids willbe compared with
thebaseline infrastructure and the lines hardening upgrade (option1
described above) to determine which solutionis more effectivein terms
of power (Fig. 5b,c), water (Fig. 5Se,f) availability and social impact.

Power-water coupling

Inspired by previous studies*®*, we address the power-water system
dependency solely through the electrical power consumed by the water
pumps due to the lack of water facilities that generate electricity in
the study area, such as hydropower. We assume a centralized pump
power source at the county level. For instance, ifthe output of the power
network modelindicates that a county will not have power, it will turn
off all the pumps within that specific county, keeping only the ones
with back-up generators. Figure 3b shows how the electrical connec-
tion of the pumps and the centroid of the PNM model per county were
assumed. It should be mentioned that all intake facilities of the water
distribution model, such as filtration plants, reservoirs, dams, water
treatment plants for potable water and wells, were assumed to be in
continuous operation, which means that they had a generator that
provided electricity during the event in case of having power outages.
Moreover, the potable water pump stations affected by flooding were
turned off in the WDM. However, some of those pumps affected by
flooding served a small population, so there were no apparent changes
inservice level in the county subdivisions. For other pumps, water
pressure was reduced, so people could get water but at low pressure.
Finally, the PNM and WDM models were run in a steady state for each
of the scenarios and an analysis of the extent of their service loss was
modelled to quantify the vulnerability of the existing water and power
infrastructure (Fig. 5a,d).

Socio-technical analysis

During extreme events, the disruptions in service delivery of critical
infrastructures disproportionately impact communities based on
socioeconomic and demographic characteristics*®. The Cutter social
vulnerability index 2003 (SOVI) and the Centers for Disease Control
and Prevention social vulnerability index 2011 (CDC SVI) are commonly
used vulnerability indexes*’. The Cutter SOVl uses 42 variables to assess
vulnerability before factor analysis is applied to reduce dimensional-
ity®’. Meanwhile, the CDC SVIis more concise, utilizing only 15 variables
and constructing the index using percentile ranking'®. However, it’s
important to note that not all variables used in the two indexes are
relevant during critical service outages.

To assess the social vulnerability of communities during critical
servicedisruptions, we developed asocial vulnerability index for Power
and Water Service disruption (Sd-SVI). Thisindex builds onthe Centers
for Disease Control and Prevention’s Social Vulnerability Index (CDC
SVI) by incorporating vulnerability indicators such as socioeconomic
status (SES), household composition (HH) and accessibility, which
are highly relevant for understanding vulnerability during power and
water service disruptions.

Under the SES theme, we included attributes such as poverty,
income, education and unemployment. Communities with lower SES
areless likely to have the resources necessary to prepare for and recover
from disasters, making them more vulnerable®**!, During power and
water infrastructure failure after a disaster, they are also less likely
to have access to alternate power sources such as generators or to
purchase fuel and bottled water, making them more vulnerable to
service disruptions®”. The second theme, HH, includes features from
the household composition. Researchers have established that depend-
ent children under 18 years of age, people over 65 years, single-parent
households and the disabled populationincrease the community’s vul-
nerability by increasing the burden of care™. Older adults and children
whorely onelectricity-dependent medical equipment are particularly
vulnerable to power outages*®. Single-parent households are also at
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Fig.2|Flood modelling results. Results of flood modelling for the Anasco, Culebrinas, Guanajibo and Yagiiez watersheds during H-Maria. The inset shows the

location of the watersheds in the island of Puerto Rico.
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b, Assumption of the electrical connection of the pumps per county with the county centroids of PNM.

higher risk during disasters, as all the daily care responsibilities of
the children fall on one parent. It can be challenging for that parent
to provide their child with all the necessary supplies during a power
or water outage.

In the Sd-SVI, in addition to the SES and HH themes, we incorpo-
rated a new theme focused on accessibility. This theme recognizes
the importance of accessibility to crucial supplies and facilities dur-
ing water and power outages. Under this theme, we included four
attributes: road density, access to supermarkets and hospitals, and

availability of private vehicles. Past studies have indicated that the
density of roads is an essential factor in determining the overall acces-
sibility of an area during extreme events. Locations with high road
density tend to have a greater likelihood of having alternative routes
availablein case the primary roads become blocked due tolandslides
or floods caused by hurricanes®. Access to supermarkets facilitates
getting necessary supplies in the event of outages in critical service.
By utilizing their existing inventory, supermarkets can offer initial
assistance to the community before external aid arrives in the area.
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Again, access to hospitals is vital because water service disruption electricity-dependent medical equipment primarily used at home.
frequently resultsinwaterborneillnesses. Forinstance, unsafedrink-  Furthermore, households without vehicles are especially vulnerable
ing water after H-Maria caused waterborne diseases such as Leptospi-  because they cannot access necessary facilitiesand mustrely on others
rosis, resulting in over 51 fatalities®. Also, during power outages, itis  for support. The description of the attributes in Sd-SVl are included
crucial to prioritize the transfer of patients to hospitals that relyon in Methods.
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Fig. 6 | Socio-technical analysis. a, Observed power service loss in county
subdivisions of varying degrees of Sd-SVIunder baseline infrastructure scenario.
b, Expected power service loss in county subdivisions of varying degrees of Sd-SVI
under lines hardening infrastructure scenario. ¢, Expected power service loss in
county subdivisions of varying degrees of Sd-SVIunder mini-grids scenario.

d, The effectiveness of hardening and mini-grids by depicting the level of power
outage induced by the baseline infrastructure can be reduced with these system
upgrades. e, Observed water service loss in county subdivisions of varying

degrees of Sd-SVIunder baseline infrastructure scenario. f, Expected water service
loss in county subdivisions of varying degrees of Sd-SVIunder lines hardening
infrastructure scenario. g, Expected water service loss in county subdivisions

of varying degrees of Sd-SVI under mini-grids scenario. h, The effectiveness of
hardening and mini-grids by depicting the level of water outage induced by the
baseline infrastructure can be reduced with these system upgrades. i, Sd-SVl at
county subdivision level. j, Population count at county subdivision level. k, Scatter
plot of Sd-SVI versus population.

We used thisindex toidentify how the potential system upgrades
impact the vulnerable communities and prioritized the upgrade
option, which could improve the condition of the most vulnerable
communities.

Results of socio-technical vulnerability and
serviceloss

This work executed a coupled power-water vulnerability analysis for
several hardening scenarios of the interconnected infrastructure, ena-
bling comparative studies with the social burden resulting from power
and water loss service. Figure 6a-h shows the expected water and power
service loss for each county subdivision (total 119) in western Puerto
Ricoasafunction of the Sd-SVIof that subdivision. Three scenarios are
compared: (1) H-Maria equivalent incident as the baseline; (2) power
lines hardening scenario; and (3) energy mini-grids scenario. Each
pointonthegraphsinFig. 6a-hrepresents one county subdivision.In
this baseline (H-Maria) scenario, all county subdivisions experienced

aloss of service, regardless of their Sd-SVI status. Altogether 100% of
the population was at risk of power outages and 83% of the population
was at risk of water outages. However, hardening the transmission lines
improves the condition dramatically, where only 14 out of 119 county
subdivisions will experience power outages, and some degree of water
outage will occur in 34 county subdivisions, making a total of 13% of
the study area population with power loss and 34% of the people with
water loss. Onthe other hand, when considering the mini-grids upgrade
scenario, 73 out of 119 subdivisions will face power loss and 64 subdivi-
sions will face water service loss. Consequently, 58% of the residentsin
the area of study experience power outages and 60% experience water
outages. Therefore, service loss is much lower by hardening transmis-
sion lines than by introducing the mini-grids proposed by the IRP.
Table 2 shows the affected population in the three different
scenarios. Our study area of the western part of the island considers
over 300,000 people, where more than one-third population falls
into the high to very high socially vulnerable category with Sd-SVI
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Table 2 | Affected population of different social vulnerability groups under current, hardening and mini-grids scenarios

Social vulnerability Sd-svi Number of county Population Percent of population affected by service loss
range subdivisions
Baseline infrastructure Hardening Mini-grids
Power Water Power Water Power Water
Very low 0.0-0.2 25 57,625 100% 84.5% 10.7% 54.4% 60.8% 721%
Low 0.2-0.4 25 63,685 100% 82.9% 2.0% 25.4% 51.1% 43.8%
Medium 0.4-0.6 25 77,271 100% 79.5% 22.4% 46.5% 50.4% 57.5%
High 0.6-0.8 24 75,700 100% 85.2% 11.5% 18.7% 68.6% 69.2%
Very high 0.8-1.0 20 35,513 100% 84.6% 24.8% 23.1% 60.7% 58.6%
over 0.6. When subject to a similar level of service disruption, these Methods

highly vulnerable communities will suffer more than others. Results
indicate that the power lines hardening option has a differential benefit
to the highly endangered population.

Inthe lines hardening upgrade option, in an H-Maria-type event,
12% of the very high vulnerable population will lose power and 19% will
lose water, while 11% of the very low vulnerable population will lose
power and 54% will lose water.

Ultimately, the coupled power-water methodology was used to
test the effect of different critical infrastructure upgrades in power and
water delivery. Inthe case of Puerto Rico, we found that the proposed
use of mini-grids was less effective than lines hardening in reducing
hurricane-induced water and power service loss. This is probably due
to the fact that mini-grids will still rely on the transmission system to
reach distribution points. Additionally, many vulnerable communities
arelocatedinisolated areas, away from power generation. Compared
to mini-grid solutions, hardening transmission lines reduces service
outages overall and promotes greater social equality by minimizing
service disruption for vulnerable populations.

Conclusions

Criticalinfrastructureis highly reliant on a functioning power system,
and any disruption to the power supply can result in a service outage
for other essential components, such as water. This can have severe
consequences for the well-being of communities, especially during
extreme natural events. This study has demonstrated a coupled water-
power modelling approach for infrastructure vulnerability analysis,
taking the impact of H-Maria on western Puerto Rico as a case study.

Our findingsindicate that theimpact of combined service disrup-
tion on different communities varies based on social vulnerability. In
the case of system upgrades, it is crucial to incorporate community
social burdens so that upgrade options can provide equity in service
delivery toreduce vulnerability. This study demonstrated methods of
developing service disruption metrics for each service upgrade sce-
nario and incorporated those metrics with the social burden to quantify
how each system upgrade would affect vulnerable communities.

For the power infrastructure upgrades, the study found that the
power transmission lines hardening option could make the system far
moreresilientduringahurricane eventand provide more equitableservice
toallcommunities compared to the mini-grids proposed by the IRP, which
was suggested as agovernment policy option for reduced vulnerability.

This study presented a highly transferable and applicable meth-
odology and analysis technique that can be applied to other areas of
interest where essential services are disrupted due to natural disasters,
such as power and water, where there are considerations for future
upgrades on physical infrastructure assets to reduce vulnerability.

Future work could involve incorporating arecovery measure into
boththe power and water modelling and conducting acomprehensive
analysis of the social adaptive capacity. This would provide an oppor-
tunity to examine the resilience of the system and the community in
response to new critical infrastructure upgrades.

Power tower failure model

The PTF is a Random Forest model*, trained with power tower char-
acteristics and weather conditions to predict the failure in the power
towers. The data used was provided by Puerto Rico Power Authority
for the towers’ characteristics and an H-Maria Weather Research and
Forecasting model simulation® for the weather variables. Character-
istics such as tower type, material, location of the tower, along with
maximumwind speed, duration of high wind speed, rainfall, elevation
andland cover were used to train the model. Moreover, using a fivefold
cross-validationand 300 replicates of the model, we found the optimal
parameters for the PTF to be 200 trees with a maximum depth of ten
and a maximum of six features considered for splitting each node.
Montoyaet al. provide more details on the configuration and variables
used for the PTF model?.

The power network model

The PNM developed by Carvalhaes et al.?® is a simple network flow
model composite of all the generation centres and transmission
linesin Puerto Rico. The model uses the generator capacities and the
transmission capacity of the non-failed lines to estimate the flow over
eachlineandthe power supplied at each county. The modelis sensi-
tive to the damage to each of the modelled components. In this case,
we focused on the impact that the failure of the transmission lines
had on the power delivery to the customers. Such impact is quanti-
fied on a per-county basis as the count of people without power.
Additionally, the PTF is used to forecast the damage to the transmis-
sion structures, and then the result is aggregated on a line-by-line
basis. Consequently, the per-line damage aggregationis used as the
input for the PNM. Multiple instances of the coupled models were
executed to find anideal threshold to convert from the percentage
of damaged structures to a binary value of failure in each transmis-
sion line. We found that H-Maria power loss was better replicated
when the threshold was set to 1% of failed structures. Therefore, a
transmission line with more than 1% of damaged towers is reported
as failed in the PNM.

Water distribution model

The initial water distribution model (WDM) from PRASA was a very
detailed hydraulic model that included the location of pipelines,
tanks, potable pump stations, intake facilities and junctions. It
should be mentioned that a Python script was developed to adjust
the demand of each junction, considering the nearby customers
around itand thelocation of each of the junctions, then the updated
junction demand was imported to the Infowater model. As a result,
Fig.1le shows the distribution of customer demand per municipal and
county subdivisions.

Flooding modelling
The development of the hydrologic models for the four watersheds
had a resolution of 100 metres, and they were based on the same
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methodology used by Mejia-Manrique et al.*>. The GSSHA model
relies on the Digital Elevation Model of 10 metres, land-use land cover
dataset and soil information. In addition, the Light Detection and
Ranging data from the United States Geological Survey (USGS) was
used to get the cross-section of the river channel by making use of
geographicinformation systems (GIS) and a Python script. As noted
by Mejia-Manrique et al., the calibration process of the parameters can
be done by using the Secant Levenberg-Marquardt method, which
is an enhancement version of the Levenberg-Marquardt method*~*
availablein GSSHA. It should be mentioned that the NTP (Storm Total
Precipitation) Level 3 product from the Next Generation Radar was
used toacquire the spatial and temporal distribution of the rainfall for
the calibration and validation events shownin Table 1. Please refer to
Mejia-Manrique et al. for more details on methodology™. In the case
of the Yagiiez watershed, We compared the most representative soil
type and land-use land cover class between the Yagiiez watershed and
the areaabove the USGS stream discharge station of the Aflasco Water-
shed, which correspondsto the area of the Aflasco watershed that was
usedinthecalibration process (Upstream Afiasco watershed), and we
concluded that the most representative categories coincided, which
are mixed forest and clay, for the land-use land cover and soil class,
respectively; with the following percentages for the mixed forest, with
77.4% and 69.8% for upstream Afasco and Yagiiez watersheds, respec-
tively. And for clay, with 89.9% and 77.5% for the upstream Afiasco and
Yagiiez watersheds, respectively. Moreover, the potable pump water
from the WDM was overlaid on each of the flooding maps to see which
were affected by flooding. Furthermore, the potable water pumps
from the WDM were overlaid on the flood maps to determine which
were affected. Critical infrastructures were considered to be damaged
or destroyed by flood depths greater or equal to 20 cm.

Coupling modelling

According to the power network model, the potable water pump sta-
tions were turned off based on the counties that did not have electricity,
in addition, the water level from tanks was decreased for those tank
facilitiesthat depend on a potable water pump station. These datawere
transferred to the WDM to run the simulation. It should be noted that
the water and power model simulations were runinasteady state. Sub-
sequently, the results were converted to a percentage of servicelevel, as
showninFig. 4. The power service loss was computed by subtractinga
hundred percent from the percentage of change between the Lights at
Night product from NASA (NTL) (equation (1)). Inthe case of the water
serviceloss, it was determined by subtracting a hundred from the ratio
between the total loss of supply and the total supply multiplied by a
hundred (equation (2)).

NTLBase - NTLAfter

%100 (0))
NTLBase

Power Service Loss (%) = 100 —

Total loss of supply (m® d—!)

Water Service Loss (%) = %100 ?2)

Total supply (m3d-1)

Social analysis
For policy or systems upgrade recommendations to reduce the com-
munity’s vulnerability and human suffering, it is necessary to consider
social vulnerability. Here we formulated the social vulnerability index
for power and water service disruption (Sd-SVI) at the county subdivi-
sion level for the western part of the island.

In Sd-SVI, we incorporated 12 variables from three themes. The
attributesincluded in the Sd-SVlare as follows:

Theme 1 (socioeconomic status):

» Poverty: percent households living below the poverty line
« Unemployment: percent of the unemployed population

« Income: median household income (inverted for vulnerability
calculation)
« Education: percent population having no high school diploma

Theme 2 (household composition):

« Aged population: percent population over 64

« Young population: percent population less than 18

- Disability: percent population over five years and disabled

« Single-parent households: percent of single-parent households

Theme 3 (accessibility)

< Vehicles: percent households with no vehicle

« Hospital: distance to the closest hospital

« Supermarket: distance to the closest supermarket
« Roaddensity: density of road network (m km™)

We collected socioeconomic and household composition data
from American Community Survey*”. We obtained road data and infor-
mation on supermarket and hospital locations from OpenStreetMap®s.
Toestimate the accessibility to supermarkets and hospitals, we calcu-
lated the distance of the nearest hospitals and supermarkets from the
centroid of each county subdivision.

Even though Sd-SVIwas built on CDC SV, itis worth noting that
we did not include attributes relating to household crowdedness
and minority status in Sd-SVI, even though these two themes were
included in CDC SVI”. Household crowdedness can contribute to
vulnerability during disaster evacuations that do not involve power
and water service interruptions. In the case of minorities, the demog-
raphy of Puerto Rico is different from the US mainland, with a pre-
dominantly Hispanic population of approximately 98.8% (ref. 59).
Therefore, minority status is not a relevant factor in vulnerability
and service outages.

To construct Sd-SVI, we followed the method of CDC SVI*. All 12
variables (Table 2), except for per capitaincome and road density, were
arranged in descending order across all 119 barrios in the study area.
This was done because a higher value for these variables indicates a
greater vulnerability. Conversely, per capitaincome and road density
were arranged in ascending order because a higher value indicates
lesser vulnerability. After ranking the variables, a percentile rank was
calculated for each barrio across each variable.

(Rank —1)

Percentile Rank = N=D

©)]

To compute the percentile rank, equation (3) was used, where
‘Rank’ represents the rank of the county subdivision’s score for a par-
ticular variable and Ndenotes the total number of barrios in the study
area. Furthermore, we computed the percentile rank of each county
subdivision for each of the three domains by adding up the percentile
ranks of the variables in that specific domain. Ultimately, we deter-
mined an overall percentile rank for each county subdivision by sum-
ming up the percentile rankings of the three domains.

Limitations

This study is limited to a steady state socio-technical vulnerability
analysis, where the effect of recovery is not considered in the analysis.
Asaresult, the study does not explicitly measure social adaptive capac-
ity or resilience. While the Sd-SVIindex captures various attributes
contributing to vulnerability, it may not fully capture a community’s
ability to adapt to or recover from these disruptions.

Data availability

The datasets generated and/or analysed during the current study
are available in the Zenodo repository https://doi.org/10.5281/
zenodo.7388021.
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