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Introduction
Flooding has become a problem in Hampton Roads as evidenced by the recent impact of
Hurricane Matthew in October 2016. It is believed that the increase in flood frequency is both
due to increasing tidal and storm surge as well as heavy rainfall. For example, one particular
low-lying area in the City of Norfolk, the “Hague,” has seen increased flooding from a dozen
hours per year in the 1930s to hundreds of hours per year today (VIMS, 2013). It turns out
that the measured local sea level rise is actually caused by both global sea level rise and
local land subsidence (Atkinson et al, 2013). That is, while global sea level is rising due to the
thermal expansion of ocean waters warming in response to anthropogenic greenhouse gas
emissions (IPCC, 2007), the land in Southeastern Virginia is sinking due both to glacial
isostatic adjustment and groundwater withdrawals (VIMS, 2010). Exacerbating this trend are
recent findings that tidal flooding is worst when associated with tropical storms and that the
intensity of land-falling tropical storms is increasing in response to climate change (Grinsted
et al, 2012).
In addition to sea level rise, there is also evidence that the eastern U.S. are experiencing
more extreme rainfall, which can overwhelm drainage systems and exacerbate flooding
associated with increasing storm surge. Min et al (2011) showed that greenhouse gas
emissions have contributed to the observed intensification of heavy precipitation events
found over large parts of Northern Hemisphere land areas. Kunkel et al (2010) attributed
increases in heavy precipitation in the United States to higher intensity tropical cyclones.
These observed changes call into question the current practice of designing civil
infrastructure on the basis of precipitation Intensity-Duration-Frequency (IDF) curves that are
derived with the assumption of a stationary precipitation record. Disregarding an increase in
heavy precipitation events can cause increased flood risk and exascerbate infrastructure
damage and failure. This paper provides a cursory analysis of the historical precipitation
record for the Norfolk, Virginia area.

Data and Methods
Daily rainfall totals for the Norfolk Airport rain gauge (GHCN ID: USW00013737) were
obtained from the National Oceanic and Atmospheric Administration (NOAA) Global Historical
Climatology Network ftp-server at ftp://ftp.ncdc.noaa.gov/pub/data/ghcn/daily/. The records of
daily rainfall totals at the Norfolk Airport rain gauge extend from January 1, 1946 to the
present.
The official precipitation frequency estimates for Virginia were last revised in 2006 by the
National Weather Service (NWS), and they were based on data extending through December
2000 (NOAA, 2006). The methodology to arrive at the official precipitation frequency
estimates is described in detail elsewhere (NOAA, 2006), and no attempt was made here to
replicate this approach. The NWS uses data from numerous rain gauges and area-weighted,
spatial interpolation to determine point estimates, whereas only the rain gauge at the Norfolk
Airport is considered here. In addition, the NWS performs frequency analyses on the series of
annual maximum rainfall depths of various durations. Here a peaks-over-threshold (POT)
model of daily rainfall totals is utilized, following the approach outlined by Coles (2001).
Because intense rain events other than the annual maxima are not discarded, the POT
approach can provide robust estimates even from a single rain gauge.

Results
An overview of the Norfolk Airport daily rainfall records is presented in the graphs below.
Based on ordinary linear regression, it can be observed that the total annual rainfall has
trended up of the past 70 years from about 43 inches to nearly 50 inches while the number of
rainy days has remained on average unchanged. Although the record for the current year
(2016) is incomplete, the total annual rainfall has already exceeded 67 inches. Statistically
significant increasing trends for the number of days with rainfall totals above 1 or 2 inches
are also evident.

Precipitation frequency estimates for the Norfolk Airport daily rainfall data were carried out
using the extRemes package in R (Gilleland and Katz, 2016). A threshold of 0.5 inches was
selected based on the approach described by Coles (2001). First, a series of computations
was performed to determine how extending the historical rainfall record would affect the
return levels. The graphs below show that regardless of which time period is selected from

the historical record, more recent data yield considerably higher estimates for a 1-day, 100year rainfall event. The bottom plot illustrates that the 100-year return level estimate for the
official record (through December 2000) is approximately 9.5 inches, which is in good
agreement with the NOAA Atlas 14 point precipitation frequency estimates for a 24-hour
event.

The data also show that including the last 16 years of rainfall data increases the 100-year
return level from 9.5 to over 11 inches. This analysis can be performed for a range of return
periods. The return level plot shown below compares two equal-length (55-year) data sets
from the Norfolk rainfall record. It illustrates, for example, for an 1-day 8-inch event the return
period has decreased from about 50 years to approximately 25 years.

Summary
A review of the historical rainfall record for the Norfolk Airport confirms peer-reviewed
research that suggests that extreme rainfall events are happening more frequently in parts of
the Northern Hemisphere. It is recommended that design criteria for civil infrastructure be
revised to take these trends into account.
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