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Abstract

Precipitation and evaporation are commonly used to assess and forecast
droughts. However, surface and groundwater respond to both land surface
processes, land use, and climatic variables, and should be integrated into water
management decisions. Water trend analysis near the Great Lakes is limited
due to fluctuating cycles and data scarcity. In this study, we examine daily dis-
charge data from 46 surface water gauges with high baseflow contributions
and groundwater elevation from 28 observation wells in Michigan. Using es-
tablished hydrograph separation techniques, we determined baseflow and
standardized both annual average baseflow levels (SDBF) and groundwater
levels (SDGW) from 1960 to 2022. These results are compared to the widely
used Standardized Precipitation-Evapotranspiration Index (SPEI). SPEI is a
widely used drought indicator that integrates both precipitation and potential
evapotranspiration, offering a more comprehensive measure of water balance.
While the SPEI suggests that Michigan is becoming wetter, the SDBF shows a
mix of both wet and dry conditions. Interpreting SDGW is more challenging
due to incomplete records, but it indicates varying groundwater stability
across the state. In some areas, SDGW mirrors the trends seen in SDBF, while
in others, it takes 3 to 4 years for groundwater levels to reflect the same
changes observed in baseflow. Overall, SDBF provides a better understanding
of surface processes and responses to changing climatic variables.
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1. Introduction

The Great Lakes Region, surrounding Michigan, is experiencing significant cli-

matic shifts due to global climate change, as evidenced by increasing temperatures,
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changing precipitation patterns, and their impacts on water levels and ecosystems
[1] [2]. The average temperature in the Great Lakes region has increased by about
1.5°F over the past century, with projections indicating further warming [1] [2].
This warming has a profound impact on the hydrological cycle, leading to higher
evaporation rates and altered precipitation patterns. As a result, extreme weather
events, including severe rainfall and prolonged droughts, have become more com-
mon and intense [3]. Additionally, the Great Lakes region has seen a rise in winter
precipitation but a decline in summer precipitation [4]. These changes are not only
affecting water availability but are also influencing the region’s hydrological bal-
ance, with implications for both surface and groundwater resources [5] [6].

The impacts of groundwater overuse in Michigan are significant, affecting wa-
ter availability and quality. Research has shown that excessive groundwater ex-
traction has led to declining aquifer levels, reduced streamflow, and deterioration
in water quality [3]. Groundwater overdraft, particularly in high-demand areas,
has resulted in decreased aquifer recharge rates and altered surface water interac-
tions [5] [6]. Additionally, the combined effects of groundwater overuse and cli-
mate change have exacerbated water scarcity issues in Michigan. Increased evap-
otranspiration rates and variable precipitation patterns further strain groundwa-
ter resources, highlighting the need for sustainable management practices and ef-
fective monitoring [6].

Our understanding of the region’s hydrology and its response to climatic
changes is severely limited due to the scarcity of available data, as demonstrated
by studies that point to the lack of comprehensive hydrological records in the
Great Lakes region [1] [2]. Our goal is to compare standardized observed data
from streams and groundwater to standardized precipitation combined with a
modeled evapotranspiration to determine how the variables compare to one an-
other over time and space in Michigan. With high baseflow contributions to many
of the stream in Michigan, we expect baseflow to be able to be used as a proxy
where groundwater data is scarce.

We decided to limit the scope of our investigation to annual data. The complex-
ities of using seasonal precipitation data stem from the variability and unpredict-
ability inherent in seasonal weather patterns. This variability makes it challenging
to discern clear trends and make consistent predictions for water resource plan-
ning and management [7]. Consequently, decision-makers often rely on annual
precipitation data as it provides a more stable and aggregated view of overall water
availability [8] [9]. While seasonal data is valuable for understanding specific pe-
riods of water scarcity or abundance, annual data helps in making more reliable
assessments and decisions regarding water resource management.

The Standardized Precipitation-Evapotranspiration Index (SPEI) is a critical
tool for assessing drought conditions as it integrates both precipitation and evap-
otranspiration data. This index provides a more comprehensive view of drought
by accounting for the effects of increased temperatures on evapotranspiration,

which can exacerbate drought conditions even when precipitation levels are
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adequate [10] [11].

Recent applications of the SPEI index in Michigan and the Midwest have high-
lighted significant trends in drought severity and frequency. Bhatt et al (2023)
[12] utilized the SPEI index to analyze drought and climate extremes in the Great
Lakes region, noting substantial fluctuations in drought severity linked to both
variable precipitation and elevated temperatures. Similarly, Hammed et a/ 2023
[13] found that the SPEI index effectively captured recent increases in drought
severity in Michigan, attributing these trends to reduced precipitation and in-
creased temperatures. SPEI is a proven tool in drought analysis, but it is often
complemented by other hydrological indicators, such as baseflow data, to provide
a more comprehensive understanding of groundwater conditions and long-term
water availability in regions like Michigan.

Groundwater management relies heavily on historical data, but many regions,
including Michigan, face challenges due to limited groundwater data. The scarcity
of comprehensive groundwater monitoring networks complicates efforts to assess
groundwater levels, recharge rates, and overall water availability [14]. To address
these data limitations, researchers have increasingly turned to alternative meth-
ods, such as using baseflow data as a proxy [15].

Baseflow, which represents the portion of streamflow sustained by groundwater
discharge, provides insights into groundwater recharge and long-term water
availability. Standardized baseflow indices, which normalize baseflow data to ac-
count for natural variability, are useful for evaluating groundwater dynamics in
data-scarce regions [15]. Studies like those by Ayers et al (2021) [16] highlight the
use of baseflow indicators for groundwater management in data-scarce regions of
the Upper Midwest, including Michigan and Wisconsin.

Studies have demonstrated the effectiveness of baseflow separation techniques
in estimating groundwater recharge and levels. For example, Clancy et al, 2023
[17] explored baseflow data as a companion to stream flow and precipitation
drought patterns in Wisconsin, providing insights into groundwater recharge in
regions with limited data. Additionally, Manzano and Barkdoll (2022) [18] exam-
ined the use of baseflow data to estimate groundwater levels and recharge in the
Great Lakes region, discussing methodologies and applications. These approaches
offer valuable alternatives for groundwater assessment in the absence of extensive
monitoring networks.

The research described in this paper builds upon the work of Manzano and
Barkdoll (2022) [18] and Clancy (2023) [17]. The inclusion of annual standardized
baseflow is expected to enhance our understanding of long-term groundwater
dynamics and recharge patterns by providing a normalized measure of ground-
water’s contribution to streamflow. This approach is particularly valuable in re-
gions where baseflow is a significant indicator of groundwater levels, as it offers
a more comprehensive view of how precipitation and evapotranspiration trends
impact groundwater resources over time. By integrating baseflow data with an-

nual groundwater measurements and SPEI, which captures the balance between
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precipitation and evapotranspiration, we aim to clarify the complex interactions
between meteorological variables and water availability. Our research addresses
the challenges posed by limited groundwater data and allows for a more nuanced

analysis of annual hydrological and drought patterns across the Great Lakes re-

gion.
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Figure 1. Location of USGS surface water (baseflow) sites and groundwater wells in the
state of Michigan.

2. Study Area

Lower Michigan is surrounded by the Great Lakes on all three sides, and Upper
Michigan is surrounded on north and south by Great Lakes as shown in Figure 1.
Research that integrates precipitation, streamflow, and groundwater in the Great
Lakes region is notably scarce [5] [6]. This is in part due to the complex nature of

lake and shallow groundwater interactions, lack of appropriate temporal and
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spatial resolution of gaging site data for groundwater and surface water, and lack
of stationarity within long term data sets. We had four criteria for study selection
criterion: First, stations required a length of continuous discharge record that was
greater than 10 years. Second, stations were selected with a high baseflow compo-
nent (>60 percent). Our third criterion was to find a range of watershed sizes. Our
final criterion was to find sites that range from the northern, central, and southern
parts of the state. Our selection resulted in 41 sites US Geological Survey Sites
(USGS) [19] with a time continuous time span of 1960 to 2024 with an average
baseflow component of 77 percent.

To account for the impact of size, we grouped them as follows: (small water-
sheds: 4.8 x 107 to 8.3 x 108 m?* medium: 8.9 x 108 to 1.91 x 109 m? large: 2.0 X
109 to 9.5 x 109 m?). Site location of the watersheds can be seen in Figure 1, and
these data are summarized in Table 1 and Table 2.

Finding appropriate groundwater sites proved significantly more challenging.
We focused our search on unconfined aquifers with average water elevation levels
within 30 feet of the land surface and only selected sites with ten or more years of
continuous data. Applying these criteria, we narrowed down the 2,086 USGS ob-
servational well sites in Michigan to just 22 sites [19]. Most of these wells have
records extending back to 2002 (22 years), except for one well that has continuous
data starting from 1990.

To categorize our groundwater observation well and surface water gauging data
locations, we used similar latitudes as Clancy, 2023 [17], where Northern locations
are: above 44.5°, Central locations: between 44.3" and 43.5°, and Southern loca-
tions: below 43°). We added a fourth category of “northern-up” which refers to the
sites on the Upper Peninsula of Michigan (see Figure 1 and Table 1 and Table 2).

Table 1. USGS surface water stations for the state of Michigan, where Dev, For, Ag, and Wet, refer to landcover percentages of

Developed, Forest, Agricultural, and Wetlands, respectively. Q (cms) refers to the average annual discharge in cubic meters per

second. Location is determined by latitude, WS size refers to watershed size. Sign change refers to the number of isolated sign

changes with the standardized record, as described in the text. All data have complete records from 1960-2023.

MAP ID STATID BFI LAT LONG Location Size (sq. m)  Relative Size Sign Change
1 04112000 0.42 42.68 —84.36 south 2.42E+07 small 5
2 04164300 0.28 42.85 —82.88 south 3.37E+07 small
3 04106400 0.86 42.24 —-85.61 south 4.84E+07 small 4
4 04164100 0.73 42.82 —-83.02 south 5.65E+07 small 9
5 04037500 0.65 46.25 —-89.45 northern 1.31E+08 small 9
6 04146000 0.71 43.04 —83.34 central 1.43E+08 small 9
7 04128990 0.83 45.16 —84.47 northern 1.49E+08 small 12
8 04036000 0.78 46.59 —89.54 northern 4.20E+08 small 7
9 04040500 0.69 46.58 —88.58 northern 4.43E+08 small 11
10 04109000 0.79 42.28 -84.41 south 4.51E+08 small 3
11 04166500 0.48 42.37 —-83.25 south 4.84E+08 small 12
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Continued
12 04127997 0.89 45.27 -84.60 northern 4.97E+08 small 10
13 04164500 0.47 42.63 -82.89 south 5.15E+08 small 16
14 04105000 0.76 42.33 -85.15 south 6.24E+08 small 9
15 04142000 0.76 44.07 -84.02 central 8.29E+08 small 7
16 04041500 0.66 46.73 —88.66 northern 8.96E+08 medium 10
17 04112500 0.67 42.73 —84.48 south 9.19E+08 medium 10
18 04117500 0.73 42.62 -85.24 south 9.97E+08 medium 10
19 04102500 0.87 42.19 —-86.37 south 1.01E+09 medium 5
20 04122200 0.86 43.46 -86.23 central 1.05E+09 medium 13
21 04154000 0.81 43.63 -84.71 central 1.08E+09 medium 13
22 04115000 0.72 43.11 —84.69 central 1.12E+09 medium 8
23 04164000 0.67 42.58 —-82.95 south 1.15E+09 medium 19
24 04059500 0.73 45.75 -87.20 northern 1.17E+09 medium 7
25 04159492 0.43 43.15 -82.62 central 1.20E+09 medium 11
26 04144500 0.73 43.02 —84.18 central 1.39E+09 medium 17
27 04062000 0.76 46.01 —88.26 northern 1.63E+09 medium 3
28 04062500 0.79 46.11 —88.22 northern 1.70E+09 medium 3
29 04122500 0.89 43.95 -86.28 central 1.76E+09 medium 14
30 04174500 0.80 42.29 —83.73 south 1.89E+09 medium 10
31 04165500 0.62 42.60 -82.91 south 1.90E+09 medium 12
32 04045500 0.85 46.57 -85.27 northern 2.05E+09 large 14
33 04105500 0.82 42.32 —85.20 south 2.13E+09 large 12
34 04151500 0.57 43.33 -83.75 central 2.18E+09 large 13
35 04148500 0.69 43.04 -83.77 central 2.48E+09 large 10
36 04176500 0.64 41.96 -83.53 south 2.70E+09 large 5
37 04056500 0.87 46.03 -86.16 northern 2.85E+09 large 11
38 04136000 0.91 44.68 -84.29 northern 2.87E+09 large 3
39 04113000 0.75 42.75 —84.56 south 3.19E+09 large 11
40 04040000 0.69 46.72 -89.21 northern 3.47E+09 large 5
41 04136500 0.89 44.66 -84.13 northern 3.52E+09 large 9
42 04121500 0.86 43.90 -85.26 central 3.71E+09 large 2
43 04063522 0.80 45.87 -88.07 northern 4.66E+09 large 10
44 04099000 0.85 41.80 -85.76 south 4.83E4+09 large 8
45 04156000 0.61 43.60 -84.24 central 6.22E+09 large 12
46 04116000 0.77 42.97 -85.07 south 7.36E+09 large 16
47 04101500 0.87 41.83 —86.26 south 9.49E+09 large 7
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Table 2. USGS observation wells for groundwater. Ave(m) refers to the average groundwater depth below the surface, and Std (m)
refers to the standard deviation of the groundwater depth. Location was determined by latitude.

Groundwater ID Ave (m) Std (m) Location Year Lat Long
415602084593701 4.86 1.48 southern 2002 41.56 —84.59
423114090161101 21.65 0.83 southern 2002 42.13 -85.40
423717089120901 1.55 0.16 southern 2002 42.13 -85.40
435142089270101 9.78 0.76 southern 2002 42.13 —85.40
425006088271501 7.35 0.59 southern 2002 42.14 —85.35
425246091042101 2.81 1.30 southern 2003 42.14 —85.35
435244089293401 5.49 0.88 southern 2002 42.14 —85.35
425246091042102 17.37 1.16 southern 2002 42.14 —85.38
425246091042103 4.22 1.06 southern 2003 42.15 —85.33
425246091042104 1.36 0.65 southern 2003 42.16 -85.27
425551090391301 9.63 0.44 southern 2003 42.16 -85.35
425607088173001 5.00 0.65 southern 2002 42.16 -85.35
425613088014301 0.90 0.31 southern 2002 42.17 -85.37
430409089234601 4.33 0.42 southern 2002 42.19 —-85.28
430416088144301 8.16 0.23 southern 2002 42.21 -85.21
430456089190602 6.85 0.44 southern 2002 42.34 -83.32
430718089291501 3.00 0.45 southern 2002 42.38 -84.31
431233089103201 6.05 0.37 southern 2002 42.42 -84.31
430416088144603 4.99 0.94 southern 2002 42.44 —-84.33
431312089475301 3.14 0.61 southern 2018 42.44 —84.34
432415088552601 3.44 0.24 southern 2022 42.45 -84.33
433921091132101 2.19 0.84 central 2018 43.31 -86.08
433921091132102 5.00 0.89 central 2018 43.41 —-83.13
433921091132103 3.22 0.40 central 2002 43.56 —-85.17
433956089275601 10.43 1.07 central 2002 43.57 —85.17
434342090495601 11.33 0.39 central 2002 44.39 -85.21
434551089365001 2.17 0.91 northern 2018 45.44 —84.42
434944089345001 3.03 0.89 northern 2002 46.22 -84.44

3. Methods
3.1. SPEI

SPEI data, available in the public domain, are provided in a spatial-time format
called NetCDF, which consists of gridded spatial (raster) layers, each representing
a specific time slice, typically at a monthly resolution (SPEI citation) [11]. For
Michigan, SPEI data are available from 1901 - 2022 with a 0.5-degree resolution.
SPEI-12 was the best time scale to correlate with baseflow. SPEI values for the
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study watersheds were obtained for a 12-month timescale. Data methodology are
found in [10] [20]. Data extraction methods and analysis of SPEI time scales are
described in detail in [20].

3.2. Baseflow and Groundwater Data

In April 2023, we accessed the USGS national water database to obtain both daily
flow data and groundwater elevation measurements [18]. As mentioned in the site
selection, shallow groundwater sites with connection to surface water and water-
sheds with high baseflow were selected. Stream stations with complete years of
record for streamflow from 1960 - 2022 were selected. Groundwater stations were
selected with 10 years of continuous data with data dating back to 2002.

In the current study, we utilized the same baseflow separation method detailed
in Clancy’s (2023) [17] research. This method involves the use of the USGS’s Hy-
drograph Separation and Analysis (HYSEP) [20] program for streamflow separa-
tion, which, despite newer advancements like stable isotope analysis and temper-
ature sensor methods, remains a practical and widely used tool. Clancy’s (2023)
[17] research provides a broader discussion of baseflow separation methods [21].

Annual averages of groundwater and baseflow data were derived from years
with complete daily data. Annual groundwater and baseflow data were standard-
ized using the standard departure to calculate the standard departure of annual
groundwater values (SDGW) and the standard departure for baseflow (SDBE).
The formula for calculating SDGW and SDBF is shown in Equation (1).

SD =(x —u)/5 1)

In Equation (1), SD is the standard departure for the dataset (either SDGW or
SDBF) and xi represents the log of the annual value for one year, y represents the
average of the log of the annual dataset, and o is the standard deviation of the log

of the annual dataset.

3.3. Watershed Delineation and LandCover

The delineation of the 46 watersheds in the study area was conducted using the D8
method, a widely recognized approach available in ESRI’s ArcGIS Pro (version 3.3)
Hydrology Tools. This method, as described by Troolin and Clancy (2016) [22] and
originally developed by Jenson (1984) [23], requires only elevation data, such as dig-
ital elevation models (DEMs), and an outlet point for successful delineation of the
study watersheds. For this study, we utilized a 30-meter digital elevation model pro-
vided by the USGS [24]. The resulting watershed areas and perimeters were com-
pared with USGS-published values, and they matched within 99%, confirming the
accuracy of the delineation. Additionally, land cover data was obtained from the
USGS at a 30-meter resolution, which allowed us to calculate the percentages of ur-

ban, agricultural, wetland, and forested areas within each watershed [25].

3.4. Raster Generation

To generate the necessary rasters, we combined the locations of USGS stream
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gauging stations and groundwater observation wells with Hydrologic Unit Codes
(HUCG:), specifically HUC-12s. The HUC system, managed by the U.S. Geological
Survey (USGS) and the U.S. Environmental Protection Agency (EPA), is a stand-
ardized classification system used in the United States to identify and manage wa-
tersheds and river basins. This system enables effective monitoring and analysis
of water resources across various scales, from large river basins to smaller, local-
ized watersheds. The hierarchical structure of HUCs, ranging from Regions (2-
digit HUC) to more granular levels like HUC-12, allows for a comprehensive un-
derstanding of the nation’s hydrologic systems [26].

After spatially joining the relevant data, we used the polygon-to-raster tool in
ArcGIS Pro 3.3 to create rasters for each year, corresponding to SDBF, SDGW,
and SPEL We outline the method in Figure 2. Given the large volume of data. To
simplify the values of SPEI, SDBF and SDGW we converted all the data into pos-
itive or negative values to examine broad trends and more easily discern where
there are spatial differences where there are complete data for all three variables

for 10 years.

Data: USGS Gaging

and Station point
data (SDGW, SDBF) ~

Data: Hydrologic Unit
Codes Polygons /

Figure 2. Method flow chart.

Data: Hydrologic
Unit Codes
Polygons with USGS

ArcPro tool:
Polygon to
Raster
Conversion
(by year)

ArcPro Tool:
Layout
Maps for
Figure 7.8

ArcPro tool:
Spatial Join

gaging station point
data attached
(SDGW, SDBF)

3.5. Standardization of Baseflow and Groundwater Data

Baseflow data were log-transformed for standardization, allowing for better
comparison across different watersheds and improved trend visibility. The
standard departure for baseflow (SDBF) was developed using the log-trans-
formed annual mean, with the standard deviation and mean calculated for the
annual dataset. The choice of data distribution is informed by Vicente-Serrano
et al. (2012) [10] [27]. Similarly, groundwater elevations were standardized for
the 2002 to 2022 period to allow values to be comparable across time and space.
Details on the data distribution and standardization are described in detail in
Clancy 2023 [17].

3.6. Isolate Sign Change

In this analysis, we utilized a standardized index that ranges continuously, with
increasingly negative values indicating drier conditions and increasingly positive
values reflecting wetter conditions. While the index values exist on a continuum,
we specifically focused on evaluating isolated sign changes within the annual data
for SDBF, SDGW, and SPEI. An isolated sign change was defined as a single neg-
ative or positive value flanked by values of the opposite sign. Isolated sign changes

refer to a value in the data set that have a different value than those surrounding
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it. For example, the series 1, 1, —1, —1 have no isolated sign changes, but the series
1,1, -1, 1 has one isolated sign change. This approach, previously utilized in stud-
ies to assess drought variability and detect underlying climatic trends [10] [28]
was employed to evaluate the system’s variability, potentially revealing a flashiness
that may obscure underlying trends.

The concept of isolated sign changes in climate or drought data analysis is not
commonly employed as a standalone method but is sometimes applied in broader
analyses of climate variability or extreme events. For instance, Vicente-Serrano et
al (2010) [10] explored the importance of capturing short-term fluctuations and
extremes within the Standardized Precipitation Evapotranspiration Index (SPEI),
which aligns with the idea of using isolated sign changes to detect variability in
drought conditions. Similarly, Wang et al (2020) [28] investigated temporal and
spatial drought trends in northern Shaanxi, China, using indices like SPEI, indi-
rectly addressing variability through methods that could encompass isolated sign

changes.

3.7. Mann-Kendall Trend Test

The overall trends in SDBF, SDSF, and SPEI time series data were evaluated using
the Mann-Kendall tau trend test [29], implemented through the Kendall R pack-
age [30]. 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-
logical time series analysis [31] [32]. 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 [33].

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 results (e.g., “no trend” or
“trend”) across the watershed datasets (SDBF, SPEI, SDSF) [17].

3.8. Correlation

The SDBF were evaluated using several metrics. Linear correlation was used to
test the relationship between SDBF, SDGW, and SPEI. Additionally linear corre-
lation was used to examine isolated sign changes in SDBF and landuse percent-
ages, BFI, watershed size, and watershed location. To obtain Pearson correlation

coefficients (R2) values, we used the cor function in R 4.4.1.
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3.9. Run Theory

A common method for characterizing drought persistence is time-series run the-
ory [34], which calculates the number of consecutive occurrences of a specific
value (either negative or positive). In this study, data were classified as either pos-
itive or negative. Custom R scripts were used to determine the maximum run
lengths for negative and positive values in SDBF, SDSF, and SPEI data across all
watersheds. Additionally, the year corresponding to the maximum run length was
recorded for each watershed. This analysis helps to assess the consistency of data
within each watershed and identify patterns across different watersheds [10] [17]
[34]. Seflow data were log-transformed for standardization, allowing for better

comparison across different watersheds and different hydrologic data.

4. Results

4.1. Land Cover Summary

The study includes a diverse range of sites, characterized by varying watershed
sizes and land use distributions as summarized in Table 1. On average, the devel-
opment (Dev) across these sites is 18.5%, indicating a moderate level of urban
influence. Forest cover (For) averages 27.6%, reflecting significant but variable
forest presence within the watersheds. Agricultural land (Ag) constitutes 27.4%
on average, showing a substantial portion of land used for farming. Wetlands
(Wet) cover an average of 22.7% of the watersheds. The average discharge rate (Q)
across all sites is 39.8 cubic meters per second.

In the Northern region, the average development is relatively low at 16.5%, with
the highest proportion of forest cover at 31.1% and significant agricultural land use
at 29.0%. Wetlands also constitute 22.9% of the land. The Central region shows a
moderate level of development at 22.7%, combined with a balanced mix of land uses:
24.7% forest, 27.6% agriculture, and 20.6% wetlands. In contrast, the Southern region
experiences higher development (22.0%) and a slightly higher proportion of wetlands
(24.3%), with forest and agriculture coverage at 26.2% and 27.3%, respectively.

4.2. Baseflow Summary

The Baseflow Index (BFI) varies across Michigan’s regions, reflecting differences in
groundwater contribution to streamflow (Table 1). In the Northern region, the av-
erage BFI is 0.73, indicating a relatively high proportion of streamflow derived from
groundwater. The BFI values in this region range from 0.42 to 0.89, suggesting vari-
ability in groundwater contributions across different sites. The Central region has a
slightly lower average BFI of 0.64, with values ranging from 0.42 to 0.89. The South-
ern region shows an average BFI of 0.67, with values spanning from 0.28 to 0.89.

4.3. Isolated Sign Change

SDBF had the highest incidence of isolated sign changes with 9.5 as the average, and
a minimum of 3 and a maximum of 19 during the 1960 - 2022 period (summarized
in Table 1). Comparatively, SPEI had an average of 6.9 isolated sign changes with a
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minimum of 4 and a maximum of 11. SDGW isolated sign changes can only be ex-
amined during the 2013 - 2022 period, so are not comparable for the entire record.

To determine local surface impacts on SDBF, we examined the watershed’s
landcover percent for wetland, forest, urban, and agriculture. We also examined
watershed location by latitude, and watershed size. All landcover correlations be-
tween isolated sign change and landcover were not significant. The highest value
was only 0.22 (for wetlands). The isolated sign changes for location and watershed
size also proved insignificant.

When we examine ten years of data (2013 - 2022) for SDBF and SPEI, SPEI’s
isolated sign change value of 2.1 is the highest compared to SDBF’s value of 1.7.
SDGW’s value of isolated sign changes is the lowest at 1.1.

4.4. Mann Kendall Summary

The Mann-Kendall tau trend test results across Michigan’s regions reveal diverse
patterns in precipitation trends. In the southern region, most sites exhibit signifi-
cant increasing trends over the long term. Sites such as 04099000 and 04166500
demonstrate consistent increasing trends, whereas sites like 04102500 and
04105500 show no significant trends in the recent decade, despite long-term in-
creases. In contrast, the central region also shows several sites with significant in-
creasing trends. The northern region presents a more varied picture: while sites
like 4062000 show significant increases, many others, including 04059500 and
04063522, display no significant trends.

As shown in Figure 3, the total data analysis, which spans data from 1960 to
2022, highlights a general pattern of increasing precipitation in the southern and
central regions. The shorter period 2013 to 2022, uncovers different trends. For
instance, site 04102500 shows an increasing trend over the long term but no sig-
nificant recent trend. Similarly, while the southern and central regions exhibit a
consistent pattern of increase, the northern region shows a mix of increasing
trends and no significant trends. These variations highlight the differences in
trend patterns over different time periods and across regions, reflecting both en-

during long-term increases.

Baseflow Sites
Trend (2002 to 2022)

Groundwater Sites
Trend (2002 to 2022)

Baseflow Sites
Trend (1960 to 2022)

——— T
Mann Kendall Annual Trends A rmoesng O NoTrend @ Decreasing 0 125 250 500 Kilometers.

Figure 3. Results of Mann Kendall Annual trend test for Baseflow Sites (SDBF) for 1960 to
2022, groundwater Sites (SDGW) for 2002 to 2022 and baseflow Sites (SDBF) for 2002 to
2022. Legend indicates the direction of trend.
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4.5. Mann Kendall Summary: Groundwater Trends Compared to
Precipitation

In the southern region, there is a notable alignment between groundwater and
baseflow trends. For instance, site 04099000 shows increasing trends in both ground-
water (p-value of 0.0311) and baseflow. Similarly, site 04101500 displays an increas-
ing trend in groundwater (p-value of 0.0053), which corresponds with a long-term
increasing trend in baseflow (p-value of 0.0011), although recent baseflow data shows
no significant trend. At site 04105500, groundwater trends are increasing (p-value of
0.0056), aligning with the long-term baseflow increase (p-value of 0.0001), though
recent baseflow data show no significant change. Site 4109000 exhibits a consistent
increasing trend in both groundwater (p-value of 0.0018) and baseflow (p-values of
0.0012), reflecting a strong, synchronized trend across both metrics.

In contrast, the northern region presents a more varied picture. For example,
site 04036000 shows no significant trend in groundwater (p-value of 0.3837) and
also no significant baseflow trend (p-value of 0.6780), indicating stability in both
metrics. Site 04059500 shows a decreasing groundwater trend (p-value of 0.0228),
while long-term baseflow trends remain stable (p-value of 0.0833), highlighting a
divergence in groundwater and baseflow trends. At site 04127997, groundwater
shows no significant trend (p-value of 0.1929), whereas long-term baseflow trends
are increasing (p-value of 0.6867), demonstrating a discrepancy between ground-
water and baseflow patterns.

The central region also reveals mixed trends. For instance, site 04148500 has an
increasing groundwater trend (p-value of 0.0195), which aligns with an increasing
long-term baseflow trend (p-value of 0.0282). However, recent baseflow trends
indicate no significant change. Similarly, site 04151500 shows increasing trends in
both groundwater (p-value of 0.0325) and long-term baseflow (p-value of 0.0119),
with recent baseflow trends showing no significant change. At site 04156000, the
groundwater trend is less significant (p-value of 0.1050), whereas the long-term
baseflow trend is increasing (p-value of 0.0003).

Overall, the comparison reveals that the southern region shows a strong agree-
ment between increasing trends in groundwater and baseflow, though recent
baseflow data sometimes diverge. In the northern region, discrepancies between
decreasing groundwater and stable baseflow trends are apparent. In the central
region, while long-term trends in groundwater and baseflow often align, recent

trends display variability.

4.6. Mann Kendall Trend Test Results Map

As shown in Figure 3, the Mann Kendall Trend overall agreement between SDBF
and SDGW. SDBF for the years 1960 to 2022 (Figure 3, far left figure) has increasing
trends in the central and southern portion of the state, but no trend results in the
north and much of the Upper Peninsula, with one decreasing trend. Examining only
the 2002 to 2022 period for SDBF indicates that there are more increasing trends in
the northern part of the state. Overall, the Upper Peninsula results are similar to the
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entire record from 1960 to 2022. SDGW matches a little better the longer-term record
of SDBF with both variables indicating no trends in the Northern part of the state.

4.7. Correlation

SDBF and SDGW for the 1960 to 2022 period correlated with an average of 0.70.
The minimum was a 0.43 and the max was 0.83. Using a lag of 1 year, where SPEI
values for 1960 were correlated with SDBF values of the following year, resulted
in a correlation of 3 percent lower than the matched year correlation.
Correlation between SDBF and SDGW from the 2013 to 2022 period was highly
variable with values as high as 0.94 and as low as 0.47, with an average of 0.52. The
correlation between SDGW and SPEI were considerably lower with values as high
0.62 and as low as 0.12, with an average of 0.28. SDBF and SPEI correlation were

low with an average value of 0.28, with maximum of 0.35 and a minimum of -0.13.

4.8. Runs Summary: SDBF

In the Northern region, positive run lengths for sites varied from 5 to 21 years,
with many sites beginning their longest positive runs in the 1960s and early 2000s
(Table 3). Negative runs were also notable, ranging from 4 to 16 years, often start-
ing in the early 2000s or late 1990s. For example, Station 04062000 experienced
an extended positive run of 21 years starting in 2002, juxtaposed with a significant
16-year negative run starting in 1980. Similarly, Station 04045500 had a lengthy
11-year positive run beginning in 1965 and a shorter 4-year negative run starting
in 1961. A representative station is shown in Figure 4 for comparison to regional
SDGW and SPEL

In the Southern region, stations showed a mix of positive run lengths from 5 to
10 years, with many initiating their longest positive runs in the late 1980s to early
2010s (Table 3). A representative station is shown in Figure 5 for comparison to
regional SDGW and SPEI values. Negative runs varied from 7 to 15 years, often
starting in the 1960s or 1990s. For instance, Station 04105000 had a prominent
10-year positive run starting in 2013, contrasting with a 9-year negative run be-
ginning in 1960. Station 04116000 displayed a 5-year positive run starting in 1972

and a substantial 12-year negative run starting in 1960.

Table 3. Summarizes the max negative and positive runs as well as the year the run started for SPEI and SDBF by region. Due to

lack of data outside of the southern regions, all GW data were compiled.

Region, variable = Max Negative Run Length Max Negative Start Year Max Positive Run Length Max Positive Start Year

southern, SPEI 5 1966 9 2002
southern, SDBF 9 1963 6 1988
central, SPEI 4 1969 9 1999
central, SDBF 8 1968 6 1991
northern, SPEI 6 1993 9 1995
northern SDBF 11 1993 9 1979
all regions, SDGW 6 1982 6 1986
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In the Central region, positive runs ranged from 5 to 8 years, with many begin-
ning in the 1980s to early 2010s (Table 3). A representative station is shown in
Figure 6 for comparison to regional SDGW and SPEI values. Negative runs varied
between 6 and 13 years, frequently starting in the 1960s or 1990s. Notably, Station
04144500 had a 7-year positive run starting in 2016 and a 13-year negative run
beginning in 1960, while Station 04156000 had an 8-year positive run starting in
2013 with a 7-year negative run beginning in 1960.

4.9. Runs Summary: SDGW

Across all locations, the average start date for negative runs is generally in the late
1970s to early 1980s. The average length of negative runs varies by location, with
the South showing the longest average length at approximately 6 to 7 years, fol-
lowed by the Central region with an average of about 4 years. The North has a
slightly shorter average length of around 5 to 6 years. This indicates that negative
trends, characterized by declines in groundwater levels, tend to start during a sim-
ilar period across locations but differ in duration, with the South experiencing the
most prolonged negative periods.

For positive runs, the average start date spans from the late 1970s to early 1980s.
However, the average length of positive runs is more variable. The South generally
experiences longer positive runs, averaging around 7 to 8 years, while the Central
region averages about 5 to 6 years. The North has shorter positive runs, averaging
around 4 to 5 years. This suggests that positive trends, which reflect increases in
groundwater levels, also begin in a similar timeframe across locations but differ in
duration, with the South showing the most extended positive trends.

Opverall, while the start dates for both positive and negative runs are clustered
around the late 1970s to early 1980s, the lengths of these runs vary, with the South
exhibiting the longest periods of both negative and positive trends compared to
the Central and North regions (Table 3).

4.10. Runs Summary: SPEI

In the North region, the average maximum negative run length is approximately
6.2 years, with the longest negative runs starting around 2003. The average maxi-
mum positive run length is about 6.7 years, with notable runs beginning in 2013.
This region displays a diverse range of negative and positive run lengths, with
some periods of extended drought and wet conditions. The variability reflects a
range of climatic conditions over several decades.

For the Central region, the average maximum negative run length is around 3.8
years, with negative runs generally starting between 1961 and 1980. The average
maximum positive run length is about 5.5 years, with positive runs typically be-
ginning from 1976 to 2013. The Central region tends to experience shorter nega-
tive runs and somewhat variable positive runs. The shorter durations of negative
runs and a broader range of positive runs highlight a relatively stable yet variable

climate pattern.
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Figure 4. SPEIL Baseflow and Groundwater Flow for north.
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Figure 6. SPEI, Baseflow and Groundwater Flow for central.
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In the Southern region, the average maximum negative run length is approxi-
mately 6.2 years, with many of the longest negative runs starting in 1961. The aver-
age maximum positive run length is about 8.0 years, with significant runs beginning
between 1961 and 2013. The Southern region shows the longest periods of both neg-
ative and positive runs, indicating extended periods of drought and wet conditions
over the decades. This reflects a notable variability in hydrological conditions, with
the longest runs starting predominantly in the 1960s and extending into the 2000s.

In summary, while the North experiences a diverse range of both short and long
runs, the Central region has shorter negative runs and somewhat variable positive
runs. The Southern region exhibits notably long periods of both negative and pos-
itive runs, suggesting a more pronounced variability in hydrological conditions
over time (Table 3).

4.11. Statistical Comparison of SPEI, SDBF, SDGW

In the North region, SPEI values, groundwater trends, and baseflow run lengths
exhibit a consistent pattern where positive runs often correspond with increasing
groundwater levels and longer baseflow periods. The average negative run length
for SPEI is about 6.2 years, with significant negative runs typically starting around
2003, while positive runs average 6.7 years and begin around 2013. Groundwater
trends in this region generally show either no significant trend or slight decreases
during negative runs, aligning with shorter negative baseflow periods averaging 5
to 7 years. Conversely, positive groundwater trends often match with longer pos-
itive baseflow periods, reflecting periods of increased water availability.

In the Central region, the SPEI values show shorter negative run lengths, aver-
aging 3.8 years, with negative runs beginning between 1961 and 1980. Positive run
lengths average 5.5 years, with these runs generally starting from 1976 to 2013.
This region’s groundwater trends typically display little to no change or slight de-
creases during negative periods, and positive trends align with longer positive
SPEI runs. Baseflow data in Central shows shorter negative run lengths, about 3
to 6 years, and longer positive run lengths averaging 6 to 10 years, indicating a
relatively stable climate with a clear pattern of extended positive conditions.

The Southern region is characterized by significant variability, with both negative
and positive run lengths extending over long periods. SPEI values indicate an aver-
age negative run length of 6.2 years and positive run length of 8.0 years, with notable
runs beginning between 1961 and 2013. Groundwater trends in this region show
more variability, with extensive negative trends and strong increases during positive
periods. Baseflow run lengths are similarly long, averaging 6 to 10 years for both

negative and positive runs, reflecting the region’s pronounced climate variability.

4.12. Spatial Comparison of SPEI, SDBF, SDGW

To simplify the values of SPEI, SDBF and SDGW we converted all the data into
positive or negative values to examine broad trends and more easily discern where

there are spatial differences where there are complete data for all three variables
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for 10 years.

As shown in Figure 7 and Figure 8, the comparison of SDBF (Standardized
Baseflow) and SDGW (Standardized Groundwater) responses is of particular inter-
est. Annual SPEI values are predominantly positive, with exceptions in 2016 (a
slightly drier year) and 2021 (a drier year). Notably, SDBF and SDGW exhibit more
nuanced patterns compared to the annual SPEI values. In 2021, 2018, 2017, and
2016, SDGW reflects drier conditions in the northern part of Michigan, diverging
from the spatial patterns observed in SDBF. SDGW shows a degree of inertia, with
dryness in the northern region persisting from 2018 to 2016. Although SDBF and
SPEI indicated wetter conditions across much of the state in 2019 and 2020, SDGW

remained drier in the southwestern portion of Michigan and the Upper Peninsula.
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Figure 7. Spatial timeline of maps for 10 years.

DOI: 10.4236/jwarp.2024.1610037

659 Journal of Water Resource and Protection


https://doi.org/10.4236/jwarp.2024.1610037

S. Schnettler et al.

. Baseflow Groundwater SPEI-12

A . q

2017 % ‘
: “ ‘
ms ‘
- ‘
2013 '

0 250 500 1.000 Kiometers

il

Figure 8. Spatial timeline of maps for 10 years.

5. Discussion
5.1. Isolate Sign Change

In examining the variability in isolated sign changes among standardized baseflow
(SDBF), standardized precipitation-evapotranspiration index (SPEI), and stand-
ardized groundwater (SDGW) across different time periods, it is evident that
baseflow exhibits notably higher variability compared to SPEI and SDGW. This
increased variability in SDBF can be attributed to several key factors inherent to
baseflow dynamics. Baseflow is directly influenced by groundwater contributions,
which are affected by a range of localized hydrological factors such as changes in

groundwater recharge rates, aquifer characteristics, and land use impacts [35]. For
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instance, research has shown that baseflow can be highly responsive to changes in
land use and land cover, with urbanization and agricultural practices significantly
altering recharge rates and runoff patterns [35]. Unlike SPEI, which is an inte-
grated index reflecting combined effects of precipitation and potential evapotran-
spiration, baseflow exhibits greater fluctuations due to its sensitivity to these lo-
calized hydrological changes [36].

Moreover, the longer historical period of record for SDBF (1960 - 2022) com-
pared to the more recent 2013 - 2022 period for SDGW may also contribute to the
observed variability (Figures 4-6). Research by Welsh ef al, 2020 [37] highlights
that long-term baseflow records capture a broader range of hydrological condi-
tions and anthropogenic influences, adding to its variability. In contrast, the more
stable nature of SDGW and SPEI over their respective periods suggests that their
variability is less influenced by localized factors and more reflective of broader-
scale climatic trends [10]. Consequently, the greater variability in baseflow under-
scores its sensitivity to diverse hydrological and environmental changes, high-
lighting the importance of considering these dynamics when analyzing long-term

water resource data.

5.2. Mann Kendall: Baseflow Summary

The Mann-Kendall trend analysis provides insight into these changes over two
distinct periods: the long-term period from 1960 to 2022 and a more recent short-
term period from 2002 to 2022 (Figure 3). The spatial distribution of baseflow
trends over the long-term period (1960 to 2022) indicates a predominance of in-
creasing trends in the southern Lower Peninsula, while the Upper Peninsula
shows a mix of increasing, no trend, and some decreasing trends. The increasing
trends in the southern Lower Peninsula could be attributed to a combination of
factors. Firstly, this region has undergone significant agricultural expansion and
urbanization, both of which can influence baseflow. Agricultural practices often
involve the use of tile drainage systems, which can increase the rate at which water
enters streams and rivers, leading to higher baseflow levels over time [37].
Additionally, the southern Lower Peninsula’s geology and soil composition
may contribute to the observed trends. The region’s relatively permeable soils and
underlying glacial deposits allow for effective infiltration and recharge of ground-
water, which supports sustained baseflow even during dry periods [38]. This con-
trasts with areas in the Upper Peninsula, where more impermeable bedrock and
different land-use patterns may contribute to the observed variability in baseflow
trends.
The groundwater trend analysis for the period 2002 to 2022 reveals limited in-
creasing trends, with a notable presence of sites showing no trend and a few with
decreasing trends. This could suggest that groundwater levels have generally sta-
bilized or are slightly declining in some regions. The lack of significant increasing
trends may reflect the balance between groundwater extraction and recharge, par-

ticularly in regions where water use for irrigation and other purposes is high [18]
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The decreasing trends observed at certain sites, particularly in the Upper Penin-
sula, may be indicative of over-extraction or reduced recharge rates. This region,
characterized by less intense agricultural activity but with a significant reliance on
groundwater for local use, may be experiencing the effects of long-term groundwa-
ter depletion [38]. The potential influence of climate change, leading to altered pre-
cipitation patterns and reduced snowpack, could also be contributing to these trends

by affecting the timing and quantity of groundwater recharge [16] [18] [37].

5.3. Correlation

While we were a little surprised to find that our examination of watershed land-
cover, including wetlands, forests, urban areas, and agricultural use, as well as wa-
tershed location and size, reveals no significant correlations with isolated sign
changes. Urbanization and agricultural practices have been shown to alter
baseflow patterns through modifications in recharge and runoff processes, yet the
impact can vary significantly depending on local hydrogeological conditions [37]
[39]. Similarly, our analysis of watershed location and size also yielded insignifi-
cant results, which is consistent with findings from Clancy, 2023 [17] who ob-
served that watershed size and geographic location alone do not consistently pre-
dict baseflow variability. These results suggest that other factors, possibly includ-
ing soil characteristics, groundwater dynamics, or historical land use changes,
may play a more critical role in influencing baseflow variability. Further research
should consider these additional variables to provide a more comprehensive un-

derstanding of the factors affecting baseflow in different contexts.

5.4. Baseflow Runs

In the Northern region, the observed positive runs ranging from 5 to 21 years,
with notable periods starting in the 1960s and early 2000s, reflect the influence of
large-scale climate variability (Figure 3). The extended positive runs, such as the
21-year period starting in 2002, correspond with significant precipitation events
and changes in snowpack, which are influenced by the region’s sensitivity to cli-
matic oscillations like the Pacific Decadal Oscillation and North Atlantic Oscilla-
tion [40]-[42]). Conversely, the negative runs beginning in the early 2000s high-
light periods of reduced precipitation and potentially higher evaporation rates,
which can be influenced by regional climatic shifts and lake-effect processes [18].
These are highlighted in Figures 4-6 and Table 3.

In the Southern region, the baseflow data exhibit longer positive runs from the
late 1980s to early 2010s and extended negative runs starting in the 1960s and
1990s (Figure 5). These patterns reflect the impacts of significant urban develop-
ment and increased precipitation during the positive runs, which are consistent
with enhanced groundwater recharge due to urbanization and regional precipita-
tion increases [43]. The negative runs, on the other hand, correlate with periods
of drought or reduced precipitation, which are documented in historical drought

records and reflect broader climate variability [44] [45]. The Southern region’s
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prolonged periods of both positive and negative baseflow trends underscore the
influence of anthropogenic factors and extended climatic conditions.

In the Central region, the variability in baseflow run lengths, including positive
runs from 5 to 8 years and negative runs from 6 to 13 years, highlights the transi-
tional hydrological response between the more urbanized Southern region and the
natural Northern region (Figure 6). The mixed patterns in the Central region may
result from a combination of regional climatic influences and localized land use
changes [37]. The variability in baseflow trends in this region reflects its position
as a zone of interaction between different climatic and hydrological factors, lead-
ing to a diverse range of hydrological responses.

Opverall, the spatial patterns in baseflow runs across Michigan are influenced by
a complex interplay of regional climate variability, urban development, and local
hydrological conditions. The distinct regional patterns observed highlight the
need to consider both climatic and anthropogenic factors when analyzing

baseflow trends.

5.5. Groundwater Runs

The observed patterns in groundwater run lengths across Michigan reveal signif-
icant regional variations that can be attributed to differences in climate, hydrol-
ogy, and land use practices. The consistent start dates for both negative and posi-
tive runs around the late 1970s to early 1980s across all regions likely reflect a
response to broad climatic shifts during this period, including changes in precip-
itation patterns and temperature [33] [46]. This period marked the transition
from cooler and wetter conditions of the early 20th century to a more variable
climate regime, influencing groundwater trends across different regions.

In the Southern region, the longest average lengths of both negative and positive
runs suggest a more pronounced response to climatic and anthropogenic influ-
ences (Figure 5). The extended negative runs in the South, averaging 6 to 7 years,
may be linked to significant drought periods and increased groundwater extrac-
tion associated with urbanization and population growth [43]. The Southern re-
gion’s longer positive runs, averaging 7 to 8 years, could be attributed to increased
precipitation and improved groundwater recharge due to enhanced stormwater
management practices and urban infrastructure development [47].

In contrast, the Central and Northern regions exhibit shorter average lengths
for both positive and negative runs (Figure 4 and Figure 5). The Central region’s
shorter positive runs, averaging 5 to 6 years, and negative runs, averaging about 4
years, may reflect its transitional nature between the more urbanized South and
the natural Northern regions. This variability is influenced by a mix of urban and
rural land use, affecting groundwater dynamics in a less consistent manner [37].
The Northern region’s shorter average run lengths, around 4 to 5 years for positive
runs and 5 to 6 years for negative runs, likely result from the region’s lower pop-
ulation density and limited anthropogenic impacts, as well as its reliance on snow-

melt and lake-effect precipitation which can cause more variable groundwater
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responses [18].

Overall, these regional differences in groundwater run lengths highlight the
complex interplay between climatic conditions, land use practices, and regional
hydrology. The Southern region’s longer periods of both positive and negative
trends underscore the influence of significant anthropogenic and climatic
changes, while the shorter and more variable runs in the Central and Northern

regions reflect their diverse environmental and land use contexts.

5.6. SPEI

The regional variations in Standardized Precipitation-Evapotranspiration Index
(SPEI) run lengths across Michigan reflect the diverse climatic and hydrological
influences at play.

In the Northern region, the diverse range of both positive and negative SPEI
run lengths, with average maximum negative runs of approximately 6.2 years and
positive runs of about 6.7 years, can be attributed to the region’s sensitivity to
large-scale climatic variability (Figure 4). The Northern region, characterized by
its reliance on snowpack and lake-effect precipitation, experiences notable fluctu-
ations in both drought and wet conditions. The extended negative runs starting
around 2003 and positive runs beginning in 2013 highlight the impact of recent
climatic oscillations such as the Pacific Decadal Oscillation and fluctuations in the
North Atlantic Oscillation, which drive significant interannual and interdecadal
variability in precipitation and evaporation [18] [40].

In the Central region, the shorter average maximum negative runs of about 3.8
years and the more variable positive runs averaging 5.5 years suggest a climate that
is less extreme compared to the Northern and Southern regions (Figures 4-6). The
Central region’s more stable yet variable climate can be attributed to its transitional
position between the more extreme climates of the North and South. The relatively
shorter negative runs, generally starting between 1961 and 1980, may reflect a pe-
riod of increased precipitation and groundwater recharge, while the variable posi-
tive runs, extending to 2013, indicate periods of both wet and dry conditions influ-
enced by regional climatic patterns and localized land use changes [37].

In contrast, the Southern region’s longer periods of both negative (average max-
imum of 6.2 years) and positive runs (average maximum of 8.0 years) are indica-
tive of significant variability in hydrological conditions (Figure 5). The extended
runs, with notable starts in the 1960s and extending into the 2000s, reflect the
region’s susceptibility to long-term climatic shifts and anthropogenic impacts.
The Southern region has experienced pronounced droughts and wet periods, in-
fluenced by both historical land use changes and shifts in precipitation patterns
driven by climate change and urbanization [43]-[45]. The Southern region’s
longer runs underscore its vulnerability to extended climatic extremes and its
complex interactions between local and regional climate factors.

Overall, the observed patterns in SPEI runs across Michigan illustrate how re-

gional climatic conditions, such as reliance on snowpack in the North, transitional
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climate in the Central region, and long-term variability in the South, drive differ-
ences in hydrological responses. These variations emphasize the importance of
considering both climatic influences and regional factors when interpreting hy-

drological trends.

5.7. Spatial Analysis of SDBF, SDGW, and SPEI

As shown in Figure 7 and Figure 8, the analysis of Standardized Baseflow (SDBF)
and Standardized Groundwater (SDGW) in comparison to Standardized Precipi-
tation-Evapotranspiration Index (SPEI) reveals distinct regional patterns in Mich-
igan that highlight the nuanced responses of groundwater and baseflow to climatic
variability.

In the Northern region, the discrepancy between SDGW and SDBF is particu-
larly notable. While annual SPEI values generally remain positive, with only iso-
lated drier years in 2016 and 2021, SDGW reveals more pronounced regional dry-
ness, especially in 2016, 2017, 2018, and 2021 [48]. This suggests that SDGW,
which reflects groundwater conditions, exhibits delayed responses to short-term
climatic variations compared to the more immediate responses of SDBF. This lag
in SDGW could be due to the inherent inertia of groundwater systems, which of-
ten take longer to reflect changes in precipitation and evapotranspiration due to
their subsurface storage and slow recharge rates [49] [50]. The persistence of dry-
ness in the Northern part of the state, even when SDBF and SPEI indicate wetter
conditions in 2019 and 2020, underscores the slower adjustment of groundwater
levels compared to surface flow.

In contrast, the Southern region demonstrates a closer alignment between
SDBF and SDGW, with both metrics reflecting the broader trends observed in
SPEIL The Southern region’s extended periods of both positive and negative runs,
coupled with generally longer durations of positive trends, align with historical
observations of increased variability in this region [49] [50]. The extended positive
and negative periods in the South likely reflect more significant climatic extremes
and anthropogenic influences, such as land use changes, which affect both
groundwater recharge and baseflow more directly than in the Northern regions
[49]-[52].

The Mann-Kendall trend analysis further highlights these spatial differences.
Over the long term (1960 to 2022), increasing trends in baseflow are observed
predominantly in the Central and Southern regions, while the Northern region
shows no significant trends, consistent with the observed patterns of SDGW [51].
The more pronounced recent trends (2002 to 2022) in the Northern region for
SDBF, compared to the long-term stability of SDGW, suggest a shift in hydrolog-
ical dynamics, possibly driven by recent climatic changes or variations in land use

and management practices [38] [51].

6. Conclusions

The analysis of groundwater and baseflow data across Michigan reveals significant
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regional variations driven by climatic, geographical, and anthropogenic factors.
In the southern region, the strong alignment between increasing trends in
groundwater and baseflow is consistent with the impacts of increased precipita-
tion and urbanization. These findings underscore the role of urban development
in shaping hydrological responses, particularly in areas experiencing rapid urban-
ization.

In contrast, the northern region presents a more complex hydrological picture,
with notable discrepancies between groundwater and baseflow trends. The diver-
gence observed, where groundwater trends decrease while baseflow remains sta-
ble, highlights the influence of the region’s unique climatic conditions, including
lake-effect processes and variable precipitation patterns.

The central region exhibits mixed hydrological trends, reflecting its transitional
nature between the more urbanized south and the natural northern areas. The
variability in trends observed here suggests that this region is influenced by a com-
bination of urban and natural factors, making it a zone of interaction where both
human activities and natural processes drive hydrological changes.

Due to the limitations arising from inconsistent groundwater data, using
groundwater in drought models near the Great Lakes in Michigan is not recom-
mended. The high baseflow contributions from streams allow baseflow data to
serve as a proxy for groundwater. Overall, baseflow reflects a mixed response to
increased precipitation, indicating instability in water resources and suggesting
that conservative measures should be considered. Although we deliberately did
not examine seasonal data, excluding groundwater from the dataset would make
it more feasible to analyze seasonal trends. This may reveal a clearer relationship

between baseflow and precipitation.
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