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i n f o

s u m m a r y
Typically, ﬂash ﬂoods are studied ex post facto in response to a major impact event. A complement to
ﬁeld investigations is developing a detailed database of ﬂash ﬂood events, including minor events and
null reports (i.e., where heavy rain occurred but there was no ﬂash ﬂooding), based on public survey
questions conducted in near-real time. The Severe hazards analysis and veriﬁcation experiment (SHAVE)
has been in operation at the National Severe Storms Laboratory (NSSL) in Norman, OK, USA during the
summers since 2006. The experiment employs undergraduate students to analyse real-time products
from weather radars, target speciﬁc regions within the conterminous US, and poll public residences
and businesses regarding the occurrence and severity of hail, wind, tornadoes, and now ﬂash ﬂoods. In
addition to providing a rich learning experience for students, SHAVE has also been successful in creating
high-resolution datasets of severe hazards used for algorithm and model veriﬁcation. This paper
describes the criteria used to initiate the ﬂash ﬂood survey, the speciﬁc questions asked and information
entered to the database, and then provides an analysis of results for ﬂash ﬂood data collected during the
summer of 2008. It is envisioned that speciﬁc details provided by the SHAVE ﬂash ﬂood observation database will complement databases collected by operational agencies (i.e., US National Weather Service
Storm Data reports) and thus lead to better tools to predict the likelihood of ﬂash ﬂoods and ultimately
reduce their impacts on society.
Published by Elsevier B.V.

1. Introduction
Societal impacts from ﬂash ﬂooding can be mitigated through
the development of better tools to identify regions being impacted
or about to be impacted by ﬂash ﬂoods (Ruin et al., 2008). These
prognostic indicators require detailed observations of basin characteristics, antecedent states of the soils, streams, and atmosphere,
accurate estimates of rainfall, and an adequate understanding and
accompanying model of the rainfall–runoff processes associated
with ﬂash ﬂoods. Given the uncertainty inherent in the observations and an incomplete understanding of the underling physics,
it is standard practice to train or calibrate the modelling system
(Beven and Binley, 1992; Gupta et al., 1998; Vrugt et al., 2005) to
recognise and alert on extreme events; i.e., those that differ significantly from the historical distribution. A quantiﬁcation of the distribution of stream discharge magnitudes in upland basins
susceptible to ﬂash ﬂooding requires an appropriate observational
database.

* Corresponding author. Address: National Weather Center, 120 David L. Boren
Blvd, Norman, OK 73072, USA. Tel.: +1 405 325 6472; fax: +1 405 325 6780.
E-mail address: jj.gourley@noaa.gov (J.J. Gourley).
0022-1694/$ - see front matter Published by Elsevier B.V.
doi:10.1016/j.jhydrol.2010.05.042

Current observational datasets include measurements from
in situ stream gauges and acoustic Doppler proﬁlers (Simpson
and Oltmann, 1993), remotely sensed surface water extents from
space–borne platforms (see Brakenridge et al. (2005) for a summary), spotter reports collected by operational agencies such as
the US National Weather Service (NWS), ex post facto ﬁeld investigations (Gaume and Borga, 2008; Marchi et al., 2009), and indirect
inferences from hourly precipitation datasets (Brooks and
Stensrud, 2000). The level of detail provided by each of these datasets, even when combined, is insufﬁcient to accurately portray the
frequency, magnitude, and spatial patterns of ﬂash ﬂoods
(Gruntfest, 2009). Observational ﬂash ﬂood databases are incommensurate with their societal impacts; they are a signiﬁcant natural hazard impacting many global societies, yet they remain poorly
observed (Gaume et al., 2009).
This paper introduces a survey-based data collection methodology for studying the impacts and characteristics of ﬂash ﬂoods. It is
organized as follows. Section 2 summarizes the current state of
ﬂash ﬂood observations. Section 3 describes the history, motivation, and basic design of SHAVE. Section 4 discusses the SHAVE
data collection effort for ﬂash ﬂooding. Section 5 compares the
SHAVE dataset to the NWS operational Storm Data ﬂash ﬂood
reports in regards to their spatial characteristics, population
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representativeness, and independence. Additional information collected through SHAVE is analysed and presented. Summarising
comments and concluding remarks are provided in Section 6.

2. Flash ﬂood observational capabilities
Stage height and acoustic Doppler proﬁling measurements provide continuous measurement of stream discharge and are typically equipped with the capability to transmit data in real time.
The expense of instrument maintenance, ﬁeld measurements for
calibration, and requisite proximity to electricity and roads associated with these instruments restrict their deployments. Stage
height and stream velocity observing sites are more suited to observe large-catchment, ﬂuvial ﬂoods in contrast to pluvial ﬂash
ﬂoods impacting small basins. Space-borne instruments offer the
potential to remotely sense water bodies including river expanses
over the entire globe. Space-borne instruments provide measurements either at course spatial and temporal resolution (e.g., at a
spatial resolution on the order of tens of kilometers and onceper-day overpass like Aqua AMSR-E sensor) or are dependent upon
cloud conditions (MODIS optical sensors). The beneﬁts of such
measurements are global coverage, standard data formats, and
data accessibility. The daily temporal resolution, however, renders
them inadequate for regular monitoring of streams that respond to
rainfall on the order of minutes and hours.
Government agencies responsible for warning the public about
natural hazards, such as the US NWS, typically have established
veriﬁcation programs to obtain metrics describing the skill of the
issued warnings. In order to verify an NWS-issued ﬂash ﬂood
warning, forecasters call trained spotters and businesses within
the warned areas to determine if criteria were met to validate
the warning. Then, they deﬁne polygons that delineate the regions
impacted by ﬂash ﬂooding. Development of this database is essential to the warning veriﬁcation program, but reports of no ﬂooding
in warned regions are often discarded (i.e., false alarms), and this
database does not focus on ﬂash ﬂood events that occurred without warning (i.e., missed events). These latter, unforeseen events
typically do not exhibit characteristics within the parameters of
the forecasters’ training to identify them, which makes them difﬁcult to forecast but well suited to improve our conceptual understanding of the ﬂood-producing, rainfall–runoff process. Lastly,
the density of the spotter reports is insufﬁcient to characterise
the spatial extent of ﬂash ﬂoods. As soon as a warning is validated
by a single spotter report, there is no longer motivation for the
forecaster to obtain additional reports of where ﬂash ﬂooding did
or did not occur.
The considerable societal impacts caused by ﬂash ﬂooding warrant detailed studies of the geomorphology and antecedent conditions associated with high peak discharge events (Gaume and
Borga, 2008). Typically, ﬁeld investigations are conducted following a signiﬁcant, extreme event. These post-ﬂood studies aim to
estimate the peak discharge based on high water marks and estimates of ﬂow velocity, the time sequence of the ﬂood event, and
sediment transfer processes. These ﬁeld studies also estimate impacts to life and property such as damage to buildings, bridges,
homes, and roads as well as human behaviour in response to the
event and warning of its onset, if one was provided. Ex post facto
ﬁeld investigations are critical to improving scientiﬁc understanding of the underlying rainfall–runoff processes of ﬂash ﬂoods. Improved knowledge and modelling of their dynamics combined
with real-time hydrometeorological observing and forecast tools;
e.g., weather radar, will ultimately lead to more accurate and
timely warnings. These ﬁeld investigations, however, are not designed to provide a comprehensive catalogue of the spatial extent,
temporal behaviour, and magnitude of every ﬂash ﬂood event

(including those that had minor or moderate impacts); their focus
is on individual, high-impact events.
In this study, we introduce the concept of building an inexpensive, dense, research-quality database of ﬂash ﬂoods, based entirely on witness accounts, to complement the aforementioned
ﬂash ﬂood observing instruments and data collection strategies.
Collection of information from eyewitness accounts in post-ﬂood
studies to reﬁne estimates of ﬂow velocity, depth, and ﬂooding extent has been described as ‘‘extremely important” in Borga et al.
(2008). We envision data collected during SHAVE will contribute
to a comprehensive dataset that can improve our understanding
of the spatio-temporal distribution of ﬂash ﬂoods, better characterise the environments conducive to extreme rainfall-producing
storms, and ultimately build and reﬁne tools to accurately detect
and predict the occurrence of ﬂash ﬂoods.
3. Severe hazards analysis and veriﬁcation experiment (SHAVE)
The SHAVE experiment (Ortega et al., 2009) has been operating
at NSSL, housed in the National Weather Center in Norman, OK,
USA, during the summer months from 2006 to present. This ‘‘virtual ﬁeld experiment” was conceived in response to the spatial
coarseness, spatial and timing inaccuracies, and magnitude errors
associated with hail reports from spotters comprising the US
NWS’s National Climatic Data Center Storm Data database (Witt
et al., 1998; Trapp et al., 2006). Many more details were needed
on the storm scale in order to evaluate weather radar-based algorithms. For example, a given storm, which most likely produced a
variety of hailstone diameters, was often associated with a single
report of hail. Moreover, the hailstone sizes were found to be discontinuously binned into categories familiar to the spotters such as
US coins, golf balls, and tennis balls. These aspects of the Storm
Data veriﬁcation database were undesirable for evaluating radarbased algorithms that yield a continuous spectrum of hailstone
sizes.
It occurred to the investigators that many of the hailstorms
were occurring over populated regions. Moreover, it was possible
to overlay freely-available, georeferenced information databases,
such as business addresses and telephone numbers, on radar-based
algorithm results using Google Earth™. Survey questions and webbased forms were constructed to manually query and collect
observations directly from the public. A team of undergraduate
meteorology students enrolled at the University of Oklahoma
was hired and trained on the interpretation of radar-based algorithm output, conducting surveys to the public, and populating a
digital database with the survey responses. Overall, it was
discovered that the public observations matched quite well the
radar-based algorithm results describing the occurrence or nonoccurrence of hail and often supplied a meaningful measurement of
the hailstone diameters at much ﬁner spatial and temporal resolution than was available in the Storm Data database. Fig. 1 shows an
example of NSSL’s hail size algorithm output combined with
SHAVE hail size reports and NWS reports. Clearly, the storm-scale
resolution of the SHAVE reports are much more useful for conducting radar-based algorithm veriﬁcation studies.
In subsequent years, additional weather hazards such as wind
damage, tornadoes, and ﬂash ﬂoods were added to the experiment.
During the summers of 2008 and 2009, SHAVE employed ﬁve
undergraduate students and one graduate student to perform
duties as callers and operations coordinator, respectively.
4. Flash ﬂood data collection methodology
The sampling strategy employed in SHAVE follows qualitative
research methods described in Patton (2002). Quantitative meth-
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Fig. 1. SHAVE and NWS report data overlaid on a NSSL radar-based, hail size product from a storm on 27 July 2008 in Lac qui Parle County, Minnesota, USA. If NWS reports are
attached by a line, it is one report in Storm Data with a start and end location (from Ortega et al., 2009).

ods use statistical probability sampling, such as large-sample random sampling, in order to draw generalizations from the sample
about the larger population it represents. These methods are
appropriate for studies attempting to generalise characteristics of
a population from which a representative sample is readily accessible. In contrast, qualitative methods use purposeful sampling in
order to ﬁnd detailed information about a phenomenon which
may be difﬁcult to ascertain information about through random
sampling. The latter method was deemed appropriate to obtain unique and detailed information about ﬂash ﬂooding. The purposeful
sampling strategy was devised to: (1) identify areas potentially impacted by ﬂash ﬂooding, (2) poll residences in regularly spaced
cross sections through the potentially impacted region, and (3)
adapt the length of each cross-section so the range of magnitudes
varied from no impacts to severe impacts.
The following sources of real-time information were incorporated in Google Earth™ to guide the callers where to poll the public
in regions potentially impacted by ﬂash ﬂoods: (1) ﬂash ﬂood
watches, warnings, and urban/small stream advisories issued by
the NWS within the past 24 h, (2) 1-, 3-, and 6-h accumulations
of rainfall estimated from NSSL’s National Mosaic and Quantitative
Precipitation Estimation (QPE) System, which is largely based on
reﬂectivity data from the NEXRAD weather radar network over
the US (Vasiloff et al., 2007), and (3) 1-, 3-, and 6-h ﬂash ﬂood guidance (FFG) thresholds from the NWS’s National Precipitation and
Veriﬁcation Unit. FFG is the threshold amount of rainfall that will
likely lead to ﬂash ﬂooding and is the primary tool used by forecasters for ﬂash ﬂood monitoring and prediction.

The data collection effort has been focused on the summer season due to the availability of students then, but could be easily expanded to other seasons. Information was desired for pluvial ﬂash
ﬂood events, which followed causative rainfall by less than 6 h. The
6-h threshold is the deﬁning temporal characteristic of ﬂash ﬂoods
in the NWS. Larger-scale, ﬂuvial ﬂoods were avoided by examining
satellite views of river locations in Google Earth™ and referencing
a static map of DEM-derived catchments with basin areas
>300 km2. Beginning at approximately noon at local time, student
participants called residences and businesses at potentially impacted locations in the US. Because ﬂooding in the Great Plains
of the US during the warm season is primarily a nocturnal phenomenon (Kincer, 1916), with the culprit being organized mesoscale convective complexes (Maddox, 1980), the ﬁrst calls of the
day were focused on events that had occurred the previous night.
The survey was initiated if any of the following criteria were met:
 The NWS issued a ﬂash ﬂood warning or urban/small stream
advisory.
 QPE approached or exceeded FFG at a grid point for any of the
1-, 3-, or 6-h accumulation periods.
 A call for another targeted hazard (e.g., hail) suggested ﬂooding
was a problem.
The latter criterion was found to be useful because it often identiﬁed regions that had been impacted by ﬂash ﬂooding, but were
not readily detectable by the tools available to the NWS forecasters. As such, data for these hard-to-detect events will be useful
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for improving understanding of surface runoff processes and subsequent algorithm development for ﬂash ﬂood detection and
prediction.
Once a respondent was on the line, the student caller followed
the questionnaire shown in the appendix and recorded the data
from the witness accounts (see Table A1). The survey questions
about ﬂash ﬂooding initially came from NWS Instruction 101605, Storm Data preparation (NWS, 2007), and were then augmented based on comments from operational forecasters and scientists who work in the NWS. The deﬁning characteristics of
ﬂash ﬂoods are inherently more subjective than other weather
hazards (i.e., hail), which required a longer, more detailed survey
for ﬂash ﬂooding. The order of the questions was structured to obtain essential information about ﬂash ﬂooding ﬁrst and then progress to speciﬁc details.
Each report was automatically georeferenced (by latitude and
longitude) using digital telephone databases available in Google
Earth™, with additional databases provided by Delorme™. An
interface was built with the Google Earth™ display system to show
the locations of available telephone numbers overlaid on the products used to target the questionnaire (e.g., NWS warning polygons,
QPE and FFG gridded products). This interface included a feature
that notiﬁed callers in real time when a given number had just
been called so that residences were not disturbed with repeated
calls. This interface also populated a ‘‘do not call list” for people
who chose to not respond and did not wish to be contacted in
the future. Call statistics have been kept on SHAVE since 2006
(Ortega et al., 2009). The chances of a caller collecting useful information for a given placed telephone call was found to be 33.3%.
Nearly half (49.1%) of the placed calls received no answer or the
telephone number was no longer valid. 11.1% of the calls reached
a respondent, but the person chose to not provide information.
5. Analysis of ﬂash ﬂood observations
SHAVE ﬂash ﬂooding reports were ﬁrst segregated based on criteria published in the NWS Storm Data Directive (NWS, 2007) using
information from survey questions #1–9. Reports were classiﬁed
as severe if there was >0.15 m of moving water or >0.91 m of
standing water that posed a threat to life or property. Severe reports also included rivers and streams out of their banks, evacuations, rescues, road closures, and ﬂoodwaters in an above-ground
residence. The aforementioned criteria are used to deﬁne ﬂash
ﬂooding events by the NWS, thus SHAVE severe reports can be
compared to NWS ﬂash ﬂood reports. Non-severe classiﬁcations
were assigned to SHAVE reports where respondents indicated
there was an impact from ﬂooding (i.e., they answered ‘‘yes” to
survey question #1), but the data from the report did not meet
the above thresholds. Overall, there were 1848 SHAVE reports of
no ﬂooding, 510 non-severe reports, and 406 reports of severe ﬂash
ﬂooding throughout the summer of 2008. It is noteworthy that
these no ﬂooding and minor ﬂooding reports, which are unique
to the SHAVE database, are particularly useful for developing and
evaluating ﬂash ﬂood prediction models. The density of SHAVE reports was quantiﬁed by computing the average Euclidean distance
to the nearest report. For no ﬂooding reports, the average distance
was 2.8 km. For non-severe and severe ﬂooding, the nearest-neighbor average distances were 17.6 and 10.6 km, respectively.
5.1. Comparison of SHAVE reports to NWS ﬂash ﬂood reports
The US NWS collects ﬂash ﬂood reports from trained spotters in
support of the warning veriﬁcation process. The reports are collected independently from SHAVE and a comparative analysis follows. SHAVE ﬂash ﬂood reports differ from those reported by the

NWS because the former are point-speciﬁc and storm-targeted,
whereas the latter are speciﬁed by bounding polygons, and the
NWS Storm Data database is meant to encompass all ﬂash ﬂooding
events throughout the US. Fig. 2 shows all NWS and SHAVE ﬂash
ﬂooding reports from June through August 2008. There were a total
of 1991 ﬂash ﬂood events reported in the NWS Storm Data database which can be compared to 417 reports of severe ﬂash ﬂooding
collected during SHAVE. The upper-right panel of Fig. 2 illustrates
the majority of events that were captured by NWS event polygons
but were not targeted storms from the SHAVE experiment. This panel also indicates several instances in which the SHAVE experiment collected reports of severe ﬂash ﬂooding outside an NWS
event polygon. In fact, only 133 out of the 417 SHAVE severe reports fell within an NWS event polygon, indicating 68.1% of the
SHAVE reports provided information that can be used to augment
the NWS Storm Data database. This large number of independent
reports was found to be due to NWS event polygons not capturing
the spatial extent of ﬂash ﬂooding impacts (see e.g., upper-right
panel in Fig. 2) and many events in the SHAVE database were classiﬁed by the NWS as ﬂuvial ﬂoods, not pluvial ﬂash ﬂoods. While in
reality there exists a continuum of ﬂooding magnitudes across a
spectrum of spatio-temporal scales, a distinction based on runoff
response to rainfall < 6 h is used to divide responsibilities in the
NWS. For the SHAVE dataset, reports of ﬂuvial events were
screened during post-processing by georeferencing with a DEMderived contributing drainage area map. Reports coincident with
drainage areas >250 km2 were excluded. Because these locations
were avoided in the data collection process, this screening reduced
the dataset by only 2.5%.
The lower-right panel in Fig. 2 shows the speciﬁcity of the
SHAVE reports within a comparatively large NWS ﬂash ﬂood event
polygon. The reports are overlain on a product of 6-h QPE/FFG valid
at 0400 UTC on 27 May 2008. When QPE exceeds FFG, then the
NWS forecaster is alerted that ﬂash ﬂooding may be imminent.
The SHAVE reports indicate several instances in which QPE had
not exceeded FFG (i.e., QPE/FFG < 1), yet ﬂash ﬂooding was indicated by the witness reports. This detailed information will be useful to evaluate gridded products used in operational ﬂash ﬂood
forecasting. The lower-right panel in Fig. 2 also illustrates several
instances in which severe reports of ﬂash ﬂooding according to
SHAVE are in close proximity to streams. This observation is explored in more detail in the next section.
In order to reveal differences in spatial resolution between NWS
and SHAVE reports of ﬂash ﬂooding, we show the distribution of
NWS ﬂash ﬂood event polygon areas for the summer of 2008 in
Fig. 3. While there is a relative maximum in the distribution for
polygon areas <10 km2, a majority have areas >62.5 km2. These
expansive NWS event polygons were often associated with political boundaries such as cities and counties; several ‘‘county-wide
events” are seen in the upper-right panel of Fig. 2. SHAVE reports,
on the other hand, are point-based and can thus provide detailed,
speciﬁc information to supplement the NWS Storm Data database
and help evaluate gridded ﬂash ﬂood forecast products.
Both NWS and SHAVE reports are dependent on the density of
local residents and spotters, so it is worthwhile to examine the representativeness of the population sampled by each of the surveys.
Fig. 4 shows the distribution of the sampled population density
from both the SHAVE and NWS Storm Data databases. The US population is based on the 2000 census, and the density is computed as
the number of residents per 925 m  925 m grid cell. It was more
difﬁcult to quantify the population represented by the NWS event
polygons because each polygon captures a broad spectrum of population densities. We computed the median population density
within each NWS event polygon and then plotted the distribution
of the median values in Fig. 4. The distributions of the analysed
databases have nearly identical shapes, indicating SHAVE samples
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Fig. 2. Spatial coverage of SHAVE ﬂash ﬂood observations and NWS ﬂash ﬂood event polygons during the summer of 2008. See discussion in text for criteria used to classify
ﬂash ﬂood reports as being non-severe and severe. The different panels correspond to different zoom levels with the distance scale denoted in km. The lower-right panel
shows an NWS ﬂash ﬂood event that was valid from 0318-0645 UTC on 27 May 2008 along with the 6-h QPE/FFG valid at 0400 UTC on the same day.

Fig. 3. Histogram of NWS polygon areas of ﬂash ﬂood events shown in Fig. 2.

the population with an equivalent representativeness as the NWS.
We also compared the datasets by considering the proximity of
residents to streams. As a proxy for proximity to streams, we used
the aforementioned, contributing drainage area map; it is common
practice to deﬁne stream locations in GIS by placing a threshold on
contributing drainage area (also referred to as ﬂow accumulation).
The grid cell resolution of the drainage area map, and all DEM-derived raster maps used hereafter, was 925 m  925 m. Fig. 5 shows

the distributions of the NWS and SHAVE reports as a function of
contributing drainage area, where the median drainage area found
in each NWS polygon was used. A majority of polled residents from
both datasets live in upstream headwaters as indicated by the
modes at drainage area <1 km2. The distributions of SHAVE and
NWS reports are quite similar, which indicates the SHAVE reports
have the same representativeness of NWS ﬂash ﬂooding events in
terms of their proximity to streams. In fact, there is a slight indica-
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Fig. 4. Frequency of NWS and SHAVE ﬂash ﬂood events as a function of US population density. Population density is computed as number of residents per
0.00833°  0.00833° grid cell. Number of reports was 1539 for NWS, 406 for SHAVE severe, 510 for SHAVE non-severe, and 1848 for SHAVE no ﬂooding (null).

Fig. 5. As in Fig. 4, but for contributing drainage area.

tion that ﬂash ﬂooding events classiﬁed as severe, according to
SHAVE, was more common at residences situated in close proximity to streams as seen by the higher relative frequencies of severe
ﬂooding at drainage areas >14.0 km2 and lower at <1.0 km2 drainage areas. The correlation between severe ﬂash ﬂoods and proximity to streams was also noted in the lower-right panel of Fig. 2.
5.2. Identiﬁcation of regions prone to ﬂash ﬂooding using SHAVE
reports
Next, we analysed SHAVE reports with DEM-derived raster
maps to determine the validity of the reports and to attempt to
identify regions more prone to ﬂash ﬂooding. Survey question #5

asks if the ﬂoodwaters are either moving or standing. It is intuitive
to associate moving water with higher local terrain slope than with
standing water. This analysis in Fig. 6 indicates the distributions of
moving and standing ﬂoodwaters are similar, but it is noted that
there is a higher percentage of standing ﬂoodwater events with local terrain slopes <0.1. While moving water events were more frequently associated with slopes >0.4, the reporting of standing
water at high local terrain slope was likely due to local depressions
not represented in the slope map’s 925 m  925 m grid cell
resolution.
Segregation of the SHAVE reports into severe and non-severe
classes integrated all information from survey questions #1–9.
The same analysis performed in Fig. 6 was also completed for the
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Fig. 6. Frequency of SHAVE reports that indicated ﬂoodwaters were either moving or standing, analysed as a function of local terrain slope. Number of reports was 499 for
moving water and 354 for standing water.

SHAVE ﬂash ﬂooding magnitude classes. Fig. 7 shows the modes of
the distributions all fall within the 0.1 slope bin. There are higher
frequencies in this bin progressing from null to non-severe to severe ﬂooding. This trend is reversed at the highest terrain slopes.
While the statistical differences of these distributions have not
been quantiﬁed, the data in Fig. 7 provide qualitative evidence that
more severe ﬂash ﬂooding events occur in ﬂat areas. Lastly, a comparison of the plots in Figs. 6 and 7 supports the prior assumption
that information available from the SHAVE data classes is less
prone to uncertainty when used collectively (i.e., using the SHAVE
non-severe and severe classes).
Another piece of unique information collected in survey question #10 was the estimated frequency of the event according to
the respondents’ experience. Recall the determination of severe

vs. non-severe ﬂoods was made independently from the ﬂood frequency information using data from questions #1–9. Fig. 8 indicates 29.3% of severe reports were associated with rare events
(i.e., ‘‘Never seen it before”) while only 19.8% of non-severe impacts occurred in this bin. In addition, 41.7% of non-severe reports
were associated with more common events (e.g., ‘‘Only during heavy rain”) while 27.9% of severe reports fell in this ﬂood frequency
bin. This result indicates the classiﬁcation of non-severe and severe
events is qualitatively correct and the respondents provided reasonable estimates of ﬂood frequency. The ﬂood frequency estimates were also analysed as a function of terrain slope in Fig. 9.
Fig. 9 shows the modes of all reported ﬂood frequencies fall in
the 0.1 or 0.2 slope bin. The differences in the distributions are
not as discernible as when the SHAVE data were grouped into

Fig. 7. As in Fig. 6, but for SHAVE reports that were classiﬁed as severe, non-severe, and no ﬂooding events. Number of reports was the same as shown in Fig. 4.
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Fig. 8. As in Fig. 7, but SHAVE classes were analysed as a function of SHAVE reported ﬂood frequency. Number of reports was 315 for severe and 470 for non-severe impacts.

Fig. 9. Frequency of respondent-estimated ﬂood frequencies analysed as a function of local terrain slope.

broader severe and non-severe classes as shown in Fig. 7. Recall the
severe and non-severe distinctions incorporate information from
questions #1–9 and are thus less prone to uncertainty.

6. Summary and conclusions
This study presented a questionnaire-based, purposeful data
collection strategy for obtaining information about ﬂash ﬂoods. A
distinguishing characteristic of the project is the fact that, except
for the building of the project’s infrastructure and initial training,
the project is largely student-led and student-run. For a sponsoring
organization, this provides for an inexpensive project, which yields
an extraordinary learning experience and potential research topics
for students. SHAVE datasets can be used to augment ﬂash ﬂood
event databases collected by operational agencies leading to ﬂash
ﬂood climatology maps, improve understanding of rainfall–runoff
processes that cause ﬂash ﬂoods, and evaluate and improve tools
used to detect and predict ﬂash ﬂoods. The intention of this study

was to introduce the data collection methodology, report the survey questions, and then provide an analysis of the data collected
by SHAVE during the summer of 2008.
First, we compared the characteristics of data collected during
SHAVE to NWS Storm Data reports. The SHAVE data were found
to be representative of the same population density and proximity
of sampled residents to streams as data collected by the NWS.
Moreover, 68.1% of the SHAVE reports fell outside an NWS ﬂash
ﬂood event polygon and thus supplied information to supplement
the operational NWS database. The SHAVE reports differed from
ﬂash ﬂood events collected by the NWS in that the SHAVE reports
are point-speciﬁc, have higher density, and contain additional
information such as no ﬂooding reports, minor impacts from ﬂash
ﬂooding, ﬂoodwater depths, lateral extents, and respondent-estimated ﬂood frequencies.
Several classes of SHAVE data were georeferenced with DEMderived variables (e.g., local terrain slope) to assess their validity
and to potentially identify regions prone to ﬂash ﬂooding. These
analyses were aided after classifying the SHAVE reports into no

61

J.J. Gourley et al. / Journal of Hydrology 394 (2010) 53–62

ﬂooding, non-severe ﬂooding, and severe ﬂooding classes. It was
shown that the public provided qualitatively correct information
about ﬂash ﬂoods, including estimated ﬂood frequencies. The following can be summarized about ﬂash ﬂoods from the analysis
of SHAVE reports:
 Severe ﬂash ﬂooding was more frequently reported at residences located close to streams and in ﬂat areas.
 Residences in ﬂat areas had more reports of ﬂash ﬂooding
caused by standing water than by moving water.
The original motivation of this research was to collect detailed
data on ﬂash ﬂoods in order to evaluate FFG values and newer gridded approaches derived by and used operationally by the NWS. We
have archived these datasets during the SHAVE study period along
with gridded, hourly rainfall data. This latter dataset can be used in
future work to study rainstorm characteristics in terms of duration,
intensity, and spatial patterns as they relate to ﬂash-ﬂooding magnitudes. Future work will also include exploitation of the SHAVE
and NWS datasets to yield insights into the thermodynamic environment conducive to rare, heavy rainfall events. Another topic
inviting future research is utilising the respondent-estimated ﬂood
frequencies to identify ‘‘trouble spots” where severe ﬂooding occurs
for common rainfall events. These locations may correspond to low
water crossings, structures built in low-lying areas, or homes situated in close proximity to a stream. Lastly, we will include questions related to human behaviour in the survey so that social
science studies can proceed; this will provide a more comprehensive understanding of ﬂash ﬂoods and their impacts on society.
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Appendix A
Table A1. Structure of questionnaire used to poll the public.
Question

Variables entered to database

1. Have you experienced any
ﬂooding at your location or
do you know of ﬂooding
near your location?
2. Would you mind answering
some questions or could we
talk to you tomorrow?
3. If ﬂooding is nearby,
describe the location (e.g.,
Lindsey and 12th or 5 N of
location).
4. What impacts from ﬂooding
are you experiencing?

[Y/N]

[Y/N]

[Comment box]

[ ] River/stream/creek
ﬂowing out of its banks

Appendix A (continued)
Question

Variables entered to database

If other, please explain:

[ ] Road or bridge closure
[ ] Inundation of property
(house or building)
[ ] Street ﬂooding
[ ] Other; [comment box]
[Moving/standing/unknown]

5. Is the water moving or
standing?
6. Without endangering
yourself, others, or your
property, can you estimate
the depth of the water?
7. Can you estimate how fare
the river/stream/creek is
out of its banks? NOTE: This
is not depth, but lateral
extend.
8. How long ago did it start
and how long did it last?

9. Do you know of any
evacuations or rescues
caused by the ﬂood waters?
If yes, enter location (e.g.,
Evergreen subdivision or I35 at Main):
If yes, do you know if anyone
was rescued from their
vehicle?
If yes, what is the source of
your information?
10. Does the ﬂooding you are
experiencing happen:

[Depth of water]

[Extent of water]

[Start time in UTC, Day,
Month]
[End time in UTC, Day,
Month]
[Y/N]

[Comment box]

[Y/N]

[Comment box]
[Every time it rains/only
during heavy rain/about once
a year/in the last 5 years/In
the last 10 years/never seen
it before]
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