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Spatial coherence of extreme precipitation events
in the Northwestern United States
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ABSTRACT: The complexity of impacts resulting from extreme precipitation events varies with the spatial extent of
precipitation extremes. Characteristics of precipitation extremes, defined by the top 5% of 3-day accumulated precipitation,
including their spatial coherence and relationships to two contrasting synoptic phenomena, were examined at stations across
the Northwestern United States. The spatial coherence of precipitation extremes generally decayed with distance between
stations. However, distinct geographic variability in region-wide coherence of precipitation extremes was present with overall
higher coherence west of the Cascades, and lower coherence in the lee of the Cascades and Northern Rocky Mountains.
Illustrative patterns of coherence were also seen with respect to atmospheric circulation regimes; atmospheric rivers favoured
broadly coherent extremes occurring primarily west of the Cascades during fall and winter, while closed lows favoured more
isolated precipitation extremes in the lee of the Northern Rocky Mountains and Cascades, occurring primarily during spring.
Geographic variability in spatial coherence, direction of maximum coherence and seasonality of extremes suggest that extreme
precipitation events result from the interaction of atmospheric circulation and complex topography.
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1. Introduction
Extreme precipitation events can result in high runoff
and disrupt built and natural systems, including urban
drainage, energy production, fisheries and agriculture (e.g.
Rosenzweig et al., 2001; Mantua et al., 2010). Localized
precipitation extremes may produce runoff that exceeds
the holding capacity of urban drainage systems, causing
rapid inundation of urban areas and impacts to wastewater
systems (Willems et al., 2012). In non-urban areas, localized precipitation extremes may produce damaging and
even deadly flash flooding and debris flows (Borga et al.,
2014). Conversely, catchment-wide extreme precipitation
may result in high flows that require the alteration of dam
and reservoir management, impacting hydropower generation (e.g. Chernet et al., 2013). While typically considered problematic, extreme precipitation events contribute
significantly to annual precipitation amounts (e.g. Singh
et al., 2013) and are important in shaping interannual variability in precipitation (Dettinger, 2013; Lute and Abatzoglou, 2014).
Extensive studies have examined characteristics of
precipitation extremes, including their relationships to
large-scale modes of climate variability (e.g. Cayan
et al., 1999; Higgins et al., 2000; Schubert et al., 2008),
long-term trends (e.g. Kunkel et al., 1999; Groisman
et al., 2005; Mass et al., 2011) and associated impacts
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(e.g. Kirschbaum et al., 2012; Seneviratne et al., 2012).
Prior analyses have examined the spatial variability of
precipitation at daily to seasonal timescales (Moron et al.,
2007; Orlowsky and Seneviratne, 2014). These studies
suggest that the correlation between precipitation measured at different locations, i.e. the spatial coherence
of the precipitation, decreases with distance (Moron
et al., 2007), and is seasonally dependent (Orlowsky
and Seneviratne, 2014). However, studies have not typically addressed the spatial characteristics of precipitation
extremes except through using interpolated gridded data
(e.g. Boers et al., 2013). The only study known to the
authors that specifically examined the spatial coherence
of extreme precipitation using station data did so for only
two reference stations in Europe (Pfahl and Wernli, 2012).
The spatial coherence of precipitation extremes likely
varies geographically and seasonally due to the confluence
of synoptic to mesoscale disturbances and topographic
features (e.g. Mahoney et al., 2015). We focus our analysis over the northwestern United States (NWUS) given
the profound topographic influence of the predominately
north–south oriented Cascade Range and Northern Rocky
Mountains (Figure 1). Such topographic features can result
in climatological precipitation differences of more than an
order of magnitude (Dulière et al., 2011), and significant
interannual to inter-storm precipitation variability across
the region (e.g. Daly et al., 1994; Leung et al., 2003b; Luce
et al., 2013; Siler et al., 2013; Rutz et al., 2014; McAfee
and Wise, 2015). These topographic influences, coupled
with the seasonality and varied generating mechanisms for
precipitation across the region, provide an ample test bed
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for examining geographic variability in the spatial coherence of precipitation extremes.
Precipitation extremes in the NWUS often occur during
the cool season (e.g. Kunkel et al., 1999) and may result
from varied atmospheric circulation regimes (e.g. Kunkel
et al., 2012; Pfahl et al., 2014) including landfalling
atmospheric rivers (AR), particularly for regions west
of the Cascade Range (e.g. Ralph et al., 2006; Neiman
et al., 2008a; Warner et al., 2012; Rutz et al., 2014). ARs
advect relatively warm and moisture-rich air towards the
west coast of North America and, together with strong
low altitude winds normal to mountain barriers, promote
substantial orographic enhancement (Higgins et al., 2000;
Neiman et al., 2008b). The impact of ARs on precipitation
extremes east of the Cascade Range is reduced (Rutz
et al., 2014).
Closed lows (CL) are a contrasting synoptic regime;
these upper-level depressions have centres completely
enclosed by one or more height contours. CL can be
detached from the main westerly flow leading to the
formation of cut-off lows with slow propagation speeds
and the potential for multi-day precipitation (Nieto et al.,
2008), although not all CLs are cut-off lows. Oakley and
Redmond (2014) showed that CLs contribute a significant
amount of annual precipitation across a limited set of
stations on the west coast of the United States including
some in the NWUS; however, no studies have explicitly
examined relationships between CLs and precipitation
extremes in the NWUS.
We examine the characteristics of precipitation extremes
in the NWUS, including their magnitude, seasonality and
contribution to annual precipitation, and building on the
analysis of Pfahl and Wernli (2012) develop an expanded
set of measures to quantify the spatial coherence of the
extremes. Secondly, as illustrative of the role of synoptic
mechanisms on spatial coherence, we examine the spatial coherence of precipitation extremes coincident with
ARs and CLs as two contrasting atmospheric circulation
patterns. Improved understanding of the spatial nature
of precipitation extremes and relationships with synoptic
regimes may be of value for operational forecasting,
flood risk assessment, and improving the spatial interpolation of observational data in modelled environments.
Additionally, the characterization of the spatial coherence of precipitation extremes may help provide insight
on the manifestation of interannual and climatological
precipitation patterns.

2.

Data and methods

Daily accumulated precipitation was acquired from the
Global Historical Climatology Network (GHCN) and
the Natural Resources Conservation Service Snowpack Telemetry (SNOTEL) stations within the NWUS
(42∘ –49∘ N and 111∘ –125∘ W). GHCN data are a subset
of the National Weather Service Cooperative Observer
program stations and are primarily collected at low
elevation, rural locations (Easterling et al., 1999).
© 2015 Royal Meteorological Society

SNOTEL stations provide supplemental precipitation
data at high-elevation locations, including much of the
Cascades and Northern Rockies, where GHCN stations
are sparse (Serreze et al., 1999). Despite the irregular
spatial distribution of the GHCN and SNOTEL stations
over the study area, we chose to use station data rather than
gridded estimates. Gridded data inherently lack fidelity
due to interpolation approaches, particularly in regions
with complex terrain and when dealing with extreme
precipitation events (Seneviratne et al., 2012; Orlowsky
and Seneviratne, 2014).
To maximize geographic and temporal completeness,
we restricted our analysis to the 20-year time period
from 1994 to 2013. Although both GHCN and SNOTEL
data were subject to internal quality control procedures,
we performed additional quality control checks following Serreze et al. (1999) and Lute and Abatzoglou (2014).
Daily precipitation amounts greater than 380 mm and less
than 0 mm were flagged. Daily standardized precipitation
anomalies were calculated using a 31-day moving window and values > 5𝜎 were flagged (0.002% of the data).
Flagged data accounted for a total of 0.13% of observations
and were eliminated from analysis. Stations with more
than 5% data missing or flagged over the period of study
were subsequently eliminated, reducing the number of stations to 69 GHCN and 225 SNOTEL stations.
Precipitation extremes have been defined through various means in prior studies, incorporating criteria based on
fixed threshold values and occurrence probabilities (e.g.
Seneviratne et al., 2012). Extremes defined using fixed
thresholds (e.g. Karl et al., 1995) may not be suitable for
a region with large spatial variability in precipitation such
as the NWUS. Given our focus on moderate extremes, we
instead used a percentile method that sets local thresholds
for each station. Both percentile thresholds (Groisman
et al., 2005) and the duration of precipitation events (e.g.
Kunkel et al., 1999) used in quantifying precipitation
extremes vary in the literature. We focused on moderate
extremes, with timescales consistent with typical synoptic
sequences for the study region by identifying extreme
precipitation events as the top 5% of non-overlapping
3-day non-zero precipitation totals at each station. The
timing of precipitation extremes was defined by the central
date of the 3-day period. We allowed for flexible 3-day
periods that optimize precipitation accumulation rather
than predefined 3-day periods (e.g. 1–3 January, 4–6 January). Although other studies utilize a 2-day threshold for
identifying extreme precipitation (e.g. Mass et al., 2011),
Serreze et al. (2001) and Ralph and Dettinger (2012)
suggest a 3-day period in order to capture the majority
of major storms. We define the seasonality of precipitation extremes as both cool season (November–April)
and warm season (May–October) (Rutz et al., 2014),
as well as in 3-month increments [October–December
(OND), January–March (JFM), April–June (AMJ),
July–September (JAS)], which were chosen based on the
climatology of the NWUS (Warner et al., 2012).
Pfahl and Wernli (2012) quantified the coherence of
extreme meteorological events as the fraction of extremes
Int. J. Climatol. (2015)
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Figure 1. Overview of the geographic features that define the study area including names of prominent mountain ranges and cities.

occurring at a reference station synchronous with extremes
at surrounding target stations. They allowed for a ±2-day
time lag between extremes at the reference and target
stations to account for the transit of weather systems
across their region. We adopt their approach and define the
conditional probability (CP) of synchronous precipitation
extremes for all station pairs as the probability (P) of an
extreme precipitation event (PX) at target station j given
PX at reference station i, or:
CPi,j =

P (PXi ∩ PXj)
P (PXi)

(1)

This is also commonly expressed as CPi,j = P(j|i). It
should be noted that by definition the number of extreme
events varies by station, resulting in an asymmetrical CP
matrix where P(j|i) ≠ P(i|j). We extend the analyses by
Pfahl and Wernli (2012) by examining the spatial variability in CP across the study area, rather than for a single
reference station. Further, we examined three metrics: (1)
the relationship between CPi,j and distance between stations, (2) the spatial representativeness of stations at the
regional scale and (3) the relationship between CPi,j and
cardinal direction of target stations.
We assessed spatial coherence relative to distance (Ricciardulli and Sardeshmukh, 2002; Moron et al., 2007)
using a statistical regional model between CPi,j and pairwise distance (di,j ) using all station pairs within the region
except CPi,i (metric 1). A robust least squares two-term
exponential function and bisquares weighting approach
was used to maximize a best fit and minimize the sensitivity to outliers in the data set. While variograms have been
used for the spatial analysis of precipitation in previous
studies (e.g. Goovaerts, 2000; Haylock et al., 2008), the
© 2015 Royal Meteorological Society

use of variograms assumes that covariance between data
pairs is solely a function of distance, which is unlikely over
a topographically complex and climatologically heterogeneous region. Further, the average CP for a given reference
station to all target stations was not a suitable descriptor
for the spatial representativeness of each station, defined
as ‘the decay of similarity with distance’ (Orlowsky and
Seneviratne, 2014), due to both irregularly spaced stations
and varying distances to target stations for each reference
station. To overcome the irregular spacing of stations
and to reduce bias that would penalize remote stations,
residuals between CPi,j and the regional model were
standardized; this was done by applying a normal inverse
cumulative distribution using a nonparametric kernel
bandwidth (Botev et al., 2010) within a moving window
over di,j ± 45 km to create normally distributed residuals
(Z i,j ). We use the mean of the normalized residuals (Z i ) to
provide a normalized measure of the spatial representativeness of precipitation extremes for each station (metric
2). The normalized residuals were also used to evaluate
whether the spatial coherence of extreme precipitation
was isotropic or exhibited directional preference. For each
station, we analysed Zi,j (𝜃), where 𝜃 are target stations
in each of eight 45-degree arcs from reference station i
(metric 3). Reference stations that did not have at least one
target station in each arc were omitted from this part of the
analysis (∼30% of stations) to account for edge effects.
We focus on two contrasting synoptic patterns, ARs
and CLs, to illustrate the influence of synoptic regimes on
the spatial coherence of precipitation extremes. An AR
chronology for a subset of particularly strong ARs was
acquired from Dettinger et al. (2011 and personal communication, 2014). This chronology provided the dates
Int. J. Climatol. (2015)
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and latitudes at which the AR made landfall over western
North America between 30∘ and 55∘ N. Rather than restrict
the latitude of ARs to the latitude of the study region, we
considered the full chronology, regardless of landfalling
latitude, because the SW–NE trajectory of the AR could
bring systems into the interior NWUS that made landfall
well to the south of the region. Extreme precipitation
events that occurred within 2 days following an AR landfall were attributed to an AR. A chronology of 500-hPa
CLs was acquired from Oakley and Redmond (2014 and
personal communication, 2014) from 1994 to 2011. This
chronology provides the date, latitude, longitude and the
geopotential height of the centre of each low at 6-h intervals. We only considered CLs whose centre resided within
the NWUS for at least one time period. We only examine
extremes occurring over the CL period of record when
assessing the relationship between CLs and extremes, and
only consider an extreme to be associated with a CL if the
assigned extreme date occurred within ±1-day of the CL
being present within the NWUS. Finally, the percent of
NWUS stations with extremes associated with individual
ARs and CLs was tabulated (Dettinger et al., 2011; Rutz
and Steenburgh, 2012). We compare the spatial coverage
of precipitation extremes over the NWUS for ARs, CLs,
and the full population of extreme precipitation events.

3.
3.1.

Results
Climatology

The mean magnitude of 95th percentile 3-day extreme precipitation events ranged from 21 to 260 mm (Figure 2(a)).
The largest mean magnitudes occurred in the western portion of the region, and at higher elevation sites in central
and northern Idaho. Conversely, smaller mean magnitudes
were observed in the interior NWUS and leeward of prominent topographic barriers. Nearly, all stations received
15–25% of their annual precipitation from these extremes.
Although the largest mean magnitude events were entirely
in the western portion of the region, stations in the interior
NWUS received a proportionally greater amount of their
annual precipitation from these events. Further, at both
western and inland locations, high-elevation SNOTEL
stations typically received a smaller percent of annual
precipitation from extremes as compared to nearby
lower-elevation GHCN stations (Figure 2(b)).
The seasonality of precipitation extremes varied across
the region. A majority of precipitation extremes for stations from the Cascades west to the Pacific occurred from
October to December (Figure 3). By contrast, a majority
of precipitation extremes occurred in spring (April–June)
across the easternmost stations in the domain, particularly
those east of the Northern Rockies. Few stations (∼13%)
had more than 10% of their extremes occur during the
summer. The central portion of the region was more
varied. Stations on the western slopes of the Northern
Rockies exhibited seasonal patterns similar to the stations
to the west of the Cascades, while the seasonality of
extremes at stations on the Columbia Plateau and in the
© 2015 Royal Meteorological Society

Blue Mountains is less well defined, showing moderate
preference for fall, winter and spring extremes.
3.2. Spatial coherence
The regional model between CP and distance exhibited
asymptotic decay with distance, varying from 0.6 for a distance of ∼20 km to 0.2 at a distance of ∼550 km (Figure 4).
Individual stations showed CP-distance relationships that
departed from the regional model. Marion Forks, a SNOTEL station at ∼790 m elevation on the windward side of
the Cascades in Oregon, outperformed the regional model
with the highest average CP at 0.36. Marion Forks, like
other central Cascades stations, had higher CP values with
stations in the Northern Rockies than to closer stations in
the Blue Mountains or on the Columbia Plateau. By comparison, the Bostetter RS SNOTEL station at ∼2280 m elevation in southern Idaho performed most similarly to the
regional model and had an average CP of 0.21, and Montana’s Tizer Basin SNOTEL at ∼2100 m elevation in the
lee of the Northern Rockies underperformed compared to
the regional model with the lowest average CP at 0.08. Neither Bostetter RS nor Tizer Basin exhibited such strong
CP with distant stations as did Marion Forks; Bostetter
RS showed CP decay with distance at most target stations
although showed a preference for higher CP with stations
across the southern extent of the domain, while Tizer Basin
showed high CP values only at target stations in the immediate vicinity (Figure 4(b) and (c)). These varying patterns
suggest that distance is not the sole driver of CP values.
The mean of the standardized residuals Z i exhibited
spatial patterns across the study area that highlighted
regional differences from the regional model (Figure 5).
The most regionally coherent stations were in western Oregon, including Marion Forks SNOTEL station, and the
least regionally coherent stations were in southwestern
Montana at the eastern edge of the study domain in the
lee of the Northern Rockies, including Tizer Basin SNOTEL station. High-elevation stations in central and northern Idaho were often more regionally coherent than their
low elevation neighbours.
A majority of stations exhibited their maximum directional CP with target stations to the west (Figure 6). This
was most common (though not exclusively) from central
Idaho to the central Cascades. By contrast, only 1% of stations exhibited a maximum directional CP to the south, and
none were most coherent to their southeast. The strength
of these directional relationships varied, with some stations showing a clear preference for one direction (e.g.
Bostetter RS), while others exhibited more isotropy (e.g.
Marion Forks). Stations in the Cascades exhibited the most
isotropy in coherence, while stations east of the Cascades
had westerly and southwesterly maxima in directional CP.
3.3. Connections to atmospheric phenomena
Up to 36%, and ∼17% on average, of precipitation
extremes at individual stations were associated with ARs
(Figure 7(a)), although the majority of landfalling ARs
between 30∘ and 55∘ N did not produce precipitation
Int. J. Climatol. (2015)
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Figure 2. (a) Mean magnitudes of 95th percentile 3-day extreme precipitation events and (b) the average percent contribution of those events to
annual precipitation totals. GHCN stations are represented by circles and SNOTEL stations are represented by squares.

Figure 3. The percent of all extreme events that occurred within each season.

extremes at more than 5% of the stations in the NWUS
(Figure 8). The highest percentage of extremes attributed
to ARs were found almost exclusively in western Washington, and the lowest percentages were found in the
eastern portion of the region in southeastern Idaho and
in the lee of the of the Northern Rockies; this follows
a similar pattern present in both the climatology and
spatial representativeness of precipitation extremes. When
constraining our analysis to only cool season ARs, up to
47%, and ∼22% on average, of extremes were associated
with ARs, and a similar spatial pattern was observed.
The most widespread extreme precipitation events were
associated with ARs that made landfall between ∼40∘ and
45∘ N. While 91% of all precipitation extremes associated
with AR occurred with ARs that made landfall between
37.5∘ and 50 N, some highly coherent events were found
for landfalling ARs well south of the region, including
© 2015 Royal Meteorological Society

an AR that made landfall at 35∘ N on 30 December 1996,
when 69% of stations experienced an associated extreme
event.
The relationship between extreme precipitation events
and CLs exhibited a markedly different spatial pattern.
Stations across the region experienced between 0 and
∼58% of extremes with CLs, with an average of ∼13%
(Figure 7(b)). The percent of extreme events varied spatially across the region, exceeding 30% in the eastern
portion of the region, and less than 5% in the Cascades. Unlike ARs, a higher percentage of CL-associated
extremes occurred during the warm season. At two thirds
of NWUS stations, less than 5% of cool season extremes
were associated with CLs. Conversely, more than 25%
of warm season extremes were associated with CLs at
a majority of stations. These results support the work
by Oakley and Redmond (2014) who found that CLs
Int. J. Climatol. (2015)
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Figure 4. The regional model for the CP-distance relationship and three example stations. Figure 1 shows the locations of these example stations.
The lower panels show the conditional probabilities expressed as a percentage of the concurrent extremes between each reference station and all
other target stations.

While both ARs and CLs were associated with extreme
precipitation events, significant differences were found in
the spatial extent of their related precipitation extremes.
ARs were more likely to be linked with widespread
extremes across the NWUS, while CLs were linked with
more localized extremes (Figure 8). ARs that were associated with extremes consistently saw a larger percentage
of NWUS stations experiencing a synchronous extreme
as compared to both CL extremes and the full population of extreme events. By comparison, while CL extremes
were generally more coherent than the full population of
extreme events, the difference was nominal.
Figure 5. The regional coherence of each station expressed as the mean
normalized CP residual that accounts for the CP-distance relationship of
the regional model. Higher mean normalized residuals are indicative of
higher regional coherence.

4. Discussion and conclusions

that impact the NWUS are most common during spring.
However, despite CLs being more common than ARs,
they were less likely to produce extremes across the
region.

Distinct geographic variability in spatial coherence, seasonality and magnitude of precipitation extremes were
seen across the NWUS. Similar geographic patterns have
been cited by other studies as resulting from the interaction between topography and the large-scale atmospheric
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Figure 7. (a) The percentage of extremes associated with (a) landfalling ARs between 30∘ and 55∘ N, and (b) CLs centred over the NWUS
study region.

circulation that drives regional hydroclimate (e.g. Leung
et al., 2003a; Warner et al., 2012; Mahoney et al., 2015).
Previous studies have also shown geographic variability in
the percent of annual or seasonal precipitation contributed
by extreme precipitation events (e.g. Kunkel et al., 1999).
We complement this by additionally demonstrating that
such variability arises at sub-regional scales, with relatively lower percent contribution at high-elevation sites
compared to adjacent lower-elevation sites, likely driven
by greater precipitation frequency at higher elevation sites.
These local differences may be muted by the use of gridded or interpolated data, highlighting the importance of
© 2015 Royal Meteorological Society

utilizing observational data from both low and highelevation stations to understand the spatial coherence of
extreme precipitation.
Previous studies (Ricciardulli and Sardeshmukh, 2002;
Moron et al., 2007) showed that the spatial scale of
non-extreme precipitation, defined as the distance at which
correlation falls to 1/e (e-folding), is ∼100–150 km. Similarly, our regional model shows an e-folding spatial
coherence of extreme precipitation events in the NWUS
of ∼120 km. However, we demonstrated significant heterogeneity in this relationship within the study area,
with stations along the western slopes of the Cascades
Int. J. Climatol. (2015)
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Figure 8. Cumulative distribution function showing the percent of
NWUS stations experiencing a synchronous extreme associated with an
AR, CL and all extremes.

and Northern Rockies having higher CPs relative to one
another than to stations on the Columbia Plateau located at
much shorter distances. The spatial patterns of coherence
between stations in the Cascades and Northern Rockies
is likely a result of commonalities in orographic dynamics as progressive weather systems move eastward and
encounter north–south-oriented topographic barriers (e.g.
Anders et al., 2006; Malik et al., 2010). The coherence
of extreme precipitation events across geographically disparate regions like the Cascades and Northern Rockies,
and the importance of precipitation extremes to interannual
precipitation variability (e.g. Lute and Abatzoglou, 2014),
may help explain the synchronicity in interannual precipitation variability across these mountain ranges (e.g. Wise,
2010; Luce et al., 2013).
Distinct spatial patterns in the climatology (magnitude
and seasonality) and spatial coherence of extreme precipitation occur over the NWUS and are strongly influenced
by broad topographic features. The most regionally representative stations in the NWUS were located in the central Oregon Cascades. Unlike most NWUS stations that
exhibited a westerly directional preference for extremes,
stations in the central Cascades showed isotropy in spatial
coherence. Although this could be a function of their latitudinally central location within the domain, an additional
explanation may be the reduced prominence of windward
topographic barriers in this portion of the region. By contrast, the Olympic Mountains to the west of the Washington Cascades and the Siskiyou Mountains to the west of
Grants Pass likely result in a rain shadow effect, reducing
the overall representativeness of the Northern and Southern Cascades of northern Washington and southern Oregon, respectively.
Conversely, the least regionally representative stations
were found in the interior NWUS, including stations east
of the Northern Rockies, in the Blue Mountains and on
the Columbia Plateau. Although the domain of analysis
likely influences such statistical measures, the low value
of Z i near the centre of the domain (e.g. northeastern
Oregon) suggests that the domain of analysis may play
© 2015 Royal Meteorological Society

a lesser role in determining Zi,j (𝜃) than topography and
other mesoscale factors. Proportionally fewer precipitation extremes at these stations were attributed to ARs
and more to CLs. While we highlighted the coherence
of precipitation extremes for these two types of synoptic
patterns, other large-scale and meso-scale processes contribute to precipitation extremes across the region (e.g.
Warner et al., 2012; Favors and Abatzoglou, 2013). For
example, the preference for more warm season extremes at
interior stations suggests localized convection as another
potential generating process for extreme precipitation at
such sites, which may lack the large-scale dynamics that
favour orographic enhancement on the western slopes of
the north–south-oriented mountains of the region.
Improved understanding of the spatial coherence of precipitation extremes provides a framework for better understanding hydrologic impacts, the manifestation of interannual precipitation variability and underlying synoptic
drivers of extreme precipitation on regional to sub-regional
scales. The quantitative metrics of spatial coherence used
in this study are easily applicable to other regions, and
more broadly improved measures of the spatial coherence
of extreme precipitation have been shown to provide
useful information for data interpolation and downscaling
(e.g. Gangopadhyay et al., 2004; Radanovics et al., 2013),
and for hydrological modelling of flood risk, magnitude,
and mitigation (e.g. Dyrrdal et al., 2014), underscoring the
importance of quantifying and advancing understanding
of the spatial coherence of precipitation extremes.
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