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Peak Streamflow Trends in Michigan 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 Michigan
from water years 1921 through 2020. Four analysis periods
were examined: the 100-year period from water year 1921
through 2020, the 75-year period from water year 1946
through 2020, the 50-year period from water year 1971
through 2020, and the 30-year period from water year 1991
through 2020. Peak streamflow and climate data were avail-
able at 4, 29, 50, and 30 streamgages in the 100-, 75-, 50-, and
30-year periods, respectively. Daily streamflow was available
for 4, 29, 74, and 79 streamgages in the 100-, 75-, 50-, and
30-year periods, respectively.

Peak streamflow for each streamgage and analysis period
was assessed for monotonic trends and change points. Trends
in peak streamflow were predominantly upward, with some
isolated downward trends throughout the southern half of
Michigan for all four analysis periods. Trends in the Upper
Peninsula were downward in 75- and 50-year analysis periods
and upward or neutral in the 30-year period. Upward trends in
peak flows were largely driven by increases in precipitation,
which occurred at nearly every streamgage in all analysis peri-
ods, with the greatest magnitude trends in winter and spring in
the 50- and 30-year periods.

Analyses using daily streamflow included tests for
monotonic trends in annual and seasonal average streamflow,
peaks over thresholds analysis, and center of volume analysis.
Annual streamflow patterns were similar to peak-streamflow
patterns, with primarily upward trends throughout the lower
peninsula in all analysis periods, downward trends in the
Upper Peninsula in the 75- and 50-year periods, and upward
trends in the Upper Peninsula in the 30-year period. Seasonal
trends in streamflow varied by analysis period and region.

In the 30-year analysis period, upward streamflow trends in
spring were likely from increases in winter and spring pre-
cipitation, whereas neutral and downward trends in fall and
summer in the southern part of the State were due to increas-
ing temperatures in fall and summer.

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 conduct-
ing peak-flow frequency analyses are presented in Bulletin
17C (England and others, 2019). A basic assumption within
Bulletin 17C is that, for basins without major hydrologic
alterations (for example, regulation, diversion, and urbaniza-
tion), statistical properties of the distribution of annual peak
flows are stationary (that is, the mean, variance, and skew are
constant). Stationarity requires that all the data represent 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 long-
term climatic persistence (extended periods of wetter or drier
than average conditions), as well as concerns about potential
climate change and land-use change have caused the stationar-
ity 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 (mean,
variance, or skew) change one or more times either gradually
or abruptly through time. Individual nonstationarities may
be attributed to one source (for example, either flow regula-
tion, land-use change, or climate) but often are the result of a
mixture of the sources listed above (Vogel and others, 2011),
making detection and attribution of nonstationarities chal-
lenging (Barth and others, 2022; Levin and Holtschlag, 2022;
Sando and others, 2022). Nonstationarity in peak stream-
flow can manifest as a monotonic trend in peak flows over
time (Hodgkins and others, 2019) or as an abrupt change in
the central tendency (mean or median), variability, or skew of
peak flows (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 guidance on how to incorpo-
rate nonstationarities when estimating floods and identifies a
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need for additional flood-frequency studies that incorporate
changing climate or basin characteristics into the analysis
(England and others, 2018). Many nonstationary flood-
frequency methods that have been proposed require statisti-
cal modeling of the streamflow nonstationarity (Villarini and
others, 2009; Serago and Vogel, 2018), which requires that
nonstationarity be characterized at site-specific and regional
scales and reasonable causal mechanisms for these changes be
understood.

Previous studies have identified hydroclimatic and land-
use changes and the resultant nonstationarity in peak stream-
flow in the upper Midwest, including Michigan (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 includ-
ing 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 change on flood-frequency analy-
sis across the nine-State region. A wide range of statistical
analyses characterizing changes in streamflow and climate
were applied to characterize temporal changes in hydrocli-
matic variables and peak streamflow at streamgages across the
nine-State region (Marti and others, 2023). These analyses are
intended to provide the foundation for future studies to address
nonstationarity in observed peak-flow and flood-frequency
analysis.

This report summarizes the results in an associated
USGS data release (Marti and others, 2023) for streamgages
in the State of Michigan and identifies spatial and temporal
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 (TPF) 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 Michigan. 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

Flanked by four of the five Great Lakes, Michigan boasts
3,288 miles of freshwater shoreline, which is the longest in the
United States (fig. 1). Michigan is divided into two peninsulas.
The Upper Peninsula (UP) is bounded by Lake Superior to the
north, Lakes Huron and Michigan to the south, Wisconsin to
the west, and Canada to the east. The Lower Peninsula (LP) is
bounded by Indiana and Ohio to the south, Lake Michigan to
the west, and Canada, Lake Huron, and Lake Erie to the west.
The two peninsulas have 40,175 square miles of inland lakes
and streams that cover 41.5 percent of the land area, mak-
ing Michigan one of the wettest States in the United States.
Despite a dense stream network, most streams are rather small,
the largest of which is the Saginaw River (not shown), which
has a drainage area of approximately 6,250 square miles.

Climate

The Great Lakes play an important role affecting the
climate and local weather patterns in Michigan. Water tem-
peratures change more slowly than air temperatures. As air
temperatures decline in the fall, warm water releases heat and
moisture into the air, resulting in warmer falls and lake-effect
precipitation downwind of the Great Lakes. Similarly in
spring, cool or ice-covered water in the Great Lakes can result
in cooler springs (Scott and Huff, 1996).

Michigan has a continental climate with cool to cold
winters and warm to hot summers; however, the effect of
the Great Lakes causes a more moderate and moist climate
than other States at the same latitude, particularly along the
coastal regions (Kunkel and others, 2022). The climatology of
Michigan generally follows a north to south gradient, with the
UP having the coldest annual temperatures and fewest frost-
free days per year. Average annual temperatures in Michigan
range from about 40 degrees Fahrenheit in the UP to 50
degrees Fahrenheit in the south (fig. 2).

Average annual precipitation in Michigan ranges from
40 to 50 inches (fig. 3), with the highest precipitation in the
southwest. Seasonal rainfall is highest in the summer months.
Average annual snowfall is 60 inches; however, this varies
substantially from year to year and within the State. Effects
of the Great Lakes on precipitation include increased cloud
cover and precipitation downwind of the lakes during winter
and decreased summertime rainfall downwind of the lakes
(Scott and Huff, 1996). Coastal areas along the southern
shore of Lake Superior in the UP and the eastern shore of
Lake Michigan in the LP receive two to three times the winter
snowfall than other areas of the State owing to lake-effect
snowfall patterns.
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Figure 1. Elevation, hydrography, and U.S. Geological Survey streamgages used in this study in Michigan.
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Figure 2. Average annual temperature for the 30-year period from 1991 to 2020 for Michigan (National Oceanic and
Atmospheric Administration, 2022).
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Ecoregions

Ecoregions are areas of general similarity in ecosystems
including ecological, climatic, physiographic, and geologi-
cal aspects of the landscape (Omernik and Gallant, 1988;
Omernik and Griffith, 2014). There are five different Level
III ecoregions in Michigan (fig. 4). The Northern Lakes and
Forests and the North Central Hardwood Forests ecoregions
make up all of northern Michigan. The Northern Lakes and
Forests ecoregion is the largest ecoregion in Michigan, encom-
passing all of the UP and most of the northern half of the LP.
This region is characterized by sandy, nutrient poor soils;
abundant wetlands; and primarily coniferous forests (figs. 5
and 6). The North Central Hardwood Forests are present in a
small area of shoreline in the northwest portion of the LP. This
ecoregion is characterized by steep sloping end moraines and
drumlins as well as sand dunes along the lake shore (Omernik
and Gallant, 1988; Omernik and Griffith, 2014).

The Southern Michigan/Northern Indiana Drift Plains,
Huron/Erie Lake Plains, and the Eastern Corn Belt Plains
make up southern Michigan. Most of the interior and western

portion of Michigan is in the Southern Michigan/Northern
Indiana Drift Plains ecoregion. This ecoregion has a diverse
range of soils and abundant lakes and marshes. Land use in
this region is a mix of agriculture, mixed forest, and urban
land. Mixed forests and urban land cover are also found in
this ecoregion. The Huron/Erie Lake Plains extends along the
eastern coast of the LP. This region is characterized by fertile
and nearly flat plains. Much of the original poorly drained soil
(fig. 5) has been artificially drained to facilitate agriculture,
which is the dominant land cover in this region. This ecore-
gion includes Detroit and the surrounding areas, which are
the most urbanized (fig. 6) areas of Michigan. The Eastern
Corn Belt Plains runs in a small strip extending from the
southern border with Indiana northward between the Southern
Michigan/Northern Indiana Drift Plains and the Huron/Erie
Lake Plains. This ecoregion contains rolling till plains and
end moraines with loamier and better drained soils (fig. 5)
than those in the Huron/Erie Lake Plains ecoregion to the east
(Omernik and Gallant, 1988; Omernik and Griffith, 2014).
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Figure 5. Dominant hydrologic soil groups of Michigan.
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Brief History of U.S. Geological
Survey Peak-Flow Data Collection in
Michigan

Annual peak streamflow has been recorded in Michigan
since the late 1800s. Based on data through water year 2021,
there are 341 active or discontinued streamgage locations
with 10 or more years of annual peak-streamflow measure-
ments (U.S. Geological Survey, 2023). A water year is the
period from October 1 to September 30 and is designated
by the year in which it ends. Of these streamgages, 46 are
standalone crest-stage gages (CSGs) and 301 are continu-
ous streamgage operations. The two streamgages with the
longest peak-flow record are on the Grand River at Lansing,
Michigan (USGS streamgage 04113000) and the Grand River
at Grand Rapids, Michigan (USGS streamgage 04119000),
both of which have more than 120 annual peak-streamflow
measurements, starting in water year 1901. Streamgages
reporting annual peak streamflow per year are shown in
figure 7. The number of continuous streamgages grew
throughout the late 19th and early 20th centuries and reached

Peak Streamflow Trends in Michigan and Their Relation of Changes in Climate, Water Years 1921-2020

a maximum of 316 streamgages in 1975. 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 mid-sized
basins with drainage areas on the order of 50 to several hun-
dred square miles (fig. 8). Standalone CSG operations began
in 1943, rapidly increased in number until the mid-1970s, and
reached a maximum of 61 in 1975. Standalone CSGs are typi-
cally installed in smaller drainage basins less than 50 square
miles. Standalone CSG usage decreased during the 1980s, and
as of water year 2021, there were only four standalone CSGs
in operation.

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 flows in Michigan 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.

300
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Number of streamgages
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50

EXPLANATION
—— All streamgages
— Crest-stage gage

Continuous streamgage

1900 1920 1940 1960
Water year

Figure 7.
in Michigan.
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Number and type of U.S. Geological Survey streamgages reporting peak streamflow for water year 1880 through 2020
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Figure 8. Drainage area distributions for continuous streamgages and crest stage gages in Michigan by length of record.

Brief History of Statistical Analysis of
Peak Streamflow and Nonstationarity

Holtschlag and Croskey (1984) estimated flood mag-
nitudes for selected exceedance probabilities for 185
streamgages in Michigan using methods from Bulletin 17C
(England and others, 2018) and data through water year 1982.
These data were used to produce the first regional regression
equations to estimate flood magnitudes at ungaged basins
in Michigan. Veilleux and Wagner (2019) updated flood-
frequency estimates using the expected moments algorithm as
outlined in Bulletin 17C (England and others, 2018) for unreg-
ulated streamgages in the Great Lakes region, which included
all of Michigan but did not update the regional regression
equations for estimating floods at ungaged locations.

Nonstationarity in Michigan streamflow has been exam-
ined using several different methods including monotonic
trend analysis, peaks over thresholds (POT), and identification
of change points. Several studies have identified downward
trends in peak streamflow in the UP and upward trends along
the southern half of the LP (Mallakpour and Villarini, 2015;
Rice and others, 2015; Hodgkins and others, 2019). Trends
in mean annual streamflow follow largely the same spatial

patterns as those for peak streamflows (Hodgkins and oth-
ers, 2007; Johnston and Shmagin, 2008; Norton and others,
2019). The POT method uses time series of all daily mean
streamflows that exceed a specified threshold, which may
include more than one flood per year. POT analysis focuses
on more frequent floods with magnitudes that may be less
than the maximum annual flood and that can be of importance
for scour and geomorphology (Slater and others, 2015). The
choice of a threshold for POT analysis is subjective, however,
a threshold equal to an average of two events per year (POT2)
is commonly used. Increases in the frequency of POT2 events
in Michigan’s LP were determined by Hodgkins and oth-

ers (2019), Archfield and others (2016), and Mallakpour and
Villarini (2015), with similar spatial patterns to trends in peak
streamflows. Peak streamflow change points were identified in
Michigan. Ivancic and Shaw (2017) identified spatial clusters
of upward trends in unregulated streams in the LP, whereas
Ryberg and others (2020) identified both downward and
upward change points in Michigan in unregulated and regu-
lated or urban streams.

Changes in streamflow in Michigan have been attributed
to climate effects, regulation, and land-use change. Downward
trends in annual streamflow in the UP correspond to a mix
of neutral and downward trends in precipitation as well as
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neutral to upward trends in minimum summer temperatures,
which could be affecting the evapotranspiration rates (Norton
and others, 2019). Similarly, upward trends in the southern LP
correspond to increases in precipitation and increases in spring
minimum temperature, which may affect snowmelt dynam-
ics (Hodgkins and others, 2007; Norton and others, 2019).
Some areas of southern Michigan have undergone substantial
urbanization during the last century. Urbanization is known to
increase the magnitude and frequency of flood peaks (Moglen
and Schwartz, 2006). In urban areas of southern Michigan,
streamflow may be affected by both urbanization and precipi-
tation, which make it difficult to assign a primary cause of
streamflow change (Levin and Holtschlag, 2022)

Review of Research Relating to
Climatic Variability and Change

Climate in Michigan is driven by large scale air masses
from the Gulf of Mexico and from the Arctic and Pacific
Northwest and is also affected by the Great Lakes. Streamflow
in Michigan follows naturally cyclical patterns with persistent
periods of lower than or higher than average streamflow over
large spatial areas. This section discusses historical flood and
drought periods across Michigan and the climatic forces that
affect these large-scale streamflow patterns.

Historical Floods and Drought Periods in
Michigan

Many Michigan rivers periodically flood, and several
major floods have been recorded during the past 100 years.
Flooding most often occurs in late winter or spring when
rainfall combines with snowmelt on saturated or frozen soils
that have little capacity for infiltration. Although documenta-
tion of floods prior to the 1900s is limited, there are refer-
ences to several floods between 1840 and 1902 in the Grand
River, Saginaw River, Kalamazoo River, and the Ontonagon
River (not shown, Paulson and others, 1991). One of the first
major floods on record in Michigan was the Grand River
flood in March 1904 in the central and southern parts of the
State. With flood stages 7 to 9 feet above present-day flood
stage, peak streamflow from this flood is still considered the
highest on record at Grand River at Lansing, Mich. (USGS
streamgage 04113000) and the Grand River at Grand Rapids,
Mich. (USGS streamgage 04119000) (Murphy, 1905; U.S.
Geological Survey, 2023). Repeated floods in this river and at
others across the State have led to the implementation of flood
control structures in many communities. Other notable floods
in Michigan occurred in April 1947, April 1960, April 1975,
September 1986, and April 2013 (Paulson and others, 1991).

Although mild drought is common in Michigan, severe
droughts are infrequent and are typically short in duration
(Paulson and others, 1991). Several statewide droughts have

occurred in Michigan in the past 100 years. Like much of

the country, the extreme, extended drought in the 1930s is con-
sidered one of the worst in Michigan history. A second severe
and extended drought during the period of record affected

the entire State between 1960 and 1967 (Paulson and others,
1991). Mean annual streamflow for each year of record for
Michigan streamgages in the study area is shown in figure 9.
Mean annual streamflow is colored by the Z-score, which rep-
resents the number and direction of standard deviations away
from the mean for each streamgage. Streamgages in figure 9
are ordered by latitude, with northernmost streamgages at the
top. Periods of drier-than-average conditions spanning across
many streamgages in Michigan can be seen in the 1930s, late
1970s, and much of the 2000s extending through 2013 for
some southern streamgages, whereas periods of higher-than-
average conditions can be seen at most streamgages during
1950-51, the mid-1970s, mid-1980s, 1990s, and 2016-20.

Review of Evidence of Climatic Variability

Climate variability in the upper Midwest has been asso-
ciated with large scale ocean-atmospheric oscillations that
shift the configuration of the jet stream. El Nifio—Southern
Oscillation (ENSO) refers to the periodic warming of surface
waters in the tropical Pacific Ocean and resulting disruptions
in atmospheric air masses. In the negative phase (El Nifo),
ENSO pushes the jet stream northward, causing milder-than-
average temperatures in Michigan, 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 Michigan may be strengthened or weakened by
interactions with other ocean-atmospheric oscillations such
as the Pacific Decadal Oscillation and Atlantic Multidecadal
Oscillation, which have different cycle lengths (Budikova and
others, 2021).

Climate in much of Michigan is affected by the water
levels and ice coverage on the surrounding Great Lakes. By
lowering the available moisture content above the surface of a
lake, ice coverage can mitigate lake-effect snow events down-
wind of the Great Lakes in winter. Warmer winters throughout
the Great Lakes region have contributed to a downward trend
in ice cover on the Great Lakes since the 1970s (Wang and
others, 2012; Mason and others, 2016). Additionally, change
points in ice coverage across the great lakes have been noted,
which may be controlled by the Arctic Oscillation and ENSO
(EI Nifio) climate patterns (Wang and others, 2012). Declining
ice on the Great Lakes can affect weather and climate patterns,
particularly in downwind areas that experience more lake-
effect snow or rainfall in years with lower ice coverage.

In recent decades, the climate in Michigan has been
getting warmer and wetter. Annual temperature in Michigan
increased nearly 3 degrees Fahrenheit since 1900, mostly in
winter and spring (Frankson and others, 2022). Temperatures
in the 2000s were higher than any other period on record.
Precipitation was lowest in the 1930s and 1960s and has
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Figure 9. Mean annual streamflow, in standard deviations from the mean. Shades of blue indicate mean annual streamflow more than
one standard deviation above long-term average. Shades of red indicate annual streamflow more than one standard deviation below
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been increasing more recently. The wettest S5-year consecu-
tive period was from 2015 to 2020 (Frankson and others,
2022). The frequency of high intensity precipitation has also
increased in Michigan (Frankson and others, 2022). Increases
in snowfall since the 1980s have also been observed in the UP
and northern parts of the LP (Andresen and others, 2012).

Climate Effects on Flooding and Runoff

Flooding in Michigan is primarily observed in spring as
a result of high precipitation and snowmelt and less frequently
from high intensity summer storms. The amount of runoff
from a specific precipitation event or from snowmelt can vary
depending on antecedent soil moisture conditions and the
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amount of evaporation that occurs. Observed and projected
changes in precipitation and temperature across Michigan
have the potential to change the magnitude, timing, and sea-
sonality of floods across the State.

Anticipated climate projections for Michigan include
increases in temperature and precipitation during this century
(Frankson and others, 2022). Additional climate projections
include an increase in frost-free days and summer extremes
(Andresen and others, 2012). Longer frost-free days and
increased summer temperatures have the potential to change
evapotranspiration and soil moisture, which are important fac-
tors in controlling daily runoff and streamflow. Additionally,
warmer temperatures may affect the Great Lakes’ water levels
and ice cover, which can increase lake-effect precipitation.

Precipitation is expected to increase in Michigan,
although there is a higher degree of uncertainty with future
precipitation than temperature (Frankson and others, 2022).
Precipitation increases are most likely in winter and spring
due to changes in temperature. The ratio of snow to total
precipitation is expected to decrease (Byun and Hamlet, 2018;
Frankson and others, 2022). Changes in snow storage could
affect the timing and magnitudes of peak streamflows in
Michigan and include earlier snowmelt-related peak stream-
flows (Byun and others, 2019).

Data and Methods

Statistical analyses of peak streamflow, annual stream-
flow, and climate metrics were performed for four periods:
the 100-year period from water year 1921 through water
year 2020, the 75-year period from water year 1946 through
water year 2020, the 50-year period from water year 1971
through 2020, and the 30-year period from water year 1991
through 2020. 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 streamflow
seasonality, center of volume, and 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,
2023). This report summarizes the results in Marti and oth-
ers (2023) and identifies spatial and temporal patterns in the
results across Michigan.

Results of statistical tests are commonly assessed with
a probability value (p-value), which is the probability of
obtaining the observed results if 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 occurring in the specified direc-
tion 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 a trend occurring in the specified direc-
tion is between 70 and 85 out of 100. There is a greater chance
that random variability at a streamgage could be identified

as a “somewhat likely” trend using this method and a single
streamgage with this category in a region with no other similar
trends may warrant additional investigation. The utility of

this less stringent trend categorization is in identifying broad
regions of change, in which clusters of streamgages show sim-
ilar trend directions that may go unnoticed if using traditional
definitions of statistical significance. 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 in Ryberg and others (2024).

Results of Streamflow and Climate
Analyses

Peak-streamflow data were available at 4, 29, 79, and 89
streamgages in Michigan for the 100-, 75-, 50-, and 30-year
analysis periods, respectively. Widespread changes in peak
flow, daily streamflow, precipitation, and temperature were
identified across Michigan during all four analysis periods.
This section summarizes results of streamflow and climate
analyses and describes spatial or temporal patterns in nonsta-
tionarity across the State. Results for streamflow or climate
analyses at specific streamgages in Michigan are available in
Marti and others (2023).

Annual Peak Streamflow

This section summarizes the results of analyses of peak
streamflow in Michigan. Several types of nonstationari-
ties in peak streamflow were detected in Michigan, includ-
ing trends in the magnitude and timing, and change points.
Analysis results were affected by the length of the period of
analysis and the number of available streamgages. There were
few streamgages in the 100-year period statewide and few
streamgages in the UP and northern LP in the 75-year period,
making it difficult to generalize results or identify spatial
patterns of peak-flow changes in these areas of the State for
these periods.



Monotonic Trends in Peak Streamflow

The Mann-Kendall test 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 are shown
in table 1 and figure 10. In the LP, trends were largely upward
across all time periods, with isolated downward trends. The
UP had downward trends at most streamgages in the 75- and
50-year periods, with no upward trends; however, in the
30-year period, trends in the UP were predominantly upward
with no downward trends. The reversal in trend direction
between time periods is indicative of nonmonotonic patterns
in the peak streamflows. At many UP streamgages, peak
streamflow exhibited a “U” shaped curve, with downward
peak trends occurring until the mid-2000s and upward trends
after that. Peak streamflow for specific streamgages available
in Marti and others (2023).

To compare trend magnitudes across streams of differ-
ent sizes, trend slopes were normalized by the median peak
streamflow at the streamgage and converted to a percent-
age (fig. 10). The resulting percentage represents the yearly
change in the median peak streamflow at the streamgage. For
example, at a streamgage with an upward trend of 1 percent,
the median peak streamflow would double during a 100-year
period. Statewide, median trend magnitudes for streamgages
with likely or somewhat likely trends were less than 0.5 per-
cent per year for all analysis periods except the 30-year period,

Table 1.
analysis periods ending in water year 2020.
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where median trends for likely and somewhat likely upward
trends were 0.9 percent per year. Trend magnitudes were simi-
lar for both upward and downward trends.

Trends in Peak-Streamflow Timing

Snowmelt or rain-on-snow are the primary mechanisms
for producing peak streamflows in Michigan, with occasional
peak streamflows caused by summer rainstorms. Snowmelt
typically peaks between March through May. The peak-flow
timing analysis plots identify changes in the timing of annual
peak streamflows at each streamgage (Marti and others, 2023).
An example of a peak-flow timing analysis for Shiawassee
River at Owosso, Mich. (USGS streamgage 04144500) is
shown in figure 114. A trend in these data indicates that annual
peak streamflows are occurring later (upward trend) or earlier
(downward trend) in the water year.

Summary results of peak-flow timing trends for all time
periods are shown in table 1 and figure 12. Trends in the tim-
ing of peak streamflows in Michigan showed some regional
patterns, with upward trends primarily in the south and
downward trends in the UP and along the northeastern side of
the LP. In general, shifts in the timing of annual peak stream-
flow were greatest in the southern areas of Michigan. For
streamgages with likely upward trends in peak-flow timing in
the 75-year period, the occurrence of annual peak streamflow
shifted an average of 23 days later in the spring during the
time period.

Some of the apparent downward trends in figure 12 in
the 30- and 50-year periods may be caused by storms that
occurred in October or November. Because the trend timing

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

Somewhat likely

About as likely Somewhat likely

Trend period Total streamgages  Likely upward upward as not downward Likely downward
Monotonic trend likelihood

100 4 3 0 1 0
75 29 7 7 8 3
50 79 20 14 32 3 10
30 89 36 25 24 1 3

Peak-streamflow timing likelihood

100 4 0 1 3 0 0
75 29 12 3 11 0 3
50 79 21 17 27 11 3
30 89 20 16 34 12 7

Change point likelihood

100 4 2 1 1 0 0
75 29 6 5 10 5 3
50 79 17 12 34 7 9
30 89 27 18 39 2 3
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Figure 10. Likelihood and magnitude of peak-streamflow trends at selected U.S. Geological Survey streamgages in
Michigan for four analysis periods ending in water year 2020.



A. Shiawassee River at Owosso, Michigan (04144500)

Results of Streamflow and Climate Analyses

Oct.
Sept.
Aug.
July

June

Month

17

EXPLANATION

[Dot size and color vary with
peak streamflow magnitude]

—— Trend in timing using all
peak streamflow

Peak streamflow, in cubic feet

per second
@® 2000
® 000

‘ 6,000

EXPLANATION

[Dot size and color vary with
peak streamflow magnitude]

— — Trend in timing of late water year
peak streamflow (May 16
through September 31)

—— Trend in timing of peak stream-
flow using the full water
year

— — Trend in timing of early water
year peak streamflow
(October 1 through May 15)

Peak streamflow, in cubic feet
per second

500
700

900

1,100

Nov. — —
Oct. — ‘ ]

| | | |

1960 1980 2000 2020
Water year
B. Sturgeon River at Wolverine, Michigan (04127997)

1 = 1 1 1 1 1

Oct. — . \\\\\ =
\\\\ .
Sept. - S~<_ —
\\\\\’. [ ]
Aug. — S~ —
Jul T
uly — ~~a_ ]
°® ~e.®
June — (] Y S~ —
. May - .‘ ° T
= _—._-' e _r'. —@ 4._'.'_._—
= = v%e O e ®-———
Mar. — ° ]
Feb. — —
o
Jan. — [ ) Y —
Dec. — Y —
Nov. — . . —
[} [ J

Oct. — [ _

| | | | | |

1970 1980 1990 2000 2010 2020
Water year
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Figure 12. Likelihood of peak-streamflow timing trends at selected U.S. Geological Survey streamgages in Michigan for
four analysis periods ending in water year 2020.



analysis uses a water year, October is considered the first
month which plots at the bottom of the y-axis. Peak stream-
flows in October or November are low outliers in the timing
analyses, which can affect the trend slope and cause a down-
ward trend. A downward trend in peak-flow timing typically
indicates that snowmelt-related spring peak streamflows are
occurring earlier in the year over time. Peak streamflows

in October or November may be contributing to apparent
downward trends at some streamgages, although they are
actually evidence of peak streamflows caused by high pre-
cipitation events occurring late in the year as opposed to
spring snowmelt peaks occurring earlier in the year. If the
plots were drawn using a calendar year, these October and
November storms would be high outliers, leading to a neutral
or upward trend. An example of this is shown in figure 118 for
the Sturgeon River at Wolverine, Mich. (USGS streamgage
04127997). Downward trends at several streamgages in the
northern LP seem to have been affected by this issue and

the direction of the trend may be unreliable. Because of the
potential effect of these outliers, plots of the peak-streamflow
timing analysis, available in Marti and others (2023), should
be examined for any streamgage of interest with a down-
ward slope.

Change Points in Peak Streamflows

Change points are abrupt changes in the median, mean,
or variance of a time series. The nonparametric Pettitt test
was used to find change points in the median peak stream-
flow (Pettitt, 1979). Results of the tests for change points are
shown in table 1 and figure 13. Magnitudes of change points
are shown as a percent change in the median before and after
the change point (fig. 13). As with tests for monotonic trends,
the results of the change point analyses are presented in terms
of statistical likelihood. Results in figure 13 and table 1 may
differ slightly from individual streamgage analyses presented
in Marti and others (2023), 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.

Change point dates ranged from 1936 to 2016 (fig. 14).
Downward change points occurred at individual streamgages
throughout the period of record. Small clusters in which
change points were present in more than one streamgage in a
year occurred in 1952, 1976, and in the late 1990s. Upward
change points were clustered in the early 1970s, mid-1980s,
1995, and multiple years after water year 2000.

Daily Streamflow

This section summarizes the results of analyses of daily
streamflow in Michigan. Daily streamflow data were avail-
able at 4, 29, 74, and 79 streamgages respectively for the 100-,
75-, 50-, and 30-year analysis periods. Daily streamflow is
not available at every streamgage used in the peak-streamflow
analyses because of the use of standalone CSGs in Michigan,
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which only record the annual peak streamflow. Changes in
daily streamflow were examined using several different analy-
ses including identification of seasonal and annual trends, ras-
ter seasonality plots, center of volume plots, and POT analysis,
described in Ryberg and others (2024).

Trends in Mean Annual and Seasonal
Streamflow

Seasonal mean streamflow was computed for spring
(March through May), summer (June through August), fall
(September through November), and winter (December
through February). The likelihood of monotonic trends in
annual streamflow is shown in table 2 and figure 15. Similar
to trends in peak streamflow, trends in annual streamflow are
predominantly upward. Downward trends were identified
in the UP for the 75-year and 50-year period; however, all
streamgages in the UP had likely or somewhat likely upward
trends in the 30-year period. Median trend slopes were —0.12,
—0.25, and 0.86 percent per year for the 75-, 50-, and 30-year
trends, respectively, for streamgages in the UP; and 0.58, 0.43,
0.28, and 0.52 percent per year for the 100-, 75-, 50-, and
30-year trends, respectively, for streamgages in the LP.

Seasonal streamflow trends are shown in figure 16.
Seasonal trends are similar to annual trends for the 100- and
75-year periods, with predominantly downward trends in
the UP and upward trends in the LP. Trend magnitudes were
lowest during the spring in the LP and the fall in the UP for
the 75-year period. Seasonal trends in the 50-year period
were variable. Trends in the UP and northern LP were pre-
dominantly downward. In the LP, trends were predominantly
upward in winter and summer and were a mix of upward,
downward, and neutral (no trend) in fall and spring. There
were some reversals of trend patterns in the 30-year period.
The UP, which had mostly downward trends in the 75- and
50-year periods, had predominantly upward trends in the
30-year period. In the southeastern LP, which had primarily
upward or neutral trends in the longer analysis periods, down-
ward trends were identified in fall and summer in the 30-year
analysis period. As with peak streamflows, a change in direc-
tion of the trends indicates a nonmonotonic, often “U” shaped
pattern in the streamflow data.

Raster Seasonality Plots

Raster seasonality plots show the mean daily streamflow
for every day in the period of record (fig. 174), colored by the
magnitude of the streamflow, with day of the water year on
the x-axis and water year on the y-axis. 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 174 shows the raster seasonality plot
for Grand River at Grand Rapids, Mich. (USGS streamgage
04119000). At the beginning of the period of record for this
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Figure 13. Likelihood and magnitude of change points in median peak streamflow at selected U.S. Geological Survey
streamgages in Michigan for four analysis periods ending in water year 2020.
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Figure 14. Dates of likely and somewhat likely change points in median peak streamflow at selected U.S. Geological
Survey streamgages in Michigan for four analysis periods ending in water year 2020.

streamgage, the moderate and high streamflows (green
and blue) typically occur between March and June, with
periodic wet years in which higher flows occur in the late
fall and winter. Starting in the late 1960s, the frequency of
these high-magnitude flows increases during the early part
of the water year, from October through February. Raster
seasonality plots are a qualitative analysis and not easily

summarized across the State; however, similar increases in
daily streamflow during the fall and winter are evident at many
southern Michigan streamgages. Raster seasonality plots for
other streamgages available in Marti and others (2023). These
changes in daily streamflow magnitude are not as apparent in
the northern LP or the UP.
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Table 2. Likelihood of monotonic trends in mean annual and daily streamflow, change points in peaks over threshold analyses, and
trends in center of volume analyses (25th, 50th, and 75th percentile streamflows) at selected streamgages in Michigan 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 volume;
Q50, 50th percentile of annual streamflow volume; Q75, 75th percentile of annual streamflow volume]

Trend period Total stroamgages Likely upward Somewhat likely  About as likely  Somewhat likely Likely downward
(years) upward as not downward
Monotonic trend in mean annual streamflow
30 79 42 15 20 2 0
50 74 26 17 17 6 8
75 29 25 1 0 2 1
100 4 4 0 0 0 0
Monotonic trend in daily streamflow (March—May)
30 79 55 18 6 0 0
50 74 8 15 32 8 11
75 29 11 7 6 4
100 4 4 0 0 0 0
Monotonic trend in daily streamflow (June—August)
30 79 20 11 37 5 6
50 74 45 5 12 4 8
75 29 25 1 0 0 3
100 4 4 0 0 0 0
Monotonic trend in daily streamflow (September—November)
30 79 12 10 33 12 12
50 74 11 9 37 12
75 29 26 0 3
100 4 4 0 0 0 0
Monotonic trend in daily streamflow (December—February)
30 79 22 20 37 0 0
50 74 32 17 20 2 3
75 29 26 1 2 0
100 4 4 0 0 0
Peaks over threshold (POT2)
30 79 26 15 28 6 4
50 74 17 12 29 10 6
75 29 12 4 6 4 3
100 4 2 1 0 1 0
Peaks over threshold (POT4)
30 79 32 14 26 4 3
50 74 32 14 19 5 4
75 29 22 1 3 1
100 4 4 0 0 0 0
Center of volume analysis (Q25)
30 79 15 23 34 4 3
50 74 1 6 44 15 8
75 29 0 0 1 4 24

100 4 0 0 0 0 4
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Likelihood of monotonic trends in mean annual and daily streamflow, change points in peaks over threshold analyses, and

trends in center of volume analyses (25th, 50th, and 75th percentile streamflows) at selected streamgages in Michigan 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 volume;
Q50, 50th percentile of annual streamflow volume; Q75, 75th percentile of annual streamflow volume]

Trend period

Somewhat likely

About as likely  Somewhat likely

(years) Total streamgages Likely upward upward as not downward Likely downward
Center of volume analysis (Q50)
30 79 7 10 53 6 3
50 74 4 10 45 8 7
75 29 1 1 14 6 7
100 4 0 0 0 4 0
Center of volume analysis (Q75)
30 79 2 9 47 11 10
50 74 24 17 17 6 10
75 28 20 1 2 2 3
100 4 4 0 0 0 0
Center of volume analysis (Duration between Q25 and Q75)
30 79 5 2 18 20 34
50 74 19 12 33
75 29 25 1 3
100 4 4 0 0

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) percentile
of annual streamflow volume occurred as well as the duration
of time between the occurrence of the Q25 and Q75 (COVdur)
(fig. 17B). Linear trends in these values over time indicate a
change in the distribution of streamflow timing throughout
the year. Upward trends in the Q25, Q50, or Q75 indicate the
dates at which these percentiles of annual streamflow volume
occur are earlier in the water year, whereas a downward trend
indicates a later occurrence. Trends in the COVdur indicate
how evenly streamflow is distributed throughout the year. An
upward trend in COVdur indicates that the annual volume of
streamflow is becoming more evenly spread throughout the
year, whereas a downward trend indicates that streamflows are
becoming more concentrated in one season of the year.

The center of volume analysis for Grand River at Grand
Rapids, Mich. (USGS streamgage 04119000) is shown in
figure 17B. At this location, there are diverging trends for
the Q25 and Q75 and an increasing trend in the COVdur.
These trends are consistent with the increase in the magni-
tude of daily streamflows during fall and winter seen in the
raster seasonality plot for the site (fig. 174). The number of
streamgages with likely or somewhat likely trends in the Q25,
Q50, Q75, and COVdur is shown in table 2. Increasing trends
in the duration between the 25th and 75th percentile of annual
streamflow volume were detected at most streamgages in the

100- and 75-year periods (fig. 18). The 50-year period had a
mix of upward, downward, and no likely trend in COVdur.
Upward trends in this period were clustered in the southern
half of the LP. Trends in COVdur in the 30-year period were
primarily downward in the LP and upward or neutral in the
UP. The change in direction of COVdur throughout much of
the LP may be due to changes in seasonal streamflow during
this period. Decreases in fall and summer streamflows and
increases in spring streamflows during the 30-year period
(fig. 16) result in more of the annual volume concentrated in
a shorter amount of time, which result in a downward trend
in COVdur.

Peaks Over Thresholds Analysis

Peaks over threshold (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 year as
described in 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-flow 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 in 1 year.
Tests for change points in the number of events over the
threshold were completed to identify increases or decreases
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Figure 15. Magnitude and likelihood of monotonic trends in mean annual streamflow at selected U.S. Geological Survey
streamgages in Michigan for four analysis periods ending in water year 2020.
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Figure 17. Analyses of daily streamflow for Grand River at Grand Rapids, Michigan (U.S. Geological Survey streamgage 04119000)

for water years 1921 through 2020. A, Raster seasonality plot. B, Center of volume analysis.

300

200

100

Daily streamflow, in cubic feet
per second

104

104

10%5

| 1030

| 1025

Duration, in days

21



28

Peak Streamflow Trends in Michigan and Their Relation of Changes in Climate, Water Years 1921-2020

100 year 88° 75 year 8g°

90° , 8° 90 7 o

e e

0 40 80 MILES

0 40 80KILOMETERS

EXPLANATION

Trend direction
A Likely upward V' Somewhat likely downward

A Somewhat likely upward V¥ Likely downward

¢ About as likely as not

Figure 18. Likelihood of monotonic trends in the duration between the 25th and 75th percentile of annual streamflow
volume for selected U.S. Geological Survey streamgages in Michigan for four analysis periods.



in the frequency of these high POT2 and POT4 streamflow
events. There was a mix of upward, downward, and neutral
(no change points detected) results throughout the State.
Spatial patterns in change point results were not evident except
for a cluster of downward trends in the UP during the 50-year
analysis period (fig. 19). The water years in which POT2 and
POT4 change points occurred are shown in figure 20. In the
75-year period, change points are spread across the analysis,
with small clusters of upward trends in several decades. In the
50- and 30-year periods, upward change points are more heav-
ily concentrated after water year 2000.

Climate

Gridded climate data from the monthly water balance
model (Wieczorek and others, 2022), described previously,
were averaged over streamgaged 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 Michigan during all four analysis peri-
ods. 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 21 and table 3. Upward precipita-
tion trends were prevalent across most of the State and all four
analysis periods. Trend slopes increased substantially during
the 30-year period, particularly in the UP. Median trend slopes
in the LP ranged from 0.07 to 0.08 inch per year for the 100-,
75-, and 50-year periods in the LP and increased to 0.14 inch
per year in the 30-year period. In the UP, median trend slopes
were 0.01 and 0.02 inch per year in the 75- and 50-year
periods and 0.22 inch per year in the 30-year period. The
trend in precipitation at many UP streamgages was nonlinear,
with a decrease in annual precipitation between water years
1990 and 2010 and a large increase after water year 2010. For
example, figure 22 shows this pattern for the Sturgeon River
near Sidnaw, Mich. (USGS streamgage 04040500). Because
the 30-year analysis period begins during this low-precipita-
tion period, the large slope magnitude during this period
may not reflect longer-term changes in precipitation. Some
LP streamgages also saw a decrease in precipitation during
1990-2020, although the decreases were less pronounced than
at the UP streamgages and precipitation trends were generally
more linear in the LP. Climate analyses results for individual
streamgages are available in Marti and others (2023).

The likelihood and magnitude of seasonal precipitation
trends are shown in figure 23 and table 3. Likely and some-
what likely upward seasonal precipitation trends were detected
at most streamgages during the 100- and 75-year periods
except for three streamgages in the UP, which had down-
ward trends in the summer and no trend during the spring in
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the 75-year period. Relative trend magnitudes in these two
analysis periods were generally less than 0.5 percent of the
seasonal mean and there were only minor differences in trend
magnitudes between seasons. During the 50- and 30-year
periods, differences in seasonal trends were more evident, with
spring and winter having a greater number of trends (between
89 and 97 percent of streamgages) compared to summer

and fall (between 31 and 66 percent of streamgages). Trend
magnitudes were largest in the 30-year period. In the UP,
precipitation trends were upward in every season, whereas the
LP had upward trends primarily in winter and spring. Summer
precipitation trends during the 30-year period in the LP had

a mix of upward trends in the southeastern area of the State,
and a mix of neutral, weaker, and somewhat likely downward
trends in the western and southern areas.

Temperature

Likely or somewhat likely upward trends in annual
temperature were detected at every streamgage in the 100-,
75-, and 50-year analysis periods (fig. 24 and table 4). In
the 30-year period, upward trends were detected at every
streamgage in the LP and two streamgages in the UP. Other
streamgages in the UP had no likely trend in the 30-year
period. Statewide, median temperature trend slopes were 0.02
and 0.03 degree Fahrenheit per year in the 100- and 75-year
analysis periods, respectively, and 0.5 degree per year in the
50- and 30-year analysis periods. Trends in annual temperature
throughout the State were nonlinear, with neutral or down-
ward trends through the early part of the 20th century until
about the mid-1970s, when temperatures began to increase, as
shown in figure 25 for Grand River at Lansing, Mich. (USGS
streamgage 04113000). At some streamgages, particularly in
the UP, this increase in temperature was accompanied by an
increase in variability, as well which made it difficult to assess
the presence of a trend in the short 30-year analysis period.

Seasonal mean temperature trends were greatest in the
winter for the 75-year period, winter and fall in the 50-year
period, and fall in the 30-year period (fig. 26). Few trends
were detected in spring and winter during the 30-year period.
As with precipitation and annual temperature, nonlinearities
in the seasonal temperature trends can make the calculation of
slope sensitive to the period of record, and high variability can
mask trends in the shorter 30-year analysis period.

Trends in Modeled Water Balance Components

Although temperature and precipitation generally
increased in Michigan during the past 100 years, there were
differences in the seasonality, magnitude, and geographic
extent of these changes. 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
as streamflow. Trends and nonstationarities in precipitation
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Figure 19. Likelihood of change points in the annual frequency of streamflow events above a threshold for selected U.S.
Geological Survey streamgages in Michigan for four analysis periods. A, Peaks over threshold for which there is an average
of two events per year. B, Peaks over threshold for which there is an average of four events per year.
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Figure 19. Likelihood of change points in the annual frequency of streamflow events above a threshold for selected U.S.
Geological Survey streamgages in Michigan for four analysis periods. A, Peaks over threshold for which there is an average
of two events per year. B, Peaks over threshold for which there is an average of four events per year—Continued
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Figure 20. Water year of change points in the frequency of streamflow events for which there is an average of events per
year for selected U.S. Geological Survey streamgages in Michigan for four analysis periods. A, Peaks over threshold with two

events per year. B, Peaks over threshold with four events per year.
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Figure 21. Magnitude and likelihood of monotonic trends in annual precipitation at selected U.S. Geological Survey
streamgages in Michigan for four analysis periods ending in water year 2020.
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Table 3.
periods ending in water year 2020.

Peak Streamflow Trends in Michigan and Their Relation of Changes in Climate, Water Years 1921-2020

Likelihood of monotonic trends in annual and seasonal precipitation at selected streamgages in Michigan for four analysis

Trend period Total streamgages Likely upward Somewhat likely About as likely Somewhat likely Likely downward
(years) upward as not downward
Annual precipitation trends
30 89 78 9 2 0 0
50 79 67 8 3 0 1
75 29 26 1 2 0
100 4 4 0 0 0 0
Spring (March, April, May) precipitation trends
30 89 76 3 10 0 0
50 79 59 11 6 3 0
75 29 19 7 3 0 0
100 4 4 0 0 0 0
Summer (June, July, August) precipitation trends
30 89 17 10 41 18 3
50 79 30 13 27 8 1
75 29 19 4 3 0 3
100 4 4 0 0 0 0
Fall (September, October, November) precipitation trends
30 89 10 15 61 3 0
50 79 8 20 45 6 0
75 29 28 1 0 0 0
100 4 4 0 0 0 0
Winter (December, January, February) precipitation trends
30 89 68 18 3 0 0
50 79 49 24 4 1 1
75 29 18 3
100 4 4 0 0

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, potential evapotranspiration
(PET), and streamflow. Modeled outputs include PET, actual
evapotranspiration, snowfall, soil moisture, soil water equiva-
lent, and runoff. A complete description of these data available
in Ryberg and others (2024).

The ratio of PET to precipitation is an indication of
overall “wetness” of a drainage basin, with low ratio values
indicating wet and high values indicating dry. 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 (fig. 27).
Decreases in this ratio indicate that the rate of increase in

precipitation was generally larger than the increase in PET
from temperature increases and indicates generally “wetter”
conditions 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 Michigan.
Increasing temperatures and precipitation during the fall
through spring can change the amount of snowfall and the tim-
ing of snowmelt-related peak streamflows. Long-term trends
in annual snowfall (50-, 75-, and 100-year analysis periods)
showed downward or no trend throughout most of the State
(table 5). Seasonal snowfall trends for these analysis periods
had downward or no trend during the spring and fall but many
upward trends in winter snowfall, which is consistent with
seasonal temperature and precipitation increases in Michigan.
Seasonal upward trends in precipitation were largest in
winter and spring during these analysis periods. Temperature
increased in all seasons during these periods, which could lead
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Figure 22. Annual precipitation for Sturgeon River near Sid
04040500) from water years 1946 through 2020.

to more precipitation falling as rain instead of snow in fall
and spring. In winter, despite upward temperature trends,
it is still typically cold enough for most precipitation to
fall as snow.

During the 30-year period, snowfall trends were
primarily upward for annual and seasonal, with the largest
magnitude trends in the UP (fig. 28). Seasonally, trends were

naw, Michigan (U.S. Geological Survey streamgage

seen primarily in the winter and some in spring, which is
consistent with upward trends in precipitation during these
seasons (fig. 28). Similar to precipitation trend magnitudes, the
large magnitude of snowfall trends in the UP likely are due to
decreased precipitation at these streamgages during the 1990s
at the start of the 30-year analysis period and may not be rep-
resentative of the longer-term conditions.
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Figure 23. Likelihood of monotonic trends in seasonal precipitation at selected U.S. Geological Survey streamgages in Michigan for four analysis periods ending in
water year 2020.
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Figure 24. Likelihood and magnitude of monotonic trends in annual temperature at selected streamgages in Michigan for
four analysis periods ending in water year 2020.
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Likelihood of monotonic trends in annual and seasonal temperature at selected streamgages in Michigan for four analysis

Trend period Total streamgages Likely upward Somewhat likely About as likely Somewhat likely Likely downward
(years) upward as not downward
Annual temperature trends
30 89 68 11 10 0 0
50 79 79 0 0 0 0
75 29 29 0 0 0 0
100 4 4 0 0 0 0
Spring (March, April, May) temperature trends
30 89 4 34 48 3 0
50 79 63 6 10 0 0
75 29 29 0 0 0 0
100 4 4 0 0 0 0
Summer (June, July, August) temperature trends
30 89 74 14 1 0 0
50 79 79 0 0 0
75 29 29 0 0 0
100 4 3 1 0 0 0
Fall (September, October, November) temperature trends
30 89 87 2 0 0 0
50 79 79 0 0 0 0
75 29 29 0 0 0 0
100 4 4 0 0 0 0
Winter (December, January, February) temperature trends
30 89 0 18 71 0 0
50 79 79 0 0
75 29 29 0 0
100 4 4 0 0

Discussion and Implications for
Flood-Frequency Analysis

Nonstationarity was identified in streamflow and climate
data throughout Michigan in the past 100 years. Changes
in precipitation seem to be driving many of the changes in
annual and peak streamflow in Michigan. The patterns of
annual and seasonal increases in precipitation (figs. 21 and
23) are generally consistent with changes in peak, annual,
and seasonal streamflow (figs. 10, 15, and 16). Changes in
temperature began in the late 1970s, with upward trends at
most streamgages occurring between 1975 and 2020. In the
LP, upward trends in temperature were primarily in fall and
summer, whereas seasonal trends in precipitation were upward
primarily in winter and spring. Upward trends in precipitation
in winter and spring are consistent with the upward spring
streamflow trends and upward peak streamflows, which typi-
cally occur in spring, whereas upward trends in temperature

in fall and summer may be increasing evapotranspiration,
leading to downward trends in fall and summer streamflow in
the LP during this period. Upward trends in temperature have
a less apparent effect on peak streamflow because temperature
increases were largest during the fall and summer, whereas
peak streamflow occurs more often in the spring.

The widespread prevalence of nonstationarity in peak
streamflow in Michigan has important implications for flood-
frequency analysis. The standard statistical methods used
to estimate the flood magnitude for a given annual exceed-
ance probability assume that the peak-streamflow time series
are stationary and representative of a random process. The
presence of a trend in peak streamflow time series is particu-
larly problematic at streamgages with short periods of record
because their peak streamflows may not be representative of
the full range of peak-streamflow magnitudes and may result
in a biased estimate of the flood magnitude. For example,
Levin and Sanocki (2023) showed that flood discharge
estimate for the 1-percent annual exceedance probability



40 Peak Streamflow Trends in Michigan and Their Relation of Changes in Climate, Water Years 1921-2020

Slope = 0.0105 plus or minus 0.00276, in degrees Celsius per year

1~ [ [

[ ]
EXPLANATION °
[ Linear ordinary least squares fit °
——— Locally estimated scatterplot smoothing (LOESS) o

Average water year temperature, in degrees Celsius

1925 1950

1975 2000
Water year

Figure 25. Annual temperature for Grand River at Lansing, Michigan (U.S. Geological Survey streamgage 04113000)

from water year 1921 to 2020.

at a streamgage in Wisconsin varied by a factor of three
when using a subset 20-year data record on a stream loca-
tion with a trend in peak streamflow. Regression equations
currently used to estimate flood magnitudes at ungaged
streams in Michigan were last published in 1984 (Holtschlag
and Croskey, 1984). Peak-streamflow data used to develop
regional flood discharge equations in 1984 do not reflect the

increasing peak streamflows detected in the last 30 years and
cannot account for the nonstationarity observed in the stream-
flow record. As a result, using the old equations to estimate
current (2023) peak streamflow in ungaged areas could lead to
greater uncertainty than is reported in Holtschlag and Croskey
(1984) and may lead to biased flood estimates.
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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 Michigan for four analysis periods ending in water year 2020.
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Table 5. Likelihood of monotonic trends in annual and seasonal snowfall at selected streamgages in Michigan for four analysis
periods ending in water year 2020.

Trend period Total streamgages Likely upward Somewhat likely  About as likely Somewhat likely Likely downward
(years) upward as not downward
Annual snowfall trends
30 89 16 31 42 0 0
50 79 0 1 35 33 10
75 29 0 1 11 6 11
100 4 0 0 4 0 0
Spring (March, April, May) snowfall trends
30 89 1 19 69 0 0
50 79 0 0 5 11 63
75 29 0 0 3 1 25
100 4 0 0 0 0 4
Fall (September, October, November) snowfall trends
30 89 0 4 18 41 26
50 79 0 0 20 37 22
75 29 0 0 0 11 18
100 4 0 0 0 1 3
Winter (December, January, February) snowfall trends
30 89 40 33 16 0 0
50 79 6 21 49 2 1
75 29 8 5 13 3 0
100 4 4 0 0 0 0
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Figure 28. Likelihood and magnitude of monotonic trends in annual snowfall at selected streamgages in Michigan for four
analysis periods ending in water year 2020.
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Summary

Nonstationarity is a statistical property of annual peak
streamflow time-series such that the long-term distributional
properties (mean, variance, or skew) change one or more times
either gradually or abruptly through time. Failure to incorpo-
rate observed nonstationarities into flood-frequency analysis
may result in a poor representation of the true present-day
flood risk. This report characterizes changes in annual peak
streamflow, daily streamflow, and monthly precipitation and
temperature in Michigan as part of a larger U.S. Geological
Survey effort to characterize the effects of regional hydrocli-
matic shifts and changes in climate on streamflow across the
Midwest. These analyses provide the foundation for ongoing
studies to address nonstationarity in observed peak streamflow
and flood-frequency analysis.

Streamflow and climate were analyzed using four analy-
sis periods: the 100-year period from water year 1921 to 2020,
the 75-year period from water year 1946 to 2020, the 50-year
period from water year 1971 to 2020, and the 30-year period
from water year1991 to 2020. A water year is the period from
October 1 to September 30 and is designated by the year in
which it ends. Peak streamflow was available for 4, 29, 50,
and 30 streamgages in the 100-, 75-, 50-, and 30-year periods,
respectively. Daily streamflow was available for 4, 29, 74,
and 79 streamgages in the 100-, 75-, 50-, and 30-year periods,
respectively. Additionally, trends in precipitation, temperature
data, and estimated water budget components were examined
as potential drivers of streamflow change.

Peak streamflows were assessed using monotonic trend
detection using the Mann-Kendall test, as well as change point
analysis during the four specified time periods. Trends and
change points in peak streamflow were primarily upward in
the Lower Peninsula (LP) across all time periods, with some
isolated downward changes. In the Upper Peninsula (UP),
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 streamflows were identi-
fied with a shift towards later peaks in the southern half of the
LP, and a shift towards earlier peaks in along the eastern and
northern areas of the LP. For streamgages with likely upward
trends in peak-flow timing in the 75-year period, the occur-
rence of annual peak streamflow shifted an average of 23 days
later in the spring during the course of the analysis period.

A variety of analyses were used to assess changes in
annual and seasonal streamflows, including the Mann-Kendall
test to identify monotonic trends, raster seasonality plots to
visualize changes in daily streamflow magnitude, center of
volume analyses to identify changes in the timing of stream-
flow, and peaks over threshold analyses to identify changes in
the frequency of high-magnitude streamflows. Annual stream-
flow trends resembled peak-flow trend patterns, with upward
trends throughout the LP, downward trends in the UP in the
75- and 50-year periods, and upward trends in the 30-year

period. Seasonal precipitation trends were primarily upward in
the LP, with fall, winter, and summer trends being the largest
in magnitude throughout the 75- and 50-year periods. In the
30-year period, downward fall precipitation trends were identi-
fied in the southeastern area of the LP.

Changes in climate during the periods of analysis point
to wetter conditions overall and are likely driving increases
in streamflow. Annual precipitation increased at nearly every
streamgage in the study. Upward seasonal trends were largest
in magnitude in winter and spring, particularly in the 30-year
period. Precipitation at some UP streamgages was nonlinear,
with decreases in precipitation between 1990 and 2010 and
increasing afterwards. Because the 30-year analysis period
begins during this low-precipitation period, the large slope
magnitude during this period may not reflect longer-term
changes in precipitation in the UP. Temperature increased
statewide, with most temperature trends beginning 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 evapo-
transpiration to precipitation ratios indicate an overall trend
towards wetter conditions in Michigan.
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