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ABSTRACT

Trends of extreme precipitation (EP) using various combinations of average return intervals (ARIs) of 1, 2,
5, 10, and 20 years with durations of 1, 2, 5, 10, 20, and 30 days were calculated regionally across the contiguous
United States. Changes in the sign of the trend of EP vary by region as well as by ARI and duration, despite
the statistically signiÞcant upward trends for all combinations of EP thresholds when area averaged across the
contiguous United States. Spatially, there is a pronounced east-to-west gradient in the trends of the EP with
strong upward trends east of the Rocky Mountains. In general, upward trends are larger and more signiÞcant
for longer ARIs, but the contribution to the trend in total seasonal and annual precipitation is signiÞcantly
larger for shorter ARIs because they occur more frequently. Across much of the contiguous United States,
upward trends of warm-season EP are substantially larger than those for the cold season and have a sub-
stantially greater effect on the annual trend in total precipitation. This result occurs even in areas where the
total precipitation is nearly evenly divided between the cold and warm seasons. When compared with short-
duration events, long-duration eventsÑfor example, 30 daysÑcontribute the most to annual trends. Co-
incident statistically signiÞcant upward trends of EP and precipitable water (PW) occur in many regions,
especially during the warm season. Increases in PW are likely to be one of several factors responsible for the
increase in EP (and average total precipitation) observed in many areas across the contiguous United States.

1. Introduction

Extreme precipitation events have played a major
role in many national catastrophes and continue to be
a chronic problem. They have been a driving factor in
major socioeconomic losses including property damage
and loss of life. For example, NOAA (2017) reports
that since 1980 more than 1 trillion dollars in insured
and uninsured property losses occurred from U.S. di-
sasters with roughly 75% arising from ßooding, tropical
cyclones, and severe local storms, all of which are ac-
companied by extremes of precipitation (NOAA 2017 ).
The American Society of Civil Engineers (2016) esti-
mates that trillions of dollars will be needed by 2025 to

replace aging infrastructure in the United States, and
of particular interest will be the design standards that
are most appropriate. Loss of life has also accompa-
nied excessive precipitation as ßoods resulted in over
4500 deaths in the United States between 1959 and
2005 (Ashley and Ashley 2008). Furthermore, extreme
precipitation is associated with soil erosion and related
environmental and ecological damages from soil degra-
dation and water pollution ( Soil and Water Conservation
Society 2003). There is no doubt that extreme precip-
itation can be costly in terms of human safety and
welfare, damages to housing and infrastructure, and
environmental and ecological degradation.

Extreme precipitation-induced ßooding spans across
various time durations, from short-duration subdaily
events to longer multiweek duration extreme precip-
itation totals. For example, the ßood of 1993 was one
of the worst disasters ever experienced in the central
United States with an estimated $18 billion in damages to
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property, agriculture, transportation, and other sectors. A
single sector, the U.S. railroad industry, suffered physical
damages amounting to $282 million (2005 dollars) and
lost revenues of $198 million (Changnon 2006). The 1993
event was associated with a prolonged multimonth period
of excessive precipitation in the central United States.
Other events have been of much shorter duration, like the
recent notable ßood that affected the southeast United
States in October 2016 from Hurricane MatthewÕs rain-
fall. The historic Houston, Texas, ßooding associated with
Hurricane Harvey in 2017 produced 2- and 3-day pre-
cipitation totals of 750 mm or more and weekly totals in
excess of 1000 mm (Kunkel and Champion 2019). Sub-
daily extreme precipitation events, often manifesting as
ßash-ßood events, can also lead to catastrophic impacts
and loss of life.

Given the practical signiÞcance of these extreme
precipitation events, it is not surprising that the sci-
entiÞc, engineering, and planning communities across
the United States have devoted considerable atten-
tion assessing whether these events are changing in
frequency and intensity (Melillo et al. 2014; Wuebbles
et al. 2017). These assessments have in part relied on
a number of studies of U.S. precipitation that have found
an upward trend in heavy events (Karl and Knight 1998;
Groisman et al. 2005; Walsh et al. 2014). On the basis of
one particular extremes metric (2-day precipitation
totals exceeding a threshold for an average recurrence
interval of 1 in 5 years), the greatest increases have
been in the upper Great Plains, Midwest, and Northeast
where increases are 30% above the 1901Ð60 average
(Walsh et al. 2014). Coincidently, there have been more
ßooding events in the Midwest and Northeast where
the largest increases in extreme rainfall have occurred
(Melillo et al. 2014). In many areas of the world heavy
rainfall events are becoming more intense and more
frequent and the amount of rainfall in extreme events
has been increasing (IPCC 2013). Considering the effects
of a warmer world, increased urbanization, continued
development in ßoodplains and coastal areas, and
land-use changes, the risks of increased future ßoods
are signiÞcant (Doocy et al. 2013).

Typically, studies of the trends in extreme precipita-
tion trends have used a single deÞnition, or just a few
metrics for extreme precipitation. Quantitative com-
parison across studies is difÞcult or infeasible because
of the differences in deÞnitions.Kunkel and Frankson
(2015) examined trends in four different metrics of ex-
treme precipitation and generally found upward trends
over the United States in all of the metrics, but they did
not quantify the trends. Surprisingly, no studies have
documented regional changes of precipitation extremes
in the United States across a wide range of durations and

return intervals. Karl and Knight (1998) did show that
about one-half of the total daily precipitation in the
United States falls in the upper 10th percentile of pre-
cipitation events and that these events are increasing,
but what this looks like in rarer precipitation events,
seasonally and regionally, remains to be explored. So,
for this analysis, the magnitude of the trends of region-
ally averaged extreme precipitation events is explored
for various average return intervals (ARIs) and dura-
tions throughout the year as well as for the warm (MayÐ
October) and cold seasons (NovemberÐApril). This
also includes the contribution to the trend of average
precipitation P.

Most important is that conÞdence in future changes
in extreme precipitation frequency and intensity is de-
pendent on understanding the driving factors of ob-
served increases. Integrated column atmospheric water
vapor, that is, precipitable water (PW), is known to be
an important consideration in probable maximum pre-
cipitation computations ( Kunkel et al. 2013). It has yet
to be demonstrated, however, that observed trends in
extreme precipitation events (EP) are related to trends
in PW. In this analysis the regional trends of extreme
precipitation are evaluated for a variety of ARIs and
durations for the warm and cold seasons as related to
trends in PW and P.

2. Data and method

a. Precipitation

Daily precipitation values were obtained from the
Global Historical Climate NetworkÑDaily (GHCN-D;
Menne et al. 2012). GHCN-D undergoes a rigorous and
robust quality control process (Durre et al. 2008, 2010)
that results in suspicious data being ßagged for various
errors. If a daily precipitation value fails any of the 14
automated quality checks except for the ÔÔduplicate
check,ÕÕ it is not used. The duplicate check looks for
the duplication of sequences of data in different time
periods. For example, two different months in the same
year having identical values. These types of problems
usually occur because of keying, transmission, or pro-
cessing errors (Kunkel et al. 1998). Observations that
failed the duplicate check were investigated, and the
correct series of values were used and the truly dupli-
cate series of values were not used.

To ensure a uniform analysis across the contiguous
United States and to ensure robust results, rather
stringent missing data criteria were applied to select
stations for analysis. The period of analysis is 1949Ð
2016, which encompasses the time period of recent
extreme-event increases documented in other studies
(e.g., Walsh et al. 2014). SpeciÞcally, stations used in
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