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ABSTRACT: It may no longer be reasonable to model streamflow as a stationary process, yet nearly all existing
water resource planning methods assume that historical streamflows will remain unchanged in the future. In
the few instances when trends in extreme events have been considered, most recent work has focused on the
influence of climate change, alone. This study takes a different approach by exploring trends in floods in water-
sheds which are subject to a very broad range of anthropogenic influences, not limited to climate change. A sim-
ple statistical model is developed which can both mimic observed flood trends as well as the frequency of floods
in a nonstationary world. This model is used to explore a range of flood planning issues in a nonstationary
world. A decadal flood magnification factor is defined as the ratio of the T-year flood in a decade to the T-year
flood today. Using historical flood data across the United States we obtain flood magnification factors in excess
of 2-5 for many regions of the United States, particularly those regions with higher population densities. Simi-
larly, we compute recurrence reduction factors which indicate that what is now considered the 100-year flood,
may become much more common in many watersheds. Nonstationarity in floods can result from a variety of
anthropogenic processes including changes in land use, climate, and water use, with likely interactions among
those processes making it very difficult to attribute trends to a particular cause.
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INTRODUCTION

It may no longer be reasonable to model stream-
flow and other hydrologic processes as stationary pro-
cesses (Milly et al., 2008). Nearly all of the methods
and models developed for the planning, management,
and operation of water resource systems assume sta-
tionarity of hydrologic processes. Nonstationarity can

result from a myriad of human influences ranging
from agricultural and urban land-use modifications,
to climate change and modifications to water infra-
structure. Many studies that have sought to detect
trends in hydrologic processes focused on individual
anthropogenic influences, alone, such as the impact
of changes in climate or land use. This study takes a
different approach by exploring trends in floods in
watersheds which are subject to a very broad range
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of anthropogenic influences which may be occurring
simultaneously. The primary goal of this study is to
explore the implications of changes in extreme events
which result from all possible anthropogenic influ-
ences. A simple statistical model is developed which
can both mimic observed flood trends as well as the
frequency of floods in a nonstationary world. This
model is used to explore a range of flood planning
issues in a nonstationary world.

Numerous studies have explored trends in annual
maximum floods in the continental United States
(U.S.). Villarini et al. (2009) provides a recent review
of the conflicting conclusions drawn by various stud-
ies, some of which found increases, some decreases,
and others concluded that there were no significant
trends in annual maximum discharge across the con-
tinental U.S. A variety of good reasons are given in
the literature to help us understand such conflicting
scientific claims. For example, Douglas et al. (2000)
and others have documented that when one properly
accounts for the spatial correlation among flood ser-
ies, that what often appear to be significant trends,
end up being insignificant when the proper statistical
approaches are employed. Thus we now know,
from the results of Douglas et al. (2000) that there
are numerous previous studies which mistakenly
reported significant trends in flood series simply
because those studies did not properly account for
spatial correlation among the flood series. Similarly,
Cohn and Lins (2005) show how one can easily con-
fuse long-term persistence with trends, so that a ser-
ies which exhibits long-term persistence, which is a
stationary stochastic process, may be interpreted as
one which exhibits a trend. Thus for a variety of rea-
sons, stationary series can easily be mistaken for
nonstationary series. In an effort to avoid confusion
between detection of long-term persistence and the
detection of monotonic trends, Villarini et al. (2009)
only examined flood records of length 100 years or
greater, for 50 stations across the U.S. Interestingly,
despite the long records analyzed by Villarini et al.
(2009) combined with the fact that many of the
records they considered exhibited significant regula-
tion effects, they were unable to detect significant
trends. Importantly, Villarini et al. (2009) also noted
that results of change point detection analyses could
further confound our ability to detect monotonic
trends, yet another reason why stationary series are
easily confused with nonstationary series, and vice
versa.

Small et al. (2006) provide additional reasoning for
why so few previous studies have reported trends in
annual maximum flood series. Many previous studies
have reported that total precipitation is increasing
across the U.S. with most of those increases resulting
from a positive trend in the upper tail of the daily

precipitation distribution. Other studies have found
that low and moderate, but not high flows, are also
increasing across much of the U.S. Small et al. (2006)
document why precipitation produced by intense
events can increase without a corresponding increase
in high flows. They show that a large fraction of the
trends in annual precipitation can be explained by an
increase in fall precipitation. Small et al. (2006) docu-
ment that precipitation is generally increasing during
the fall but not during the spring, the season when
high flows are generally observed. Thus, the increase
in fall precipitation appears to result in an increase
in the low flows while the lack of trends in precipita-
tion in spring explains the lack of widespread trends
in the high flows.

With the exception of the study by Villarini et al.
(2009) most recent trend studies have employed the
hydroclimatic database developed by the U.S. Geolog-
ical Survey (USGS) (Slack et al., 1993) which con-
tains basins which are not heavily impacted by
regulation by ground and ⁄ or surface water withdraw-
als. Some of the largest anthropogenic influences
occur in heavily urbanized regions of the U.S., yet to
our knowledge, there are no previous studies which
systematically evaluated trends in floods for such
basins. Similarly, some of the largest water with-
drawals occur in watersheds with very heavy irriga-
tion uses, yet to our knowledge, there are no previous
regional or national studies which systematically
evaluated trends in floods for such basins. To our
knowledge, most previous regional or national studies
which sought to detect monotonic trends in flood ser-
ies in the U.S. only focused on flood series which
were not heavily influenced by water withdrawals or
land use changes. This study takes a different
approach by examining flood trends for all USGS flow
records in the U.S., regardless of the degree of
anthropogenic influence. The primary goal of this
study is to determine the locations within the U.S.
where very large trends in flood series have occurred
and determine the implications of those trends on
flood frequency analysis and hydrologic design.

BACKGROUND, ASSUMPTIONS,
AND METHODOLOGY

Probability Distribution of Flood Series

As our goal is to explore trends in annual maxi-
mum flood series and their consequence on flood fre-
quency analyses, it is necessary for us to assume a
probabilistic model which describes the relationship
between the magnitude and frequency of annual
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maximum flood events. For this purpose, we employ
the two parameter lognormal (LN2) probability distri-
bution function (pdf) for a number of reasons. First,
among all the pdfs considered by the Interagency
Advisory Committee on Water Data (1982, see appen-
dix 14), the LN2 and three parameter Log Pearson
type III (LP3) distributions performed best in their
comparisons and were the only two distributions
which did not exhibit significant bias in future flood
frequencies. Secondly, the LN2 pdf when combined
with a log-linear trend model produces an elegant
and simple nonstationary model of flood frequency
which generates insights into the impact of flood
trends on various flood statistics.

Among several distributions considered for model-
ing the frequency of annual maximum floods at 50
basins in the U.S. with records longer than
100 years, Villarini et al. (2009) concluded that both
the Gamma and LN2 distributions are suitable. Vogel
and Wilson (1996) use the larger HCDN dataset
along with L-moment diagrams to illustrate that an
LN2 distribution gives only a rough approximation to
the distribution of annual maximum flood series.
They recommend several three parameter distribu-
tions such as the generalized extreme value (GEV),
LP3 and three parameter lognormal (LN3) distribu-
tions. Among all possible two parameter distribu-
tions, the LN2 was considered by Vogel and Wilson
(1996) to be among the best approximations to annual
maximum flood series.

We assume that the annual maximum flood series
xt, is observed in each of the following years t = t1,

t2,…, tn and that xt follows an LN2 distribution with
quantile function xp defined as the annual maximum
flood with an exceedance probability p or average
return period T = 1 ⁄ p. For a stationary flood series,
the LN2 quantile function is given by

xp ¼ exp ly þ zpry

� �
; ð1Þ

where ly and ry are the mean and standard deviation
of the natural logarithms of x and zp is the value of a
standard normal random variable with exceedance
probability p and y = ln(x).

Trend Model for Annual Maximum Floods

As mentioned earlier, there is a rich debate in the
literature on (1) whether or not flood series exhibit
trends, and (2) what type of trend model provides a
good fit to observed flood series. While this study does
not seek a definitive answer to either of these ques-
tions, we document here that a simple exponential
trend model provides an excellent approximation to
the relationship, or lack thereof, between annual

maximum flood series and time. Consider the expo-
nential trend model:

xt ¼ exp aþ btþ etð Þ; ð2Þ

where t is the year in which the annual maximum
flood occurs, a and b are model parameters and et are
model errors. This model is only used to describe his-
torical trends and is not advocated for use in predict-
ing future trends. Taking logarithms one obtains

yt ¼ lnðxtÞ ¼ aþ btþ et: ð3Þ

If estimates of the model parameters, a and b, are
significantly different from zero, then the regression
model provides an estimate of the conditional mean of
the natural logarithms of x, which we have defined as
ly in Equation (1). The model residuals in Equations
(2) and (3) are only needed to explain the variations
of the observations about the regression line, but the
regression line itself, provides an estimate of ly as a
function of time, which we will term ly(t). Combining
the fact that ly(t) = a + bt with the fact that an ordin-
ary least squares (OLS) estimate of the intercept term
is given by â ¼ �y� b�t, we obtain the trend model

lyðtÞ ¼ �yþ b̂ t��tð Þ; ð4Þ

where b̂ is an OLS estimate of b, n is the number of
years of observations, and

�y ¼ 1

n

Xn

t¼1

ln xtð Þ and �t ¼ 1

n

Xn

t¼1

t ¼ nþ 1

2
:

This initial study only considers the possibility of a
trend in the mean of the annual maximum floods.
Future studies should consider the possibility that
the variance of the annual maximum floods could
change over time due to anthropogenic influences,
though such analyses are outside the scope of this
study.

A Nonstationary Flood Frequency Model for Floods

The flood frequency model in Equation (1) is a sta-
tionary model, because it assumes that the moments
of y, given by ly and ry, are fixed. Substitution of
nonstationary trend model for ly(t) in Equation (4)
for the fixed value of ly in Equation (1) leads to the
following nonstationary flood frequency model

xpðtÞ ¼ exp �yþ b̂ t� nþ 1

2

� �
þ zpsy

� �
; ð5Þ

where sy is an estimate of the standard deviation of
the natural logarithms of the annual maximum floods
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and the index of time is assumed to be t = 1, 2,… n
and zp is the inverse of a standard normal random
variable with exceedance probability p. Note that the
average value of the years in which flood observa-
tions occur can also be rewritten in terms of the first
and last year of the flood record, t1 and tn, respec-
tively, which leads to

�t ¼ 1

n

Xtn

t¼t1

t ¼ tn þ 1ð Þ tn � 2t1 þ 2ð Þ
2n

: ð6Þ

Thus Equation (5) can also be expressed in terms
of the first and last year of flood observations as

xpðtÞ ¼ exp �yþ b̂ t� tn þ 1ð Þ tn � 2t1 þ 2ð Þ
2n

� �
þ zpsy

� �
:

ð7Þ

Equations (5) and (7) are mathematically equiva-
lent but Equation (5) assumes that the index of time
in years corresponding to the annual floods is given
by t = 1, 2,…, n, whereas Equation (7) is perhaps
more useful in practice because the flood series can
be indexed by the actual year in which it occurred so
that the index of time is t = t1, t2,…, tn.

Flood Magnification Factors

The primary goal of this study is to explore the
impact and significance of observed trends in flood
series on the magnitude and frequency of floods. For
this purpose, we employ the nonstationary flood fre-
quency model in Equations (5) and (7) to derive what
we term the flood magnification factor M defined as a
factor by which the current design flood quantile
would have to be multiplied by to obtain the magni-
tude of the flood in some future year. Such a flood
magnification factor is defined as

M ¼ xpðtþ DtÞ
xp tð Þ ; ð8Þ

where t is some current time period of interest, and
Dt is some future planning horizon. Substitution of
Equations (5) and (7) into Equation (8) leads to the
simple result that

M ¼ exp b̂Dt
h i

: ð9Þ

So that the increase (decrease) in the design flood
quantile over some future period of time Dt, only
depends on our estimate of the slope of the flood
trends.

Recurrence Reduction

Analogous to the flood magnification factor, one
can define a recurrence reduction (RR) as average
time between floods in some future year tf associated
with the flood with an average recurrence interval of
To in some reference year to. If the average recur-
rence intervals associated with a flood today and in
some future year are To and Tf, respectively, then
their respective exceedance probabilities are given by
po = 1 ⁄ To and pf = 1 ⁄ Tf, respectively. Our concern is
what the average recurrence interval associated with
the magnitude of the To year flood will be in some
future year tf so that RR is equal to the value of
Tf = 1 ⁄ pf corresponding to

xp0
ðt0Þ ¼ xpf

ðtfÞ ð10Þ

which requires solution of the following expression for
Tf = 1 ⁄ pf

exp �yþ b̂ t0 �
nþ 1

2

� �
þ zp0

sy

� �

¼ exp �yþ b̂ tf �
nþ 1

2

� �
þ zpf

sy

� � ð11Þ

which leads to

Tf ¼
1

1� U zp0
� b̂ tf � t0ð Þ

sy

" # ¼ 1

1� U zp0
� b̂Dt

sy

" # ;

ð12Þ

where the function F() is the cumulative density
function of a standardized normal variable and repre-
sents the probability that a standardized normal vari-
able is less than the value inside the parentheses,
and again zp is the inverse of a standard normal vari-
able with exceedance probability po. Note that if
either b and ⁄ or Dt are zero, then the return period is
unchanged.

An example of the application of Equation (12) fol-
lows. Suppose we are interested in the reduction in
the average return period associated with a flood
which currently has a T0 = 100-year flood in year to.
Further suppose that the coefficient of variation of
the flood series is equal to Cv = 1.5, our planning
horizon is a decade so that Dt = 10 years, and a trend
analysis results in an estimate of b = 0.04. For a log-
normal variate ry ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lnð1þ C2

vÞ
p

so that ry = 1.086.
Since To = 100, po = 0.01 and zp0

¼ 2:326, we obtain
from Equation (12) the result that Tf = 40 years.
Thus in just a decade, the 100-year flood will become
a 40-year flood.
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Recurrence Reduction and Flood Magnification

Trends in flood series tend to both increase the
magnitude of future floods and reduce their average
recurrence intervals. To explore this relationship, we
combine the flood magnification factor M, in Equa-
tion (9) with the RR in Equation (12) leading to:

Tf ¼
1

1�U zp0
� b̂ tf � t0ð Þ

sy

" # ¼ 1

1�U zp0
� ln Mð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ln 1þC2
vð Þ

p
" # ;

ð13Þ

where Cv = rx ⁄lx is the coefficient of variation of the
original flood series, x. Figure 1 illustrates the rela-
tionship shown in Equation (13) for the 100-year
flood (To = 1 ⁄ po = 100). Figure 1 documents that
reductions in the average recurrence interval tend to
increase as both the magnification factor M increases
and as the variability of the flood series Cv decreases.
Interestingly, the impact of trends on the recurrence
of design events tends to be larger for sites with
lower variability, though that impact tends to disap-
pear as M increases. For a fixed flood magnification
factor, say M = 1.5, we observe that reductions in
recurrence interval of the 100-year flood are dramati-
cally larger for sites with small values of Cv. This
result is not intuitively obvious and should be
explored further. The above theoretical expressions
are validated in our analyses below which employs
thousands of flood series across the U.S.

Database

Records of annual maximum instantaneous peak
streamflow (AMIPS) were obtained from the USGS
National Water Information System (NWIS). Each

AMIPS value was classified as either ‘‘regulated’’ or
‘‘nonregulated’’ based on Peak Streamflow-Qualifica-
tion Codes provided by USGS (if a value was accom-
panied by the note ‘‘Discharge affected by regulation
or diversion’’ or ‘‘Discharge affected to an unknown
degree by regulation or diversion,’’ it was placed in
the ‘‘regulated’’ category). In an effort to include as
many flow records as possible, if a stream gage had
10 or more AMIPS values in the ‘‘regulated’’ and ⁄ or
‘‘nonregulated’’ categories, the gage’s record was con-
sidered suitable for this study. A gage’s record was
also given a special classification if the gage was
included in the USGS Hydro-Climatic Data Network
(HCDN) (see Slack et al., 1993). A total of 14,893 sta-
tions were included in the nonregulated group and of
those stations, only 1,588 were included in the HCDN
dataset. A total of 4,537 stations were included in the
regulated group.

RESULTS

The exponential trend model in Equation (4) was
fit to all the basins described above. Figure 2 provides
an example of the type of results obtained for the
Aberjona River basin located just outside Boston,
Massachusetts. Here, a significant positive trend was
obtained with b̂ ¼ 0:0146. As already described, there
are a broad range of complex statistical issues which
make it impossible to be certain that the relationship
observed in Figure 2 is truly due to a positive expo-
nential trend in the AMIPS. However, common sense
indicates that this basin does exhibit increasing flood
flows due to the tremendous increases in urbaniza-
tion which have occurred over the past 70 years (see
Ng and Vogel, 2010). To evaluate whether or not a
particular site exhibits large positive trends, we only

0
5

10
15
20
25
30
35
40
45
50

0 0.5 1 1.5 2
Coefficient of Variation, Cv

A
ve

ra
ge

 R
et

ur
n 

Pe
rio

d 
of

 
T o

=1
00

 Y
ea

r F
lo

od
, T

f M = 1.5
M = 2.0
M = 5.0

FIGURE 1. Relationship Between Tf, the Average Recurrence
Interval of the T0 = 100-Year Flood for a Nonstationary Flood

Series as a Function of the Flood Magnification Factor M,
and Coefficient of Variation Cv of the Flood Series.

10

100

1000

10000

1940 1950 1960 1970 1980 1990 2000 2010

Year

St
re

am
flo

w
, c

fs

FIGURE 2. Example of Trend in the Logarithms
of the Annual Maximum Streamflows for the

Aberjona River in Massachusetts (b̂ = 0.0146).

VOGEL, YAINDL, AND WALTER

JAWRA 468 JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION



consider stations which exhibited positive trends in
streamflow with trend model coefficients which exhi-
bit significance levels of 0.05 or less (p < 0.05). Here,
significance level is computed using a one-sided Stu-
dent’s t-test on the slope term in the trend model,
and those significance levels are further evaluated to
assure that the trend model residuals are indepen-
dent and normally distributed as is required for such
a Student’s t-test to be reliable.

An automated normality test was implemented to
assure that the exponential trend model residuals
were normally distributed and to assure that the log-
arithms of the annual maximum floods were approxi-
mately normally distributed. Those results are
summarized in the Appendix. Here, we employ the
probability plot correlation coefficient (PPCC) test of
normality using Blom’s plotting position summarized
by Vogel (1986) with the critical values computed
from the regression equations developed by Heo et al.
(2008).

Figure 3 uses very small circles to illustrate the
location of the 14,893 stations which were included in
the nonregulated group. Of those stations, 1,642
(11%) showed positive trends with p-values <0.05.
Decadal magnification factors are illustrated in Fig-
ure 3 using circles whose diameter is proportional to
the size of the factor. A decadal magnification factor
is defined as M ¼ exp

	
b̂Dt



¼ exp

	
10b̂



. It appears

that some of the largest values and largest concentra-
tions of values of decadal magnification factors occur
in heavily urbanized regions of the U.S. such as in
the northeastern coastal corridor, and the urban
areas surrounding Los Angeles, California and
Chicago, Illinois. We conclude that future attention

should be given to evaluation of flood magnification
factors in heavily urbanized regions.

Similarly, Figure 4 illustrates the location of the
4,537 stations which were included in the regulated
group along with the decadal magnification factors
for the 481 (11%) stations which showed positive
trends (p < 0.05). Similarly, Figure 5 illustrates the
location of the 1,588 stations which were included in
the HCDN group along with the decadal magnifica-
tion factors for the 208 (13%) stations which showed
positive trends (p < 0.05). Note that in all cases, we
obtained more than twice as many positive trends as
would be expected by chance, because in all cases we
obtained more than twice as many as the 5% expecta-
tion associated with our assumed p-values. However,
since our tests do not account for the spatial cross-
correlation among the flood series, nor do they
account for the possible serial correlation or the pos-
sibility of long-term persistence, we do not conclude
that any of the reported trends are statistically sig-
nificant trends. Rather, we simply claim that these
are positive trends which are worth exploring to
determine their impact on flood frequency analysis
and design.

Figure 6 uses boxplots to illustrate the distribution
of the positive decadal magnification factors for the
three groups reported earlier in Figures 3-5. The
most important result we observe in Figure 6 is that
the decadal flood magnification factors for the regu-
lated and nonregulated groups of sites are much
higher than for the HCDN sites. This result is
extremely important, because it documents how
misleading it can be to restrict our attention to the
impacts of climate change on streamflow, without
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FIGURE 3. Location of 14,893 Stations in the ‘‘No Regulation’’ Group and the Decadal
Magnification Factors Associated With the 1,642 (11%) Stations Which Exhibited Positive Trends.
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considering other sources of changes. Importantly,
the sites included in the HCDN dataset which are
often assumed to be ‘‘pristine’’ and not effected by
development, show relatively small magnification fac-
tors even when positive trends were detected. We
conclude from Figure 6 that much greater attention
should be given to the consequences of flood trends
which result from the wide variety of anthropogenic
influences which are likely causing the large decadal
magnification factors for the regulated and nonregu-
lated groups of sites. Figure 7 illustrates boxplots of

the decadal magnification factors for the sites which
exhibited negative trends with p-values in excess of
0.05. As expected the magnification factors for the
group of HCDN stations are generally closer to unity
than for the other groups considered.

Figure 8 reports estimates of the average return
period associated with the 100-year flood, assuming a
planning horizon of Dt = 10 in Equation (12) for the
three groups of sites. What we observe are very large
drops in the recurrence interval associated with the
100-year flood for all stations with positive trends.
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FIGURE 4. Location of 4,537 Stations in the ‘‘Regulated’’ Group and the Decadal Magnification
Factors Associated With the 481 (11%) Stations Which Exhibited Positive Trends.
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FIGURE 5. Location of 1,588 Stations in the ‘‘HCDN’’ Group and the Decadal Magnification
Factors Associated With the 208 (13%) Stations Which Exhibited Positive Trends.
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Again, similar to the results for the flood magnifica-
tion factors, the RRs are smallest for the HCDN
basins which are least impacted by anthropogenic
influences. We conclude that for those sites which are
subject to large anthropogenic influences, reductions
in the recurrence of severe floods can be quite dra-
matic and this issue should be given much greater
attention than has been to date.

SUMMARY AND CONCLUSIONS

This study has sought to evaluate the impact of
trends in flood series on flood frequency analysis and
design. Instead of focusing only on the widely used
HCDN dataset (Slack et al., 1993) of streamflows not
heavily influenced by anthropogenic influences, which
has been used in so many previous investigations, we

sought a more balanced view of trends in flood series.
For that purpose, we employed nearly all the USGS
flow records in the U.S. in an effort to ascertain the
impact of flood trends which may result from a very
broad range of anthropogenic influences including
changes in climate, land use, water use, water infra-
structure, and other forms of flow regulation.

The Appendix to this study shows, once again, that
a two parameter lognormal model provides a good
approximation to the probability distribution of AM-
IPS (x = AMIPS) for most stations. Other three
parameter models would provide a slightly more
accurate fit to the observations; however, such models
would not have enabled us to derive a generalized
understanding of the impact of flood trends on both
the magnitude and frequency of future floods. The
Appendix also demonstrates that the exponential
trend model described in Equations (2–4) provides an
excellent approximation to the relationship between
the mean of the logarithms of the AMIPS and time
for thousands of stations across the U.S. A regression
of y = ln(x) = ln(AMIPS) vs. time provides an estimate
of the conditional mean of y which we termed ly tð Þ.
This nonstationary model of the mean value of y, con-
ditioned on time, t, offers a simple, practical and use-
ful method for modeling the change in the mean of
the distribution of flood magnitudes. When combined
with the LN2 model, we obtain a simple yet useful
nonstationary flood frequency model which should
prove useful in planning applications.

Using the nonstationary LN2 flood frequency
model, we derive a flood magnification factor which
only depends on the slope of the log-linear trend
and the interval of time under consideration.
Interestingly, for this simple nonstationary LN2

FIGURE 6. Decadal Magnification Factors for the Stations
With Positive Trends as Shown in Figures 3-5.

FIGURE 7. Decadal Magnification Factors
for the Stations With Negative Trends.

FIGURE 8. Reduction in Average Recurrence Interval
of the 100-Year Flood for the Sites Within the Three
Groups of USGS Stations With Large Positive Flood

Trends (p > 0.05) Assuming a Decadal Planning Horizon.
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model, flood magnification factors do not depend on
the recurrence interval of the flood, so that increases
in flood magnitudes resulting from flood trends,
appear to be invariant to the magnitude of the flood.
This will not be the case if other more complex flood
frequency models are employed. Future research
should address the role that the form of the flood fre-
quency distribution plays in determining the impact
of flood trends on design flood estimates.

Examination of flood records for all regions of the
U.S. with the nonstationary flood frequency model
introduced here led to the following observations. Sta-
tions with significant positive magnification factors
appear in all regions of the U.S. Three groups of sites
were considered: nonregulated, regulated, and those
stations included in the HCDN dataset. As a group,
the stations that were affected by regulation or diver-
sion showed smaller magnification factors than the
unregulated stations. Stations included in the HCDN
dataset, which were assumed to represent ‘‘pristine’’
conditions, exhibited even smaller positive trends
than either of the other two groups. Across all three
groups, a similar percentage of sites exhibited signifi-
cant positive trends, which seems to indicate that
flood regulation strategies and development levels
within a given watershed will not affect the chance of
that watershed having increasing flood magnitude.
However, because unregulated, non-HCDN stations
had a much higher range of magnification factors,
it does appear that development impacts within a
watershed could magnify any naturally caused in-
creases in flood magnitude.

It appears that some of the largest values and larg-
est concentrations of values of decadal magnification
factors occur in heavily urbanized regions of the U.S.
such as in the northeastern coastal corridor, and the
urban areas surrounding Los Angeles and Chicago.
We conclude that future attention should be given to
evaluation of flood magnification factors in heavily
urbanized regions.

The most important result we observe in Figure 6
is that the decadal flood magnification factors for the
regulated and nonregulated groups of sites are much
higher than for the HCDN sites. Similarly, we
observe in Figure 8 that the 100-year flood will occur
much more frequently in the future, at the regulated
and unregulated sites than for the HCDN sites.
These results are extremely important, because they
document how misleading it can be to restrict our
attention to the impacts of climate change on stream-
flow, without considering other sources of change.
Importantly, the sites included in the HCDN dataset
which are often assumed to be ‘‘pristine’’ and not
effected by development, show relatively small mag-
nification factors even when positive trends were
detected. We conclude from Figures 6 and 8 that

much greater attention should be given to the conse-
quences of flood trends which result from the wide
variety of anthropogenic influences.

There are several limitations to this initial analysis
of flood trends in the U.S. Trends due to anthropo-
genic influences do not always begin at the start of a
flood record and will not necessarily continue in the
future. Some urbanized areas are taking steps to
reduce the magnitude of floods while other areas con-
tinue to urbanize. Similarly, improvements in agri-
cultural practices can lead to decreases in annual
floods (Potter, 1991) yet future changes in land use
could easily reverse this trend. This study has
employed statistical methods for modeling trends
which do not take into account their likely cause(s).
Deterministic methods are recommended for model-
ing such local site-specific anthropogenic influences
including land-use changes and future climate
change. There are surely hundreds of examples of
both published and unpublished flood studies which
document the impact of various changes in land use
and climate on past and future floods, and such
methods are preferred over the statistical methods
described here when information concerning such
anthropogenic changes is available.

APPENDIX

In this section, an automated normality test was
implemented to assure that the exponential trend
model residuals were normally distributed and to
assure that the logarithms of the annual maximum
floods were approximately normally distributed.
Here, we employ the PPCC test of normality using
Blom’s plotting position summarized by Vogel (1986)
with the critical values of this test statistic computed
using the regression equations developed by Heo
et al. (2008).

The validity of the assumption of lognormality was
tested for the three groups of stations at various lev-
els of significance. The results of the lognormal PPCC
test are summarized in Table A1. These results indi-
cate that a lognormal distribution provides a good
approximation to the distribution of flood magni-
tudes, with roughly 90% of sites in any of the three
groups passing a PPCC test using a 0.005 signifi-
cance level. Additionally, the subset of stations with
positive trends exhibits approximately the same
goodness of fit associated with the lognormal distribu-
tion as the greater population. This seems to indicate
that stations with positive trends do not constitute a
separate population for which the assumption of
lognormality is not applicable.
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The validity of the OLS regression model was
also tested for the three groups of stations at vari-
ous significance levels. The results of the PPCC
tests of the normality of the OLS regression resid-
ual errors are summarized in Table A2. The results
indicate that OLS regression is valid for a majority
of stations; once again about 90% of sites pass a

PPCC test with a 0.005 significance level in any of
the three groups. The subset of stations with posi-
tive trends pass the PPCC test at about the same
rate as the larger population. In other words, the
stations with positive trends are as well described
by OLS regression as sites with no trends or nega-
tive trends.

TABLE A1. Results of Normal Probability Plot Correlation Coefficient Evaluation of Series of the Logarithms
of Annual Maximum Floods From Each of the Three Groups of Sites, for Various Significance Levels.

Significance
Level, p

Stations – No Regulation
Total (n = 14,893)

Stations – Regulation
Total (n = 4,537)

Stations – HCDN
Total (n = 1,588)

No. Stations
Passing

Percent of Stations
Passing

No. Stations
Passing

Percent of Stations
Passing

No. Stations
Passing

Percent of Stations
Passing

0.005 13,895 93 3,881 86 1,424 90
0.01 13,282 89 3,603 79 1,331 84
0.05 11,485 77 2,993 66 1,076 68
0.1 10,503 71 2,700 60 974 61

Stations With Positive Trends With
p < 0.05 and M > 1 (n = 1,642)

Stations With Positive Trends With
p < 0.05, M > 1 (n = 481)

Stations With Positive Trends With
p < 0.05, M > 1 (n = 208)

No. Stations
Passing

Percent of Stations
Passing

No. Stations
Passing

Percent of Stations
Passing

No. Stations
Passing

Percent of Stations
Passing

0.005 1,526 93 418 87 182 88
0.01 1,461 89 386 80 173 83
0.05 1,256 76 318 66 144 69
0.1 1,128 69 292 61 124 60

TABLE A2. Results of Normal Probability Plot Correlation Coefficient Evaluations of the Trend Regression
Model Residuals From Each of the Three Groups of Sites, for Various Significance Levels.

Significance
Level, p

Stations – No Regulation
Total (n = 14,893)

Stations – Regulation
Total (n = 4,537)

Stations – HCDN
Total (n = 1,588)

No. Stations
Passing

Percent of Stations
Passing

No. Stations
Passing

Percent of Stations
Passing

No. Stations
Passing

Percent of Stations
Passing

0.005 14,041 94 3,974 88 1,433 90
0.01 13,550 91 3,756 83 1,359 86
0.05 11,490 77 3,159 70 1,106 70
0.1 10,958 74 2,885 64 1,004 63

Stations With Positive Trends With
p < 0.05 and M > 1 (n = 1,642)

Stations With Positive Trends With
p < 0.05, M > 1 (n = 481)

Stations With Positive Trends With
p < 0.05, M > 1 (n = 208)

No. Stations
Passing

Percent of Stations
Passing

No. Stations
Passing

Percent of Stations
Passing

No. Stations
Passing

Percent of Stations
Passing

0.005 1,549 94 436 91 182 88
0.01 1,506 92 406 84 174 84
0.05 1,339 82 361 75 146 70
0.1 1,254 76 326 68 133 64
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