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Abstract

This study investigates seasonal and spatial variability in hydrological and
drought-related responses across watersheds in the Great Lakes region, focus-
ing on streamflow, baseflow, and the Standardized Precipitation Evapotranspi-
ration Index (SPEI). Using daily streamflow data from 70 USGS sites (1960-
2022), baseflow was separated via the HYSEP method, and watersheds were
delineated using the D8 algorithm with high-resolution elevation data. Trend
analyses employed Mann-Kendall and Pettitt break tests to detect temporal
shifts in hydrological and climatic variables. Two SPEI datasets were compared:
a full-period dataset spanning 1901-2022 and a truncated dataset aligned with
the streamflow record (1960-2022). Results reveal pronounced spatial hetero-
geneity, with the northern region exhibiting the greatest variability and tem-
poral dispersion in break years for baseflow and total flow. SPEI break years
generally precede hydrological shifts, indicating that meteorological drought
signals often emerge before hydrological responses. However, the truncated
SPEI dataset shows closer temporal alignment with streamflow changes, em-
phasizing the critical influence of data window selection on drought interpre-
tation. Seasonal analyses highlight stronger agreement between SPEI and hy-
drological trends during fall and winter, while summer shows lower corre-
spondence, particularly in the northern region, suggesting complex interac-
tions between climatic drivers and watershed processes. These findings under-
score the importance of considering temporal alignment and regional hetero-
geneity when using drought indices for hydrological assessment and water re-
source management under changing climate conditions.
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1. Introduction

Understanding seasonal variability in hydrological and drought-related data is es-
sential for effective water resource management and drought mitigation, espe-
cially under the accelerating influence of climate change. Seasonal data often re-
veal distinct patterns that are obscured when using annual or aggregated datasets.
For instance, shifts in streamflow timing in snowmelt-dominated basins have
been strongly linked to increasing winter and spring temperatures, which acceler-
ate snowmelt and alter water availability during critical warm seasons. These shifts
can have profound impacts on ecosystems, agriculture, and wildfire frequency, as
earlier snowmelt reduces water availability later in the year [1]-[3]. In the western
United States, where up to 75% of water supplies are derived from snowmelt,
trends toward earlier snowmelt-related streamflow timing have been observed,
with median shifts of several days to weeks depending on elevation and region [3].
These changes are primarily driven by rising air temperatures and, to a lesser ex-
tent, precipitation variability [1] [4]. In the U.S. Midwest and other regions, sea-
sonal streamflow patterns are influenced by climatic factors such as precipitation
variability, temperature, and land use changes, with effects varying across seasons
[5]. These findings underscore the importance of analyzing hydrological variables
at seasonal scales to capture the complexity of drought and water availability pat-
terns [6] [7].

The study area encompasses watersheds located across the states of Wisconsin,
Michigan, which border the Great Lakes (see Figure 1 and Table 1) and northern

Indiana. These lakes significantly influence regional hydrology but also present
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Figure 1. Location map of the study sites and their relative proximity to the Great Lakes.
The numbers correspond to site information in Table 1.
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Table 1. List of all USGS stations located including site number. Labels on Figure 1
correspond to the Map ID column.

Map USGS Site

D No. USGS Site Name Region

1 05357215 Allequash Creek at County Hwy M Near Boulder Junction, northern
WI

2 04136500 Au Sable River at Mio, Mi central
3 04136000 Au Sable River near Red Oak, Mi central
4 05405000 Baraboo River Near Baraboo, WI central
5 04105000 Battle Creek at Battle Creek, Mi southern
6 05357335 Bear River Near Manitowish Waters, W1 northern
7 04159492 Black River near Jeddo, Mi southern
8 04151500 Cass River at Frankenmuth, Mi southern
9 04154000 Chippewa River near Mount Pleasant, Mi central

10 04037500 Cisco Branch Ontonagon R at Cisco Lake Outlet, Mi northern

11 04165500 Clinton River at Moravian Drive at Mt. Clemens, Mi southern

12 04164000 Clinton River near Fraser, Mi southern
13 04164300 East Branch Coon Creek at Armada, Mi southern
14 04164100 East Pond Creek at Romeo, Mi southern
15 04100500 Elkhart River at Goshen, in southern
16 04146000 Farmers Creek near Lapeer, Mi southern
17 04148500 Flint River near Flint, Mi southern
18 04059500 Ford River near Hyde, Mi northern
19 05543830 Fox River at Waukesha, WI southern
20 04116000 Grand River at Ionia, Mi southern
21 04109000 Grand River at Jackson, Mi southern
22 04113000 Grand River at Lansing, Mi southern
23 05413500 Grant River at Burton, WI southern
24 04174500 Huron River at Ann Arbor, Mi southern
25 04105500 Kalamazoo River near Battle Creek, Mi southern
26 05515500 Kankakee River at Davis, in southern
27 05517500 Kankakee River at Dunns Bridge, in southern
28 05408000 Kickapoo River at La Farge, WI central

29 05382325 LaCrosse River at Sparta, W1 central

30 05431486 Little Turtle Creek at Carvers Rock Road Near Clinton, WI southern
31 04056500 Manistique River near Manistique, Mi northern
32 04115000 Maple River at Maple Rapids, Mi southern
33 04063522 Menominee River at Us Hwy-2 near Iron Mountain, Mi  northern

34 04087120 Menomonee River at Wauwatosa, WI southern
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Continued

35 04062500 Michigamme River near Crystal Falls, Mi northern
36 04121500 Muskegon River at Evart, Mi central

37 04164500 North Branch Clinton River near Mt. Clemens, Mi southern
38 40263491 North Fish Creek Near Moquah, WI northern
39 04040000 Ontonagon River near Rockland, Mi northern
40 04062000 Paint River near Alpha, Mi northern
41 04102500 Paw Paw River at Riverside, Mi southern
42 05432500 Pecatonica River at Darlington, W1 southern
43 04122500 Pere Marquette River at Scottville, Mi central

44 04128990 Pigeon River near Vanderbilt, Mi central

45 05414000 Platte River near Rockville, WI southern
46 05394500 Prairie River Near Merrill, WI northern
47 04112500 Red Cedar River at East Lansing, Mi southern
48 04142000 Rifle River near Sterling, Mi central

49 04176500 River Raisin near Monroe, Mi southern
50 04166500 River Rouge at Detroit, Mi southern
51 04144500 Shiawassee River at Owosso, Mi southern
52 04112000 Sloan Creek near Williamston, Mi southern
53 05393500 Spirit River at Spirit Falls, WI northern
54 04099000 St. Joseph River at Mottville, Mi southern
55 04101500 St. Joseph River at Niles, Mi southern
56 04127997 Sturgeon River at Wolverine, Mi northern
57 04041500 Sturgeon River near Alston, Mi northern
58 04040500 Sturgeon River near Sidnaw, Mi northern
59 04045500 Tahquamenon River near Paradise, Mi northern
60 04117500 Thornapple River near Hastings, Mi southern
61 03330500 Tippecanoe River at Oswego, in southern
62 04156000 Tittabawassee River at Midland, Mi central

63 04036000 West Branch Ontonagon River near Bergland, Mi northern
64 04106400 West Fork Portage Creek at Kalamazoo, Mi southern
65 04027500 White River Near Ashland, WI northern
66 04122200 White River near Whitehall, Mi central

67 05429500 Yahara River at Mc Farland, WI southern
68 05402000 Yellow River at Babcock, WI central

69 05517000 Yellow River at Knox, in southern
70 05516500 Yellow River at Plymouth, in southern

challenges for hydrological and drought studies due to complex lake-groundwater
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interactions, the dynamic water-land boundary, and a lack of sufficient temporal
and spatial resolution in surface water gaging data. The hydrology of the Great
Lakes region is further complicated by non-stationarity in long-term data sets,
which hinders the detection and interpretation of trends [8]. These challenges ne-
cessitate careful site selection and data analysis to accurately assess hydrological
changes and drought signals in the region.

The Great Lakes region’s hydrological complexity and data limitations have
been highlighted in recent studies, emphasizing the need for improved under-
standing of groundwater-surface water interactions and the impacts of climate
variability on water resources [9] [10]. The spatial distribution of study sites across
northern, central, and southern parts of Wisconsin and Michigan, as well as some
sites in northern Illinois and Indiana, allows for capturing geographic variability
in hydrological responses (Figure 1). This regional approach is critical for ad-
dressing the heterogeneity of drought impacts and streamflow variability influ-
enced by both climatic and watershed characteristics [11] [12].

The Standardized Precipitation Evapotranspiration Index (SPEI) is a widely
used drought index that integrates both precipitation and potential evapotranspi-
ration to assess drought severity over multiple timescales. Unlike indices based
solely on precipitation, SPEI accounts for the balance between water supply and
atmospheric demand, making it a robust tool for evaluating the impacts of climate
variability and change on hydrological systems. Its sensitivity to temperature-
driven evapotranspiration allows SPEI to capture drought severity more compre-
hensively, which is critical for understanding water resource dynamics in the con-
text of global warming. By incorporating atmospheric water demand, SPEI pro-
vides a more complete measure of drought conditions, making it particularly use-
ful for evaluating meteorological drought and its potential impacts on ecosystems
and water resources [13] [14].

Schnettler, S. et al (2024) [8] examine the complex hydrological responses to
climate variability and anthropogenic influences across Michigan and the broader
Great Lakes region, focusing on the interplay between precipitation, evapotran-
spiration, streamflow (baseflow), and groundwater. Given the region’s warming
temperatures, shifting precipitation patterns, and limited groundwater data, they
compared standardized annual streamflow and groundwater data with the Stand-
ardized Precipitation-Evapotranspiration Index (SPEI) to better understand water
availability and drought dynamics. Baseflow, which reflects groundwater contri-
butions to streams, was used as a proxy for groundwater where direct measure-
ments are scarce. Their analysis revealed significant regional variability: the south-
ern region showed increasing trends in groundwater and baseflow linked to ur-
banization and increased precipitation, while the northern region exhibited more
complex and less synchronized hydrological responses influenced by lake-effect
processes and climatic oscillations. The central region displayed mixed trends, re-
flecting its transitional nature between urban and natural landscapes. These find-
ings highlight the importance of integrating multiple hydrological indicators to
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capture the nuanced impacts of climate and land use on water resources.

We examined both precipitation deficits and streamflow because, although
these metrics are related, they capture different aspects of drought and water avail-
ability that do not always occur simultaneously [15]. Precipitation deficits, as re-
flected in indices like SPEI, indicate meteorological drought by measuring the im-
balance between water supply and atmospheric demand [16]-[18]. These deficits
provide an early signal of potential water shortages but do not immediately trans-
late into reduced streamflow due to watershed buffering mechanisms such as soil
moisture storage, groundwater reserves, and land cover.

Streamflow, on the other hand, represents the integrated hydrological response
of a watershed, reflecting actual water availability in rivers and streams. It ac-
counts for the cumulative effects of precipitation, evapotranspiration, soil mois-
ture, and groundwater contributions. Because of these complex interactions,
streamflow reductions may lag behind precipitation deficits or be influenced by
additional factors like groundwater withdrawals and land use changes that do not
directly affect precipitation or SPEI [13] [14].

By analyzing both precipitation deficits and streamflow, we gain a more com-
prehensive understanding of drought dynamics. This dual approach allows us to
capture both the onset of meteorological drought conditions and their eventual
impact on hydrological systems, which is especially important in regions with
complex hydrology like the Great Lakes watershed [6].

Baseflow, a component of streamflow sustained by groundwater discharge and
delayed subsurface flow, responds more slowly to precipitation changes compared
to total streamflow, which includes rapid surface runoff. This makes baseflow a
valuable indicator of longer-term hydrological drought and groundwater availa-
bility [17]. Because baseflow integrates groundwater storage dynamics, it can re-
veal drought impacts not immediately apparent in precipitation or surface runoff
data, highlighting different aspects of drought stress in a watershed. Seasonal anal-
yses show that baseflow and baseflow index (BFI) exhibit significant seasonal var-
iability and trends, with baseflow often decreasing in spring, summer, and fall,
while BFI trends vary by season [18] [19].

Building on prior research that identified data limitations and regional hydro-
logical complexities, Schnettler, S. ef al. (2024) [8] advance understanding by sys-
tematically comparing standardized hydrological and meteorological indices over
a multi-decadal period. While earlier studies emphasized the challenges of
groundwater data scarcity and the need for proxies like baseflow, this study ex-
plicitly quantifies regional trends and variability, providing a more detailed spatial
and temporal assessment. Furthermore, Schnettler et al recognize the importance
of expanding the geographic scope and incorporating seasonal data analyses to
capture finer-scale hydrological dynamics. Their work sets the stage for future re-
search to address these gaps, offering a foundation for improved drought and wa-
ter resource management strategies in the Great Lakes basin under changing cli-

mate conditions [8] [20].
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2. Site Location

Michigan and Wisconsin are surrounded by the Great Lakes on at least two sides,
as shown in Figure 1. Despite the importance of this region, there remains a lack
of sufficient knowledge regarding its hydrology and response to climatic changes.
This knowledge gap is partly due to the complex nature of lake and shallow
groundwater interactions, the lack of appropriate temporal and spatial resolution
of gaging site data for surface water, and the lack of stationarity within long-term
data sets.

Consistent with the approach used in Clancy (2023) [8] and Schnettler, S. et al.
(2024) [8], the selection of surface water study sites for this analysis was based on
several key criteria. First, sites were required to have a daily streamflow record
exceeding 10 years. Second, we prioritized locations with a substantial baseflow
contribution, specifically those where baseflow accounted for more than 60% of
total flow. Additionally, we aimed to include a broad spectrum of watershed sizes
to capture variability in hydrological responses. Lastly, we selected sites distrib-
uted across northern, central, and southern regions of the states to capture geo-
graphic variability. Due to findings in Schnettler, S. et al. (2024) [8], we increased
the southern data set, by adding sites from in northern Indiana.

This process yielded 70 U.S. Geological Survey (USGS) sites, spanning the years
1960 to 2024, with an average baseflow contribution of 82%. Watershed sizes were
grouped as follows: small watersheds ranging from 4.8 x 107 to 8.3 x 10® m?% me-
dium watersheds from 8.9 x 10® to 1.91 x 10° m* and large watersheds from 2.0 x
10° t0 9.5 x 10° m* The locations of these watersheds are depicted in Figure 1 with
USGS identifying information in Table 1, providing spatial context for the study
area, while Table 1 summarizes the USGS stations, including their geographic co-
ordinates and watershed sizes.

To categorize our surface water gaging data locations, we used latitude bands sim-
ilar to those in Schnettler S. ef al. (2024) [8]: northern locations are above 44.5° lat-
itude, central locations fall between 44.3° and 43.5°, and southern locations are be-
low 43° latitude. This regional stratification allows for analysis of spatial variability
in hydrological and drought responses across the study area. The study site stations
are symbolized according to their region in Figure 1 and detailed in Table 1.

The proximity of many study sites to the Great Lakes introduces additional
complexity due to lake-groundwater interactions and the dynamic water-land
boundary, which can affect streamflow and baseflow patterns. These factors, com-
bined with regional climatic variability, underscore the importance of a spatially
distributed network of monitoring sites to capture the heterogeneity of hydrolog-

ical responses across the region.

3. Methods
3.1. Discharge and Baseflow Data

In October 2024, we accessed the USGS National Water Information System to
retrieve daily streamflow data and supporting records [21]. As described in the
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site selection process, we focused on watersheds characterized by high baseflow
contributions. Only sites with complete annual streamflow records from 1960 to
2022 were included in the analysis.

For baseflow separation, we applied the same methodology used in Clancy (2023)
[8], which employs the HYSEP (Hydrograph Separation) program [22] [23]. All
discharge data were processed using the local minimum method. Although newer
techniques such as stable isotope analysis and high-resolution temperature sensing
have emerged, HYSEP remains a widely accepted and practical approach for long-
term flow data. A comprehensive discussion of baseflow separation methods can be
found in Clancy (2023) [8]. Average baseflow and total flow values were calculated

for each season for each year, along with corresponding annual averages.

3.2. SPEI

SPEI data, which are publicly available, are distributed in NetCDF format with a
spatial-temporal structure consisting of raster layers that represent specific time in-
tervals across a geographic grid [13] [24]. For Michigan and Wisconsin, the SPEI
dataset spans from 1901 to 2022 with a spatial resolution of 0.5 degrees. In this study,
we extracted SPEI values at a 1-month timescale for each watershed. The SPEI-1
month time scale was favored over other timescales (such as three, six, nine, and 12-
month time scales) due to analysis from Clancy, 2023 [8]. This timescale was se-
lected to assess the seasonal influence of precipitation variability on streamflow [14].
Seasonal (winter, spring, summer, fall) and annual averages were calculated from
the monthly SPEI values for each year in the record. We also adjusted the SPEI data
by truncating its date range to align with the corresponding discharge records for
each region. This modified dataset is referred to as “SPEI Truncated Data.” This
adjustment was made to assess the influence of the period of record on SPEI re-

sults and to enhance comparability with the discharge data.

3.3. Watershed Delineation

The delineation of the 64 watersheds in the study area was conducted using the D8
method, a widely recognized approach available in ESRI’s ArcGIS Pro Hydrology
Tools. This method, as described by Troolin and Clancy (2016) [23] and originally
developed by Jenson (1984) [24] [25], requires only elevation data, such as digital
elevation models (DEMs) [26], and an outlet point for successful delineation. For this
study, we utilized a 30-meter digital elevation model provided by the USGS [23] [24].
The resulting watershed areas and perimeters were compared with USGS-published

values, and they matched within 99%, confirming the accuracy of the delineation.

3.4. Mann-Kendall Trend Test

The overall trends in baseflow, total flow, and SPEI time series data were evaluated
using the Mann-Kendall tau trend test, implemented through the Kendall R pack-
age. The Mann-Kendall test is a non-parametric statistical hypothesis test that

uses the rank of the data to detect trends, making it particularly useful for hydro-
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logical time series analysis [27] [28]. This test has gained widespread acceptance
in hydrology due to its inclusion in statistical manuals for hydrologists and its
flexibility in examining the stationarity of various climate variables.

For the Mann-Kendall hypothesis test, the null hypothesis (H,) assumes the
data are random (indicating no trend), while the alternative hypothesis suggests a
trend (either upward or downward). An alpha level of 0.05 was used, with p-values
less than 0.05 indicating the presence of a trend. The direction of the trend was
generally determined by graphical analysis. A limitation of the Mann-Kendall tau
trend test is its assumption of a monotonic trend, meaning it can only detect a
single trend direction. Data with multiple trends may often result in a “no trend”
conclusion. For datasets exhibiting complex trends, involving both upward and
downward movements, it is recommended to divide the data into subsets and an-
alyze them separately. The main purpose of applying the Mann-Kendall test in
this study was to examine and compare the trend for the total flow, baseflow, SPEI,
and truncated SPEI datasets for both annual and seasonal data [8] [29].

3.5. Pettitt Break Test

To identify potential shifts in streamflow patterns over time, we applied the Pettitt
Break Test, a non-parametric method used to detect a single change point in a
time series. This test is particularly suited for hydrologic data, as it does not as-
sume a specific data distribution and is effective in identifying abrupt changes in
the central tendency of a dataset. The test calculates a U statistic based on the
Mann-Whitney approach and determines the most likely point of change by eval-
uating rank-based differences before and after each candidate breakpoint. We im-
plemented the Pettitt test in R using the pettitt.test function from the trend pack-
age. This allowed us to detect statistically significant shifts in discharge values over
the period of record, providing insight into potential hydrologic regime changes.
We applied this package to our seasonal datasets for baseflow, total flow, SPEI,

and truncated SPEI, as well as to the corresponding annual data [30] [31].

4. Results
4.1. Baseflow and Total Flow Breaks

The analysis of Pettitt break years across USGS stations reveals a broad temporal
range of hydrological changes for the annual data with the earliest detected breaks
occurring in 1929 and the most recent in 2015 for both baseflow and total flow.
Overall, the mean break year for baseflow is approximately 1977.7 (standard de-
viation 18.9 years), while for total flow it is slightly later at 1979.7 (standard devi-
ation 18.5 years), indicating considerable variability in the timing of significant
hydrological shifts across the dataset.

When stratified by region, both datasets show the northern region as the most
temporally diverse and variable (Figure 2 and Figure 3). For baseflow, break years
in the northern region span from 1929 to 2015, with a higher mean of 1985.6 and
a larger standard deviation of 22.8 years. Similarly, total flow break years in the
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northern region range from 1929 to 2013, with the highest mean of 1985.5 and the
greatest variability (standard deviation 21.5 years) of the regions. This suggests
that hydrological changes in the northern region are more pronounced and tem-

porally dispersed compared to other regions.

Break Year by Region for Annual Data
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Figure 2. The Pettitt break year for total flow (tf) and baseflow (bf) from 70 USGS gaging stations by regions.
The break year for the annual average of the discharge is very similar to the baseflow break year.
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Figure 3. The Pettitt break year for total flow (tf) and baseflow (bf) from 70 USGS gaging stations by regions
and seasons. Note that the test indicates some differences in the southern region in spring and the central regions

in summer.
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As shown in Figure 2, the central region exhibits a narrower range of break
years for both baseflow (1941 to 2015, mean 1973.6, standard deviation 17.0) and
total flow (1941 to 2014, mean 1978.5). The southern region shows the least tem-
poral dispersion, with baseflow break years ranging from 1930 to 2008 (mean
1972.8, standard deviation 12.7) and total flow break years from 1941 to 2015
(mean 1975.2, standard deviation 13.9), possibly indicating relatively more stable
hydrological patterns in this region.

Seasonal analyses further highlight variability in break years as shown in Figure
3, For baseflow, fall break years range from 1930 to 2015 (mean 1978.9), spring
from 1929 to 2013 (mean 1979.0), summer from 1930 to 2013 (mean 1976.3), and
winter from 1942 to 2013 (mean 1976.9). Total flow, shown in Figure 3 shows
similar seasonal patterns, with spring and summer exhibiting wider ranges and
higher variability, especially in the northern region, compared to fall and winter.

Specific stations with notable breaks shown in Figure 3 reveals distinct regional
and seasonal patterns for baseflow. In the central region, stations such as Au Sable
River near Red Oak, MI (2004, winter) and Cass River at Frankenmuth, MI (1941,
spring) stand out for baseflow, while the same Cass River station aligns closely
with total flow trends. The northern region features stations with multiple and
temporally dispersed break years, such as La Crosse River at Sparta, WI, which
experienced multiple baseflow breaks across all seasons (2015, 2010, 2012, 2005).
The southern region includes stations like West Fork Portage Creek at Kalama-
200, MI, showing break years in both baseflow (2007, 2008) and total flow (sum-
mer and winter seasons), highlighting some consistency across flow types. Nota-
ble outlier stations include the Sturgeon River near Sidnaw, MI (northern region,
fall season), which shows early break years in both datasets, and the West Fork
Portage Creek at Kalamazoo, MI (southern region), with break years significantly
earlier or later than regional averages in both baseflow and total flow. Conversely,
stations such as the Grand River at Lansing, MI (southern region, spring) exhibit
break years closely aligned with regional trends in total flow. Station locations are
shown in Figure 1 cross referenced with data from Table 1.

As Figure 2 and Figure 3 show that overall, the northern region demonstrates
the greatest diversity and number of outliers in break years for both baseflow and
total flow, as evidenced by its wider range, higher standard deviations, and multi-
ple stations with temporally dispersed breaks. This suggests that hydrological
changes in both baseflow and total flow timing are more variable and pronounced
in the northern region compared to the central and southern regions, which show

more stable and consistent patterns.

4.2. SPEI Pettitt Break Years

The SPEI and SPEI Truncated break years are shown in comparison to the total
flow and baseflow in Figure 4 and Figure 5, respectively. Overall, the SPEI break
year ranges from 1931 to 2012, with an average break year around 1969.8. The
data shows a moderate level of variability, with a standard deviation of approxi-

mately 20.7 years, indicating that the timing of the break year varies considerably
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Total Flow Break Years by Season and Region
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Figure 4. The Pettitt break year for SPEI, SPEI truncated, and Total Flow from 70 USGS gaging stations by regions and seasons.
SPEI truncated refers to SPEI data that has start and end dates matching the closest gaging station. Note that the test indicate that
SPEI truncated is closer to the total flow values for fall, spring, and summer break year for the northern region.
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Figure 5. The Pettitt break year for SPEI, SPEI truncated, and Baseflow from 70 USGS gaging stations by regions and seasons. SPEI
truncated refers to SPEI data that has start and end dates matching the closest gaging station.
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across the dataset. Notably, the earliest break year of 1931 appears in the dataset,
highlighting some early occurrences of the break. Some stations with unusually
early break years include Basswood River near Winton, MN (1934), Bear River
near Manitowish Waters, WI (1935), Little Fork River at Littlefork, MN (1931),
and North Fish Creek near Moquah, WI (1934). On the other hand, stations such
as Au Sable River at Mio, MI (2012), Chippewa River near Mount Pleasant, MI
(2012), Pigeon River near Vanderbilt, MI (2012), and Tahquamenon River near
Paradise, MI (2012) have notably late break years. SPEI values come from the ge-
ographic coordinates as the USGS stations that are shown in Figure 1 cross refer-
enced with data from Table 1.

When examining the data by region, the northern region exhibits the widest
range of break years, spanning from 1931 to 2012, and also has the highest variability
with a standard deviation of about 23.2 years. This indicates more variability in SPEI
Break year in the northern region compared to others. Early outlier stations in the
northern region include Basswood River near Winton, MN (1934), Bear River near
Manitowish Waters, WI (1935), Little Fork River at Littlefork, MN (1931), and
North Fish Creek near Moquah, WI (1934). Late outliers include Ford River near
Hyde, MI (2012), Manistique River near Manistique, MI (2012), and Tahquamenon
River near Paradise, MI (2012). The central region follows closely with break years
ranging from 1941 to 2001 and a standard deviation of roughly 19.8 years, with early
outliers such as Tittabawassee River at Midland, MI (1941) and Pere Marquette
River at Scottville, MI (1942). The southern region shows a narrower range from
1941 to 1996 and the least variability, with a standard deviation of approximately
17.4 years. Late outliers in the southern region include Battle Creek at Battle Creek,
MI (1996) and Kalamazoo River near Battle Creek, MI (1996).

Looking at the data by season, the spring season shows the greatest variability and
range, with break years extending from 1931 to 2012 and a standard deviation of
nearly 27.8 years. This wide range and high standard deviation indicate more vari-
ability in SPEI Break year during spring. Late outliers in spring include Ford River
near Hyde, MI (2012), Manistique River near Manistique, MI (2012), and Tah-
quamenon River near Paradise, MI (2012). Summer and winter seasons have more
moderate ranges and variability, with summer ranging from 1940 to 1977 and win-
ter from 1948 to 2003. Early outliers in summer include Bear River near Manitowish
Waters, WI (1940) and Little Fork River at Littlefork, MN (1941). The fall season
stands out as the most consistent, with break years confined between 1956 and 1996
and the lowest standard deviation of about 8.5 years, indicating more consistency in
break years during fall. Late outliers in fall include Kickapoo River at La Farge, W1
(1996) and La Crosse River at Sparta, WI (1996). Additionally, winter has the high-
est average break year at around 1987, suggesting that break years tend to occur later
in the year during this season.

Overall, the SPEI Truncated year ranges from 1931 to 2015, with an average
SPEI Truncated year around 1984.2. The data shows moderate variability, with a

standard deviation of approximately 19.0 years. Some stations with unusually
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early SPEI Truncated years include Little Fork River at Littlefork, MN (1931),
Prairie River near Merrill, WI (1941), and Cass River at Frankenmuth, MI (1941).
Stations with notably late SPEI Truncated y years include Bear River near Mani-
towish Waters, WI (2013), North Fish Creek near Moquah, W1 (2013), and Elkhart
River at Goshen, IN (2015).

By region, the northern region has the widest range of SPEI Truncated years, from
1931 to 2013, with the highest variability (std dev ~17.9). Early outliers in the north-
ern region include Little Fork River at Littlefork, MN (1931) and Bear River near
Manitowish Waters, WI (1941). Late outliers include Bear River near Manitowish
Waters, WI (2013) and North Fish Creek near Moquah, WI (2013). The central re-
gion ranges from 1941 to 2012, with early outliers such as Cass River at Franken-
muth, MI (1941) and Clinton River at Mt. Clemens, MI (1942). The southern region
ranges from 1941 to 2015, with late outliers like Elkhart River at Goshen, IN (2015).

By season, spring shows the greatest variability and range, from 1931 to 2015,
with early outliers including Little Fork River at Littlefork, MN (1931) and Prairie
River near Merrill, WI (1941). Summer and fall have moderate ranges, with fall
ranging from 1956 to 2013 and summer from 1941 to 2012. Winter has the nar-
rowest range, from 1965 to 2012, and the lowest variability (std dev ~6.6). Late
outliers in fall include stations like Kickapoo River at La Farge, WI (2013), while
summer and winter have fewer extreme outliers.

Opverall, the comparison between SPEI-derived break and SPEI Truncated y
years and baseflow data reveals notable temporal variability. Baseflow years span
from the late 1920s to the early 2010s, with an average around the mid-1970s to
mid-1980s depending on region and season. Generally, SPEI break year tends to
precede the baseflow year, indicating that climatic drought signals often emerge
before hydrological responses are observed. Conversely, SPEI Truncated year,
which aligns SPEI data to USGS station years, tends to lag behind baseflow year,
reflecting a temporal adjustment to hydrological timing. Outlier stations such as
Little Fork River at Littlefork, MN (SPEI break year 1931) and Bear River near
Manitowish Waters, WI (SPEI Truncated year 2013) exemplify the wide range of
timing differences observed in the dataset.

Regionally, the northern region exhibits the greatest temporal offset, with SPEI
break year leading baseflow year by nearly 12 years on average, and SPEI Truncated
year lagging by about 7 years. Early outliers in this region include Little Fork River
at Littlefork, MN (1931) and Bear River near Manitowish Waters, WI (1935), while
late outliers such as Ford River near Hyde, MI (2012) and Tahquamenon River near
Paradise, MI (2012) highlight the extended range of hydrological responses. The
central region shows a smaller lead time of less than one year for SPEI break year
relative to baseflow, with SPEI Truncated year occurring approximately 8.6 years
later. Notable early outliers here include Tittabawassee River at Midland, MI (1941)
and Pere Marquette River at Scottville, MI (1942). The southern region demon-
strates a moderate lead time of nearly 8 years for SPEI break year and a lag of about
4.8 years for SPEI Truncated year, with late outliers such as Battle Creek at Battle
Creek, MI (1996) and Kalamazoo River near Battle Creek, MI (1996).
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Seasonally, the temporal relationships vary markedly. During fall, spring, and
summer, SPEI break year consistently precedes baseflow year by approximately
14 to 17 years, suggesting early climatic signals before hydrological changes. For
example, Kickapoo River at La Farge, WI (fall, 1996) and Little Fork River at Lit-
tlefork, MN (summer, 1941) represent outliers with early or late break years. In
contrast, winter shows a reversal, with SPEI break year lagging baseflow year by
over 10 years on average. SPEI Truncated year follows a similar pattern, with min-
imal lag in fall but increasing lag through spring and summer, peaking in winter
with a lag of nearly 20 years. This seasonal variability highlights the complex in-
terplay between climatic drought indicators and hydrological responses, empha-

sizing the need for seasonally nuanced interpretations.

4.3. Mann-Kendall Trend Test

4.3.1. Discharge (Total Flow and Baseflow Trends)
As shown in Figure 6, both baseflow and total annual flow data show a predomi-

nance of “Up” trends in the southern region, with baseflow having 68 “Up” trends
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Figure 6. Mann-Kendall trend results for annual average discharge, annual average baseflow, and annual-averaged SPEI (1-
month). The SPEI is calculated over the full available record (1902-2024). The “SPEI Truncated” dataset is based on the same
1-month SPEI but constrained to the time period that matches the discharge record for each station.
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and total flow 68. The central region also shows more “Up” trends for baseflow
(69) compared to total flow (69), while the northern region has a higher count of
“Not Significant” trends for both baseflow (12) and total flow (12). However, total
flow exhibits more “Down” trends in the central (0) and northern (2) regions
compared to baseflow (0 and 2, respectively). This suggests that while baseflow
and total flow often agree on upward trends, total flow tends to show more down-
ward trends, especially in the central and northern regions.

Seasonal data are shown in Figure 7 (fall), Figure 8 (spring), Figure 9 (sum-
mer) and Figure 10 (winter). Both baseflow and total flow show the highest num-
ber of “Up” trends in winter, with baseflow at 47 and total flow at 14. fall also
shows a strong “Up” trend for both, with baseflow at 39 and total flow at 47. How-
ever, baseflow has more “Up” trends in winter and summer compared to total
flow, which shows a more balanced distribution of “Up” trends across fall, sum-
mer, and winter. Notably, total flow has more “Down” trends in winter (8) and
summer (8) than baseflow (6 and 8, respectively), indicating some seasonal disa-

greement in downward trends.
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Figure 7. Mann-Kendall trend results for fall average discharge, fall average baseflow, and fall-averaged SPEI (1-month). The
SPEI is calculated using the full available period (1902-2024). The “SPEI Truncated” dataset uses the same 1-month SPEI but
is limited to the time period that matches the discharge record for each station.
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Figure 8. Mann-Kendall trend results for spring average discharge, spring average baseflow, and spring-averaged SPEI (1-
month). The SPEI is calculated using the full available period (1902-2024). The “SPEI Truncated” dataset uses the same 1-
month SPEI but is limited to the time period that matches the discharge record for each station.

Opverall, baseflow tends to have a higher number of “Up” trends and fewer
“Down” trends compared to total flow, which shows a greater presence of “Not
Significant” and “Down” trends. This pattern suggests that baseflow may be more
stable or consistently increasing, while total flow is more variable.

In summary, baseflow and total flow trends often align and show upward trends,
particularly in the southern region and during winter and fall seasons. However,
total flow tends to reveal more downward and non-significant trends, especially in
the central and northern regions and during summer and winter, highlighting dif-

ferences in how these two flow components respond to environmental factors.

4.3.2. SPEI (Entire Record)

In this study, SPEI trend counts reveal that the southern region generally exhibits
higher numbers of “up” trends, with 68 occurrences in fall and 8 in spring, while
the northern and central regions show more mixed distributions, such as mostly
“up” trends in northern fall and in central fall.

Seasonal data are shown in Figure 7 (fall), Figure 8 (spring), Figure 9 (summer)
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and Figure 10 (winter) and compared to flow data (baseflow and total flow). SPEI
trends analyzed across different regions and seasons highlight distinct temporal and
spatial variability of climatic moisture conditions. The southern region shows a pre-
dominance of “up” trends, particularly during fall and summer, with 49 and 69oc-
currences respectively, indicating increasing moisture availability or reduced
drought severity. Conversely, the northern and central regions display a more-
balanced distribution between “no trend” and “up” categories, such as 64 “no
trend” and 8 “up” in northern spring, and 2 “no trend” and 70 “up” in central
spring, reflecting greater climatic variability or stability in moisture conditions.
Seasonal differences are also pronounced, with spring generally showing higher
counts of “no trend” (e.g., 64 in southern spring), suggesting relatively stable
moisture conditions, while summer and winter tend to have more “up” trends,
such as 70 and 53 in northern summer and winter respectively, indicative of wetter
conditions or recovery from drought.

When comparing SPEI trends with hydrological responses, specifically
baseflow and total flow trends, the analysis reveals varying degrees of agreement
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Figure 9. Mann-Kendall trend results for summer average discharge, summer average baseflow, and summer -averaged SPEI
(I-month). The SPEI is calculated using the full available period (1902-2024). The “SPEI Truncated” dataset uses the same 1-
month SPEI but is limited to the time period that matches the discharge record for each station.
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Figure 10. Mann-Kendall trend results for winter average discharge, winter average baseflow, and winter -averaged SPEI (1-
month). The SPEI is calculated using the full available period (1902-2024). The “SPEI Truncated” dataset uses the same 1-
month SPEI but is limited to the time period that matches the discharge record for each station.

dependent on region and season. Both baseflow and total flow align most closely
with SPEI in the southern region during summer and winter, where baseflow
agreement rates reach 82.2% and 81.1%, and total flow agreement rates peak at
95.6% and 73.6%, respectively. Baseflow shows higher agreement than total flow
in central winter (77.8% vs. 62.2%) and northern fall (37.2% vs. 32.6%), suggesting
a stronger correspondence with SPEI in these contexts. Conversely, total flow ex-
hibits markedly higher agreement in southern summer (95.6%) compared to
baseflow (82.2%). The northern summer season presents the lowest agreement
rates for both baseflow and total flow at 25.0%, highlighting a period of divergence
between hydrological responses and climatic trends. These findings underscore
the complex interplay between climatic indices and hydrological components,
emphasizing the importance of considering both regional and seasonal variability

when interpreting flow responses to climatic drivers.

4.3.3. SPEI (Truncated Record)
The truncated Standardized Precipitation-Evapotranspiration Index (SPEI) trend
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analysis, which aligns the climatic data period with the station flow data (covering
the same years as the flow records), reveals nuanced regional and seasonal pat-
terns in moisture availability. The truncated SPEI trends show a higher prevalence
of “no trend” categories in the northern and southern regions, with 3 and 2 occur-
rences respectively, compared to 1 in the central region. Seasonal data are shown in
Figure 7 (fall), Figure 8 (spring), Figure 9 (summer) and Figure 10 (winter) and
compared to flow data (baseflow and total flow) and SPEI data. Conversely, the
“up” trend counts are relatively balanced across regions, with 71 in central, 69 in
northern, and 70 in southern. Seasonally, the truncated SPEI data indicate a dom-
inance of “no trend” during spring (56 occurrences) and fall (43 occurrences),
while summer and winter exhibit more “up” trends, with 21 and 62 occurrences
respectively. This distribution suggests that moisture conditions during spring
and fall are relatively stable, whereas summer and winter experience more pro-
nounced increases in moisture availability or reduced drought severity. When ex-
amining the agreement between the truncated SPEI trends and hydrological re-
sponses, baseflow and total flow trends show varying correspondence across re-
gions and seasons. Baseflow agreement rates with truncated SPEI range from
32.4% in central spring to a high of 82.2% in central winter. Northern regions
generally exhibit moderate to high agreement, peaking at 71.4% in spring and
maintaining above 58% in other seasons. Southern regions show lower agreement
in fall (31.8%) and spring (48.0%) but higher correspondence in summer (77.8%)
and winter (73.6%). Total flow agreement rates follow a similar pattern, with
slightly lower agreement in central spring (38.2%) compared to baseflow, and the
highest agreement in southern summer (82.2%). These results highlight that hy-
drological responses to climatic moisture changes, as captured by the truncated
SPEI, are seasonally and regionally variable, with stronger alignment during wet-
ter periods and in certain regions.

In comparison, the full-period SPEI data, which spans a longer timeframe from
1902 to 2024, shows generally higher agreement rates between SPEI and flow
trends. For example, in the southern region during summer and winter, total flow
agreement rates reached 95.6% and 73.6%, respectively, compared to 82.2% and
73.6% in the truncated SPEI analysis. Baseflow agreement in central winter was
also high in both datasets (77.8% in full SPEI and 82.2% in truncated SPEI). The
full SPEI data tends to show fewer “no trend” cases, reflecting its broader temporal
coverage and capturing more climatic variability. Both datasets consistently iden-
tify northern summer as a period of low agreement between climatic and hydro-
logical trends, underscoring the complexity of hydrological responses in this re-
gion and season. Overall, while the truncated SPEI provides a temporally aligned
perspective with the flow data, the full SPEI captures broader climatic variability,
and both are valuable for understanding the interplay between climate and hy-

drology across spatial and temporal scales.

5. Discussion

This study reveals significant temporal and spatial variability in hydrological and
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drought-related responses across the northern, central, and southern regions, with
pronounced anomalies particularly evident in the northern region. The broad
range of break years for baseflow and total flow in the northern region—from as
early as 1929 to as recent as 2015 for baseflow and 2013 for total flow—along with
the highest standard deviations (22.8 years for baseflow and 21.5 years for total
flow), indicate a highly variable and temporally dispersed pattern of hydrological
change (Figure 6). This contrasts with the central and southern regions, which
show narrower break year ranges and lower variability (e.g., southern baseflow
break years range from 1930 to 2008 with a standard deviation of 12.7 years). Such
variability in the northern region likely reflects complex watershed processes, in-
cluding snowmelt timing shifts, groundwater interactions, and heterogeneous
land use impacts [3] [20].

Seasonally, the northern region’s spring and summer break years exhibit wider
ranges and higher variability compared to fall and winter, with spring baseflow
break years spanning 1929 to 2013 (mean 1979.0) and summer from 1930 to 2013
(mean, 1976.3). This seasonal variability aligns with the sensitivity of snowmelt-
driven hydrology to warming temperatures during these months, which can ac-
celerate snowmelt and alter streamflow timing, leading to earlier peak flows and
reduced late-season water availability [1] [2]. The multiple break years observed
at stations like La Crosse River at Sparta, W1, which experienced baseflow breaks
in 2005, 2010, 2012, and 2015 across all seasons, further illustrate episodic hydro-
logical regime shifts rather than uniform trends (Figure 7).

The SPEI break year analysis complements these findings, with the northern
region showing the widest range of break years (1931 to 2012) and the highest
variability (standard deviation ~23.2 years). Early break year outliers such as Little
Fork River at Littlefork, MN (1931) and Bear River near Manitowish Waters, WI
(1935) contrast with late break years like Tahquamenon River near Paradise, MI
(2012), highlighting spatial heterogeneity in climatic drought onset. Notably, the
spring season exhibits the greatest variability in SPEI break years (1931 to 2012,
with a standard deviation of 27.8 years), reinforcing the idea that climatic drought
signals during this season are highly variable and may precede hydrological re-
sponses by significant intervals (Figure 8).

A key finding is the temporal offset between SPEI and hydrological break years,
particularly in the northern region, where SPEI break years lead baseflow break
years by nearly 12 years on average. This suggests that meteorological drought
conditions, as captured by SPEI, often manifest well before hydrological drought
indicators such as baseflow changes, likely due to watershed storage and ground-
water buffering delaying hydrological responses [15] [17]. Conversely, the trun-
cated SPEI break years, which align the climatic data period with hydrological
records, show closer correspondence with baseflow and total flow break years, es-
pecially in fall, spring, and summer for the northern region (Figure 8 and Figure
9). This indicates that truncated SPEI break years provide a better temporal match
for discharge data, suggesting that the timing of hydrological break years might
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be predicted or indicated by what SPEI reveals when the data periods are synchro-
nized (Figure 9).

In contrast, the southern region shows more stable hydrological patterns, with
narrower break year ranges and lower variability (e.g., baseflow break years from
1930 to 2008, std dev 12.7 years). This region also exhibits a predominance of up-
ward trends in both baseflow and total flow, particularly during winter and fall,
with baseflow showing 70 “Up” trends and total flow 70 in the southern region
overall. These upward trends correspond with SPEI results indicating increased
moisture availability or reduced drought severity, especially in fall (72 “Up”
trends) and summer (70 “Up” trends). The high agreement rates between SPEI
and flow trends in the southern region—up to 95.6% for total flow in summer and
81.1% for total flow in winter—suggest a more direct coupling between climatic
moisture conditions and hydrological responses here [13] [14].

Seasonal discrepancies in trend agreement are evident, particularly in the
northern summer, where agreement between SPEI and both baseflow and total
flow trends drops to 25%. This low correspondence indicates that factors beyond
climatic moisture availability, such as groundwater withdrawals, land use changes,
or complex watershed storage, may decouple hydrological responses from mete-
orological drought signals during this season [18]. The reversal of temporal rela-
tionships in winter, where SPEI break year lags baseflow break years by over 10
years on average, likely reflects snow accumulation and melt processes that delay
hydrological drought manifestations relative to climatic drought indicators [3].

The truncated SPEI analysis, which aligns climatic data with the temporal win-
dow of hydrological records, reveals a higher prevalence of “no trend” categories
in spring and fall, suggesting relative stability in moisture conditions during these
seasons. However, summer and winter show more “up” trends, consistent with
wetter conditions or drought recovery phases. Agreement rates between truncated
SPEI and hydrological trends vary regionally and seasonally, with central winter
showing high baseflow agreement (82.2%) and northern spring maintaining
above 70% agreement, highlighting the importance of seasonal context in inter-
preting drought-hydrology relationships (Figures 1-5).

Opverall, the findings emphasize the critical role of seasonality, regional hetero-
geneity, and temporal data coverage in understanding drought and hydrological
dynamics. The pronounced anomalies and temporal offsets in the northern re-
gion, especially during spring and summer, highlight the need for integrated hy-
drological-climatic models that incorporate snowmelt timing, groundwater pro-
cesses, and land use impacts to improve drought prediction and water resource

management under changing climate conditions [1]-[3] [20].

6. Conclusions

This study highlights significant spatial variability in hydrological and meteoro-
logical drought-related responses across the northern, central, and southern re-

gions, underscoring the complex interplay between climatic drivers and water-
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shed processes. The northern region exhibits the greatest temporal variability and
range in break years for both baseflow and total flow, reflecting heterogeneous
hydrological responses influenced by factors such as snowmelt dynamics, ground-
water interactions, and land use changes. In contrast, the central and southern
regions demonstrate more stable and consistent hydrological patterns, with nar-
rower break year ranges and lower variability.

The comparison between full-period SPEI and truncated SPEI analyses reveals
both important similarities and discrepancies. Both indices capture key regional
and seasonal patterns in moisture availability, with the southern region consist-
ently showing a predominance of “up” trends indicative of increased moisture or
reduced drought severity, particularly during fall and summer. However, the trun-
cated SPEIL which aligns the climatic data period with hydrological records, tends
to show a higher prevalence of “no trend” categories, especially in spring and fall,
suggesting relative stability in moisture conditions during these seasons. Con-
versely, the full SPEI dataset, spanning a longer timeframe, captures broader cli-
matic variability and generally exhibits fewer “no trend” cases.

Despite these differences, both SPEI versions identify northern summer as a
period of low agreement between climatic and hydrological trends, highlighting
the complexity of hydrological responses in this region and season. The truncated
SPEI provides a more temporally synchronized perspective with hydrological
data, improving correspondence in certain seasons and regions, while the full
SPEI offers a comprehensive view of long-term climatic variability.

Overall, these findings emphasize the necessity of considering spatial heteroge-
neity and temporal alignment when interpreting drought indices and their hydro-
logical impacts. Integrating both full and truncated SPEI analyses can enhance
understanding of drought dynamics and improve water resource management
strategies tailored to regional and seasonal contexts under changing climate con-

ditions.
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