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ABSTRACT

The poor relationship between what climatologists, hydrologists, and other physical scientists call floods, and
those floods that actually cause damage to life or property, has limited what can be reliably said about the causes
of observed trends in damaging floods. It further limits what can be said about future impacts of floods on
society based on predicted changes in the global hydrological cycle. This paper presents a conceptual framework
for the systematic assessment of the factors that condition observed trends in flood damage. Using the framework,
it assesses the role that variability in precipitation has in damaging flooding in the United States at national and
regional levels. Three different measures of flood damage—absolute, per capita, and per unit wealth—each lead
to different conclusions about the nature of the flood problem. At a national level, of the 10 precipitation
measures examined in this study, the ones most closely related to flood damage are the number of 2-day heavy
rainfall events and the number of wet days. Heavy rainfall events are defined relative to a measure of average
rainfall in each area, not as absolute thresholds. The study indicates that the growth in recent decades in total
damage is related to both climate factors and societal factors: increased damage is associated with increased
precipitation and with increasing population and wealth. At the regional level, this study reports a stronger
relationship between precipitation measures and flood damage, and indicates that different measures of precip-
itation are most closely related to damage in different regions. This study suggests that climate plays an important,
but by no means determining, role in the growth in damaging floods in the United States in recent decades.

1. Introduction

Floods affect societies around the world. The Red
Cross estimates that over the 25-yr period ending in
1995 floods affected more than 1.5 billion people. Of
that total, more than 318 000 people were killed and
more than 81 million people became homeless. In ad-
dition, during 1991–95 flood-related damage totaled
more than $200 3 109 (not inflation adjusted) globally,
representing close to 40% of all economic damage at-
tributed to natural disasters in the period (IFRCRCS
1997). In October–November 1998, flooding related to
Hurricane Mitch killed 9000 to 18 000 in Central Amer-
ica.1 In the United States, flood-related loss of life has
totaled about 100 annually (1983–97), while annual
flood losses (inflation-adjusted) have increased from

1 Source: K. Sponberg/NOAA Office of Global Programs, compiled
from various sources.
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about $1 3 109 in the 1940s to about $5 3 109 in the
1990s (Fig. 1).2 This paper focuses specifically on eco-
nomic damage related to floods.

In spite of the large impacts, discussion about floods
by scientists and policy makers alike is characterized
by confusion and imprecision (cf. Baker 1998; Chang-
non 1980). For instance, when climatologists discuss
floods, they typically are referring to hydrologic floods,
but when policy makers discuss floods they typically
are referring to damaging floods (Pielke 1999). This
situation is problematic as hydrologic floods are not
necessarily associated with flood damage (Changnon
1998; Pielke 2000). The poor relationship between what
climatologists, hydrologists, and other physical scien-
tists call floods and those floods that actually cause dam-
age has limited what can be reliably said about the caus-
es of observed trends in flood damage. It further limits
what can be reliably said about future impacts of floods
on society based on predicted changes in the global
hydrological cycle. As a step toward forging closer ties
between research on hydrologic floods and decision
makers’ need to understand the causes of flood damage,

2 Floods also have significant effects, both positive and negative,
on ecosystems. This paper focuses on economic damage, recognizing
that flood impacts are broader than are represented by any one metric.



3626 VOLUME 13J O U R N A L O F C L I M A T E

FIG. 1. U.S. flood damage 1932–97 adjusted to current 1995 dollars.
The displayed trend is a transformation of a linear trend computed
on the logarithm of losses.

this paper utilizes a definition of a damaging flood as
a flood that results in damage to human life or property.

This paper has two objectives. First, it presents a
conceptual framework for the systematic assessment of
the factors that condition observed trends in damaging
floods. Second, using the framework, it assesses the role
that variability in precipitation has in damaging flooding
in the case of the United States at national and regional
levels. A broader objective of the research is to forge
closer ties between physical and social sciences in order
to improve understanding of the interface of climate and
society. While recent research has focused on devel-
oping a better quantitative understanding of the societal
impacts of extreme weather in the context of hurricanes
and other phenomena (e.g., Kunkel et al. 1999; Pielke
and Landsea 1998), an understanding of damaging
floods remains elusive.

2. Conceptual framework

This paper builds upon a long history of research into
the causes of damaging floods, and specifically the work
of White (e.g., White et al. 1958) and Changnon (e.g.,
Changnon 1980). A damaging flood is the joint product
of societal and climatological factors (as well as ecolog-
ical, geological, etc.). The multiple factors that lead to
damaging floods have led to a number of different ex-
planations for the increasing trend in losses. For instance,
some have speculated that the trend is indicative of a
change in climate (e.g., Hamburger 1997); some blame
population growth and development (e.g., Kerwin and
Verrengia 1997); others place the blame on federal pol-
icies (e.g., Coyle 1993), and still others suggest that the
trend actually distracts from the larger success of the
nation’s flood policies (e.g., Labaton 1993). Empirical
evidence from a range of cases clearly shows that climate,
population growth and development, and policy each play
a role in trends in flood damage in the United States (e.g.,

Changnon 1996; FIFMTF 1992), but the state of knowl-
edge is such that the relative contribution of each factor
is poorly understood. The U.S. case seems typical of the
more general circumstance: policy makers face difficul-
ties in assessing the magnitude and causes of the flood
problems that they face and in evaluating the effective-
ness of past responses (Pielke 2000).

A small but significant literature relates quantitatively
climatological aspects of floods with flood losses
(Changnon and Demissie 1996; Moser 1994; Smith
1993; Changnon 1980; White et al. 1958; Renshaw
1957; Hoyt and Langbein 1955). Building on this lit-
erature, Fig. 2 shows a conceptual framework for un-
derstanding the multiple interactions of human and hu-
man-influenced processes related to damaging floods.3

An integrative framework has broad relevance to un-
derstanding the role of development, population growth,
and policy in shaping actual and potential outcomes.
This paper uses the framework to begin to address the
relationship of trends in precipitation and trends in dam-
aging floods in the case of the United States. An un-
derstanding of this relationship will inform discussion
of national flood policies as well as broader discussions
of natural hazards and climate change policy.

3. Precipitation and flood damage

As societal impacts related to climate have grown,
climate variability has become of increasing concern to
decision makers. In addition, a number of scientists have
predicted that one of the consequences of anthropogenic
emissions of greenhouse gases to the atmosphere will
be an enhanced hydrologic cycle. In the words of the
Intergovernmental Panel on Climate Change (IPCC):
‘‘there is now mounting evidence to suggest that a
warmer climate will be one in which the hydrological
cycle will in general be more intense, leading to more
heavy rain events’’ (IPCC 1996a, p. 335). More recent
theoretical and modeling research has supported the hy-
pothesis (e.g., Trenberth 1998), and observational stud-
ies have provided additional support (e.g., Karl and
Knight 1998; Karl et al. 1995a).

Based on such studies, scientists, journalists, and pol-
icy makers have variously suggested that an enhanced
hydrologic cycle is responsible for the increasing flood
damage of recent years. For instance, Karl and Knight
(1998) introduce their research article on precipitation
trends with a discussion of catastrophic flooding in the
U.S. Midwest and in 1993 other floods. Trenberth (1997)
conflates an observed 10% increase in precipitation in
the United States with the 1997 North Dakota floods,
which crested 10% higher than was predicted. In a 1997

3 The framework is informed by multiple sources, the most im-
portant of which are White et al. (1958), Chandler et al. (1976),
Changnon (1980), Ward and Robinson (1990), FIFMTF (1992), and
Pielke (1996).



15 OCTOBER 2000 3627P I E L K E A N D D O W N T O N

FIG. 2. Framework for understanding the interrelated factors responsible for the occurrence of damaging flood.

press release, the National Oceanic and Atmospheric
Administration (NOAA) warned that ‘‘as the global cli-
mate continues to warm, extreme flooding like that re-
cently experienced in the [Pacific Northwest] United
States is expected to become more frequent’’ (NOAA
1997).4 Such statements have led many in the media to
conclusions such as the following presented in the New
York Times in 1997: ‘‘heavy rainstorms have become
more common, making damaging floods more likely’’
(Stevens 1997). In turn, this has led decision makers to
accept as conventional wisdom that climate factors un-
derlie the growth in flood damage in the United States.
For instance, James Lee Witt, director of the Federal
Emergency Management Agency (FEMA), stated in No-
vember 1998 that ‘‘regardless of whether you believe
the cause is global warming or natural changes in weath-
er patterns, there is no disagreement that the frequency
and severity of what we call ‘weather events’ are on

4 The 1997 Pacific Northwest floods resulted in more than $1 billion
in damages. For an overview, see http://nic.fb4.noaa.gov/products/
specialpsummaries/97p1.

the rise’’ (Witt 1998). Witt’s views are important be-
cause approximately two-thirds of federally declared di-
sasters, which FEMA reponds to, are related to floods
(R. Sylves, personal communication).

Intuitively, it does seem that more precipitation would
mean more flood damage. But some have questioned
the validity of conventional wisdom. For instance, in a
response to Karl and Knight (1998), Changnon (1998,
p. 2551) argues that ‘‘there is considerable difference’’
between the type of precipitation climatologists label as
extreme, and those rare events that cause tremendous
societal damage. In a study of stream flow records, Lins
and Slack (1999) find few trends in large-scale flooding.
The IPCC (1996b, p. 202) has concluded that ‘‘little
information is currently available regarding the socio-
economic impact of changes in the frequency and in-
tensity of river floods’’ and thus does not include flood
damage in its projections of the impacts of climate
change. These various findings beg an important ques-
tion with policy implications: If the hydrological cycle
does become more vigorous, and precipitation does in-
crease as predicted by climatologists, what changes in
flood impacts might be expected?
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FIG. 3. (a) U.S. per capita flood damage 1932–97 adjusted to current
1995 dollars. (b) U.S. flood losses per million dollars tangible wealth
1932–97 adjusted to current 1995 dollars.

This study statistically models the relationship between
flood damage and precipitation and identifies precipitation
measures most closely related to historical flood damage.
The conceptual framework (Fig. 2) suggests many factors
that could be important in explaining historical and future
damage trends. Hydrologic floods (the left-hand side of
the framework) are generally measured using stream flow
data and are related to precipitation. Exposure (the right-
hand side) might be equally important, although harder to
measure. Exposure to flood damage depends on flood plain
occupancy and on flood policies (Pielke 1999). Unfortu-
nately, there are no direct measures of trends in flood plain
occupancy and few evaluations of flood policies (Wiener
1996; FIFMTF 1992).

In the absence of such direct measures, this paper uses
population and wealth as surrogate measures of exposure.
Three different perspectives on flood damage are provided
by considering three measures: total damage, damage per
capita, and damage per unit of tangible wealth. The pop-
ulation and wealth data are used assuming that overall
national trends in population growth and wealth represent
trends in population and wealth in flood-prone regions.

Note that flood damage need not necessarily increase
as population and wealth increase. If structural and non-
structural flood policies have reduced exposure, then
flood damage per capita and per unit wealth might be
expected to decline (even if total damage continues to
increase; cf. Holliday et al. 1998).

4. Data and methods

The National Weather Service (NWS) maintains a na-
tional flood damage record for the period 1903 to present,
and state level data 1983 to present. The reported losses
are for ‘‘significant flood events’’ and include only direct
economic damage that results from flooding due to rain-
fall and/or snowmelt. (Flooding due to winds, such as
coastal flooding from hurricane storm surges, is not in-
cluded.) The annual losses are based on ‘‘hydrological
years,’’ October–September.5 Researchers have signifi-
cant concerns about the comprehensiveness of the data.
But FEMA, the NWS, and the Federal Interagency Flood-
plain Management Task Force (FIFMTF) have each con-
cluded that the data is of sufficient quality to be used for
trend analysis (FEMA 1997; FIFMTF 1992; cf. Yen and
Yen 1996; Pielke 2000).6

5 Annual loss estimates from significant flooding events between
1903 and 1997 were obtained from the NWS Web site at http://
www.nws.noaa.gov/oh/hic/floodpstats/Floodplossptimepseries.htm. The
data represent the ‘‘best estimate of direct damage due to flooding that
results from rainfall and/or snowmelt.’’ The data include government
and private costs and are collected by the NWS Field Offices.

6 The FIFMTF concluded that the NWS database is the ‘‘most
complete and consistent information over the longest period of re-
cord’’ (FIFMTF 1992, 3–16). The NWS, on the WWW site referenced
in footnote 3, has concluded that ‘‘while the damage amounts for
individual years are not precise, they provide reasonable indications
of relative changes over time.’’

Flood damage per capita (1932–97, Fig. 3a) is com-
puted by dividing the inflation-adjusted losses for each
hydrological year by the estimated population on 1 July
of that year (www.census.gov). Flood damage per mil-
lion dollars of national wealth (1932–97, Fig. 3b) uses
the net stock of fixed reproducible tangible wealth as
estimated by the U.S. Department of Commerce, Bureau
of Economic Analysis (www.bea.doc.gov), for 31 De-
cember of each year, in current dollars (depreciating
stock carried over from prior years). Unadjusted flood
damage is divided by the tangible wealth in millions of
current dollars. Thus, the flood damage per million dol-
lars of tangible wealth reflects the proportion of the
nation’s wealth in that year lost due to floods.

Annual flood loss estimates for each state are readily
available only since 1983, when the U.S. Army Corps
of Engineers began publishing an annual flood damage
report for Congress.7 In conducting a regional analysis,

7 However, the FIFMTF (1992, 3–16) notes that state level data
was collected prior to 1976. According to F. Richards (1997, personal
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FIG. 4. U.S. climate regions of the 48 contiguous states.

it is convenient to use the nine climate regions shown
in Fig. 4, which are defined by the U.S. National Cli-
matic Data Center (NCDC), since much of the relevant
climate and weather data are aggregated for those re-
gions. Flood damage per capita for each climate region
equals the regional damage divided by the regional pop-
ulation for each year. Tangible wealth estimates for each
state are not readily available, so damage per unit wealth
is not analyzed at the regional level.

The recent climate literature was surveyed to find
precipitation measures frequently used and cited in flood
research.8 Based on this review, 10 precipitation-related
measures were selected:

1) total precipitation (USTP)
2) number of wet days per station (USWET)
3) number of extreme precipitation days (.2 inches)

per station (USEXT)
4) number of 2-day heavy precipitation events per sta-

tion (USHP2)
5) number of 3-day heavy precipitation events per sta-

tion (USHP3)
6) number of 5-day heavy precipitation events per sta-

tion (USHP5)
7) number of 7-day heavy precipitation events per sta-

tion (USHP7)
8) percentage of the conterminous U.S. area with

much above-normal cold season (October–April)
precipitation (HPCOLD)

9) percentage of the conterminous U.S. area with the
number of wet days much above normal
(ABNWET)

communication) in the NWS Office of Hydrology, a reanalysis of
this data would be required to obtain useful information. We are
currently engaged in such reanalysis. The U.S. Army Corps of En-
gineers data are available online at http://www.usace.army.mil/inet/
functions/cw/cecwe/flood.htm.

8 We thank Naressa Cofield, of UCAR/SOARS and Alabama A&M,
for assistance with the literature review.

10) percentage of the conterminous U.S. area with
much above-normal proportion of total annual pre-
cipitation from 1-day extreme events (ABNEXT)

The Illinois State Water Survey provided measures
(1)–(7) (K. E. Kunkel 1998, personal communication).
Kunkel et al. (1993) describes the methods used to com-
pute the partial-duration time series for measures (4)–
(7). The NCDC provided measures (8)–(10) (T. R. Karl
1998, personal communication) that are based on in-
dexes used in Karl et al. (1996).

Note that thresholds for measures (2), (3), and (9) are
based on absolute levels of daily precipitation (greater
than 0 or 2 in.). In contrast, the thresholds for measures
(4)–(8) and (10) are based on precipitation that is un-
usually high compared to normal amounts at each
weather station. In measures (4)–(7) the threshold for
‘‘heavy precipitation’’ is based on a 5-yr recurrence in-
terval; that is, the threshold for a specific station is the
N-day precipitation amount that is exceeded on average
once every 5 yr (for N 5 2, 3, 5, or 7, respectively).
In measure (8), ‘‘much above normal’’ is defined as
being within the upper 10% of all cold season values
at a given station. In measure (10), 1-day extreme events
are defined as those in the upper 10% of daily precip-
itation amounts at a given station.

Frequency distributions of each data series were test-
ed for normality and, if necessary, data were trans-
formed to best approximate a normal distribution. The
three flood damage series were converted to normal dis-
tributions using the log transformation, which also
serves to stabilize their variance:

D 5 ln(damage),

DPC 5 ln(damage per capita),

DPW 5 ln(damage per unit wealth).

Precipitation measures (1)–(7) and (10) do not deviate
significantly from normality, based on the Shapiro–Wilk
test. To approximate a normal distribution, measure (8)
required a log transformation, and measure (9) required
a square root transformation.

The transformed damage series were tested for linear
trends. For the national data, 1932–97, Pearson product–
moment correlations were computed between all pairs
of variables. Stepwise multiple regression was used to
identify the precipitation measures that can best predict
total damage, damage per capita, and damage per unit
wealth. (To determine whether the precipitation mea-
sures could adequately account for trends in damage, a
linear trend variable was also included in the modeling.)
For the nine climate regions, 1983–97, only the first
seven of the precipitation measures were available. Cor-
relations of those precipitation measures with total dam-
age and damage per capita were compared between the
nine regions. In all tests of statistical significance, a 95%
confidence level was used.
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TABLE 1. Rates of change in flood damage and socioeconomic
indicators, 1932–97.

Variable
Annual rate
of change

Total annual flood damage, adjusted for inflation 12.92%*
Socioeconomic indicators:

Population
Net stock of fixed reproducible tangible wealth

(in real $)
Tangible wealth per capita (in real $)

11.26%*
13.13%*

11.85%*
Flood damage adjusted for socioeconomic indicators :

Flood damage per capita
Flood damage per million $ tangible wealth

(in current $)

11.65%*
20.49%

* Statistically significant (a 5 0.05).

TABLE 2. Correlations between precipitation-related measures, 1932–97.

USTP USWET USEXT USHP2 USHP3 USHP5 USHP7 ln(HPCOLD) sqrt(ABNWET) ABNEXT

USWET
USEXT
USHP2
USHP3
USHP5

0.91
0.84
0.56
0.57
0.60

0.65
0.55
0.54
0.60

0.60
0.61
0.57

0.96
0.91 0.94

USHP7
ln(HPCOLD)
sqrt(ABNWET)
ABNEXT
YEAR

0.62
0.64
0.77
0.93
0.33

0.61
0.59
0.80
0.79
0.48

0.59
0.48
0.54
0.88
0.31

0.86
0.37
0.38
0.64
0.32

0.89
0.37
0.36
0.65
0.29

0.94
0.36
0.40
0.64
0.30

0.36
0.46
0.66
0.26

0.62
0.60
0.25

0.68
0.15* 0.34

* This is the only correlation that is not significantly different from zero (a 5 0.05).

5. Results

a. Trends in national flood damage, population, and
wealth

While national total flood damage varies a great deal
from year to year, there is a statistically significant in-
creasing trend averaging 2.92% yr21 from 1932 to 1997.
(A linear trend in D converts into an exponentially in-
creasing trend in damage, as show in Fig. 1).9 Surpris-
ingly, neither researchers nor policy makers well under-
stand this trend even though reversing it is a cornerstone
objective of national flood policy. For instance, the U.S.
government’s Interagency Floodplain Management Re-
view Committee (IFMRC 1994) and the Association of
State Flood Plain Managers (www.asfpm.org) both hold
as policy goals the objective of reducing the total amount
of national flood damage.

Table 1 compares the rate of increase in flood damage
with rates of increase in population and wealth during
the same time period. The U.S. population has grown

9 The period 1932–97 was selected because of limitations in the
precipitation data used in the analysis. In any case, pre-1930 damage
data are likely to suffer from the most errors and thus would not be
used (cf. White et al. 1958).

at a rate of 1.26% yr21; thus, under an assumption that
population in flood-prone areas has grown at the same
rate, then 43% of the increase in flood damage can be
attributed to population growth. Figure 3a shows the
increasing trend in flood damage per capita: the annual
rate of change is 1.65% yr21 (Table 1).

The nation’s net stock of fixed reproducible tangible
wealth (in 1995 dollars) has grown at a rate of 3.13%
yr21, slightly more rapidly than flood damage. As a
result, flood damage per unit wealth appears to have
decreased slightly, although the trend is statistically in-
significant (Table 1, Fig. 3b). Assuming that the nation’s
wealth in flood-prone areas has grown at the same rate
as national wealth, then all of the increase in flood dam-
age can be attributed to the growth in national wealth.

The three different measures of flood damage—ab-
solute, per capita, and per unit wealth—each lead to
different conclusions about the nature of the flood prob-
lem. For instance, there are three interpretations as to
the ‘‘worst’’ year for flood damage. Total flood damage
adjusted only for inflation (Fig. 1) was highest in 1993.
However, flood damage per capita (Fig. 3a) was highest
in 1972 (at $68.33 per U.S. resident, edging out 1993
when the damage amounted to $66.61 per resident).
Furthermore, as a proportion of the nation’s tangible
wealth (Fig. 3b), flood damage was highest in 1937,
when it amounted to $1453 for each $1 3 106 of tangible
wealth (1972 is in second place, while 1993 drops to
fifth place). If policy makers evaluate national flood
policy by outcomes, than the choice of evaluation metric
could determine adjudication of success or failure.

b. Statistical modeling of flood damage and
precipitation

1) NATIONAL RESULTS

Intercorrelations between the precipitation measures
and a linear trend variable (YEAR) are shown in Table
2. All pairs of precipitation measures are significantly
correlated. All of the precipitation measures except
ABNWET (9) are positively correlated with YEAR, in-
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TABLE 3. Correlations of flood damage measures, D 5 ln (damage), DPC 5 ln (damage per capita) and DPW 5 ln (damage per unit
wealth), with precipitation measures, 1932–97.

Predictor Variable name

Corre-
lation

with D

Corre-
lation

with DPC

Corre-
lation

with DPW

R2

with
D

R2

with
DPC

R2

with
DPW

Total precipitation
Number of wet days per station
Number of extreme precipitation days (.2 in.) per station
Number of 2-day heavy events per station
Number of 3-day heavy events per station
Number of 5-day heavy events per station
Number of 7-day heavy events per station

USTP
USWET
USEXT
USHP2
USHP3
USHP5
USHP7

0.477*
0.517*
0.391*
0.507*
0.441*
0.495*
0.425*

0.449*
0.455*
0.361*
0.484*
0.419*
0.475*
0.407*

0.328*
0.271*
0.247*
0.384*
0.327*
0.379*
0.320*

0.228
0.267
0.153
0.257
0.194
0.245
0.181

0.202
0.207
0.130
0.234
0.176
0.226
0.166

0.108
0.073
0.061
0.147
0.107
0.144
0.102

Percent of conterminous U.S. area with much above normal
cold season (Oct–Apr) precipitation.

ln(HPCOLD) 0.305* 0.279* 0.177 0.093 0.078 —

Percent of conterminous U.S. area with number of wet days
much above normal

sqrt(ABNWET) 0.340* 0.339* 0.280* 0.116 0.115 0.078

Percent of conterminous U.S. area with much above-normal
proportion of total annual precipitation from 1-day extreme
events

ABNEXT 0.457* 0.425* 0.298* 0.209 0.181 0.089

Linear trend YEAR 0.501* 0.312* 20.096 0.251 0.097 —

* Significantly different from zero (a 5 0.95).

TABLE 4. Multivariate models of flood damage measures, iden-
tified by stepwise regression on precipitation measures and a linear
trend variable, 1932–97.

Predictor
Parameter
estimate

Standard
error t Prob . t

Dependent variables: D 5 ln(damage), R2 5 0.386, adjusted R2 5
0.366

USHP2
YEAR

9.867
0.022

2.658
0.006

3.712
3.634

0.0004
0.0006

Dependent variable: DPC 5 ln(damage per capita), R2 5 0.285, ad-
justed R2 5 0.262

USHP2
USWET

7.797
0.049

2.970
0.023

2.625
2.118

0.0109
0.0382

Dependent variable: DPW 5 ln(damage per unit wealth), R2 5 0.200,
adjusted R2 5 0.175

USHP2
YEAR

10.274
20.012

2.649
0.006

3.878
22.036

0.0003
0.0460

dicating significant upward trends during 1932–97. In
most, the trend is small relative to overall variability
(explaining less than 12% of the variance); however, the
trend in the number of wet days per station (USWET)
is more pronounced (explaining nearly 23% of the var-
iance).

Table 3 presents the correlations of D, DPC, and DPW
with the precipitation measures and linear trend vari-
able. For D and DPC, all of the correlations are statis-
tically significant at a 95% confidence level. For DPW,
the correlations with all precipitation measures except
HPCOLD (8) are significant. Here D is most highly
correlated with the number of wet days per station. Both
DPC and DPW are most highly correlated with 2-day
and 5-day heavy precipitation events, with 2-day events
showing a slightly stronger relationship.

Stepwise multiple regression was used to determine
whether several predictors could be used together to
better explain the variability in D, DPC, and DPW. The

resulting ‘‘best’’ models each contained two significant
predictors, as shown in Table 4.

For total damage, the best model of D includes the
number of 2-day heavy precipitation events (USHP2) and
the trend variable (YEAR). Together, these two predictors
provide a better fit than any model containing the number
of wet days per station (USWET), which is the most
highly correlated single predictor. The two predictors ex-
plain 38.6% of the variance in D. Because the two pre-
dictors are intercorrelated, only 13.5% of the variance in
D can be uniquely attributed to 2-day heavy precipitation
events (USHP2) and 12.9% to linear trend. The remaining
12% could be attributable to either predictor.

For per capita damage, the best model of DPC depends
upon both the number of 2-day heavy precipitation events
(USHP2) and the number of wet days per station
(USWET). The two predictors explain 28.5% of the var-
iance in per capita damage. (Using adjusted R2 to control
for the number of predictors in the model indicates that
26.2% of the variance would be explained in independent
data.) No significant linear trend remains in the residuals
of this model. These results are consistent with a hy-
pothesis that the upward trend in DPC can be entirely
explained by the concurrent trend in precipitation. The
time series of USHP2 and USWET are shown with the
per capita damage in Fig. 5.

For damage per unit wealth, the best model of DPW
combines the number of 2-day heavy precipitation
events (USHP2) with the trend variable (YEAR). None
of the other precipitation measures significantly im-
proves the model. Furthermore, the trend coefficient is
negative, implying that there is a significant decreasing
trend in damage per unit wealth after controlling for the
number of 2-day heavy precipitation events. The model
explains 20.0% of the variance. (The adjusted R2 in-
dicates that 17.5% of the variance in damage per unit
wealth would be explained in independent data.)
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FIG. 5. (a) Two-day precipitation events superimposed on Fig. 3a,
per capita damage. (b) Number of wet days superimposed on Fig.
3a, per capita damage.

TABLE 5. Precipitation and flood damage in U.S. climate regions, 1983–97.

Climate region States

Population
in 1990
(3106)

Rate of
population

growth
1983–97 (%)

Mean annual
precipitation
1983–97 (in.)

Total flood
losses 1983–97
(billion 1995$)

Mean annual
damage per

capita (1995$)

Northeast (1)

East north central (2)
Central (3)
Southeast (4)

CT, DE, DC, ME, MD, MA,
NH, NJ, NY, PA, RI, VT

IA, MI, MN, WI
IL, IN, KY, MO, OH, TN, WV
AL, FL, GA, NC, SC, VA

56.9

21.3
43.3
39.8

0.37

0.62
0.45
1.64

42.9

31.7
44.3
51.8

3.094

11.791
11.410

3.475

3.65

36.11
17.28

5.90
West north central (5)
South (6)
Southwest (7)
Northwest (8)
West (9)

MT, NE, ND, SD, WY
AR, KS, LA, MS, OK, TX
AZ, CO, NM, UT
ID, OR, WA
CA, NV

4.2
31.8
10.2

8.7
31.0

0.20
0.88
2.09
1.85
1.89

17.5
38.0
14.8
27.5
17.1

5.925
15.153

3.019
4.459
6.078

90.94
31.44
20.61
30.59
12.87

2) REGIONAL ANALYSIS

The frequency and severity of damaging floods varies
greatly across the United States, determined by local
geography, climate, and development. Table 5 shows
statistics related to flood damage in each climate region
during 1983–97. The region with the highest population

(region 1 northeast) is among the lowest in total flood
losses. The region with the highest annual precipitation
(region 4 southeast) also is among the lowest in total
flood losses. The climate regions with the highest total
flood losses during 1983–97 are region 6 (south), region
2 (east north central), and region 3 (central), with losses
of $15.2 billion, $11.8 billion, and $11.4 billion, re-
spectively—flooding dominated by the Mississippi Riv-
er and its tributaries. The highest losses per capita are
in sparsely populated region 5 (west north central), with
annual damage averaging more than $90 per person.

Flood losses for each year are shown in Fig. 6 for
the four climate regions that encompass most of the vast
Mississippi–Missouri River system (region 2 east north
central, region 3 central, region 5 west north central,
and region 6 south). The sporadic nature of major flood
events is evident in these graphs. Extremely costly
floods occurred most frequently in the lower Mississippi
basin of region 6, particularly in Louisiana. Damage in
regions 2 and 3 is dominated by the great flood of 1993
(Changnon 1996).

Seven of the precipitation-related measures that we
used in the analysis of national flood damage are avail-
able for the climate regions during 1983–97. They are

1) total precipitation (TP)
2) number of wet days per station (WET)
3) number of extreme precipitation days (.2 in.) per

station (EXT)
4) number of 2-day heavy precipitation events per sta-

tion (HP2)
5) number of 3-day heavy precipitation events per sta-

tion (HP3)
6) number of 5-day heavy precipitation events per sta-

tion (HP5)
7) number of 7-day heavy precipitation events per sta-

tion (HP7)

Total flood damage (in millions of 1995 dollars) for
each climate region, c, was converted to approximately
normal distributions using the log transformation

Dc 5 ln(damage 1 0.1).
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FIG. 6. Flood damage in the Mississippi River basin. Figures are arranged to correspond to
geographic climate division locations.

TABLE 6. Highest correlations, by region, of flood damage measures Dc and DPCc with precipitation measures, 1983–97.

Region, c

Dc

Measure Corr. R2

DPCc

Measure Corr. R2

Northeast (1)
East north central (2)
Central (3)
Southeast (4)
West north central (5)

HP3
WET
HP2
HP7
WET

0.67*
0.59*
0.74*
0.47
0.64*

0.449
0.348
0.548

—
0.410

HP3
WET
HP2
HP7
WET

0.77*
0.64*
0.73*
0.45
0.65*

0.593
0.410
0.533

—
0.423

South (6)
Southwest (7)
Northwest (8)
West (9)

HP2
HP2
EXT
EXT

0.72*
0.58*
0.82*
0.71*

0.518
0.336
0.672
0.504

HP2
HP7
EXT
EXT or TP (tied)

0.73*
0.64*
0.82*
0.78*

0.533
0.410
0.672
0.608

* Significantly different from zero (a 5 0.05).

Similarly, damage per capita (in 1995 dollars) was con-
verted using the transformation

DPCc 5 ln(damage per capita 1 0.1).

In each case, the constant 0.1 is included to allow for
the rare years in which a region had no reported damage.
(This occurred once in region 5 and twice in region 9.)
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The precipitation measures most strongly correlated
with Dc and DPCc within each climate region are shown
in Table 6.10 In all regions except region 4 (southeast),
the correlations are statistically significant at a 95% con-
fidence level. Because region 3 (central) and region 6
(south) are downstream in the Mississippi River system,
damage in those regions was also tested for correlation
with precipitation measures from the upstream regions
2 and 5. Damage in region 3 was found to be more
highly correlated with WET5 (the number of wet days
per station in region 5) than with any region 3 measures:
for D3 and WET5 r 5 0.85 and R2 5 0.72, for DPC3,
r 5 0.84 and R2 5 0.71. Thus, flood damage in region
3 (central) appears to be influenced by precipitation a
considerable distance away.

6. Discussion

a. Population, wealth, and exposure to damaging
floods

The three models: total damage, damage per capita,
and damage per unit wealth, provide different ways of
viewing exposure to damaging floods, which lead to
differing conclusions. Total D is not adjusted for ex-
posure, therefore models of D consider exposure only
through the inclusion of a linear trend variable. The
linear trend variable is significant, after controlling for
precipitation, indicating that precipitation alone is not
sufficient to explain the increasing trend in national
flood damage. However, models of D provide little ex-
planatory power, because there are so many possible
causes of a linear trend.

If population growth is similar in flood-prone and
non-flood-prone areas, then the models of DPC are ap-
propriate. The linear trend in DPC is substantially less
than that in D, and the best model suggests that the
trend in DPC can be explained entirely by a concurrent
upward trend in precipitation. This would imply that the
upward trend in total damage during 1932–97 could be
attributed to population growth and increased precipi-
tation.

If rates of growth in tangible wealth are similar in
flood-prone and non-flood-prone areas, then the models
of DPW are appropriate. There is no significant trend
in DPW during 1932–97, despite the fact that precipi-
tation has increased. In the best model of DPW, after
the variability in precipitation is accounted for, a sig-
nificant decreasing trend is found in damage per unit
wealth. This would suggest that the vulnerability of tan-
gible property to flood damage has declined (perhaps
because of successful flood policies), and the total dam-
age has increased simply because of growth in total
wealth. It should be noted that the models of DPW are

10 In most regions, correlations with one or two other precipitation
measures are nearly as high as those shown.

the poorest-fitting models in this study (explaining a
maximum of 20% of the variance in DPW).

It is impossible, with the present data, to determine
which of these models best approximates reality. Indeed,
it is likely that population growth and wealth each play
an integral role in explaining flood damage, but present
data do not allow for such a combined assessment. The
models do indicate that societal factors play a large role
in explaining overall trends in flood damage. The mod-
els of DPC appear most plausible because they show
the strongest relationship to precipitation and leave no
unexplained linear trend.

b. Evaluation of the precipitation measures

Figures 1 and 3 show that trends account for only a
small part of the year-to-year variability in flood dam-
age. Variability in damage depends on variations in the
location, amount, timing, and intensity of precipita-
tion.11 The ten precipitation measures, examined using
national and regional data, emphasize similar features
of precipitation that may influence the likelihood of
flooding. This suggests that climatologists may wish to
consider dimensions of precipitation other than amounts
to more closely link climate variations with damage.

In these data, heavy precipitation events with a du-
ration of several days show the strongest relationship
with flood damage, both for the nation as a whole and
for five of the nine climate regions. Note that correla-
tions between the precipitation measures are relatively
high and that differences in the correlation with damage
are small for some of the measures. It is possible that
other measures would be the most highly correlated in
different data samples. The results provide insight as to
how climatologists might measure ‘‘intense’’ or
‘‘heavy’’ precipitation as it relates to damaging floods.
The 2- to 7-day heavy precipitation events [measures
(4)–(7)] are not based on an absolute amount of rainfall,
but are defined relative to precipitation amounts at each
location. In contrast, measure (3), based on a fixed
threshold of 2 or more in. of rainfall, is much less strong-
ly related to flood damage for the nation as a whole.
Only in two of the climate regions (region 8 northwest
and region 9 west) was the 2-in. threshold most highly
correlated with damage. This suggests that contextual
measures of precipitation amount, based on distributions
for each local area, may be more generally appropriate
than absolute precipitation thresholds.

The number of wet days per station emerges as a
second predictor in the model for DPC, supplementing
the information provided by 2-day heavy events. Local
wet days are the best predictor of damage in two of the
climate regions, while wet days in region 5 are the best

11 In a subsequent analysis, we are investigating the relationship
of the El Niño–Southern Oscillation (ENSO) cycle, precipitation, and
flood damage.
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predictor of damage in region 3. Therefore, the fre-
quency of rainy or snowy days appears to be a signif-
icant factor in damaging floods.

In all three models of nationwide damage, the mul-
tiple R2 values are low—a great deal of unexplained
variance remains. The regional R2 values are substan-
tially higher, indicating the importance of studying dam-
aging floods on smaller spatial scales. Local factors,
both social and weather-related, must be taken into ac-
count in explaining the damage inflicted by floods.

7. Conclusions

The analysis presented in this paper leads to the fol-
lowing conclusions and hypotheses.

a. Precipitation measures most closely related to
variability in flood damages

At a national level, of the 10 precipitation measures
examined in this study, the ones most closely related to
damaging floods are the number of 2-day heavy rainfall
events and the number of wet days. Heavy rainfall
events are defined contextually (relative to local inci-
dence of rainfall), not as absolute thresholds. However,
because many of the measures of precipitation are highly
correlated other measures show a statistically significant
relationship with damaging floods (but explain less var-
iance). The 2-in. (.50.4 mm) rainfall threshold is
among the least well correlated with damaging floods
(except in the two western regions).

This study suggests that even though there is a strong
relationship between precipitation and flood damage—
as might be expected—there is a considerable amount
of variance left unexplained. Some of the unexplained
variance is the result of nonlinearity in the relationship:
once a threshold (context-specific) is exceeded, damage
can increase abruptly to catastrophic levels, as in the
case of the 1993 flood on the upper Mississippi River
system. This underscores the need for scientists and
policy makers to be careful when discussing ‘‘trends’’
in climate and climate-related impacts, particularly giv-
en the apparent nonstationarity of the underlying con-
ditioning factors. Further work on the dimensions of
precipitation other than amount, for example, rates, lo-
cation, timing, etc. (e.g., Trenberth 1999) might lead to
improved connections of climatic factors with societal
impacts.

b. National flood policy

The study indicates that the growth in recent decades
in total damage is related to both societal factors and
climate factors. This suggests that much of the flood-
related damage in recent decades is the result of nu-
merous human choices, and raises the possibility that
society has considerable remaining potential to reduce
its vulnerability to floods. Whether or not such steps

make practical, political, or economic sense depends on
how the nation’s flood problem is defined. Depending
upon the measure used to assess flood damage, one can
arrive at opposite views of the nature of the problem.
For instance, while total flood losses increased dramat-
ically, in terms of national wealth flood losses have not
changed significantly over recent decades. Whether or
not existing flood policies have reduced or enhanced
vulnerability goes beyond the scope of this study.

c. Global climate policy

The study shows clearly that increased precipitation
is associated with increased flood damage. Similarly,
increasing population growth and wealth are also as-
sociated with increased total flood damage. Much of the
variance in damage is not explained by the statistical
models and is likely to depend on local differences of
climate and policy. For example, whether a given in-
crease in precipitation leads to increased hydrologic
flooding will depend on its geographical distribution and
timing, and whether population growth leads to in-
creased flood damage depends on whether and how the
growth occurs within the flood plain.12

Looking to the future even without an increase in
precipitation, total flood damage will continue to in-
crease with the nation’s growing population and
wealth—unless actions are taken to reduce flood vul-
nerability. This is consistent with the findings of a 1993
Congressional Office of Technology Assessment report
(OTA 1993). The findings are also consistent with those
who argue that the greatest potential for reducing flood
losses is for policy makers to continue to focus attention
on flood plain management, rather than on seeking to
prevent future floods by modifying (or stabilizing) the
climate.13

With respect to the relative contribution of climate
and societal factors to the flood damage record, Tren-
berth’s (1997) metaphor of increasing precipitation be-
ing the ‘‘straw that breaks the camel’s back’’ is partic-
ularly apt. The camel (representing society) is already
burdened by the weight of past decisions that have
placed people and property into harm’s way. Thus, when
hydrologic floods do occur, they can lead to enormous
damage. In many instances, such damage is avoidable—
society need not wait for the ‘‘last straw’’ to act.

At the regional level, this study reports a stronger
relationship between precipitation and flood damage

12 In addition, our analysis provides supporting evidence for the
notion that increasing U.S. precipitation documented by Karl and
colleagues has not led to a corresponding increase in the highest
levels of streamflow documented by Lins and Slack. See Pielke and
Downton (1999) for discussion.

13 There are important reasons why climate mitigation makes sense,
however, reducing flood damages does not seem to be foremost among
them. See Pielke (1998) for discussion of mitigation and adaptation
responses to climate change.
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than at the national level (although the smaller samples
imply greater uncertainty as well). The findings also
suggest that context matters, as different types of pre-
cipitation are most closely related to damage in different
regions. This raises the possibility that what might be
damaging precipitation in one region could be innoc-
uous or even beneficial in another region (cf. Garcia et
al. 1990). Further, understanding the societal impacts of
a change in the hydrologic cycle is perhaps more com-
plicated than was once thought. Not only are the impacts
of precipitation on damaging floods contextual, but there
are likely to be trade-offs with other impact areas since
the impacts of precipitation on society and environment
go well beyond damaging floods to include issues re-
lated to ecosystem health, water resources, and water
quality (among others). It is conceivable that a full un-
derstanding of the integrated impacts of a change in the
hydrologic cycle is beyond scientists’ ability to accu-
rately predict. This supports the notion of giving more
attention to problem- and region-specific aspects of cli-
mate change (cf. Rayner and Malone 1998).

d. Future research

Reliable and accurate knowledge of the science of
flood climatology, hydrology, and meteorology is im-
portant because it plays a role in many policy decisions,
including land use, insurance, and the allocation of finite
public resources. Yet, in spite of the large and growing
impacts of floods on society, most discussion of the
science and policy of floods is characterized by unex-
amined assumptions and imprecise language—not a rec-
ipe for the translation of science into effective policies.
The analysis presented here is but a first step toward an
improved understanding of the relation of the hydrologic
cycle and damaging floods. Much additional research is
needed to further develop this understanding. Among
the issues that remain:

R Studies of damage will be more closely related to
precipitation and stream flow if they are conducted at
the basin level. This presents a need for damage data
recorded at local scales. Given the contextuality of
precipitation impacts, there is also a need to under-
stand precipitation (both observed and modeled) at
scales most closely related to damage.

R More extensive damage data, particularly at state, lo-
cal, or watershed levels would allow for a longer time
series analysis of regional impacts. The NWS has in
its records data that might allow for such detail.

R Further analysis of flood damage is needed to better
understand the dynamics of damaging floods. The
many small- and moderate-sized losses are dominated
in the flood record by the occasional catastrophic
event, suggesting a nonlinearity that might have so-
cietal or policy causes.

R It would be of use to conduct similar further analyses
in other regions of the world where there exist reliable

records of precipitation and flood damage. This would
help to confirm or deny some of the hypotheses raised
by this study.

R There remains a significant lack of knowledge of the
effectiveness of national flood policies on the trends
in flood damage and societal vulnerability to floods.
Systematic evaluations of national flood policies are
long overdue.

In conclusion, the relationship of climate, hydrology,
and society in producing damaging floods is complex
and not fully understood. Nonetheless, so long as policy
makers seek to reduce flood damage, there will be a
need to understand the relationship between climate var-
iations and various societal factors in the damage that
is observed. This study suggests that climate plays an
important, but by no means determining role in the
growth in flood damage in the United States in recent
decades. This should provide optimism to decision mak-
ers seeking to reduce vulnerability to floods, as it sug-
gests that local actions can have a significant effect,
independent of the climate variations of the future.
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