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Abstract
Flood-frequency analysis provides the basis for flood 

risk estimates used by water-resource managers in land-use 
planning, and it informs the design of essential infrastructure 
such as bridges and culverts. Federal guidelines for 
flood-frequency analysis do not offer guidance on addressing 
changing climate and land-use conditions when estimating 
floods. However, failing to consider climatic and land-use 
changes that cause abrupt or gradual changes in flood regimes 
can result in a poor representation of the true flood risk.

In response to concerns about changing flood regimes, 
the U.S. Geological Survey, in cooperation with nine State 
agencies (Illinois Department of Transportation, Iowa 
Department of Transportation, Michigan Department of 
Transportation, Minnesota Department of Transportation, 
Missouri Department of Transportation, Montana Department 
of Natural Resources and Conservation, North Dakota 
Department of Water Resources, South Dakota Department of 
Transportation, and Wisconsin Department of Transportation) 
began a study to examine variability and change in hydrology 
and climate and the effects of urbanization and tile drainage on 
flooding. The analyses of patterns and changes in hydrology 
and climate were reported in a multichapter Scientific 
Investigations Report, the findings of which are summarized 
in this U.S. Geological Survey Circular. Additional analyses 
documenting changes in seasonality of flooding and the 
effects of urbanization and tile drainage were completed and 
published as separate studies and are also summarized in this 
Circular. These studies provide extensive exploratory analysis 
of peak streamflow, daily streamflow, and climate data, setting 
the stage for advancements in flood-frequency analysis.

Plain Language Summary
In response to concerns about changing flood regimes, 

the U.S. Geological Survey, in cooperation with nine State 
agencies, began a study to examine variability and change in 
hydrology and climate and the effects of urbanization and tile 
drainage on flooding. The findings of that study are briefly 
summarized in this report.

Introduction
Flood-frequency analysis provides the basis for flood risk 

estimates used by water-resource managers, and it informs 
the design of essential infrastructure such as bridges and 
culverts (figs. 1–4). Standardized guidelines for completing 
flood-frequency analyses are presented in a U.S. Geological 
Survey (USGS) Techniques and Methods Report known 
as Bulletin 17C (England and others, 2018). Bulletin 17C 
methods assume that, given a sufficient period of record, 
floods vary around a typical value within a known envelope 
of variance. Put another way, the stationarity assumption is 
that the statistical properties—mean, standard deviation, and 
skew—of annual peak streamflows (hereafter referred to as 
“peak flows”) remain constant over time.

Historically, the assumption of stationarity was widely 
accepted until increased awareness of climatic persistence—
extended periods of wet or dry conditions—and concerns over 
climate and land-use changes prompted a reassessment (Milly 
and others, 2008; Lins and Cohn, 2011; Stedinger and Griffis, 
2011). When the long-term mean flood at a particular site 
or the variability in flooding changes gradually or abruptly, 
the time series is considered nonstationary. More generally, 
nonstationarity refers to changes in the parameters of a time 
series, and in the context of flood frequency and Bulletin 17C, 
those parameters are mean, standard deviation, and skew. 
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Nonstationarity can arise from numerous factors, including 
flow regulation, natural climate variability, climate change, 
and land-use change.

Bulletin 17C does not offer guidance on addressing 
nonstationarities or incorporating changing conditions when 
estimating floods (England and others, 2018). Nevertheless, 
failing to consider climatic and land-use changes that cause 
abrupt or gradual changes in flood regimes can result in a poor 
representation of the true flood risk. Bulletin 17C does identify 
a need for additional flood-frequency studies that incorporate 
changing climate or basin characteristics into the analysis 
(England and others, 2018).

In response to the recent reassessment of the assumption of 
stationarity and the lack of guidance in Bulletin 17C, the USGS, 
in collaboration with the Illinois Department of Transportation, 
Iowa Department of Transportation, Michigan Department 
of Transportation, Minnesota Department of Transportation, 
Missouri Department of Transportation, Montana Department 
of Natural Resources and Conservation, North Dakota 
Department of Water Resources, South Dakota Department of 
Transportation, and Wisconsin Department of Transportation, 
began a study across nine States in the north-central United 
States (Marti and others, 2023). This study area features diverse 
physical features, climate, and land use. Variations in elevation, 
soils, and climate substantially affect the magnitude and timing 
of peak flows. As shown in figure 5, parts of the study area 
have contributing drainage areas in Canada and in States that 
were not part of the study. Many streamgage selection methods 
use prescreened lists of sites, such as the Geospatial Attributes 
of Gages for Evaluating Streamflow, Version II (GAGES-II), 
dataset (Falcone, 2011), that leave out streamgages with parts 
of their drainage area in Canada because of a lack of unified 
climate, land-use, and other ancillary data (for example, refer 
to Ryberg [2022]). However, such data screening leaves out 
some long-term streamgages in this study area, so we included 
streamgages with drainage areas outside the nine-State 
boundary, including areas in Canada.

Figure 1.  Photograph showing the Sorlie Bridge between Grand Forks, North Dakota, and East Grand Forks, Minnesota, during the 
1997 Red River of the North flood. Photograph by the U.S. Geological Survey.

Figure 2.  Photograph showing the 2011 flooding of the Missouri 
River at Bismarck and Mandan, North Dakota. Bridges from top to 
bottom: Expressway Bridge, Liberty Memorial Bridge, Burlington 
Northern Santa Fe Railway Bridge, and Interstate 94 Grant Marsh 
Bridge. Photograph by Joel Galloway, U.S. Geological Survey.
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The first phase of the study summarized how variability 
in hydrology and climate affects the temporal and spatial 
distributions of peak-flow data at unregulated sites (Ryberg 
and others, 2024). The second phase examined changes in 
seasonality (Barth and others, 2025) and land-use changes 
related to urbanization (Over and others, 2025) and tile 
drainage (Podzorski and Ryberg, 2025). These hydrology, 
climate, and land-use studies are summarized in the 
following sections.

Hydroclimatic Study
Hydroclimatology “was defined by Langbein (1967) as 

the study of the influence of climate upon the waters of the 
land” (Wendland, 1987, p. 497). Precipitation, temperature, 
evapotranspiration, and imbalances between them are the 
hydroclimate. Along with physical characteristics like soils 
and topography, the hydroclimate underlies floods and 
droughts (Shelton, 2008). The physical characteristics and the 
hydroclimatology of the study area are diverse. These factors, 
along with human modifications, affect the peak-flow regime, 
or the distribution and characteristics of peak flows in a basin 
(Whipple and others, 2017; Burn and Whitfield, 2023). In some 
areas, peak-flow regimes are clearly dominated by snowmelt 
(fig. 6); in other areas, peak-flow regimes are strongly affected 
by rainfall in spring or summer; and in some areas, peak flows 
are the result of snowmelt and rain (fig. 7).

Figure 3.  Photograph showing the Little Missouri River at Marmarth, North Dakota, flowing under the railroad and highway bridges 
with a streamflow of 260 cubic feet per second and a gage height of 2.38 feet. Photograph by Nathan Stroh, U.S. Geological Survey.

Figure 4.  Photograph showing stormwater runoff through culverts 
in the Arrowhead drainage basin immediately below Arrowhead 
Country Club during a May 2010 storm event in Rapid City, South 
Dakota. Runoff from this drainage discharges into Rapid Creek. 
Photograph by Galen Hoogestraat, U.S. Geological Survey.
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Figure 5.  Map showing topography and hydrography of the study area in the north-central United States (modified from fig. 1 of Ryberg and others [2024]).
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Long-term changes—gradual and abrupt—have been 
documented in peak flow in the study area; downward trends 
in the western part of the study area (Sando and others, 2022; 
Knapp and others, 2023), and upward trends in much of the 
eastern part of the study area (Levin and Holtschlag, 2022; 
Knapp and others, 2023). These changes have been attributed 
to short- and long-term climate patterns and land-use changes 
(Levin and Holtschlag, 2022; Sando and others, 2022), 
demonstrating the applicability of concerns about nonstationarity 
in peak flows in the study area.

Hydroclimatic change and variability were analyzed using 
peak flow (the maximum instantaneous streamflow values 
recorded at a particular site for the entire water year [the period 
from October 1 to September 30 that is designated by the year in 
which it ends], also called the annual maximum series or AMS), 
daily mean streamflow (daily streamflow), and climate metrics. 
Climate metrics analyzed included monthly time series estimates 

of temperature, precipitation, potential evapotranspiration, 
actual evapotranspiration, rainfall, snowfall, soil moisture 
storage, snow water equivalent, and runoff. The precipitation 
and temperature values are observed data obtained from the 
NClimGrid dataset (Vose and others, 2015). All other monthly 
time series are modeled outputs from a monthly water-balance 
model for 1900–2020 (Wieczorek and others, 2022). All climate 
metrics were averaged over the contributing drainage area for 
each streamgage in the study to create basin-average values. 
The climate metric analysis included areas in bordering States; 
however, because monthly water-balance model data are only 
available within the United States, the average is computed 
only for the area inside the United States. The fraction of each 
basin that is within the United States is recorded for the analyst 
to consider in interpreting the climatic results (this information 
is provided in an associated USGS data release [Marti and 
others, 2024a]).

Figure 6.  Photograph showing a hydrologic technician making a high-flow measurement during a snowmelt event on the Gallatin River 
near Gallatin Gateway, Montana. Photograph by Brett Price, U.S. Geological Survey.
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The streamflow and climate data were analyzed in parallel 
for comparative purposes. All data were analyzed across four 
periods: (1) a 100-year period, 1921–2020; (2) a 75-year period, 
1946–2020; (3) a 50-year period, 1971–2020; (4) and a 30-year 
period, 1991–2020 (Ryberg and others, 2024). To focus on 
hydroclimatic variability, a data-informed, regionally consistent 
approach of screening candidate streamgages for substantial 
regulation or water diversions was necessary. The method 
used consisted of examining existing streamflow qualification 
codes and using a dam impact metric to determine whether a 
streamgage was suitable for our analysis (Marti and Ryberg, 
2023). The number of streamgages used varies with period, and 
few sites were in the 100-year period compared to the 30-year 
period. In addition, the number of streamgages with daily 
streamflow is less than the number with sufficient peak flow 
for this study. Therefore, some site-trend period combinations 
have peak-flow and daily flow analyses, but others have only 
peak-flow analyses. The climate analyses were completed for all 
streamgages included in the study.

Literature review, data compilation, and analyses were 
completed as a consistent whole for the nine-State study. These 
steps are documented in chapter A (Ryberg and others, 2024) of 
a multichapter USGS Scientific Investigations Report (Ryberg, 
2024a). An array of statistical and graphical analyses was used to 
investigate peak flow, daily streamflow, and the climate metrics, 
including testing for monotonic trends and change points. 
Monotonic trends are gradual increases or decreases in peak flow 

that are not necessarily linear. Monotonic trends can have some 
curvature, as opposed to a straight-line representation of the trend 
(as in linear regression), but the trend direction is always upward 
or always downward (a line representing the pattern in the data 
cannot be s-shaped; Helsel and others, 2020). Change points are 
abrupt changes, sometimes called step trends or breakpoints, in 
the central tendency of floods or in the variability of floods.

Daily streamflow was used to study floods through 
peaks-over-threshold (POT) analysis using partial-duration flood 
series. A partial-duration flood series is a list of all flows that 
exceed a chosen base stage or discharge, regardless of the number 
of peaks resulting during a water year. This partial-duration flood 
series also is referred to as “floods above a base” (Langbein and 
Iseri, 1960; England and others, 2018). Because of a lack of 
general guidelines for setting a threshold for the floods above 
a base, this POT approach tends to be underused compared to 
analyses that use annual maximum floods based on water year. 
The primary challenge with the POT approach is meeting the 
independence criteria between candidate daily flood events. 
In this study, the approach described in Neri and others (2019) 
was applied to complete a POT analysis with, on average, two 
events per year (POT2) and four events per year (POT4) and no 
more than one event in a time window defined as 5 days plus the 
logarithm of the drainage area in square miles (|log (drainage 
area) +5 days|).

Figure 7.  Photograph showing flooding on the White River near Kadoka, South Dakota (U.S. Geological Survey streamgage 06447000). 
The gage house is left of center near hay bales. Streamflow at this site was measured by the U.S. Geological Survey as about 
26,000 cubic feet per second on May 18, 2015. Major flooding was observed on the White River in South Dakota in May 2015 after snow 
and rain events in western South Dakota. Photograph by Brian Engle, U.S. Geological Survey.
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The code, text documentation, and numerical and 
graphical analysis results for peak flow and daily streamflow 
were combined in R Markdown documents that are available 
in an associated USGS data release (Marti and others, 2024b). 
Similarly, numerical and graphical analysis results for the climate 
analyses are combined in R Markdown documents (Marti 
and others, 2024b). R Markdown documents are reproducible 
“notebook interfaces” that combine code, narrative, and graphics 
(RStudio, 2020). Once the data release files are downloaded, 
the Markdown documents allow users to navigate through the 
results and view graphical depictions of analyses at every site in 
the study. An introduction to the entire study area and detailed 
descriptions of the statistical and graphical analyses were 
provided in chapter A (Ryberg and others, 2024) of a multichapter 
USGS Scientific Investigations Report (Ryberg, 2024a). 
Interpretations of the results were reported in separate chapters for 
each of the nine States (Barth and Sando, 2024; Levin, 2024a, b; 
Marti and Heimann, 2024; Marti and Over, 2024; O’Shea, 2024; 
Ryberg and Williams-Sether, 2025; Sando and others, 2025; 
Williams-Sether and Sanocki, 2025).

Presentation of Statistical Significance

For all statistical hypothesis tests, the probability (p) 
values are reported in an associated data release (Marti and 
others, 2024b). When the results of statistical tests for trends 
are mapped, the trends are presented using a likelihood 
approach, an alternative to simply reporting significant trends 
with an arbitrary cutoff point. Trend likelihood values were 
determined using the p-value reported by each test using the 

following equation: trend likelihood=1–(p-value/2). When the 
trend is likely upward or likely downward, the trend likelihood 
value associated with the trend is between 0.85 and 1.0; that 
is, the chance of the trend going in the specified direction is at 
least 85 out of 100. When the trend is somewhat likely upward 
or somewhat likely downward, the trend likelihood value 
associated with the trend is between 0.70 and 0.85; that is, the 
chance of the trend going in the specified direction is between 
70 and 85 out of 100. When the trend is about as likely as not, 
the trend likelihood value associated with the trend is less 
than 0.70; that is, the chance of the trend being either upward 
or downward is less than 70 out of 100 (refer to Ryberg and 
others [2024] for additional details).

State-Based Summaries

Summaries of interpretations by State follow. Notably, 
not all analyses completed are summarized here, and although 
many spatial and temporal patterns transcend State boundaries, 
the patterns observed in each State are different; therefore, 
the State summaries have differing foci. For example, not all 
summaries include results from the POT analyses.

Many more interpretations are available for each State 
in the State-based chapters (Barth and Sando, 2024; Levin, 
2024a, b; Marti and Heimann, 2024; Marti and Over, 2024; 
O’Shea, 2024; Ryberg and Williams-Sether, 2025; Sando and 
others, 2025; Williams-Sether and Sanocki, 2025). In addition, 
all numerical results and graphics generated for each site-trend 
period analysis are available for further use and interpretation 
in an associated data release (Marti and others, 2024b).
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Illinois Summary
Peak-streamflow magnitude 

has generally increased at streamgages 
across Illinois, and most streamgages in 

the 100- and 75-year trend periods had a 
likely or somewhat likely upward monotonic 

trend in the peak-streamflow median magnitude 
(fig. 8), including the Sangamon River (fig. 9). 

Most streamgages in the 50- and 30-year trend periods have 
upward trends but are clustered in the northern and southern 
parts of the State, and a larger fraction of streamgages in the 
50- and 30-year trend periods do not have a trend than in 

the longer trend periods (Marti and Over, 2024). The median 
trend magnitudes (normalized by median peak flow) equate to 
a 41-percent increase over 100 years, a 35-percent increase over 

75 years, a 26-percent increase over 50 years, and a 23-percent 
increase over 30 years (Marti and Over, 2024).

Streamgages with trends often also have change points (a change 
point is an abrupt rather than gradual change in peak flow). More than 

two-thirds of streamgages in the 100- and 75-year trend periods had 
a monotonic trend and change point in peak flows; the shorter trend 

periods had a smaller percentage of overlap (Marti and others, 
2024b). The change-point results generally mimic those of the 

monotonic trends, and upward change points were detected 
throughout most of the State at the 100- and 75-year trend 

periods and in northern and southern Illinois at the 50- 
and 30-year trend periods. Increases in the frequency 

of peak flows, evaluated using a POT analysis, 
were observed in similar areas as increases 

in peak-streamflow magnitude (Marti and 
others, 2024b). Changes in peak flow in 
Illinois seem to be driven by increasing 

annual and seasonal precipitation 
(fig. 10), which increases soil water 

moisture and runoff. Precipitation has 
increased despite higher temperatures, 

which are driving increases in 
potential evapotranspiration 

(Marti and Over, 2024).
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Figure 8.  Maps showing likelihoods and magnitudes of monotonic trends in peak-streamflow magnitude in 
Illinois for all trend periods (modified from fig. 10 of Marti and Over [2024]).
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Figure 9.  Photograph showing flooding conditions at U.S. Geological Survey streamgage 05583000 (Sangamon River near Oakford, 
Illinois) on January 1, 2016. Daily mean streamflow on this date was measured as 71,700 cubic feet per second. Photograph by Perry 
Draper, U.S. Geological Survey.
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Figure 10.  Maps showing likelihoods and magnitudes of trends in seasonal precipitation in study basins in Illinois for all trend periods and seasons (winter, December–
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modified from fig. 26 of Marti and Over [2024]).
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Iowa Summary
Nearly two-thirds of streamgages included in the study for Iowa have indications of 

nonstationarity, and more than half have an upward trend in each of the four trend periods 
(fig. 11). The magnitude of these trends is substantial; median trend magnitude (normalized 
by the median peak flow) equates to a 48-percent increase over 100 years, a 21.8-percent 
increase over 75 years, a 25.5-percent increase over 50 years, and a 33-percent increase over 
30 years (O’Shea, 2024). A cluster of streamgages in southwestern Iowa had largely downward 
trends for the 75- and 50-year trend periods (fig. 11). The USGS streamgage Big Sioux River at 
Akron, Iowa (06485500), on the Iowa-South Dakota border is part of the area in northwestern Iowa with 

increasing trends in magnitude (figs. 11 and 12).
Trends in annual and seasonal precipitation, particularly for the spring and summer, correspond well 

to the upward monotonic trends at most USGS streamgages in Iowa. Exceptions include southwestern 
Iowa where downward trends in peak flow are more common despite mostly upward trends in 

precipitation for the region (fig. 13). Decreasing trends in the accumulation of snow, 
as measured by the snow water equivalent, as well as changes in the timing of 
peak flow indicate a shift away from springtime snowmelt-driven floods toward 
short but intense precipitation-driven flooding in Iowa (Marti and others, 2024b; 
O’Shea, 2024).
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Figure 11.  Maps showing likelihoods and magnitudes of monotonic trends in peak-streamflow magnitude in 
Iowa for all trend periods (modified from fig. 10 of O’Shea [2024]).
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Figure 12.  Photograph showing flooding conditions at U.S. Geological Survey streamgage 06485500 (Big Sioux River at Akron, Iowa) 
on March 17, 2010. Daily mean streamflow on this date was more than 30,000 cubic feet per second. Photograph by Nate Stevens, 
U.S. Geological Survey.
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Figure 13.  Maps showing likelihoods and magnitudes of trends in annual precipitation in study basins in Iowa 
for all trend periods (modified from fig. 27 of O’Shea [2024]).
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Michigan Summary
Trends (fig. 14) and change points (refer to the 

associated data release [Marti and others 2024b]) in peak 
flow were detected across the State of Michigan (Levin, 
2024a). Trends and change points in peak flow were 
primarily upward in the lower peninsula across all time 
periods (the upward trends represent gradual increases 
and the upward change points represent abrupt increases 
in the central tendency of the peak flows), such as for 
the 30-year period for the Rifle River (fig. 15; refer to 
results in the associated data release [Marti and others, 
2024b]) with some isolated downward changes. In 
the upper peninsula, trends and change points were 
downward for the 75- and 50-year time periods but 
upward or neutral for the 30-year period. Shifts in the 
timing of peak flows were identified with a shift toward 
later peaks in the southern half of the lower peninsula, 
and a shift toward earlier peaks in the eastern and 
northern areas of the lower peninsula. For streamgages 
with upward trends in peak-flow timing in the 75-year 
period, the peak flow shifted an average of 23 days 
later in the spring during the analysis period (Levin, 
2024a; Marti and others, 2024b).

Changes in climate 
during the periods of 

analysis point to wetter conditions 
overall and are likely driving 

increases in streamflow 
(fig. 16). Annual precipitation 

increased at nearly every 
streamgage in the study, 
and the largest in magnitude 
was in winter and spring. 

Temperature increased statewide, 
and most temperature trends began in 
the mid-1970s. Temperature trends 
were generally strongest in fall and 
winter and weakest in the spring. 
Despite widespread increases in 
annual temperature, modeled potential 

evapotranspiration to precipitation ratios 
indicate an overall trend toward wetter 

conditions in Michigan (Levin, 2024a).
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Figure 14.  Maps showing magnitudes and likelihoods of monotonic trends in annual peak-streamflow trends at selected 
U.S. Geological Survey streamgages in Michigan for four analysis periods ending in water year 2020 (modified from fig. 10 of 
Levin [2024a]). [A water year is the period from October 1 to September 30 and is designated by the year in which it ends]
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Figure 15.  Photograph showing U.S. Geological Survey nutrient sampler submerged during major flooding on the Rifle River, Michigan, 
in May 2020. This site is near U.S. Geological Survey streamgage 04142000 (Rifle River near Sterling, Michigan). Photograph by Tom 
Weaver, U.S. Geological Survey.
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Figure 16.  Maps showing magnitudes and likelihoods of monotonic trends in annual precipitation at selected 
U.S. Geological Survey streamgages in Michigan for four analysis periods ending in water year 2020 (modified from fig. 21 of 
Levin [2024a]). [A water year is the period from October 1 to September 30 and is designated by the year in which it ends]
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Minnesota Summary
Upward monotonic trends 

in peak flow were detected northwest to 
southeast in the 100-, 75-, and 50-year analysis 
periods and north to south in the 30-year analysis period 
(fig. 17). Downward monotonic trends were detected mainly in the 
northeastern and southeastern areas of Minnesota. Change points in the median 
peak flow were detected during 1959 to 2003, and most detections were in the early 
to mid-1990s. Some sites indicated increases in the number of peaks above a threshold in the 
1990s as well, including the Roseau River below South Fork near Malung, Minnesota (USGS 
streamgage 05104500; fig. 18). The spatial patterns in change points were like those for 
monotonic trends. Trends in peak-flow timing indicated that peak flows are later in the 
water year mainly in the southern part of Minnesota and earlier in the water year mainly 
in the northern part of Minnesota (Williams-Sether and Sanocki, 2025).

Changes in climate, in general, point to wetter conditions in the southern 
areas of Minnesota and drier conditions in the northern areas of Minnesota. 
Annual precipitation was determined to be increasing northwest to 
southeast in the 100-, 75-, and 50-year analysis periods and in the 
east in the 30-year analysis period (fig. 19). In contrast, areas in the 
north and northwest in the 50- and 30-year analysis periods indicated 

decreasing annual precipitation (fig. 19). These differences in trend 
direction may have several causes. Trend methods are sensitive 
to periods of record because of persistence, especially at the 
beginning or end of the record, from naturally occurring 
quasi-periodic hydroclimatic processes (Cohn and Lins, 
2005). If a series of dry years was at the end of the 

30-year period, that would strongly affect the detection 
of a downward trend. Continued observations will 

indicate whether that downward trend persists.
Notable patterns in other climate metrics were 

detected in Minnesota. The graphics are not shown 
here (refer to Williams-Sether and Sanocki [2025] 
for graphics) but are summarized as follows. Annual 
snowfall was determined to be mostly decreasing 
across Minnesota except in areas in the extreme 
northeast, where annual snowfall was determined 
to be increasing. Decreases in annual potential 
evapotranspiration were detected mainly in the southern half 
of Minnesota, and increases were detected in the northern half 
of Minnesota. Annual soil moisture increased in the southern area of 
Minnesota and decreased in the northern area of the Minnesota in the 
100-, 75-, and 50-year analysis periods. Annual soil moisture decreased in 
the northern and eastern parts of the Minnesota in the 30-year analysis period 
(Williams-Sether and Sanocki, 2025).
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Figure 17.  Maps showing likelihoods and magnitudes of monotonic trends in peak-streamflow magnitude in 
Minnesota for all trend periods (modified from fig. 11 of Williams-Sether and Sanocki [2025]).
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Figure 18.  Photograph showing a U.S. Geological Survey (USGS) hydrologic technician using a cable car to access USGS 
streamgage 05104500 (Roseau River below South Fork near Malung, Minnesota) on March 26, 2009. Photograph by Brett Savage, USGS.
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Figure 19.  Maps showing magnitudes and likelihoods of monotonic trends in annual precipitation at selected 
U.S. Geological Survey streamgages in Minnesota for four analysis periods ending in water year 2020 (modified from 
fig. 23 of Williams-Sether and Sanocki [2025]). [A water year is the period from October 1 to September 30 and is 
designated by the year in which it ends]
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Missouri Summary
Peak-streamflow magnitude has increased at 

most streamgages across the State of Missouri for 
the 100-, 75-, and 50-year trend periods (fig. 20). At 
least 77 percent of streamgages in the 100-, 75-, and 
50-year trend periods had an upward monotonic trend 
in peak-streamflow magnitude, and no streamgages had a 

downward trend, including the Meramec River (fig. 21). 
In the 30-year trend period, 37 percent of streamgages had 
an upward trend, clustered mostly in southwestern Missouri, 
and most streamgages in northern and southeastern Missouri 
had no trend. The median trend magnitude (normalized by the 
median peak flow) equates to a 40-percent increase in the median 
peak flow over 100 years, a 40-percent increase over 75 years, a 
28-percent increase over 50 years, and a 10-percent increase over 
30 years (Marti and Heimann, 2024). Patterns in change points 
in peak-streamflow magnitude generally match patterns in the 
monotonic trends with upward change points throughout most of the 
State at the 100- and 75-year trend periods (Marti and others, 2024b). The 
frequency of large streamflows has increased at some streamgages and trend 
periods in Missouri, but these increases are not as widespread as the increases in 
peak-streamflow magnitude (Marti and Heimann, 2024).

Changes in peak flow in Missouri seem to be driven by increasing annual and 
seasonal precipitation, which increases soil water moisture and runoff (fig. 22). 
Precipitation has increased despite higher temperatures, which are driving increases 
in potential evapotranspiration for the 75-, 50-, and 30-year trend periods (Marti and 
Heimann, 2024).
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Figure 20.  Maps showing likelihoods and magnitudes of monotonic trends in peak-streamflow magnitude in Missouri for all 
trend periods (modified from fig. 10 of Marti and Heimann [2024]).
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Figure 21.  Photograph showing record flooding on the Meramec River in Eureka, Missouri, on December 30, 2015. In late 2015 and 
early 2016, unusually large rainfall in the Upper Mississippi River Valley led to substantial flooding in Arkansas, Illinois, Louisiana, 
Mississippi, Missouri, and Tennessee. Photograph by Miya Barr, U.S. Geological Survey.
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Figure 22.  Maps showing likelihoods and magnitudes of trends in seasonal precipitation in study basins in Missouri for all trend periods (winter, December–February; 
spring, March–May; summer, June–August; and fall, September–November). Symbols are mapped at the outlets of basins (that is, at the location of the streamgage; modified 
from fig. 26 of Marti and Heimann [2024]).
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Montana and Northern Wyoming Summary
Montana and northern Wyoming make up a part of the study area that is geographically diverse with plains in 

the east to high mountains in the west (fig. 23). As such, the results of nonstationarity analysis for Montana and 
contributing basins in northern Wyoming are variable (figs. 24A–D and 25A–D). The 30- and 50-year peak-flow 
change-point results have substantial percentages of trends that are about as likely as not. The general patterns of 

the peak-flow change-point results and the peak-flow monotonic trend results are quite similar (figs. 24A–D 
and 25A–D).

The change points for the 50-, 75-, and 100-year periods are predominantly downward 
(fig. 24A–C) and are concentrated in the 1970s and 1980s (Sando and others, 2025). The downward 
50- and 75-year nonstationarities are associated with mostly upward temperature and potential 
evapotranspiration to precipitation ratio monotonic trends (Sando and others, 2025). The 30-year 
peak-flow change-point and monotonic trend results are predominantly neutral and moderately 

upward, respectively, and proportions of streamgages where peak flows are increasing are about 
twice as prevalent as streamgages where peak flows are decreasing (figs. 24D and 25D). It is 
reasonable to conclude that increases in annual precipitation, winter precipitation, and the 
annual snow to precipitation ratio contributed to the increases in peak flow.

For the 100-year monotonic trend results, three streamgages are likely downward and five are likely upward 
(fig. 25A). The five likely upward streamgages are in the mountains, and three of the five are in the mountainous 
headwaters of the Missouri and Yellowstone Rivers. The three likely downward streamgages are in the lower Yellowstone 
River Basin (Sando and others, 2025). The annual center of volume duration (the number of days between the dates by 
which 25 percent and 75 percent of the annual streamflow volume has passed a streamgage) decreased for two of the 
streamgages with likely upward peak-flow trends in the Missouri and Yellowstone River Basins, which could indicate 
that the snowmelt runoff period is compressing in those mountainous headwaters (refer to the associated data release 
for graphics showing this compression [Marti and others, 2024b]). Conversely, the annual center of volume duration 
increased for two of the streamgages with likely downward peak-flow trends, which could indicate an expanding 
snowmelt runoff period for those streamgages in the lower Yellowstone River Basin (Sando and others, 2025).

The trend analyses cover periods of substantial variability in hydroclimatic conditions: persistent periods of warm 
and dry conditions with low streamflows and cool and wet conditions with high streamflows (fig. 26). In some cases, 
small adjustments of about 10 years in the starting point of a given analysis period might provide different results for 
the same analysis period length. The trend analysis periods should be considered in relation to these hydroclimatic 
fluctuations (Sando and others, 2025).
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Figure 23.  Photograph showing a U.S. Geological Survey hydrologic technician on the cableway over the Yaak River near Troy, 
Montana. Photograph by Ryan Smith, U.S. Geological Survey.
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Figure 24.  Maps showing annual peak-streamflow change-point likelihoods for streamgages included in the (A) 100-, (B) 75-, 
(C) 50-, and (D) 30-year analyses in Montana and northern Wyoming (modified from fig. 23 of Sando and others, 2025).



30    Factors Affecting Peak Streamflow in Ill., Iowa, Mich., Minn., Mo., Mont., N. Dak., S. Dak., and Wis.

105°110°115°

47°

48°

46°

45°

D.–30 year

SW

UYCM

SEP

ECP
NEPNWFH

NW
W

105°110°115°

47°

48°

46°

45°

C.–50 year

SW

UYCM

SEP

ECP

NEPNWFH
NW

W

105°110°115°

47°

48°

46°

45°

B.–75 year

SW

UYCM

SEP

ECP

NEPNWFHNW
W

105°110°115°

47°

48°

46°

45°

A.–100 year

SW

UYCM

SEP

ECP

NEP
NWFHNW

W

EXPLANATION
[W, West; NW, Northwest; NWFH, Northwest Foothills; NEP, Northeast Plains; 
ECP, East-Central Plains; SEP, Southeast Plains; UYCM, Upper Yellowstone-
Central Mountain; SW, Southwest]

Annual peak-streamflow monotonic 
trend likelihood

Somewhat likely upward
About as likely as not (neutral)

W Hydrologic region border and identifier 

Likely upward

Somewhat likely downward
Likely downward

Hydrologic region border and identifier data from Sando and others (2016)

Figure 25.  Maps showing annual peak-streamflow monotonic trend likelihoods for streamgages included in the (A) 100-, (B) 75-, 
(C) 50-, and (D) 30-year analyses in Montana and northern Wyoming (modified from fig. 26 of Sando and others, 2025).
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Figure 26.  Graph showing standardized departures of annual mean streamflow from long-term mean annual streamflow for 65 selected 
streamgages in or near Montana (1890–2020; U.S. Geological Survey, 2021). The annual departures were standardized using Z-scores, 
which are the number and direction of standard deviations away from the long-term mean annual streamflow (modified from fig. 8 of Sando 
and others 2025). [A water year is the period from October 1 to September 30 and is designated by the year in which it ends]
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North Dakota Summary
In summarizing patterns, analysts balance the intersecting objectives of widespread spatial 

coverage for trends and temporal coverage by using the longest trend period possible. In this study, 
for the State of North Dakota, the 50-year trend period is the period that balances spatial and temporal 
coverage best (fig. 27; Ryberg and Williams-Sether, 2025). The pattern of monotonic changes in peak 
flow in this period can be summarized as increased magnitude in the eastern half of the State and 
decreased magnitude in the western half of the State. The 100th meridian is an approximate dividing line, 
a pattern also observed in South Dakota (Barth and Sando, 2024) and more broadly in the Great Plains 
(Powell, 1879; Stegner, 1954; Knapp and others, 2023).

For the 50-year period, the ratio of annual snowfall to annual precipitation declined across the State 
(Ryberg and Williams-Sether, 2025). This pattern of decreased annual snowfall as a fraction of annual 
precipitation can be observed across the Northern Hemisphere; however, like in North Dakota, the resulting 
streamflow variation is complex (Han and others, 2024; Ryberg, 2024b).

Eastern parts of the State are in a snow climate and typically have a pattern indicating that the highest 
frequency of occurrence of peak flow is in the spring, indicative of snowmelt (fig. 28A and B; Ryberg and 
others, 2016). Snowmelt peaks tend to be larger than rain-generated peaks; however, in the eastern part of 
the State, flood magnitude increased but snow as part of total precipitation declined. This observation can be 
explained by changes in annual and seasonal precipitation. In the 50-year trend period, annual precipitation 
increased; therefore, even if snow amounts held steady, the ratio of snow to total precipitation would decline. 

In addition, summer and fall precipitation increased (fig. 29), but the ratio of annual potential evapotranspiration and 
precipitation declined (Ryberg and Williams-Sether, 2025). Greater than normal precipitation in the fall can increase 
soil moisture, resulting in invcreased soil moisture in the eastern part of the State. Moisture-surplus conditions carry 
over into the spring and can increase runoff and flood risk (Ryberg and others, 2014). Evapotranspiration, which 
is controlled in part by temperature, is a primary part of the water balance along with precipitation and runoff, and 
results indicate that, despite increased temperatures, the ratio of annual potential evapotranspiration and precipitation 
has decreased. This decrease indicates that precipitation is a larger driver of observed peak-streamflow trends in the 
east than temperature or evapotranspiration (Marti and others, 2024b; Ryberg and Williams-Sether, 2025).

The trend magnitude pattern for the western part of the State is similar to the pattern of eastern Montana 
(Sando and others, 2025); annual and seasonal precipitation trends are mixed, temperature trends are upward, 
snowfall as a ratio of total precipitation is downward, and potential evapotranspiration and snow moisture trends 
are mixed and have smaller magnitudes than the trends in the east. These factors combine to create conditions in 
which peak flow has declined (Ryberg and Williams-Sether, 2025).
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Figure 27.  Maps showing likelihoods and magnitudes of monotonic trends in peak-streamflow magnitude in North 
Dakota for all trend periods (modified from fig. 13 of Ryberg and Williams-Sether [2025]).
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A B

Figure 28.  Photographs showing (A) a U.S. Geological Survey 
(USGS) hydrologist wading out in freezing waters to collect 
flood data on the Sheyenne River near Cooperstown, North 
Dakota, and (B) a USGS hydrologic technician measuring a 
high-water mark on the Pembina River at Neche, North Dakota. 
Photographs by (A) David Baude and (B) Ernie McCoy, USGS.
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Figure 29.  Maps showing likelihoods and magnitudes of trends in seasonal precipitation in study basins in North Dakota for all trend periods and four 
seasons (winter, December–February; spring, March–May; summer, June–August; and fall, September–November). Symbols are mapped at the outlets of 
basins (that is, at the location of the streamgage; modified from fig. 25 of Ryberg and Williams-Sether [2025]).



36    Factors Affecting Peak Streamflow in Ill., Iowa, Mich., Minn., Mo., Mont., N. Dak., S. Dak., and Wis.

South Dakota Summary
Once regulated sites were removed from the analysis, South Dakota did not have any sites in the 

100-year analysis period. In South Dakota, a distinct east-west spatial pattern of likely upward and downward 
monotonic trends (fig. 30) and change points was detected in the 75- and 50-year trend periods, respectively, 
but an inconsistent spatial pattern was detected in the 30-year trend period, such as for the Moreau River near 
Whitehorse, South Dakota (USGS streamgage 06360500), which recorded a peak of record in 2011 but did 
not have an increasing trend in streamflow (fig. 31; Barth and Sando, 2024). Additionally, change points in the 
median peak flows were detected in the late 1970s and early 1980s in the western part of the State, but in the east, 
the change point was more commonly detected in 1992–93 (refer to the associated data release [Marti and others, 
2024b] for visualizations of change points), a pattern also detected in North Dakota (Ryberg and Williams-Sether, 
2025). A similar east-west spatial pattern of upward and downward trends was detected in the peak-flow timing 
(not shown) based on the day of the year of the peak flow (Barth and Sando, 2024). In the western part of the 
State, the peak flows are arriving earlier, but in the east, the peak flows are arriving later. Similar to detected 
changes in the peak flow, an east-west upward or downward change corresponding to an increase or decrease, 
respectively, in the frequency of daily streamflow greater than predefined thresholds was detected (Barth and 
Sando, 2024).

Detected trends in the annual climate metrics for the 75- and 50-year trend periods indicate a spatially 
consistent statewide increase in precipitation, decrease in snowfall, increase in potential evapotranspiration, and 
increase in soil moisture storage (Barth and Sando, 2024). Furthermore, detected trends in seasonal precipitation 
in the 75- and 50-year trend periods highlight a pronounced change in precipitation in winter and later into the 
summer season, especially in the 50-year trend period in the eastern part of the State (Barth and Sando, 2024). 
Statewide increases in seasonal soil moisture storage were also detected (fig. 32), highlighting year-round 
increasing flood magnitudes, particularly in the eastern part of the State (Barth and Sando, 2024).

The climate metrics analysis results tended to have more statewide consistency than did the results of peak 
and daily streamflow analyses. Metrics of streamflow indicated more east-west differences. Several factors 
contribute to these differences. The combination of increased precipitation in the eastern part of the State, the 
geologic setting, and related soil composition lead to basin memory, or persistence, in the east. The basin memory 
also drives changes not only in annual peak and daily streamflow but also in flow durations and volumes (Norton 
and others, 2022; Barth and Sando, 2024).
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Figure 30.  Maps showing likelihoods and directions of monotonic trends in peak-streamflow magnitude in South Dakota for three 
trend periods (modified from fig. 15 of Barth and Sando [2024]).

Figure 31.  Photograph showing flood conditions on the Moreau River near Whitehorse, South Dakota (U.S. Geological Survey 
streamgage 06360500), on March 20, 2011. Streamflow for this site set a new peak of record high of 34,200 cubic feet per second. 
Photograph by Joel Petersen, U.S. Geological Survey.
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Figure 32.  Maps showing likelihoods and magnitudes of trends in seasonal soil moisture storage in study basins in South Dakota for three trend periods and four 
seasons (winter, December–February; spring, March–May; summer, June–August; and fall, September–November). Symbols are mapped at the outlets of basins (that is, 
at the location of the streamgage; modified from fig. 36 of Barth and Sando [2024]).
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Wisconsin Summary
Trends and change points in peak flows 

varied spatially and temporally during the study period 
in Wisconsin (Levin, 2024b). Peak flows in the Driftless Area of 

Wisconsin (a region in the southwestern part of Wisconsin that was not glaciated 
and is geomorphologically different from other areas of the State with rugged 
hills and deep, steeply sloped river valleys; refer to fig. 4 of Levin [2024b], also refer 
to Knox [2019]) decreased from 1920 through the 1980s but increased between 1990 
and 2020 (fig. 33). The change in direction of the trend around 1990 was accompanied 
by a change in the timing of peak flows; peak flows became more common in the late 
summer and early fall (Levin, 2024b). Peak flows at most streamgages in the southeastern 
corner of Wisconsin increased throughout all analysis periods (fig. 33). Trends in peak 
flows in the central and northern regions of Wisconsin were variable, and upward and 
downward trends were present (fig. 33).

Analyses of daily flows indicated an increase in base flow across all seasons; 
previously dry fall and winter periods have marked increases in base flow, 

and the largest increases are in the most recent 30-year period (Levin, 
2024b). Temperature increased at most streamgages in the State 

in the 100-, 75-, and 50- year periods, driven by fall and winter increases. 
Precipitation also increased at nearly every streamgage, and the largest 

increases were in the southern part of the State. An example of 
rainfall-generated flooding in southern Wisconsin is shown in 

figure 34. Warmer fall and winter temperatures combined with 
an increase in precipitation are likely driving an increase in 
overall wetness across the State, leading to larger base flows, 
increases in peak-streamflow magnitude, and changes in their 
timing (fig. 35; Levin, 2024b).
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Figure 33.  Maps showing likelihoods and magnitudes of monotonic trends in peak-streamflow magnitude in 
Wisconsin for all trend periods (modified from fig. 10 of Levin [2024b]).
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Figure 34.  Photograph showing a U.S. Geological Survey hydrologist documenting a flooded street near the Sugar River in 
Verona, Wisconsin. This photograph was taken after the area received near-record rainfall on August 20, 2018. Photograph by the 
U.S. Geological Survey.
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[Upward trends indicate that peak flows are detected earlier in the year,
and downward trends indicate peak flows are detected later in the year]�

Figure 35.  Maps showing likelihoods of peak-streamflow timing trends at selected U.S. Geological Survey 
streamgages in Wisconsin for four analysis periods ending in water year 2020. Upward trends indicate that peak 
flow are detected earlier in the year, and downward trends indicate peak streamflows are detected later in the year 
(modified from fig. 12 of Levin [2024b]). [A water year is the period from October 1 to September 30 and is designated by 
the year in which it ends]
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Seasonality Study
The nine-State hydroclimatic analysis included limited 

investigation of the timing or seasonality of streamflow (Marti 
and others, 2024b; Ryberg and others, 2024). As a follow 
up, a more advanced study was completed using circular 
statistics to investigate changes in timing and flood-generating 
mechanisms (Barth and others, 2025). Circular statistics 
provide a mechanism to analyze the day of the year of an 
event in a circular fashion, rather than a linear fashion. This 
circular method is necessary because it allows analysts to 
accurately represent that January 1 and December 31 are close 
to each other in time but end up being at opposite ends if a 
year is represented in a linear fashion.

Circular statistics methods were used to characterize the 
seasonal properties of annual maximum series (AMS) and 
partial-duration POT streamflow time series for 841 and 623 
selected USGS streamgages, respectively. The streamgages 
used were those selected for the hydroclimatic variability 
analyses summarized by State. Therefore, the streamgages 
analyzed were considered unregulated without substantial 
diversion. The streamgage selection means that the seasonal 
patterns were not generated by reservoir operations. In 
addition, the same 75-, 50-, and 30-year analysis periods 
through water year 2020 were used (the 100-year analysis 
period was eliminated because of the small number of sites 
with records that long). A subset of AMS time series with 
detected change points (abrupt changes) in the median and 
(or) spread of the peak flow was analyzed on either side of 
the change point to evaluate changes in their circular statistics 
(Barth and others, 2025).

Complete results are available in an associated USGS 
data release (Barth and others, 2024). Results for the 50-year 
trend period and implications are summarized here. In the 
50-year trend period, five subregions within the nine-State 
area share common mean flood timing in the AMS and POT 
partial-duration series (fig. 36). Changes between asymmetric 
distributions, which tend to have at least two seasons with 
floods (such as floods generated from snowpack melt and 
from summer convective storms), and reflective symmetric 
distributions, which tend to have flood timing concentrated 
over a number of continuous months (such as floods that are 
in spring and summer), are detected particularly among the 
50- and 30-year trend periods in the States of North Dakota, 
Minnesota, and Wisconsin. Furthermore, for the subset of 
streamgages with abrupt change points in the AMS, regional 
patterns of changes in seasonality are detected between the 
periods of record before and after the change point. These 
findings have implications for mixed population analyses; 
that is, AMS flood-frequency analyses that consider the 
flood-generating mechanisms. Flood control and response 
operations also could be affected by changes in high 
streamflow durations, volumes, and their timing (fig. 37; Barth 
and others, 2025).

Urbanization Study
A relevant land-use change in parts of the study area is 

urbanization (fig. 38) because of the associated increase in 
impervious surfaces and the effects on runoff and infiltration. 
Basins undergoing urbanization often also experience 
changes in climate, but most previous work on the effect of 
urbanization on peak flows has considered urbanization alone 
and only the spatial variation in flood quantiles or its average 
temporal effect (flood quantiles are the amount of water 
corresponding to a 100-year flood, a 200-year flood, or some 
other flood recurrence interval; U.S. Geological Survey, 2024). 
In addition, most work on the effect of nonstationarity in 
climate has focused on single-station analyses, which cannot 
give results for extreme quantiles. To address these gaps, three 
approaches to the statistical estimation of the joint effects of 
changes in impervious cover and climate on the estimation of 
peak-flow quantiles were compared. One method estimates 
causal effects and peak-flow quantile at individual stations: 
single-station quantile regression. The other two methods use 
multiple sites in the same analysis, using panel regression, 
to add regional information to the model. One method was a 
fixed effect panel-quantile regression (pQR) method using a 
location (mean) shift to homogenize the stations in the panel. 
The other method uses a location-scale panel regression 
(pQRmom) model, which accounts for location (mean) and 
scale (variance) effects. The different approaches were applied 
to a dataset consisting of peak flows from 127 minimally 
nested basins in Illinois, Iowa, Michigan, Minnesota, 
Missouri, and Wisconsin with at least a 4-percent change in 
imperviousness. These data are available in an associated data 
release (Marti and others, 2024a).

The annual maximum daily discharge from a 
water-balance model was selected as the primary climate 
predictor, although precipitation was also considered. 
Impervious fraction regression coefficients for the three 
approaches are shown in figure 39. Single-station regressions 
were usually effective in determining the effects of climate 
variation on annual maximum daily discharge but unreliable 
for determining the effects of urbanization. The panel 
regression approaches give much more precise results, but 
their estimates of quantile dependence differ.

Differences in the panel regression methods can 
be understood by considering at the significance of the 
urbanization coefficient at different annual exceedance 
probabilities (AEPs). The AEP is the probability of flooding 
in any given year considering the full range of possible annual 
floods (England and others, 2018). An AEP of 0.01, for 
example, indicates a 1 in 100, or 1 percent, chance of flooding 
each year. Both methods (pQR and pQRmom) indicate that the 
larger the flood, the less urbanization affects the magnitude, 
but they differ in the magnitude at which the urbanization 
effect becomes insignificant. The pQRmom urbanization 
coefficients are not significantly different from zero for AEPs 
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Figure 36.  Maps showing the timing (by month, indicated by the color and direction of the arrows, where directionally the months 
proceed counterclockwise with January upward) and dispersion (indicated by the length of the arrows) for flood peaks from 
U.S. Geological Survey streamgages in the nine-State study area for the 50-year trend period for the annual maximum series (AMS) 
and the peaks-over-threshold (POT) partial-duration flood series with an average of two and four daily mean streamflows per water 
year (POT2 and 4), respectively. A generalized POT2 time series plot is provided to illustrate daily mean values (blue dots) above a 
POT2 threshold (black horizontal line) (modified from fig. 5 of Barth and others [2025]). [A water year is the period from October 1 to 
September 30 and is designated by the year in which it ends]
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Figure 37.  Graphs showing three aspects of seasonality that are affected by climate changes, (A) flood timing, (B) duration, and (C) variability, and examples of their potential 
effects on seasonal characteristics in the nine-State study area in the north-central United States (modified from fig. 15 of Barth and others [2025]). [A water year is the period 
from October 1 to September 30 and is designated by the year in which it ends. NR, near; ND, North Dakota; R, River; SD, South Dakota]
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less than 0.10, whereas the pQR coefficients remain positive 
and are significant except for AEP=0.01, the smallest AEP 
value considered. That is, the pQRmom method determines 
the urbanization effect goes to zero at floods with less than 
a 10-percent occurrence each year, but the pQR method 
determines the urbanization effect goes to zero at larger 
magnitudes (Over and others, 2025).

Although the location-scale structure of the pQRmom 
approach has less flexible quantile dependence than the pQR 
approach, the pQRmom approach has somewhat lower overall 

error. Results also indicate that by subsetting the dataset to 
homogenize the scale effects, the pQR and pQRmom results 
become similar, indicating the insignificant urbanization 
coefficients for small AEPs of the pQRmom results are likely 
correct for the study dataset (Over and others, 2025). These 
findings highlight how selection of the methodology and 
consideration of variations with AEP can affect results when 
investigating the joint effects of climate and land use on 
flooding.

Figure 38.  Photograph showing where water and impervious surfaces meet—looking west down the Chicago River main stem from 
the Chicago River Controlling Works where water enters from Lake Michigan, Illinois. Photograph by Jim Duncker, U.S. Geological 
Survey.
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Figure 39.  Boxplot showing impervious fraction regression coefficient distributions for the three 
approaches considered in this study: the single-station quantile regression approach, the fixed effect 
panel-quantile regression approach, and the location-scale panel regression model (modified from fig. 3B 
of Over and others [2025]). [lm/plm, single-station and panel least-squares linear model results; rq_tx, 
quantile regression results for a flood with a nonexceedance probability value from 0.01 to 0.99; pQR, 
panel-quantile regression approach; pQRmom, location-scale panel regression approach]
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Tile Drainage Study
Subsurface agricultural drainage, also known as tile 

drainage, uses systems of underground drains that remove 
excess water from the subsurface to increase agricultural 
productivity (fig. 40A, B). Subsurface drainage has a complex 
relation to streamflow characteristics and has been hypothesized 
as a potential driver of changes in peak flow (Barth and others, 
2022). Because of the complex interactions among subsurface 
drains, precipitation, local soil conditions, and land management 
practices, subsurface drainage effect on downstream flow has 
the potential to vary seasonally and by storm events, and not 
all subsurface drainage systems are expected to have the same 
effects (Podzorski and Ryberg, 2025). The purpose of this work 
was to provide a conceptual framework for understanding 
how peak flow might be affected by tile drainage. Hypotheses 
presented in this conceptual framework could be tested in future 
research.

Subsurface drainage can affect the magnitude of peak flow 
by converting surface runoff from a storm event to subsurface 
runoff and can differ at the catchment scale compared to 

the field scale. By increasing hydrologic connectivity of a 
catchment, subsurface drainage can increase nonevent flow 
or the streamflow between storm events, which is typically 
dependent on lateral flow through the subsurface and 
groundwater. By diverting water from groundwater recharge or 
by reducing water available for evapotranspiration, subsurface 
drainage may increase the total volume of streamflow. Finally, 
changes in precipitation amount, frequency, and timing affect 
the need for and performance of subsurface drainage.

States in this study area are projected to have increases in 
precipitation extremes (Knapp and others, 2023; Wilson and 
others, 2023). These precipitation changes may result in the 
expanded use of subsurface drainage (estimated tile drainage in 
2017 is shown in fig. 41). In addition, changes in precipitation 
characteristics may increase infiltration excess overland flow, 
which is also called Hortonian overland flow and is anywhere 
that surface water input exceeds the infiltration capacity of the 
surface (Horton, 1933; Tarboton, 2003). Increased infiltration 
excess overland flow increases flood risk regardless of the 
presence or absence of subsurface drainage (Podzorski and 
Ryberg, 2025).

BB

AA

Figure 40.  Photographs showing subsurface agricultural tile drainage outlets (A) near Embden, North Dakota, and (B) in the 
Midwestern Corn Belt. Photographs by (A) Kathleen Rowland and (B) Peter Van Metre, U.S. Geological Survey.
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Figure 41.  Map showing the percentage of land by county with subsurface agricultural drainage in the nine-State study region (U.S. Census Bureau, 
2017; U.S. Department of Agriculture National Agricultural Statistics Service, 2019a, b; modified from fig. 1 of Podzorski and Ryberg [2025]).
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Summary of Results and Drivers of 
Change

In Illinois and Missouri, increases in peak flow are linked 
to rising annual and seasonal precipitation, despite rising 
temperatures that increase potential evapotranspiration (Marti 
and Heimann, 2024; Marti and Over, 2024). In Iowa, trends 
in precipitation, especially in spring and summer, correspond 
to peak-flow trends, despite some downward trends in 
southwestern Iowa (O’Shea, 2024). Iowa has also had changes 
in seasonality, indicating a shift away from springtime snowmelt 
driven floods and toward short but intense precipitation-driven 
flooding (O’Shea, 2024). In Michigan, annual precipitation 
and temperatures have increased, but modeled potential 
evapotranspiration to precipitation ratios indicate an overall 
trend toward wetter conditions (Levin, 2024a). In Minnesota, 
conditions are wetter in the southern areas and drier in the 
northern areas of the State, but the peak-flow trends pattern 
was not as distinct because of changes in snowfall and 
potential evapotranspiration (Williams-Sether and Sanocki, 
2025). In Montana and contributing drainage areas in northern 
Wyoming, changes in precipitation and snowmelt runoff timing 
are affecting peak-flow patterns (Sando and others, 2025). 
In eastern North Dakota, increased annual precipitation is 
affecting peak flow more than temperature is affecting peak 
flow, resulting in upward trends, while in western North Dakota, 
changes in precipitation and temperature result in downward 
trends (Ryberg and Williams-Sether, 2025). In South Dakota, 
increased precipitation and soil moisture correlate with rising 
flood magnitudes (Barth and Sando, 2024). In Wisconsin, 
increased base flow in fall and winter because of higher 
precipitation and temperatures is leading to overall wetter 
conditions (Levin, 2024b).

In previous attributional studies, comparable results 
were detected at unregulated sites. Long-term precipitation 
and multidecadal climate variability were determined to be 
contributing factors to changes in peak flow in western parts 
of this study area (Sando and others, 2022), and short-term 
precipitation was a factor in eastern parts (Levin and Holtschlag, 
2022). The Fifth National Climate Assessment indicates that 
temporal and spatial variability will continue to be a dominant 
feature of precipitation and temperature in the Northern Great 
Plains with increased risk for floods and droughts (Knapp and 
others, 2023). In the Midwest, rapid transitions between wet and 
dry precipitation extremes are expected to increase (Wilson and 
others, 2023).

In parts of the study area, urbanization has increased 
floods with lower magnitudes and higher AEPs; that is, floods 
with a higher frequency (Over and others, 2025). In addition, 
in parts of the study area, tile drainage could have an effect on 
streamflow. The effects of these human interventions that affect 
infiltration and runoff are usefully studied jointly with climate 
because changes in climate, such as increases in extreme 
precipitation at a rate that exceeds infiltration, affect how 
hydrologists model runoff processes and attribute change.

Implications for Flood-Frequency 
Analysis

Nonstationary flood-frequency analysis necessitates 
detailed exploratory data analysis and additional data and 
information about climatic, land-use, and other factors 
(Serinaldi and Kilsby, 2015). The work summarized here 
provides extensive exploratory analysis for peak flow 
and daily streamflow and climate data, as well as major 
land-use factors, setting the stage for informed nonstationary 
flood-frequency analysis.

No one nonstationary flood-frequency analysis 
method is likely applicable to all studies. Many of the 
suggested nonstationary methods are statistically complex, 
discouraging widespread adoption. One method of addressing 
nonstationarity is explaining the nonstationary behavior 
with an explanatory variable (representing climate or land 
use) and then generating the conditional mean, variance, and 
skew with which to complete the stationary flood-frequency 
analysis (Khaliq and others, 2006; Serago and Vogel, 2018). 
Generalized additive models for location, scale, and shape can 
also incorporate explanatory variables and provide a flexible 
framework for modeling nonstationarities because they can 
model abrupt changes and trends (Villarini and others, 2009a, 
b; Machado and others, 2015).

The changes in seasonality and extended periods of high 
flow can indicate that using only the AMS, peak flow, leaves 
many floods out of the analysis. A POT approach would 
include multiple floods in some years (and none in others) 
that are above a particular threshold. The POT approach has 
been underused mainly because of the challenge of selecting 
a threshold and a minimum separation time that ensure 
independent peaks that meet distributional assumptions and 
provide enough data for estimation of parameters (Khaliq and 
others, 2006; Pan and others, 2022).

Results of these studies indicate that the patterns 
in nonstationarity have spatial cohesiveness or temporal 
cohesiveness, such as the opposing trends in the Dakotas east 
and west of the 100th meridian. A panel regression model 
can incorporate explanatory variables that have fixed effects 
or vary across space and time and therefore could have a 
regional component (Khaliq and others, 2006; Ferreira and 
Ghimire, 2012; Over and others, 2016; Blum and others, 
2020). Modeling regional components of flood behavior can 
be particularly useful given short record lengths at some sites 
(Khaliq and others, 2006).

In conclusion, by providing exploratory analysis of 
peak flows and land use and climate drivers, this report sets 
the stage for the development and application of adaptive 
flood-frequency analysis methodologies that incorporate the 
effects of climate and land-use changes. In this way, flood 
risk can be reassessed considering observed and projected 
trends with implications for water-resource management, 
infrastructure design, and disaster preparedness across the 
north-central United States.



References Cited    51

Summary
Flood-frequency analysis provides the basis for estimates 

of flood risk used by water-resource managers for land-use 
planning, and it informs the design of essential infrastructure 
such as bridges and culverts. Federal guidelines for 
flood-frequency analysis do not offer guidance on addressing 
changing climate and land-use conditions when estimating 
floods. However, omitting climatic and land-use changes that 
cause abrupt or gradual changes in flood regimes can result in 
a poor representation of the true flood risk.

In response to concerns about changing flood regimes, 
the U.S. Geological Survey, in cooperation with nine State 
agencies (Illinois Department of Transportation, Iowa 
Department of Transportation, Michigan Department of 
Transportation, Minnesota Department of Transportation, 
Missouri Department of Transportation, Montana Department 
of Natural Resources and Conservation, North Dakota 
Department of Water Resources, South Dakota Department of 
Transportation, and Wisconsin Department of Transportation) 
began a study to examine variability and change in hydrology 
and climate and the effects of urbanization and tile drainage 
on flooding. The first phase of the study summarized how 
variability and change in hydrology and climate affects 
the temporal and spatial distributions of peak-flow data at 
unregulated sites. The analyses of hydrology and climate were 
reported in a multichapter Scientific Investigations Report, 
the findings of which are summarized in this U.S. Geological 
Survey Circular. The second phase examined changes in 
seasonality and land-use changes related to urbanization 
and tile drainage. These additional analyses are published 
separately and are also summarized in this Circular.

In Illinois and Missouri, increases in peak flow are linked 
to rising annual and seasonal precipitation, despite rising 
temperatures that increase potential evapotranspiration. In 
Iowa, trends in precipitation, especially in spring and summer, 
correspond to peak-flow trends, despite some downward 
trends in southwestern Iowa. Iowa has also had changes in 
seasonality, indicating a shift away from springtime snowmelt 
driven floods and toward short but intense precipitation-driven 
flooding. In Michigan, annual precipitation and temperatures 
have increased, but modeled potential evapotranspiration to 
precipitation ratios indicate an overall trend toward wetter 
conditions. In Minnesota, conditions are wetter in the southern 
areas and drier in the northern areas of the State, but the 
peak-streamflow trends pattern was not as distinct because 
of changes in snowfall and potential evapotranspiration. In 
Montana and contributing watersheds in northern Wyoming, 
changes in precipitation and snowmelt runoff timing are 
affecting peak-flow patterns. In eastern North Dakota, 
increased annual precipitation is affecting peak flow more than 
temperature is affecting peak flow, resulting in upward trends, 
while in western North Dakota, changes in precipitation and 
temperature result in downward trends. In South Dakota, 
increased precipitation and soil moisture correlate with rising 
flood magnitudes. In Wisconsin, increased base flow in fall 

and winter because of higher precipitation and temperatures is 
leading to overall wetter conditions. In parts of the study area, 
urbanization has increased floods with lower magnitudes; that 
is, floods with a higher frequency. In addition, in parts of the 
study area, tile drainage could have an effect on streamflow. 
These studies provide extensive exploratory analysis of peak 
flow, daily streamflow, and climate data, setting the stage for 
advancements in flood-frequency analysis that incorporate the 
effects of climate and land-use changes.
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