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Conversion Factors

U.S. customary units to International System of Units

Multiply By To obtain
Length
inch (in.) 254 millimeter (mm)
mile (mi) 1.609 kilometer (km)
Area
square mile (mi?) 2.590 square kilometer (km?)
Flow rate
cubic foot per second (ft/s) 0.02832 cubic meter per second (m?/s)
inch per year (in/yr) 254 millimeter per year (mm/yr)

International System of Units to U.S. customary units

Multiply By To obtain
Length
kilometer (km) 0.6214 mile (mi)

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C=(°"F-32)/18.

Supplemental Information

A water year is the period from October 1 to September 30 and is designated by the year in
which it ends; for example, water year 2020 was from October 1, 2019, to September 30, 2020.
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Peak Streamflow Trends in Wisconsin and Their Relation
to Changes in Climate, Water Years 1921-2020

By Sara B. Levin

Abstract

This study characterizes hydroclimatic variability and
change in peak streamflow and daily streamflow in Wisconsin
from water years 1921 through 2020. Nonstationarity in
peak streamflow in Wisconsin can include monotonic trends,
change points, and autocorrelation. Spatial patterns of nonsta-
tionarity in peak streamflow, daily streamflow, and monthly
precipitation, temperature, and snowfall were examined using
four temporal periods. Upward trends in peak streamflow and
daily streamflow were detected across the State, from around
1990 to 2020 and were likely predominantly driven by concur-
rent increases in precipitation and temperatures during this
time. Earlier decreases in peak streamflow between the 1920s
to the 1980s in the southern parts of the State were likely
affected by nonclimate-related factors such as urbanization,
water use, and land-use changes associated with agriculture.

Introduction

Peak-flow frequency analysis is essential to water-
resources management applications, including critical struc-
ture design (for example, bridges and culverts) and floodplain
mapping. Standardized recommended guidelines for peak-flow
frequency analyses are presented in Bulletin 17C (England and
others, 2018). A basic assumption within Bulletin 17C is that,
for basins without major hydrologic alterations (for example,
regulation, diversion, and urbanization), statistical properties
of the distribution of annual peak streamflows are stationary;
that is, the mean, variance, and skew are constant (England
and others, 2018). Stationarity requires that all the data rep-
resent a consistent hydrologic regime within the same (albeit
highly variable) fundamental climatic system. From the onset
of the U.S. Geological Survey (USGS) streamgage program
through much of the 20th century, the stationarity assumption
was widely accepted within the flood-frequency community.
However, in recent decades, better understanding of climatic
persistence (extended periods of wet or relatively dry condi-
tions), as well as concerns about potential climate change and
land-use change, have caused the stationarity assumption to

be reexamined (Milly and others, 2008; Lins and Cohn, 2011;
Stedinger and Griffis, 2011; Koutsoyiannis and Montanari,
2015; Serinaldi and Kilsby, 2015).

Nonstationarity is a statistical property of a peak-flow
series such that the long-term distributional properties (the
mean, variance, or skew) change one or more times either
gradually or abruptly through time. Individual nonstationari-
ties may be attributed to one source (for example, either flow
regulation, land-use change, or climate) but often are the result
of a mixture of the sources listed previously (Vogel and others,
2011), making detection and attribution of nonstationarities
challenging (Barth and others, 2022; Levin and Holtschlag,
2022; Sando and others, 2022). Nonstationarity in peak
streamflow can manifest as a monotonic trend in peak stream-
flows over time (Hodgkins and others, 2019) or as an abrupt
change in the central tendency (mean or median), variabil-
ity, or skew of peak streamflows (Ryberg and others, 2020).
Failure to incorporate observed nonstationarities into flood-
frequency analysis may result in a poor representation of the
true present-day flood risk. Bulletin 17C does not offer guid-
ance on how to incorporate nonstationarities when estimating
floods, and the authors identify a need for additional flood-
frequency studies that incorporate changing climate or basin
characteristics into the analysis (England and others, 2018).

Previous studies have identified hydroclimatic changes,
land-use changes, and nonstationarity in peak streamflow in
the Upper Midwest, including Wisconsin (Gyawali and oth-
ers 2015; Hodgkins and others, 2019; Levin and Holtschlag,
2022). This report is part of a larger study to document peak-
flow nonstationarity and hydroclimatic changes across a nine-
State region consisting of Illinois, lowa, Michigan, Minnesota,
Missouri, Montana, North Dakota, South Dakota, and
Wisconsin. The full scope of the project includes evaluating
the combined effects of hydroclimatic and land-use changes
on flood-frequency analysis across the nine-State region. A
wide range of statistical analyses characterizing changes in
streamflow and climate were applied to characterize temporal
changes in hydroclimatic variables and peak streamflow at
streamgages across the nine-State region (Marti and others,
2024). These analyses are intended to provide the foundation
for future studies to address nonstationarity in observed peak-
streamflow and flood-frequency analysis.
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This report summarizes the results in an associated
USGS data release (Marti and others, 2024) for streamgages
in the State of Wisconsin and identifies spatial and tempo-
ral patterns of changes in streamflow and climate across the
State. This study was completed by the USGS in coopera-
tion with the State Departments of Transportation of Illinois,
Iowa, Michigan, Minnesota, Missouri, South Dakota, and
Wisconsin, the Montana Department of Natural Resources
and Conservation, and the North Dakota Department
of Water Resources. This report was made possible by
the Transportation Pooled Fund Program, study number
TPF-5(460).

Purpose and Scope

The purpose of this report is to characterize temporal and
spatial patterns of nonstationarity in annual peak streamflows
and hydroclimatology in Wisconsin. In this evaluation, annual
peak streamflow, daily streamflow, and model-simulated
gridded climatic data were examined for trends, change
points, and other statistical properties indicative of changing
climatic and environmental conditions. This study is intended
to provide a foundation for addressing potential nonstation-
arity issues in flood-frequency updates that commonly are
completed by the USGS in cooperation with other agencies
throughout the Nation.

Description of Study Area

Between the St. Croix and Mississippi Rivers (not
shown) to the west and Lake Michigan to the east, Wisconsin
has more than 84,000 miles of rivers and contains a variety of
geographic features (fig. 1). Drainage basins in much of the
State contribute to river systems flowing southward or south-
westward, which eventually flow into the Mississippi River.
Watersheds in the northeastern and eastern side of the State
flow into Lake Michigan, and a small part of the northernmost
region of the State contains smaller rivers, which drain into
Lake Superior (fig. 1).

Climate

Wisconsin has a continental climate with warm humid
summers and cold, snowy winters. The climatology of
Wisconsin generally follows a north-south gradient with the
northernmost regions having the coldest annual temperatures
and fewest frost-free days per year. Average temperatures
range from 39 degrees Fahrenheit in the north to 50 degrees
Fahrenheit in the south (fig. 2). Wisconsin’s location in the
interior of the continent makes it susceptible to large seasonal
temperature variations. The convergence of cold artic air
masses and warm, humid air masses from the Gulf of Mexico

further increases this variation (Frankson and others, 2022).
Summers are characterized by warm humid air from the Gulf
of Mexico but are sometimes punctuated by intrusions of
colder air from the north (Frankson and others, 2022).
Average precipitation ranges from roughly 30 to
38 inches per year, although annual precipitation rates can
vary widely (fig. 3). Precipitation amounts vary on a roughly
north-south gradient and are higher in the south. Most of the
precipitation falls during the spring and summer. Average
annual snowfall ranges from 30 inches (in.) in the south to
more than 100 in. along the shore of Lake Superior.

Ecoregions

Ecoregions are areas of general similarity in ecosystems
including ecological, climatic, physiographic, and geological
aspects of the landscape (Omernik and Griffith, 2014). The
five level III ecoregions characterizing Wisconsin are shown
in figure 4.

The Northern Lakes and Forests (NLF) ecoregion runs
across roughly the northernmost one-third of Wisconsin. This
region consists of glaciated highland deposits and includes the
headwater areas of several large river systems that drain into
the Mississippi River, as well as drainage into Lake Superior.
Soils here are a mixture of sand and loam (soil groups A and
B; fig. 5) and are relatively nutrient poor compared to south-
ern areas of the State (Omernik and others, 2000). The NLF
ecoregion is heavily forested and has the highest proportion
of lake area in the State (McDonald and others, 2012; Dewitz,
2019; fig. 6).

The North Central Hardwood Forests (NCHF) ecoregion
lies to the south of the NLF ecoregion and runs southeast to
northwest across the State. A small section of the Western
Corn Belt Plains ecoregion extends into Wisconsin, abut-
ting the NCHF on the western side. The physiography of this
region is characterized by glacial till plains and moraines.
These regions are transitional between the heavily forested
northern part of the State and the agricultural regions to
the south and have a mixture of forested and agricultural
land uses.

The Southeastern Wisconsin Till Plains ecoregion
consists of glaciated, fertile ridges and lowlands and includes
drainage into Lake Michigan and some south-flowing
Mississippi River tributaries. Much of this region is agricul-
tural, although Milwaukee and its suburbs are in the southeast-
ern part of this region and consist of some of the most highly
urbanized areas in the State (fig. 6).

The Driftless Area (DA) runs along the southwestern
edge of Wisconsin. This region was not glaciated and is
geomorphologically different from other areas of the State,
with rugged hills and deep, steeply sloped river valleys.
Karst geology in the DA, characterized by soluble bedrock,
includes features such as caves, sinkholes, and losing streams
(Potter, 2019). There are fewer lakes in this region and high
groundwater recharge rates in the DA, which contribute to an
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Brief History of U.S. Geological Survey Peak-Streamflow Data Collection in Wisconsin

abundance of cold-water streams with higher base flow than
other ecoregions in the State (Potter, 2019). Land use is a mix
of agriculture and forest (fig. 6).

Brief History of U.S. Geological Survey
Peak-Streamflow Data Collection in
Wisconsin

Annual peak streamflow has been recorded in Wisconsin
since the late 1800s. Streamgages in Wisconsin include
continuous streamgages, which report daily streamflow, and
crest-stage gages (CSGs), which report only the annual peak
streamflow. Based on data through water year 2020, there
are 393 active or discontinued streamgage locations with
10 or more years of annual peak-streamflow measurements
(U.S. Geological Survey, 2021). A water year (WY) is the
period from October 1 to September 30 and is designated by
the year in which it ends. The oldest continually operational
USGS streamgage reporting annual peak streamflow is on the
Chippewa River at Chippewa Falls, Wisconsin (05365500),
which has annual peak-streamflow measurements for
132 years, for water years 1888 to 2020. Some streamgages

9

have historical peak-streamflow data that predate the USGS
streamgage record. The number of streamgages reporting
annual peak streamflow per year is shown in figure 7. The
number of continuous streamgages grew throughout the
late 19th and early 20th century, reaching a maximum of
211 streamgages in 2013. Early streamgages were operated
primarily on large streams with drainage areas of roughly
1,000 square miles (fig. 8). Streamgages installed later in the
20th century focused on smaller and midsized basins with
drainage areas on the order of 50 to several hundred square
miles (fig. 8). CSG operations began in 1958 and rapidly
increased in number throughout the mid-20th century, reach-
ing a maximum of 108 in 1974. CSGs are typically installed in
smaller drainage basins of less than 50 square miles (fig. 8).
The history of streamgage operations is relevant to non-
stationarity analyses because it provides information on the
temporal distribution of the data available for evaluating non-
stationarity. The temporal variability of streamgage data may
represent a bias in the evaluation of nonstationarity in annual
peak streamflows in Wisconsin because many streamgages on
smaller basins do not have a long period of record for analysis.
The trends and statistical characteristics of floods in larger
basins with longer periods of record may not reflect those in
smaller upstream areas.
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Brief History of Statistical Analysis of
Peak Streamflow and Nonstationarity

USGS efforts to analyze peak-streamflow data in
Wisconsin began in 1961 with the first flood-frequency
estimates for streamgages estimated by hand-drawing the
best visual fit for the flood-frequency relations and develop-
ing regression equations for ungaged areas (Ericson, 1961).
After this first report, updates to Wisconsin flood-frequency
estimates were published at roughly 10-year intervals using
updated data and statistical techniques. Reports in 1971 and
1981 (Conger, 1971, 1981) introduced the use of the log-
Pearson type III distribution to estimate flood frequency
at gaged locations, in accordance with methods described
in Bulletin 15 (U.S. Water Resources Council, 1967)
and Bulletin 17A (U.S. Water Resources Council, 1977).
Additional reports in 1992, 2003, and 2017 (Krug and oth-
ers, 1992; Walker and Krug, 2003; Walker and others, 2017)
updated flood-frequency estimates using statistical methods
described in Bulletin 17B (Interagency Advisory Committee
on Water Data, 1982), which outlined revised procedures for
estimating skew, dealing with outliers, and computing confi-
dence intervals. Most recently, new flood-frequency regions

and equations have been developed (Levin and Sanocki, 2023)
using the expected moments algorithm methodology as out-
lined in Bulletin 17C (England and others, 2018).

Downward monotonic trends and change points in peak
streamflow have been documented throughout Wisconsin
and are somewhat of a regional anomaly because primar-
ily increasing peak streamflows have been detected in the
surrounding States of Minnesota, [owa, Illinois, and Indiana
(Dudley and others, 2018; Hodgkins and others, 2019). The
most substantial changes in streamflow were detected in the
southern and southwestern parts (DA ecoregion) of Wisconsin.
Several studies have documented downward trends in annual
peak streamflows, accompanied by increasing trends in low
flow or daily streamflow in southern Wisconsin (Potter, 1991;
Gebert and Krug, 1996; Juckem and others, 2008; Splinter and
others, 2015). Gyawali and others (2015) identified changes
in the monthly streamflow patterns; the greatest increases
were in summer months and decreases in spring monthly
flows were detected in southern Wisconsin streamgages. In
addition to monotonic trends, change points representing
abrupt changes in streamflow over time have been detected
in southern Wisconsin. Several studies have documented an
increasing change point in mean annual and baseflow around
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1970 (McCabe and Wolock, 2002; Juckem and others, 2008;
Gyawali and others, 2015; Splinter and others, 2015), which
corresponds to a concurrent change point in precipitation.

Attribution of the causal mechanisms of trends in DA
ecoregion peak streamflows is complex, and the literature
does not provide a clear consensus. Early studies did not show
changes in precipitation or temperature that could explain
the changes in streamflow and attributed streamflow trends
to changes in agricultural practices (Potter, 1991; Gebert and
Krug, 1996). Beginning in the 1930s, land management prac-
tices aiming to reduce erosion and improve soil quality began
to be implemented across the region. Practices such as contour
plowing, incorporation of crop residue into soil, crop rota-
tion, conservation tillage, and the reduction of hillside grazing
increase infiltration, which potentially explains increases
in base flow and decreases in peak streamflows. Later stud-
ies have ascribed streamflow changes to a combination of
increasing precipitation, temperature, and changes in agricul-
tural practices (Gyawali and others, 2015; Gebert and others,
2016). Juckem and others (2008) note that the magnitude of
the change in base flow was greater than could be expected
from the change in precipitation and concluded that precipita-
tion was the primary driver of changes in streamflow, but these
changes were magnified by changes in land management of
agricultural areas. Gyawali and others (2015) attribute increas-
ing trends in base flow to precipitation but decreasing trends in
peak streamflows to changes in agriculture.

Documented changes in streamflow in the northern
forested areas of Wisconsin are less prevalent in the literature
than in southern Wisconsin. Trends in annual peak stream-
flows in the northern forested areas of Wisconsin were not
apparent in studies by Gebert and Krug (1996) and Gyawali
and others (2015); however, upward trends in seasonal peak
streamflows were detected by Gyawali and others (2015) who
documented increases in winter peak streamflows, possibly
because of increases in fall and winter temperature and winter
rain. Others have identified decreasing change points in annual
streamflow in several unregulated drainage basins in north-
ern Wisconsin (Splinter and others, 2015; Ivancic and Shaw,
2017). These change points were detected later than those in
the southern part of the State. Change point dates correspond-
ing to decreasing precipitation ranged from 1987 to 2002.

Review of Research Relating to
Climatic Variability and Change

Streamflow in Wisconsin follows natural cyclical patterns
with persistent periods of lower than or higher than average
streamflow over large spatial areas. These wet-dry cycles are
associated with fluctuations in the position of the jet stream
and large-scale ocean-atmospheric oscillations, which can
alter temperature and precipitation patterns across the Upper

Midwest. This section discusses historical flood and drought
periods across Wisconsin and the climatic forces that affect
these large-scale streamflow patterns.

Historical Floods and Drought Periods in
Wisconsin

Periodic flooding has long been associated with
Wisconsin rivers, and many historical floods have been
documented before USGS streamgage data (table 1). The first
known written account of a flood in Wisconsin was docu-
mented by early settlers in the village of Prairie du Chien in
southwestern Wisconsin in 1785. Known as the “I’année des
grandes caux” (year of the great waters), flood waters from the
Mississippi River damaged the village and many downstream
settlements in Illinois and Missouri. Many rivers overflow
their streambanks regularly and flood at roughly decadal
frequencies (Wisconsin Historical Society, 2021). Repeated
floods on many of these rivers led to the eventual implementa-
tion of flood control structures to protect nearby communities.

Several statewide droughts have been detected in
Wisconsin in the past 100 years. Like much of the country,
extreme droughts in the 1930s are considered some of the
worst in Wisconsin history. Additional climatic droughts have
been detected throughout most of the State in 1948, 1977,
1988, and 2007 (National Integrated Drought Information
System, 2022). Mean annual streamflow for each year of
record for unregulated streamgages in Wisconsin is shown in
figure 9. Mean annual streamflow is colored by the Z-score,
which represents the number and direction of standard devia-
tions away from the mean for each streamgage. Streamgages
in figure 9 are grouped by ecoregion with northernmost
streamgages at the top. Periods of drier-than-average condi-
tions spanning across many streamgages in Wisconsin are
documented throughout much of the early part of the record,
from the 1930s through the 1960s, 1977, and the late 1980s/
early 1990s, whereas periods of higher-than-average condi-
tions are documented at most streamgages during the 1970s,
mid-1980s, and the last decade between 2010 and 2020.
Some regional differences in wet/dry streamflow patterns
are evident. For example, the southern DA and Southeastern
Wisconsin Till Plains ecoregions had primarily wetter than
average conditions starting in 2008 through 2020, whereas in
the northern NLF and NCHF ecoregions, conditions remained
drier than average from the mid-2000s until roughly 2012
and did not enter wetter-than-average conditions until later in
the 2010s.

Review of Evidence of Climatic Variability

Wisconsin is near the convergence of warm moist air
masses from the Gulf of Mexico and cold, dry arctic or Pacific
air masses. The relative importance of the different airflow
source regions varies with season and the configuration of
the polar jet stream (Andresen and others, 2012). Climate
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Table 1.

[WI, Wisconsin]

Floods reported for Wisconsin Rivers before U.S. Geological Survey streamgage records at those locations.

Date of flood River basin or geographic region affected Reference
April 1785 Prairie du Chien, Mississippi River in southwestern Wisconsin Wisconsin Historical Society, 2021
1838 Wisconsin River at Portage, WI Morton and others, 1948
July 1845 Wisconsin River at Portage, WI Morton and others, 1948
1855 Eau Claire, Chippewa and Eau Claire Rivers Morton and others, 1948
August 1870 Eau Claire, Chippewa and Eau Claire Rivers Morton and others, 1948
June 1880 Southern Wisconsin, including the Mississippi River, Black River, = Wisconsin Historical Society, 2021

Wolf River, and Fox River
September 1884

June 1899 Bear Creek and La Crosse River at Sparta, W1
October 1911 Black River

1923 Pecatonica River at Darlington, W1

1937 Pecatonica River at Darlington, WI

1938 Chippewa and Eau Claire Rivers, Eau Claire
1941 Eau Claire, Chippewa and Eau Claire Rivers
May 1943 Bear Creek at Sparta, WI

Eau Claire, Chippewa and Eau Claire Rivers

Wisconsin Historical Society, 2021
Morton and others, 1948
Wisconsin Historical Society, 2021
Morton and others, 1948
Morton and others, 1948
Morton and others, 1948
Morton and others, 1948
Morton and others, 1948

variability in the Upper Midwest has been associated with
large-scale ocean-atmospheric oscillations, which shift the
configuration of the jet stream. Unlike coastal regions of the
United States, which may be strongly affected by one or two
ocean-atmospheric oscillations, Wisconsin sits roughly in

the center of the continent and is affected weakly by several
oscillations. The relative spatial scales, strength, and timing
of these different cycles interact with each other to produce
complex decadal-scale signals in climate variability (Andresen
and others, 2012; Budikova and others, 2022).

El Nifio-Southern Oscillation (ENSO) refers to the peri-
odic warming of surface waters in the tropical Pacific Ocean
and resulting disruptions in atmospheric air masses. In the
negative phase (El Nifio), ENSO pushes the jet stream north-
ward, causing milder than average temperatures in Wisconsin,
whereas in the positive phase (La Nifia), warmer and wetter
winter conditions have been noted in the Upper Midwest. The
effect of the ENSO cycle in Wisconsin may be strengthened or
weakened by interactions with other ocean-atmospheric oscil-
lations such as the Pacific Decadal Oscillation and Atlantic
Multidecadal Oscillation. Effects of El Niflo on winter pre-
cipitation in the upper Mississippi Basin may be strengthened
when El Nifio occurs during the positive phase of the Pacific
Decadal Oscillation and the Atlantic Multidecadal Oscillation
(Enfield and others, 2001). Other atmospheric oscillations,
such as the North Atlantic Oscillation and Pacific-North
American pattern, and the Tropical Northern Hemispheric
pattern have been weakly associated with winter temperatures
and precipitation in the Upper Midwest (Budikova and oth-
ers, 2022).

In recent decades, the climate in Wisconsin has been
getting warmer and wetter; however, there is consider-
able spatial and seasonal variability in the observed climate
changes. Statewide, the average temperature in Wisconsin
has risen 2 degrees Fahrenheit since the start of the 20th cen-
tury, and 2000—4 was the hottest 5-year period in recorded
history (Frankson and others, 2022). Upward trends in mean
annual temperature are the largest in northwestern and central
Wisconsin, and most increases are during the winter and
spring seasons. Summer and fall daily average maximum
temperatures generally have not changed or have decreased
slightly across the State, and the largest decreases are in the
northeastern and southwestern corners of the State (Kucharik
and others, 2010).

Increases in precipitation have also been observed across
the State. Wisconsin has experienced unusually wet years in
the last decade, and the highest 5-year average precipitation in
the State fell from 2016 to 2020. The highest observed annual
precipitation for Wisconsin fell in the year 2019. Additionally,
2018, 2016, and 2010 were the third, fourth, and fifth wettest
years recorded in Wisconsin, respectively. The driest periods
were in the 1890s, 1930s, and mid-1950s whereas the wettest
periods were 1982—86 and 201620 (Frankson and others,
2022). Statewide average annual precipitation has increased by
as much as 15 percent (White and Arnold, 2015), and the larg-
est increases are in the west-central and south-central areas.
Annual snowfall has also increased in Wisconsin since 1930
(Frankson and others, 2022). Seasonal precipitation trends
varied across the State, and the largest increases in precipita-
tion were in the fall for northwestern Wisconsin and summer
for central Wisconsin. Decreases in summer precipitation were
observed in northern Wisconsin.
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Climate Effects on Flooding and Runoff

Flooding in Wisconsin is driven by spring snowmelt and
summer storms. Extreme flooding in small or moderate drain-
age basins often results from intense summer storms rather
than snowmelt because meltwater runoff accumulates slowly;
however, in larger basins, slowly accumulating snowmelt from
several tributaries can combine downstream to cause large
floods (Knox, 2000). High antecedent soil moisture during the
spring can exacerbate flooding from intense spring or early
summer rainfall events. Annual peak streamflows tend to be
larger when the rainfall during the previous year is greater
than normal and lead to increased antecedent soil moisture at
the start of the melting period (Knox, 2000).

Climate projections for Wisconsin include continued
increases in temperature and precipitation during this cen-
tury. Increased precipitation during the winter and spring is
projected, whereas snowfall is expected to decrease because
of increased temperatures (Frankson and others, 2022). The

shifting dynamics of temperature and precipitation have the
potential to change the frequency, magnitude, and (or) timing
of floods and droughts in Wisconsin.

Data

A detailed description of the selection of data and
streamgages for this study is described in Ryberg and oth-
ers (2024). Annual peak-streamflow data compiled for
all streamgages came from the USGS National Water
Information System database (U.S. Geological Survey,
2021). Four periods were selected for analysis: (1) a
100-year period, water years 1921-2020; (2) a 75-year
period, water years 1946-2020; (3) a 50-year period,
water years 1971-2020; and (4) a 30-year period, water
years 1991-2020. Streamgages included in the study have
peak-streamflow data for at least 80 percent of the period of
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record and included peak streamflows in at least 1 of the first
2 years of record. Streamgages were screened for potential
regulation by dams or water diversions using existing stream-
flow qualification codes within the National Water Information
System database and a dam impact metric described in
Marti and Ryberg (2023). Regulated streamgages identi-
fied by the screening process were removed from the study.
Additional data quality screening resulted in the removal of
one streamgage, Kinnickinnic River Tributary at River Falls,
Wis. (05341900), because of poor peak-streamflow data
quality during part of the record. Data screening resulted in
8 streamgages in the 100-year period, 24 streamgages in the
75-year period, 57 streamgages in the 50-year period, and
71 streamgages in the 30-year period in Wisconsin. Of these
streamgages, 8, 24, 38, and 56 streamgages had daily stream-
flow for the 100-, 75-, 50-, and 30-year analysis periods,
respectively.

The climate data used in this report were compiled
for each drainage basin from the output of a monthly water
balance model for the period of 1900-2020 (Wieczorek and
others, 2022). These data consist of monthly time series
estimates of temperature, precipitation, potential evapotrans-
piration (PET), actual evapotranspiration, rainfall, snowfall,
soil moisture storage, snow water equivalent, and runoff on a
5-kilometer by 5-kilometer grid for the conterminous United
States. The precipitation and temperature values are observed
data obtained from the nCLIMGRID dataset (Vose and others,
2017). All other monthly time series are modeled outputs from
the monthly water balance model. Further details are available
in Ryberg and others (2024).

Methods

Statistical analyses of peak streamflow, annual stream-
flow, and climate metrics were completed for all four analysis
periods. Statistical analysis of peak streamflow consisted
of evaluation of autocorrelation, monotonic trends, change
points, quantile regression, and seasonality. Statistical analysis
of daily streamflow consisted of an evaluation of stream-
flow seasonality, center of volume, and peaks-over-threshold
(POT) analysis. Methods used for each statistical analysis
are described in Ryberg and others (2024), and results of all
analyses for each streamgage were published in a USGS data
release (Marti and others, 2024). This report summarizes the
results in Marti and others (2024) and identifies spatial and
temporal patterns in the results across Wisconsin.

Results of statistical tests are commonly validated with
a probability value (p-value), which is the probability of
obtaining the observed results, assuming the null hypothesis is
true. Typically, a p-value between 0.01 and 0.1, chosen by the
analyst, is used as the cutoff to categorize results as statisti-
cally significant. In this report, the trends are presented using a
likelihood approach, which was proposed by Hirsch and others
(2015) as 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
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 being detected 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—the
chance of the trend being detected 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—the chance of the trend being either
upward or downward is less than 70 out of 100. Additional
details are available in Ryberg and others (2024).

Results of Streamflow and Climate
Analyses

This section summarizes results of streamflow and
climate analyses and describes spatial or temporal patterns in
nonstationarity across the State. Widespread changes in peak
streamflow, daily streamflow, precipitation, and temperature
were identified across Wisconsin during all four analysis
periods (100, 75, 50, and 30 years). Results for streamflow
and climate analyses at specific streamgages in Wisconsin are
available in Marti and others (2024).

Annual Peak Streamflow

Peak-streamflow data were available at 8, 24, 57, and
71 streamgages in Wisconsin for the 100-, 75-, 50-, and
30-year analysis periods, respectively. Several types of non-
stationarities in peak streamflow were detected in Wisconsin,
including trends in the magnitude and timing, change points,
and autocorrelation. Analysis results were affected by the
length of the period of analysis and the number of streamgages
available. It is difficult to generalize results or identify spatial
patterns of peak streamflow changes in the northern and east-
ern parts of the State for the 75- and 100-year periods because
there are too few streamgages with long periods of record in
these areas.

Monotonic Trends in Peak Streamflow

The Mann-Kendall test (Kendall, 1938) was used to
identify the presence of a monotonic trend at streamgages
for each analysis period as described in Ryberg and others
(2024). A monotonic trend is one in which the direction of the
trend does not reverse over time. Results of the Mann-Kendall
analyses were inconsistent across analysis periods (table 2;
fig. 10). In the 100- and 75-year periods, downward trends
were detected primarily in central and southwestern Wisconsin



and upward trends were detected in the southeastern corner of
the State, near Milwaukee, as well as some upward trends in
north-central Wisconsin. The 50-year analysis period has more
than twice the number of streamgages as the 75-year period
and includes many locations in northeastern Wisconsin, which
were not represented in longer analysis periods. In this period,
the mix of streamgages with upward, downward, or likely no
trend throughout the State was nearly equal and spatial pat-
terns were less apparent. Trends in the 30-year period were
predominantly upward throughout the State. Notably, the DA
ecoregion, which had primarily downward trends for the lon-
ger analysis periods, had no downward trends in the 30-year
period and several upward or likely upward trends. In some
cases, a large change point can affect the detection of a trend,
leading to an improper identification of a trend when, in fact,
a change point is in the data. Results of trend tests for specific
streamgages of interest should be checked in Marti and others
(2024) to determine if this is the case.

To compare trend magnitudes across streams of different
sizes, trend slopes were divided by the median peak stream-
flow and converted to a percentage (fig. 10). The resulting
trend slope is a percentage of the median peak streamflow. For
example, at a streamgage with an upward trend of 1 percent,
the median peak streamflow would increase by 10 percent
in 10 years and double over a 100-year period. Statewide,
median trend magnitudes for streamgages with likely or some-
what likely trends were less than 1 percent per year for all
analysis periods except the 30-year period where the median
trend for likely and somewhat likely upward trends was
1.2 percent per year.

Table 2.
analysis periods.
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The transition from downward peak-streamflow trends
in the 75-year period to upward trends in the 30-year period is
indicative of a nonmonotonic peak-streamflow pattern that was
detected at many streamgages.in the DA ecoregion. Streams
in this ecoregion had decreasing peak streamflows until the
1980s, followed by a subsequent increase in peak streamflows
starting around the year 2000. An example of the change
in the direction of the trend in peak streamflows for USGS
streamgage Sugar River near Brodhead, Wis. (05436500) is
shown in figure 114. Tests for trends are sensitive to the period
of record and can be inconsistent when trends are nonmono-
tonic; for example, in the Sugar River, the test for a monotonic
trend for the 100-year period is likely downward with a slope
of —11.5 cubic feet per second (ft¥/s) per year. The 30-year
analysis period began at the end of a period of lower peak
streamflows at this streamgage in 1990. In this period, the
monotonic trend is upward with a slope of 26.5 ft3/s per year.
The prevalence in nonmonotonic trends in peak streamflow
in Wisconsin complicates the identification and comparison
of trends across the State and can lead to inconsistent results
depending on the period of record used for analysis.

Trends in Peak-Streamflow Timing

The peak-streamflow timing analysis plots show the
timing and magnitude of the annual peak streamflow with the
water year on the x-axis and the Julian day of the water year
on the y-axis (fig. 11B). The magnitude of each peak stream-
flow is shown by varying the marker size and color assigned
for each annual peak. A trend in these data indicates that
annual peak streamflows are later (upward trend) or earlier

Likelihood of monotonic trends, timing, and change points in peak streamflow at selected streamgages in Wisconsin for four

Analysis period

Total streamgages  Likely upward

Somewhat likely

About as likely  Somewhat likely

Likely downward

(years) upward as not downward
Monotonic trend likelihood

100 8 0 1 3 2
75 24 1 4 7 8
50 57 8 21 12 8
30 71 24 18 21 5 3

Peak-streamflow timing likelihood

100 8 1 1 5 1
75 24 10 5 6 1
50 57 14 16 23 1
30 71 6 9 32 15 9

Change point likelihood

100 8 1 1 3 1 2
75 24 3 1 7 6 7
50 57 7 4 26 11 9
30 71 14 17 29 9 2
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Figure 10. Likelihood and magnitude of peak-streamflow trends at selected U.S. Geological Survey streamgages in
Wisconsin for four analysis periods ending in water year 2020.
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Figure 11. (A) Peak-streamflow quantiles and (B) peak-streamflow timing for U.S. Geological Survey streamgage Sugar River near

Brodhead, Wisconsin (05436500), for the 75-year period of water years 1951 to 2020 (modified from Marti and others [2024]).

(downward trend) in the year. Snowmelt and summer rain-
storms are the two primary mechanisms for producing peak
streamflows in Wisconsin. Snowmelt peaks are typically from
March through May, whereas peak streamflows caused by
thunderstorms are in the summer, typically from June through
September. Some streamgages demonstrate a strong bimodal
temporal distribution of peak streamflows, and a clear dis-
tinction exists between the two causal mechanisms of peak
flows, whereas for other streamgages, the distinction is not

as obvious. The peak-flow timing analysis identifies trends

in the overall timing of peak streamflows, and for bimodal
streamgages, the analysis also identifies trends in early (snow-
melt) and late (summer storm) peak-streamflow timing.
Trends in the timing of peak streamflows were primar-
ily upward in the 100-, 75-, and 50-year periods, indicating
that peak streamflows were occurring later in the year (fig. 12;
table 2). As with the peak-streamflow magnitude trends, a
change in direction in the timing trends of peak streamflows
is apparent in the 30-year period compared to longer periods.
This period had 24 likely or somewhat likely downward trends
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Figure 12. Likelihood 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 streamflows are detected earlier
in the year, and downward trends indicate peak streamflows are detected later in the year.



and 15 likely or somewhat likely upward trends. Some of

the apparent downward trends in the 30-year period may be
caused by storms that were detected in October. Because the
trend timing analysis uses a water year, October is considered
the first month that plots at the bottom of the y-axis. These
large October peak streamflows are typically low outliers

that have a greater effect on the trend slope in the shorter
30-year period. Large peaks in October may be contributing
to downward trends at some streamgages, although they are
really evidence of peak streamflows caused by summer storms
occurring later than usual and should be considered part of an
upward trend. Because of the potential effect of these outli-
ers, summary results from the 30-year period should be used
with caution, and plots of the peak-streamflow timing analysis,
available in Marti and others (2024), should be examined for
any streamgage of interest.

The peak-streamflow timing analysis identifies gradual
trends in the changes in peak-streamflow timing, but at many
locations changes were more abrupt. Timing changes were
often concurrent with changes in peak-streamflow magnitudes.
The timing changes at USGS streamgage Sugar River near
Brodhead, Wis. (05436500), are shown in figure 11B. For
most of the period of record, peak streamflows primarily were
detected in the spring, which is consistent with snowmelt-
related floods. Around the year 2000, a shift in the timing of
peak streamflows was observed, and a higher proportion of
peak streamflows after the year 2000 were detected in the
summer months and extending into October and November.
This timing change was concurrent with the shift from
decreasing to increasing peak streamflows at this streamgage.

Change Points in Peak Streamflows

Change points are abrupt median, mean, or variance time
series changes. The nonparametric Pettitt test was used to find
change points in the median peak streamflow (Pettitt, 1979).
Change points test results are listed in table 2 and shown in
figure 13. Change point magnitudes are shown as a percent-
age change in the median before and after the change point.
As with tests for monotonic trends, the results of the change
point analyses are presented in terms of statistical likeli-
hood. Results (figure 14 and table 2) may differ slightly from
individual streamgage analyses presented in Marti and others
(2024), which do not use a likelihood approach and only show
change points for streamgages when the p-value of the Pettitt
test is less than or equal to 0.05.

Spatial patterns in change points were similar to those
for monotonic trends: longer periods of record indicate mostly
downward changes, which are greatest in the southwest-
ern DA, whereas changes in the 30-year period are mostly
upward. Change points in the 100- and 75-year periods were
primarily in the 1960s and 1970s (fig. 14). The largest change
points during these periods were downward changes in the DA
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ecoregion. In the 50-year period, the largest downward change
points were in the central and northeastern areas of Wisconsin
during the late 1980s and 1990s. Upward change points were
in the southeastern area around Milwaukee and at isolated
streamgages in northern Wisconsin. Change points in the
30-year period were primarily upward for southern Wisconsin
and were detected in the early 2000s.

Autocorrelation

Persistence is the tendency for one high (or low) annual
peak-streamflow value to be followed by another high (or
low) value instead of randomly varying in time. Persistence
in peak streamflows can be caused by wet antecedent condi-
tions from a previous wetter-than-average year extending into
the spring. In this case, the high peak streamflows in the first
“wet” year may be followed by high peak streamflows the next
year because the antecedent soil moisture magnifies the spring
floods. Long-term persistence refers to clustered wet and dry
periods that induce serial correlation into the peak-streamflow
series at lags of greater than 1 year. Short-term persistence
refers to the presence of lag-1 autocorrelation (correlation
between values that are one year apart) in the annual peak
streamflow time series (see Ryberg and others, 2024).

Persistence in annual peak streamflows was investigated
with respect to long- and short-term persistence. The rank von
Neumann test for lag-1 autocorrelation (von Neumann and
others, 1941) was used to identify the short-term persistence
in peak streamflow time series. The Hurst coefficient (Hurst,
1951) is a measure of long-term persistence. Hurst coefficients
range from 0 to 1, and values greater than 0.5 indicate long-
term persistence (see Ryberg and others, 2024). An example
of autocorrelation in peak streamflows at USGS streamgage
Allen Creek Tributary near Alvin, Wis. (04059900; in north-
ern Wisconsin), which has short-term persistence (rank von
Neuman test p-value less than 0.001) and long-term persis-
tence (Hurst coefficient of 0.715) during the 50-year period,
is shown in figure 155. In this small basin, the largest peak
streamflows were from summer and early fall storms, whereas
snowmelt-related peak streamflows in the spring are smaller in
magnitude. Climate analyses for this streamgage (not shown;
see Marti and others [2024]) indicate a decrease in summer
and fall precipitation between 1990 and 2010, likely contribut-
ing to the strong persistence noted at this streamgage.

Streamgages at 17 locations showed evidence of short-
term persistence (rank von Neuman test p-value less than 0.1)
in at least one of the analysis periods. Streamgages at 24 loca-
tions had evidence of long-term persistence (Hurst coefficients
greater than 0.60) in at least one analysis period, indicating
evidence of long-term persistence. Streamgages demonstrating
short-term and long-term persistence were detected through-
out the State and across basins of different sizes and did not
demonstrate any apparent spatial patterns.
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Figure 13. Likelihood and magnitude of change points in median peak streamflow at selected U.S. Geological Survey
streamgages in Wisconsin for four analysis periods ending in water year 2020.
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Daily Streamflow

Daily streamflow data were available at 8, 24, 38, and
56 streamgages for the 100-, 75-, 50-, and 30-year analy-
sis periods, respectively. Daily streamflow is not available
at every streamgage used in the peak-streamflow analyses
because of the prevalence of CSGs in Wisconsin. CSGs only
record the annual peak streamflow. Changes in daily stream-
flow were examined using several analyses including identifi-
cation of seasonal and annual trends in daily streamflow, raster
seasonality plots, center of volume plots, and POT analysis,
described in Ryberg and others (2024).

Trends in Mean Annual and Seasonal
Streamflow

Trends in mean annual streamflow were likely or some-
what likely upward at most streamgages in the State for all
four analysis periods (table 3). No downward trends were
noted in any analysis period. Trend magnitudes in the 50-,
75-, and 100-year periods were generally less than 1 percent
per year. Trend magnitudes in the 30-year period were higher
and had a median upward trend of 1.3 percent per year, and
roughly one-quarter of streamgages had trend magnitudes of
2 percent or higher (fig. 16).

Seasonal streamflow trends are shown in figure 17. As
with annual streamflow trends, seasonal trends were predomi-
nantly upward across all seasonal and analysis periods, and
the largest trend magnitudes were in the 30-year period. In
the southern half of the State, trends in seasonal streamflow
were upward at nearly every streamgage in every season and
analysis period. Streamgages in the northern half of the State
had more variable seasonal trend results. The variability in
seasonal trend likelihood and magnitudes across analysis
periods is due to nonlinear or nonmonotonic trends at many
streamgages. As with peak streamflow, changes in mean
annual and seasonal streamflow were typically nonmonotonic,
and many locations had unchanging or decreasing annual or
seasonal streamflows during the early and mid-20th century
and increases in the later part of the period.

Raster Seasonality Plots

Raster seasonality plots show the mean daily streamflow
for every day in the period of record, colored by the mag-
nitude of the streamflow, with day of the water year on the
x-axis and water year on the y-axis (fig. 184). These plots
provide a visual view of streamflow magnitudes across the
water year for the entire period of record. Changes in the
magnitude of streamflow can be seen in the color patterns in
these plots. For example, figure 184 shows the raster season-
ality plot for USGS streamgage Sugar River near Brodhead,
Wis. (05436500). At the beginning of the period of record for
this streamgage, the moderate and high streamflows (green
and blue) are typically between March and May. In the last
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20 years of record, these same magnitude streamflows were
detected throughout the year, and the lowest flows (tan and
yellow), which were formerly common throughout the fall
and winter, were rare. For the Sugar River near Brodhead
streamgage, the increase in moderate and high flows around
the year 2000 corresponds with increases in peak streamflow
and changes in peak-streamflow timing shown in figure 11.
The increase in daily streamflow magnitudes after the year
2000 indicates an increase in overall moisture conditions dur-
ing seasons that were formerly dry. This increase in antecedent
streamflows during summer storms may contribute to higher
summer peak streamflows than would be expected under drier
conditions. Raster seasonality plots are a qualitative analysis
and not easily summarized across the State; however, similar
increases in daily streamflow are evident at many southern
Wisconsin streamgages (see Marti and others [2024] for raster
plots at other streamgages). These changes in daily stream-
flow magnitude are not as apparent in central and northern
streamgages.

Center of Volume Plots

The center of volume plots show the day of the year
in which the 25th (Q25), 50th (Q50), and 75th (Q75) per-
centile of annual streamflow volume was detected. Linear
trends in these percentile values over time indicate a change
in the distribution of streamflow timing throughout the year.
For example, figure 188 shows the center of volume analy-
sis for USGS streamgage Sugar River near Brodhead, Wis.
(05436500). At this location, a decrease in the Q25 indicates
that the date at which 25 percent of the total annual volume
of streamflow was detected has become earlier. A concurrent
increase in the Q50 and Q75 indicates that the date at which
50 and 75 percent of the annual volume is detected is getting
later. Essentially, the annual volume of streamflow has become
spread out more evenly throughout the year, which is consis-
tent with the increase in the magnitude of daily streamflows
during summer, fall, and winter seen in the raster seasonality
plot for the site (fig. 184). The number of streamgages with
likely or somewhat likely trends in the Q25, Q50, and Q75
and duration between the Q25 and Q75 are listed in table 3.
Many streamgages across the State had upward trends in the
duration between the Q25 and Q75 similar to Sugar River near
Brodhead, indicating that the volume of annual streamflow is
becoming more evenly spread throughout the year. Trends in
the duration between the Q25 and Q75 were primarily upward
in the southern ecoregions and had variable results in the
northern half of the State (fig. 19).

Peaks-Over-Threshold Analysis

POT analyses detect changes in the frequency of daily
streamflow that exceed a set streamflow threshold. For a
given threshold, the number of streamflow events that exceed
the threshold is counted for each water year as described in
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Table 3. Likelihood of monotonic trends in mean annual and seasonal streamflow, change points in peaks over thresholds, and trends
in center of volume (25th, 50th, and 75th percentile streamflows) at selected streamgages in Wisconsin for four analysis periods ending

in water year 2020.

[POT2, peaks over threshold with two events per year; POT4, peaks over threshold with four events per year; Q25, 25th percentile of annual streamflow; Q50,
50th percentile of annual streamflow; Q75, 75th percentile of annual streamflow]

Somewhat likely  About as likely

Somewhat likely

Trend period Total streamgages Likely upward upward as not downward Likely downward
Monotonic trend in mean annual streamflow
30 56 48 7 1 0 0
50 38 23 8 7 0 0
75 24 22 1 1 0 0
100 8 6 1 1 0 0
Monotonic trend in mean spring streamflow (March—May)
30 56 47 5 4 0 0
50 38 12 9 12 4 1
75 24 18 2 4 0 0
100 8 5 0 3 0 0
Monotonic trend in summer streamflow (June—August)
30 56 23 18 15 0 0
50 38 32 5 1 0 0
75 24 20 1 3 0 0
100 8 5 0 2 1 0
Monotonic trend in mean fall streamflow (September—November)
30 56 41 8 7 0 0
50 38 12 5 16 4 1
75 24 22 2 0 0 0
100 8 6 0 2 0 0
Monotonic trend in winter streamflow (December—February)
30 56 41 6 9 0 0
50 38 21 11 5 0 1
75 24 24 0 0 0 0
100 8 8 0 0 0 0
Peaks over threshold (POT2)
30 56 34 17 4 1 0
50 38 13 9 10 6 0
75 24 5 2 5
100 8 2 1 1
Peaks over threshold (POT4)
30 56 26 16 13 1 0
50 38 14 4 12 3 5
75 24 10 4 5 2 3
100 8 5 0 3 0 0
Center of volume analysis (Q25)
30 56 0 9 21 20 6
50 38 2 7 15 9 5
75 24 0 1 17
100 8 0 0 0 2 6



Table 3.
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Likelihood of monotonic trends in mean annual and seasonal streamflow, change points in peaks over thresholds, and trends

in center of volume (25th, 50th, and 75th percentile streamflows) at selected streamgages in Wisconsin for four analysis periods ending

in water year 2020.—Continued

[POT2, peaks over threshold with two events per year; POT4, peaks over threshold with four events per year; Q25, 25th percentile of annual streamflow; Q50,
50th percentile of annual streamflow; Q75, 75th percentile of annual streamflow]

Somewhat likely

About as likely  Somewhat likely

Trend period Total streamgages Likely upward upward as not downward Likely downward

Center of volume analysis (Q50)

30 56 0 5 36 12 3

50 38 8 16 13 0

75 24 11 3 4 4 2

100 8 3 0 2 2
Center of volume analysis (Q75)

30 56 8 11 32 4 1

50 38 13 14 11 0 0

75 24 13 2 7 2 0

100 8 3 0 3 2 0

Center of volume analysis (duration between Q25 and Q75)

30 56 20 13 17 4 2

50 38 10 15 4 2

75 24 19 0 0

100 8 6 0 0 0

Ryberg and others (2024). Thresholds for the POT analyses
in this study were set at the streamflow magnitude for which
there is an average of two (POT2) and four (POT4) events per
year. A POT analysis complements a traditional annual peak-
streamflow flood-frequency analysis because it accounts for
large flood-causing flows that may not be the peak of the year
and can account for years with multiple floods.

Tests for change points in the number of events over the
threshold were completed to identify increases or decreases
in the frequency of these high POT2 and POT4 streamflow
events. Change points were primarily upward for POT2 and
POT#4 for all four periods with isolated downward change
points across the State (fig. 20). Downward change points
were most common in the 1980s and 1990s (fig. 21). Many
upward change points were detected after 2000. Although
longer analysis periods do show upward change points as early
as 1940, these earlier change points are spread more evenly
through time and are less indicative of the regional scale
changes seen in streamflows after 2000.

Climate

Gridded climate data from the monthly water bal-
ance model (Wieczorek and others, 2022), described in the
“Methods” section, were averaged over streamgaged drainage
basins with available peak streamflow in the 100-, 75-, 50-,
and 30-year analysis periods. Trends in annual and seasonal

precipitation and temperature were identified across Wisconsin
during all four analysis periods. This section summarizes
results of climate trend analyses and describes spatial and
temporal patterns in these analyses across the State.

Precipitation

The likelihood and magnitude of annual precipitation
trends are shown in figure 22 and listed in table 4. Upward
precipitation trends were prevalent across most of the State
and all four analysis periods, except for the northwestern part
of the State, which had fewer and weaker trends. Likely and
somewhat likely precipitation trends were upward in each of
the four analysis periods. No instances of downward trends in
annual precipitation were detected. Median trend slopes for
annual precipitation were largest in the 30-year period across
the State, and within each analysis period, trend slopes were
generally largest in the southern half of the State.

Seasonal precipitation trends were most prevalent in
winter and spring across all analysis periods (table 4; fig. 23).
Upward winter precipitation trends were detected between 75
and 99 percent of streamgages, and upward spring trends were
detected between 59 and 100 percent of streamgages across
all four analysis periods. Trends in summer and fall were
variable across analysis periods. Magnitudes of precipitation
trends are shown in figure 244 and B in inches per year and as
a relative percentage of the seasonal mean, respectively. Trend
magnitudes increased in every season in the 30-year period



26 Peak Streamflow Trends in Wisconsin and Their Relation to Changes in Climate, Water Years 1921-2020

T T T T

@
= 3k m
©
[
>
g L] L]
-
c
(5]
=4
[+
(=3
% 2 - -
=}
e
o]
=
S
o
£
©
e
2L | i
(3~}
£ I
c
c
<

ol | ]
| | | |
30 year 50 year 75 year 100 year
Analysis period
EXPLANATION
. Outlier data—Value greater than the upper limit

or less than the lower limit

Upper limit—Less than or equal to 1.5 times the
interquartile range outside the quartile

75th percentile

Interquartile
range

Median

25th percentile

Lower limit—Less than or equal to 1.5 times the
interquartile range outside the quartile

Figure 16. Magnitude of monotonic trends in mean annual
streamflow at selected U.S. Geological Survey streamgages in
Wisconsin for four analysis periods ending in water year 2020.

compared to longer periods (fig. 244). Average precipitation
varies by season in Wisconsin; summer has the most precipita-
tion (mean of 12.4 in. across all streamgages in this study),
and winter has the least precipitation (mean of 3.9 in. across
all streamgages in the study). Although winter trend magni-
tudes were generally equal to or less than trend magnitudes

in other seasons (fig. 244), winter trend magnitudes represent
a larger relative increase in seasonal precipitation than other
seasons because the average precipitation in winter is much
lower than the other seasons.

Temperature

Likely upward trends in annual temperature were
detected across every streamgage in the 100-, 75-, and 50-year
periods (table 5). Fewer and weaker trends were detected in
the latest 30-year period, particularly in the northern regions
of the State. Temperature trends at most streamgages across
the State were nonlinear, and at nearly all streamgages,
mean annual temperature trends did not begin until the
mid-1970s—80s. This typical trend pattern of annual and
seasonal temperature at USGS streamgage Cedar Creek near
Cedarburg, Wis. (04086500), for the 75-year analysis period
is shown in figure 254 and B. The high amount of variability
in annual temperatures after the year 2000 made detecting
potential trends in the 30-year period difficult at many loca-
tions. Increases in annual temperature were largely driven by
changes in winter temperature. Winter temperature changes
were greater than the other seasons in the 100-, 75-, and
50-year periods (fig. 26) and, at most streamgages, showed the
same pattern of rapid increase in winter temperatures during
the 1980s and 1990s (fig. 25B). During the 30-year period,
there were no trends in spring or winter, and the trend mag-
nitudes in summer and fall were higher than other analysis
periods. High variability in seasonal temperatures in winter
and spring made it difficult to detect any trends during the
30-year period.

Trends in Modeled Water Balance Components

Although temperature and precipitation generally
increased in Wisconsin over the past 100 years, differences
in the seasonality, magnitude, and geographic extent of these
changes were detected. The water balance is largely driven by
precipitation and temperature. Precipitation into a drainage
basin may return to the atmosphere through evapotranspira-
tion, be stored as soil moisture or groundwater, or run off later
as streamflow. Trends and nonstationarities in precipitation
and temperature (and therefore evapotranspiration) have the
potential to change the relative quantities of each of these
water balance components and the interactions between them.
Additionally, changes in seasonal temperature and precipita-
tion can alter snowfall and snowmelt dynamics. Results from a
monthly water balance model were used to explore the relative
change in annual precipitation, PET, and streamflow. Modeled
outputs include PET, actual evapotranspiration, snowfall, soil
moisture, soil water equivalent, and runoff (see Ryberg and
others [2024] for complete description of these data).

The ratio of PET to precipitation is an indication of the
overall “wetness” of a drainage basin; low ratio values indi-
cate wet conditions, and high values indicate dry conditions.
Trends in this ratio are indicators of the relative magnitudes
of the increases in precipitation and temperature that were
detected across the State. Trends in this ratio were mostly
downward, primarily in the southern part of the State for
the 100-, 75-, and 50-year periods and in the southern and
northeastern areas of the State for the 30-year period (fig. 27).
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Daily streamflow, in cubic feet
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Figure 18. (A) Raster seasonality plot and (B) center of volume analysis for U.S. Geological Survey streamgage Sugar River near
Brodhead, Wisconsin (05436500), for the 75-year period of water years 1946 to 2020 (modified from Marti and others [2024]).
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Figure 19. Likelihood of monotonic trends in the duration between the 25th and 75th percentiles of annual streamflow
volume for selected U.S. Geological Survey streamgages in Wisconsin for four analysis periods ending in water

year 2020. Upward trends indicate the duration between the 25th and 75th percentiles of annual streamflow volume is
getting longer, whereas downward trends indicate this duration is getting shorter.
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Figure 20. Likelihood of change points in the frequency of daily streamflow magnitude for which there is an average
of (A) two events and (B) four events per year for selected streamgages in Wisconsin for four analysis periods ending
in water year 2020.
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Figure 20. Likelihood of change points in the frequency of daily streamflow magnitude for which there is an average
of (A) two events and (B) four events per year for selected streamgages in Wisconsin for four analysis periods ending
in water year 2020.—Continued
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Figure 21. Dates of change points in the frequency of daily streamflow above a threshold for which there is (A) an average
of two events and (B) an average of four events per year at selected streamgages in Wisconsin for four analysis periods
ending in water year 2020.
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Figure 22. Magnitude and likelihood of monotonic trends in annual precipitation at selected U.S. Geological Survey
streamgages in Wisconsin for four analysis periods ending in water year 2020.



Table 4.
periods ending in water year 2020.
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Likelihood of monotonic trends in annual and seasonal precipitation at selected streamgages in Wisconsin for four analysis

Somewhat likely

About as likely Somewhat likely

Trend period Total streamgages  Likely upward upward as not downward Likely downward
Annual precipitation trends
30 71 59 9 3 0 0
50 57 32 15 10 0 0
75 24 21 3 0 0 0
100 8 7 1 0 0 0
Spring (March, April, May) precipitation trends
30 71 29 16 26 0 0
50 57 31 14 12 0 0
75 24 20 2 2 0 0
100 8 7 0 0 0
Summer (June, July, August) precipitation trends
30 71 12 26 33 0 0
50 57 12 19 26 0 0
75 24 15 0 8 1 0
100 8 4 0 4 0 0
Fall (September, October, November) precipitation trends
30 71 18 30 23 0 0
50 57 1 10 41 5 0
75 24 21 3 0 0 0
100 8 5 0 3 0 0
Winter (December, January, February) precipitation trends
30 71 64 6 1 0 0
50 57 28 22 7 0 0
75 24 21 1 0 0
100 8 4 2 0 0

Decreases in this ratio indicate that the rate of increase in pre-
cipitation was generally larger than the increase in PET from
temperature increases and indicate generally “wetter” condi-
tions at these locations, which is consistent with the upward
trend patterns in mean annual streamflow.

Snowfall and snowmelt play an important part in the
timing and magnitude of streamflow throughout much of
Wisconsin. Increasing temperatures and precipitation during
the fall through spring can change the amount of snowfall and
the timing of snowmelt-related peak streamflows. Modeled
annual snowfall trends were varied across analysis periods
(table 6; fig. 28). Downward trends in annual snowfall in the
50-year period were detected at some northern and eastern
streamgages and are consistent with the increased winter
temperature and weaker precipitation trends during this

period. Annual snowfall increased in central and northeastern
Wisconsin in the 30-year period. Upward trends in the 30-year
period are consistent with stabilizing winter temperatures

and substantial upward winter precipitation trends during this
period.

Changes in the seasonality of snowfall were identified
across the State, and trends in snowfall were primarily upward
in the winter and downward in the spring and fall (table 6).
Downward trends in snowfall during spring and fall are
consistent with temperature increases in these months, which
can cause more precipitation to fall as rain instead of snow-
fall. In winter, despite an upward trend in temperature, it was
typically still cold enough for snow to form, and the general
upward trend in precipitation in winter led to increases in
snowfall.
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Figure 23. Likelihood of monotonic trends in seasonal precipitation at selected U.S. Geological Survey streamgages in Wisconsin for four analysis periods ending in water
year 2020.—Continued
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Figure 24. The distribution of trend magnitudes (A) in inches per year and (B) as the percentage of mean
seasonal precipitation at selected U.S. Geological Survey streamgages in Wisconsin for four analysis periods
ending in water year 2020.
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Table 5. Likelihood of monotonic trends in annual and seasonal temperature at selected streamgages in Wisconsin for four analysis
periods ending in water year 2020.

Somewhat likely About as likely Somewhat likely

Trend period Total streamgages Likely upward upward as not downward

Likely downward

Annual temperature trends

30 71 9 40 22 0 0
50 57 57 0 0 0 0
75 24 24 0 0 0 0
100 8 8 0 0 0 0
Spring (March, April, May) temperature trends
30 71 0 0 71 0 0
50 57 10 30 17 0 0
75 24 24 0 0 0 0
100 8 8 0 0 0 0
Summer (June, July, August) temperature trends
30 71 41 23 7 0 0
50 57 51 5 1 0 0
75 24 21 3 0 0 0
100 8 5 2 1 0 0
Fall (September, October, November) temperature trends
30 71 66 5 0 0 0
50 57 57 0 0 0 0
75 24 24 0 0 0 0
100 8 8 0 0 0 0
Winter (December, January, February) temperature trends
30 71 0 0 71 0 0
50 57 57 0 0 0
75 24 24 0 0 0
100 8 8 0 0 0
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Figure 25. Annual mean temperature for U.S. Geological Survey streamgage Cedar Creek near Cedarburg, Wisconsin (04086500, for
water years 1946 through 2020 (modified from Marti and others [2024]).
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Figure 27. Magnitude and likelihood of the ratio of annual potential evapotranspiration and precipitation at selected
U.S. Geological Survey streamgages in Wisconsin for four analysis periods ending in water year 2020.

+ About as likely as not
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Table 6. Likelihood of monotonic trends in annual and seasonal snowfall at selected U.S. Geological Survey streamgages in Wisconsin
for four analysis periods ending in water year 2020.

Somewhat likely  About as likely  Somewhat likely

Trend period Total streamgages Likely upward upward as not downward

Likely downward

Annual snowfall trends

30 71 13 21 34 3 0
50 57 0 3 29 13 12
75 24 2 4 12 6 0
100 8 0 1 5 1
Spring (March, April, May) snowfall trends
30 71 0 7 61 3 0
50 57 0 1 20 15 21
75 24 0 0 4 1 19
100 8 0 0 3 2 3
Fall (September, October, November) snowfall trends
30 71 0 0 2 20 49
50 57 0 0 0 9 48
75 24 0 0 9 11
100 8 0 0 4 2 2
Winter (December, January, February) snowfall trends
30 71 53 10 8 0 0
50 57 23 12 22 0 0
75 24 17 4 3 0 0
100 8 3 2 3 0 0
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Figure 28. Magnitude and likelihood of monotonic trends in annual snowfall at selected U.S. Geological Survey
streamgages in Wisconsin for four analysis periods ending in water year 2020.

¢ About as likely as not



Discussion and Implications for
Flood-Frequency Analysis

Widespread nonstationarity was identified in streamflow
and climate data throughout Wisconsin in the past 100 years.
Changes in precipitation seem to be driving many of the
changes in annual and peak streamflow in Wisconsin. The
patterns of annual and seasonal increases in precipitation
(figs. 22 and 23) are generally consistent with the patterns of
annual and seasonal increases in annual streamflow (figs. 16
and 17). Increases in precipitation and annual streamflow
were particularly large in the 30-year analysis period. During
this period, increases in precipitation, particularly during fall
and winter, led to wetter conditions and higher daily stream-
flows during normally low flow periods. This observation is
consistent with results from the center of volume analyses
and can be seen in the “greening” of the last 10 years of the
raster streamflow analyses in the southern regions of the
State, such as in figure 184. Increases in precipitation in the
30-year period may be affecting peak-streamflow trends dur-
ing this period as well. Precipitation increases, particularly
in the fall in the DA ecoregion, are consistent with increas-
ing peak-streamflow magnitudes and timing changes in peak
streamflows as seen in figure 114 and B for Sugar River near
Brodhead.

Trends in the climate data in this study do not explain
the downward trends in peak streamflows in the 100- and
75-year periods. Despite increasing precipitation and daily
streamflow, and decreasing PET/precipitation ratios indicat-
ing wetter conditions, peak streamflows decreased through-
out much of the DA ecoregion before the year 2000. Other
potential causes of decreases in peak streamflows such as
urbanization and land-use changes associated with agri-
cultural practices are beyond the scope of this study but
have been indicated as potential causes of downward trends
in peak streamflows by previous investigators (Gyawali
and others, 2015; Gebert and others 2016; Levin and
Holtschlag, 2022).

The widespread prevalence of nonstationarity in peak
streamflow in Wisconsin has important implications for
flood-frequency analysis. The statistical methods used to
estimate the flood magnitude for a given annual exceedance
probability assume that the peak-streamflow time series are
stationary and representative of a random process. The pres-
ence of a trend in peak-streamflow time series is particularly
problematic at streamgages with short periods of record
because the peak streamflows during that period may not be
representative of the full range of peak-streamflow magni-
tudes and may result in a biased estimate of the flood mag-
nitude. For example, peak streamflows at Sugar River near
Brodhead indicate a U-shaped trend (figure 114). The esti-
mated flood magnitude for the 1-percent annual exceedance
probability for this streamgage for the period of record (from
water year 1914 through water year 2020) is 15,970 ft3/s,
with a 95 percent confidence interval of 12,680 to 22,500
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(Levin and Sanocki, 2023). However, if only 20 years of data
were available at this stream, the resulting estimated flood
magnitude for the 1-percent annual exceedance probability
could be as low as 8,700 ft3/s (confidence interval, 6,150 to
19,640 ft3/s) using data from 1975 through 1995) or as high
as 24,400 ft3/s (confidence interval 15,680 to 58,020 ft3/s)
using data from 1914 through 1934, a nearly threefold differ-
ence. Bulletin 17C recommends a minimum period of record
of 10 years to compute the flood frequency at a streamgage
(England and others, 2018). However, if a 10-year record
was used in the DA ecoregion, which demonstrates wide-
spread peak-streamflow trends, the short record length would
lead to unreliable estimates of flood frequency.

In addition to biases in at-site flood-frequency analy-
sis, nonstationarity in peak streamflow can complicate the
development of regional flood-frequency equations used
to estimate flood frequency at ungaged locations. Biases
in estimates of flood-frequency magnitude at streamgages
may propagate through regional regression equations.
Additionally, in a region with widespread nonstationarity,
there may not be enough streamgages with long periods of
record (at least 50 years) with which to develop a regres-
sion equation, and the incorporation of flood-frequency
estimates at streamgages with shorter records will introduce
a high degree of variability or bias to the data underlying
the regression equation. Biases and uncertainties in regional
regression equations have implications in floodplain manage-
ment, bridge and road construction, and other infrastructure
projects that use these equations in their designs.

Summary

This report characterizes changes in annual peak
streamflow and daily streamflow in Wisconsin as part of
a larger U.S. Geological Survey effort to characterize the
effects of regional hydroclimatic shifts and changes in
climate on streamflow across the Midwest. Four analysis
periods were examined: the 100-year period including water
years 1921 through 2020, the 75-year period of water years
1946 through 2020, the 50-year period of water years 1971
through 2020, and the 30-year period of water years 1991
through 2020. Additionally, trends in gridded precipitation,
temperature data, and estimated water budget components
were examined as potential drivers of streamflow change.

Trends in peak streamflows varied spatially and tempo-
rally. Peak streamflows in the Driftless Area of Wisconsin
decreased from 1920 through the 1980s but increased
between 1990 and 2020. The change in direction of the trend
around 1990 was accompanied by a change in the timing of
peak streamflows, and peak streamflows became more com-
mon in the late summer and early fall. Peak streamflows in
the southeastern corner of Wisconsin increased throughout
most analysis periods. Trends in peak streamflows in the
central and northern regions of Wisconsin were variable,
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and upward and downward trends were present. Change
points were detected at many streamgages across the State
and generally followed the same spatial patterns as those for
monotonic trends.

Daily streamflow was used to examine trends in annual
and seasonal streamflow. Annual streamflow increased across
the State at most streamgages. Trend magnitudes for annual
streamflow were largest in southern Wisconsin. Although
upward trends were detected across all four analysis periods,
trend magnitudes in all ecoregions increased markedly in the
30-year analysis period, and median seasonal trend magni-
tudes doubled or nearly doubled in most ecoregions.

Annual precipitation and temperature increased at
streamgages across the State. Upward trends in precipitation
were detected throughout the State and fewer trends were
identified in the northwestern area of the State. Seasonal
precipitation trends were more prevalent in winter and spring
than in summer and fall. For all seasons, trend magnitudes in
precipitation were larger in the most recent 30-year analysis
period. Upward temperature trends were also identified at all
streamgages in the study in the 100-, 75-, and 50-year periods
and were largest during the winter. Trends were less prevalent
during the 30-year period, when high variability in annual
temperatures made trend detection more difficult.

Changes in climate over the periods of analysis point to
wetter conditions overall and are likely driving increases in
streamflow. Hydroclimatic trends may also be driving upward
trends in peak streamflows from 1990 through 2020; how-
ever, they do not adequately explain the downward trends
in peak streamflows between 1920 and 1980. In addition to
hydroclimatic variability, other potential mechanisms can
cause nonstationarity in peak streamflow, including effects of
urbanization, water use, and land-use changes associated with
agriculture.
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