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Abstract Statistical relationships between annual floods at 200 long-term (85–127 years of record) streamgauges
in the coterminous United States and the global mean carbon dioxide concentration (GMCO2) record are explored.
The streamgauge locations are limited to those with little or no regulation or urban development. The coterminous
US is divided into four large regions and stationary bootstrapping is used to evaluate if the patterns of these sta-
tistical associations are significantly different from what would be expected under the null hypothesis that flood
magnitudes are independent of GMCO2. In none of the four regions defined in this study is there strong statistical
evidence for flood magnitudes increasing with increasing GMCO2. One region, the southwest, showed a statis-
tically significant negative relationship between GMCO2 and flood magnitudes. The statistical methods applied
compensate both for the inter-site correlation of flood magnitudes and the shorter-term (up to a few decades) serial
correlation of floods.

Key words floods; trends; climate change; statistics; carbon dioxide

L’intensité des crues aux Etats-Unis a-t-elle changé avec les niveaux mondiaux de CO2?
Résumé Nous avons étudié les relations statistiques entre les crues annuelles mesurées en 200 stations de jaugeage
à long terme (85 à 127 ans d’enregistrement) de la partie continentale des Etats-Unis et la concentration moyenne
globale du dioxyde de carbone (GMCO2). Nous nous sommes limités aux stations de jaugeage peu ou pas influ-
encées par la réglementation ou la croissance urbaine. La partie continentale des Etats-Unis a été divisée en quatre
grandes régions et on a utilisé la méthode du bootstrap stationnaire pour tester si les modéles de ces associations
statistiques sont sensiblement différents de ce qui serait attendu sous l’hypothése nulle que l’intensité des crues est
indépendante de GMCO2. Dans aucune des quatre régions définies dans cette étude n’existent de fortes preuves
statistiques que l’intensité des crues augmente avec la croissance de GMCO2. Une région, au Sud-Ouest, présente
une relation décroissante statistiquement significative entre GMCO2 et l’intensité des crues. Les méthodes statis-
tiques appliquées compensent la corrélation de l’intensité des crues entre stations et l’autocorrélation à court terme
(jusqu’à quelques dizaines d’années) des séries de crues.

Mots clefs crues; tendances; changement climatique; statistiques; dioxyde de carbone

INTRODUCTION

One of the anticipated hydrological impacts of
increases in greenhouse gas concentrations in the
atmosphere is an increase in the magnitude of
floods (Trenberth 1999, IPCC 2007, Gutowski et al.
2008). Greenhouse gases change the energy bal-
ance of the atmosphere and lead to atmospheric
warming, which increases the water-holding capac-
ity of the atmosphere, which in turn, potentially

changes the amounts of precipitable water. The resul-
tant warming also changes the form of precipitation
(more rain and less snow), changes the timing of
snowmelt (Dettinger and Cayan 1995, Milly et al.
2002, Hodgkins and Dudley 2006), is projected to
change storm tracks, and may change the frequency
and intensity of large-scale ocean/climate conditions
such as El Niño/Southern Oscillation; therefore, the
idea that river flood characteristics have changed, or
will change, as a result of increased greenhouse gas
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concentrations is reasonable. Effective flood mitiga-
tion strategies depend on accurate assessments of
flood risk. Land and water resource managers are ask-
ing questions about how to estimate future flood risks
with increasing greenhouse gas concentrations. One
approach to estimating these changes is through the
use of atmospheric models coupled with hydrological
models, for example Milly et al. (2002), but such
approaches have serious limitations associated with
the temporal and spatial scales of general circula-
tion models (GCMs) and their physical fidelity to
important flood-producing processes. An alternative
approach is the statistical analysis of a collection of
long-term, high-quality flood records to examine rela-
tionships between flood magnitudes and greenhouse
gas concentrations. Using long flood records has the
combined advantage of observing flooding behaviour
over a substantial range of greenhouse gas concen-
trations and helps to limit the potential for confusing
patterns of long-term persistence with secular trends.
The importance of long-term persistence and the dif-
ficulties it presents to hydrologic data analysis is
discussed by Koutsoyiannis (2003) and by Cohn and
Lins (2005). Kundzewicz and Robson (2004) discuss
several methodological issues regarding the detection
of secular trends in hydrological records. They high-
light the importance of running the analysis with high
quality data sets with at least 50 years of record.

This study attempts to quantify the changes tak-
ing place in flood behaviour in the coterminous
United States (USA) as a function of greenhouse
gas concentrations. The influence of enhanced green-
house forcing on floods is not thought to be a
direct influence. Rather it likely to be a result of
multiple factors that are themselves influenced by
greenhouse forcing. For example, snow pack dynam-
ics have already changed in many areas, the result
being that flood potential may be increased due to
storms producing more rain and less snow than they
would have in the absence of this forcing. However,
the amount of water in storage as snow pack may
be decreased, resulting in potentially smaller flood
volumes from rain-on-snow events. With enhanced
greenhouse forcing, warmer air temperatures may
result in depleted soil moisture and/or lesser amounts
of frozen ground at the time when the most intense
rainfall events occur. Thus, even increased volumes
of precipitation may result in smaller flood peaks
given the greater moisture-storage capacity of the
soil. Across an area as large and diverse (in terms
of climate and topography) as the coterminous USA

∗Note: Tables S1 and S2 are available online only.

it is reasonable to expect that the interplay of these
and many other factors will be quite variable. Given
the recognized shortcomings of climate models in
terms of simulating the many variables that are sig-
nificant to hydrology it is useful to supplement the
more process-based studies with this, much simpler,
empirical approach to the question and seek insight
on the net effect of the possible linkages between
greenhouse forcing and floods at national and regional
scales. For simplicity, we have represented increased
greenhouse forcing here by the annual time series of
GMCO2. It is assumed that the relationship between
GMCO2 and flood magnitudes may vary across the
USA and may depend on the size of the water-
shed. The approach is predicated on the idea that
the increase in GMCO2 over the past century is an
unplanned “experiment” and that every watershed
that has been monitored over that time can be viewed
as an “experimental subject”. The streamflow data set
consists of annual flood series from 200 streamgauges
operated by the US Geological Survey (USGS) in
the coterminous USA, of at least 85 years length
through water year 2008, from basins with little or
no reservoir storage or urban development (less than
150 persons per square kilometre in 2000). Details of
selection criteria, the streamgauge sites, and the peak
streamflow data, are provided in the supplementary
material (Appendix and Tables S1 and S2∗).

The working hypothesis of this study is that
change in GMCO2 is a dominant factor in driving
changes in flood behaviour for these watersheds.
However, human influences associated with large
numbers of very small impoundments and changes
in land use also could play a role in changing flood
magnitude. Unfortunately, at time scales on the order
of a century, it is difficult to make a quantitative
assessment of the changes in these factors over
time. This is a weakness in all such longitudinal
studies of streamflow change, but we believe that
the site selection process employed limits the risk
of confusing land-based and atmospheric causes
of hydrologic change. The selection of suitable
streamgauges for studies such as this one is always
a compromise. If the criteria had been significantly
more restrictive in terms of the amount of reservoir
storage, urban development, or other human activities
in the watersheds, the selected sites would be limited
almost entirely to very small watersheds, typically in
remote and often mountainous areas, atypical of the
types of watersheds that produce floods that result in
significant amounts of economic loss. In addition, the
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record lengths available would be much shorter than
the ones used here. Our criteria were predicated on
obtaining maximum record length and a wide range
of drainage areas.

ASSUMPTIONS ABOUT RELATIONSHIPS
BETWEEN FLOOD MAGNITUDE AND
GMCO2

For each of the 200 streamgauges in the study
a regression model was fit to the annual peak
streamflow. The form of the model was:

ln(Qi) = β0 + β1 × Ci + ei (1)

where Qi is the annual peak streamflow for year i, in
m3 s-1; Ci is the GMCO2 for year i in parts per million
(ppm; see auxiliary material for sources for all vari-
ables used in the analysis), and ei is the unexplained
variation for year i. Evaluation of the residuals from
these regressions suggests an approximately symmet-
rical distribution in most cases. The form of the model
was evaluated through consideration of model residu-
als, and through tests for constant variance and serial
correlation (see Appendix).

There is a growing body of research on the
question of trends in flooding in Europe and across
the globe, for example: Mudelsee et al. 2003,
Kundzewicz 2004, Lindström and Bergström 2004,
Kundzewicz et al. 2005, Hannaford and Marsh 2008.
A number of previous studies have explored temporal
changes in annual peak discharges or annual maxi-
mum daily discharges in the USA (Lins and Slack
1999, McCabe and Wolock 2002, Villarini et al. 2009,
Villarini and Smith 2010). This study contrasts with
these other US studies in two respects. First, those
studies conceptualized the change as being a temporal
trend, so they used analyses such as the Mann-Kendall

test to evaluate changes in the distribution of flood
magnitudes over time. This study explicitly relates
changes in flood magnitudes to CO2. If we consider
the hypothesis that there is such a relationship then
we would expect a low rate of change in the ear-
lier parts of the record and much more rapid rates
of change in more recent years. The data analysis
used here is designed to be more sensitive to such
a pattern of change versus any arbitrary pattern of
monotonic change. The other difference is that the
studies mentioned above focus on the number and
location of streamgauges where the trends are statis-
tically significant. In contrast, the goal of this study is
to search for patterns of relationship, drawing conclu-
sions from the ensemble of streamgauges rather than
making decisions to reject or not reject a null hypoth-
esis that β1 = 0 at any single site. This is similar to the
approach used by Douglas et al. (2000), which explic-
itly considered spatial correlation, but that study
used substantially shorter hydrologic records and did
not consider greenhouse gas concentrations as an
explanatory variable. This study is similar in philoso-
phy to longitudinal studies in epidemiology in which
the goal is to explore associations between possible
disease-causing mechanisms and health outcomes of
a population of individuals. Such studies are designed
to provide empirical evidence about risk factors and
to guide process-based research, but draw no conclu-
sions about the mortality or morbidity of individuals
in the study. Our emphasis is not on the “significance”
of associations for any specific watershed, but rather
to identify patterns of association across the USA.

RESULTS

Figure 1 shows estimates of β1 at every streamgauge
and the four regions used: Northeast (NE), Southeast
(SE), Northwest (NW) and Southwest (SW). The

NW
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NE

Absolute Value of
β1
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0.015

0.020
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Fig. 1 Regression results for all 200 streamgauges. Triangles indicate the magnitude and sign of the estimate of β1. The
boundaries of the four regions are shown.
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boundaries of the four regions are simple. The bound-
ary between east and west is the 100th meridian,
generally dividing the more-arid west and more-
humid east. The boundary between north and south
is the 40th parallel, generally separating colder and
warmer climates. Table S2 of the auxiliary mate-
rial lists the results for each streamgauge. Of the
200 streamgauges there are 48 for which the null
hypothesis, β1 = 0, would be rejected at α = 0.05.
Of these, the sign of the estimated value of β1 was
positive in 30 cases and negative in 18 cases. Under
the null hypothesis the expected numbers would be
five positive and five negative. The fact that the
actual numbers are so much larger than the expected
numbers could be a consequence of spatial and tem-
poral correlations in the data and/or the presence of
regionally specific causal relationships to GMCO2.

The overall pattern of the β1 estimates shows
roughly equal numbers of positive and negative
values. The largest positive values are focused in
a north–south band running from Minnesota and
eastern North Dakota through eastern Kansas, with
a strong focus in and near the watershed of the
Red River of the North (located at the boundary
between Minnesota and North Dakota). There is a
smaller area of moderately high positive values in
an area of New Jersey, eastern Pennsylvania, and
eastern New York. The largest set of negative val-
ues is in the Rocky Mountains and arid southwest.
There are some notable similarities and notable differ-
ences between the spatial pattern of change shown in
Fig. 1, and the pattern of projected change in annual
runoff from 1980–1999 to 2090–2099, as illustrated
in maps published by the Intergovernmental Panel
on Climate Change (IPCC), such as Figure 3.4 of
Bates et al. (2008), recognizing that the former is
focused on flood magnitude while the latter is on over-
all water availability. The similarity is strong in terms
of the trend towards drying conditions in the Rocky
Mountains and arid southwest. In addition, the rela-
tively neutral results in the Southeast and Northwest
quadrants of the USA also show a general agree-
ment between this study and the IPCC projections.
However, the highly focused area of very high β1 val-
ues near and to the south of the Red River of the
North shows up as an area of virtually no change in
the runoff projection map. This study’s analysis of
floods in this particular area, as well as other analyses
related to mean runoff conditions in the same area,
are very much at odds with the climate change impact
assessment reported by the IPCC.
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Fig. 2 Boxplots of estimates of β1 (left-hand scale).
On right-hand scale the estimates are re-expressed in units
of percent change per 10 ppm increase in GMCO2. Box
width is proportional to the square root of the sample size.

Figure 2 shows the β1 estimates as a set of
box plots for the USA as a whole and for each
of the four “quadrants” of the USA. The box plots
show distinct regional differences in the values of β1

with the NE showing the strongest tendency towards
positive values and the SW showing the strongest ten-
dency toward negative values. In addition, for each
region, we computed Kendall’s tau (Kendall 1938) for
the relationship between β1 and drainage area, and
between the absolute value of β1 and the drainage
area. In no case did we find a significant relationship.

STATIONARY BOOTSTRAP ANALYSIS

In order to evaluate if these regional patterns are sub-
stantially different from what might be expected by
chance alone if there were no relationship between
flood magnitudes and GMCO2, we performed a
series of bootstrap analyses. Kundzewicz and Robson
(2004) make particular note of the benefits of block
bootstrap approaches to compensate for spatial and
temporal correlation in the analysis of long-term
hydrologic records. Bootstrap techniques have been
applied in other regional studies of streamflow trends,
for example Douglas et al. (2000) and Wilson et al.
(2010). The specific method used was a variation
of stationary (block) bootstrap (Politis and Romano
1994), in which the relationship between the annual
floods and GMCO2 was randomized. The procedure
preserves the spatial correlation of the annual flood
data. It also approximately preserves the shorter lag
component (up to about two decades) of the serial
correlation structure of the flood data. The procedure
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is implemented as follows: the GMCO2 record was
kept fixed, that is, the annual values remained in
order from earliest date (1882) to latest date (2008).
Peak streamflow for a region was represented by sta-
tionary bootstrap replicates. For each replicate, the
stationary bootstrap procedure selects a random sam-
ple, with replacement, of blocks of years across all of
the streamgauges in the region. These blocks are of
random length with block length geometrically dis-
tributed with a mean length of 20 years (mean lengths
of 10 and 30 were also used but the effect of varying
the mean block length on the results was very small).
For each bootstrap replicate, the resampled time series
of ln(Q) at each streamgauge are regressed against the
GMCO2 values for the entire period of record. For
iteration j, mj is computed as the median estimate of
β1 across all of the streamgauges in the region. The
test statistic is M , the median of the estimated values
of β1 for a region (with the observations in their orig-
inal order). The null hypothesis is that the expected
value of M is zero in the region (i.e. no relation-
ship between flood magnitudes and GMCO2). Using
10 000 iterations of the bootstrap, we computed the
attained, two-sided significance level for each region.
The p-value is the fraction of the iterations in which
|mj| ≥ |M |. Table 1lists the results of the procedure by
region.

DISCUSSION

The only strong statistical result is the negative rela-
tionship between GMCO2 and flood magnitudes in
the SW region. The results are suggestive of a pos-
itive relationship in the NE region. The other two
regions were not suggestive of a relationship in one
direction or the other. The NE results are strongly
influenced by the cluster of positive values in the area
surrounding the Red River of the North and all of
the records in this cluster are highly correlated. It has
long been recognized that this region of the USA
(and adjoining areas of Canada) has experienced a
series of highly persistent quasi-periodic oscillations

in hydrological conditions over time spans of a cen-
tury or more (Rannie 1998, Knox 2000, Vecchia
2008). It also is well known that this region has
experienced an abrupt and large increase in precip-
itation amounts, particularly since about 1980. The
temporal pattern of floods that is observed in the
data for this region is consistent with one or more
of three lines of argument: (1) greenhouse forc-
ing as a cause of the change, (2) changes in land
management (particularly land drainage and levee
construction) as a cause of the change, or (3) per-
sistent atmospheric conditions that have time scales
of a century or more and which could reverse them-
selves at some unknown future time/area, as a cause
of the change. Knowledge based on historical obser-
vations and/or palaeo-hydrological information sub-
jectively points to the latter of these three possibil-
ities as being more likely, although a combination
of these influences is also supportable. The south-
ern Rocky Mountains and southwestern desert areas
present a similar puzzle. Palaeo-hydrological records
and historical information suggest oscillations that
reflect much wetter conditions in the late 19th cen-
tury and very early 20th century than those experi-
enced in recent decades (National Research Council
2007). Here again, the influence of greenhouse forc-
ing (changing storm tracks and decreasing the size
of winter snowpacks), or land-management, or the
existence of some highly persistent quasi-periodic
phenomena are all plausible explanations of the pat-
terns observed. In particular, in the southwestern
region, the warming that has taken place is likely to
be causing decreased winter snowpacks in some of
the watersheds and this decrease may be contributing
to a decreased potential for flooding.

There are caveats about these analyses and
their usefulness in relating future changes in flood
magnitude to future increases in GMCO2, includ-
ing the recognition that the response could be
highly non-linear or may have important threshold
levels. Another possibility is that flood behaviour
is influenced by other global atmospheric vari-
ables in addition to GMCO2. To test this idea we

Table 1 The number of streamgauges, median estimate of β1, percentage of streamgauges with positive β1, and attained
two-sided significance levels for the stationary bootstrap.

Region NE SE NW SW

Number of streamgauges 85 61 36 18
Median estimate of β1 0.0016 0.0009 −0.0006 −0.0041
Percent of streamgauges with β1 > 0 62% 61% 36% 22%
Attained two-sided significance 0.14 0.40 0.57 0.0019
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regressed ln(Q) values against GMCO2 and indices
of El Niño/Southern Oscillation, Pacific Decadal
Oscillation, and Atlantic Multidecadal Oscillation
(see Table S2). Our conclusion from this analysis is
that, although knowledge of these atmospheric vari-
ables may be useful in estimating flood risk in some
particular years in parts of the USA, they provide
little additional insight on the question of the relation-
ship of flood magnitudes to GMCO2. We found that
the inclusion of these other variables leads to a mod-
est decrease in evidence for a positive association of
GMCO2 to flood magnitude. How increased green-
house forcing will change the frequency and intensity
of these phenomena is an important question to be
explored because of the influence that they have on
flood-producing atmospheric conditions. It is possi-
ble that changes in these climate modes may prove
to be as significant to flooding as the direct impact
of factors such as changes in air temperature or the
water-holding capacity of the atmosphere.

CONCLUSIONS

The question of how floods are related to
GMCO2 concentrations is an important one for
adaptation to climate change. This study suggests
positive associations in colder areas with moderate to
high precipitation amounts and negative associations
in some of the dryer parts of the USA. The results
of this study do not mean that no strong relationship
between flooding and GMCO2 will emerge in other
areas in the future. It may be that the greenhouse
forcing is not yet sufficiently large to produce
changes in flood behaviour that rise above the “noise”
in the flood-producing processes. What these results
do indicate is that except for the decreased flood
magnitudes observed in the SW there is no strong
empirical evidence in any of the other 3 regions for
increases or decreases in flood magnitudes in the
face of the 32% increase in GMCO2 that has taken
place over the study period. However, it is crucial
that analysis of the empirical data be conducted
repeatedly as greenhouse forcing changes over time
because such empirical analyses are a valuable check
on the results of theoretical or model-driven studies
of this issue.

We believe that a wide range of empirical
approaches to this issue need to be undertaken and
some may reveal patterns that this analysis was unable
to discern. In particular, much more detailed analyses
of these questions focused on particular regions may
be very fruitful. Changes in the intensity or frequency

of certain storm tracks (such as “atmospheric rivers”
discussed by Dettinger 2011), and changes in the rel-
ative importance of the role of snowpack and rain
on snow events are crucial to the insights needed to
project regional changes in flood hazards. The addi-
tion of new data over time should increase the power
and usefulness of data-driven approaches. Milly et al.
(2008) state “In a nonstationary world, continuity of
observations is crucial” and we add that continuing
analysis of those observations is also crucial (see
National Research Council 2009, p.13).
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APPENDIX

Site and peak selection

Peak-streamflow data for US Geological Survey
(USGS) streamgauges in the National Water
Information System (NWIS) online database,
http://nwis.waterdata.usgs.gov/nwis/peak, accessed
27 January 2010, were examined for the 48 coter-
minous States and the District of Columbia.
Streamgauge records were considered for inclusion
in the study based on four criteria:

(1) They must have had at least 85 years of
annual peak streamflow data through the end
of water year 2008 and there must have had at
least five annual peak discharges in the years
1999 through 2008 (because we wanted the
study to consider only those records that include
recent data).

(2) The peak streamflows must not be significantly
affected by regulation. This is typically indi-
cated by USGS qualification codes 5 or 6 in
the database, although we recognize that there
is a degree of subjectivity to these criteria and
some streamgauges were removed based on
additional information, including consultation
with US Geological Survey employees famil-
iar with the watersheds associated with specific
streamgauges and examination of the ratio of
upstream storage to mean annual discharge. One
flood (the 1964 peak for the Marias River near
Shelby, Montana) was deleted from the record
because it was a result of a dam failure, although
the dam is not considered to have a substantial
impact on floods in other years.

(3) The amount of urbanization of the watershed
upstream of the streamgauge must be low. Only
those watersheds with average population den-
sities of fewer than 150 persons per square kilo-
metre (in the 2000 Census; data obtained from
Daren Carlisle, US Geological Survey, March
2009) were considered.

(4) Streamgauges with tidal influences were also
eliminated based on consultation with U.S.
Geological Survey employees familiar with the
site.

http://www.R-project.org
http://www.R-project.org
http://www.R-project.org
http://pubs.usgs.gov/wsp/wsp2294
http://nwis.waterdata.usgs.gov/nwis/peak
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Some of the selected long-term flood records con-
tain “non-systematic peaks”. These are peaks that
took place prior to the time when continuous stream-
gauging began at these sites. They are typically
estimated by indirect methods and they exist in the
database typically because they are very large floods.
Including them in this study would have introduced
a bias towards an excessive number of large floods
early in the record. Thus, non-systematic peaks were
removed. The criterion used to do this was the follow-
ing: peaks were included if they come from groups of
three or more consecutive years of peak streamflow
values. Individual peaks or two consecutive peaks fol-
lowed by a gap in data collection were deleted because
of concern that they were collected in response to a
large flood event.

Some streamgaging sites have been discontinued
in the past and then reactivated in response to renewed
interest in the sites. Because of this, there are some
missing years of data at some sites. From the first peak
to the last peak, sites range from 0 to 25 years of miss-
ing peaks (mean 3.2 missing peaks, median 0 missing
peaks). On average, the number of peaks used in the
analysis was 96.7% of the total possible years between
the beginning of the record and 2008 and in all cases
was at least 85 peak streamflow values.

After removing peaks affected by dam failure
and non-systematic peaks, any site with fewer than
85 peaks remaining was removed from the study.
In addition, streamgauges were removed from the
data set if they were among a set of streamgauges in
the data set that were closely spaced and/or highly
correlated with each other. If the same stream had
multiple streamgauges within an 8-digit hydrologic
unit (Seaber et al. 1987), the streamgauge with the
shorter period of record was removed. In the case
where the record lengths were equal, the site with the
smallest drainage area was removed. For the remain-
ing sites, Kendall’s tau (Kendall 1938) was computed
for all pairs of streamgauges. For streamgauge pairs
with Kendall’s tau greater than 0.7, the streamgauge
with the shorter period of record was removed. Thus,
the data set was designed to eliminate cases where
records were highly correlated with each other, but
the data set still contains substantial cross-correlation.
The subsequent maps and analysis do reveal strong
regional patterns.

The data set used for this study is provided in
Table S1. The definitive source for the data is the
publicly available USGS National Water Information

System online database at http://nwis.waterdata.usgs.
gov/nwis/peak, which also contains the nonsystematic
peaks removed for this study and is updated as new
annual peaks are determined.

For the 200 streamgauge records used in the
study the median record length is 93 years and
the longest is 127 years. The watersheds range
in size from 41 to 179 000 km2 (median size is
1940 km2).

Regression diagnostics and residuals analysis

Arguably, the regression could have used the log
of the global mean carbon dioxide (GMCO2) con-
centration as its explanatory variable (radiative forc-
ing being proportional to ln(GMCO2)), but over
the range of GMCO2 concentrations in the data
set, the regression results using either GMCO2 or
ln(GMCO2) would be virtually identical in terms of
attained significance levels or estimated change in
flood magnitude per unit change in GMCO2 (for this
time period the linear correlation coefficient between
annual GMCO2 and the log of annual GMCO2 is
0.999). The only transformation that the data sug-
gests is needed is the log transformation of the
dependent variable. In addition to visual examina-
tion of residuals plots, two formal statistical tests
were performed on all 200 regressions to determine
the overall appropriateness of the regression model.
The first was the Breusch-Pagan test (Breusch and
Pagan 1979) to determine if the variance of the
residuals is constant. The results show that in most
cases (182 out of 200) one would not reject the
null hypothesis of constant variance (α = 0.05).
Of the remaining cases, eight show decreasing vari-
ance and 10 show increasing variance. Under the
null hypothesis we would expect five decreasing and
five increasing. As such, we considered the constant
variance model to be appropriate for the data. Note
that under the assumption of constant variance, the
percentage change in flood magnitudes for a given
change in GMCO2 concentration would be the same
across all quantiles of the annual flood peak distribu-
tion (e.g. the 2-year flood, 50-year flood, or 100-year
flood).

The second test was the Durbin-Watson test
(Durbin and Watson 1950) to determine if there
is serial correlation in the residuals. Significant
(α = 0.05) serial correlation of residuals was found
at 20 sites. This result is one reason to discount

http://nwis.waterdata.usgs.gov/nwis/peak
http://nwis.waterdata.usgs.gov/nwis/peak
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conclusions about the significance of individual β1

values and to use the stationary bootstrap procedure,
described in the body of the paper, to consider the
significance of associations between flood peaks and
GMCO2.

Global mean carbon dioxide concentration

Data were obtained 25 January 2010, from the
National Aeronautics and Space Administration
Goddard Institute for Space Studies, http://data.giss.
nasa.gov/modelforce/ghgases/Fig1A.ext.txt. Monthly
values were averaged over each water year (the
12-month period from 1 October for any given year
to 30 September of the following year, designated by
the calendar year in which it ends) to produce mean
annual values that correspond with the water years for
which there are peak streamflow values.

El Niño/Southern Oscillation

The NINO 3.4 index, sea-surface temperature anoma-
lies were obtained 25 January 2010, from the
Royal Netherlands Meteorological Institute, Climate
Explorer, http://climexp.knmi.nl/data/inino5.dat.

Atlantic Multidecadal Oscillation

The Atlantic Multidecadal, unsmoothed, long data set
was obtained from the NOAA Earth System Research
Laboratory (ESRL) 25 January 25 2010, at http://
www.esrl.noaa.gov/psd/data/correlation/amon.us.
long.data.

Pacific Decadal Oscillation

The Pacific Decadal Oscillation data set was obtained
25 January 2010, from the Joint Institute for the
Study of the Atmosphere and Ocean at http://jisao.
washington.edu/pdo/PDO.latest.

Transformation of slope to units of percent
change in flood magnitude per 10 parts per
million increase in CO2

The expression 100(e10β1 – 1) is a useful way to trans-
form the β1 coefficient. This expression defines a
slope in units of percent change in flood magnitude
per 10 parts per million (ppm) increase in GMCO2.
Additionally, for low values of β1, multiplying by
1000 results in an approximation to this transforma-
tion. As a point of reference, GMCO2 concentrations
are currently increasing at a rate of about 10 ppm
every 5 years.

ANOVA test of simple atmospheric carbon dioxide
linear regression model against a more complex
linear regression model for peak streamflow

Analysis of variance (ANOVA) was used to test a
simple global mean carbon dioxide (GMCO2) lin-
ear regression model for peak streamflow against
a more complex linear regression model for peak
streamflow in which GMCO2, Pacific Decadal
Oscillation (PDO), Atlantic Multidecadal Oscillation
(AMO), and El Niño/Southern Oscillation (ENSO)
were the explanatory variables. The comparison of
these two models is valid only if they are fitted to the
same data set. The data set for GMCO2 has values for
the earliest peak streamflow values used (beginning
in 1882), however, the PDO data set began in 1901.
Therefore, the results described here are for peaks in
the period 1901–2008 only.

When using GMCO2 as an explanatory variable
for peak streamflow at 200 sites from 1901–2008,
GMCO2 was a statistically significant explanatory
variable at 48 sites (significance level α = 0.05).

This simple model was tested against the more
complex model using an F-test within ANOVA (R
Development Core Team 2010). At the 0.05 signifi-
cance level, the more complex model was significant
for 34 sites (results shown in Table S2, which is
visible online).

http://data.giss
http://climexp.knmi.nl/data/inino5.dat
http://www.esrl.noaa.gov/psd/data/correlation/amon.us
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http://jisao.washington.edu/pdo/PDO.latest
http://data.giss.nasa.gov/modelforce/ghgases/Fig1A.ext.txt
http://jisao.washington.edu/pdo/PDO.latest



