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Abstract

The continuous functioning of the underground water supply networks is essential for many
aspects of modern civilization. Therefore, it is essential to keep such critical infrastructure safe
from disasters. However, existing risk assessment studies often assume relatively stable climate
conditions. Abrupt sunlight reduction scenarios, such as those caused by a nuclear war, a large
volcanic eruption, or an asteroid impact, could cool the planet by up to 10°C and thus frost-damage
water pipes. This study investigates such vulnerability of the global underground water supply
network in urban areas, in a nuclear winter — one such abrupt climate shift resulting from a
nuclear war. We use climate modeling data simulating a nuclear exchange between Russia and the
United States of America, in combination with predictions of the network location and density
derived from nighttime light and artificial impervious surface data. By considering an increase in
maximum frost depth under nuclear winter conditions, we identify areas where such networks are
most vulnerable to disruption, and predict the length of the potentially affected pipelines using
population-size-based and street-network-length-based models. As estimated, a total of ~5-9
million kilometers of this critical infrastructure in 92 countries is at risk of freezing, potentially
impacting the primary water source of over 2 billion individuals. Our findings highlight the need
to expand the scope of climate resilience assessments in water risk research to include a broader
range of climate scenarios, including sudden cold shifts.
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Highlights

e In the nuclear winter scenario, maximum frost depth increases may affect 92 countries
e Only the Northern Hemisphere may be affected significantly

e Over 2.1 billion people may lose access to water due to frost damage to pipes

e More than 8.8 million km of underground water supply networks might be affected

e For pipeline length, street network length is a better predictor than population size
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Glossary

e qat-risk area — area with an increase in maximum frost depth in the scenario

® qat-risk urban area — at-risk area also identified as being urban; assumed to have an
underground water supply network

e pipeline — underground water supply network (synonym)

e urban area — area identified as being urban; assumed to have an underground water supply
network



1. Introduction

Water supply networks are essential systems underlying modern civilization. They are lifelines,
enabling the continuous operation of critical government and business functions, essential to
human health and safety or economic security (FEMA, 2024). As of 2022, such piped infrastructure
had the potential to deliver safe water (WHO and UNICEF, 2021) to households with a total of ~5.3
billion individuals, ~3.8 billion of which were urban dwellers (WHO and UNICEF, n.d.). Piped water
systems can provide dramatic health benefits such as decreased diarrhoeal disease mortality,
improved welfare, mental well-being, and social health, alongside advancing economic
development and gender equity (Devoto et al., 2012; Winter et al., 2021; Wolf et al.,, 2023). The
importance of clean water for human well-being and sustainable development is widely
recognized, as evidenced by its inclusion among the United Nations' Sustainable Development
Goals (SDGQ), especially “Goal 6. Ensure availability and sustainable management of water and
sanitation for all” (United Nations General Assembly, 2015).

This critical infrastructure has various susceptibilities such as aging, environmental
contamination, and potential disruptions due to natural disasters or human activities (Balaei et al.,
2020; Birkett et al, 2011; Deng et al, 2020; Sargaonkar et al, 2010). Consequently, there is a
significant body of research dedicated to assessing vulnerabilities in these systems in an effort to
mitigate risks and enhance the resilience of water supply networks (Haimes et al., 1998; Karamouz
et al., 2012; Van Leuven, 2011; Wéber et al., 2020; Zohra et al., 2012).

The resilience of these water supply networks is largely based on the assumption of stable climate
conditions. While there may be potential benefits in terms of less frost damage for this
infrastructure in colder climates due to global warming (Zywiec et al, 2024), it is essential to
recognize a reverse possibility — one of abrupt shifts toward cooler conditions and its implications
for water supply network resilience. For example, during a 2021 winter storm in Texas, USA, the
sudden drop in temperatures caught many water systems off-guard, leading to frost damage (pipe
bursts) and widespread water supply disruptions in areas not accustomed to such cold conditions
(Glazer et al., 2021; Grineski et al., 2022; Melaku et al., 2023). One survey found 31% of Texas
residents suffered from water damage, and 49% lost access to running water for an average of 52
hours (Watson et al., 2021). Due to low water pressure and water outages potentially compromising
drinking water supply, boil water advisories were issued to an estimated 14 million people (Glazer
et al,, 2021).

Drastic climate cooling can occur from situations such as abrupt sunlight reduction scenarios
(ASRSs), e.g. a nuclear winter caused by a nuclear war (Coupe et al., 2019). Nuclear winter is a
hypothetical climate phenomenon caused by the injection of large quantities of soot and smoke
into the atmosphere, leading to a significant drop in temperature, reduced sunlight, and
potentially devastating consequences for global ecosystems and human civilization (Baum, 2015;
Turco et al, 1983). Such an event could have a long-term effect on the global climate, with
sun-obscuring particulate matter in the upper atmosphere deflecting solar radiation and causing



significant global temperature drops over a 5-10-year period (Coupe et al, 2019; Robock et al.,
2007). As we expect a similar decrease in temperature in ASRSs caused by asteroid impacts
(Chapman and Morrison, 1994) or large volcanic eruptions (Rougier et al., 2018), the results for our
nuclear winter scenario would be applicable to these as well.

Under the conditions set by the most severe variant of such a scenario modeled by Coupe et al.
(2019), i.e. the 150 Tg soot one from a nuclear exchange between Russia and the USA, surface light
levels remain reduced to less than 40% of normal (i.e. of ~160 W/m?) for a duration of 3 years,
gradually returning to the normal levels over ~10 years. The peak temperature anomaly, occurring
around 3 years after the injection, sees global temperatures plummeting to nearly 10°C below
baseline levels. Previous studies have analyzed the impact of these conditions on food systems
(Denkenberger and Pearce, 2018; Jehn et al., 2024; Xia et al., 2022), but, to our knowledge, this has
not yet been done for water supply networks. To thereby expand the understanding of the impact
of said extreme conditions, the temperature anomaly was utilized as a baseline for us to analyze
potential damage to said networks in such a worst-case scenario.

The potential damage to water pipes from cold temperatures is well documented (Barton et al.,
2019; Bruaset and Seaegrov, 2018; Rajani and Kleiner, 2001), with a quantifiable correlation between
falling temperature and increased failure rates in such infrastructure (Bruaset and Sesegrov, 2018;
Rezaei et al., 2015; Wols and Thienen, 2016). Rezaei et al. (2015) explains how a decrease in
temperature can lead to pipe failures due to volume expansion of water, frost heave in the soil
around the pipe, and increased brittleness. Factors such as the intensity and duration of cold
weather, as well as water pipe depths influence the development of frost heave. Frost heave and
ground freezing typically affect shallowly placed pipe infrastructure more (Farewell et al., 2012;
Huang et al., 2022). Thus, we may infer that maximum frost depth increasing as a result of nuclear
winter conditions would place a greater amount of underground water supply networks at risk.

To understand the potential damage, it is needed to know the extent of the pipeline. Assessing this
extent is challenging. As per Mair et al. (2017), "Urban water infrastructure, i.e. water supply and
sewer networks, are underground structures, implying that detailed information on their location
and features is not directly accessible, frequently erroneous, or missing. For public use, data is [sic]
also not made available due to security concerns. This lack of quality data, especially for research
purposes, requires substantial effort when such data is [sic] sought for both statistical and
model-based analyses”. The challenge is further exacerbated by the fact that infrastructure can
vary wildly from country to country, and so does the relevant information (or its lack thereof) in
the sources containing the data. Despite the aforementioned recognition of clean water
importance, there is no water-supply-network-length indicator in the UN's global indicator
framework for SDG' adopted so far (United Nations General Assembly, 2017; United Nations

! Interestingly, we found an instance of a country that presented its street water supply network length as an
indicator of achievement of Goal 6 (Federal State Statistics Service, 2019), but such a metric was not reflected
in the UN's global framework for the relevant year (United Nations General Assembly, 2017).



Statistical Commission, 2024; United Nations Statistics Division, n.d.). This reliance on
country-reported data for measuring the extent of the pipeline could be bypassed by utilising
tangential satellite imagery solutions (Asterra, n.d.; Jeffay, 2022; Stantec, n.d.), but such utilisation
on a global scale seems unviable.

To overcome these challenges and thus estimate the extent of the water supply networks, we
assumed that urban areas are likely to contain such infrastructure and predicted its length based
on other variables present in those areas — population size (Pauliuk et al,, 2014) and street network
length (Mair et al, 2017). The urban areas themselves were determined using datasets on
harmonized nighttime lights (Zhao et al., 2022) and global artificial impervious areas (Gong et al.,
2020). Given our focus on assessing the capability of the global pipelines to handle the nuclear
winter conditions, we predicted the length of this infrastructure overlapping with climate
modelling data in the scenario, for the areas with the highest susceptibility to increased freezing.
This approach allowed us to identify the scale and distribution of underground water supply
networks vulnerable to frost damage, and thus provide a foundational risk assessment of this
infrastructure in the nuclear winter scenario.

2. Methods

Given the focus of the study, we had to check whether there are preexisting sources on global
pipeline distribution and lengths. As none was found, we created our own datasets.

For the distribution of underground water supply networks, we started with calculating the
increase in maximum frost depths expected in the nuclear winter conditions, on a global scale.
This allowed us to identify at-risk areas, i.e. those areas in which such an increase would occur.
Afterward, we determined which at-risk areas could be also classified as urban ones and thus
contain any pipelines. The length of this infrastructure was predicted for each at-risk urban area,
and aggregated on a per-country and global basis for results validation and discussion purposes.
Our predicted values for the vulnerable countries can be found in the supplementary materials S1
(the current at-risk and historical risk-agnostic lengths) and S2 (the current at-risk lengths, with
maximum frost depth breakdowns).

Each following subsection describes the underlying process in detail, except for results validation.
Due to the latter's complexity, it is only introduced briefly therein, and expanded on in the
supplementary material S3. The flowchart of our methodology is depicted in Fig. 1.

Code utilized to create the models of this paper, alongside the various calculations, can be found on
the GitHub repository located at https:/github.com/allfed/nuclear-winter-water-risk.
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Fig. 1. Flowchart presenting an overview of the methodology.



2.1. Water Supply Networks

As we did not find any database or dataset of global underground water supply networks, we
attempted to create one using official reported lengths. This attempt was only partially successful
due to the lack of complete and unambiguous data for every country we eventually predicted to be
at risk in the scenario. Given the difficulties, we settled for obtaining the infrastructure’s lengths as
described in subsection 2.4. Pipeline Length Prediction, and used the collection for their validation
as briefed in subsection 2.5. Pipeline Length Results Validation and elaborated in the
supplementary material S3. The collection itself is contained in the supplementary material S1.

Despite the issues, creating the collection informed us about the potential regional or
country-specific idiosyncrasies of water supply networks. These were reflected in the variety of
rarely-defined terms used by statistical agencies and other governmental bodies, as well as
international organizations, water companies, professional associations (including those
comprising water companies), and academics, for length indicators within their sources. As we
wanted to predict the total lengths of all relevant types of such infrastructure at risk under the
nuclear winter conditions — to account for a “worst-case scenario” — we employed an inclusive
interpretation of the terms used therein. If a source provided only one relevant term with length
datum, e.g. aqueducts and water distribution networks (apeducte si retele de distributie a apei) (Biroul
National de Statisticd al Republicii Moldova, 2019), distribution and transmission mains (U.S.
Environmental Protection Agency, 2018), water pipes (AS Tallinna Vesi, 2019), water supply pipelines
(National Bureau of Statistics of China, 2019), we treated it as a country-specific synonym of water
supply networks. In cases of multiple terms with such data not summed in the source, e.g. house
connection pipes (Hausanschlussleitungen) and supply pipes (Versorgungsleitungen) (VKR - Verband
Kunststoff-Rohre und -Rohrleitungsteile et al., 2019), main water pipe, street network, and
inter-district and inter-yard networks (Statistical Committee of the Republic of Armenia, n.d.), and
water supply network and extension (Macao Water, 2018), we assumed the terms to describe
country-specific constituents comprising such networks.

Moreover, sources authored by the aforementioned entities were mostly agnostic of the water pipe
placement, with none breaking down the length in over- vs. underground regard? and only two
explicitly defining all of such infrastructure as being located in the latter manner (Irish Water,
2015; Republic of Lebanon Ministry of Energy and Water, 2020). Having found no ratios expressing
the undergroundness of water supply networks, and other placement types being negligible, for
our analysis, we assumed all pipes to be placed fully below the ground surface.

2 It is worth mentioning that there are also other types of placement relevant in the nuclear winter scenario.
We encountered official sources mentioning above-ground (Poccrar, 2022) and surface (2030 Water
Resources Group, 2021) ones, although without data that could be clearly related to the entirety of a given
water supply network length.



Despite the assumption that water supply networks are always placed underground, in this study,
the term water supply network without a placement descriptor means a network in general, ie.
regardless of its placement. Furthermore, underground water supply network is used
interchangeably with pipeline. Unless stated otherwise, we provide all infrastructural terms related
to or synonymous with the aforementioned ones as in their corresponding citations. These
approaches apply to the manuscript and all supplementary materials.

2.2. Frost Depth

Using existing climate modelling data from Coupe et al. (2019), we compared the maximum depths
at which soil would be expected to freeze, i.e. frost depths (Selezneva et al., 2008), during the
nuclear winter scenario, with ones obtained from the control run, simulated to predict maximum
frost depths in normal (non-nuclear-winter) conditions.

To validate the results of the control run, the point data were compared with that of National Snow
and Ice Data Center (NSIDC) dataset Arctic EASE-Grid Freeze and Thaw Depths (Zhang and Barry,
2006). This dataset had yearly estimated maximum frost depth data with a spatial coverage of the
entire Northern Hemisphere (north of 50° N), and a spatial resolution of 25 km. Because this
resolution was significantly higher than that of the Coupe et al's control data, points were spatially
joined by their nearest neighbour. Only points from either dataset that were above land were used.
A Pearson correlation coefficient of 0.756 indicated that the data did tend to trend similarly,
however, a root mean square error (RMSE) of 1746 did indicate that the data tended to have a
difference of just under 2 m. Ultimately, this was deemed acceptable since a mean error of -0.911
(mean of Coupe et al's control data minus NSIDC data) implied that the Coupe et al.s control data
typically underestimated the maximum frost depth, thus underestimating the protective buffer
available to the pipes and allowing us to conduct a “worst-case scenario” analysis.

Unless additional measures are implemented (such as heating sources, insulation, special
placement solutions, or ones for ensuring continuous flow rates), water pipes are typically located
below the local maximum frost depth, or, sometimes, above it to reduce installation costs (Pericault
et al., 2017). We assumed the pipelines either did not have such implementations, or if they did, they
were only rated for the pipelines’ current maximum frost depth — thus, for those placed just below
it, even a small increase in maximum frost depth might impact local infrastructure. Therefore, we
calculated the difference between existing maximum frost depths in the control run and those
predicted for the nuclear winter scenario, allowing us to map potential at-risk areas. In these,
infrastructure might not be adequately prepared for the colder conditions.

The nuclear winter climate model data collected came in 1.9° x 2.5° (lat x lon) resolution. To
interpolate in-between the data points, we opted for ordinary kriging. This method was chosen due
to its ability to effectively estimate data based on neighbouring points, a lack of auxiliary related



variables, and documented success for predicting soil properties (Gia Pham et al., 2019; Ouyang et
al., 2013; Pirestani et al, 2024; Zhu and Lin, 2010). All data points over bodies of water were
removed so as not to affect the kriging estimate. Of note, the frost depth data provided from Coupe
et al. (2019) used the Community Land Model 4.0 as their land surface model, which does take into
consideration soil heterogeneity (Oleson et al., 2010). This meant this method was able to consider
soil structure when determining frost depths. However, when interpolating in between the data
points, the spatial resolution of finer details, such as urban land cover, was lost. Therefore, this
process assumed the lack of protection offered by human-made structures, soil structure, and
terrain features, when determining the vulnerability of each area to ground freezing.

2.3. At-Risk Urban Area

Urban area estimates are often calculated using a minimum population density approach (Dijkstra
et al, 2020), but it may not work for determining urban areas with underground water supply
networks. This issue is exemplified by Nigeria, which has a vast urban landscape with the 6th
largest population in the world (Oladunmoye, 2024; US Census Bureau, 2024), but only 12% of the
total and 15% of the urban population had access to piped water as of 2022 (WHO and UNICEEF,
2023). In 2018, 60 million were living there without access to any type of safe water, leading to a
state of emergency (World Bank, 2021). Pakistan is in a similar situation: very populous (5th
largest) but of low socioeconomic activity (United Nations, 2022; World Bank, 2024a) and low (25%
of the total and 39% of the urban population) access to piped water (WHO and UNICEF, 2023). On
the other hand, there is the example of the United States of America. Despite a significant variety
in population densities between urban, suburban, and rural areas (Pozzi and Small, 2002), piped
water access is still readily available to most people even in less populated areas (Meehan et al.,
2020). Instead, insecure piped water access is primarily driven by systemic social factors such as
precarious housing conditions and poverty (Meehan et al, 2020). Thus, we assumed
population-density-based approaches for estimating urban areas with pipelines might
overestimate low socioeconomic activity areas while underestimating areas with high-intensity
socioeconomic activity but lower population density. Consequently, we sought a different
approach.

Instead of using a population-density-based approach, we merged urban area extents derived from
harmonized nighttime lights (NTL) and global artificial impervious areas (GAIA), developed and
provided by Zhao et al. (2022) and Xuecao et al. (2020), respectively. While the former dataset was
based on data collected by the U.S. Air Force Defense Meteorological Satellite Program Operational
Linescan System (Zhao et al., 2022), the latter used imagery from Landsat 8 and the Sentinel-1's
synthetic-aperture radar (Gong et al., 2020; Xuecao et al,, 2020). The NTL-based urban area was
described as best defining the “spatial extents associated with intensive human settlement and
high-intensity socioeconomic activities” (Zhao et al., 2022). This meant that the NTL data were less
likely to capture areas with a high population density but low socioeconomic activity (such as



Nigeria and Pakistan), while being more likely to capture lower density suburban areas across
North America and Europe, and thus might more likely correlate with areas containing pipelines.

The idea of using NTL data for predicting areas with underground water supply networks was
supported by Zhao et al. (2011), which found strong positive correlations between observed lit area
and total water footprint, domestic water withdrawal, and industrial water consumption.

Although the NTL dataset encompassed the majority of the area of interest, manual inspection
revealed its deficiency in covering lower-lighting intensity cities in Europe and North America.
Initially, the GAIA-based urban area estimate was poised to supplant the NTL data due to their
similar coverage, with GAIA capturing the lower-intensity cities. Artificial impervious areas can be
defined as human-made structures, such as pavements, roads, buildings, and other infrastructure,
that impede the natural flow of water into the soil (Gong et al., 2020). These attributes likely
allowed the dataset to capture the lower-intensity but more affluent areas that the NTL dataset
was probably missing. However, upon closer examination, the GAIA dataset tended to overlook
rural, higher intensity, and wealthier residential suburban or acreage districts in Europe and North
America. Despite typically having underground water supply networks, these residential areas
often had expansive yards that were not artificially impervious. Both datasets effectively avoided
overcapturing high-populated but low-socioeconomic activity areas, where such water
infrastructure is not typically found. Consequently, the datasets were spatially merged (only one
dataset needed to cover the space to consider it likely to contain a pipeline). The combined ability
of the NTL and GAIA datasets to cover urban areas likely to have underground water supply
networks, while excluding urban areas unlikely to do so, is exemplified in Fig. 2, Fig. 3, and Fig. 4.




Fig. 2. Neighbourhood in Bournemouth, UK Fig. 3. Neighbourhood in Valdosta, Georgia,
(Google, 2024a). Not captured by the NTL USA (Google, 2024b). Not captured by the
dataset, but captured by the GAIA dataset. GAIA dataset, but captured by the NTL
Imagery ©2024 Airbus, Maxar Technologies, dataset. Imagery ©2024 Airbus, Maxar
Map data ©2024. Technologies, Map data ©2024.

Fig. 4. Town of Nasirabad, Pakistan (Google, 2024c). Not captured by either GAIA or NTL
datasets. Imagery ©2024 Airbus, CNES / Airbus, Maxar Technologies, Map data ©2024.

In order to validate our assumptions that these datasets were able to accurately estimate areas
with said networks, we calculated the population of these urban areas per country using 2023
LandScan (latest available) population raster imagery (Lebakula et al., 2024), a widely used global
population raster choice with demonstrated success in disaster scenarios (Jordan et al., 2010; Rose
and Bright, 2014). These were compared with the WHO/UNICEF Joint Monitoring Programme for
Water Supply, Sanitation and Hygiene (JMP)'s estimates of the proportion of country population
using improved piped water supplies, for both rural and urban areas (WHO and UNICEF, 2023)%.
Our per-country prediction of populations with piped water achieved an R? value of ~0.80 when

3 The population data used in JMP was based on the work of the United Nations Population Division (WHO
and UNICEEF, 2021). The most probable source (United Nations, Department of Economic and Social Affairs,
Population Division, 2019) of such data presented a complex landscape of what was used by countries to
differentiate urban areas from rural ones. Among the provided criteria were, sometimes solely,
administrative designations, population size or density, economic characteristics, and functional
characteristics. The last criterion was used in less than a third of cases, of which an unspecified number
related the definition to the existence of water-supply systems therein. This uncertainty in what constituted
urban areas further supported our need of employing a different method for identifying them.



compared with the corresponding JMP estimate. The remaining variability could stem from
numerous factors, including variations in the JMP survey estimates, households with access to
piped water located not on their premises, inexact predictions from the NTL and GAIA datasets,
and differences in underground infrastructure patterns across a wide range of urbanized areas
globally. In order to verify that this approach was able to recognize changes in global piped water
access, which has risen significantly over the past ~30 years (Milman et al,, 2021), we compared our
estimate with those of IMP, for the years 2000, 2005, 2010, 2015, and 2018 (years when all the data
were available), and the R* score remained between 0.73 and 0.80.

In the next step, we looked for the intersection between the areas that were likely to have
underground water supply networks (i.e. urban areas) and the previously calculated at-risk areas.

2.4. Pipeline Length Prediction

Having determined the global area that would likely contain underground water supply networks
and be impacted by the increase in maximum frost depth in the nuclear winter scenario, the
amount of such infrastructure within the area could finally be predicted. In order to do so, we used
two different approaches (one based on population size and one on street network length) and
compared the results.

2.4.1. Population-Size-Based Approach

An approach of estimating water supply network length was proposed by Pauliuk et al. (2014). The
authors developed a hierarchical fractal model for water pipeline networks and calibrated it using
empirical data from 35 cities in 5 countries throughout 3 continents (with served populations
ranging from 500 to ~23,000,000 inhabitants). Via their model, a relationship between population
of a city and length of its water supply network was found; for our analysis, we expressed it as in
Eq. ()

(population—size—based)

0.9
pive = (.01 Pop, (1)

(population—size—based)
where L=
pipe,i

population-sized-based approach [km], and total population, respectively, of a region i.

and Pop; are the water supply network length predicted with the

In order to apply it to our global data, the multipolygon geographic bounds of our at-risk urban
areas were exploded, such that each polygon could represent an individual urban area. The original
study considered actual city areas, while ours employed rough urban boundaries. To achieve a



closer approximation of city boundaries for each polygon, each polygon was subdivided to ensure
that no area exceeded the municipality area of Sdo Paulo — ie. 1,521 km? (Instituto Brasileiro de
Geografia e Estatistica, n.d.) — the largest city in the original study. Although global rankings of
largest cities could vary significantly due to differing administrative units in different parts of the
world, Sdo Paulo was regularly ranked amongst one of the largest (Forstall et al, 2009;
Moriconi-Ebrard, 1991; Taubenbdck et al., 2019). Thus, by subdividing areas larger than that of Sao
Paulo’'s administrative area, we could break apart urban areas that were likely to be made up of
various municipalities since individually they were unlikely to surpass Sdo Paulo's area. For each of
these polygons, the respective population was calculated using the 2023 (latest) LandScan raster
(Lebakula et al., 2024). Eq. (1) was then applied individually to each polygon and then summed up to
arrive with this approach at per-country and global pipeline lengths at risk.

2.4.2. Street-Network-Length-Based Approach

A correlation between lengths of street network and water supply network was found in Mair et al.
(2017). The authors arrived at an estimate of 50% of the former coming with 78% of the latter? i.e. 1
km of street network coming with ~0.641 km (i.e. 0.5/0.78) of water supply network.

Mair et al's technique for determining street network length through the use of OpenStreetMap
was replicated on a global basis for the previously determined at-risk urban area. This included
using the same definition of street network, wherein all available streets found in OpenStreetMap
were used. In OpenStreetMap terms, this meant collecting all "ways” with a key of "highway",
which encompassed any kind of street, road, or path, including but not limited to major highways
and motorways, residential streets, rural roads, and pedestrian paths (OpenStreetMap
contributors, 2024). Notably, this caused additional paths — such as sidewalks and parking lots —
that may not typically be considered “streets” to potentially be included in the street length
calculations, thus accounting for the pipes underneath more types of infrastructure.

After determining the street network length for each at-risk urban area, we employed Mair et al’s
estimate as in Eq. (2) to predict the pipeline length within:

% In its Figure 5, Mair et al. (2017) indicated the average values of “streets containing water supply pipes"” of
50%, and "water supply pipes below the street” of 78%. While discussing the results, the authors stated that
"approximately 50% of the street network contains 78% of the water supply or sewer network", even though
the Figure depicted 48% for “streets containing sewer pipes” and 85% for “sewer pipes below the street”; in
other places of the paper, it was concluded that “50% of the street network length correlates with 80%—85%
of the total water supply/sewer network". To address this discrepancy, we decided to use the most specific
values, i.e. 50% for street network and 78% for water supply network, especially since Mair et al. seemed to
treat "water supply pipes” as synonymous with the latter.



(street—network—length—based)

pipe,i =(0.5/0.78) Lyyreer, @)
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where L and Ly,...; are the water supply network length predicted with

pipe,i
the street-network-length-based approach [km)], and street network length [km], respectively, of a
region i.

Notably, our method was designed to determine the spatial variability of at-risk pipelines, not just
between whole countries, but within them as well. Frost depth in the nuclear winter scenario
alongside infrastructure density could change drastically from one area in a country to another,
which is why we did not simply multiply country-wide street network lengths by the ~0.641
estimate.

To arrive with this approach at per-country and global underground water supply network lengths
at risk, we summed up the results of Eq. (2) applied individually to each at-risk urban area.

2.5. Pipeline Length Results Validation

To validate the capabilities and compare the results from both prediction approaches, we used the
aforementioned collection of country-wide reported water supply network lengths, which can be
found in the supplementary material S1. In this subsection, we briefly introduce the validation
process — its methods, results, as well as limitations and uncertainties are described extensively in
the supplementary material S3.

Having in mind the largely different scales between countries' infrastructure, we compared the
logged values of the predicted lengths against the logged values of the corresponding reported
ones, and obtained the R®> of logged values from the population-size-based and the
street-network-length-based approaches (separately). In both cases, the predictions were made for
the country's urban areas (i.e. not limited to its at-risk ones), and only for the year as of which the
length was reported. Due to the limited availability of reported data and matching yearly versions
of the datasets required for predicting, no such prediction was made for a year later than 2018. To
better understand how close each predicted length was to the relevant reported one, we also
calculated the logged values of the predictions against the logged values of the reported lengths,
essentially calculating the root mean squared logged error (RMSLE).

As completing the collection for all countries that were recognized to be at risk in the scenario
turned out not to be viable, we had to check whether the limited sample was likely to be
representative of the remaining countries. For this, we utilized bootstrapping to assess the
consistency of the R* and RMSLE values for the relationship between predicted and reported
lengths.



In case of a poor predicting performance of an approach in one or many of the validation tests, we
decided to scope the discussion on the length results obtained via the other one.

2.6. Vulnerability of Selected Countries

Although our main focus was on the global extent of the pipeline at risk in the scenario, we also
looked into the 20 countries with the highest predicted lengths of this infrastructure and
compared them with the summed value for the rest of the world. Moreover, to better understand
the potential impact of the nuclear winter conditions, we computed the at-risk underground water
supply network lengths per capita and per GDP (separately). Population and GDP values for each
country were sourced from the World Development Indicators (World Bank, 2024b, 2024c¢).

3. Results and Discussion

3.1. At-Risk Areas and At-Risk Urban Areas

In Fig. 5, the at-risk areas are presented on a global scale. Notably, only countries in the Northern
Hemisphere would experience an increase in maximum frost depth under the nuclear winter
conditions. Far-northern areas, mostly within the Arctic Circle — such as in Greenland, Canada,
and Russia — would not see an increase in maximum frost depth, as they often already experience
deep permafrost (Romanovsky et al., 2002).
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Fig. 5. Map of difference between control maximum frost depth and maximum frost depth in the
nuclear winter scenario. At-risk areas have a positive difference.

The at-risk areas that are also determined to be urban ones are depicted in Fig. 6. The total
calculated at-risk urban area is ~1,289,499 km?® The majority of urban areas north of the 25th
parallel north would be impacted, with regional variations throughout. As there are few urban
settlements in the Arctic Circle, most of the impact occurs between the 25th and 65th parallel
north.
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Fig. 6. Map of at-risk urban areas (areas with underground water supply networks, at risk in the
nuclear winter scenario).

3.2. Pipeline Length Predictors

Within the at-risk urban areas, there would be a total of ~2.1 billion people who may lose access to
their primary water source. It is crucial to acknowledge that there may be cascading effects as
networks lose connections, potentially affecting individuals living just outside these areas and
leading to additional loss of water access. In addition, deeper ground freezing could affect people
with wells that are not directly underneath heated buildings. Moreover, individuals who collect
water directly from surface water features would be affected by increased freezing. Thus, we
assume the estimate of ~2.1 billion at-risk individuals for the specific nuclear winter scenario to be

conservative.



In the at-risk urban areas, the total street network length is determined to be of ~13.7 million km,
entailing a network density of ~10.7 km of street for every square kilometer of land. This seems to
be a reasonable value, since the OECD's estimates for road density have it sitting at ~0.1-4 km of
road for every square kilometer of land for each country (in its sample of 50 countries), including
both urban and rural land (OECD, 2024) while our result is only for urban areas (likely to have a
denser street network).

3.3. Global Pipeline Length

The global results of both at-risk underground water supply network length prediction approaches
are presented in Table 1. The supplementary material S2 provides the predicted length per country,
and per maximum frost depth difference per country. Whether a country would be fully composed
of at-risk areas, and thus all of its pipelines be affected, is specified in the supplementary material
S1 which, for ease of reference, also contains the at-risk lengths per country.

Approach Global Underground Water[il;ﬁply Network Length at Risk
Population-size-based ~53 1
(Pauliuk et al., 2014) 3554
Stre.et—network—length-based 8810888
(Mair et al., 2017)

Table 1. Predicted length of the global underground water supply network at risk in the nuclear
winter scenario, per approach used.

Despite using two different techniques with differing data sources for determining the global
pipeline length, the two predictions remained within the same order of magnitude, achieving a
percentage difference between them of ~49%. This consistency raises our confidence that the
results are reasonably close to reflecting the reality of the infrastructure length at risk in our
hypothetical nuclear winter.

As can be seen in the supplementary material S3, across Table S3.1, Fig. S3.2, and Fig. S3.3, overall,
the street-network-length-based predictions perform better in both statistical tests (higher R* and
lower RMSLE) while simultaneously maintaining more stable results in the bootstrapping analysis,
when compared with the population-sized-based one. Thus, the length results predicted with the
former approach are discussed henceforth.



Using the better predictor — street network length — we arrive at an average total of ~6.76 km of
underground water supply network per square kilometer of land in our calculated at-risk urban

area.

3.4. Most Vulnerable Countries

A closer look at how selected countries would be affected in terms of its at-risk pipeline length can
be taken via Fig. 7; in terms of its at-risk pipeline length per capita, via Fig. 8; in terms of its at-risk
pipeline length per GDP, via Fig. 9. The Figures also present a frost-depth-difference breakdown of
each length.

At-Risk Underground Water Supply Network Length by Country
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Fig. 7. Underground water supply network length by country, at risk in the nuclear winter
scenario. The 20 countries with the highest values and the summed value for the rest of the

world are depicted.



At-Risk Underground Water Supply Network Length by Country per Capita

France I
Portugal I
Belgium I

Spain I =32
Luxembourg
Liechtenstein I =16
Qatar I
Denmark I <8
Estonia I
United Arab Emirates
Netherland: | S
Israe| I
Canada | =2
Sweden | I

32+

Country
A
B
Frost Depth Difference (m)

United States of America I |
I ——
Igeland =0.25
Finland

0 2 4 6 8
Predicted Length (m) per Capita

Length predicted using street-network-length-based estimate of Mair et al. (2017).

Fig. 8. Underground water supply network length by country per capita, at risk in the nuclear
winter scenario. Only the 20 countries with the highest values are depicted.
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From the per-GDP calculation, we may be able to better understand how capable each country
would be at handling the significant challenge occurring in the scenario. From the top 20 countries
with respect to their at-risk pipeline length per GDP, Kyrgyzstan, Tajikistan, Syria, Uzbekistan,
Tunisia, Jordan, and Egypt are classified as lower-middle income or low income ones (World Bank,
2024a), potentially making them particularly vulnerable to the nuclear winter conditions.

Canada, China, Russia, the USA, and Mongolia are the only countries with underground water
supply networks where the maximum frost depth would increase by more than 20 m. India,
Kazakhstan, Kyrgyzstan, North Korea, Uzbekistan, and Norway join them as countries with
pipelines where such an increase would occur by more than 10 m. Of the 92 at-risk countries, 34
would have their frost depth increased by 1 m or less.

Through our analysis, we demonstrate that a significant portion of the Northern Hemisphere's
underground water supply network would be vulnerable to frost damage under the nuclear winter
conditions. There are certain countries that stand out:

- The USA holds the highest at-risk pipeline length at ~2,544,308 km. This is more than
double the second place, China, at ~1,116,619 km.

- Most of the top 20 countries with a high proportion of at-risk underground water supply
networks compared with their population are European, including all Nordic sovereign
states (Finland, Iceland, Norway, Sweden, and Denmark). From outside of Europe, they are
joined by the USA, Canada, Israel, the United Arab Emirates, and Qatar. (Listings in order of
at-risk pipeline length by country per capita).

- Several countries may be particularly vulnerable due to low GDP. This includes various
post-Soviet sovereign states such as Kyrgyzstan, Tajikistan, Uzbekistan, Ukraine, Moldova,
Belarus, and Georgia, alongside various Middle Eastern countries such as Syria, Israel,
Jordan, and Iran. (Listings in order of at-risk pipeline length by country per GDP, after the

grouping).

3.5. (Cross-)System Susceptibilities

It is important to recognize indirect water supply network vulnerabilities as well as potential
cascading effects from frost damage on the pipelines. We can draw parallels between the
climate-change-focused research of van Thienen et al. (2023) and the potential implications of the
nuclear winter to get a better understanding of such vulnerabilities in the hypothetical conditions.
That analysis emphasizes the importance of understanding water supply systems' role for
continuously providing the essential service in societal collapse scenarios, and — by utilizing a risk
matrix approach from NASA (2017) — categorizes the risk to water sector entities as ranging from
moderate to extreme. It also identifies several vulnerabilities specific to water supply and



infrastructure in a societal collapse scenario by comparing it with those in fragile and
conflict-affected states, as outlined by Bolton (2020). The scenario includes, among others,
increased water demand due to displaced populations, loss of skilled personnel, physical
infrastructure damage, reduced electricity availability, and financial sustainability challenges for
water companies. While our paper primarily focuses on physical infrastructure damage,
specifically to water pipes due to frost, each of the other possible vulnerabilities identified would
also be prevalent in a nuclear winter scenario. This holds true even beyond the regions with a
predicted increase in maximum frost depth, and thus countries not specifically highlighted in this
study may still need, in the face of such scenarios, to assess resilience of their water supply
networks and associated infrastructure.

Additionally, Kadri et al. (2014) underscores the role of water pipes as physical links in the
interdependency of critical infrastructure systems, as highlighted in their framework Cascade
Effect Analysis. To illustrate, the 2021 winter storm in Texas exemplified the cascading effects of
extreme weather events on infrastructure. As much of the region's energy system was dependent
on water remaining in a liquid state (Glazer et al., 2021), drastic temperature drops caused power
outages, which, in turn, impacted public water systems. Moreover, frozen water pumps forced a
nuclear power plant to shut down, exacerbating the power outages and further disrupting the
water supply and treatment systems (Melaku et al., 2023). These sorts of interconnected impacts
are likely to occur globally in the event of a nuclear winter, but may have a greater prevalence in
our identified at-risk areas.

Lastly, it is worth pointing out that water supply disruptions may not render the resource
contained within the pipeline completely unobtainable. For crisis situations, Szpak and Szczepanek
(2023) proposes water supply companies to preemptively install drain wells at the lowest points of
the water supply system. If water pressure in the network would be too low for the resource to
reach the end users, water would flow from a pipe into the nearest drain well, and eventually be
transported to the surface using a portable submersible pump. Although we recognize that this
should be done only shortly after the onset of a crisis situation or in prospect of one, low and
negative pressures occurring within the pipelines can be associated with increased contamination
risk (LeChevallier et al., 2003). If ensured to be free of health-related hazards, the water obtained
via the drain well method from a single pipe with a length of 1 km and a diameter of 0.3 m has a
potential to meet the daily physiological need for water of 2.5 1 per capita per day (Szpak and
Szczepanek, 2023) of ~28,000 people.

3.6. Limitations and Uncertainties

Our analysis is subject to several limitations warranting consideration, as it does not consider:



- Variability in infrastructure characteristics: Our study is agnostic in terms of the
differences in pipe features such as diameter, insulation, and material composition. These
factors may play a role in determining the resilience of underground water supply
networks to changing climate conditions and could impact the extent of damage
experienced under the nuclear winter scenario.

- Relation between other pipeline—ground-surface orientation and freezing vulnerability. We
assumed that pipes are parallel to the ground surface, and located just below current
maximum frost depths. In reality, parts of the infrastructure would cross through frost
depths and thus be at risk in a non-uniform way, e.g. the closer to the surface the more
vulnerable to freezing a pipe section would be (in general).

- Freezing vulnerability of ground. Due to the interpolation employed in identifying at-risk
areas, ground (and thus the pipelines therein) was considered to be uniformly vulnerable to
freezing. Therefore, any protection offered by human-made structures, soil structure, or
terrain features is not reflected in the predicted lengths, although it is likely to be a factor
in the scenario.

- Duration of ground freezing: Our analysis does not account for the duration of ground
freezing under the nuclear winter conditions. The study was based on the assumption that
pipes located in areas where the maximum frost depth would not increase would be safe
from frost damage.

- Scenario-specific changes in pipeline length: We assumed the extent of the infrastructure
to be unaffected by the cause and development of the ASRS and thus see the results
applicable to any such scenario with a similar decrease in temperature. However, many
Northern-Hemisphere urban areas would probably be destroyed with nuclear or other
weapons in the 150 Tg nuclear war (Toon et al., 2008) before even being susceptible to frost
damage. Depending on the area of impact, the other potential sources of ASRS — asteroid
collisions and large volcanic eruptions — may have significantly lower direct effect on the
underground water supply network length. Similarly, we assumed no additional
construction or reconstruction of the pipelines.

Moreover, we acknowledge the following uncertainties of our analysis:

- To address the unavailability of underground water supply network distribution and length
data, the study relies on a combination of nighttime lights and artificial impervious areas
as a proxy for urban areas, which in turn proxy for areas containing such networks. This
introduced inherent variability in our results and could affect the accuracy of the
vulnerability assessments.

- Despite its better predicting performance in our validation tests, Mair et al. (2017)'s model
correlating street network length with pipeline length relies on data pertaining to “three



case studies in an alpine region with different network sizes” which might not be
representative of the infrastructure in the whole at-risk area. Moreover, we had to choose
between discrepant correlation values presented in that study. If the choice does not reflect
those intended by its authors, our predictions would be slightly affected.

- Due to lack of yearly versioning of some datasets, those used for predicting current
underground water supply network lengths were never as of the same year. In order to
mitigate the issue, we utilized the latest datasets and assumed that no significant change
occurred in between the corresponding as-of years.

- The extent of the consumer endpoints of pipelines in the predicted lengths is highly
unknown. Even though Mair et al. (2017)'s and Pauliuk et al. (2014)'s models accounted for
household or private connections, respectively, the studies did not address whether such
connections were the final underground pipes before the end user. If we take the
information from DANVA (2019) and Water UK (2022) as representative of the whole at-risk
urban area, water suppliers — due to external ownership and leakage responsibility — often
have limited knowledge on the condition and length of the property owners' parts of
consumer endpoints. Therefore, the predicted lengths at risk in the scenario should be
treated as conservative.

4. Future Work

We collected reported pipeline lengths merely to validate the results that used Pauliuk et al.
(2014)'s and Mair et al. (2017)'s models. A future work could compare such reported data with
reported population sizes and reported street network lengths, for urban areas, and thus correlate
the variables more accurately. For the underground context, this could be improved even further if
reported water supply network length values were broken down by placement types. Such a
breakdown in itself would greatly inform infrastructure protection endeavours. For the time being,
the street network length seems to be the better predictor in urban areas.

Although we deemed pipelines vulnerable if any increase in maximum frost depth would occur at
their location, a more comprehensive vulnerability assessment would investigate the relation
between pipe diameter and frost depths resulting in partial or total freezing of the former, and
consider the extent of freezing affecting the infrastructure and its operations. Such assessment
could factor in the water supply network idiosyncrasies across regions and countries. It may be
beneficial to focus on such scales and also look into the pipeline occurrence beyond the urban areas
proxied herein. Targeted analyses may be able to better capture features influencing the
infrastructure's vulnerability in such ASRSs. Our paper provided a foundation for identifying
at-risk areas — and countries — which may benefit from these context-specific assessments.



Furthermore, future works should look into potential damage to water supply networks beyond
frost impacts. While our study was primarily focused on the vulnerability of pipelines to frost
damage under the nuclear winter scenario, it is essential to recognize that infrastructure may still
be susceptible to damage even if not directly frozen, e.g. to power outages, as discussed in
subsection 3.5. Additional Considerations.

A future study should also look into the resilience of other piped systems related to the water
availability and quality, e.g. sewer networks involved in wastewater treatment. This process is to
reduce contaminant levels below sectoral quality thresholds for intentional reuse, and may
augment water supply for human use (Jones et al., 2021). As, on a global basis, ~52% of produced
and ~84% of collected wastewater is estimated to be treated (Jones et al, 2021), preserving the
continuity of these processes could significantly increase the water available in specific
catastrophic scenarios. Predicting the underground sewer network length can be done via
dedicated models (Mair et al., 2017; Pauliuk et al,, 2014), plausibly with limitations similar to the
aforementioned water-supply-network ones. In the context of the nuclear winter conditions, we
expect sewer networks to greatly differ in susceptibility to maximum frost depth increase, due to
the seemingly higher pipe placement variability (Bi et al., 2022; Brush et al., 1924; Mayny et al.,
2024; Pericault et al., 2017).

Lastly, addressing the vulnerabilities described in this paper necessitates exploring potential
options to maintain the integrity and functionality of underground water supply networks. Under
the nuclear winter conditions, many freeze protection measures described by Pericault et al. (2017)
may be leveraged, e.g. heating the water before it enters the network, incorporating electric
resistance heating (heat taping), insulating the pipelines (through traditional insulation methods
surrounding the pipes or, as we suggest, by covering them with materials such as soil, biomass, or
gravel), or by relocating the pipes further underground. Likely, a variety of context-specific
methods would need to be adopted to address the diverse challenges at each pipe's location. The
viability assessment of protective measures is planned for a later study.

5. Conclusion

Our study sheds light on a critical aspect often overlooked in current water risk research: the
vulnerability of the global underground water supply network to sudden catastrophic climate
changes, specifically those related to significant decreases in temperature, as in abrupt sunlight
reduction scenarios. The analysis reveals a concerning picture, indicating that ~5—9 million km of
such crucial infrastructure across 92 countries would be vulnerable to frost damage under such a
scenario, potentially leaving over 2 billion individuals without access to clean water. The results
serve as a starting point for future works on determining the effect on pipelines in abrupt shifts
toward cooler conditions, especially taking into account infrastructure idiosyncrasies of at-risk
areas.
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