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Abstract
Floods and debris flows pose a significant threat, especially when extreme rain falls over burned areas.
This is an example of a compound event inwhich two concurrent or consecutive events lead to
extreme societal impacts. Compound and cascading hazards are becoming increasingly important
and have notable impacts on threatened communities across theworld.Wildfire followed by an
intense precipitation event can result in a largeflood underwhich the combined impacts of hazard
drivers aremuchmore intense than those from individual drivers. Here, we first quantify the change
in exposure of natural gas infrastructure to individual hazards, wildfire andfloods in the future relative
to past.We, then quantify the compound hazards as coincidence likelihood of intense rain over
burned areas and analyze the spatial patterns across the State of California, USA.Our results show that
not only the exposure of natural gas infrastructure to individual hazards would be higher, the
likelihood of compound hazards is expected to increase substantially in awarming climate.

Introduction

Floods and debris flows pose a significant threat to
energy infrastructure, especially when extreme rain
falls over burned areas. A recent example was the
devastating debris flow in Montecito, California that
killed at least 20 people and injured many more. The
event occurred about a month after a major wildfire
that scorched over 440 square miles in Southern
California. This is an example of compound events in
which two consecutive or cascading events lead to
extreme impacts (AghaKouchak et al 2018). Though
there is considerable variability in the ways to define/
discuss extreme events across disciplines (McPhillips
et al 2018), in general, compound events (or com-
pound hazards) correspond to combinations of two or
more dependent drivers that yield extreme impacts
and pose significant societal or environmental risk
(Leonard et al 2014, Zscheischler and Senevir-
atne 2017). The compounding impacts can be grouped
into the following categories: (i) two or more extreme
events occurring simultaneously or successively (the

latter is known as cascading event), (ii) combinations
of extreme events with underlying conditions that
amplify the impact of the events, (iii) combinations of
events that are not themselves extremes but lead to an
extreme event or impact when combined (IPCC2012).
In these situations, the resulting impacts due to
compounding effects are expected to be significantly
more severe than those due to individual hazard
drivers in isolation, and thus ignoring these com-
pounding effects may yield inappropriate character-
ization of posed risk (Sadegh et al 2018).

Wildfires followed by severe flooding in the wes-
tern United States are examples of compound and
cascading hazards, under which the impacts are
intensified by succession of two natural hazards
(NFIP 2012). Both the frequency and intensity of wild-
fires in the western US have significantly increased
over the last few decades (Dennison et al 2014). This
rise is associated with many factors including human-
caused climate change, and more specifically climate
warming and drought severity (Abatzoglou and
Williams 2016, Westerling 2016). This extensive
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wildfire during the dry season may enhance the risk of
flooding by increased hydrologic vulnerability stem-
ming from elevating soil exposure to runoff and ero-
sion processes (Williams et al 2014). Indeed, wildfires
by disturbing the hydrologic characteristics of the
watershed such as, evapotranspiration (Poon and
Kinoshita 2018), baseflow (Kinoshita and
Hogue 2011) and surface water yield (Kinoshita and
Hogue 2015) not only affect the quantity of the deliv-
ered runoff, but also the quality and concentration of
suspended materials (Burke et al 2013, Florsheim et al
2017). That makes debris-flow activity among the
most destructive consequences
of post-wildfire effects during which erosion and
entrainment ofmaterial by surface runoff, and infiltra-
tion-triggered failure and mobilization of a discrete,
shallow landslide mass intensify fire-related debris
flows (Parise andCannon 2017).

In a warmer climate, intense rainfall hazard is also
expected to be higher due to the increased water vapor
holding capacity of the atmosphere and change in pre-
cipitation pattern (Hirabayashi et al 2013, Pendergrass
et al 2017). In parts of the western US the same trend is
expected (Hamlet and Lettenmaier 2007, DeFlorio
et al 2013, Salathé et al 2014). California is expected to
experience increased heavy and extreme precipitation
in the following decades (Polade et al 2017, Ragno et al
2018); withmore than threefold increase in sub-seaso-
nal events at the order of greatest recorded historic
floods (Swain et al 2018). Berg and Hall (2015) found a
statistically significant increase (∼2×), between 2020
and 2060, in historical frequency of wet extremes.
Thus, the expected climate change-induced alteration
in heavy-precipitation and high-temperature extremes
(Fischer and Knutti 2015)may yield growing suscept-
ibility to compound hazards. The more intense/
frequent extreme compound hazards tremendously
threaten infrastructures, depending on their vulner-
ability to each specific hazard (Forzieri et al 2018).

Energy infrastructure in numerous ways are vul-
nerable to climate conditions (Schaeffer et al 2012,
Cruz and Krausmann 2013, Forrest et al 2018,
Mukherjee et al 2018, Tarroja et al 2018, 2019). In Eur-
ope by the 2080s, for example, an overall climate risk
of 8.2 € million/year to energy sector is expected
(Forzieri et al 2018). In California by the end of 21st
century, substantial new investment is required for an
additional 38.5% peak generation capacity to com-
pensate the decreased efficiency of generators and sub-
stations, and the increased demand (Sathaye et al
2012). Among all, natural gas pipelines are notably
sensitive to extreme flooding and wildfires (and the
consequent hazards such as landslides and land ero-
sion) that might expose the underground pipes
(Schaeffer et al 2012, Forzieri et al 2018). Pipelines at
water crossings may experience scouring, damage
from debris, and/or damage or potential rupture due
to landslides (Bruzgul et al 2018). The above-ground
natural gas transmission-related facilities in California

are vulnerable to direct impacts of wildfires. Even if the
pipelines would be underground, and so less threa-
tened directly by wildfire, measurements and control
assets are highly vulnerable (meters in several locations
had melted away in California wildfire incidents in
October 2018) and disruptions/shutoffs are required
before fire reaches houses (ICF 2018). Beyond these,
the exposure of natural gas pipelines to compound
hazards yet to be studied, otherwise the failure prob-
ability will be under/overestimated (Moftakhari et al
2017, 2019). In January 2018, for example Montecito
community in California experienced one of a kind
compound hazards (wildfire followed by intense rain-
fall) that each of drivers in isolation may not produce
such extensive mudslide-driven damage yielding fed-
eralMajorDisasterDeclaration (ICF 2018).

In this study we first quantify the exposure of nat-
ural gas pipelines to individual hazards, wildfire and
estimated runoff and also the change in exposure in
the future relative to past. We then quantify the
compounding patterns and likelihood that extreme
precipitation falls over burned areas of the state of
California. Then, we analyze the projections and
determine the regionswith higher projected hazard.

Materials andmethods

The data used in this study are all based on the
downscaled climate simulations/projections from loca-
lized constructed analogs (LOCA)byScripps Institution
ofOceanography (Pierce et al 2014). TheCal-Adapt tool
(http://cal-adapt.org) provides access to LOCAclimate
data including precipitation and generated total runoff
at spatial resolution of 1/16° (approximately 6 km) and
daily temporal resolution all over the State ofCalifornia.
LOCA data have also been used as input to models for
wildfire intensity projections (Westerling 2018). The
projections from four general circulation models
(GCMs) prioritized by California 4th Climate Assess-
ment, namely HadGEM2-ES, CNRM-CM5, CanESM2
andMIROC5under representative concentration path-
ways (RCP) 4.5 and 8.5 are obtained to represent
warm/dry, cool/wet, average and complement climate
conditions in California. While the daily values for
precipitation and runoff are provided in kgm−2 s−1

and m3 s−1, respectively, the annual average wildfire
intensity is estimated inhectaresundermediumpopula-
tion growth scenarios.

In this study for compound hazard assessment we
take the product of annual average wildfire and the
99.5th percentile of daily precipitation in the following
year as a representative of compound wildfire-flood-
ing hazard.We assume that a watershed hit by wildfire
can recover after a year and so the history of fire
experience (i.e. lag times greater than one year) is not
transferred to calculate the compound hazard. For
infrastructure exposure assessment we obtain data
about the distribution of natural gas pipelines of
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California from US Energy Information Administra-
tion (https://eia.gov). Using this data we quantify the
length of pipelines located in each pixel with wildfire
intensity and runoff projection. Then the exposure of
pipelines to natural hazards is calculated by multi-
plying the length of pipeline to the estimated intensity
of the given natural hazard, that is the median and
90th quantile over the study period for wildfire (in hec-
tares) and runoff (inm3 s−1), respectively.

To obtain the probability density function (PDF) of
the compound hazards, first the ensemblemean of esti-
mated compound hazards from the four studiedGCMs
are calculated, and then the empirical distribution of
median of estimated hazards for the pixels all around
California is calculated using kernel density estimation
method (Silverman 1998). Then, the mean of historic
values is considered as a threshold to calculate the
exceedance likelihood above the given threshold.

Results and discussions

Analysis of exposure of energy infrastructure to the
projected hazards may provide a better understanding
of the expected change in risk towards these infra-
structure in the future (2047–2099) relative to the past

(1953–2005). For this purpose, we calculate the length
of pipelines within each pixel with runoff and wildfire
estimates. Then the product of hazard intensity and
pipeline length in each pixel provides an estimate of
the exposure of the natural gas pipelines to these
hazard drivers. Figures 1 and 2 show the results for
ensemble mean estimates, and results for individual
GCMs are provided in the supplementary Information
is available online at stacks.iop.org/ERL/14/104018/
mmedia.

The estimated exposure of pipelines to runoff
(figure 1) is notably higher in the north. Since our ana-
lysis shows no notable difference between average
lengths of pipelines per pixel between south and north,
we conclude that the exposure difference between
northern and southern California can be attributed to
variation in received precipitation across state
(Jones 2000). The exposures have been highest in the
Northwest and lowest in the deserts of the south (e.g.
Mojave and Sonoran; with respect to the characterized
bioregions in California by Lenihan et al (2003)). In
the future, however, the infrastructure in north of
Central Valley, Modoc Plateau, and the San Francisco
Bay area along with parts of the South (e.g. South-
western, Mojave Desert and Sonoran Desert) will

Figure 1.Natural gas pipeline exposure to runoff in the past (left; 1953–2005), and its expected change in the future (2047–2099)
under RCPs 4.5 (middle) and 8.5 (right). Red (green)means increased (decreased) exposure to runoff.

Figure 2.Natural gas pipeline exposure towildfire in the past (left; 1953–2005), and its expected change in the future (2047–2099)
under RCPs 4.5 (middle) and 8.5 (right). Red (green)means increased (decreased) exposure towildfire.
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experience an increased (2× times) exposure to run-
off. It should be noted that this raise is estimated based
on the assumption that no flood mitigation measures
will be implemented and thus (if available) the effects
of runoff control projects (i.e. storm water drainage
systems implementation) must be taken into account
formore accurate projections.

The exposure to wildfire is different than runoff
and is expected to vary across space and time. The
exposure is relatively higher (up to three times) in
coastal regions (e.g. Northwest, Central Western and
Southwestern) and cascade ranges and relatively low in
the deserts of the South. While expected to rise in the
Northwest, the Cascade ranges and east of the Mojave
and Sonoran deserts, there is no significant change. It
is projected to decrease in the future for the rest of the
state. A considerable decreasing trend (down to one-
third) is expected inModoc Plateau, the north of Cen-
tral Valley and the Bay area, west of Mojave and
Sonoran deserts and Southwestern regions.

Figure 3 shows the change in expected compound
wildfire and intense precipitation events in the future
(2047–2099) relative to the past (1953–2005). The
shading on the left panel (Historic) shows the intensity
of estimated compound hazard over the historic per-
iod. In this panel, white regions (no data) are the areas
excluded from wildfire projections. This exclusion is
either due to the fact that these regions are outside the
current combined fire state and federal protection
responsibility areas, including landscape intensively
converted to human uses or primarily desert areas
(Westerling 2018). The intensity of compound
hazards is generally larger (∼2× on-average) in the
North (above 37° latitude) compared to the Southern
California (below 37° latitude). This difference can be
attributed to the significant spatial variability of pre-
cipitation across the State. The total rainfall amounts
received during a typical winter season in northern
California could be 2–4 times higher than in the
southern California (Jones 2000). This yields large dif-
ferences in vegetation types and pattern and so the
wildfire dynamics, combined with precipitation

variability, explain the aforementioned spatial pattern
in compound hazard intensity. Another detectable
pattern is the difference between coastal watersheds
and mountain ranges with low lying inland water-
sheds. Indeed, out of various known bioregions in
California (Lenihan et al 2003), forests (Northwest,
Cascade Ranges, and Sierra Nevada) and coastal
shrublands/woodlands (Central Western and South-
western) are experiencing more intense compound
hazards. In the future, forests are expected to experi-
ence even more severe compound hazards (up to 6×),
with the southern part of Sierra Nevada experiencing
the highest rise under both RCPs 4.5 and 8.5. Coastal
shrublands/woodlands though expect to experience
either low-to-moderate rise (i.e. Central Western) or
no-considerable rise (i.e. Southwestern). Interestingly,
East of Sierra Nevada, South of Mojave Desert and
Sonoran Desert, which in the current situation show
relatively low potential for compound hazards, are
projected to experience notably more intense com-
pound events in the future. This may stem from the
potential for land cover change due to change in cli-
matic patterns.

Figure 4 shows the temporal evolution in the dis-
tribution of compound hazard intensities. The left
panel shows the empirical probability distribution
function (PDF) of the median values. The shaded area
(and the percentage associated with that) represent the
likelihood that the historic mean will be surpassed by
above-average events. The right panel shows the
empirical PDFs of 90th quantiles. The distributions of
compound hazards are expected to be notably differ-
ent in the future relative to the past. While, in the past
there has been a 38% chance that the historic mean of
median values will be exceeded, this likelihood is pro-
jected to double in the future under both RCPs 4.5
(68%) and 8.5 (73%). The difference between distribu-
tions becomes even more considerable for extreme
events. The likelihood that the mean of 90th quantiles
will be exceeded in the future is almost three times
higher than the past (34%), under both RCPs 4.5
(90%) and 8.5 (91%). These results show that statistics

Figure 3.Relative change in compound hazard (burned area× precipitation intensity) in the future (2047–2099) comparedwith the
past (1953–2005) based on ensemblemean of climatemodels. Red (green)means increased (decreased) likelihood of compound
hazards.
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of compound hazards will be notably different in the
future relative to the past. Thus, for appropriate char-
acterization of compound hazards in the future we
need to take non-stationarity of statistics into account
(Cheng et al 2014, Ragno et al 2018, 2019).

We can further explore the uncertainty associated
with these estimates. Figure 5 shows the boxplot of
estimates for three distinct pixels in the north, middle
and south of California (left, middle and right col-
umns, respectively) under historic climate, and RCPs
4.5 and 8.5 (panels (a)–(c), (d)–(f), (g)–(i), respec-
tively). This is just an example of uncertainty analysis
that integrates uncertainty from different sources (e.g.
climatemodels andRCP scenarios).

In summary, regional patterns of exposure of nat-
ural gas pipelines to individual/compounding effects
of hazards are considerably different. The results of
this work showsNorthwest and Cascade ranges are the
regions with highest exposure and they are more likely
to experience notably higher rates of compound
hazards in the future. The Mojave and Sonoran
deserts, which are relatively low in exposure to
hazards, will likely experience considerably higher
rates of compounding hazards, though there are
regions where compound hazards are expected to
decrease in the future (e.g. Southwestern and the west
ofMojaveDesert).

We should clarify the difference between hazards
and their drivers (Zscheischler et al 2018). For a com-
prehensive compound hazard assessment, would have
been ideal if we have estimated runoff under given sce-
narios that not only take the change in precipitation
into account, but also update the hydrologic char-
acteristics of the watershed under given wildfire sce-
narios. This way, we may robustly quantify the
compounding impacts with the underlying nonlinear
relationships. In the absence of such data, we have to
analyze the exposure of pipelines to each hazard (e.g.
runoff and wildfire) and then, to obtain an under-
standing of future trends in compounding impacts,

analyze the likelihood that hazard drivers (e.g. rainfall
and prior wildfire experience)might coincide.

It should be noted that, not all pipeline infra-
structure equally exposed to the aforementioned
hazards. Indeed, depending upon proximity to rivers,
debris flow basins, urban areas, and/or steep topo-
graphy and their position relative to ground level
(above-/under-ground) natural gas pipelines would
experience differential levels of risk. For a comprehen-
sive assessment of risk associated with compound
hazards consideration of these modulating factors is
necessary.

In these analyses, interactions between hazard dri-
vers and anthropogenic effects (i.e. risk prevention/
mitigation measures) are not included. A more thor-
ough understanding of risk in the future needs holistic
approaches that take the post-disaster dynamic inter-
actions between natural and human processes into
account (Di Baldassarre et al 2015, Kinoshita et al
2016). This is even more important when we are deal-
ing with aging infrastructure with declining resilience
to natural hazards. The United States for example,
needs to spend $4.5 trillion by 2025 on aging infra-
structure to secure their serviceability (American
Society of Civil Engineers 2018). More specifically, a
large percentage of US natural gas pipelines were
installed before 1980, and without appropriate main-
tenance measures Americans may experience more
frequent power interruptions (American Society of
Civil Engineers 2018). This is even more important in
the case of post-wildfire flooding, which is an example
of cascading hazards (AghaKouchak et al 2018). The
chain of such adverse events are expected to become
more common in the future and without appropriate
consideration the web of connections between hazard
drivers, devastating events like the disastrous situa-
tion that southern California experienced in January
2018 (ICF 2018) will cost more and more in the
future.

Figure 4.Distribution ofmedian (left panel) and 90th quantile (right panel) of the ensemble average estimates of compound hazards.
The shaded areas represent the exceedance likelihoodwith respect to themean of the historic distribution.
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